
 Plant Protein and Proteom
e Altlas–Integrated O

m
ics Analyses of Plants under Abiotic Stresses 

Tingyun Kuang, Xuchu W
ang, Xiaochun Q

in, Shaojun Dai, Pingfang Yang and Ling Li

Plant Protein and 
Proteome Altlas–
Integrated Omics 
Analyses of Plants 
under Abiotic 
Stresses

Printed Edition of the Special Issue Published in 
International Journal of Molecular Sciences

www.mdpi.com/journal/ijms

Tingyun Kuang, Xuchu Wang, Xiaochun Qin, Shaojun Dai, 
Pingfang Yang and Ling Li

Edited by



Plant Protein and Proteome 
Altlas–Integrated Omics Analyses of 
Plants under Abiotic Stresses





Plant Protein and Proteome
Altlas–Integrated Omics Analyses of
Plants under Abiotic Stresses

Special Issue Editors

Tingyun Kuang

Xuchu Wang

Xiaochun Qin

Shaojun Dai

Pingfang Yang

Ling Li

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade



Xuchu Wang

Hainan Normal University 
China

Pingfang Yang

Chinese Academy of Sciences 
China

Ling Li

Mississippi State University 
USA

Special Issue Editors
Tingyun Kuang
Chinese Academy of Sciences 
China

Xiaochun Qin

University of Jinan

China

Shaojun Dai

Shanghai Normal University 
China

Editorial Office

MDPI
St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

International Journal of Molecular Sciences (ISSN 1422-0067) in 2019 (available at: https://www.mdpi.

com/journal/ijms/special issues/protein omics).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Article Number,

Page Range.

ISBN 978-3-03921-960-5 (Pbk)

ISBN 978-3-03921-961-2 (PDF)

Cover image courtesy of Pingfang Yang.

c© 2020 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

About the Special Issue Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

Preface to ”Plant Protein and Proteome Altlas–Integrated Omics Analyses of Plants under

Abiotic Stresses” . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

Xuchu Wang

Protein and Proteome Atlas for Plants under Stresses: New Highlights and Ways for Integrated
Omics in Post-Genomics Era
Reprinted from: Int. J. Mol. Sci. 2019, 20, 5222, doi:10.3390/ijms20205222 . . . . . . . . . . . . . . 1

Shanshan Li, Juanjuan Yu, Ying Li, Heng Zhang, Xuesong Bao, Jiayi Bian, Chenxi Xu, 
Xiaoli Wang, Xiaofeng Cai, Quanhua Wang, Pengcheng Wang, Siyi Guo, Yuchen Miao, 
Sixue Chen, Zhi Qin and Shaojun Dai

Heat-Responsive Proteomics of a Heat-Sensitive Spinach Variety
Reprinted from: Int. J. Mol. Sci. 2019, 20, 3872, doi:10.3390/ijms20163872 . . . . . . . . . . . . . . 8

Lingyun Yuan, Jie Wang, Shilei Xie, Mengru Zhao, Libing Nie, Yushan Zheng, Shidong Zhu,

Jinfeng Hou, Guohu Chen and Chenggang Wang

Comparative Proteomics Indicates That Redox Homeostasis Is Involved in High- and
Low-Temperature Stress Tolerance in a Novel Wucai (Brassica campestris L.) Genotype
Reprinted from: Int. J. Mol. Sci. 2019, 20, 3760, doi:10.3390/ijms20153760 . . . . . . . . . . . . . . 29

Shuping Wang, Yingxin Zhang, Zhengwu Fang, Yamin Zhang, Qilu Song, Zehao Hou, 
Kunkun Sun, Yulong Song, Ying Li, Dongfang Ma, Yike Liu, Zhanwang Zhu, Na Niu, 
Junwei Wang, Shoucai Ma and Gaisheng Zhang

Cytological and Proteomic Analysis of Wheat Pollen Abortion Induced by Chemical 
Hybridization Agent
Reprinted from: Int. J. Mol. Sci. 2019, 20, 1615, doi:10.3390/ijms20071615 . . . . . . . . . . . . . . 51

Satheeswaran Thangaraj, Xiaomei Shang, Jun Sun and Haijiao Liu

Quantitative Proteomic Analysis Reveals Novel Insights into Intracellular Silicate
Stress-Responsive Mechanisms in the Diatom Skeletonema dohrnii
Reprinted from: Int. J. Mol. Sci. 2019, 20, 2540, doi:10.3390/ijms20102540 . . . . . . . . . . . . . . 69

Xinbo Wang, Yanhua Xu, Jingjing Li, Yongzhe Ren, Zhiqiang Wang, Zeyu Xin and 
Tongbao Lin

Identification of Two Novel Wheat Drought Tolerance-Related Proteins by Comparative 
Proteomic Analysis Combined with Virus-Induced Gene Silencing
Reprinted from: Int. J. Mol. Sci. 2018, 19, 4020, doi:10.3390/ijms19124020 . . . . . . . . . . . . . . 89

Quanliang Xie, Guohua Ding, Liping Zhu, Li Yu, Boxuan Yuan, Xuan Gao, Dan Wang, 
Yong Sun, Yang Liu, Hongbin Li and Xuchu Wang

Proteomic Landscape of the Mature Roots in a Rubber-Producing Grass Taraxacum Kok-saghyz
Reprinted from: Int. J. Mol. Sci. 2019, 20, 2596, doi:10.3390/ijms20102596 . . . . . . . . . . . . . . 105

Yajing Wang, Xinying Zhang, Guirong Huang, Fu Feng, Xiaoying Liu, Rui Guo, Fengxue Gu,

Xiuli Zhong and Xurong Mei

iTRAQ-Based Quantitative Analysis of Responsive Proteins Under PEG-Induced Drought
Stress in Wheat Leaves
Reprinted from: Int. J. Mol. Sci. 2019, 20, 2621, doi:10.3390/ijms20112621 . . . . . . . . . . . . . . 124

v



Jianqiang Huo, Dengjing Huang, Jing Zhang, Hua Fang, Bo Wang, Chunlei Wang, 
Zhanjun Ma and Weibiao Liao

Comparative Proteomic Analysis during the Involvement of Nitric Oxide in Hydrogen 
Gas-Improved Postharvest Freshness in Cut Lilies
Reprinted from: Int. J. Mol. Sci. 2018, 19, 3955, doi:10.3390/ijms19123955 . . . . . . . . . . . . . . 143

Xuan Wang, Tinashe Zenda, Songtao Liu, Guo Liu, Hongyu Jin, Liang Dai, Anyi Dong,

Yatong Yang and Huijun Duan

Comparative Proteomics and Physiological Analyses Reveal Important Maize Filling-Kernel
Drought-Responsive Genes and Metabolic Pathways
Reprinted from: Int. J. Mol. Sci. 2019, 20, 3743, doi:10.3390/ijms20153743 . . . . . . . . . . . . . . 162

Yuying Wang, Ling Qiu, Qilu Song, Shuping Wang, Yajun Wang and Yihong Ge

Root Proteomics Reveals the Effects of Wood Vinegar on Wheat Growth and Subsequent
Tolerance to Drought Stress
Reprinted from: Int. J. Mol. Sci. 2019, 20, 943, doi:10.3390/ijms20040943 . . . . . . . . . . . . . . . 188

Tingting Jia, Jian Wang, Wei Chang, Xiaoxu Fan, Xin Sui and Fuqiang Song

Proteomics Analysis of E. angustifolia Seedlings Inoculated with Arbuscular Mycorrhizal Fungi
under Salt Stress
Reprinted from: Int. J. Mol. Sci. 2019, 20, 788, doi:10.3390/ijms20030788 . . . . . . . . . . . . . . . 211

Yuan Wang, Yuting Cong, Yonghua Wang, Zihu Guo, Jinrong Yue, Zhenyu Xing, 
Xiangnan Gao and Xiaojie Chai

Identification of Early Salinity Stress-Responsive Proteins in Dunaliella salina by isobaric tags for 
relative and absolute quantitation (iTRAQ)-Based Quantitative Proteomic Analysis
Reprinted from: Int. J. Mol. Sci. 2019, 20, 599, doi:10.3390/ijms20030599 . . . . . . . . . . . . . . . 235

Hui Liu, Fen-Fen Wang, Xian-Jun Peng, Jian-Hui Huang and Shi-Hua Shen

Global Phosphoproteomic Analysis Reveals the Defense and Response Mechanisms of Jatropha
Curcas Seedling under Chilling Stress
Reprinted from: Int. J. Mol. Sci. 2019, 20, 208, doi:10.3390/ijms20010208 . . . . . . . . . . . . . . 249

Xiaoyun Zhao, Xue Bai, Caifu Jiang and Zhen Li

Phosphoproteomic Analysis of Two Contrasting Maize Inbred Lines Provides Insights into the
Mechanism of Salt-Stress Tolerance
Reprinted from: Int. J. Mol. Sci. 2019, 20, 1886, doi:10.3390/ijms20081886 . . . . . . . . . . . . . . 276

Guowu Yu, Yanan Lv, Leiyang Shen, Yongbin Wang, Yun Qing, Nan Wu, Yangping Li,

Huanhuan Huang, Na Zhang, Yinghong Liu, Yufeng Hu, Hanmei Liu, Junjie Zhang and

Yubi Huang

The Proteomic Analysis of Maize Endosperm Protein Enriched by Phos-tagtm Reveals
the Phosphorylation of Brittle-2 Subunit of ADP-Glc Pyrophosphorylase in Starch
Biosynthesis Process
Reprinted from: Int. J. Mol. Sci. 2019, 20, 986, doi:10.3390/ijms20040986 . . . . . . . . . . . . . . . 299

Haixia Guo, Huihui Guo, Li Zhang, Yijie Fan, Yupeng Fan, Zhengmin Tang and 
Fanchang Zeng

Dynamic TMT-Based Quantitative Proteomics Analysis of Critical Initiation Process of 
Totipotency during Cotton Somatic Embryogenesis Transdifferentiation
Reprinted from: Int. J. Mol. Sci. 2019, 20, 1691, doi:10.3390/ijms20071691 . . . . . . . . . . . . . . 316

Zhongyuan Lin, Cheng Zhang, Dingding Cao, Rebecca Njeri Damaris and Pingfang Yang

The Latest Studies on Lotus (Nelumbo nucifera)-an Emerging Horticultural Model Plant
Reprinted from: Int. J. Mol. Sci. 2019, 20, 3680, doi:10.3390/ijms20153680 . . . . . . . . . . . . . . 350

vi



Li-Qin Li, Cheng-Cheng Lyu, Jia-Hao Li, Zhu Tong, Yi-Fei Lu, Xi-Yao Wang, Su Ni, 
Shi-Min Yang, Fu-Chun Zeng and Li-Ming Lu

Physiological Analysis and Proteome Quantification of Alligator Weed Stems in Response to 
Potassium Deficiency Stress
Reprinted from: Int. J. Mol. Sci. 2019, 20, 221, doi:10.3390/ijms20010221 . . . . . . . . . . . . . . . 363

Huihui Guo, Haixia Guo, Li Zhang, Zhengmin Tang, Xiaoman Yu, Jianfei Wu and 
Fanchang Zeng

Metabolome and Transcriptome Association Analysis Reveals Dynamic Regulation of Purine 
Metabolism and Flavonoid Synthesis in Transdifferentiation during Somatic Embryogenesis 
in Cotton
Reprinted from: Int. J. Mol. Sci. 2019, 20, 2070, doi:10.3390/ijms20092070 . . . . . . . . . . . . . . 381

Lei Dong, Lei Qin, Xiuru Dai, Zehong Ding, Ran Bi, Peng Liu, Yanhui Chen, 
Thomas P. Brutnell, Xianglan Wang and Pinghua Li

Transcriptomic Analysis of Leaf Sheath Maturation in Maize
Reprinted from: Int. J. Mol. Sci. 2019, 20, 2472, doi:10.3390/ijms20102472 . . . . . . . . . . . . . . 404

Zhuang Yang, Wen Li, Xiao Su, Pingfei Ge, Yan Zhou, Yuanyuan Hao, Huangying Shu,

Chonglun Gao, Shanhan Cheng, Guopeng Zhu and Zhiwei Wang

Early Response of Radish to Heat Stress by Strand-Specific Transcriptome and miRNA Analysis
Reprinted from: Int. J. Mol. Sci. 2019, 20, 3321, doi:10.3390/ijms20133321 . . . . . . . . . . . . . . 417

Ye Jin, Lin Liu, Xuehong Hao, David E. Harry, Yizhi Zheng, Tengbo Huang and Jianzi Huang

Unravelling the MicroRNA-Mediated Gene Regulation in Developing Pongamia Seeds by
High-Throughput Small RNA Profiling
Reprinted from: Int. J. Mol. Sci. 2019, 20, 3509, doi:10.3390/ijms20143509 . . . . . . . . . . . . . . 439

Jichao Tang, Zhigui Sun, Qinghua Chen, Rebecca Njeri Damaris, Bilin Lu and 
Zhengrong Hu

Nitrogen Fertilizer Induced Alterations in The Root Proteome of Two Rice Cultivars
Reprinted from: Int. J. Mol. Sci. 2019, 20, 3674, doi:10.3390/ijms20153674 . . . . . . . . . . . . . . 456

Qi Song, Fang Lv, Muhammad Tahir ul Qamar, Feng Xing, Run Zhou, Huan Li and 
Ling-Ling Chen

Identification and Analysis of Micro-Exon Genes in the Rice Genome
Reprinted from: Int. J. Mol. Sci. 2019, 20, 2685, doi:10.3390/ijms20112685 . . . . . . . . . . . . . . 476

Meichao Ji, Kun Wang, Lin Wang, Sixue Chen, Haiying Li, Chunquan Ma and Yuguang Wang

Overexpression of a S-Adenosylmethionine Decarboxylase from Sugar Beet M14 Increased
Araidopsis Salt Tolerance
Reprinted from: Int. J. Mol. Sci. 2019, 20, 1990, doi:10.3390/ijms20081990 . . . . . . . . . . . . . . 490

Rendi Ma, Wangyang Song, Fei Wang, Aiping Cao, Shuangquan Xie, Xifeng Chen, Xiang Jin

and Hongbin Li

A Cotton (Gossypium hirsutum) Myo-Inositol-1-Phosphate Synthase (GhMIPS1D) Gene Promotes
Root Cell Elongation in Arabidopsis
Reprinted from: Int. J. Mol. Sci. 2019, 20, 1224, doi:10.3390/ijms20051224 . . . . . . . . . . . . . . 504

Qi Jia, Defeng Kong, Qinghua Li, Song Sun, Junliang Song, Yebao Zhu, Kangjing Liang,

Qingming Ke, Wenxiong Lin and Jinwen Huang

The Function of Inositol Phosphatases in Plant Tolerance to Abiotic Stress
Reprinted from: Int. J. Mol. Sci. 2019, 20, 3999, doi:10.3390/ijms20163999 . . . . . . . . . . . . . . 521

vii





About the Special Issue Editors

Tingyun Kuang, born in 1934, is the Academician of Chinese Academy of Sciences, chairman

of the Chinese Botanical Society. Since the 1960s, she has been mainly engaged in research on

photosynthesis. She has published more than 400 papers. She is the chief scientist of the National

Key Basic Research and Development Program (973), “The Mechanism of High-efficiency Light

Energy Conversion in Photosynthesis and Its Application in Agriculture”.

Xuchu Wang got his doctor’s degree and majored in Plant Development Science from the Institute

of Botany in Chinese Academy of Sciences. He is one of the five Country Representatives for China

in International Plant Proteomics Organization (INPPO) (http://www.inppo.com/country.jsp).

Now, he is a professor in College of Life Sciences, Hainan Normal University. As a group leader of

Proteomics of Tropical Biology, he guides his group mainly focused on the uncovering the molecular

mechanism of latex biosynthesis in the rubber tree Hevea brasiliensis and the regulation network

of salt tolerance in halophytes. In the coming years, Dr. Xuchu Wang’s group will focus on the

quantitative proteomics, and then to determine the detail biological functions of several key factors

for the specific modified proteins.

Xiaochun Qin obtained her Ph.D. in Botany in 2007 from Photosynthesis Research Center, Institute

of Botany, Chinese Academy of Sciences (IBCAS). She had been an Assistant professor from 2007

and an Associate professor from 2016 in IBCAS anda Professor in School of Biological Science and

Technology, University of Jinan from 2016. Dr. Qin focuses on structural study of photosynthetic

protein-pigments super-complexes to gain insights into their structure-function relationship.

Shaojun Dai obtained his Ph.D degree in Northeast Forestry University, China, in 2002. He

accomplished the postdoctoral training in the Institute of Botany, Chinese Academy of Sciences in

2006, and in University of Florida in 2009. Now, he is a professor in Shanghai Normal University.

He is the secretary general of Asia Ocean Agricultural Proteomics Organization (AOAPO). He is

also a proteomics committee member in China Human Proteomics Organization (CNHUPO), and

the Leader of Plant Proteomics Committee in CNHUPO. Dr. Dai’s laboratory mainly focuses on the

functional proteomics of plant in response to stress.

Pingfang Yang got his bachelor’s degree and majored in Economic Forestry from Northwest Sci-Tech

University of Agriculture and Forestry in 1997, then his master’s degree from Huazhong Agriculture

University for Plant Embryology in 2002, and finally obtained his Ph.D degree in Institute of Botany,

Chinese Academy of Sciences, China, in 2006. From 2005 to 2007, he worked as a visiting scholar in

Hong Kong University of Science and Technology. Following this, he accomplished the postdoctoral

training in the Plant Research Laboratory in Michigan State University in USA. Dr. Yang’s lab is

focused on studying the molecular mechanism of seed dormancy and proteomics of plant sexual

reproduction.

Ling Li obtained her B.S. in biology and M.S. in Botany from Peking University in 1997 and 2000. She

got her Ph.D. in Genetics (minor in Statistics) from Iowa State University in 2006. She had been an

Adjunct Assistant Professor in the Department of Genetics, Development, and Cell Biology at Iowa

ix



State University from 2011. She has been an Assistant Professor in the Department of Biological

Sciences at Mississippi State University from 2017. Dr. Li has been developing an integrated

experimental/biocomputational approach to identify the factors that regulate plant metabolism and

plant adaptation to environmental changes, bridging basic research from Arabidopsis and application

in crops.

x



Preface to ”Plant Protein and Proteome

Altlas–Integrated Omics Analyses of Plants under

Abiotic Stresses”

With the annotation of genomes for thousands of plant species, plant biology study is dawning 
upon the post-genomic era. Biochemical, physiological and molecular studies have paved the way 
toward a comprehensive understanding of the complex biological processes for plants in response 
to stress conditions. In this new post-genomic time, atlas analysis of plants under different abiotic 
stresses has become more important for uncovering the potential key genes and proteins in different 
plant tissues. High-quality genomic data and integrated analyses of transcriptomic, proteomic, 
metabolomic and phenomic patterns have provided deeper understanding of how plants grow 
and survive under environmental stresses. Therefore, we edited this book titled, “Plant Protein 
and Proteome Atlas–Integrated Omics Analyses of Plants under Abiotic Stresses”, based on the 
publication of 27 papers in the Special Issue in International Journal of Molecular Sciences in the year 
of 2019. This book is focused on concluding the recent progress in the Protein and Proteome Atlas in 
plants under different stresses. Based on the Integrated Omics Analyses of plants, it covers various 
aspects of plant protein ranging from agricultural proteomics, structure and function of proteins, 
novel techniques and approaches for protein identification and quantification, novel techniques for 
PTMs, and new insights into proteomics.

In this book, we included crop plants as well as model plant species for fundamental research of 
stress physiology and biochemistry. A total of 27 papers including two timely reviews were included 
into five parts in this special book. Part one (Page 8-123) begins with the topic of “Comparative 
Proteomics of Different Plants” and was edited by Dr. Xuchu Wang, from the College of Life Sciences 
in Hainan Normal University. In this part, six papers were included to describe the phenotypic 
changes and proteomic analyses of different plants under different conditions. These findings will 
allow to gain deeper insights into the stress-mitigating mechanisms in plants for translation into high 
productivity and stress tolerance ability. The second part (Page 124-248), focused on the topic of 
“Proteomics of Plants under Osmotic Stress” was edited by Dr. Shaojun Dai from the College of Life 
and Environmental Sciences in Shanghai Normal University, and includes six papers to introduce 
the recent comparative proteomics analyses of plants under osmotic stress, particularly the drought 
and salinity stresses in leaves of certain plant species. The third part (Page 249-362), on the topic of 
“Quantitative Proteomics and Phosphoproteomics of Crops”, was edited by Dr. Pingfang Yang from 
the College of Life Sciences in Hubei University. In this part, five papers were included to study 
the proteomics of several plants including an energy plant for biodiesel Jatropha curcas, a biofuel 
tree Pongamia, and three economic crops.: radish, cotton and maize. The fourth part (Page 363-455), 
entitled “Integrative Omics of Plants during Development”, was edited by Dr. Ling Li from the 
Department of Biological Sciences in Mississippi State University in the USA. Five papers using 
omics tools were included to demonstrate the recent omics studies on different plants during their 
development processes. The fifth and final section (Page 456-535), edited by Dr. Xiaochun Qin from 
the College of Life Science and Technology, in the University of Jinan, was set to identify more stress 
responsive genes and proteins in plants. In this section, five papers were included to determine the 
genes and proteins for regulation of the growth and development of plants.
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1. Comparative Proteomics of Different Plants (Page 8-123)

Various plants provide a source of the main necessities of life for human beings. However,

because of the environmental constraints of the nature, these plant species must cope with different

abiotic and biotic stressed conditions during their whole life time; these stresses include high salinity,

water logging, cold, drought, heat, UV radiation, heavy metals, anaerobic and toxic conditions, etc.

It has become increasingly important for uncovering the potential key genes and proteins in different

plant tissues under different stressed environments. In the first section of this book, we focused on

the phenotypic changes and proteomics analyses of the six plant species including spinach, Brassica

rapa, wheat, diatom, lily and rubber grass under different stressed conditions.
Investigating heat-responsive molecular mechanisms is important for breeding heat-tolerant

crops. In this Section, a comparative proteomics of the leaves under both low-temperature and

high-temperature stressed conditions in a heat-sensitive spinach (Spinacia oleracea L.) variety Sp73

has been performed by using 2DE and iTRAQ approaches, and a total of 257 heat-responsive

proteins were identified by Li and coworkers. Their proteomics data demonstrated that both the

photosynthesis process and reactive oxygen species (ROS) scavenging pathways were inhibited,

whereas protein synthesis and turnover, carbohydrate and amino acid metabolism were promoted

in the spinach Sp73 in response to high temperature. Comparison of the proteomics data in this

study with that in a previous published study in a heat-tolerant spinach variety Sp75 revealed that

the heat-decreased biosynthesis of chlorophyll, carotenoid and soluble sugar contents in the variety

Sp73 was quite different from that in the variety Sp75. A similar proteomics study performed by Yuan

and colleagues in this Section was focused on determining the heat-responsive proteins in a tolerant

variety Wucai (Brassica campestris L.) to both low and high temperature stressed conditions. Wucai is

a species of non-heading Chinese cabbage and becoming one of the most important leafy vegetables

in China, and is also now extensively cultivated worldwide. Comparative proteomics resulted in

1022 differentially expressed proteins in Wucai under temperature stressed conditions, and most of

these proteins were identified to be associated with redox homeostasis, photosynthesis, carbohydrate

metabolism, and heat-shock response. These proteomics data also demonstrated that maintaining

redox homeostasis is an important common regulatory pathway for tolerance to temperature stress

in novel Wucai germplasm.
In wheat plants, pollen, as a highly specialized organ, develops in the anther. In the third

paper, comparative cytological and proteomic analyses were conducted to better understand the

mechanism on chemical hybridizing agent CHA-SQ-1 induced pollen abortion in wheat, and noticed

pollen grains underwent serious structural injury in the CHA-SQ-1-treated plants. Finally, 60

proteins showed statistically significant differences in abundance were successfully identified by

mass spectrometry. Gene ontology and pathway analyses of these proteins indicated that most

proteins were involved in carbohydrate and energy metabolism. Furthermore, an iTRAQ-based

proteomics was performed to explore the distinct cellular responses associated with oxidative stress

in the diatom Skeletonema dohrnii to the silicate limitation. Diatoms are a successful group of

marine phytoplankton that often thrives under adverse environmental stress conditions. In this

proteomic study, 594 differentially expressed proteins were determined from 1768 proteins, and

most down-regulated proteins were related to photosynthesis metabolism, light-harvesting complex,

oxidative phosphorylation, inducing oxidative stress, and ROS accumulation. The proteomic data

revealed that ATP-limited diatoms are unable to rely on photosynthesis, duo to break down of carbon

metabolism to compensate for photosynthetic carbon fixation losses. The lily is a popular ornamental

flower from ancient times to today and is often used in flower arrangement. Both hydrogen
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gas (H2) and nitric oxide (NO) could enhance the postharvest freshness of Cut Lilies. However,

the deep mechanism of H2 in delaying the senescence and shelf life of perishable horticultural

products needs to be further investigated. Comparative proteomics were used to investigate the

relationship between hydrogen gas and NO and identified 50 differentially accumulated proteins

during postharvest freshness in Cut Lilies leaves, which were classified into seven functional

categories. These proteomics data suggested that NO and a chloroplastic alpha subunit of ATP

synthase might play important roles during the process of hydrogen gas-improved freshness of cut

lilies. At the end of this section, a proteomic landscape in the mature roots of a rubber-producing grass

Taraxacum Kok-saghyz (TKS) was provided by Xie and coworkers. The rubber grass TKS contains

large amounts of natural rubber (cis-1,4-polyisoprene) in its enlarged roots and it is an alternative

crop source of natural rubber, its genome has just been annotated and many NRB-related genes have

been determined. However, there is limited knowledge about the protein regulation mechanism for

natural rubber biosynthesis (NRB) in TKS roots. The authors identified 371 protein species from

the mature roots of TKS by combining 2-DE and MS. Meanwhile, a large-scale shotgun analysis

of proteins in TKS roots at the enlargement stage was performed, and 3545 individual proteins

were determined. Fifty-eight NRB-related proteins, including eight small rubber particle protein

(SRPP) and two rubber elongation factor (REF) members, were identified from the TKS roots, and

these proteins were involved in both mevalonate acid (MVA) and methylerythritol phosphate (MEP)

pathways, which proved MVA and MEP pathways are important for NRB in TKS roots. It is the first

high-resolution draft proteome map of the mature TKS roots, which provides new evidence on the

roles of proteins in NRB.

Altogether, the six papers in this section focus on the phenotypic changes and proteomic analyses

of different plants under different conditions. These findings will allow to gain deeper insights into

the stress-mitigating mechanisms in plants for translation into high productivity and stress tolerance

ability.

2. Proteomics of Plants under Osmotic Stress (Page 124-248)

Drought and salinity are two serious kinds of osmotic stresses that inhibit plant growth and crop

yields. Recent comparative proteomics analyses have provided more information for understanding

the drought- and salinity- responsive mechanisms in certain plant species. In this section, we included

six papers and focus on proteomics analyses of plants under osmotic stress.

Drought, as an important abiotic stress, can seriously limits crop yields. Understanding

of the drought tolerance mechanisms offers guidance for the genetic improvement of drought

tolerance in this crop. To understand how a well-known wheat genotype Jinmai 47 responds

to drought, Wang and colleagues adopted the iTRAQ and LC/MS approaches to determine the

different proteins in wheat leaves after exposure to PEG, and finally identified 176 differentially

expressed proteins (DEPs). Functional analysis of these DEPs indicated that wheat genotype Jinmai

47 can increase TCA cycle, plasma dehydration protection, and protein structure protection, as

well as the biosynthesis of sucrose and proline to cope with polyethylene PEG-induced drought

stress. In another drought-tolerant wheat variety, 335 drought-responsive proteins were found

to mainly take part in photosynthesis, carbon fixation, glyoxylate and dicarboxylate metabolism.

Among these, two proteins named TaDrSR1 and TaDrSR2 were proven to be important for drought

tolerance by using virus-induced gene silencing technology. In addition to this, comparative

analysis of filling-kernel proteomes from two maize inbred lines with different drought-tolerant

ability identified 5175 drought-responsive proteins, which indicated that drought tolerant variety was
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attributable to its enhanced redox modification, epigenetic regulation, energy metabolism, secondary

metabolites biosynthesis, and seed storage proteins. This proteomics study performed by Wang

and coworkers presents an elaborate understanding of drought-responsive proteins and metabolic

pathways mediating maize filling-kernel drought tolerance, and provides important candidate genes

for subsequent functional validation. Proteomics results also implied that wood vinegar treatment

can enhance the drought tolerance of wheat root through promoting stress response, carbohydrate

metabolism, protein metabolism, and secondary metabolism.

Salt stress is one of the most important abiotic stresses and limiting factors for plant growth and

agricultural production in the world. Interestingly, the salinity stress to plant can be alleviated by

arbuscular mycorrhizal fungi. To reveal the mechanism of salinity stress alleviation by arbuscular

mycorrhizal fungi, a label-free quantitative proteomics was performed to find the stress-responsive

proteins in the leaves of E. angustifolia. The proteomics results revealed that E. angustifolia seedlings

inoculated with arbuscular mycorrhizal fungi increased the phenylpropane metabolism, enhanced

the signal transduction of Ca2+ and ROS scavenging, promoted the protein biosynthesis and folding,

and inhibited the protein degradation under salt stress. This proteomics study implied that symbiosis

of halophytes and arbuscular mycorrhizal fungi has potential as an application for the improvement

of saline-alkali soils. An iTRAQ-based proteomics study was conducted on D. salina during early

response to salt stress, and identified 141 differentially abundant proteins (DAPs). Functional analysis

of these DAPs revealed photosynthesis and ATP synthesis were crucial for the modulation of early

salinity-responsive pathways. These proteomics results presented an overview of the systematic

molecular response to salt stress in D. salina and and potentially contributes to developing strategies

to improve stress resilience.

Therefore, improving osmotic tolerance of crops such as rice, wheat, tomato, potato and other

plants to salinity and drought stress has as yet not been realized by molecular engineering, and

the need to obtain such highly salt and drought tolerant crops remains in a world with a rapidly

growing population and a decreasing availability of fresh water for agriculture. Proteomics of plants

under salinity and drought stress present an elaborate understanding of stress-responsive proteins

and metabolic pathways and these osmotic-response proteins and genes are important candidates for

further functional validation.

3. Quantitative Proteomics and Phosphoproteomics of Crops (Page 249-362)

Plant propagation and development are two important aspects that could largely determine the

life cycle and economic values of different crops. Meanwhile, crops are always exposed to different

biotic and abiotic stresses during their life span because of the sessile feature. In addition to the

traditional crops, some plants showing special economic usage or stress resistance are also worth

of studying, which might help to obtain not only in-depth understanding on some special traits

in plant kingdom, but also very good plant germplasm. The plant materials used include energy

plant for biodiesel (Jatropha curcas), a biofuel tree Pongamia (Millettia pinnata syn. Pongamia

pinnata), and three economic crops: radish, cotton and maize. They were studied under stress

conditions such as chilling stress and heat stress, or for research in development for leaf sheath

maturation, somatic embryogenesis, and developing seeds. Liu et al. used combined analyses of the

phosphoproteomics, physiological characteristics and ultrastructure studies to identify the responses

of J. curcas seedling under chilling. They revealed significantly changed phosphoproteins, several

protein kinases’ phosphorylation in signaling pathways, and possible phosphorylation in chilling

stress.
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It is known that salinity is a serious challenge that constrains the production of maize, especially

at the seedling stage. Comparative study between the salt resistance and sensitive cultivars with

very close genetic background will undoubtedly help to explore the key regulator. Based on this idea,

Zhao et al. conducted phosphorproteomic analysis between two maize inbred lines showing different

resistance to salt stress. It seems that enhancement of potassium and sodium transportation, carbon

and redox related metabolism could increase the salt resistance in maize. Maize is one of the three

most important cereal crops with highest yield in the world. It provides the stable energy for the

world population, which is largely determined by its kernel starch content. The pathway of starch

biosynthesis has been constructed, with the characterization of 4 enzymes, AGPase, starch synthase,

starch branch enzyme and starch debranch enzyme. Among them, AGPase catalyzes the rate-limiting

reaction. However, regulation on AGPase activity has not yet been fully elucidated. In this section, Yu

et al. applied a newly developed technique: Phos-tagTM technology. This helped the identification

of 21 phosphorylated peptides of AGPase, which was further proven to be positively related to the

enzyme activity in the study. This indicates a novel regulatory mechanism on AGPase.

Cotton is the most important natural fiber resource in the world, which makes it an important

crop. Studies have been widely conducted focusing on many aspects of this crop. Although genetic

modified cotton cultivars have been generated and widely used in its production, transformation of

cotton could only be succeeded in very limited germplasm with low efficiency. During the induction

of cotton somatic embryo, most of the embryos either redifferentiate in to calli or become necrotic,

with very few being able to mature and regenerate into plant. It is very important to identify the

key regulators that determine the fate of somatic embryos. Although several proteins have been

identified in Arabidopsis, it is obviously that there is big difference between cotton and this model

plant. Comparative proteomics seems to be a powerful method, which was successfully applied

among the embryos destined into three fates.

Additionally, it also contains some special features, such as seed longevity, self-cleaning

(lotus-effect) and floral thermogenesis. Since the releasing of its genome information in the year

of 2013, more and more studies were conducted on this economic important plant. To obtain a

comprehensive knowledge, it is necessary to summarize the latest studies and advancements, and

perspective the future study and breeding on different aspects of this plant. Lotus is a perennial

aquatic basal eudicot, an important horticultural plant, utilizing from ornamental, nutritional to

medicinal values. Due to the important values, it has obtained a lot of attention from the scientific

community recently, and might be an important model plant in horticulture. Lin and colleagues

reviewed the latest advancement studies of lotus, including phylogeny, genomics and the molecular

mechanisms underlying its unique properties, its economic important traits, and so on, providing the

information of basic use of omics.

We believe that the proteomics-based results in this section will help the readers to gain novel

insights for the understanding of complicated physiological processes in crops and other important

plants. The identification of target genes (or proteins) may decipher the complex relationship between

genes, proteins, metabolites, and their biological functions.

4. Integrative Omics of Plants during Development (Page 363-455)

Integrative Omics tools, including genomics, transcriptomics, proteomics and metabolomics, are

very powerful to study the molecular basis of biological activity between biomolecules (DNA, RNA,

proteins and metabolites). Integrative Omics methods has been widely used to study biomolecules

for their interactions, biosynthesis, and the regulation of these interactions in the various systems
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of plants, plant development and their interaction with various environments. In this section, five

papers using omics tools are included to demonstrate the recent omics studies on different plants

during their development process.
Some uncanonical plants may have special features showing either high resistance to external

stresses or economic values. Alligator weed is a dicotyledonous perennial herb that grows worldwide

due to its high adaptability to harsh environments. Although, it is listed as an invasive species

in many areas, study on the mechanism underlying its high adaptability will be very helpful in

the breeding of other crops. Its high tolerance to potassium deficiency seems very important

since potassium is essential for plant growth and development. In this section, Li and coworkers

investigated the physiological and proteomic changes in alligator weed stems under low potassium

stress, and identified 296 differentially abundant proteins, which were mainly involved in oxidative

phosphorylation, plant-pathogen interactions, glycolysis, sugar metabolism, and transport in stems.

These proteomics data provide valuable information on the adaptive mechanisms in alligator weed

stems under low potassium stress and facilitate the development of efficient strategies for genetically

engineering potassium-tolerant crops.
Combined metabolomic and transcriptomic analyses revealed dynamic regulation of purine

metabolism and flavonoid synthesis in transdifferentiation during somatic embryogenesis is crucial

for cotton regeneration via somatic embryogenesis. A total of 581 metabolites were present in

embryogenic calli, and metabolites related to purine metabolism were significantly enriched. An

association analysis of the metabolome and transcriptome data indicated that purine metabolism and

flavonoid biosynthesis were co-mapped, and purine metabolism-related genes associated with signal

recognition, transcription, stress, and lipid binding were significantly upregulated. These omics data

provide a valuable foundation for a deeper understanding of the regulatory mechanisms underlying

cell totipotency at the molecular and biochemical levels.
Furthermore, a transcriptomic analysis of leaf sheath maturation in maize was performed by

Dong and coworkers, and they discovered leaf sheath transcriptome has dynamic perturbation and

the processes and genes that are involved in sheath maturation and organ specialization. Although

extensive transcriptional profiling of the tissues along the longitudinal axis of the developing

maize leaf blade has been conducted, little is known about the transcriptional dynamics in sheath

tissues. Using a comprehensive transcriptome dataset, the authors identified 15 genes expressed at

significantly higher levels in the leaf sheath compared with their expression in the leaf blade. These

genes may important for sheath maturation and organ specialization. By an integrative analysis

of transcriptome and small RNA sequencing data from the radish young leaves under short-term

heat stress, Yang and coworkers discovered differentially expressed mRNAs and potential pathways

involved in heat stress in radish leaves. They detected 1802 differentially expressed mRNAs and

169 differentially expressed lncRNAs as well as three differentially expressed circRNAs through

strand-specific RNA sequencing technology. They also identified one lncRNA–miRNA–mRNAs

combination responsive to heat stress. These results will be helpful for further illustration of

molecular regulation networks of how radish responds to heat stress. Jin et al. unraveled 1327

microRNA-mediated genes in regulation of Pongamia seeds by high-throughput small RNA profiling

at three developmental stages and identified 236 conserved miRNAs within 49 families. They also

detected 143 novel miRNAs within the families by deep sequencing of Pongamia seeds sampled at

three developmental phases. These results provide valuable miRNA candidates for further functional

characterization and breeding practice in Pongamia and other oilseed plants.

All these findings in the five papers may broaden basic knowledge of our understanding

of molecular regulatory networks and may provide valuable information for further study in the
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molecular breeding in economic plants and crops.

5. Identification of Stress Responsive Genes and Proteins in Plants (Page 456-535)

With the development of sequencing technology and molecular biology, studies on plant growth

and development, environmental adaptation and other mechanisms are no longer restricted to

physiological phenomenon; they are more widely to be used to identify the stress responsive genes

and proteins in different plants to decipher the intrinsic regulating mechanisms from transcriptome

and proteome level. In this section, five papers were included to determine the genes and proteins

for regulation of the growth and development of plants.

Nitrogen is an essential nutrient for plants and a key limiting factor of crop production. Tang

and colleagues explored proteomics analysis the regulatory mechanism of nitrogen fertilization in

cereal crops, and determined 511 differentially expressed proteins among the identified 6093 proteins

in the two rice cultivars after nitrogen fertilizer treatment. These differentially expressed proteins

were mainly involved in ammonium assimilation, amino acid metabolism, carbohydrate metabolism,

etc. These proteomics results provided new insights in identifying potential molecular protein

markers to assist the breeding for high nitrogen use efficiency cultivars. Micro-exons, a set of

small exons with lengths no more than 51 nucleotides, distributed widely in various species, have

special splicing properties thus be good objects investigating mechanism of splicing. They are of

vital importance, functioning in multiple ways including alternative splicing, such as degradation of

the transcripts via nonsense-mediated decay, altering protein domain architecture, and introducing

novel post-translational modification sites. Therefore, micro-exons have been widely concerned and

studied in recent years. Song and coworkers investigated the distribution, evolutionary conservation,

and potential functions of micro-exons in the whole genome of two indica rice varieties of Zhenshan

97 and Minghui 63, improving the understanding of micro-exons and may contribute to gene

expression regulation.

Polyamines play an important role in plant growth and development, and response to abiotic

stresses. As deterioration of the ecological environment, such as soil salinization, drought and heat

stresses, photosynthetic capacity of plants and crop yields are being severely restricted, leading it

the hot spot issue to be widely concerned. Ji and coworkers applied proteomics of Sugar Beet M14

under salt stress, and found S-adenosylmethionine decarboxylase (SAMDC) protein differentially

expressed. Further analysis of the function of SAMDC in Arabidopsis thaliana showed that this

protein enhancing salt tolerance via mediating the biosynthesis of spermidine and spermin. Together,

these proteomics results suggest that the BvM14-SAMDC mediated biosynthesis of Spm and Spd

contributes to plant salt stress tolerance through enhancing antioxidant enzymes and decreasing ROS

generation.

It is widely known that Myo-inositol-1-phosphate synthase plays important roles in plant growth

and development, stress responses, and cellular signal transduction. Ma and coworkers focused on a

cotton Myo-inositol-1-phosphate synthase gene, and find it can rescue the abnormal phenotype and

promote the root cell elongation as a positive regulator. Inositol signaling is believed to play a crucial

role in various aspects of plant growth and adaptation. As an important component in biosynthesis

and degradation of myo-inositol and its derivatives, inositol phosphatases could hydrolyze the

phosphate of the inositol ring, thus affecting inositol signaling. At the end of this section, a review on

the function of inositol phosphatases in plant tolerance to abiotic stress was included. In this timely

review, the authors concluded the functions of more than 30 members of inositol phosphatases in

plants, and revised some current knowledge in relation to their substrates and function in response
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to abiotic stress. The potential mechanisms were also concluded with the focus on their activities of

inositol phosphatases.

All these findings in the five parts may broaden basic knowledge of our understanding of

molecular regulatory networks and may provide valuable information for further study in the

molecular breeding in economic plants and crops. We hope the readers will enjoy these articles and

believe that the proteomics-based results in this book will help the readers to gain novel insights for

the understanding of complicated physiological processes in crops and other important plants. The

identification of target genes and proteins may decipher the complex relationship between genes,

proteins, metabolites, and their biological functions.

Tingyun Kuang, Xuchu Wang, Xiaochun Qin, Shaojun Dai, Pingfang Yang, Ling Li

Special Issue Editors
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Abstract: In the post-genomics era, integrative omics studies for biochemical, physiological,
and molecular changes of plants in response to stress conditions play more crucial roles. Among them,
atlas analysis of plants under different abiotic stresses, including salinity, drought, and toxic
conditions, has become more important for uncovering the potential key genes and proteins in
different plant tissues. High-quality genomic data and integrated analyses of transcriptomic,
proteomic, metabolomics, and phenomic patterns provide a deeper understanding of how plants
grow and survive under environmental stresses. This editorial mini-review aims to synthesize the
27 papers including two timely reviews that have contributed to this Special Issue, which focuses
on concluding the recent progress in the Protein and Proteome Atlas in plants under different
stresses. It covers various aspects of plant proteins ranging from agricultural proteomics, structure
and function of proteins, novel techniques and approaches for gene and protein identification,
protein quantification, proteomics for post-translational modifications (PTMs), and new insights into
proteomics. The proteomics-based results in this issue will help the readers to gain novel insights
for the understanding of complicated physiological processes in crops and other important plants
in response to stressed conditions. Furthermore, these target genes and proteins that are important
candidates for further functional validation in economic plants and crops can be studied.

Keywords: integrated omics; plants under stress; post-genomics era; proteome atlas;
quantitative proteomics

With the annotation of genomes for human [1] and hundreds of plant species, plant biology study is
dawning upon the post-genomics era [2]. Biochemical, physiological, and molecular studies have paved
the way toward a comprehensive understanding of the complex biological processes for plants in response
to stress conditions. Among them, abiotic stresses are the foremost limiting factors for plant survival and
development [3]. Different from animals, plants cannot move away from the stressed conditions and
they must cope with all kinds of adverse external pressures via their intrinsic biological mechanisms [3].
In this new post-genomics time, atlas analysis of plants under different abiotic stresses, including salinity,
water logging, cold, drought, heat, UV radiation, heavy metals, anaerobic, and toxic conditions in the root
zone, among others, has become more important for uncovering the potential key genes and proteins in
different plant tissues [4]. High-quality genomic data and integrated analyses of transcriptomic, proteomic,
metabolomics, and phenomic patterns (Figure 1) provide a deeper understanding of how plants grow
and survive under environmental stresses [5].

We organized sixteen researchers in the omics study area to edit this Special Issue titled
“Plant Protein and Proteome Atlas: Integrated Omics Analyses of Plants under Abiotic Stresses”, and this
Special Issue book is edited based on these published papers. Therefore, this special book is focused
on concluding the recent progress in the Protein and Proteome Atlas in plants under different stresses.

Int. J. Mol. Sci. 2019, 20, 5222; doi:10.3390/ijms20205222 www.mdpi.com/journal/ijms1
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Integrated omics analysis covers various aspects of plant protein ranging from agricultural proteomics,
structure and function of proteins, novel techniques and approaches for gene and protein identification,
protein quantification, proteomics for post-translational modifications (PTMs), and new insights
into proteomics. Proteome atlas aims to compare the quantified relative abundances of the
genome-wide genes and proteins across different plant tissues or subcellular compartments. Large-scale
analyses of post-translational modifications in proteins, such as phosphoproteomics, glycoproteomics,
and ubiquiproteomics, have become more imperative to define and interpret the plant–environment
relationships in terms of protection against abiotic stresses in multi-layers [5]. It helps to gain
novel insights into the identification of target genes and proteins, which may decipher the complex
relationship between genes, proteins, metabolites, and their biological functions. At the same time,
combining the big-data-based multi-omics approaches and traditional molecular biology technologies
gains deeper insights into the stress-mitigating mechanisms in plants for translation into higher
productivity [5].

Figure 1. Integrated omics analyses of plants under different stresses. On the basis of the high-quality
genomic data, integrated analyses using transcriptomic, proteomic, metabolomics, and phenomic
methods have recently been performed in different plant species under different biotic and abiotic
stressed conditions to determine their stress responsive genes and proteins, after which functional
analyses of these target genes and proteins are conducted by molecular and biochemical methods.
These integrated data have provided a deeper understanding of how plants grow and survive under
different environments.
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In this issue, we included crop plants as well as model plant species for fundamental research of
stress physiology and biochemistry. The topics focus on integrative analyses of quantitative protein
change in plants under abiotic stresses; transcriptomic, proteomic, metabolomics, and phenomic
analyses of plant species and tissues under abiotic stresses; plant proteome atlas of different tissues
and cell compartments; post-translational modifications in plant proteins upon stressed conditions;
bioinformatics and computational tools for analyzing big data via various omics approaches; genetic
and phenomic studies of plant species in different environments; and identification and functional
validation of key genes and proteins obtained from integrative omics approaches in response to stresses
in plants.

Finally, a total of 27 papers including two timely reviews were divided into five parts in this
special book. Part 1 was edited by Dr. Xuchu Wang from Hainan Normal University. This part
contains six papers describing the comparative proteomics of different plants under different conditions.
Proteomics analyses were performed on six plant species, including spinach [6], Brassica rapa [7],
wheat [8], diatom [9], lily [10], and a rubber grass Taraxacum Kok-saghyz [11], in order to gain
deeper insights into the stress-mitigating mechanisms in plants under different conditions. Li et al.
(2019) performed a comparative proteomics analysis of the leaves under both low-temperature and
high-temperature stressed conditions in heat-sensitive spinach and identified 257 heat-responsive
proteins [6]. Their proteomics data revealed that both the photosynthesis process and reactive oxygen
species scavenging pathways are inhibited in response to high temperature stress. A similar proteomics
study performed by Yuan and colleagues resulted in 1022 differentially expressed proteins in Wucai
under temperature stressed conditions, and most of these proteins were identified to be associated with
redox homeostasis, photosynthesis, carbohydrate metabolism, and heat-shock response [7]. In wheat
plants, pollen, as a highly specialized organ, develops in the anther. Comparative cytological and
proteomic analyses were conducted by Wang et al. (2019) to better understand the mechanism on the
chemical hybridizing agent induced pollen abortion in wheat, and determined 60 significant different
proteins [8]. Furthermore, Thangaraj et al. (2019) performed an iTRAQ-based proteomics analysis to
explore the distinct cellular responses associated with oxidative stress in the diatom Skeletonema dohrnii,
and determined 594 differentially expressed proteins from 1768 proteins. Their proteomics data
also revealed that ATP-limited diatoms are unable to rely on photosynthesis, owing to break down
of carbon metabolism to compensate for photosynthetic carbon fixation losses [9]. Comparative
proteomics were used to investigate the relationship between hydrogen gas and NO, and identified
50 differentially accumulated proteins during postharvest freshness in the Cut Lilies leaves [10].
Xie and coworkers [11] provided a proteomic landscape of the mature roots of a rubber-producing
grass Taraxacum Kok-saghyz and identified 371 protein species from the mature roots by combining 2-DE
and MS. Meanwhile, 3545 individual proteins were determined by a large-scale shotgun proteomics
analysis of the enlargement roots, and fifty-eight natural rubber biosynthesis-related proteins were
identified; these proteins were involved in both mevalonate acid and methylerythritol phosphate
pathways [11]. This is the first high-resolution draft proteome map of the mature roots of rubber grass.

Furthermore, proteomics analyses of different plants under both salinity and drought stresses
were conducted to find the osmotic response proteins [12–17]. Drought and salinity are two serious
kinds of osmotic stresses that inhibit plant growth and crop yields. Recent comparative proteomics
analyses have provided more information for understanding the drought- and salinity-responsive
mechanisms in certain plant species. In this part, we included six papers and focused on proteomics
analyses of plants under osmotic stress. Drought, as an important abiotic stress, can seriously
limits crop yields. Wang and colleagues adopted iTRAQ and LC/MS approaches to determine the
different proteins in wheat leaves after exposure to PEG, and finally identified 176 differentially
expressed proteins [12]. In another drought-tolerant wheat variety, 335 drought-responsive proteins
were found to mainly take part in photosynthesis, carbon fixation, and glyoxylate and dicarboxylate
metabolism [13]. In addition, a comparative analysis of filling-kernel proteomes from two maize
inbred lines with different drought-tolerant ability identified 5175 drought-responsive proteins [14].
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Proteomics study implied that wood vinegar treatment can enhance the drought tolerance of wheat
root through promoting stress response, carbohydrate metabolism, protein metabolism, and secondary
metabolism [15]. Two proteomics studies have been performed to find the stress-responsive proteins
in the leaves of E. angustifolia seedlings [16] and D. salina during early response to salt stress [17],
which implied that the symbiosis of halophytes and arbuscular mycorrhizal fungi has potential as
an application for the improvement of saline-alkali soils. An iTRAQ-based proteomics analysis of
D. salina revealed that photosynthesis and ATP synthesis are crucial for the modulation of early
salinity-responsive pathways [17]. Improving osmotic tolerance of crops to salinity and drought stress
has not yet been realized by molecular engineering, and proteomics of plants under salinity and
drought stress present an elaborate understanding of stress-responsive proteins and metabolic pathways.
These osmotic-response proteins and genes are important candidates for further functional validation.

Plant propagation and development are two important aspects that could largely determine
the life cycle and economic values of different crops. The special issue studied different plants
species, including an energy plant Jatropha curcas [18], a biofuel tree Pongamia [19], and three
economic crops [20–22]. Liu et al. used combined analyses of the phosphoproteomics, physiological
characteristics, and ultrastructure studies to identify the responses of J. curcas seedlings under chilling,
and revealed significantly changed phosphoproteins under chilling stress [18]. A comparative study
between the salt resistance and sensitive cultivars with very close genetic background will undoubtedly
help to explore the key regulator. On the basis of this idea, Zhao et al. conducted a phosphorproteomic
analysis between two maize inbred lines showing different resistance to salt stress, and found that the
enhancement of potassium and sodium transportation, carbon, and redox-related metabolism could
increase the salt resistance in maize [19]. In this issue, Yu et al. applied a newly developed Phos-tagTM
technology to identify 21 phosphorylated peptides of AGPase [20].

Cotton is the most important natural fiber resource in the world, which makes it an important crop.
Studies have been widely conducted focusing on many aspects of this crop. Although genetic modified
cotton cultivars have been generated and widely used in its production, transformation of cotton
could only be succeeded in very limited germplasm with low efficiency. It is very important to
identify the key regulators that determine the fate of somatic embryos. Comparative proteomics were
successfully applied by Guo et al. to determine 6730 proteins in the embryogenic calli of cotton [21].
Additionally, Lin and colleagues reviewed the latest advancement studies of lotus and provided more
omics information on this plant [22].

Integrative omics tools, including genomics, transcriptomics, proteomics, and metabolomics, are
very powerful to study the molecular basis of biological activity between biomolecules (DNA, RNA,
proteins, and metabolites). Integrative omics methods have been widely used to study biomolecules
for their interactions; biosynthesis; and the regulation of these interactions in the various systems
of plants, plant development, and their interaction with various environments. Li and coworkers
combined physiological and proteomic methods to study the changes in alligator weed stems under
low potassium stress, and provided valuable information on the adaptive mechanisms in alligator [23].
Using combined metabolomic and transcriptomic analyses, Guo et al. revealed that dynamic regulation
of purine metabolism and flavonoid synthesis in transdifferentiation during somatic embryogenesis
is crucial for cotton regeneration [24]. A total of 581 metabolites were present in the embryogenic
calli, and metabolites related to purine metabolism were significantly enriched. These omics data
provide a valuable foundation for a deeper understanding of the regulatory mechanisms underlying
cell totipotency at the molecular and biochemical levels.

Furthermore, many stress responsive genes were identified by transcriptomics analyses [25–27].
Dong and coworkers discovered that the leaf sheath transcriptome has dynamic perturbation, and the
processes and genes involved in sheath maturation are important for organ specialization [25].
Yang and coworkers discovered differentially expressed mRNAs and potential pathways involved in
heat stress in radish leaves. They detected 1802 differentially expressed mRNAs and 169 differentially
expressed lncRNAs, as well as three differentially expressed circRNAs, through strand-specific RNA

4



Int. J. Mol. Sci. 2019, 20, 5222

sequencing technology [26]. Jin et al. unraveled 1327 microRNA-mediated genes in the regulation
of Pongamia seeds by high-throughput small RNA profiling and identified 236 conserved miRNAs
and 143 novel miRNAs within the families by deep sequencing of Pongamia seeds [27]. These results
provide valuable miRNA candidates for further functional characterization and breeding practice in
Pongamia and other oilseed plants.

More stress responsive genes and proteins in different plants have been identified, and their
functions are studied in the following part of this Special Issue. With the development of sequencing
technology and molecular biology, studies on plant growth and development, environmental adaptation,
and other mechanisms will no longer be restricted to physiological phenomenon, but will be more
popular to use the omics-based methods to identify the stress responsive genes and proteins in different
plants to decipher the intrinsic regulating mechanisms from the transcriptome and proteome level.
Tang and colleagues explored a proteomics analysis of the regulatory mechanism of nitrogen fertilization
in cereal crops, and determined 511 differentially expressed proteins among the identified 6093 proteins
in the two rice cultivars [28]. Micro-exons, a set of small exons with lengths no more than 51 nucleotides,
have been widely studied in recent years. Song and coworkers investigated the potential functions of
micro-exons in the whole genome of two indica rice varieties [29].

Polyamines play an important role in plant growth and development, as well as response to
abiotic stresses. Ji and coworkers applied proteomics of Sugar Beet M14 under salt stress, and found
that S-adenosylmethionine decarboxylase can enhance salt tolerance via mediating the biosynthesis
of spermidine and spermin [30]. Myo-inositol-1-phosphate synthase plays important roles in plant
growth and development, stress responses, and cellular signal transduction. Ma and coworkers proved
that Myo-inositol-1-phosphate synthase can rescue the abnormal phenotype and promote the root
cell elongation [31]. Inositol signaling is believed to play a crucial role in various aspects of plant
growth and adaptation. A mini-review on the function of inositol phosphatases in plant tolerance to
abiotic stress was included. In this timely review, the authors concluded the functions of more than
30 members of inositol phosphatases in plants, and revised some current knowledge in relation to their
substrates and function in response to abiotic stress [32].

We believe that the proteomics-based results in this issue will help the readers to gain novel
insights for the understanding of complicated physiological processes in crops and other important
plants in response to stressed conditions. The identification of target genes and proteins will decipher
the complex relationship between genes, proteins, metabolites, and their biological functions in plants,
and these genes and proteins are important candidates for further functional validation and may
provide valuable information for further study in molecular breeding in economic plants and crops.
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Abstract: High temperatures seriously limit plant growth and productivity. Investigating
heat-responsive molecular mechanisms is important for breeding heat-tolerant crops. In this study,
heat-responsive mechanisms in leaves from a heat-sensitive spinach (Spinacia oleracea L.) variety Sp73
were investigated using two-dimensional gel electrophoresis (2DE)-based and isobaric tags for relative
and absolute quantification (iTRAQ)-based proteomics approaches. In total, 257 heat-responsive
proteins were identified in the spinach leaves. The abundance patterns of these proteins indicated
that the photosynthesis process was inhibited, reactive oxygen species (ROS) scavenging pathways
were initiated, and protein synthesis and turnover, carbohydrate and amino acid metabolism were
promoted in the spinach Sp73 in response to high temperature. By comparing this with our previous
results in the heat-tolerant spinach variety Sp75, we found that heat inhibited photosynthesis, as well
as heat-enhanced ROS scavenging, stress defense pathways, carbohydrate and energy metabolism,
and protein folding and turnover constituting a conservative strategy for spinach in response to heat
stress. However, the heat-decreased biosynthesis of chlorophyll and carotenoid as well as soluble
sugar content in the variety Sp73 was quite different from that in the variety Sp75, leading to a
lower capability for photosynthetic adaptation and osmotic homeostasis in Sp73 under heat stress.
Moreover, the heat-reduced activities of SOD and other heat-activated antioxidant enzymes in the
heat-sensitive variety Sp73 were also different from the heat-tolerant variety Sp75, implying that the
ROS scavenging strategy is critical for heat tolerance.

Keywords: heat response; heat-sensitive spinach variety; proteomics; ROS scavenging

1. Introduction

Global warming has adverse effects on crop yield [1,2]. Heat stress limits plant growth, development
and reproduction [3,4] by affecting gene expression, protein synthesis and degradation, and membrane
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structure, as well as cytoskeleton dynamics [5,6]. In addition, heat can change the efficiency of
intracellular enzymatic reactions, leading to internal metabolic imbalance, which in turn causes an
excessive accumulation of toxic byproducts, such as reactive oxygen species (ROS) [7]. In order to
shield the effects of heat stress on the internal metabolic processes, plants modulate the composition of
corresponding transcripts, proteins, metabolites and lipids to establish a new metabolic homeostasis, as
well as changing their growth and reproduction to cope with high-temperature environments [8,9].

High-throughput proteomics techniques have facilitated the large-scale identification of
heat-responsive proteins (HRPs) in plants [9–12]. Proteomics data have revealed diverse expression
patterns of HRPs in leaves of Arabidopsis thaliana [13], alfalfa (Medicago sativa) [10], Oryza sativa [14,15],
Oryza meridionalis [16], wheat (Triticum aestivum) [17,18], maize (Zea mays) [19,20], soybean (Glycine
max) [21,22], and Apium graveolens [23]. These HRPs are mainly involved in signal transduction,
photosynthesis, ROS scavenging, transcription and post-transcriptional regulation, protein synthesis
and degradation, as well as carbon and energy metabolism [13–23].

Spinach (Spinacia oleracea L.) is rich in vitamins, minerals and other nutrients, and is considered as
one of the major green leafy vegetables in China. In general, spinach is a cold-tolerant but heat-sensitive
species [24], and high temperatures cause a low germination rate of seeds and retarded growth, leading
to a reduction of yield and nutrition. The investigation of heat-responsive molecular mechanisms in
spinach will be instructive for breeding new varieties with heat tolerance capability. Previous studies
have reported that heat stress (35 ◦C, 30 min) on whole spinach induced a significant decrease in the CO2

assimilation rate [25]. Heat stress also induced a release of the extrinsic oxygen evolving complex (OEC)
subunits (PsbO, PsbP and PsbQ) from Photosystem II (PSII), which results in significant D1 aggregation
and degradation [26,27]. Our previous proteomics study has identified 911 heat-responsive proteins in
the heat-tolerant spinach variety Sp75 [11]. The data showed that calcium-mediated signaling, ROS
homeostasis, endomembrane trafficking, and cross-membrane transport pathways were enhanced
under heat stress. Moreover, diverse primary and secondary metabolic pathways (e.g., glycolysis,
pentose phosphate pathway, isoprenoid biosynthesis, as well as metabolisms of amino acid, fatty acid,
nucleotide, and vitamins) were employed for heat tolerance [11].

To compare and contrast with our previous study on the heat-tolerant spinach variety Sp75, a
heat-sensitive variety Sp73 was subjected to heat-responsive physiological and proteomic analyses.
The abundance patterns of 257 heat-responsive proteins imply that photosynthesis was inhibited,
but ROS scavenging pathways, protein turnover, carbohydrate metabolism were enhanced in the
heat-sensitive spinach variety Sp73. This study provides important insights into the molecular
mechanisms of the heat stress response of spinach.

2. Results

2.1. Morphology and Relative Water Content (RWC)

The morphology of leaves from spinach variety Sp73 were affected after 24 h of heat treatment
(HHT), 48 HHT and 72 HHT, when compared with 0 HHT (Figure 1 A–D). The number of withered
leaves increased, and the withering was more serious at 48 and 72 HHT (Figure 1C,D), although the
length and width of leaves were not changed significantly. The RWC was decreased by 17.45%, 19.38%
and 23.61% at 24 HHT, 48 HHT and 72 HHT, respectively. These results clearly show that spinach Sp73
is very sensitive to heat stress.

2.2. Photosynthesis and Chlorophyll Fluorescence Parameters

The photosynthesis rate (Pn), stomata conductance (Gs), intercellular CO2 (Ci) and transpiration rate
(Tr) in heat-treated spinach Sp73 were measured (Figure 2). Compared with 0 HHT, the Pn (Figure 2A),
Gs (Figure 2B) and Tr (Figure 2D) were apparently decreased by 2.4-fold, 2.3-fold and 1.1-fold at 72 HHT,
respectively, throughout the heat-stress process. In addition, Ci was increased under the heat treatment
process (Figure 2C). Furthermore, chlorophyll fluorescence parameters were also monitored to evaluate
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the photosynthetic performance. The PSII maximum quantum yield (Fv/Fm) was decreased 1.1-fold at 24
HHT, 1.2-fold at 48 HHT and 1.4-fold at 72HHT (Figure 2E). The effective PSII quantum yield (Y(II)) was
slightly increased at 24 HHT and 48 HHT, but decreased at 72 HHT (Figure 2F).

Figure 1. Morphology and relative water content (RWC) in spinach variety Sp73 under heat stress.
Leaves were withered and the leaf RWC was decreased after 24 h of heat treatment (HHT) of 37 ◦C/32 ◦C
(day/night). (A) 0 HHT; (B) 24 HHT; (C) 48 HHT; and (D) 72 HHT. Underneath each morphological
image is the leaf RWC expressed as mean ± standard deviation (SD) (n = 3). Small letters (a, b) in the
brackets indicate significant difference among different treatments (p < 0.05). Bar = 2.9 cm.

Figure 2. Photosynthetic characteristics and chlorophyll fluorescence parameters in leaves of spinach
Sp73 under the heat-stress treatment. (A) Photosynthesis rate (Pn); (B) stomata conductance (Gs);
(C) intercellular CO2 (Ci); (D) transpiration rate (Tr); (E) Photosystem II (PSII) maximum quantum yield
(Fv/Fm); (F) effective PSII quantum yield (Y(II)). The values were determined after plants were treated
with heat stress at 37 ◦C/32 ◦C (day/night) for 0 h, 24 h, 48 h and 72 h and are presented as means ± SD
(n = 3). The different small letters (a–d) indicate significant difference (p < 0.05) in different treatments.

2.3. Plasma Membrane Integrity and Osmolyte Accumulation in Leaves

To evaluate the effects of heat stress on membrane stability, the thiobarbituric acid reactive
substance (TBARS) content and relative electrolyte leakage (REL) were detected in leaves under heat
stress (Figure 3). TBARS contents increased from 8.6 ± 0.1 nmol·g−1 fresh weight (FW) at 0 HHT to
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10.6 ± 0.2 nmol·g−1 FW at 48 HHT (Figure 3A). RELs were increased 1.4-fold at 48 HHT and 1.8-fold at
72 HHT compared with 0 HHT (Figure 3B). These results indicate that long-term heat stress leads to
severe oxidative damage to leaf cells in spinach Sp73.

Figure 3. Membrane integrity and osmolyte accumulation in leaves of spinach Sp73 under heat stress.
(A) Thiobarbituric acid reactive substance (TBARS) content in leaves; (B) relative electrolyte leakage
(REL) of leaves; (C) proline in leaves; (D) soluble sugar content in leaves. The values were determined
after plants were treated with heat stress at 37 ◦C /32 ◦C (day/night) for 0 h, 24 h, 48 h and 72 h and
are presented as means ± SD (n = 3). The different small letters (a–d) indicate significant difference
(p < 0.05) among different treatments.

Proline and soluble sugars function by maintaining osmotic balance and protein stabilization.
Compared with 0 HHT, the proline content in leaves was increased 1.6-fold at 72 HHT (Figure 3C).
Soluble sugar contents were increased at 24 HHT, but decreased at 48 HHT and 72 HHT (Figure 3D).

2.4. Activities of Antioxidant Enzymes and Antioxidant Contents in Leaves

We analyzed the activities of antioxidant enzymes and antioxidant contents to evaluate the
ROS changes and dynamics of the ROS scavenging system in leaves under the heat-stress treatment.
Compared with 0 HHT, the hydrogen peroxide (H2O2) content and superoxide anion radicals (O2

•−)
generation rate were significantly increased in leaves at 48 HHT and 72 HHT (Figure 4A), implying
that heat-increased ROS would cause oxidative damage to spinach leaves. The activities of superoxide
dismutase (SOD) and catalase (CAT) were obviously decreased in the leaves throughout the heat-stress
process (Figure 4B). However, the activities of ascorbate peroxidase (APX) and peroxidase (POD)
were increased 1.9-fold and 1.7-fold at 48 HHT, respectively (Figure 4C). The activities of glutathione
peroxidase (GPX) and glutathione S-transferase (GST) were increased 2.5-fold and 3.0-fold at 48 HHT,
respectively (Figure 4D,F). Besides this, the activities of monodehydroascorbate reductase (MDHAR),
dehydroascorbate reductase (DHAR) and glutathione reductase (GR) were all increased, except the
MDHAR activity at 72 HHT, and all of them reached their highest level at 24 HHT and then decreased
gradually at 48 HHT and 72 HHT (Figure 4E,F). For the antioxidants in the glutathione (GSH)-ascorbate
(AsA) cycle, the AsA contents were decreased, while dehydroascorbate (DHA) contents were increased
at 72 HHT (Figure 3G), and all the contents of reduced GSH and oxidized glutathione (GSSG) were
increased in leaves under the heat-stress process (Figure 4H). The ratios of GSH/GSSG were decreased
1.3-fold and 1.2-fold at 24 HHT and 72 HHT, respectively, while they increased by 1.1-fold at 48 HHT
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(Figure 4I). However, the ratios of AsA/DHA were increased 1.4-fold at both 24 HHT and 48 HHT,
while they decreased by 2.0-fold at 72 HHT.

Figure 4. Activities of antioxidant enzymes and antioxidant contents in leaves of spinach Sp73 under
heat-stress treatment. (A) Hydrogen peroxide (H2O2) content and superoxide anion radical (O2

•−)
generation rate; (B) activities of superoxide dismutase (SOD) and catalase (CAT); (C) activities of ascorbate
peroxidase (APX) and peroxidase (POD); (D) glutathione peroxidase (GPX) activity; (E) activities of
monodehydroascorbate reductase (MDHAR) and dehydroascorbate reductase (DHAR); (F) activities of
glutathione reductase (GR) and glutathione S-transferase (GST); (G) contents of ascorbate (AsA) and
dehydroascorbate (DHA); (H) contents of reduced glutathione (GSH) and oxidized glutathione (GSSG); (I)
ratios of AsA/DHA and GSH/GSSG. The values were determined after plants were treated with heat stress
at 37 ◦C/32 ◦C (day/night) for 0 h, 24 h, 48 h and 72 h and are presented as means ± SD (n =3). The different
small letters (a–d) indicate significant difference (p < 0.05) among different treatments.
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2.5. Identification of Heat-Responsive Proteins by 2DE-Based and iTRAQ-Based Proteomics

Two complementary proteomics approaches, two-dimensional gel electrophoresis (2DE)-based
and isobaric tags for relative and absolute quantification (iTRAQ)-based approaches, were applied to
determine the heat-responsive protein abundances in leaves of spinach Sp73 under heat stress. From
the results of 2DE-based proteomics, more than 1000 protein spots were detected on Coomassie Brilliant
Blue (CBB)-stained gels (Figure 5, Supplementary Figure S1; Table S1). Among them, 93 reproducibly
matched spots showed more than 1.5-fold changes in abundance in response to heat treatment (p < 0.05).
Among them, 84 protein spots were identified by matrix-assisted laser desorption/ ionization tandem
time of flight mass spectrometry (MALDI TOF-TOF MS) and Mascot searching with stringent criteria.
The 84 protein spots all contained a single protein in each spot (Supplementary Table S1). Thus, the
84 proteins were taken as HRPs. Besides this, in the iTRAQ-based proteomics, 3526 proteins were
identified and quantified in four independent biological replicates. Among them, 173 proteins showed
differential abundances under heat stress (fold change > 1.2 and p < 0.05) (Supplementary Table S2).
There were no overlaps between the results from 2DE-based and iTRAQ-based approaches. In total, 257
HRPs were identified in the leaves of spinach Sp73 (Figure 6, Supplementary Table S3). The HRPs were
annotated against the National Center for Biotechnology Information non-redundant (NCBInr) protein
database with Basic Local Alignment Search Tool (BLAST) analysis, and 51 proteins were reannotated
according to the functional domain annotation from the NCBInr protein database (Supplementary
Tables S4 and S5). Among these HRPs, 141 proteins were heat stress-increased and 112 heat-decreased
under at least one heat stress condition compared with 0 HHT. The remaining four proteins exhibited
different change patterns under heat stress.

 

Figure 5. Representative two-dimensional gel electrophoresis (2DE) gel images of proteins in leaves of
spinach Sp73. Proteins were separated on 24 cm linear gradient immobilized pH gradient (IPG) strips
(pH 4–7) using isoelectric focusing (IEF) in the first dimension, followed by 12.5% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels in the second dimension. The 2DE gel
was stained with Coomassie Brilliant Blue. The molecular weight (MW) in kilodaltons (KDa) and
isoelectric point (pI) of proteins are indicated on the left and top of the gel, respectively. A total of
84 heat-responsive proteins identified by matrix-assisted laser desorption/ionization tandem time of
flight mass spectrometry (MALDI TOF-TOF MS) were marked with numbers on the gel. Detailed
information can be found in Supplementary Figure S1 and Table S1.
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Figure 6. Abundance patterns of heat-responsive proteins in leaves of spinach Sp73 revealed from
proteomic analysis. The four columns represent different heat treatments at 37 ◦C/32 ◦C (day/night) for
0 h, 24 h, 48 h, and 72 h. The rows represent individual proteins. The increased or decreased proteins
are indicated in red or green, respectively. The color intensity increases with increasing abundance
differences, as shown in the scale bar. The scale bar indicates the log (base2)-transformed relative
protein abundance ratios ranging from −1.8 to 1.8. Database accession numbers and the abbreviations
of protein names are listed on the right side (please refer to Supplementary Table S3 for the full protein
names). The database accession numbers are from NCBInr. Those marked with the pound signs (#)
indicate the proteins identified by the 2DE-based proteomics approach, and the rest were identified
by the iTRAQ-based proteomics approach. The protein names marked with pentagrams (�) were
annotated according to the functional domain annotation from the NCBInr protein database.
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2.6. Annotation and Functional Categorization of HRPs

Based on BLAST alignments, subcellular localization prediction, and literature information,
the 257 proteins were classified into 13 functional categories, including signaling and membrane
transport, ROS homeostasis, stress defense, ethylene synthesis, photosynthesis, carbohydrate and
energy metabolism, DNA and chromatin assembly, transcription regulation, protein synthesis and
fate, amino acid metabolism, other metabolisms, cell structure and cell cycle, and unknown function
(Supplementary Table S3 and Figure 7A). Interestingly, protein synthesis and fate-related proteins
accounted for the largest group (30.4%), followed by photosynthesis-related proteins (16.7%). A total
of 54.1% of HRPs were heat-increased compared with 0 HHT (Figure 7C). For example, 12 out
of 15 (80%) ROS scavenging proteins (e.g., SOD, APX, and GST) and 11 out of 17 (64.7%) stress
defense-related proteins (e.g., aldo/keto reductase (AKR) and jasmonate-induced protein) were heat
stress-increased. Besides this, carbohydrate and energy metabolism-related proteins (69.2%) and
protein turnover-related proteins (57.7%) were increased by heat stress. Interestingly, 83.0% of protein
folding/degradation-related proteins were increased in the heat-sensitive spinach Sp73. In contrast,
most proteins involved in photosynthesis (65.1%), amino acid metabolism (58.8%), ribosome assembly
(92.0%) and protein synthesis (100%) were decreased by heat stress. These results indicate that carbon
assimilation, basic metabolism and protein synthesis were inhibited by heat stress in the heat-sensitive
spinach Sp73.

Figure 7. Functional categorization and subcellular localization of heat-responsive proteins. (A) Protein
functional categories; (B) subcellular localization groups. The numbers of proteins with different
locations are shown; (C) abundance patterns of heat-responsive proteins in each functional category.
Chl, chloroplast; CW, cell wall; Cyt, cytoplasm; ER, endoplasmic reticulum; IS, intercellular space; Mit,
mitochondrion; Nuc, nucleus; Per, peroxisome; PM, plasma membrane; Sec, secreted.
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2.7. Subcellular Localization and Protein–Protein Interaction (PPI) Network of HRPs

The subcellular localization of HRPs was predicted using five different tools (i.e., YLoc, LocTree3,
Plant-mPLoc, ngLOC, and TargetP) (Figure 7B, and Supplementary Table S6). Among the 257 proteins,
109 proteins (42%) were predicted to be localized in chloroplasts, 77 (30%) in cytoplasm, 23 (9%) in
nucleus, 15 (6%) in mitochondria, nine in the secreted pathway, and eight in the endoplasmic reticulum.
The remaining proteins are localized in the plasma membrane (2), intercellular space (3), cell wall (1),
peroxisomes (2) and uncertain locations (2). Clearly, most heat-affected proteins were localized in
chloroplasts, indicating the heat-stress sensitivity of the chloroplasts in the spinach Sp73.

A total of 207 unique homologous proteins of HRPs were found in Arabidopsis (Supplementary
Table S7), 123 of which were depicted in the PPI network. Six modules formed tightly connected
clusters, and strong associations were represented by thick lines in the network (Figure 8). Module
1 contained 35 proteins mainly involved in photosynthesis. Module 2, Module 3 and Module 4
included those proteins mainly involved in protein synthesis, protein folding and protein degradation,
respectively. Module 5 contained 19 proteins which are mainly involved in sugar metabolism, amino
acid metabolism and other metabolisms. Module 6 contained 12 proteins important in ROS scavenging
and stress defense.

Figure 8. The protein–protein interaction (PPI) network of heat-responsive proteins in spinach
Sp73 revealed by functional protein association networks (STRING) analysis. A total of 123 unique
homologous proteins from Arabidopsis thaliana are shown in the PPI network. Six modules are indicated
in different colors. Module 1: photosynthesis; Module 2: protein synthesis; Module 3: protein
folding; Module 4: protein degradation; Module 5: sugar metabolism, amino acid metabolism, and
other metabolisms; Module 6: ROS scavenging and stress defense. The PPI network is shown in the
confidence view generated by STRING analysis. Stronger associations are represented by thicker lines.
Please refer to Supplementary Table S7 for abbreviations.
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3. Discussion

3.1. Heat-Inhibited Photosynthesis in Heat-Sensitive Spinach Variety Sp73

Heat stress has a negative impact on the photosynthetic capacity of plants [8], such as grape
(Vitis vinifera) [28], wheat [17] and soybean [22]. Photosynthetic reactions which occur in thylakoid
membranes (both stacked grana and lamellae) and carbon metabolism in the stroma of chloroplasts are
primary sites of heat damage [29]. In general, spinach is a heat-sensitive vegetable species. Through
genetic screening, we identified a heat-tolerant variety, Sp75 [11]. Our results in this study showed that
photosynthesis was decreased in both the heat-tolerant variety Sp75 and heat-sensitive variety Sp73
under heat stress (Figure 2). Compared with the heat-tolerant Sp75, the heat-sensitive Sp73 exhibited
obvious decreases in photosynthetic parameters, such as Pn and Gs, throughout the heat-stress process
(Figure 2; Supplementary Figure S2).

The PSII is highly thermolabile and its activity is greatly diminished at high temperature [30],
and this decrease may be due to PSII localization in the thylakoid membrane [31]. Our proteomics
results showed that the abundances of most PSII proteins (e.g., chlorophyll a-b binding protein,
oxygen-evolving enhancer protein, OEC subunit PsbP, and high chlorophyll fluorescence 136) were all
decreased in the Sp73 under heat stress process. This indicates that OEC might be dissociated and the
potential active center of PSII was damaged in the heat-sensitive spinach Sp73 [32]. This is similar to
that found in heat-sensitive A. stolonifera [33], leading to the inhibition of light harvesting and electron
transport under heat stress [34].

Moreover, we identified that 11 of the 19 HRPs in the Calvin cycle were decreased in the
Sp73, resulting in inhibited carbon assimilation (Figure 6) [29]. This is consistent with previous
studies in grape [35] and soybean [21]. Among the Calvin cycle enzymes, ribulose bisphosphate
carboxylase/oxygenase (RuBisCO) and RuBisCO activase (RCA) were reported to be very sensitive
to high temperature and showed diverse abundance patterns. For example, RCA in the wild downy
grape leaves was decreased [35]. However, RCAs in A. thaliana [13] and rice [14] leaves were increased
in response to heat stress. RCA is a molecular chaperone that plays an important role in maintaining
the catalytic activity of RuBisCO [36] and is one of the limiting factors for photosynthesis under heat
stress [37,38]. In addition, enzymes involved in chlorophyll synthesis (e.g., magnesium-chelatase
subunit ChlI) and carotenoid biosynthesis (e.g., zeta-carotene desaturase) were decreased under heat
stress. On the other hand, pheophorbide oxygenase involved in chlorophyll degradation was increased
in the Sp73. This is quite different from the nine heat-increased chlorophyll biosynthetic enzymes in the
heat-tolerant Sp75 (Supplementary Figure S3 and Table S8). This implies that the heat-sensitive Sp73
has a lower capability of chlorophyll maintenance than Sp75 for photosynthesis under heat stress [11].

In addition, the xanthophyll cycle is usually regarded as the most important photoprotection
mechanism in higher plants. In this cycle, violaxanthin de-epoxidase and zeaxanthin epoxidase
are critical enzymes. In Sp73, violaxanthin de-epoxidase and zeaxanthin epoxidase were decreased,
indicating the photoprotection of the reaction center of PS II was reduced under heat stress [39].

3.2. Heat-Altered ROS Scavenging Pathways in Spinach Sp73

In spinach Sp73 leaves, the accumulation of H2O2 was obviously induced by heat stress, leading
to membrane lipid peroxidation and damage (Figure 3) [40]. The accumulated ROS may be due to the
low electron transport efficiency under heat stress [34]. Here, we found that various anti-oxidative
enzymes and antioxidants were altered in intracellular H2O2 scavenging to cope with heat stress
(Figure 4). Among them, the SOD activity was decreased by heat stress, in spite of the increased
abundance of chloroplast-/mitochondrion-localized SODs under heat stress. This suggests that the first
line of heat response to dismutate the intracellular O2

•− to H2O2 was inhibited in the Sp73 [41], while
the activities and abundances of SOD in the heat-tolerant Sp75 (Supplementary Figure S3) [11] and
other heat-tolerant species (e.g., maize [20], poplar (Populus yunnanensis) [42] and wheat [43,44] were
increased by heat stress. Interestingly, other antioxidant enzymes involved in converting intracellular
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H2O2 to H2O showed distinct activity patterns under heat stress. Among them, CAT activities were
decreased, while APX and GPX activities were increased under the heat-stress process. The activity
changes of CAT and APX in the Sp73 were opposite to those in the Sp75 (Supplementary Figure S2),
indicating the activation of different antioxidant enzymes to scavenge ROS between the heat-sensitive
Sp73 and heat-tolerant Sp75 [11]. Besides this, the accumulation of DHA, GSH and GSSG in the
AsA-GSH pathway under the heat-stress process was observed in Sp73, similar to what happened
in the heat-tolerant Sp75 (Supplementary Figure S3), maize [20], wheat [43] and poplar [42] under
heat stress. It appears that the AsA-GSH pathway is conserved in plants to remove the heat-induced
H2O2 [11]. Another similar strategy between the Sp73 and Sp75 is the increased abundances of
GST and AKR (Supplementary Figure S3 and Table S8), which can contribute to detoxifying lipid
peroxidation-derived reactive aldehydes and lead to enhanced salt-stress tolerance [45].

In addition, the accumulation of non-enzymatic antioxidants (e.g., proline and soluble sugars)
can help to buffer redox changes and stabilize subcellular structures [46]. This is an effective strategy
for dealing with heat stress-induced oxidative stress [47]. In the heat-tolerant Sp75, the contents of
proline and soluble sugars were increased in response to heat stress (Supplementary Figure S2). Similar
cases were also observed in tomato (Lycopersicon esculentum) [48], tobacco (Nicotiana tabacum) [49] and
poplar [42], indicating that the heat stress-induced accumulation of soluble sugars and proline plays
an important role in heat-stress tolerance. However, the soluble sugar content was decreased in the
Sp73. This result may explain the heat sensitive phenotype of the Sp73.

3.3. Heat-Stress Signaling and Transport Pathways in Spinach Sp73

Plasma membrane fluidity and calcium ion channels are disturbed under high temperatures,
leading to the entry of calcium ions into cells. Calcium ions can also be released from intracellular
calcium stores, thereby activating calcium-dependent signal transduction pathways in response to
high temperatures [4]. Our previous proteomics investigation revealed that several signaling proteins
(e.g., calcium-dependent protein kinase 3, multiprotein bridging factor 1, dehydration-responsive
element-binding, and 14–3-3 protein) were accumulated and the abundance of protein phosphatase 2C
(a negative regulator in the mitogen-activated protein kinase (MAPK) pathway) was decreased by heat
stress (Supplementary Figure S3 and Table S8), indicating the induction of a calcium-mediated MAPK
cascade in the heat-tolerant Sp75 [11]. Besides this, several transporters involved in the transport
of water, ions and metabolites were increased in the heat-tolerant Sp75 under high-temperature
stress (Supplementary Figure S3 and Table S8) [11]. However, in the heat-sensitive Sp73, only a few
calcium-related proteins and transporters were detected to be changed in levels. Among them, only
annexin (ANN) and adenosine-triphosphate (ATP)-binding cassette (ABC) transporters were increased
by heat stress. ANN is a calcium-dependent membrane-bound protein with ion channel activity. Its
important role in the adaptation of plant cells to osmotic stress has been demonstrated [15]. AtANN1
is important in regulating the heat stress-induced [Ca2+]cyt in Arabidopsis seedlings [18]. ATP-binding
cassette transporters carry out the transmembrane transport of various biomolecules using the energy
generated from hydrolyzing ATP. They play an important role in cellular detoxification, plant growth
and development, and pathogen defense [28]. In addition, four H+-ATPases were heat-decreased,
indicating the decrease of trans-membrane proton movement, and the perturbed membrane potential
and secondary solute transport in the heat-sensitive Sp73 [50,51].

3.4. Heat Stress-Perturbed Diverse Primary and Secondary Metabolisms

Carbohydrate metabolism plays an important role in plant growth, development and stress
response [52]. Our proteomic results indicate that the carbohydrate metabolism tends to be induced in
the heat-sensitive Sp73 under heat stress. For example, 18 out of 26 enzymes involved in glycolysis,
the tricarboxylic acid (TCA) cycle, and other sugar metabolism were heat-increased. This result is
similar to the heat-tolerant Sp75 (Supplementary Figure S3 and Table S8) [11]. It was also reported
that fructose-bisphosphate aldolases (FBAs) in alfalfa seeds [10], wild downy grape leaves [35], and
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enolases in wheat spikelets and seeds were increased under heat stress [53,54]. In addition, we found
here that a starch synthase was increased but an alpha amylase was decreased, which would favor
starch accumulation and tolerance to heat stress [55].

Amino acid metabolism showed differential change patterns between the heat-sensitive Sp73 and
the heat-tolerant Sp75 under heat stress (Supplementary Figure S3 and Table S8). In Sp73, 10 out of 17
enzymes involved in amino acid metabolism were heat-decreased. Among them, glutamine synthetase
(GS) catalyzing the assimilation of ammonium to glutamine was significantly decreased, which would
reduce the nitrogen metabolism in spinach under heat stress. This is consistent with the findings in
Agrostis grass [56] and wheat [18]. In contrast, most of the amino acid metabolic enzymes (76%) in Sp75
were obviously increased under heat stress (Supplementary Figure S3 and Table S8). These results
indicate that the enhancement of amino acid metabolism is critical for heat-stress tolerance [11].

3.5. Heat Stress-Induced Transcriptional Regulation and Protein Processing in Sp73

In the heat-stressed Sp73, the repair of chromosome/DNA and transcriptional regulation might
be enhanced, because two crucial proteins (high-mobility group-Y-related protein A-like and DNA
double-strand break repair rad50 ATPase) were significantly increased to facilitate nucleosome
formation, transcriptional regulation [57], telomere maintenance, and DNA damage checkpoint
control [58]. Besides this, we found that nucleus-localized RNA-binding protein family members
(RBPs) and poly(A) polymerase were increased, but chloroplast-localized RBP was decreased in the
Sp73 under stress. These results indicate that the RNA stability, maturation, and transport in nucleus
were enhanced, but were decreased in chloroplasts when Sp73 experienced heat stress. In addition,
our proteomics results indicated that protein synthesis was inhibited in the Sp73. A number of small
ribosomal subunits (e.g., RP, S1, S5 and S6) and large ribosomal subunits (e.g., L3, L5, L9, L10, L11,
L12 and L15), as well as translation-related factors (e.g., elongation factors Tu, elongation factors Ts
and elongation factors G) were decreased. In contrast, ribosome-inactivating proteins and rRNA
N-glycosidase proteins, which inactivate ribosomes, were increased in the Sp73 under heat stress.

Importantly, we found that 34 out of 37 (92%) proteins involved in protein folding and processing
were significantly increased in Sp73 under heat stress, including heat shock protein 70 (HSP70), heat
shock cognate 70 kDa protein 1 (HSC70–1), HSP70–2, HSP83, HSP90–5, HSP70-HSP90 organizing
protein, chaperonin (Cpn), protein GrpE, and small HSPs. The heat-enhanced protein folding and
processing in Sp73 were consistent with Sp75 (Supplementary Figure S3 and Table S8). These increased
proteins may help to prevent proteins from improper folding, denaturation, and aggregation under
heat stress [59]. It has been reported that the HSP70 family can interact with HSP90 to promote
protein folding and maintain a stable structure under heat stress [60], and Cpn60 can protect RuBisCO
activase from thermal denaturation and function in acclimating photosynthesis under heat stress [61].
A significant increase in the abundances of Cpn60, HSP70, HSP90, and small HSPs were also found in
rice [14,15], soybean [21], purslane (Portulaca oleracea) [62], and C. spinarum [63]. For example, HSP70s,
chaperonins and small HSPs were increased in rice seedlings at 45 ◦C for 48 h [14] and in rice leaves
under 42 ◦C for 12 h and 24 h [15]. Besides this, HSP70, heat shock cognate (HSC) 70, and several
low molecular weight HSPs (e.g., HSP22, HSP18.5, and HSP 17.5) were newly induced and/or highly
increased in soybean leaves, stems, and roots under 40 ◦C [21]. Moreover, HSP70, HSP90, and the
molecular chaperones DnaK and DnaJ were all increased in purslane under 35 ◦C [62]. Importantly,
the HSPs and chaperonins accounted for the largest category (43.3%) of heat-responsive proteins in C.
spinarum under 35 ◦C treatment. Among them, small HSPs were remarkably induced [63]. These results
suggest the increased abundances of molecular chaperones are necessary for thermos-tolerance [64].
In addition, four protein disulfide-isomerases contributing to the formation of natural disulfide bonds
were significantly increased under heat stress, allowing proteins to enter the normal folding pathway
under heat stress.

In addition, there is an active protein degradation pathway to prevent the accumulation of
non-functional or potentially toxic proteins in heat-stressed spinach leaves. In Sp73, ten proteins
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associated with protein degradation were increased under heat stress; e.g., ubiquitin-activating enzyme
E1, ion protease, cysteine protease, 26S proteasome proteins, and 20S proteasome proteins. Interestingly,
the abundance of ion protease was increased 23-fold at 48 h under heat stress, which can help to
maintain the cellular protein turnover by mediating the abnormal or transient regulation of protein
degradation. This is consistent with that shown in Sp75 (Supplementary Figure S3 and Table S8) [11].

4. Materials and Methods

4.1. Plant Cultivation and Treatment

Seeds of spinach (Spinacia oleracea L.) variety Sp73 were collected from the Germplasm Resources
Center of Shanghai Normal University. Seeds were sown on the sterilized culture matrix and grown in
a growth chamber with a 22 ◦C / 18 ◦C and 10 h / 14 h day/night cycle, and 60% relative humidity for
50 days. Plants were watered daily to avoid the occurrence of water deficit. On the 50th day, plants of
the treatment groups were moved to another growth chamber with the same growth condition as the
control, except for temperature (37 ◦C / 32◦C day/night), and watered daily on a regular schedule as
well. The spinach Sp73 were treated for 0 h, 24 h, 48 h and 72 h. After plant morphological changes
were recorded, fully expanded true leaves were collected for both control and heat-treated plants,
immediately frozen in liquid nitrogen and stored at −80 ◦C for future physiological and proteomics
analyses. For each treatment, at least three biological replicates were performed [11].

4.2. RWC Measurement

To determine RWC, 0.2 g of fresh leaves were detached, weighed immediately and recorded as
fresh weight (A). Subsequently, the leaves were then immersed in distilled water for 24 h, the turgid
weight (B) was quickly measured, and they were dried at 80 ◦C for 2 h and then 60 ◦C to constant
weight, and the dry weight (C) was recorded. The RWC as calculated as follows: RWC = [(A −C) /
(B − C)] × 100% [11].

4.3. Photosynthesis and Chlorophyll Fuorescence Parameter Measurement

Photosynthetic parameters (Gs, Ci, Pn, and Tr) were measured on fully expanded leaves of each
plant using a portable photosynthesis system LICOR 6400 (LI-COR Inc., Lincoln, NE, USA) [65]. Fv/Fm
and Y (II) were determined using OS5p+ (Model OS5p+, OPTI-Sciences, Hudson, NH, USA). After the
dark adaptation of spinach leaves for 0.5 h, Fv/Fm was measured 4 times. Y(II) was measured 4 times
using a red-light source.

4.4. Determination of TBARS Content, REL, Total Soluble Sugar, and Proline Contents

Lipid peroxidation was measured as the amount of TBARS determined by the thiobarbituric
acid reaction according to Lee et al. [15,66]. TBARS was extracted from fresh leaves in 10%
trichloroacetic acid and 0.6% thiobarbituric acid solution under 100 ◦C for 5 min. The absorbance of the
supernatant at 450 nm, 532 nm, and 600 nm was detected as OD450, OD532 and OD600, respectively.
The TBARS concentration was calculated according to the following equations: C (nmol L−1) = 6.45 ×
(OD532−OD600) − 0.56 × OD450; TBARS concentration (nmol·g−1 FW) =C × V/FW (V, volume of total
extraction solution; FW, fresh weight of leaves).

The REL was determined as described by Wang et al. [66]. The electrical conductivity of deionized
water (E0) was detected at room temperature, which was measured using a conductivity instrument
(DDS-11A). The fresh leaves were cut and immersed in 20 mL deionized water, and then were incubated
at 100 ◦C for 10 min. The electrical conductivity of samples before and after boiling were recorded as
E1 and E2. The REL was calculated according to the equation REL (%) = (E1 − E0) / (E2 − E0) × 100%.

The contents of soluble sugars and proline were measured using ninhydrin reaction and sulfuric
acid–anthrone reagents according to a previous report [66]. For soluble sugar assay, the fresh leaves
were ground in deionized water and incubated at 100 ◦C for 30 min. The supernatant was collected and
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mixed with 2% (w/v) ethyl acetate solution of anthrone and concentrated sulfuric acid, and then was
incubated at 100 ◦C for 1 min. After cooling down to room temperature, the absorbance of the solution
was measured at 630 nm using a spectrophotometer. Soluble sugar concentration was calculated with
the concentration (C) determined from glucose standard curves, volume of total extracion solution
(V), and fresh weight of leaves (FW) according to the following equation: soluble sugar concentration
(mg·g−1 FW) = C × V/FW. For proline assay, the fresh leaves were ground in 3% sulfosalicylic acid and
incubated at 100 ◦C for an hour. The supernatant was collected after being centrifuged at 15,000 rpm
for 5 min. Then, 1 mL supernatant, 2 mL glacial acetic acid, 2 mL ninhydrin were mixed and boiled for
30 min. After cooling down, 4 mL methylbenzene was added into the mixture and stood for two hours.
The upper layer was collected for absorbance reading at 520 nm using a spectrophotometer. The proline
concentrations in samples were calculated with concentration (C), volume of total extraction solution
(V), and fresh weight of leaves (FW): proline concentration (μg·g−1 FW) = C × V/FW.

4.5. Determination of ROS and Antioxidant Substance Contents, and Antioxidant Enzyme Activity Assay

The H2O2 content in leaves was measured according to the method of Ibrahim et al. [67]. The leaves
were ground with 0.1% trichloroacetic acid and then centrifuged at 15,000× g for 15 min at 4 ◦C.
The supernatant was collected and determined spectrophotometrically at 390 nm after reacting with
potassium iodide. To determine the O2

− generation rate and antioxidant enzyme activities, 0.2 g frozen
leaves were ground in an extraction buffer containing 50 mM phosphate buffer solution (pH 7.8), 2%
polyvinylpyrrolidone-40, and 2 mM reduced ascorbate (AsA) (for ascorbate peroxidase (APX) activity
assay) at 4 ◦C. After centrifugation at 20,000× g for 15 min at 4 ◦C, the supernatant was collected for
analysis. The O2

•− generation rate was measured using a hydroxylamine oxidization method [68].
The activities of six antioxidant enzymes (SOD, CAT, POD, APX, GPX and GST) were determined

according to the method of Yin et al. [68]. SOD activity was assayed on the basis of its ability to inhibit
the photochemical reduction of nitro blue tetrazolium (NBT) at 560 nm. One unit of SOD activity
was defined as the amount of enzyme that inhibited 50% of NBT photoreduction [68]. CAT activity
was assayed by measuring H2O2 consumption at 240 nm [68]. POD activity was determined by a
guaiacol method at 470 nm [65]. APX activity was measured by monitoring the absorbance decrease at
290 nm as the ascorbate was oxidized [20]. GPX activity was measured by recording the absorbance
changes at 340 nm because of the oxidation of NADPH [69]. GST activity was measured by the product
of CDNB conjugated with GSH absorbed at 340 nm [65]. The activities of MDHAR, DHAR and GR
were measured by recording the absorbance changes at 340 nm due to the oxidation of NADH, at
265 nm due to the production of oxidized glutathione (GSSG) (ε = 14 mM−1·cm−1), and at 340 nm due
to the oxidation of NADPH (ε = 6.22 mM−1·cm−1), respectively. Their activities were subsequently
expressed as the amount of NADH oxidized, GSSG produced, and NADPH oxidized per minute per
milligram protein, respectively [68]. For the contents of AsA and DHA, total AsA and reduced AsA
were determined by recording the absorbance changes at 525 nm [68]. DHA content was estimated
from the difference between assays with and without dithiothreitol (DTT) [68].

4.6. Quantitative Proteomics Analyses

The proteins were extracted using a phenol extraction method according to Yu et al. [65].
The protein pellet was dissolved in a lysis solution (7 M urea, 2 M thiourea, 4% 3-[(3-Cholamidopropyl)
dimethyl-ammonio] propanesulfonic acid (CHAPS), 0.04 M DTT, and 4% protease inhibitor cocktail).
Protein concentration was determined using a 2D Quant Kit according to the manufacturer’s instructions
(GE Healthcare, Uppsala, Sweden).

For 2DE-based proteomics analysis, about 1.6 mg protein extract was loaded into per gel, separated
on linear gradient IPG strips (24 cm, pH 4–7) through isoelectric focusing (IEF) in the first dimension,
then transferred into 12.5% SDS-PAGE for two-dimensional electrophoresis, and stained by Coomassie
Brilliant Blue staining. Gel image acquisition and analysis were conducted as described in detail by
Wang et al. [66]. The volume of each spot was normalized to the total volume of all the detected spots.
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Protein spots considered to be differential abundant proteins needed to show consistent abundance
changes from three biological replicates with greater than 1.5-fold changes and a p value smaller
than 0.05 [65]. In-gel digestion was performed on the protein spots with abundance differences. MS
was calibrated using a quality standard kit (AB Sciex Inc., Frammingham, MA, USA) and a bovine
serum albumin standard (Sigma-Aldrich, St. Louis, MO, USA). MS/MS spectra were obtained using
an ABI 5800 MALDI TOF/TOF MS (AB Sciex, Foster City, CA, USA). The mass spectrum error of MS
and MS/MS was less than 30 ppm, and the resolution was 10,000. To determine the confidence of
the protein search results, the following criteria were applied: (1) top-ranked search results (top five
results); (2) the probability score obtained by molecular weight searching (MOWSE) should be greater
than 50 (p < 0.01); (3) at least two peptide matches, all Y-ion series and partially complementary B-ion
series should correspond to the high-intensity peaks.

For iTRAQ-based proteomics analysis, the protein samples of spinach leaves treated for 0 h,
24 h, 48 h and 72 h were digested using trypsin (1:50, w/w, trypsin: sample). The digested samples
were labeled with iTRAQ reagents 113 & 117 (0 h), 114 & 118 (24 h), 115 & 119 (48 h), and 116 &
121 (72 h). Then, different samples were mixed together. The peptide mixture was fractionated
on XBridge C18 column (150 mm × 4.6 mm, 5 μm, Waters, Milford, MA, USA) using a Shimadzu
LC-20A high-performance liquid chromatography (HPLC) system (Shimadzu, Kyoto, Japan). Each
of the fractionated components was desalted with 3 M Empore C18 solid-phase extraction disks
(3 M Bioanalytical Technologies, St.Paul, MN, USA). Peptide samples were identified by an online
nanoacquity ultraperformance LC (Waters, Milford, MA, USA) coupled with an Orbitrap Fusion
Tribrid mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) using a method by Zhao et
al. [11]. The MS2 spectra obtained from the MS analysis were searched against a protein database [70]
via ProteinPilot Software 4.5 (AB Sciex, Frammingham, MA, USA). The credible protein identification
and quantitative results needed to meet the following criteria: unused protein score > 1.3 and number
of unique peptides ≥ 2. In at least three biological replicates, the proteins with fold changes >1.2 and
p < 0.05 in the treatment group compared to the control group were defined as HRPs.

4.7. Protein Function Classification and Cluster Analysis

Protein functional domains were analyzed by BLAST alignment against the NCBInr protein
database [71], and the proteins were classified into different functional groups by combining with
the knowledge from the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database [72],
UniProt database [73], Gene Ontology database [74], and literature information.

4.8. Protein Subcellular Localization Prediction

Protein subcellular localization was predicted with five different online tools: YLoc [75],
LocTree3 [76], ngLOC [77], Plant-mPLoc [78], TargetP [79]. Only the consistent predictions from
at least two tools were accepted as confident results listed in the column of “confirmed localization”.

4.9. Protein-Protein Interaction Prediction

The homologs of spinach heat-stress response proteins in Arabidopsis were obtained by sequence
BLAST alignment in the Arabidopsis Information Resource (TAIR) database. The homologs were used
in the Web tool of STRING 10.5 [80] to create the PPI network.

4.10. Statistical Analysis

Each physiological/proteomics experiment result was obtained from at least three biological
replicates. The experimental results were listed as mean ± standard deviation. The differences between
different treatment samples in respect of physiological indexes were compared using one-way analysis
of variance (one-way ANOVA) in SPSS 17.0. The differences between individual treatment group and
the control group in respect of the protein abundance were compared using the Student t-test, and
p < 0.05 was considered to be statistically significant.
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5. Conclusions

In this study, the physiological and proteomic changes in the heat-sensitive spinach Sp73 were
reported and compared with those in the heat-tolerant spinach Sp75. Interestingly, the two spinach
varieties possess some common thermal response processes, but also show specificity in response to heat
stress. Our results revealed that photosynthesis was heat stress-inhibited, but ROS scavenging pathways
and stress defense, carbohydrate and energy metabolism, and protein folding and degradation were
heat stress-enhanced in both Sp73 and Sp75, implying the conservation of these processes in the
response of spinach to high-temperature stress. Notably, calcium signaling, endomembrane trafficking,
as well as the regulation of the cell cycle and differentiation were specifically enhanced in heat-treated
spinach Sp75. Moreover, signal transduction, protein synthesis, and amino acid metabolism were heat
stress-suppressed in spinach Sp73 but enhanced in Sp75. All these data provide important insights
into the molecular mechanisms underlying the heat-stress response/tolerance of the two contrasting
spinach varieties Sp75 and Sp73.
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Abbreviations

2DE Two-dimensional gel electrophoresis
AKR Aldo/keto reductase
ANN Annexin
APX Ascorbate peroxidase
AsA Ascorbate
ATP Adenosine-triphosphate
BLAST Basic Local Alignment Search Tool
CAT Catalase
Ci Intercellular CO2
DHA Dehydroascorbate
DHAR Dehydroascorbate reductase
Fv/Fm PSII maximum quantum yield
FW Fresh weight
GPX Glutathione peroxidase
GR Glutathione reductase
Gs Stomata conductance
GSH Reduced glutathione
GSSG Oxidized glutathione
GST Glutathione S-transferase
H2O2 Hydrogen peroxide
HHT Hour of heat treatment
HRP Heat stress-responsive protein
IEF Isoelectric focusing
IPG Immobilized pH gradient
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iTRAQ Isobaric tags for relative and absolute quantification
MALDI Matrix-assisted laser desorption/ ionization
MAPK Mitogen-activated protein kinase
MDHAR Monodehydroascorbate reductase
MS Mass spectrometry
NCBInr National Center for Biotechnology Information non-redundant
O2
•− Superoxide anion radicals

OEC Oxygen evolving complex
pI Isoelectric point
Pn Photosynthesis rate
POD Peroxidase
PPI Protein-protein interactions
PSII Photosystem II
RBP RNA-binding protein family member
RCA Ribulose bisphosphate carboxylase/oxygenase activase
REL Relative electrolyte leakage
ROS Reactive oxygen species
RubisCO Ribulose-1,5-bisphosphate carboxylase/oxygenase
RWC Relative water content
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis
SOD Superoxide dismutase
Sp73 Heat-sensitive spinach
Sp75 Heat-tolerant spinach
STRING Search tool for recurring instances of neighbouring genes
TBARS Thiobarbituric acid reactive substance
TOF Time of flight
Tr Transpiration rate
Y(II) Effective PSII quantum yield
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Abstract: The genotype WS-1, previously identified from novel wucai germplasm, is tolerant to
both low-temperature (LT) and high-temperature (HT) stress. However, it is unclear which signal
transduction pathway or acclimation mechanisms are involved in the temperature-stress response.
In this study, we used the proteomic method of tandem mass tag (TMT) coupled with liquid
chromatography-mass spectrometry (LC-MS/MS) to identify 1022 differentially expressed proteins
(DEPs) common to WS-1, treated with either LT or HT. Among these 1022 DEPs, 172 were upregulated
in response to both LT and HT, 324 were downregulated in response to both LT and HT, and 526
were upregulated in response to one temperature stress and downregulated in response to the other.
To illustrate the common regulatory pathway in WS-1, 172 upregulated DEPs were further analyzed.
The redox homeostasis, photosynthesis, carbohydrate metabolism, heat-shockprotein, and chaperones
and signal transduction pathways were identified to be associated with temperature stress tolerance in
wucai. In addition, 35S:BcccrGLU1 overexpressed in Arabidopsis, exhibited higher reduced glutathione
(GSH) content and reduced glutathione/oxidized glutathione (GSH/GSSG) ratio and less oxidative
damage under temperature stress. This result is consistent with the dynamic regulation of the
relevant proteins involved in redox homeostasis. These data demonstrate that maintaining redox
homeostasis is an important common regulatory pathway for tolerance to temperature stress in novel
wucai germplasm.

Keywords: wucai; low-temperature stress; high-temperature stress; proteomics; redox homeostasis;
GLU1; glutathione

1. Introduction

As a consequence of climate change, temperature stress is becoming a major concern in plant
research. Changes in low temperature (LT) and high temperature (HT) are expected to greatly
affect enzyme activities, photosynthesis, carbon assimilation, DNA/RNA stability, membrane fluidity,
and transcription and translation rates [1]. Exposure to extreme temperatures usually reduces
photosynthesis efficiency, and the reduced photosynthesis disturbs cellular homeostasis and promotes
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lipid peroxidation, either by increasing the production of reactive oxygen species (ROS) or by decreasing
the scavenging of superoxide anion (O2

•−) in the cell [2]. The accumulation of ROS depends on
changes in the redox state of cells, and thus it could function to reset the redox state and maintain redox
homeostasis [3]. Because the sulfur-containing amino acids cysteine and methionine are sensitive to
redox potential, changes in the redox state can affect protein structure and folding [4]. Changes in redox
potential may also alter enzyme activity, biochemical reactions, and plant physiological processes,
which can negatively affect plant survival [5].

Wucai (Brassica campestris L. ssp. chinensis var. rosularis Tsen et Lee.), a species of non-heading
Chinese cabbage (NHCC) and one of the most important leafy vegetables in China, is now extensively
cultivated worldwide. Injury from temperature stress can decrease wucai yield and edible quality [6].
The novel genotype WS-1, which was previously identified from a series of wucai germplasms,
exhibited higher tolerance to LT and HT than other genotypes used in previous experiments. Under HT,
WS-1 had a greater net photosynthesis rate, antioxidative capacity, and carbon–nitrogen assimilation
efficiency than other genotypes [6–8]. Under LT, the malondialdehyde (MDA) content and relative
electric conductivity were lower in WS-1 than in other genotypes, while levels of soluble sugar, free
proline, and chlorophyll were higher than in others [9]. However, it is unclear which regulatory
pathway plays a dominant role in responding to thermal stress, and whether LT and HT tolerance
could be improved by the same pathway.

In recent years, proteomics analysis has helped researchers understand responses to various
environmental stresses such as cold [10], drought [11], heat [12,13], flooding [12], and salinity [14]. HT
has been found to significantly induce heat-shockprotein expression and inhibit enzyme activities
related to redox homeostasis and protein synthesis and degradation in rice, radish, and chickpea [15–18].
Furthermore, several studies have indicated that LT can downregulate photosynthesis-related proteins
and upregulate proteins involved in carbohydrate metabolism, detoxification, ROS scavenging, and cell
wall remodeling in wild wheat, Arabidopsis, and barley [19–21]. Response mechanisms that protect
against the potentially harmful effects of HT or LT have been extensively studied in NHCC, but most
studies have focused on biochemical responses and specific genes [6,7,22]. Song et al. [23] conducted
a comprehensive analysis of responses to LT and HT treatments in NHCC using RNA-sequencing.
Among 14,329 differentially expressed genes (DEGs), 33 and 25 genes were enriched by heat and cold
stress, respectively. Among the identified DEGs, only 10 were found in response to heat and cold stress.

In this study, we used tandem mass tag (TMT) to evaluate the molecular changes that occur in
the novel NHCC genotype WS-1 in response to LT and HT. TMT is a highly sensitive technique that
improves the throughput and dynamic range of protein analysis [24,25]. This study aimed to identify
and compare the regulatory mechanisms responsible for tolerance to LT and HT stress in WS-1.

2. Results

2.1. Identification of Differentially Expressed Proteins (DEPs) by Quantitative Proteomic Analysis

Using liquid chromatography-mass spectrometry (LC-MS/MS), we detected 207,427 total spectra,
105,424 spectra, 50,800 peptides, 23,059 unique peptides, and 6831 proteins (score sequence HT > 0
and unique peptides ≥ 1) (Figure 1A and Supplementary Table S1). The distribution of peptide
numbers is shown in Figure 1B, and >81.3% of the proteins had at least two peptides (Figure 1B and
Supplementary Table S2). Approximately 99.2% of the proteins had mass >10 kDa, which indicates
very good coverage (Figure 1C and Supplementary Table S2). Sequence coverage distribution greater
than 10% and 20% were 61.2% and 41.3% respectively, indicating that the data were of high quality
(Figure 1D and Supplementary Table S2).
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Figure 1. Identification and quantitative evaluation of identified proteins. (A) Spectra, peptides,
and proteins identified by ProteomeDiscoverer. (B) Distribution of peptide numbers as determined
by ProteomeDiscoverer. (C) Distribution of identified proteins according to molecular mass.
(D) Distribution of identified protein sequences.

2.2. Functional Cataloging of DEPs Common to Both Low-Temperature (LT) and
High-Temperature (HT) Groups

We regarded proteins in the LT or HT treatment with abundance >1.2-fold and p < 0.05 relative
to the control treatment as upregulated, and those with abundance <0.83-fold and p < 0.05 as
downregulated. A total of 1732 differentially expressed proteins (DEPs) were identified in the LT
treatment, and 2806 DEPs were identified in the HT treatment (Figure 2A). These upregulated and
downregulated DEPs were assigned to three groups: (1) 710 DEPs were specific to the LT group, (2) 1022
DEPs were common to both the LT and HT groups, including 172 common upregulated proteins, 324
common downregulated proteins, and 526 differently regulated proteins (Figure 2B), and (3) 1784
DEPs were specific to the HT group. To determine the mechanism underlying the temperature stress
tolerance of WS-1, we focused on the functions of the 1022 DEPs that were regulated under both LT
and HT conditions.

Figure 2. Summary of temperature stress-responsive proteins under low temperature (LT) and high
temperature (HT) treatments. (A) Number of differentially expressed proteins in wucai leaves under
LT and HT treatments compared to control. The value shared by the two ovals indicates the number of
commonly regulated proteins, i.e., proteins that were differentially expressed relative to the control
under both LT and HT treatments. (B) Distribution of commonly regulated proteins (1022 proteins) by
LT and HT.
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The functions of these “commonly regulated” proteins were assigned to several groups based
on their Gene Ontology (GO) annotations (Figure 3A, Supplementary Tables S1 and S2), including
biological process, cell component, and molecular function. As expected, several DEPs were assigned
to multiple groups. In the LT/Cont treatment, single-organism metabolic process, small-molecule
metabolic process, and single-organism biosynthetic process were the main GO enrichment pathways
(Supplementary Table S1). Single-organism cellular process, response to stimulus, and single-organism
metabolic process were the predominant pathways in the HT/Cont treatment (Supplementary Table S2).
Biological process analysis of 1022 DEPs, commonly regulated proteins in LT/Cont and HT/Cont
treatments, suggested that the predominant pathways were small-molecule metabolic process and
response to abiotic stimulus. Most of the commonly regulated DEPs participate in various molecular
metabolic processes (small-molecule, oxoacid, organic acid, single-organism, carboxylic acid, sulfur
compound, and monocarboxylic acid), while the remainder are involved in response to stimulus.
As shown in Figure 3A, and Supplementary Tables S1 and S2, most of the commonly regulated DEPs
were predicted to localize in the cell part, cell, intracellular part, and cytoplasm, the same as in the
LT/Cont and HT/Cont treatments, indicating that DEPs mainly functioned on these cell components.
The main molecular functions of commonly regulated DEPs were RNA binding and protein binding in
the HT/Cont treatment, whereas they were catalytic activity and RNA binding in LT/Cont (Figure 3A,
Supplementary Tables S1 and S2).

To identify the metabolic pathways relevant to temperature stress tolerance, 1022 DEPs were
further analyzed according to the Kyoto Encyclopedia of Genes and Genomes (KEGG) database
(Figure 3B). Among the 1022 commonly regulated DEPs, 172 DEPs were upregulated in both LT
and HT treatments, 324 were downregulated in both treatments, and 526 were differently regulated
(Figure 2B). Most DEPs were enriched in porphyrin and chlorophyll metabolism, ribosome (4% of
the downregulated DEPs), biosynthesis of secondary metabolites, glutathione metabolism, metabolic
pathways, carbon metabolism, carbon fixation in photosynthetic organisms, 2-oxocarboxylic acid
metabolism, biosynthesis of amino acids, and pyruvate metabolism (Figure 3C). Upregulated DEPs
were enriched in 2-oxocarboxylic acid, carbon fixation in photosynthetic organisms, biosynthesis of
amino acids, and carbohydrate metabolism.

2.3. Functional Cataloging of DEPs That Were Upregulated under both LT and HT

A total of 172 DEPs that were upregulated under both LT and HT were assessed using GO
annotation and KEGG pathway analysis. GO analysis was used to assign these DEPs to three categories:
biological processes, cell components, and molecular functions (Figure 4A). For biological processes,
the analysis suggested that the 172 DEPs, which were predicted to be located in the cytoplasm and in
chloroplasts and plastids, were involved in response to abiotic stimulus and stress, and in the metabolic
process of carboxylic acid, oxoacid, organic acid, and monocarboxylic acid. In molecular functions,
the most prevalent categories were protein binding and oxidoreductase activity. The KEGG pathway
analysis indicated that most of the proteins were enriched in the secondary metabolite biosynthesis and
metabolic pathway (Figure 4B). A more detailed ontological analysis of the response to temperature
stress was then obtained for the 172 DEPs that were upregulated in both LT and HT treatments.
According to GO annotation, these upregulated DEPs were divided into several metabolic groups:
redox homeostasis, photosynthesis, carbohydrate metabolism, heat-shock proteins, signal transduction,
and metabolic process (Supplementary Table S1). Because not all proteins have been identified in
wucai, some unidentified proteins were mapped to the Arabidopsis genome.
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Figure 3. Summary of temperature stress-responsive proteins under LT and HT treatments.
(A) Histogram presentation of Gene Ontology (GO) classification of 1022 commonly regulated proteins
under LT and HT treatments. (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of 1022
commonly regulated proteins. (C) Percentage of the 1022 differentially regulated proteins that were
co-upregulated (i.e., upregulated under both LT and HT), co-downregulated (i.e., downregulated under
both LT and HT), and differently regulated (upregulated in response to one temperature treatment but
downregulated in response to the other) in each KEGG pathway.
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Figure 4. Summary of 172 proteins that were upregulated in LT and HT treatments. (A) Histogram of
GO classification of upregulated proteins under both treatments. (B) Percentage of the 172 upregulated
proteins in each KEGG pathway.

2.3.1. Proteins Involved in Redox Homeostasis

Of the 172 DEPs that were upregulated in both LT and HT treatments, those that were characterized
were disulfide-isomerases, amine oxidase, isocitrate dehydrogenase (NADP) (ICDH) (A0A078FVI0),
delta-1-pyrroline-5-carboxylate synthase (P5CS) (M4DE13), and ubiquinol oxidase (AOX) (J7GUS8)
(Supplementary Table S3). The uncharacterized proteins—ferredoxin-dependent glutamate synthase
(Fd-GOGAT) (A0A0D3EHZ6), glutathione hydrolase (A0A0D3BW42), betaine aldehyde dehydrogenase
(ALDH) (A0A0D3CWL2), and ubiquinol oxidase (AOX) (J7GUS8)—were mapped to respective genes:
GLU1, GGT1, ALDH10A8, and AOX1A. Among the proteins in the redox homeostasis category,
upregulation was highest for GLU1: 3.46-fold under LT and 2.51-fold under HT.

2.3.2. Proteins Involved in Photosynthesis

Several crucial DEPs were categorized in the photosynthesis pathway (Supplementary Table S3).
Two proteins related to the oxygen-evolving complex, PSBO1 (M4F7V3) and PSBP1 (A0A078FRX3),
were mapped, and among the 172 commonly upregulated proteins, the fold increase was
highest for PsbO1: upregulation was 18.87-fold under LT and 21.88-fold under HT. In addition,
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NADPH-protochlorophyllide oxidoreductase (PORC) (M4EX79) was upregulated and is involved in
pigment metabolism.

2.3.3. Proteins Involved in Carbohydrate Metabolism

Several crucial enzymes involved in starch and sucrose metabolism, including beta-amylase
(BAM) (M4DEV3) and sucrose synthase (SUS) (M4CQT7), were also enhanced under LT and HT
(Supplementary Table S3).

2.3.4. Heat-Shock Proteins and Chaperones

Putative small heat-shock proteins and chaperones were upregulated in response to LT and HT
treatments: M4DG78, M4CEA8, M4CQW7, A0A0D3EDG5, M4F2A3, A0A0D3CBS0, and M4DH02
(Supplementary Table S3). These proteins were mapped to genes Hsp17.7, Hsp18.1, ATJ2, ATJ3, DJA7,
ERD10, and ERD14 respectively, in the Arabidopsis genome.

2.3.5. Proteins Relevant to Stimulus and Signaling Transduction

The signal transduction pathway from the initial perception of LT or HT to the final adaptive
stress-responsive change in protein expression is very complex (Supplementary Table S3). Several
characterized proteins thiamine thiazole synthase (THI) (A0A078I0E1) and UDP-glycosyltransferases
(UGTs) (A0A0D3B6L4) and several uncharacterized proteins mapped to abscisic acid (ABA) and
salicylic acid (SA) metabolism BAX inhibitor 1 (BI-1) (A0A0D3AUW9), BURP domain protein (RD22)
(A0A078JCL4), and glycine-rich protein (GRP3) (A0A078INC4) were upregulated in response to both
LT and HT.

2.3.6. Metabolic-Related Proteins

CytochromeP450s (CYPs) participate in the oxidation of lipophilic substrates as heme-thiolate
proteins. Proteins mapped to the CYP family—A0A078IGH2, M4C991, M4E8T8, A0A078HAQ8,
M4DYH4, A0A078HUG7, and A0A078GN44—accounted for almost half of this category. Their
corresponding genes were CYP38, CYP706A6, CYP71B3, CYP71B35, CYP72A15, CYP71B4,
and CYP71B28, respectively (Supplementary Table S3). The abundance of these proteins significantly
increased in response to both LT and HT treatments.

2.3.7. Protein–Protein Interaction (PPI) Analysis

The present study used the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING),
a biological database and web resource of known and predicted protein–protein interactions (PPI).
STRING PPI network analysis revealed the functional partnership and interaction networks. It was
found that glutathione metabolism occupied a dominant position among all metabolic pathways.
In addition, GLU1 had direct or indirect correlations with other metabolic processes, of which the major
ones were SRK2G (P43292), FOLD4 (A0A0D3DZN5), RH14 (Q8H136), HSP17.7 (M4DG78), HSP18.1
(M4CEA8), GGT1 (A0A0D3BW42), BCAT3 (Q9M401), PDIL1-2 (Q9SRG3), ALDH10A8 (A0A0D3CWL2),
ICDH (A0A078FVI0), and P5CSB (M4DE13) (Figure 5).
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Figure 5. Protein–protein interaction (PPI) network analysis by the Search Tool for the Retrieval of
Interacting Genes/Proteins (STRING) PPI network. , GO/KEGG term; , protein. Symbol color
corresponds to degree of interaction.

2.4. Expression Profiles of Genes Involved in DEPs That Were Upregulated under Both LT and HT

To evaluate the correlation between mRNA and protein expression levels, we selected 12 genes
related to DEPs that were upregulated under both LT and HT for real-time polymerase chain reaction
(RT-PCR) analysis. The results show that the expression of most of these genes was greater in the
LT or HT group than in the control group. The expression of the following genes was higher in the
LT group: RD22, SUS1, P5CSB, and CYP38 (Figure 6). Compared to the control, expression levels of
sHSP17.7, sHSP18.1, ICDH, PSBP1, and ERD10 were significantly increased in response to both LT and
HT treatments. These results indicate that the protein expression patterns were not always consistent
with their transcriptional expression patterns, perhaps because stress-related genes dominated the
response to LT and HT.

Figure 6. Gene expression related to upregulated differentially expressed proteins (DEPs) in leaves of
plants subjected to LT and HT. Actin was used as the internal control to calculate the relative expression
level. Data shown here are mean ± standard deviation (SD) of 3 biological replicates. ** Significant
difference at p < 0.01.
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2.5. Overexpression of BccrGLU1 in Arabidopsis Leads to Temperature Stress Tolerance

To investigate the effect of redox homeostasis on tolerance to temperature stress in plants, we
generated transgenic Arabidopsis plants overexpressing BccrGLU1 under the control of the CaMV 35S
promoter (Figure 7A). Quantitative RT-PCR results show that the transcript level of BccrGLU1 was highly
induced in selected transgenic plants, confirming that the plants had been successfully transformed
with 35S-BccrGLU1:GFP (Figure 7B). No visible phenotype differences between wild-type (WT) and
overexpressed (OE) transgenic lines were detected under normal growth conditions, indicating that
overexpression of BccrGLU1 did not cause phenotypic defects in transgenic Arabidopsis seedlings. In OE
lines, ferredoxin (Fd)-GOGAT activity was significantly higher than in WT under normal conditions
(Figure 7C).

Figure 7. Schematic diagram of 35S-BccrGLU1:GFP fusion protein construct and physiological changes
associated with temperature stress response in wild-type (WT) and overexpressed (OE) lines of
Arabidopsis plants. (A) Schematic diagram of 35S-ccrGLU1:GFP fusion protein construct. (B) Relative
expression of BccrGLU1 in T3 transgenic plants. WT: Col-0; OE#1, OE#2, OE#7. T3 plants with BccrGLU1
on the AtCol-0 background. (C) Fd-GOGAT activity in WT and OE lines. (D) Glutathione (GSH)
content in leaves. (E) GSH/oxidized glutathione (GSSG) ratio in leaves. Values represent mean ± SE (n
= 3). ** and * indicate significant differences from wild-type plants at the level of p < 0.01 and p < 0.05
respectively, using Student’s t-test.

To evaluate the role of BccrGLU1, physiological assays were performed with three OE lines.
Glutathione (GSH) levels were higher in OE lines than in WT under normal conditions. Under low and
high temperature, GSH levels in three overexpression plants (OE#1, OE#2, and OE#7) were significantly
higher than in wild-type plants (Figure 7D). This increased degree in OE lines under temperature
stress was greater than under normal conditions. The GSH/oxidized glutathione (GSSG) ratio in OE
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lines was not different from WT under normal conditions, while the ratio in OE lines was significantly
higher than in WT plants under temperature stress (Figure 7E).

In addition, we determined oxidative damage parameters under temperature stresses to evaluate
the redox homeostasis in OE lines. Under normal conditions, MDA content and electrolyte leakage in
OE lines were not different than those in WT. When exposed to LT and HT, OE lines had lower MDA
content and electrolyte leakage than WT (Figure 8A,B). Proline content in three OE lines was slightly
higher than in WT under normal conditions, and proline content of OE lines had greater increases than
WT responding to LT and HT (Figure 8C).

Figure 8. Oxidative damage and proline content in WT and OE lines of Arabidopsis plants. (A)
Malondialdehyde (MDA) content in Arabidopsis seedlings. (B) Electrolyte leakage in Arabidopsis
seedlings. (C) Proline content in Arabidopsis seedlings. Values represent mean ± SE (n = 3). ** and *
indicate significant differences in wild-type plants at the level of p < 0.01 and p < 0.05 respectively,
using Student’s t-test.

The staining patterns indicated lower ROS levels in OE lines compared to WT under stress
(Figure 9A). The hydrogen peroxide (H2O2) content and O2

.– generation rates were also decreased in
OE lines compared with wild-type, which was consistent with the staining pattern (Figure 9B,C). These
results indicate that BccrGLU1 was associated with reactive oxygen species scavenging to counteract
oxidative stress.
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Figure 9. Oxidative damage of WT and OE lines of Arabidopsis plants. (A) Histochemical staining assay
for superoxide anion (O2

•−) by nitro blue tetrazolium (NBT) and hydrogen peroxide (H2O2) in the
upper row and by 3,3-diaminobenzidine (DAB) staining in the lower row. (B) Quantification of O2

•−
content. (C) Quantification of H2O2 content. Values represent mean ± SE (n = 3). ** indicate significant
differences from wild-type plants at the level of p < 0.01, using Student’s t-test.

3. Discussion

The mechanisms that enable plants to tolerate LT and HT are morphological, physiological,
and molecular in nature and often vary among genotypes. The novel genotype WS-1, which is tolerant
to both LT and HT, could facilitate the breeding of temperature tolerance in wucai [8,9]. Because protein
metabolic processes are very susceptible to environmental temperature, proteomic research could
greatly increase our understanding of the protein alteration response to temperature stress. In the
present study, we found that redox homeostasis, photosynthesis, carbohydrate metabolism, heat-shock
protein, and signal transduction pathways were associated with temperature stress tolerance in WS-1.

In the current research, 172 “commonly upregulated” DEPs (i.e., DEPs that are upregulated
in response to both LT and HT) in WS-1 were identified to respond to LT and HT (Supplementary
Table S1). There were significantly more DEPs than in previous transcriptome analysis of another
NHCC variety according to Reference [23], which found seven upregulated and three downregulated
in response to heat and cold stress, and most of the DEGs were involved in stress-related protein, such
as KIN2 and LEA14. In our study, more than 20 DEPs were assigned to the redox homeostasis pathway.
The putative Fd-GOGAT protein, mapped to GLU1, was upregulated under both LT and HT. In a
previous report, a GLU1-deficient mutant of Arabidopsis displayed a lethal phenotype, indicating that
GLU1 is a major gene that encodes Fd-GOGAT [26]. As indicated in another report [27], Fd-GOGAT
might contribute significantly to photosynthesis, and its upregulation in response to LT and HT in the
current study may enhance the production of glutathione. The abundance of putative gamma-glutamyl
transferase (GGT) was enhanced in the current study and was mapped to GGT1. GGT was also found
to be involved in glutathione metabolism, which can synthesize and degrade the glutathione in the
gamma-glutamyl cycle [28]. In addition, ICDH, which plays a crucial role in the oxidative pentose
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phosphate pathway, was upregulated in response to LT and HT in our study. Redox-proteomics analysis
also verified that ICDH is a key enzyme in the tricarboxylic acid cycle as a potential redox-regulated
protein in Arabidopsis [29]. The upregulation of these DEPs in response to LT and HT indicates that
glutathione metabolism has a dominant role in the redox balance of WS-1 plants exposed to low- or
high-temperature stress.

Glycine betaine (GB) and proline, commonly referred to as osmoprotectants, protect plants from
abiotic stress by contributing to cellular osmotic adjustment, detoxification of ROS, protection of
membrane integrity, and stabilization of enzymes/proteins [30,31]. In the present study, two upregulated
genes in WS-1, ALDH10A8 and P5CSB, were identified to code for BADH and P5CS under LT and
HT. Consistent with our results, ALDH10A8 mutant was more sensitive to dehydration and salt
stress than wild-type plants, indicating that the ALDH10A8 gene can respond to abiotic stress in
Arabidopsis [32]. Under cold stress, the BADH transgenic lines with higher GB content maintained better
membrane integrity and had lower ROS production, which was attributed to enhanced cold stress [33].
In yet another study, Arabidopsis with an antisense proline dehydrogenase cDNA exhibited increased
accumulation of proline and a constitutive tolerance to freezing temperatures (as low as −7 ◦C) [34].
Proline has been verified to function in multiple ways as a molecular chaperone, which can protect
protein integrity and increase many enzyme activities [31]. P5CS2 in Arabidopsis can be activated
by bacteria, salicylic acid, and reactive oxygen species signals [35]. In the present study, we that
found P5CS protein, encoded by P5CSB, which is homologous to P5CS2, was enhanced in response
to temperature stress. Overexpressing BccrGLU1 Arabidopsis plants with a higher proline content in
our study also exhibited stronger tolerance to temperature stress compared with WT (Figure 8C).
Therefore, an increased abundance of BADH and P5CSB may modify hormone signal transduction in
order to achieve redox balance in response to temperature stress. In agreement with this, an enhanced
abundance of putative AOX in response to LT and HT mapped to AOX1a, also contributed to the
intercellular redox homeostasis [36].

Among the upregulated proteins related to photosynthesis under both LT and HT, the abundance
of the putative oxygen-evolving complex proteins PsbO and PsbP showed a large increase relative to the
control. A PsbO-deficient mutant of Arabidopsis had retarded development, pale leaves, and increased
sensitivity to light stress [37]. The PsbO protein, however, is downregulated under LT stress in Spirulina,
which causes a decreased electron transfer rate and photosynthetic capacity [38]. This supports that
PsbO plays a dominant role in protecting and stabilizing the catalytic center as an important protein for
Mn4Ca cluster stabilization [39]. An additional protein mapped to PsbP1, which is involved in electron
transfer within PSII [40], was also increased in response to HT and LT stress in the current study.
Researchers have speculated that the nitratable tyrosine residues of PsbO1 and PsbP1 are redox-active
and sensitive to ROS [41]. Thus, the relatively stable redox state might facilitate the expression of PsbO
and PsbP.

Enhanced expression of SUS and BAM proteins in the wucai genotype WS-1 was observed in the
current study, confirming that LT and HT enhance the expression of these proteins. Expression of the
gene encoding SUS is induced by cold in sugar beet [42], and an increased accumulation of soluble
sugars has been documented in chickpea subjected to cold treatment [17]. Increased BAM abundance
in WS-1 was favorable to catalyze the breakdown of starch to generate maltose and participate in
the metabolism of sugar [43]. Our findings are consistent with previous reports that attributed the
enhanced thermal tolerance of Agrostis grass species to the upregulation of enzymes involved in sucrose
metabolism [44].

According to GO annotation, several uncharacterized DEPs are mapped to the following heat-shock
proteins, heat-shock-related proteins, and chaperones: HSP17.7, sHSP18.1, ERD10, ERD14, DJA7,
ATJ2, and ATJ3. These proteins were upregulated in both LT and HT treatment. Researchers have
also reported that sHSPs can refold proteins that were denatured by freezing so as to prevent the
aggregation of denatured proteins under cold stress [45,46]. Supporting this, transgenic carrot cell
lines with sHsp17.7 have an enhanced survival rate at high temperatures [47]. In peas, heat-denaturing
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proteins that initially interact with sHSP18.1 have remarkably improved subsequent refolding by
HSP70 [48]. Although the function of molecular chaperones sHSP18.1 and sHSP17.7 is not clear, the
results from our study strongly support the notion that both sHSP18.1 and sHSP17.7 enhance the
thermotolerance of WS-1. The identification of several unique small HSPs in our study suggests that
these could now be used as biomarkers for evaluation of thermal-stress tolerance in wucai [15,49].

Several uncharacterized proteins that were mapped to BI-1, RD22, GPR3, and UGTs were related
to plant hormone signal transduction under both LT and HT treatment. BI-1 expression in Arabidopsis
thaliana is induced by exogenous SA, and its overexpression increases the viability of rice cells after
application of SA [50,51]. Wang et al. [52] demonstrated that overexpression of the soybean protein
GmRD22 in rice could be involved in the ABA regulation pathway [53]. UGT73B5 belongs to the early
SA-induced genes, whose pathogen-induced expression is co-regulated with genes related to cellular
redox homeostasis [54]. The involvement of THI, which is required for plant development, has been
implicated in ABA signaling in Arabidopsis guard cells [55] and salt stress [56]. These studies suggest
that plant hormone signaling contributes to temperature-stress tolerance in WS-1.

Based on the above analysis and PPI network annotation, we considered that GLU1 has strong
interactions with the proteins that contribute to several protein metabolic processes when encountering
temperature stresses. Then we generated 35S:BccrGLU1 overexpression transgenic lines in Arabidopsis.
In OE lines and WT, the glutathione redox status was assayed by measuring GSH and GSSG levels in
two-week-old Arabidopsis seedlings. GSH is not only a key metabolite in the removal of ROS but also
can control the expression of redox-sensitive proteins, which could alter the intercellular redox state and
induce tolerance of ROS-dependent signaling pathways [57]. Higher GSH has been shown to positively
modulate tolerance to HT stress in mung beans [58] and to LT stress in maize [59]. In the present study,
GSH content in three OE lines was strongly induced, whereas GSSG had slight increases compared
with WT under LT and HT. The higher ratio of GSH/GSSG in OE lines was beneficial to antioxidative
protection, which could in turn improve thermotolerance [60]. In the Arabidopsis cat2 mutant, in which
the GSH/GSSG ratio is altered, glutathione helps regulate the oxidant-dependent salicylic acid and
jasmonic acid signaling pathways [61,62]. In addition, compared to WT, OE lines exhibited lower
MDA content and electronic leakage, supported by the lower H2O2 content and O2

·− generation rate
in response to temperature stresses. Higher proline content in OE lines reduced oxidative injury by
lowering free radical generation as important osmolytes [63]. This provides evidence that BccrGLU1
contributes to balance redox homeostasis in WS-1 to confer temperature stress response. Moreover,
it is consistent with our proteomic data, where most of the identified DEGs were associated with or
modulated by redox homeostasis.

4. Materials and Methods

4.1. Plant Materials and Growth Conditions

WS-1, which has stable genetic traits, was obtained by multigenerational self-inbreeding via
manual pollination at Anhui Agricultural University. WS-1 seeds were sown in a peat/vermiculite
(2:1) medium, and the seedlings were kept in a growth chamber at 25 ± 1 ◦C (day) and 18 ± 1 ◦C
(night), with relative humidity of 70% and a 14/10 h light/dark photoperiod with 300 μmol·m−2·s−1

photosynthetically active radiation. After 20 days, the seedlings had developed 4−5 true leaves and
were randomly divided into 3 groups (50 seedlings per group). Each group was subjected to 1 of 3
treatments: control (25/18 ◦C day/night), LT (3/8 ◦C), or HT (40/30 ◦C). The experiment, which used
3 growth chambers, had a completely randomized design and was repeated 3 times, such that each
treatment was assigned to the same growth chamber only once. Thus, each repetition of the experiment
was considered a block, for a total of 3 blocks.

After the seedlings were exposed to the treatments for 3 days, the leaves from each of 6
randomly selected plants per treatment group were collected for proteomics analysis and assessment
of physiological properties.
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4.2. Protein Extraction

For extraction of proteins, the leaf samples were crushed in 500 μL of extraction buffer before
Tris-phenol buffer was added, and the preparation was mixed at 4 ◦C for 30 min. After the mixture
was centrifuged at 7100× g and 4 ◦C for 10 min, the supernatant was collected. Five volumes of 0.1 M
cold ammonium acetate–methanol buffer was added to the supernatant, which was precipitated at
–20 ◦C for 12 h. The precipitated sample was centrifuged at 12,000× g and 4 ◦C for 10 min, and the
supernatant was removed to obtain the precipitate. The precipitate was washed with cold methanol,
gently mixed, and centrifuged again to collect additional precipitate. The methanol was then replaced
with acetone to remove the methanol contaminants, and the steps used to obtain precipitate were
repeated. The precipitate was dried at room temperature, mixed with lysis buffer, and dissolved for 3 h.
Finally, the sample was centrifuged at 12,000× g and 4 ◦C for 5 min, and the supernatant was retained.
The supernatant was subjected to a second centrifugation to completely remove the precipitate. Protein
concentration was determined using the Bradford assay [64], and aliquots were stored at −80 ◦C.

4.3. Protein Reduction, Alkylation, Digestion, and TMT Labeling

The filter-aided sample preparation (FASP) method was used for protein reduction [65]. The steps
of trypsin digestion were carried out as described by Cen et al. with partial modification [66]. First,
100 μg of protein extract was added to 120 μL of reduction buffer (10 mM DTT, 8 M urea, 100 mM
triethylammonium bicarbonate (TEAB), pH 8.0). The solution was incubated at 60 ◦C for 1 h and
iodoacetamide (IAA) was added to the solution with the final concentration of 50 mM in the dark
for 40 min at room temperature. The protein was then digested and centrifuged at 10,000× g for 20
min at 4 ◦C and the flow-through was discarded from the collection tube. Then, 100 μL of 100 mM
TEAB was added to the solutions and centrifuged at 10,000× g for 20 min, and this step was repeated
twice. The filter units were transferred into new collection tubes and 100 μL of 100 mM TEAB was
added, followed by 2 μL of sequencing-grade trypsin (1 μg·μL−1) in each tube. Then the solutions were
incubated for digestion at 37 ◦C for 12 h. Finally, the collections of digested peptides were centrifuged
at 10,000× g for 20 min. After 50 μL of TEAB (100 mM) was added, the preparation was centrifuged
again, and the solution was lyophilized and stored at −80 ◦C.

For TMT labeling, 100 μL of TEAB (50 mM) was added to the sample, and 40 μL of the sample was
used for labeling. A 60 mL volume of TEAB was added to the 40 μL sample and mixed well, before
40 μL of anhydrous acetonitrile was added to the TMT reagent vial. The solution was thoroughly
dissolved for 5 min and centrifuged at 10,000× g and 4 ◦C for 30 min. Next, 41 μL of TMT labeling
reagent was added to 100 μL of sample and mixed well. The tubes were incubated at room temperature
for 1 h. Finally, 8 μL of 5% hydroxylamine was added to each sample and incubated for 15 min to
terminate the reaction. The solution was incubated for 1 h at room temperature. Finally, the reaction
was terminated by adding 8 μL of 5% hydroxylamine to the sample. The labeling peptide solutions
were lyophilized and stored at −80 ◦C. The samples were labeled with TMT tags as 126 (control), 127N
(control), 127C (control), 128N (HT), 128C (HT), 129N (HT), 129C (LT), 130N (LT), and 130C (LT).

4.4. Reversed-phase liquid chromatography (RPLC) Analysis

Reversed-phase (RP) separation was performed on an Agilent 1100 HPLC System (Agilent
Technologies Inc., CA, USA) using an Agilent Zorbax Extend RP column (5 μm, 150 mm × 2.1 mm).
The RP separation was conducted with mobile phases A (2% acetonitrile in high-performance liquid
chromatography (HPLC) water) and B (98% acetonitrile in HPLC water) as follows: 0−8 min, 98%
A; 8.00−8.01 min, 98−95% A; 8.01−38 min, 95−75% A; 38−50 min, 75−60% A; 50−50.01 min, 60−10%
A; 50.01−60 min, 10% A; 60−60.01 min, 10−98% A; and 60.01−65 min, 98% A. Tryptic peptides were
separated at a fluent flow rate of 300 μL·min−1 and were monitored at 210 and 280 nm. Dried samples
were harvested for 8−50 min, and the elution buffer was collected once per minute and numbered
from 1 to 10 with pipeline. The separated peptides were lyophilized for MS detection.
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4.5. Liquid Chromatography-Mass Spectrometry Analyses

LC-MS/MS was carried on an Agilent 1100 HPLC purifier system (Agilent Technologies Inc., CA,
USA) according to the method of Cao et al. with slight modification [24]. The samples were loaded on
a trap column (100 μm × 20 mm; RP-C18, Thermo Scientific Inc., MA, USA) with an autosampler and
separated with an analysis column (75 μm × 150 mm; RP-C18, Thermo Scientific Inc.) at 300 nL·min−1.
The mobile phase consisted of buffer A (0.1% formic acid in water) and buffer B (0.1% formic acid in
acetonitrile). The linear washing gradient was set as follows: 0–7 min, 4% buffer B; 8–51 min, 4–25% B;
52–60 min, 25–40% B; 61–70 min, 40–85% B; 71–74 min, 85% B. Full MS scans were acquired in the mass
range of 375–1800 m/z with a mass resolution of 120,000 (at m/z 200), the automatic gain control (AGC)
target value was set at 4 × 105, and the maximum injection time was 50 ms. The dynamic exclusion
was set to 60.0 s and run under positive mode. The 10 most intense peaks in MS were fragmented with
higher-energy collisional dissociation with collision energy of 38 eV. MS/MS spectra were obtained
with a resolution of 50,000 (at m/z 200) and max injection time of 100 ms.

4.6. Protein Identification and Quantification

Proteome Discoverer (v.2.2, Thermo Fisher Scientific, Bremen, Germany) was used to thoroughly
search all of the fusion raw data against the sample protein database. Database searches were carried
out with trypsin digestion in Brassica fasta. Alkylation on cysteine was considered to be a fixed
modification in the database search. The analysis results were filtered as follows: significance threshold
p < 0.05 (with 95% confidence) and ion score or expected cutoff <0.05 (with 95% confidence).

The main parameters were set as per the method of Xie et al. [67]. TMT 10-plex was selected for
the protein quantification method. A global false discovery rate was set at 0.01, and protein groups
required at least 2 peptides to be considered for quantification. For protein quantification, the protein
ratios were calculated as the median of only the unique peptides of the protein. All peptide ratios were
normalized by the median protein ratio. Cutoff values of >1.20- and <0.83-fold were used to identify
upregulated and downregulated proteins at p < 0.05.

4.7. Bioinformatics Analysis of Proteins

Bioinformatics analysis of proteins was performed as previously reported [68]. The proteins
were described by searching against the UniProt database (28 January 2018; 172,630 sequences). GO
(http://www.geneontology.org/) function entries for all aligned protein sequences were extracted using
the mapping function of BLAST2GO (version 3.0). The DEPs were further analyzed using KEGG
(http://www.genome.jp/kegg/) to determine the active biological pathways [69]. The chi-square test
with a defining cutoff of 0.01 was performed to evaluate the functional category protein enrichment.
A false discovery rate significance threshold of 0.05 was used as false-positive control. The STRING
database (version 9.1; http://string-db.org/) was used to analyze the protein–protein interaction (PPI)
networks among these DEPs.

4.8. Transcriptional Expression Analysis by Quantitative RT-PCR

Based on the functional category and the fold change in expression in the LT and HT groups
relative to the control group, 15 genes were chosen for qRT-PCR analysis. Primer software version
5.0 (Premier Biosoft International, CA, USA) was used to design gene-specific primers, and primer
sequences are indicated in Table 1. qRT-PCR analysis was performed using AceQ qPCR SYBR GREEN
Master Mix (Vazyme Biotechnology Co., Nanjing, China), and relative expression levels were calculated
using the 2−��Ct method [70]. The BnaActin gene was used as the control. Each experiment was
replicated 3 times.
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Table 1. Primers used for fragment amplification of differentially expressed genes.

Accession Name Forward Primer (5′→3′) Reverse Primer (5′→3′)
XM_009106490.1 ALDH10A8 TCGTCAATCCAGCAACCCAA TCAGTCACCTTAGCGGCAAT
XM_013806620.2 AOX1A AGCCATCTCTTGAAACCTGC AGCGATTCCTTTGTTACCTCC
XM_009151277.2 ERD10 ACTGTTTGACTTCTTGG GAGGAGAGTAGGCTTATG
XM_022705499.1 RD22 CAAACACTCCCATACCA TACACCTCCCTTTCCAA
XM_013841006.2 PSBP1 TTTCACTCTCCAAACCCGTCCA AGCTTCACCATAGGCGGCATC
XM_013830831.2 PSBO1 CAACCTCTGCTCTCGTCGTC CTTGCTAACACTCTCGGCCT
XM_009129212.2 ICDH AGTGAGGGAGGCTATGTGTG CTATGCTGTTTGTGCTGGT
XM_009122518.1 SUS1 ATTTCATCATCACCAG AGTCAATCTACGCTTC
XM_009118014.2 P5CSB CCTTTTCCACCAAGATGCAC CCCAGGCTTCATAACTAAACGA
XR_002653900.1 CYP38 CGGGAACTTTGTGGACTTGG GCGTTTTCTTCCCAGTCACC
XM_002873500.2 sHSP17.7 AAGACCCGTAACAACCCT CTTTTTCCACTCACCACA
XM_013858088.2 sHSP18.1 CAGCATTCACAAACGC CCTCCTCATAAACTTC
XM_009127097.2 Actin TGGGTTTGCTGGTGACGAT TGCCTAGGACGACCAACAATACT

4.9. Tolerance Assay in Transgenic Arabidopsis under Temperature Stress

The putative Fd-GOGAT protein, which was upregulated under HT and LT stress, was selected to
confirm gene function. Fd-GOGAT, one type of GOGAT, is specifically distributed in photosynthetic
organisms and has a major role in photosynthetic tissues [71]. There are 2 genes in Arabidopsis
that encode Fd-GOGAT, GLU1 and GLU2. It has been proven that GLU1 is highly expressed,
primarily in leaves [72]. To generate 35S:GFP-BccrGLU1/Col-0 lines, the Co-Ding Sequence (CDS)
encoding the full-length sequence of BccrGLU1 were amplified from cDNA using gene-specific primers
(LP, 5′-gggacaagtttgtacaaaaaagcaggcttcATGATTATTAATTTAATATACATATATGTAGCTGCGC-3′; RP,
5′-ggggaccactttgtacaagaaagctgggtcGTCGAAATTGACACCATACTTGGG-3′). Then, the fragments
were introduced into the pDONR207 entry vector with BP clonase (Invitrogen, Carlsbad, CA, USA).
LR clonase (Invitrogen) reaction was performed to transfer the inserted fragments to destination
vector pMDC43 for GFP fusion. 35S-BccrGLU1:GFP was transformed into WT Arabidopsis plants
Col-0 by Agrobacterium (strain GV3101)-mediated transformation via floral dip [73]. OE were
screened on 1/2 MS agar plates containing 50 μg/mL hygromycin B (Invitrogen). Quantitative RT-PCR
was carried out to determine the expression level of transgene using gene-specific primers (LP,
5′-TCCAAGAGAACCAGACGCAGA-3′ and RP, 5′-TTTGCTATAAACCCGACACCAC-3′).

To determine temperature stress tolerance of the transgenic Arabidopsis seedlings, temperature
stress treatments were carried out as follows: WT and OE seedlings were planted in 1/2 MS plate at
24 ◦C under 16/8 h (light/dark) conditions with 75% relative humidity and 200 mmol·m−2·s−1 light
intensity. For low-temperature stress, 2-week-old seedlings were transferred to 4 ◦C for 48 h. For
high-temperature stress, the plants were transferred to 40 ◦C for 48 h. Two-week-old seedlings were
sampled to analyze transcript level and physiological parameters. The 2 temperature stresses were
performed in triplicate. T3 of Arabidopsis transgenic plants was analyzed.

Glutathione content and Fd-GOGAT enzyme activity were estimated according to previous
studies [74,75]. MDA content and electrolyte leakage were measured with the methods of
References [76,77]. Proline content was estimated by using the acid-ninhydrin method of Reference [78].
Hydrogen peroxide (H2O2) content and superoxide anion (O2

•−) production rate were assayed with
methods according to References [79,80]. Histochemical staining of H2O2 and O2

•− in leaves was
carried out with 3,3-diaminobenzidine (DAB) and nitro blue tetrazolium (NBT) respectively, by the
method of Reference [81].

4.10. Statistical Analysis

Values of physiology and biochemistry are expressed as means ± SE of 3 replications. Statistical
significance (p < 0.05) was determined by ANOVA with SAS software (SAS Institute, Cary, NC, USA),
and means were separated using Duncan’s multiple range test.
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5. Conclusions

In this study, we identified 172 proteins that were upregulated in response to both LT and HT stress.
Proteomic analysis showed that the temperature tolerance of WS-1 may be related to several factors,
including steady redox homeostasis, an intact oxygen-evolving complex, the accumulation of osmolytes,
the induction of sHSPs and chaperones, and enhanced metabolic processes. We infer that tolerance
to LT and HT stress involves a common regulatory pathway, and that increased expression of DEPs,
including Fe-GOGAT, BADH, P5CS, GGT, and AOX, helps regulate redox homeostasis (Figure 10).
To further confirm the effect of redox homeostasis, we overexpressed BccrGLU1 in Arabidopsis. Under
LT and HT stress, 35S:BccrGLU1 plants exhibited higher GSH content and GSH/GSSG ratio and less
oxidative damage compared to WT. These results are in agreement with the data of our comparative
proteomics in WS-1. Combined with these data, redox homeostasis apparently played an important
role in enhancing LT and HT stress tolerance in WS-1.

Figure 10. Schematic diagram of WS-1 proteins that were upregulated in response to both LT and HT.
Red border represents upregulated proteins, arrows indicate positive regulation, and T-bars indicate
negative regulation.
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Abbreviations

DAB 3,3-diaminobenzidine
H2O2 Hydrogen peroxide
HT High temperature
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MDA Malondialdehyde
NBT Nitro blue tetrazolium
NHCC Non-heading Chinese cabbage
O2
•− Superoxide anion

ROS Reactive oxygen species
TMT Tandem mass tag
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Abstract: In plants, pollen grain transfers the haploid male genetic material from anther to stigma,
both between flowers (cross-pollination) and within the same flower (self-pollination). In order
to better understand chemical hybridizing agent (CHA) SQ-1-induced pollen abortion in wheat,
comparative cytological and proteomic analyses were conducted. Results indicated that pollen grains
underwent serious structural injury, including cell division abnormality, nutritional deficiencies,
pollen wall defect and pollen grain malformations in the CHA-SQ-1-treated plants, resulting in
pollen abortion and male sterility. A total of 61 proteins showed statistically significant differences
in abundance, among which 18 proteins were highly abundant and 43 proteins were less abundant
in CHA-SQ-1 treated plants. 60 proteins were successfully identified using MALDI-TOF/TOF
mass spectrometry. These proteins were found to be involved in pollen maturation and showed
a change in the abundance of a battery of proteins involved in multiple biological processes,
including pollen development, carbohydrate and energy metabolism, stress response, protein
metabolism. Interactions between these proteins were predicted using bioinformatics analysis.
Gene ontology and pathway analyses revealed that the majority of the identified proteins were
involved in carbohydrate and energy metabolism. Accordingly, a protein-protein interaction network
involving in pollen abortion was proposed. These results provide information for the molecular
events underlying CHA-SQ-1-induced pollen abortion and may serve as an additional guide for
practical hybrid breeding.

Keywords: CHA-SQ-1; cytomorphology; pollen abortion; proteomics; wheat

1. Introduction

In wheat plants, pollen develops in the anther, a highly specialized organ. Sporogenous cells
(center of anther locule) give rise to microsporocyte. The microsporocyte undergoes two meiotic
divisions, developing into a tetrad of haploid microspores (tetrad stage). Then the microspores are
released, and each consists of a central nucleus (early-uninucleate stage). These microspores grow
and undergo cell polarization until the nucleus is adjacent to the wall, and a single vacuole dominates
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the intracellular space (later-uninucleate stage). The polarized cell then divides to form one large
vegetative cell and one small generative cell (binucleate stage). Later, this bicellular system produces
tricellular pollen (a vegetative cell and two sperm cells; trinucleate stage), forming mature pollen
grain [1–4]. Therefore, the development of mature pollen grain follows a tightly controlled sequence
of events within the anther. Once this sequence is broken, pollen abortion occurs. In previous study,
SQ-1 is an effective CHA for wheat and can impair the production and release of viable pollen [2].
Previous research studies on CHA-SQ-1-induced male sterility were mainly concentrated on reactive
oxygen metabolism, aliphatic metabolism, and DNA methylation [5–7], the genetic and molecular
mechanisms of CHA induced wheat pollen sterility still needs to be further elucidated.

In plant, pollen grains are highly useful model for investigating the molecular mechanisms
underlying cell differentiation, polar cell growth, cell-to-cell communication, and cell fate
determination. Additionally, the development of mature pollen grain was followed by a tightly
controlled sequential process within anthers. Once this process is disturbed, pollen abortion occurs [2].
In the past two decades, pollen function specialization has been studied using biochemistry, functional
genomics, and molecular genetics. More than 150 genes have been found to regulate pollen
development, as indicated by reverse genetics, and some of these genes have been functionally
characterized and expressed at specific stages of pollen maturation [8]. Additionally, a large
number of transcripts expressed during pollen development have been identified during pollen
development, which encode proteins involved in heat shock, cytoskeleton, pollen cell wall, allergen,
cell division, signal transduction, pectin, carbohydrate, and energy metabolism [9]. Understanding
the exact mechanisms underlying pollen development and fertilization may facilitate more advanced
crop breeding and engineering. These issues have been investigated in higher plants in studies
of male-sterile mutants [10–12], factors affecting pollen germination and tube growth [13,14],
and the molecular mechanisms underlying self-incompatibility [15]. More importantly, pollen
development is known to be very sensitive to abiotic stress [1]. In particular, high temperature [16,17],
low temperature [18,19], drought [20], and water-stress [21] can result in male sterility in crops,
including Hordeum vulgare [22], Oryza sativa [23], Triticum aestivum [18]. Meanwhile, proteomics is
a powerful approach to study the molecular processes of pollen development, and also a powerful
complement to the whole genome sequencing [24]. Based on the proteins identified in this work, a
detailed pathway was successfully constructed and protein-protein interactions were more clearly
understood [25]. To date, there has been an increased application of proteomics approaches to study
the pollen reproduction or pollen responses to abiotic stress, for example, Lycopersicon esculentum
(Response to heat-stress and ethylene) [18], Oryza sativa (Response to high temperature-stress) [23],
Triticum aestivum (Response to drought-stress) [26]. Thus, proteomics has been extensively used to
investigate the protein expression pattern in pollen development under several abiotic stresses [16,27].

Recently, there have been some progress in studies of CHA-SQ-1-induced male sterility of wheat,
for example, metabolism [5,6,28], DNA methylation [7], cell morphology [2,3], transcriptome [29],
and proteomic [30,31] of flag leaf [30], floret [32], and anther [2,4,31]. These results provide necessary
theoretical basis for studying the mechanism of CHA-SQ-1 induced male sterility. The objective of
this study was to uncover the cytological and biochemical mechanisms of CHA-SQ-1 induced pollen
abortion in wheat. Towards this objective, a comprehensive analysis of pollen grain cytomorphology
and proteome was performed. CHA-SQ-1 impaired pollen maturation and resulted in complete
pollen sterile. As expected, 60 identified differential abundant proteins (DAPs) in this study did play
important roles in cell growth and division, stress response, carbohydrate and energy metabolism, and
protein metabolism.
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2. Results

2.1. Cytological Changes in Pollen Abortion Induced by CHA-SQ-1 in Wheat

Morphological differences of pollen grains between control and CHA-SQ-1-treated plants were
revealed by microscopic observation (Figure 1). The pollen grains of controls showed two sperm
nuclei, detectable nuclear nutrients (Figure 1A), and a full complement of storage materials (Figure 1B
and C) fostering pollen viability and facilitating function, which include proteins (Figure 1D) and
starch granules (Figure 1E). However, the pollen grains of CHA-SQ-1 treated plants showed abnormal
development (Figure 1G) and accumulated less nutritional material in the cytoplasm (Figure 1H–K).
Unlike control pollen grains, which showed strong staining, none of the treated pollen grains were
deeply stained with iodine-potassium iodide (2% I2-KI; Figure 1E,K), which indicated that the plants
were 100% pollen sterile.

 

Figure 1. Comparison of pollen grain from the control (A–F) and CHA-SQ-1-treated wheat plants
(G–L) during pollen maturation. (A,G) 1% acetocarmine staining. (B,H) Ehrlich’s hematoxylin staining.
(C,I) safranin O/fast green staining. (D,J) CBB-R250 staining. (E,K) I2-KI staining. (F,L) Transmission
electron micrograph. Ap, germination aperture; Ex, exine; In, intine; St, starch granule; Bars: 20 μm
(A–E,G–K), 10 μm (F,L).

Detailed examination of treated and control pollen grains was performed to identify defects in
cytological structural using transmission electron microscopy (TEM, Figure 1F,L). TEM analysis showed
that the control pollen grains had fairly dense cytoplasm and normal pollen walls with distinguishable
exine and intine layers (Figure 1F). Although the walls of pollen grains from CHA-SQ-1-treated plants
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seemed to have normal exine, the pollen grains had less dense cytoplasm and often empty chambers,
and the intine was thin or undetectable (Figure 1L).

These results indicated that pollen grains were impaired by CHA-SQ-1, resulting in abnormal
pollen development and shape, reduced storage materials, defective pollen intine, and collapsed
pollen grains.

2.2. Pollen Grain Proteomic Analysis of CHA-SQ-1-Treated Wheat Plants

To determine which pollen grain proteins changed in abundance in response to
CHA-SQ-1-treatment, a proteomic study was performed using two-dimensional gel electrophoresis
(2-DE) and MALDI-TOF/TOF MS. Three independent biological replicates were performed in this
2-DE experiment. Figure 2 shows a representative gel image of proteins extracted from control and
CHA-SQ-1 treated plants, respectively. From a spot-to-spot comparisons and statistical analysis, a total
of 61 protein spots exhibited at least 1.5-fold (P ≤ 0.01) difference in abundance between the control
and CHA-SQ-1 treated plants (Figure 2 and Table S1). Of these, 19 spots were high-abundant and 42
spots were low-abundant in pollen grains from CHA-SQ-1-treated plants (Table S1).

 
Figure 2. 2-DE electrophoresis gels of pollen grain proteomes in the control (A) and CHA-SQ-1-treated
wheat plants (B). Proteins were stained with CBB-G250. About 550 μg of protein was loaded onto IPG
strips at pH 4–7 (17 cm, linear). SDS-PAGE was performed using 12% gels. Identified proteins are
numbered on the gels.

2.3. Identification and Classification of DAPs

All 61 DAPs were further analyzed using MALDI-TOF/TOF MS, and 60 of them were successfully
identified (Table S2). Of these, 57 were functionally annotated in the current database, but the remaining
three identities were unnamed proteins (spot 58, spot 59, and spot 60; Tables S2 and S3). To annotate
these proteins, their sequences were used as queries and NCBI was searched for homologues using
BLASTP. The result was listed in Table S4. Homologues were defined as proteins sharing at least 80%
positive identity with the target at the amino acid level, which was here considered indicative of similar
function. In this way, protein homologues were divided into appropriate categories. However, about
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one third of the identified proteins were detected in multiple spots with different pIs or molecular
masses (Table S2). This suggested the existence of isoforms and posttranslational modification. Similar
results were also found in others [24,33]. Taken together, the 60 identities represented 49 unique
proteins (Tables S2 and S4).

Furthermore, based on the metabolic and functional features of wheat pollen, all of these
identities were classified into nine functional groups (Figure 3A,C; Table S2), including cell growth
and division (18%, eleven low-abundant proteins in CHA-SQ-1 treatment), glycolysis (18%, nine
low-abundant and two high-abundant proteins in treatment), protein synthesis and destination (15%,
nine high-abundant proteins in treatment), redox homeostasis and defense (13%, eight low-abundant
proteins in treatment), energy metabolism (12%, seven low-abundant proteins in treatment), one carbon
metabolism (9%, five high-abundant proteins in treatment), storage protein (5%, two low-abundant and
one high-abundant proteins in treatment), TCA cycle (5%, three low-abundant proteins in treatment),
and signal transduction (5%, two low-abundant and one high-abundant proteins in treatment).
An impressive 85% of these identified proteins were implicated in the first six functional groups,
whereas the largest functional group consisted of proteins involving cell growth and division (18%)
and glycolysis (18%), which were greatly affected by CHA-SQ-1 treatment. Further analysis of the
abundance changes of each group revealed that proteins involved in protein synthesis and destination
(15%), redox homeostasis and defense (13%), energy metabolism (12%), and one carbon metabolism
(9%) were overrepresented, either in number or in expression level, suggesting that these processes
were susceptible to CHA-SQ-1 treatment during pollen maturation.

Figure 3. Functional classification, subcellular localization, and hierarchical clustering of the 60 DAPs
in pollen grain of the control and CHA-SQ-1-treated wheat plants. The DAPs were divided into
nine functional groups (A) and classified by predicted subcellular localization (B) using Euk-mPLoc
2.0 database (http://www.csbio.sjtu.edu.cn/bioinf/euk-multi-2/), BaCelLo database (http://gpcr.
biocomp.unibo.it/bacello/pred.htm) and ESLpred database (http://www.imtech.res.in/raghava/
eslpred2/). The black bars indicate high-abundant proteins and the white bars low-abundant proteins.
(C) The hierarchical cluster analysis was conducted using the Genesis 1.7.6 procedure (Graz University
of Technology, Austria, http://genome.tugraz.at/genesisclient/genesisclient_download.shtml) and
the log2-transformed values of -fold change ratios listed in Table S1.

The subcellular location of a protein can indicate its physiological function. Here, prediction
showed that these differentially accumulated proteins were localized at the extracellular matrix
(9%, three low-abundant and two high-abundant proteins in treatment), cytoskeleton (3%, two
low-abundant proteins in treatment), cytoplasm (28%, ten low-abundant and seven high-abundant
proteins in treatment), nucleus (20%, eight low-abundant and four high-abundant proteins in
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treatment), chloroplast (5%, three low-abundant proteins in treatment), mitochondrion (25%, ten
low-abundant and five high-abundant proteins in treatment), peroxisome (5%, three low-abundant
proteins in treatment), and vacuole (5%, three low-abundant proteins in treatment, Figure 3B). In order
to visually portray the patterns of protein expression in all nine functional categories, hierarchical
clustering of proteins was analyzed and a graphic was produced (Figure 3C).

2.4. Protein-Protein Interactions Network in CHA-SQ-1-Induced Pollen Abortion

In living cells, proteins do not act as single entities. Rather, they form a network of functional
interconnections that underlie the cellular processes. To determine how CHA-SQ-1 interacts with the
wheat pollen grains and affect cell functions, identified proteins were annotated using Arabidopsis
thaliana TAIR10 protein database (Table S5), the corresponding AGI codes were then used to generate
an interactome on STRING (Figure 4) and BiNGO (Figure 5).

 
Figure 4. Analysis of protein interaction networks using the STRING system. TAIR homologous
proteins among those identified here were mapped using STRING 10 software at a confidence of 0.4.
All the homologous proteins are listed in Table S5. Abbreviations of the specific protein names in
STRING network were presented in Table S6. Colored lines between the proteins indicate the various
types of interaction evidence. The two clusters of protein nodes that interacted closely and frequently
are indicated by circles. They include proteins involved in carbohydrate and energy metabolism.
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Figure 5. Biological pathway networks generated using the BiNGO plugin from Cytoscape tool.
Homologous proteins were used here for GO analysis. Node size is shown as proportional to the
number of proteins placed in the GO category. Color denotes the P-value of each enriched GO term
(color scale, right bottom). White nodes are not enriched.

The STRING analysis revealed a protein association network (Figure 4). Specific protein names
and abbreviations are given in Table S6. The two major clusters identified included proteins involved
in carbohydrate and energy metabolism. CHA-SQ-1 treatment was found to inhibit the accumulation
of a protein essential to carbohydrate metabolism, hexokinase (HXK1, gi|475536774, spot15). Heat
shock 70 kDa protein (MTHSC70-2; gi|473970552, spot 48, and gi|379645201, spot 49) is the core
protein of this network, and it interacts with many other clusters (carbohydrate metabolism, energy
metabolism, cell growth/division, one carbon metabolism).

BiNGO indicated statistically over- and under-represented biological pathways related to pollen
grains of plants with CHA-SQ-1 treatment (Figure 5; Table S7), which provide a complete list of
enriched Gene Ontology (GO) biological pathways of these proteins. Of them, two major biological
categories were significantly overrepresented in pollen grains of plants with CHA-SQ-1 treatment,
including: metabolic process (P = 8.25 × 10−5) and response to stimulus (P = 8.51 × 10−6). This
indicates that some of biological pathways in pollen grains responded to resistance and susceptibility
conditions under the CHA-SQ-1 treatment, especially oxygen and reactive oxygen species metabolic
process (P = 9.46 × 10−4) and responded to oxidative stress (P = 3.96 × 10−5), which implied
that the pollen grains of CHA-SQ-1 treated plants suffered from oxidative stress (Figure 6E,F).
Of them, several of the most highly enriched DAPs were found to participate in carbohydrate
metabolism, such as carbohydrate catabolic process (P = 2.70 × 10−5), hexose metabolic process
(P = 3.91 × 10−4), alcohol metabolic process (P = 2.64 × 10−4), etc. These results suggested that
CHA-SQ-1 disturbed pollen development by several biological pathways, particularly carbohydrate
metabolism, oxidative/antioxidative system. More importantly, these abnormal changes in pollen grain
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of CHA-SQ-1 treatment results in blocking of the process of glucose metabolism and accumulation of
starch grains maintaining pollen grain development (Figure 1E,K).

 
Figure 6. Schematic overview of the metabolic pathways associated with the differentially expressed
proteins identified in pollen abortion of CHA-SQ-1-treated wheat plants. Hierarchical clustering
and numbers represent protein identification and abundance listed in Tables S1 and S2. SPS,
sucrose phosphate synthase; SPP, sucrose phosphate phosphatase; SuSy, sucrose synthase; UGP,
UTP-glucose-1-phosphate uridylyltransferase; HXK, hexokinase; Glu-1-P; glucose-1-phosphate;
PGM, phosphoglucomutase, Glu-6-P, glucose 6-phosphate; Fru-6-P, fructose 6-phosphate; G3P,
glycerate 3-phosphate; DHAP, dihydroxyacetone phosphate; PGK, 3-phosphoglycerate kinase; 3-PGA,
3-phosphoglyceric acid; PEP, phosphoenolpyruvate; TIM, triosephosphat-isomerase; CIT, citrate;
ACO, aconitate; ACH, aconitate hydratase; ISOCIT, isocitrate; IDH, isocitrate dehydrogenase;
α-KG, α-ketoglutarate; SUC, succinate; FUM, fumarate; MAL, malate; OAA, oxaloacetate; red,
reductase; ox, oxidase; UQ, ubiquinone; Q, quinone; QH2, hydroquinone; Cyt, cytochrome; ADPG,
ADP-glucose; SS, starch synthase; BA, beta-amylase; VIN, vacuolar invertase; Glyc-3P, glyceraldehyde
3-phosphate; PA, phosphatidic acid; SOD, superoxide dismutase; CAT, catalase; POD, peroxidase;
MDHA, Monodehydroascorbate; MDHR, Monodehydroascorbate reductase; ASC, ascorbate; DHA,
dehydroascorbate; DAR, dehydroascorbate reductase; GSH, reduced glutathione; GSSG, oxidized
glutathione; GR, glutathione reductase; GST, glutathione S-transferase. (A–F) Comparison of insoluble
polysaccharides, lipids, and ROS in pollen grains from control (A,C,E) and CHA-SQ-1-treated wheat
plants (B,D,F) during pollen maturation. (A,B) PAS staining. (C,D) Sudan black B staining. (E,F)
H2DCF-DA staining. Bars: 20 μm.
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Observations of the connectivity of proteins in this biological network collectively suggest that
functional regulation of the cellular mechanisms of pollen abortion in response to CHA-SQ-1 treatment
may be involved in significant physiological changes.

3. Discussion

3.1. CHA-SQ-1 Induced Complete Pollen Abortion

Commercial wheat hybrids have been produced using CHAs, which are growth regulators
selectively interfering with the development of pollen or natural systems of male fertility [3,4]. In the
present study, the cytological observations indicated that various pollen constituents occurred in
CHA-SQ-1-treated plants were markedly different from those in control plants, including abnormal
chromosome behavior (Figure S2A,B), low viability (Figure S2C,D), reduced insoluble polysaccharides
(Figure 6A,B) and lipid particles (Figure 6C,D), and other storage materials (proteoplasts, starch;
Figure 1D–K). These results confirmed that CHA-SQ-1 could induce complete (100%) pollen abortion.
Indeed, CHA-SQ-1-induced male sterility is constantly used in China to produce heterosis in
wheat [2,4,28]. More importantly, CHA-induced male sterility, with exact the same nuclear background,
may circumvent the confounding factors of genotype in cytoplasmic male sterility and genetic male
sterility [4], this provides a shortcut for revealing the mechanism of male sterility.

3.2. Proteins Involved in Cell Growth and Division

During normal development, the production of functional pollen grain is heavily dependent on
timely cell growth and division. In the present study, 11 low-abundant proteins were found to be
associated with cell growth and division under CHA-SQ-1 treatment (Table S2).

Mature pollen grains have an outer coat over the underlying wall. The pollen coat composition
is critical for protection against environmental damage, such as lipids, phenolic compounds and
several other proteins. In addition, some of the components are allergenic to humans, especially pollen
allergens. Recent studies showed that pollen allergens serve the plant by fostering vegetative growth
and play a role in reproductive development, which were clustered in more than 10 categories [34].
It is important to note that most allergenic pollen proteins are located inside the pollen. Previous
studies indicated that CHA-SQ-1 impacts anther development through preceding programmed cell
death, misshaping and shrinking extine pattern, and disturbing microspore development [2,31]. In this
study, the amount of five pollen allergen proteins (spots 4–8) were significantly decreased in response
to CHA-SQ-1 treatment, which resulted in defective pollen intine (Figure 1F,L), leading to membrane
and pollen damage, cellular content spilling in pollen grain of CHA-SQ-1 treated plants.

In addition, three DAPs (spots 1–3) were identified as pollen-specific protein in the present
study, which are only expressed in a temporally and regionally specific manner and synthesized after
microspore mitosis, and then accumulated in the cytoplasm during pollen maturation [35]. Previous
studies indicated that pollen-specific F8-1 is a positive regulator of CHA-SQ-1-induced male sterility,
and knockdown of this gene in wheat resulted in 43.56 percent of pollen sterility [34]. Therefore,
changes of the structure or pattern of pollen-specific protein can render pollen development abnormal.
The data presented here showed that low-abundant of pollen-specific proteins are observed in pollen
grains of CHA-SQ-1 treated plants.

3.3. Proteins Involved in Carbohydrate and Energy Metabolism

A large proportion (37%) of the proteins was found to be related to carbohydrate and energy
metabolism. Of these, 10 proteins were found to be associated with glycolysis (spots 12–21), three
with the storage protein (spots 22–24), two with the TCA cycle (spots 25 and 26), and seven with the
electron transport chain (spots 27–33; Figure 6 and Table S2).

Mature pollen grains store polysaccharides, lipids, proteins, hormones, and other substances that
play important roles in pollen germination and early tube growth. Therefore, it is critical that pollen
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grains contain sufficient supplies of carbon and energy reserves to utilize at appropriate time [36].
Recent studies indicate that the starch content in CHA-SQ-1 treated anthers was approximately 45% of
those in the fertile line; and the activities of vacuolar invertase (VIN) were significantly reduced [28,31].
Meanwhile, the expression of one sucrose transporter gene (TaSUT1) was decreased in CHA-SQ-1
treated anther [28]. Additionally, abscisic acid (ABA)- or cold-induced male sterility in rice involved
a disruption of sugar transport in anthers [37]. In this case, sucrose synthesis and degradation play
important roles in pollen maturation, germination and tube growth. In both photosynthetic and
storage cells, sucrose synthesis involves two enzymes, sucrose phosphate synthase (SPS) and sucrose
phosphate phosphatase (SPP). SPP catalyzes the final step in the pathway of sucrose biosynthesis [38],
which decreased in abundance and might slow down the process of sucrose biosynthesis of CHA-SQ-1
treated plants (spot 17, Figure 6). Meanwhile, two glycoside hydrolyses (spots 13 and 14) were
high-abundant in CHA-SQ-1 treatment, which accelerated the degradation of sucrose. Sucrose is
consumed via glycolysis to provide energy necessary for cell expansion, division, differentiation,
nutrient uptake, and maintenance during plant development [4]. This requires a series of enzymes to
catalyze this process, including Hexokinase (HXK, spot 15), 3-phosphoglycerate kinase (PGK, spot 16),
vacuolar invertase (VIN, spots 18), triosephosphat-isomerase (TIM, spots 19), UTP-glucose-1-phosphate
uridylyltransferase (UGP, spots 21), and phosphoglucomutase (PGM, spots 21). Of those, as shown
in Figure 6, the first step of glycolysis is the phosphorylation of glucose by HXK. PGK, as a major
enzyme of glycolysis, catalyzes the first ATP-generating step. TIM is an enzyme that interconverts
dihydroxyacetone phosphate and D-glyceraldehyde-3-phosphate very quickly. Its catalytic site located
at the dimer interface [39]. UGP1 is an enzyme associated with glycogenesis, and its product,
UDP-glucose, is involved in multiple pathways and is a precursor for other sugar nucleotides [36].
PGM is an enzyme that transfers a phosphate group and facilitates the interconversion of glucose
1-phosphate and glucose 6-phosphate. Additionally, glucose and fructose can be produced by VIN
in vacuole; in situ hybridization revealed that VIN were highly expressed in the pollen grains [40].
Previous studies have demonstrated that decreased expression of VIN altered the hexose-to-sucrose
ratio and VIN has long been believed to be a major player in cell expansion [28]. In the present
study, in CHA-SQ-1 treatment, the decreased expression of these proteins (spot 15, spot 16, and spots
18–21) might repress the glycolysis process and further slowed down the pyruvate production rate
of glycolysis (Figure 6). Pyruvate is a key intersection of metabolic pathway network, which can be
converted to acetyl CoA by the mitochondria pyruvate dehydrogenase complex (mtPDC). The acetyl
CoA could enter the TCA cycle and mitochondrial electron transport chain (mtETC), and went through
a series of enzyme-catalyzed reaction (such as aconitase, isocitrate dehydrogenase, ATPase, etc.) to
supply energy. However, the decreased co-expression of isocitrate dehydrogenase (NAD) regulatory
subunit 1 (spot 25), aconitate hydratase (spot 26), and ATP synthase (spots 27–33) further limited the
energy production and storage (Figure 6). Therefore, these cause a serious imbalance, and followed by
a decrease rate of respiration and ATP production in anthers at trinucleate stage (Figure S3). Taken
together, these physiological alterations occur upon disruption of the mitochondrion.

Pollen maturation requires accumulation of starch, which acts as an energy reserve to facilitate
pollen germination. For this reason, starch content can serve as a marker of pollen maturity [35]. Recent
studies of carbohydrate metabolism indicate that disruption of sugar balance in the pollen grain can
impair pollen development significantly and cause male sterility [41]. Here, two key enzymes (spot
22, low-abundant; spot 23, high-abundant) involved in sucrose-to-starch showed different expression
patterns in CHA-SQ-1 treated plants (Figure 6), which caused reduced or invisible starch grains
(Figures 1K and 6), and resulted in non-functional pollens.

Taken together, the data collected here show that the different expression patterns of 22 proteins
inhibited the carbohydrate and energy metabolism, which reduced the level of ATP and sucrose/starch.
This indicates that pollens of CHA-SQ-1-treated plants are in a state short of nutrient and energy.
With respect to high ATP- and sucrose-requiring processes during pollen maturation, there is not
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sufficient storage carbohydrates and energy to support cell metabolism. The effects of pollen abortion
are likely to be more severe during the period of intense growth.

3.4. Stress Response Related Proteins

Proteins included in this group are associated with stress response related proteins,
which included eight redox homeostasis- and defense-related proteins (spots 34–41, low-abundant),
three signal transduction-related proteins (spot 55, high-abundant; spots 56 and 57, low-abundant).
Pollen grains are free-floating and subject to various abiotic stresses, including drought and harsh
temperatures. These stresses are often inextricably linked with reactive oxygen species (ROS).
To some extent, ROS act as signal molecules in the regulation of biological processes such as growth,
development, and responses to both biotic and abiotic stimuli [16,42]. However, excessive ROS
production could cause oxidative damage [3,4]. Therefore, pollen grains have evolved a strategy to
combat the ROS by inducing various protective enzymes and developing a balance between ROS
production and clearance. In our results, many enzymes involved in the ROS detoxification were
identified in wheat pollen, including superoxide dismutase (spot 34), peroxidase (spots 35 and 36),
L-ascorbate peroxidase (spot 37), and glutathione-S-transferase (spot 38). These antioxidative proteins
were low-abundant in CHA-SQ-1-treated pollen grains (Figure 6; Tables S1 and S2), promoting the
accumulation of ROS. These conditions led to the occurrence of severe oxidative stress during pollen
maturation (Figure 6E,F).

3.5. Proteins Related to Synthesis, Folding, and Proteolysis

In the present study, a total of eight DAPs were found to be involved in protein metabolism.
Of these, three spots (spots 42–44) corresponding to proteasome involved in protein degradation
were identified (Table S2). The other five proteins involved in protein synthesis such as three
mitochondrial-processing peptidase subunits (spots 45–47) and two HSPs (spots 48–49) were also
identified (Table S2). Other proteomic studies have shown that the same groups of proteins were
also identified suffer from abiotic stress during pollen development [43,44]. Therefore, protein
synthesis and degradation are important for pollen development. However, in CHA-SQ-1 treated
pollen grains, although the process of protein synthesis was enhanced by the increased expression of
mitochondrial-processing peptidase subunits (spots 45–47) and HSPs (spots 45–47), it was clearly not
sufficient for the accelerated protein degradation caused by the increased expression of proteasome
(spots 42–44). Ultimately, CHA-SQ-1-treated pollen grains exhibited an increase protein catabolism
(Figure 1J).

3.6. Other Proteins

It was documented that DNA methylation reactions happened in CHA-SQ-1-treated anthers [7],
and the similar phenomenon was observed in our previous work [32]. In this study, five high-abundant
proteins (spots 50–54) associated with one carbon metabolism were identified in CHA-SQ-1-treated
pollen grains, which might promote the DNA methylation reactions. Although 2-DE combined with
mass spectrometry is likely to provide an extremely useful tool for identifying abundant proteins,
there is also some limitation for identifying alkaline and hydrophobic proteins, and some identified
proteins might be grouped as unknown proteins due to the limited information on their putative
functions [45]. In this study, three spots (spots 58–60) were attributed to proteins with no clearly
predicted, well-defined function. This is consistent with the findings of other pollen proteomic
studies [14,46].

61



Int. J. Mol. Sci. 2019, 20, 1615

4. Materials and Methods

4.1. Plant Material and Treatment

Wheat plants were treated as described previously [4,32]. CHA-SQ-1 was administered to the
wheat cultivar ‘Xinong 1376’ at the rate of 5.0 kg/ha starting when the plants averaged 8.5 on the
Feekes’ scale [4]. Control plants received an equal volume of water as a negative control. Pollen grains
at trinucleate stage were collected from at least 1500 anthers from 100 plants by tapping the anthers on
glass slides. This stage was checked as described previously [2,4]. The samples were examined under
a dissecting microscope. Debris was removed with a fine needle. Sampled pollen grains were either
used immediately or stored at −80 ◦C for later use. Three biological replicates were performed. Pollen
development was assessed using 1% acetocarmine and fertility with 2% iodine-potassium iodide (2%
I2-KI) [2]. The activities of respiratory and ATPase were determined according to Wang et al. [4].

4.2. Sample Fixation and Infiltration

Pollen grains were fixed immediately in FAA (70% alcohol: 37% formaldehyde: acetic acid;
18:1:1, v/v/v) and performed for light microscopic observation. Pollen grains treated with 2.5% (v/v)
glutaraldehyde were ready for ultrastructural microscopy observation, respectively.

4.3. Light Microscopic Observation

Pollen samples were first embedded in Epon-812 resin; semithin (1 μm) sections were cut using
an Ultracut E ultramicrotome (Leica Microsystems, Wetzlar, Germany). Then they were stained
with Ehrlich’s hematoxylin and safranin O/fast green. The staining method for proteins, lipids, and
insoluble polysaccharides was performed according to Konyar and Dane [47] and Tian et al. [48]. The
procedure was described briefly as follows.

For Coomassie Brilliant Blue (CBB) staining, semi-thin sections of pollen gains were stained with
CBB-R250 solution containing 45% (v/v) methanol, 10% (v/v) glacial acetic acid, 45% (v/v) water and
0.3 g CBB-R250, and then rinsed in distilled water. Proteins were stained blue.

For Sudan black B reaction, semi-thin sections were stained by 70% (v/v) alcohol saturated with
Sudan black B, then rinsed in a mixture of 70% (v/v) alcohol and distilled water. This caused the lipids
in solution to turn black.

A periodic acid-Schiff (PAS) reaction was performed, in which transverse sections were oxidized
in 1% (w/v) periodic acid and stained for 1 h in Schiff’s reagent. They were then destained in 0.5%
(w/v) sodium bisulfite. This caused the insoluble polysaccharides to turn pink and purple.

Samples were imaged with a DS-U2 high-resolution camera and Nikon ECLIPSE E600 microscope
equipped with the NIS-Elements software (Nikon, Tokyo, Japan).

4.4. Electron Microscopic Observation

For transmission electron microscopy (TEM), ultrathin sections (50 to 70 nm) were produced
using a UC6 ultramicrotome (Leica, Wetzlar, Germany) and collected on copper grids. They were then
double-stained in 2% (w/v) aqueous uranyl acetate and 2.6% (w/v) aqueous lead citrate. Finally, they
were examined under a HT7700 transmission electron microscope (Hitachi, Tokyo, Japan).

4.5. Fluorescence Microscopic Observation

Then 4′,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, Oakville, Ontario, Canad) was used
to stain nuclei, and a fluorescein diacetate (FDA; Sigma-Aldrich, Oakville, Ontario, Canad) assay was
performed to assess the vitality of fresh pollen grains. Samples were washed, embedded, and stained
as described previously [2].
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For ROS detection, fresh pollen grains were washed with PBS, then incubated in 5 μM H2DCF-DA
(Sigma-Aldrich) dissolved in anhydrous dimethyl sulfoxide (DMSO; Sigma-Aldrich) for 60 min in the
dark at 25 ◦C. Excess probe was removed using PBS before detection.

Fluorescent signals were captured using a fluorescence microscope (Olympus BX 51, Olympus,
Japan). Filter sets for blue (DAPI, 4′,6-diamidino-2-phenylindole) and green fluorescence (FDA,
H2DCF-DA) were Olympus part numbers.

4.6. Protein Extraction

The pollen protein was extracted with TCA/acetone methods described by Song et al. [30] and
Zhang et al. [49] with modifications. Briefly, pollen gains were ground to fine powder in liquid nitrogen.
This powder was then suspended in −20 ◦C pre-cooled solution of 10% TCA, 0.07% β-ME and 1 mM
PMFS and kept at −20 ◦C overnight. The samples were centrifuged at 20,000× g for 20 min at 4 ◦C,
and the pellets were rinsed with a pre-cooled acetone solution containing 0.07% (v/v) β-ME and 1 mM
PMSF. They were then centrifuged at 25,000× g for 30 min. Three rounds of rinsing and centrifugation
were performed. Then the vacuum-dried pellets were dissolved in lysis solution containing 2 M
thiourea, 7 M urea, 65 mM DTT, 4% (w/v) CHAPS, and 0.5% (v/v) Bio-Lyte (Bio-Rad, Hercules, CA,
USA) and 0.001% (w/v) bromophenol blue. Insoluble materials were centrifuged out, and protein
concentration was determined using a Bio-Rad Protein Assay Kit II (Bio-Rad, Hercules, CA, USA)
according to the manufacturer’s instructions.

4.7. Two-Dimensional Gel Electrophoresis

2-DE was performed as described by Song et al. [30] and Wang et al. [4]. Approximately 550 μg
of protein was separated by loading the sample onto a 17 cm pH 4–7 linear pH gradient IPG strip
(Bio-Rad, Hercules, CA, USA). The sample was then subjected to electrophoresis on the IPGphor
apparatus (Protean IEF Cell; Bio-Rad, Hercules, CA, USA) at 80 kV-h, and the conditions were as
follows: constant power (50 μA/IPG strip) at 250 V for 1 h, 500 V for 1h, 1000 V for 1 h, 8000 V for
4 h and 8000 V for a total of 80,000 V-h (17 cm, pH 4–7). The second electrophoretic dimension was
performed using 12% SDS-PAGE. The gels were stained with CBB-G250. There were three independent
biological replicates per sample.

4.8. Image Analysis

The stained gels were imaged using a PowerLook 2100XL scanner (UMAX, Taiwan, China) and
analyzed using PDQuest 2-DE 8.0.1 (Bio-Rad, Hercules, CA, USA). Briefly, the images were initially
processed through transformation, filtering, automated spot detection, normalization, and matching.
All protein spots detected in gel were matched to the corresponding spots of master gel (the control),
and then each spot density was normalized against the whole gel densities. Analysis was based on
total densities of gels as percent volume, and spots were considered to have significant differences in
expression if the mean abundance changed more than 1.5-fold (P < 0.05) as indicated by the t test.

4.9. MS Analysis and Database Search

DAPs detected in stained gels were selected manually and excised for protein identification.
In-gel digestion of DAPs was described by Song et al. [30] and Wang et al. [4]. Specifically, it was
performed after destaining, reduction, and alkylation, and executed by incubation at 37 ◦C for 16 h
in trypsin solution. All samples were subjected to MALDI-TOF/TOF mass spectroscopy on a 5800
MALDI Time of Flight (TOF)/TOFTM analyzer (AB Sciex, Foster City, CA, USA). Mass spectra were
acquired by TOF/TOFTM Series ExplorerTM Software (version 4.1, AB Sciex) that recorded across a
range of mass from 700 to 4000 Da with a focus on 1700 Da. For one main MS spectrum 15 sub-spectra
with 200 shots per sub-spectrum were accumulated, and for the MS/MS spectrum up to 25 sub-spectra
with 250 shots per sub-spectrum were accumulated.

63



Int. J. Mol. Sci. 2019, 20, 1615

All of the MS/MS data were checked against the NCBInr database using the Mascot search engine
(www.matrixscience.com) with the taxonomy parameter set to green plants. Other parameters were as
follows: enzyme of trypsin, one missed cleavage site, fixed modification of carbamidomethyl (Cys),
variable modification of Gln->pyro-Glu (N-term Q) and oxidation (Met), peptide tolerance of 100 ppm,
MS/MS tolerance of 0.3 Da, and peptide charge of 1+.

For positive identification, the peptides were considered to be identified when the scoring value
exceeded the identity or extensive homology threshold score of identity value, as calculated by
Mascot, based on the MOWSE score. Sequences of proteins identified as unknown, hypothetical, or
of uncharacterized function served as queries in a search for their homologues using the BLASTP
algorithm. The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE [50] partner repository with the dataset identifier PXD012519.

4.10. Bioinformatic Analysis of Identified Proteins

The details of bioinformatics analysis have been described previously [30,32]. The DAPs defined
by MS analysis were classified using the gene index and Uniprot accession number, which were
entered into the Uniprot database (http://www.uniprot.org). Hierarchical clustering was performed
on log 2-transformed data using Genesis 1.7.6 software. All identified proteins were blasted against
Arabidopsis thaliana TAIR10 protein databases (http://www.arabidopsis.org/). The protein–protein
interaction network was analyzed using STRING 10, which is publicly available (http://string-db.
org/). Biological processes were predicted using the Cytoscape plugin BiNGO 3.02. Subcellular
localization of the identified proteins was determined using Euk-mPLoc 2.0 database (http://www.
csbio.sjtu.edu.cn/bioinf/euk-multi-2/), BaCelLo database (http://gpcr.biocomp.unibo.it/bacello/
pred.htm) and ESLpred database (http://www.imtech.res.in/raghava/eslpred2/).

5. Conclusions

In seed plants, pollen grains transport sperm cells to the female gametophyte. In this study,
cytological and proteomic changes of wheat pollen abortion induced by CHA-SQ-1 were investigated.
The cytological study indicated that pollen grain was impaired by CHA-SQ-1 during its maturation,
which appeared as abnormal pollen development and shape, reduced storage materials, and defective
pollen wall. A total of 60 identified DAPs with various functions were identified in mature pollen
grains; some of these are central actors in biological processes (carbohydrate metabolism and energy
metabolism) that regulate pollen maturation, especially some proteins related to sucrose and starch
metabolism and ROS metabolism (Figures 5 and 6). Ultimately, these results induce complete (100%)
pollen abortion in CHA-SQ-1-treated plants. Hence, this study has investigated the cytological,
physiological and biochemical changes during pollen maturation in CHA-SQ-1-treated plants, which
could provide a valuable resource for plant biology research, particularly for sexual reproduction
in plants.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/
7/1615/s1. Figure S1. The replicate 2-DE electrophoresis gels of pollen grain proteomes in the control (A, C)
and CHA-SQ-1-treated wheat plants (B, D). Figure S2. Comparison of nuclei and vitality in pollen grains from
control (A, C) and CHA-SQ-1-treated wheat plants (B, D) during pollen maturation. (A, B) DAPI staining. (C, D)
FDA staining. Bars: 20 μm. Figure S3. Analysis of respiratory activity and ATPase activity. (A) Total respiration
(Vt), and activities of the cytochrome pathway (Vcyt) and the alternative pathway activity (Valt) in control and
CHA-SQ-1-treated wheat plants. (B) Analysis of ATPase activity. Data are means ± SD of three independent
experiments (biological replicates). The significant of differences was assessed by Student’s t-test (*P < 0.05, **P
< 0.01). Table S1. Folds change of differential abundance proteins (DAPs) in pollen grain between the control
and CHA-SQ-1-treated wheat plants. Table S2. Identification of differentially expressed proteins. Table S3.
Matched peptide sequences of identified proteins. Table S4. Corresponding homologues of the three unknown
proteins. Table S5. Differentially expressed proteins blasted against the TAIR database. Table S6. Abbreviations
of the specific protein names in the STRING network (Figure 6). Table S7. Biological pathways of differentially
expressed proteins.
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Abbreviations

2-DE Two-dimensional gel electrophoresis
CBB Coomassie Brilliant Blue
CHA Chemical hybridizing agent
DAPI 4′, 6-diamidino-2-phenylindole
DAPs Differential abundant proteins
DMSO Dimethyl sulfoxide
FDA Fluorescein diacetate
HXK Hexokinase
mtETC Mitochondrial electron transport chain
mtPDC Mitochondria pyruvate dehydrogenase complex
PAS Periodic acid-Schiff
PGK 3-phosphoglycerate kinase
PGM Phosphoglucomutase
pI Isoelectric point
ROS Reactive oxygen species
SPP Sucrose phosphate phosphatase
SPS Sucrose phosphate synthase
TEM Transmission electron microscopy
TIM Triosephosphat-isomerase
UGP UTP-glucose-1-phosphate uridylyltransferase
VIN Vacuolar invertase
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Abstract: Diatoms are a successful group of marine phytoplankton that often thrives under adverse
environmental stress conditions. Members of the Skeletonema genus are ecologically important which
may subsist during silicate stress and form a dense bloom following higher silicate concentration.
However, our understanding of diatoms’ underlying molecular mechanism involved in these
intracellular silicate stress-responses are limited. Here an iTRAQ-based proteomic method was
coupled with multiple physiological techniques to explore distinct cellular responses associated with
oxidative stress in the diatom Skeletonema dohrnii to the silicate limitation. In total, 1768 proteins
were detected; 594 proteins were identified as differentially expressed (greater than a two-fold
change; p < 0.05). In Si-limited cells, downregulated proteins were mainly related to photosynthesis
metabolism, light-harvesting complex, and oxidative phosphorylation, corresponding to inducing
oxidative stress, and ROS accumulation. None of these responses were identified in Si-limited cells;
in comparing with other literature, Si-stress cells showed that ATP-limited diatoms are unable to
rely on photosynthesis, which will break down and reshuffle carbon metabolism to compensate for
photosynthetic carbon fixation losses. Our findings have a good correlation with earlier reports
and provides a new molecular level insight into the systematic intracellular responses employed by
diatoms in response to silicate stress in the marine environment.

Keywords: abiotic stress; silicate limitation; diatom; iTRAQ; proteomics; photosynthesis; carbon fixation

1. Introduction

Diatoms are a major group of phytoplankton, which play a significant role in the global carbon
cycle [1], often thriving under adverse marine environmental conditions. It is known that diatoms
can subsist during long periods of nutrient limitation [2] and form blooms following higher nutrient
concentration [3]. Diatoms require a large quantity of silicon for their unique siliceous cell wall and
cellular process [4]. It was reported that silicate deficiency led to diatom cell cycle arrest, which was
reinitiated once silicate was provided [5,6].

In general, the response of nutrient limitations on phytoplankton photosynthetic mechanism
is poorly understood [7], due to their cellular response variance to different nutrient stress [8].
A recent proteomic investigation on the diatom Thalassiosira pseudonana in response to iron and
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nitrate limitation showed PSII and PSI proteins were downregulated and, therefore, reduced its
oxidoreductase activity [9–11]. Despite this, the diatom photosynthetic mechanism in response
to silicate deprivation remains largely unknown. The response of nutrient limitations on diatom
carbon metabolism has been widely discussed, i.e., nitrogen starvation [9], phosphorus limitation [12],
silicon limitation [13], and iron limitation [11], however, intracellular mechanisms interlinked with
electron transport, carbon metabolism, and ROS accumulation remains to be explored.

There have been few studies on diatoms’ reactions with the oxidative response during nitrogen
and phosphorus limitation [14] and iron starvation [15], while silicate limitation in these intracellular
processes unknown. To date studies have mostly focused silicate limitation on diatom fundamental
molecular mechanisms: cell cycle arrest [6], cell wall formation [4], carbon adjustment [13],
and morphological changes [16]. Therefore, the mechanism underlying intracellular silicate
stress-responses associated with oxidative stress, and ROS production are largely unknown.

Nutrient limitation on diatoms can produce reactive oxygen species (ROS) and induce programmed
cell death (PCD) [17,18]. The preliminary characteristics of PCD have been described on diatoms
Thalassiosira weissflogii under N stress or exposure to exogenous aldehyde [17,19]; Ditylum brighwellii
under N and P stress [20]; T. pseudonana under Fe limitation [15]; and Phaeodactylum tricornutum under
N stress [3], however, the mechanism underlying the association of PCD in diatoms intracellular
silicate limitation remains elusive. In general, the cellular response of diatoms has some common
characteristics to a variant stress condition, however, the ROS and PCD have been the exception
of these due to their differential attribution to variant nutrient limitation [21]. In this manner, it is
essential to investigate the possible activation of ROS and PCD instigated by Si-stress to understand
the intracellular silicate stress-response on diatom.

New introduction methods of isobaric tags for relative and absolute quantitation (iTRAQ) is
a well-suited method to examine the distinct proteomic changes in cells acclimated to a different
environmental condition. Here an iTRAQ-LC-MS/MS proteomic approach was used to examine
the comparative proteomic investigation in Skeletonema dohrnii under silicate deplete and replete
condition, respectively. The purpose of this comparative study is to understand the different
metabolic regulation involved in the intracellular silicate stress-response especially those associated
mechanism controlling cell growth, replication, carbon fixation, and inducing oxidative stress and
possible ROS production. The findings revealed underlying molecular mechanisms controlling cell
growth, replication, and photosynthetic carbon fixation under depleted silicate conditions in the
marine environment.

2. Results

2.1. Physiological Responses of the Cell

Physiological changes of S. dohrnii under Si-deplete and Si-replete conditions are shown in
(Figure 1). Cells subject to Si restriction grew slower all through the experiment than the Si-included
sample (Figure 1A). Furthermore, the cells were under Si-constrained declined quickly once they
achieve a higher density, while Si-included cells declined gradually. The net primary productivity NPP
showed a significant variation between the treatments, particularly in the expositional stage (day 5)
where cells exposed to silicate supplementation NPP expanded radically, whereas, in the Si-limited
group it was 50% slower than the Si-included example (Figure 1B). The photochemical effectiveness of
PSII, Fv/Fm in the expositional stage notably increased in Si-added condition, while in Si-restricted
cells it increased gradually (Figure 1C). Together these cellular performance measurements indicate
the strong dependence of the S. dohrnii integrated physiology on Si-bioavailability.
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Figure 1. Cell density, net primary productivity, and photosynthetic efficiency in Si-limited and
Si-added samples of S. dohrnii. Cell density (A), net primary productivity (B) and photochemical
quantum yield of PS II (FV/FM) (C). The circle in Figure A shows the duration of sample collection for
iTRAQ proteomics. The error bars represent the standard errors from triplicate measurements.
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2.2. iTRAQ Results

To unravel S. dohrnii intracellular responses to Si-stress, we harvested cells for iTRAQ based
proteomic analysis on day 4. Four biological replicates of the samples have been labeled and
mixed for proteomic profiling. In whole 364,183 spectra, 3892 peptides, and 1768 proteins were
identified with 1% of FDR. Detailed information including accession numbers, peptide sequences,
protein description, number of spectra, p-value and q-value and repeatability test between the samples
are given in (Supplementary Table S1). Of these identified proteins using a significance cut-off
of a two-fold change and a p-value less than 0.05, we have identified 594 differentially expressed
proteins between the Si-restricted and Si-added samples, of which 345 proteins were downregulated
(Supplementary Table S2), and 249 were up-regulated (Supplementary Table S3), respectively.

2.3. Gene Ontology and COG Analysis

To additionally explore the potential role of overall identified proteins we used GO terms,
which comprised three sets of ontologies: molecular functions (MF), cellular components (CC),
and biological process (BP) (Figure 2A). As shown in (Figure 2A) the most represented GO terms in the
MF category was a catalytic activity, and protein binding consisting of electron transport-transferring
electrons within the cycling electron transport of photosynthesis activity. In the CC category, the cellular
process and cell cyclic, including photosystem II, photosystem I, chloroplast thylakoid membrane,
and proton transport proteins were significantly enriched. For the BP category biological regulation,
including protein-chromophore linkage, regulation in ATP synthesis coupled proton transport,
regulation in photosynthesis, and glycolysis, were the most important enriched term. Furthermore,
the overall classified proteins were subjected to COG enrichment analysis to understand the cellular
metabolism influenced by the Silicate deprivation. COG functional classification result shows that
proteins were involved in almost every aspect of S. dohrnii metabolism (Figure 2B). However, among all
groups, translations, ribosome structure, and biogenesis were the largest group (219) influenced
by lower silicate, followed by post-translational modifications, protein turnover, chaperones (169),
and general function proteins (149).
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Figure 2. (A) Bar plot of Gene Ontology analysis; the different color shows different GO category.
(B) The diagram shows the bar plot of COG analysis x-axis displays the COG term; y-axis displays the
corresponding protein count illustrating the protein number of different functions.
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2.4. KEGG Analysis of the DEPs in Skeleteonema dohrnii

The Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis was performed to
determine potential clustering of the differentially expressed protein in a specific metabolic pathway.
Using the KEGG database 594 DEPs were annotated and classified into 91 metabolic pathways.
The ‘main KEGG pathway classification of DEPs are photosynthesis (p < 0.01), photosynthesis
antenna (p < 0.01), and oxidative phosphorylation (p < 0.01), glycolysis/gluconeogenesis (p < 0.03),
carbon fixation in photosynthesis organism (p < 0.01) and pentose phosphate (p < 0.02) (Figure 3).

Figure 3. Statistics of pathway enrichment factor analysis of differentially expressed proteins comparing
of Si-limited vs. Si-added conditions.

2.5. Photosynthesis Metabolism

The multi-subunit protein complex of PSII is embedded in the thylakoid membrane of algae
that drives a water-plastoquinone oxido-reductase. The overall differentially abundant proteins
in photosynthesis metabolism of this study are given in (Supplementary Table S4). Result
shows that Si-limitation caused decreased abundance of seven primary proteins in the PSII
complex, i.e., D1 (PabA, −1.52-fold), D2 (PsbD, −1.44-fold), CP43 (PsbC, −1.51-fold), CP47 (PsbB,
−1.26-fold), cytochrome b559 subunits (PsbE, −1.64-fold; PsbF, −1.43-fold; and PsbQ, −0.12-fold).
Decreased abundance of these proteins influenced in cytochrome b6/f complex; resulting in two primary
proteins being decreased in abundance (PetD, −1.12-fold; PetA, −1.36-fold). The impact in PSII and
cytochrome b6/f further downregulated six proteins in PSI, i.e., (PsaA, −1.35-fold; PsaB, −1.68-fold;
PsaC, −0.63-fold; PsaF, −0.83-fold; PsaJ, −0.92-fold, and PsaL, −2.21-fold) which could damage the
electron transfer from PSI to NADP [22].

Fucoxanthin and chlorophyll are known as major proteins in the LHCs of diatoms. In the
present study 13 pigment proteins were downregulated, consisting of five FCPs and five Chl proteins
and three accessory proteins (Supplementary Table S4), which may influence in the process of
exciting energy and chlorophyll biosynthesis. In addition, 26 functional proteins associated with ATP
metabolism were differentially expressed, of which 16 proteins were downregulated and 10 proteins
were upregulated (Supplementary Table S4). Functional proteins associated with quinone binding,
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ATP synthase, proton transport, and rotational mechanism were notable down-regulated proteins,
whereas mitochondria, vascular, and sulfur proteins were noteworthy up-regulated proteins.

2.6. Carbon Metabolism

The state transition of photosynthesis metabolism due to silicate deprivation was expected
to impact on carbon metabolism. Nevertheless, results showed an increased abundance of
carbon metabolic proteins rather than decreasing. Nine proteins associated with glycolysis were
differentially expressed and, among them, two were downregulated and seven were up-regulated
(Supplementary Table S4). The up-regulated proteins of (fructose1,6-biphosphate; triose phosphate
isomerase; glyceraldehyde-3-phosphate dehydrogenase; nicotinate-nucleotide pyrophosphorylase;
phosphoglycerate kinase; and enolase) involved in the glycolytic process of step 1 (hexokinase),
step 2 (phosphoglucose Isomerase) and step 3 (phosphofructokinase). As these upregulated
proteins could enhance the production of pyruvate, six functional proteins were upregulated in
pyruvate metabolism in this study. Upregulated proteins of (phosphoenolpyruvate; D-2 hydroxy-acid
dehydrogenase; pyruvate dehydrogenase; pyruvate kinase; pyridine nucleotide transhydrogenase;
acetyl-coenzyme) would enter mitochondria to produce GTP and FADH2. In addition, many functional
proteins in TCA metabolism were upregulated, i.e., (isocitrate; oxoglutarate, succinyl; succinate;
malate; dihydrolipoamide acetyltransferase; dihydrolipoyl dehydrogenase; pyruvate carboxylase;
fumarate hydratase; and pyridine nucleotide), showing the interlinking pathway of diatoms’ central
carbon metabolism under silicate stress.

2.7. Response of Cellular Respiration

The respiratory chain has protein complexes of cytochrome I, II, III, IV, that transfer electrons from
NADH to O2 via redox. The present result shows downregulation of two NADH-ubiquinone
reductases (XP_002292597.1, −1.37-fold; AAZ99426.1, −1.32-fold), and cytochrome complex I
(YP_316586.1, −1.49-fold), cytochrome c oxidase complex II (AOE43471.1), and cytochrome c oxidase
subunit 6B1, complex IV (EED96133.1, −1.74-fold) (Supplementary Table S2), shows an influence in
electron deliver. Further downregulation of mitochondrial alternative oxidase (AOX) (XP_002294653.1)
and many FoF1-type ATP synthase proteins (Supplementary Table S4) indicates the possible impact on
ATP production.

2.8. Identification PCD Related Proteins

It is known that superoxide dismutase and peroxiredoxin enzymes replace ROS scavenging
function, however, in the present study, both proteins were down-regulated (superoxide dismutase,
EJK75419.1; peroxiredoxin EED94096.1) which may impact the defense mechanism against ROS.
In general, heat shock proteins protect the cellular mechanism when cells exposed to a stressful
condition. Nevertheless, in this investigation downregulation of chaperonin GroES, EJK46404.1;
molecular chaperone, XP_002286821.1; and some co-expression proteins like FKBP-peptidyl-prolyl
cis-trans isomerase, EJK59733.1; and trypsin-serine proteases, EJK75980.1 may increase the impact
of the molecular mechanism by Si stress. Additionally, downregulation of an anti-apoptotic protein
of chaperone GroEL (HSP60 family, ACI64273.1) was observed in Si-limited cells. Furthermore,
upregulation of RuBisCO large subunit (ABF60361.1) and downregulation of RuBisCO small subunit
(BAA75795.1) may lead cells to oxidative stress under Si-limited conditions.

Moreover, in comparing with silicate-deplete and -replete cells, four nutrient transporters
were differentially abundant. Among them, nitrate/nitrite transporter (NRT2) (EJK46860.1)
was downregulated, whereas 5′-nucleotidase, (XP_002295180.1), sulfate adenylyltransferase,
(XP_002286746.1), and sulfite reductase, (EED93364.1) were upregulated.

Additionally, photosynthesis and carbon metabolic regulation, results showed that silicate stress
further regulated numerous cellular metabolism of S. dohrnii. To unravel the whole impact, an iPath global
metabolic pathway was annotated (Supplementary Figure S1). The iPath biochemistry map shows Si-stress
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also regulated amino acid, nucleotide, and lipid metabolisms. Many proteins involved in the biosynthesis of
purine and pyrimidine were down-regulated (Supplementary Table S4), which were associated with amino
acid metabolisms, i.e., DNA binding (EJK63460.1), RNA polymerase (YP_009093166.1), adeno succinate
synthase (XP_002292359.1), and de novo IMP biosynthetic process (EJK50540.1).

3. Discussion

The goal of this study was to better understand the marine diatom S. dohrnii metabolic responses
when exposed to a silicate-limited environment by examining the expressed proteome at the exponential
growth stage. However, why proteomic? Why not genomic or transcriptomic? Few investigators have
already reported gene expression of diatoms to Si-limitation [13,23]. Furthermore, recent functional
RNA study showed that although much of the genome was transcribed, not all the transcriptions
were translated into functional proteins [24,25]. This suggests that genomic and transcriptomic studies
may be limited to understand the cellular metabolomic changes to the changing environment deeply.
Similarly, diatoms change their transcript expression into a small range of protein expression under
nutrient limitation suggesting diatoms, like other organisms, may rapidly increase the transcript
abundances, but not all translate into proteins [26]. Therefore, an iTRAQ quantitative proteomic
approach was applied to S. dohrnii to understand accurately the underlying intracellular mechanisms
in response to silicate stress.

3.1. Physiological Changes

The growth rate of S. dohrnii in the present study varied based on the silicate concentrations
of which could be the reason for silicate demand to their cellular processes. Previous reports noted
that Si-stress induced the aging early of diatoms, therefore, regulated metabolism inside and reduced
cell growth rate and replication [6,13,27]. These reports also support the observed variation of NPP
between Si-limited and Si-added samples. A further difference in Fv/Fm shows the inefficient activity
of PSII complex, could be the attribution of LHCs responses to the Si-concentration [28,29]. The present
study GO and COG results (Figure 2B) showed the similar detection of proteins on diatom T. pseudonana
under silicon limitation, [4] indicates diatom’s common metabolomic regulation under silicate stress.

3.2. Downregulation of Photosynthesis

PSII in plants referred to as an engine of earth and this complex affected first when plants
expose to any abiotic stress [30]. Decreased abundance of PSII proteins in this study showed a
reduction in catalyzing electron production, and transport, therefore, only limited electrons were
pumped across a chloroplast. The schematic diagram (Figure 4) describes pathways of electron
flow between chloroplast and mitochondria during oxygenic photosynthesis; also it shows five
compensating mechanisms that rectifying process during the reduction in electron flow. Fascinatingly,
results showed that, besides the reduction of electron production and transfer, Si-stress also influenced
in the four compensating mechanisms of electron transfer, i.e., down-regulated malate carrier protein
in mitochondria (XP_002295632.1, −1.4-fold) shows a reduction in first compensating mechanism [23],
while serine/threonine-protein kinase (STT7kinase) downregulation (XP_002288169.1, −1.17-fold)
displays a reduction in the third step and alteration in LHCs [31]. Furthermore, the decreased
abundance of ferredoxin (EJK54785.1, −0.9-fold), and AOX protein (XP_002294653.1, −1.74-fold)
indicates the failure of the fourth and fifth compensating mechanisms [32]. These results show that
during silicate limitation of S. dohrnii cells the electron flow between chloroplasts and mitochondria
were altered.

Regulation in PSII electron flow would damage the PSI and LHCs [33]; therefore, it is not
surprising 13 proteins in the pigment metabolism were decreased in abundance due to Si-stress.
Similarly, in diatom T. pseudonana six chlorophyll biosynthesis genes were downregulated due to
silicon stress [13]. Chlorophyll is a nitrogenous compound; any impact on these proteins would
decrease the nitrogen demand of the cell and diminishes their light-capturing efficiency, therefore,
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inducing oxidative stress and ROS production [9]. Downregulation of these proteins also affects the
initial process in energy production, and carbon fixation [34], shows silicate is a vital nutrient for diatom
carbon fixation to facilitate the proper electron transport and catalyze the reaction. Differential proteins
abundance in this study because of Si-limitation reduced electron flow and increasing the chances of
oxidative stress and ROS (Figure 4). Reduced silicate assimilation in diatoms caused the changes in
protein abundance, resulting in metabolic imbalances to the oxidative stress [26]. Up-regulation of
metabolomic sulfur protein in this study could also be linked to oxidative stress because it has a role
as a compatible solute, is thought to be a part of the cellular antioxidant [35], and its synthesis and
excretion might dissipate the amount of excess energy, carbon, and reducing the equivalents under
nutrient starvation [36]. Of which indicates reducing demand for carbon skeletons to the central carbon
metabolism under silicate stress conditions.

In total, our findings show S. dohrnii under Si-limitation retain PSII, cytochrome, and PSI complexes,
however, major functional proteins of these subunits were down-regulated. Hence, failure to produce
enough electrons and protons to pump across the thylakoid membrane (Figure 4); therefore, a regulation
in antenna complex that limits the initial step of carbon storage. Furthermore, the inadequate flow
of electrons and protons also affected ATP metabolism to drive ATP synthase, therefore, resulting in
less ATP synthase complex during the silicate stress that controls S. dohrnii cell growth, replication,
and energy storage for other metabolic functions depending on these energies.

 

Figure 4. A schematic diagram of the electron transfer pathway in oxygenic photosynthesis. During the
reaction, the reducing equivalents generated at PSII and transferred to plastoquinone then cytochrome,
plastocyanin, PSI, Fd, and ferredoxin NADP+. Electron transfer/flow around PSI is mediated by PGRL1
and NAD2. Reduction in the electron flow around PSII, cytochrome, and PSI resulting in a deficiency in
ATP, which is compensated by different mechanisms depending on the demand for ATP. For example,
(1) A mitochondrial respiration-based first compensating mechanism likely involving malate/oxaloacetate
shuttle, that reduced energy from the chloroplasts to cytosol, and eventually mitochondria.
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After that, the reducing energy in the mitochondria are converted as ATP by electron transport,
which would return to the chloroplast by the ATP translocator (2), the probable occurrence of oxygen
photoreduction at the level of NADPH with the help of FLV proteins, which allows ATP biosynthesis via
pseudo-cyclic phosphorylation (3). When mechanism (1) and (3) are highly activated, the plastoquinone
becomes more reduced, resulting in STT7 kinase activation, therefore, altering LHC phosphorylation
and state transition (4). The higher decrease in PSI acceptors would induce the Mehler reaction by
direct O2 photoreduction through reduced Fd, therefore making H2O2 (5), and ROS accumulation then
induces the AOX and affects the PSI protein complex and decreases the PSII/PSI ratio. Furthermore,
downregulation of PSII, cytochrome, and PSI proteins show it makes fewer reducing equivalents flow
across a chloroplast and mitochondria, thus resulting in lower ATP production and impact on PSII and
PSI, and the LHCs of S. dohrnii.

3.3. Reduction in the Photosynthetic Carbon Fixation

The upregulation of glycolic activity lead-carbon from intracellular stores to the central carbon
metabolism. However, the upregulation of proteins catalyzed in the reverse reaction of gluconeogenesis
in the present study showed an enhancement in the pyruvate metabolism. Similar results were observed
in the transcript level of diatom T. pseudonana [13]. Observed upregulated proteins in the carbon
metabolism show the direction of carbon flow in S. dohrnii (Figure 5). Pyruvate is the product of
glycolysis, which can be converted into acetyl-CoA, also shows a unidirectional supporting of increasing
glycolytic activity. Acetyl-CoA not only used for the carbon input to the TCA as a source of energy and
reducing equivalents, but it also can be used for the fatty acid biosynthesis process, which provides
a carbon skeleton for the silicate assimilation and biosynthesis compounds of fatty acids (Figure 5).
Up-regulated proteins in the TCA cycle of this study shows carbon from glycolysis flowing through
acetyl-CoA and then into the TCA cycle. All these findings reveal S. dohrnii cells in Si-stress reduced
silicate assimilation; the demand of energy reducing equivalent, and carbon skeletons, in response to
this photosynthetic carbon fixation was decreased.

If carbon fixation was decreased because of the less demanding carbon skeleton and reducing
equivalent then why were the glycolysis, pyruvate, and TCA metabolic proteins upregulated?
Interestingly, similar results were seen on cyanobacterium under nitrate limitation [22], diatoms under
the iron [11], and nitrogen limitation [9]. These authors propose that, during nutrient limitation,
cells’ adaptation to the subsistence and the breakdown of intracellular stores is a more efficient source
of carbon for the reassimilation of the nutrient than photosynthesis. These findings also show that the
impact of Si-limitation in diatom carbon metabolism has a similar role as iron and nitrate.

Diatoms have a complete urea cycle [1], therefore, demanding higher carbon skeletons and
nitrogen molecules than available in the organisms [37]. In the present study, reduction in the nitrogen
molecule from chlorophyll pigments and carbon skeletons by Si-limitation regulated the S. dohrnii
urea cycle (Supplementary Figure S1). Moreover, observed S. dohrnii carbon metabolism suggested
up-regulation of acetyl-CoA was a forerunner for fatty acid biosynthesis (Figure 5). This statement
provides a question to explain if acetyl-CoA is diverted into fatty acid biosynthesis what would be the
origin for the TCA cycle? Notably, most of the TCA cycle processes are not only unidirectional, but it
catalyzes the reverse reactions in a specific circumstance [9]. The TCA cycle processes are adjustable
and expected to reflect the metabolomic and physiological processes as per the cell’s demands [38].
This finding shows the carbon metabolic process of S. dohrnii under Si-limitation react to various TCA
intermediates that decide the carbon flow to the entire central carbon metabolism than to be directed
and altered to fatty acid metabolism. In total, reduction in carbon skeletons and nitrogen compound
molecules by Si-limitation regulated central carbon and fatty acid metabolisms of S. dohrnii under
silicate stress.
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Figure 5. Representation of the changes in proteins abundance associated with carbon metabolism
in S. dohrnii at the onset of silicate limitation. Increases are shown in red arrows. Boxes show where
carbon skeletons from amino acid feed into the pathway.

3.4. The Response of Cellular Respiration to Possible ROS Accumulation

A schematic diagram (Figure 6) shows the identified energy and carbon metabolic pathways in this
study and their metabolic regulation by Si-limitation to possible ROS production. Complexes I and III are
the primary sites for electron transport and ROS generation [39]. In the present study downregulation
of NADH-ubiquinone reductases and complex I suggested a possible enhancement of ROS from
cytochrome complex I. Earlier investigations described that oxidation of either complex I or II substrates
when complex III is altered and increased ROS accumulation [39,40]. Though cytochrome c oxidase is
not a direct source of ROS [41], cytochrome c oxidase subunit 6B1 downregulation would facilitate
the chances of ROS production from complexes I and III [42]. Therefore, it is proposed that the
downregulation of cytochrome c oxidase subunit 6B1 in this study may inhibit complexes I and III
and block the electron delivery to induce the ROS. Similar results were observed in transcriptome and
proteome level in T. pseudonana at the onset of nitrate, phosphate, and iron limitation [14,15].

The mitochondrial alternative oxidase (AOX) protein used for removing an excess electron
in the nutrient-limited diatom [43]; upregulation of this protein was involved in the mitigation of
mitochondrial ROS production [14]. However, downregulation of this AOX protein and many essential
enzymes of the F1 region of FoF1 type proteins (Supplementary Table S2) in this study suggests the
reduction of ATP production with a coincided blockage of the respiratory chain and more possible
chances of ROS production. Similar results were observed in the proteome level on diatom T. pseudonana
in response to Fe limitation [15]. Although in the present study, direct observation of ROS production
has not been identified, from the above findings in the proteome level, and comparing with similar
findings on diatom it is predicted that due to inefficient electron transport in the photosynthetic and
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respiratory chain (Figure 6) leads to a possible ROS production under Si-limitation. These statements are
consistent with the previously published reports [14,15] on diatoms in response to nutrient limitations.

3.5. Metabolic Regulation of PCD Related Proteins

The previous investigation noted that ROS caused by environmental stress can induce the PCD [44];
therefore, ROS cells must have a defense mechanism. However, in this study, some typical ROS defense
proteins were decreased in abundance because of the Si constraint, such as superoxide dismutase,
which has been earlier cloned and characterized in diatoms [42]; peroxidase I, which allows the
enzymes to react with hydrogen peroxide [18]; peroxiredoxin, an antioxidant enzyme to detoxify
peroxidase substrate [45]; and thiol-disulfide, an essential antioxidant protein that can combat oxidative
stress by detoxifying [46]. Furthermore, the decreased abundance of chaperonin GroEL and other
heat shock proteins shows the opportunity of increasing the impact on cytoplasm and apoptosis [47].
Photorespiration plays a vital role in excess energy dissipation under stress condition [48]. Along these
lines, regulation of RuBisCO in this study shows an imbalance in photorespiration to alleviate oxidative
stress. Interestingly, a serine protease was downregulated in this study, whereas adenine nucleotide
translocator was upregulated, which would induce the caspase-specific activity and apoptosis [49,50].
Though the expression of these cell death-related domains may involve in the PCD of Si-limited
S. dohrnii cells, the detailed mechanisms, i.e., biochemical role of this domain, detailed regulatory
pathways in the S. dohrnii PCD require further investigation.

 

Figure 6. Identified energy and carbon metabolomic pathways and processes of S. dohrnii under
Si-limited-Si-added condition. All red arrows indicate up-regulated proteins and processes and green
shows downregulation proteins and processes. PS: photosystem, Lhc: light-harvesting complex,
OEM: oxygen-evolving complex, Cyt: cytochrome, Fd: ferredoxin; FNR: ferredoxin-NADP+, Fd-NiR:
ferredoxin nitrite reductase; TCA: tricarboxylic acid, RUBO: RuBisCO; ROS: reactive oxygen species,
PHK: phosphoglycerate kinase; TRI: triosephosphate isomerase; PYTD: pyruvate dehydrogenase; CYTS:
citrate synthase; MAL: malate/lactate dehydrogenase; CARP: carbamoyl-phosphate synthase; ARGS:
argininosuccinate synthase; ARG: arginase, complex I; NADH ubiquinone reductase, complex III;
cytochrome c1.

Nitrate transporters (NRT2) in plants are responsible for nitrate uptake and deliver to various
cellular parts; regulation of this transporter by abiotic stress affects the cellular process [51].
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Recently, Hippler et al. [52] reported that Cu stress leads to downregulation of NRT2 and affect
the cellular process of Arabidopsis. Likewise, in this study downregulation of NRT2 shows alteration in
the nitrate transport leads to lower nitrate assimilation for diatom cellular process. A similar finding
was reported on the T. pseudonana response to nitrate limitation [53].

Generally, purine and pyrimidine compounds are nitrogen originates from amino acids [54].
Changes in purine and pyrimidine could regulate amino acid metabolites and cell growth [55].
Therefore, it is assumed that the downregulation of 14 proteins caused the impact of amino acid binding
and further associated metabolic activity of S. dohrnii. These included multiple aminotransferases that
can yield many fates for amino acids: intracellular recycling to alpha-keto acids, pyruvate, or ammonia,
and re-organization into new amino acids and completing the intracellular activity of the cell [56].
The whole impact of Si constraints on S. dohrnii metabolism are shown in Supplementary Figure S1,
indicating the dynamic role of silicate stress on intracellular diatom metabolism. Our findings are
in line with previous transcriptomic and proteomic studies of diatoms and other phytoplankton in
response to the nutrient limitation [4,9,11,12,14,15].

4. Materials and Methods

4.1. Species Description

The cylindrical type of marine centric diatom Skeletonema dohrnii was first discovered
by Sarno et al. [57]. In general, members of Skeletonema genus has been considered as a key species
in diatoms research due to their global distribution, tropic importance to grazers and their similar
physiology with other diatoms [58], therefore, we used S. dohrnii as a model species in this experiment.

4.2. Culture Condition

The marine diatom Skeletonema dohrnii was isolated from the Yellow Sea and cultured in the
f/2 medium in the laboratory (25 ◦C 100–120 μmol photons m−2·s−1, with 14:10 light-dark cycle).
Artificial seawater media (ASW) [59] was used with silicate stock solution (28.40 g·L−1) in this
experiment, however, for the silicate-deplete and -replete conditions modified silicate concentrations
(silicate limited 0.5 mL/L) and (silicate added 1.5 mL/L) were used in a controlled incubator
(25 ◦C 150 μmol photons m−2·s−1) with a 14/10 h light/dark ratio using cool white fluorescent
light. Both the cultures (Si-limited and Si-added) were grown separately in 1000 mL Nalgene and,
during the experiment, pH was in a range of 7.5–8.0. The duration of the experimental phase was
eight days.

4.3. Analysis of Physiological Measurements

The cell numbers were counted by using an AE 2000 inverted microscope (Motic Group Co., Ltd.,
Xiamen, China) and Qiujing hemocytometer at the same time every day. The cell density was calculated
as follows: CD = (N/80) × 400 × 104, where CD is the cell density and N is the cell abundance counted
in 80 grids on the slide [60]. The photochemical quantum yield of photosystem (Fv/Fm) was measured
by a Fast Ocean FRRF3 sensor with an Act2 system by the following procedure: Samples were initially
kept in the low light to allow the oxidation of the electron transport chain (ETC) and relaxation of
NPQ. The single-turnover protocol consisted of 100 flash lets (Fet, a single 1 μs excitation pulse from
the LEDs within an FRRF3 sensor) with 2.0 μs Fet pitch (interval between the start of one Fet and the
next) were set in the instrument. Then each sample was exposed sequentially to 12 actinic background
irradiances spanning from 0–1200 μmol quanta m−2·s−1 to retrieve fluorescence light response curves.
In the dark-adapted state, the maximum quantum efficiency of PSII was calculated using the ratio of
Fv/Fm as per Wei et al. [61].

The 14C method was used for the net primary productivity (NPP) as follows: The inoculum was
transferred to 30 mL incubation flasks in triplicates for the 24 h incubation. Before the incubation,
100μL aliquots were transferred to a scintillation bottle from one sample and soaked in 10 mL scintillation
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cocktail. Three dark bottles were set up for control. The culture bottles were covered with different
pore size meshes to create light gradients (0–800 PAR) after adding 20 μCi14C sodium bicarbonate.
The incubation samples analyzed by Wallac System 1400 liquid scintillation counter (PerkinElmer Life
and Analytical Sciences Inc., Wellesley, MA, USA) according to the manufacturer’s protocol.

4.4. Protein Extraction and Preparation

According to the cell cycle progression of diatoms, day 4 (mid-exponential growth) was
chosen as the sampling time point for iTRAQ proteomic analysis. Protein extraction was carried
out according to the description by Du et al. [4]. Briefly, one liter of culture from each sample
(4 Si-deplete + 4 Si-replete = 8 samples = 8 L), collected through 2 μm pore-size filter membrane.
Then the cells were resuspended with 10 mL medium into a 15 mL centrifuge tube. Once the pellets
were collected by the centrifugation at 3000× g for 5 min, immediately 10 mL TRIzol Reagent added
(Invitrogen, Life Technology, Carlsbad, CA, USA), and then the protein was extracted according to the
manufacturer’s protocols.

For the protein preparation, the protein pellets were resuspended in a lysis buffer (8 M Urea,
40 mM Tris-HCl, 2 mM EDTA, pH 8.5), then incubated with additional of 10 mM dithiothreitol (DTT)
and placed at 56 ◦C for 1 h to reduce the disulfide bonds. After that 55 mM iodoacetamide (IAA) was
added and samples were incubated with 45 min to block the cysteine residues proteins. The reduced
protein mixtures were then precipitated by adding acetone at −20 ◦C overnight. After centrifugation
at 4 ◦C, 25,000× g, for 20 min the pellet was dissolved in 0.5 M TEAB (triethylammonium
bicarbonate, Applied Biosystems, Milan, Italy) and sonicated in ice. After centrifugation at
25,000× g at 4 ◦C, an aliquot was taken for the protein quantification by Bradford Assay according to
the manufacturer’s protocol. The supernatants were kept −80 ◦C until further analysis.

4.5. iTRAQ Labeling and Fraction

A total of 100 μg of proteins from each sample was digested with Trypsin Gold
(Promega, Madison, WI, USA) with the ratio of protein/trypsin = 40:1, at 37 ◦C overnight. After trypsin
digestion, peptides were dried with vacuum centrifugation then reconstituted in 0.5 M TEAB and
proceeded based on the manufacturer’s protocol. In the present study, an experiment setting of 4:4
(8-plex, four biological replicates) was selected and labeled with different iTRAQ tags. The silicate
replete samples were labeled with iTRAQ tags 113, 115, 117, 119, and silicate deplete samples were
labeled with iTRAQ tags 114, 116, 118, and 121, respectively. The labeled peptides with isobaric tags
were then incubated at room temperature for 2 h, and labeled peptides were then pooled and dried by
vacuum centrifugation.

The strong cationic exchange chromatography was performed using a Shimadzu LC-20AB HPLC
equipped with a UV–VIS detector (Shimadzu, Kyoto, Japan). The fractionated peptides were first
reconstituted with buffer A (5% ACN,95% H2O, adjust pH to 9.8 with ammonia) then loaded onto
Gemini C18 5-μM, 4.6 × 250 mm reverse phase column containing 5-μm particles (Phenomen-ex).
The peptides were separated at a flow rate of 1 mL/min with a gradient of 5% buffer B (5% H2O,
95% ACN, adjust pH to 9.8 with ammonia) for 10 min, 5–35% buffer B for 40 min, 35–95% buffer B for
1 min. The system is then maintained in 95% buffer B for 3 min before equilibrating buffer B for 10
min before the next injection. The elution was monitored by measuring absorbance at 214 nm, and
fractions were collected at every 1 min. The eluted peptides were then pooled as 20 fractions, desalted
with Strata X C18 column (Phenomenex) and vacuum-dried according to the manufacturer’s protocol.

4.6. LC-MS/MS Analysis

Every fraction was then resuspended in buffer A (2% ACN, 0.1% FA in water) and centrifuged at
20,000× g for 10 min. The final concertation of the peptide was 0.5 μg/μL on average. The supernatant
was then loaded onto LC-20AD nano-HPLC (Shimadzu, Kyoto, Japan) by the autosampler onto C18
trap column and the peptides were eluted to analytical C18 column (inner diameter 75 μm) packed
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in-house. Samples were then collected at a rate of 8 μL/min for 5 min. A 35 min gradient was run at
300 nL/min ranging from 8% to 35% of buffer B (2% H2O and 0.1% FA in ACN), followed by a 5 min
linear gradient to 60% buffer B, maintenance at 80% of buffer B for 5 min and return to 5% on 0.1 min
and equilibrated for 10 min.

The peptide samples were then subjected to Nanospray III ionization of TripleTOF 5600 System,
has a high mass accuracy, less than 2 ppm (SCIEX, Framingham, MA, USA). Data were acquired with the
following MS conditions: ion spray voltage 2300 V, curtain gas of 30, nebulizer gas of 15, and interface
heater temperature of 150 ◦C. The accumulation time for MS1 is 250 ms, and the mass ranges were
from 350 to 1500 Da. Based on the intensity in MS1 survey as many as 30 product ion scans were
collected if exceeding a threshold of 120 counts per second (counts/s) and with charge-state 2+ to 5+,
dynamic exclusion was set for 1/2 of peak width (12 s). For iTRAQ data acquisition, the collision energy
was adjusted to all precursor ions for collision-induced dissociation, and the Q2 transmission window
for 100 Da was 100%.

4.7. Proteomic Data Analysis

Acquired raw MS/MS data were converted into MGF format by Proteo Wizard tool msConvert,
and the exported MGF files were searched using Mascot version 2.3.02 against the selected database.
The data attainment was performed with Analyst QS 2.0 software (Applied Biosystems/MDS SCIEX).
Furthermore, the peptide and protein detection was performed through Mascot 2.3.02 (Matrix
Science, London, UK), [62] against the NCBI for the T. pseudonana CCMP1335. For the protein
identification mass tolerance of (0.05 Da) was permitted for intact peptide masses and (0.1 Da) for
fragmented mass with an allowance of missed cleavage in the trypsin digests. Gln-pyro-Glu (N-term
Q), oxidation (M), iTRAQ 8plex (Y) as variable modification, and carbamidomethyl (C), iTRAQ 8 plex
(N-term), iTRAQ 8plex (K) as fixed modifications.

The charge-states of peptides were set +2 to +5. Furthermore, an automated software
IQuant, [63] used for analyzing labeled peptides with isobaric tags, which integrates Mascot
Percolator, a well-performing machine learning method for rescoring database search results. To assess,
the confidence level of peptide the PSMs was pre-filtered at a PSM-level FDR of 1%. Then based on
the “simple principle” (the parsimony principle), identified peptide sequences are assembled into a
set of confident proteins. For the reducing the probability of false identification a protein FDR at 1%,
which is based on the picked-up protein FDR strategy, will also be estimated after protein inference
(protein-level FDR ≤ 0.01). For the protein quantification, it was required that protein should contain a
minimum of two unique peptides, and the protein ratios were weighted and normalized by the median
ration in Mascot. Additionally, Mascot (2.3.02) was used to perform Student’s t-test. We only used
ratio p-values < 0.05, and fold changes of >2 were considered as significant.

4.8. Functional Annotation

The COG (Cluster of Orthologous Groups of proteins) and then GO (Gene Ontology)
analyses (http://www.geneontology.org) were performed according to the method reported in
the earlier literature [64]. The differentially regulated proteins in GO terms was carried out using the
following formula:

P = 1 −
m − 1∑
i=0

(
M
i

)(
N − M
n − i

)
(

N
n

)

where N is the number of all proteins with GO annotation information, n is the number of the
differentially regulated proteins with GO annotation information, M is the number of proteins with a
given GO term annotation, and m is the number of the differentially regulated proteins with a given GO
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term annotation. Furthermore, proteins with the two-fold change between each sample and a p-value
less than 0.05 were determined as differentially expressed proteins to regulate cellular metabolism.
The metabolic pathway analysis of differentially identified proteins was conducted according to the
KEGG Pathway Database (http://www.genome.jp/kegg/), which represents knowledge in molecular
interactions and reaction networks.

5. Conclusions

In this study, iTRAQ proteomic profile and physiological characteristics represent not only
comprehensive systematic analysis of the diatoms intracellular silicate stress responses but also
provides many previously uncharacterized cellular metabolism processes and proteins involved in
the energy production, carbon metabolism, and ROS accumulation as shown in Figures 4 and 6.
The present finding demonstrates new molecular views of diatom response to silicate stress and their
cell controlling mechanisms: (1) reduced electron flow in photosystem reduced the ATP production
and controls the cell growth and replication, (2) reduction of reduced equivalents and carbon skeletons
regulated central carbon metabolism and controlled carbon fixation in Si-limited cells, and (3) alteration
of electron flow in the cellular process may lead to possible ROS accumulation. This proteomic study
significantly facilitates our understanding of the intracellular processes of diatoms in response to
silicate stress in the marine environments which could be valuable for future physiological research
in diatoms.
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DEPs Diffrenccilaly Expressed Proteins
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Abstract: Drought is a major adversity that limits crop yields. Further exploration of wheat drought
tolerance-related genes is critical for the genetic improvement of drought tolerance in this crop.
Here, comparative proteomic analysis of two wheat varieties, XN979 and LA379, with contrasting
drought tolerance was conducted to screen for drought tolerance-related proteins/genes. Virus-induced
gene silencing (VIGS) technology was used to verify the functions of candidate proteins. A total
of 335 differentially abundant proteins (DAPs) were exclusively identified in the drought-tolerant
variety XN979. Most DAPs were mainly involved in photosynthesis, carbon fixation, glyoxylate and
dicarboxylate metabolism, and several other pathways. Two DAPs (W5DYH0 and W5ERN8), dubbed
TaDrSR1 and TaDrSR2, respectively, were selected for further functional analysis using VIGS. The relative
electrolyte leakage rate and malonaldehyde content increased significantly, while the relative water
content and proline content significantly decreased in the TaDrSR1- and TaDrSR2-knock-down
plants compared to that in non-knocked-down plants under drought stress conditions. TaDrSR1-
and TaDrSR2-knock-down plants exhibited more severe drooping and wilting phenotypes than
non-knocked-down plants under drought stress conditions, suggesting that the former were more
sensitive to drought stress. These results indicate that TaDrSR1 and TaDrSR2 potentially play vital roles
in conferring drought tolerance in common wheat.

Keywords: drought stress; Triticum aestivum L.; comparative proteomic analysis; iTRAQ; VIGS

1. Introduction

As a result of the continuous growth of the global population and the adverse effects of
environmental change on food production, food security has become a major problem worldwide [1].
Wheat (Triticum aestivum L.) is one of the most important food crops globally. At present, wheat production
in many parts of the world is still dependent on excessive use of water, which is ecologically and
economically unsustainable [2–4]. The shortage of water resources in many regions of the world greatly
hinders crop productivity and sustainability. It is estimated that wheat production is likely to decline
by 23% to 27% in 2050 due to global drought conditions [4,5]. Further exploration of the mechanisms
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underlying drought tolerance in wheat is therefore of vital importance for both the genetic improvement
of drought tolerance in this crop and the reduction of the impact of drought stress on wheat production.

The physiological changes of wheat plants under drought stress, and the molecular mechanisms
underpinning the response to drought stress have been well studied [6–9]. Relative water content
(RWC), relative conductivity, malonaldehyde (MDA), and proline content are important physiological
indicators that reflect plant drought tolerance. When subjected to water stress for extended durations,
drought-tolerant varieties have been found to maintain a relatively higher RWC than drought-sensitive
varieties [10,11]. Under severe drought stress conditions, membrane proteins are damaged, the membrane
is easily broken, and even the cytoplasm is extravasated, resulting in an increase in relative
conductivity [12,13]. The content of the membrane lipid peroxide MDA is an important marker of
structural damage to the membrane [14]. Moreover, the accumulation of free proline under drought
stress is positively correlated with drought tolerance in plants. Drought-tolerant varieties accumulate
larger amounts of proline than drought-sensitive varieties [15]. A recent study in pepper reported a
drought-inducible bZIP family gene, CaDILZ1, which controls plant drought tolerance by altering ABA
content, stomatal closure, and the expression of ABA responses and drought response marker genes,
while a RING-type E3 ligase, CaDSR1, can interact with CaDILZ1 and negatively regulate ABA signaling
via E3 ligase activity, through influencing CaDILZ1 stability [16]. Studies have also shown that the
AP2/ERF, MYB/MYC, and NAC transcription factors are associated with the drought stress response
in wheat [17–21]. The expression of the AP2/ERF transcription factor-encoding gene TaERF1 has been
shown to be induced by drought stress. TaERF1-overexpressing transgenic Arabidopsis, wheat, and tobacco
plants exhibit up-regulated expression of multiple stress response-related genes, which significantly
enhances the tolerance of these transgenic plants to osmotic stress [22]. Overexpression of TaMYB30 in
Arabidopsis conferred significant resistance to drought during the germination and seedling stage [17,23].
The expression level of NAC transcription factor-encoding gene TaNAC69 has also been demonstrated to
be significantly up-regulated in response to drought stress. The overexpression of TaNAC69 in wheat
improves the drought tolerance of transgenic plants [24,25]. Peng et al. identified 93 (root) and 65 (leaf)
drought/salinity stress-responsive proteins in a drought-tolerant somatic hybrid wheat cv. SR3 and
its parent JN177. Most drought-responsive differentially abundant proteins (DAPs) also responded to
salinity. The enhanced drought tolerance of SR3 appears to depend on the superior capacity for osmotic
and ionic homeostasis, more efficient removal of toxic by-products, and better potential for growth
recovery [26]. However, although extensive work has been conducted and significant progress in the
elucidation of the physiological and molecular mechanisms underlying crop drought stress tolerance has
been made [27,28], the mechanisms have not been fully explored, especially in hexaploid wheat.

In recent years, transcriptomics, proteomics, and other high-throughput research approaches
have also been applied in the study of wheat tolerance to varying biotic and abiotic stresses [29,30].
In most cases, proteins are the ultimate functional molecules; therefore, proteomics has become
a powerful and promising tool for the study of plant stress response [31]. However, although
many drought-responsive proteins have been characterized [32–37], most of them have not been
functionally verified. One important reason is that functional verification by transgenic research
in some polyploid crops, especially in hexaploid wheat, is time-consuming and not suitable for
high-throughput studies. Virus-induced gene silencing (VIGS) is an alternative strategy for gene
functional analysis by simultaneously knocking down the expression of multiple gene copies,
which can overcome the inherent problems of polyploidy and limited transformation potential that
hamper functional validation studies in hexaploid wheat [38,39]. Currently, it has been used for the
analysis of gene function in resistance against wheat pathogen and wheat aphid, as well as cold
and drought stress [39–43]. In this study, the proteome profile of a drought stress-tolerant variety
XN979 and a drought stress-sensitive variety LA379 were obtained under control and drought stress
conditions, using the iTRAQ-based proteome approach. A total of 335 DAPs specifically identified in
drought tolerance variety XN979 were obtained through a comparative proteomic analysis. Two DAPs
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(W5DYH0 and W5ERN8) were selected and dubbed TaDrSR1 (drought stress response 1) and TaDrSR2
(drought stress response 2), respectively, for further functional analysis using VIGS.

2. Results

2.1. Comparison of Drought Tolerance Between XN979 and LA379

As shown in Figure 1, 16 days after sowing, there were no significant phenotypic changes in
drought-tolerant wheat varieties XN979 under drought stress (DS) conditions compared to no stress
(NS) conditions. However, leaf drooping appeared in drought-sensitive wheat variety LA379 under
drought stress conditions but did not under NS (Figure 1A). The RWC of LA379 dropped significantly
by 40.39% but only dropped by 8.42% in XN979 (Figure 1B). As proline is an important osmotic
regulator, we measured the content of proline in the leaves of both varieties under NS and DS conditions.
Results showed that the content of proline significantly increased in both varieties: By 241.59% in XN979
under DS conditions relative to that under NS and 103.81% in LA379 (Figure 1C). MDA content and
electrolyte leakage are important indices of membrane injury. The content of MDA in LA379 significantly
increased by 169.64% under DS conditions relative to that under NS but only by 74.02% in XN979
(Figure 1D). Similarly, the electrolyte leakage was 73.05% higher than under NS in LA379 but only 20.05%
higher than under NS in XN979 (Figure 1E).

Figure 1. Phenotypic changes (A) and physiological responses (B–E) of XN979 and LA379 under drought
stress (DS) and control (NS) conditions. (A) Phenotypic changes of XN979 and LA379 under drought stress
(DS) and control (NS) conditions. (B) Relative water content (RWC); (C) Proline content; (D) malonaldehyde
(MDA) content; (E) Rate of relative electrolyte leakage; NS, no stress; DS, drought stress. Three biological
replicates were analyzed. Different letters indicate significant differences at P ≤ 0.01 levels.
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2.2. Protein Identification and DAPs Analysis

An iTRAQ-based comparative proteomic analysis was performed to identify wheat drought
stress tolerance-related proteins. A total of 227076 spectra were generated and 38070 were matched
to known spectra. These identified spectra were assigned to 17416 peptides, with 12126 unique
peptides. Ultimately, 5369 proteins were identified (Figure 2A, Table S1). In the XN979_NS-XN979_DS
comparison, a total of 482 proteins showed more than a 1.2-fold change (P < 0.05) in their respective
abundances and were classified as DAPs (Table S2). Among the DAPs, 199 proteins were up-regulated
and 283 proteins were down-regulated in XN979_DS compared to those in XN979_NS (Figure 2B,C).
A comparison of LA379_NS and LA379_DS enabled the identification of 600 DAPs; these comprised
301 up-regulated and 299 down-regulated proteins (Figure 2B,C; Table S3). Among the DAPs
identified above, 335 DAPs were exclusively identified in drought-tolerant variety XN979, but not
in drought-sensitive variety XN979 (Figure 2B,C; Table S4). These 335 DAPs may be involved in the
conferring drought stress tolerance in wheat.

Figure 2. Statistical analysis of the proteome results and differentially abundant proteins (DAPs)
under drought stress (DS) and control (NS) conditions. (A) Statistics for total spectra, matched spectra,
matched peptides, unique peptides, and identified proteins. (B) Venn diagram analysis of DAPs in
the one-to-one comparisons between NS and DS. (C) Number of up- and down-regulated DAPs in
the XN979_DS-XN979_NS comparison, LA379_DS-LA379_NS, and drought-tolerant variety XN979
specific DAPs. (D) Enriched pathways of the DAPs specifically identified in XN979. The values on the
abscissa indicate the percentage of the input number of DAPs among the number of the background
proteins in the pathway; NS, no stress; DS, drought stress.

2.3. Pathway Analysis of the DAPs Involved in Drought Stress Tolerance

To explore the metabolic pathways that the present DAPs were involved in, the 335 proteins were
further investigated using the web-based tool KOBAS 3.0. In total, 12 pathways were significantly
enriched in the 335 DAPs (Table S5, Figure 2D). The top four significantly enriched pathways were
photosynthesis (24.7%), carbon fixation (17.4%), glyoxylate and dicarboxylate metabolism (14.9%),
and photosynthesis-antenna proteins (13.6%). Other pathways, such as carbon metabolism, oxidative
phosphorylation, and oxidative phosphorylation, may also be involved in drought stress tolerance
(Table S5, Figure 2D).
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2.4. Real-Time PCR Verification

To verify the iTRAQ data and investigate the correlation of the abundance of proteins with
their corresponding mRNA level, we randomly selected 4 XN979-specific DAPs (B1P766, W5DYH0,
W5ERN8, and W5EI90), 5 LA379-specific DAPs (A0MA43, M8BCN0, M8BCR3, M8BTH4, and T1N5G8),
and 3 common responsive proteins in both varieties (W5H6J0, V9QGR5, and Q8VYX1) for analysis of
their RNA levels. TaActin and TaGAPDH were used as reference genes to normalize the expression
level of target genes, respectively. Results showed that the expression levels of most DAPs were
consistent with their protein expression levels (Figure 3). In most cases, the results of verification of
expression using two different reference genes (TaGAPDH and TaActin) were similar. Only a few DAPs
exhibited poor correlation between mRNA and protein expression levels (Figure 3).

Figure 3. Relative mRNA expression analysis of twelve differentially abundant proteins (DAPs)
using real-time PCR under drought stress (DS) and no stress (NS) conditions. Each bar shows the
mean ± standard errors (SE) of three biological replicates. Two independent trials were conducted using
TaGAPDH (GAPDH) and TaActin (ACT) as reference genes, respectively. The relative expression levels of
each gene were calculated using the formula 2−ΔΔCt (* P ≤ 0.05; ** P ≤ 0.01, Duncan’s multiple range test).
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2.5. VIGS of TaDrSR1 and TaDrSR2

As mentioned above, the DAPs that were exclusively identified in drought tolerance variety XN979
are most likely involved in conferring drought stress tolerance. Therefore, we selected two functional
uncharacterized proteins (W5DYH0 and W5ERN8) from the four qRT-PCR verified, XN979-specific
DAPs (B1P766, W5DYH0, W5ERN8, and W5EI90) for further functional analysis using VIGS technology.
Here, the drought stress-tolerant variety XN979 and another Chinese wheat variety ZM9023 were
used for viral infection in the VIGS experiment independently. Firstly, we investigated the expression
levels of TaDrSR1 and TaDrSR2 in four independent BSMVTaDrSR1- and BSMVTaDrSR2-infected plants;
results showed that the transcription levels of the TaDrSR1 and TaDrSR2 genes were significantly knocked
down compared to those of the negative control (BSMV0) and DS plants (Figure 4).
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Figure 4. Detection of the expression levels of TaDrSR1 and TaDrSR2 in the corresponding knock-down
plants. (A) The relative expression levels of the TaDrSR1 gene in the TaDrSR1-knock-down plants of
variety XN979. (B) The relative expression levels of the TaDrSR2 gene in the TaDrSR2-knock-down plants
of variety XN979. (C) The relative expression levels of the TaDrSR1 gene in the TaDrSR1-knock-down
plants of variety ZM9023. (D) The relative expression levels of the TaDrSR2 gene in the TaDrSR2-knoc-
down plants of variety ZM9023; NS, no stress; DS, drought stress. BSMV0, negative control of the
virus-induced gene silencing (VIGS) system; BSMVTaDrSR1, TaDrSR1-knock-down plants; BSMVTaDrSR2,
TaDrSR2-knock-down plants. Four independent TaDrSR1- and TaDrSR2-knock-down plants were
analyzed, respectively. Different letters indicate significant differences at P ≤ 0.01 levels.

In XN979, ten days after infection, slight chlorosis was observed in all the BSMV construct-infected
plants; this was attributed to the plant’s response to viral infection. The BSMVPDS-infected plants
(positive control) exhibited bleached leaves (Figure 5A), indicating that the infection was successful [44].
Twenty days after infection, a substantial level of leaf drooping and wilting was observed in both
BSMVTaDrSR1- and BSMVTaDrSR2-infected plants. However, no significant sagging and withering of the
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leaves was observed in plants infected with BSMV0 (negative control) and DS plants (Figure 5B–F).
The leaf RWC in both BSMVTaDrSR1 and BSMVTaDrSR2-infected plants reduced by 59.35% and 50.93%
compared to that under NS but only reduced by 16.43% and 12.68% in the DS and BSMV0-infected plants
(Figure 6A). The relative electrolyte leakage rate in both BSMVTaDrSR1- and BSMVTaDrSR2-infected plants
increased by 371.75% and 322.62% compared to that under NS, respectively, which was much higher
than that in the DS and BSMV0-infected plants (Figure 6B). MDA content in both BSMVTaDrSR1- and
BSMVTaDrSR2-infected plants increased by 314.08% and 277.34% compared to that under NS respectively,
which was significantly higher than that in the DS and BSMV0-infected plants (Figure 6C). Proline content
in both BSMVTaDrSR1- and BSMVTaDrSR2-infected plants increased by 114.89% and 98.43% compared to
that under NS, respectively, which was significantly lower than that in the DS and BSMV0-infected plants
(Figure 6D). Similar results were obtained for ZM9023 (Figure 5G–K and Figure 6E–H).

TaDrSR1 TaDrSR2

TaDrSR1 TaDrSR2  
Figure 5. The phenotypes of TaDrSR1- and TaDrSR2-knock-down plants. (A) Leaf; (B–K) Whole plants;
XN979 was selected as the receptor for viral infection in the VIGS experiment; (G–K) ZM9023 was
selected as the receptor for viral infection in the VIGS experiment. The pot on the left side of each
picture represents the no stress (NS) treatment and the pot on the right side represents the drought
stress treatment (DS). BSMV0 represents the negative control of VIGS system; BSMVPDS represents the
positive control monitoring time course of VIGS; BSMVTaDrSR1 and BSMVTaDrSR2 represent TaDrSR1-
and TaDrSR2-knock-down plants, respectively.
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Figure 6. The changes in the physiological indices of the TaDrSR1- and TaDrSR2-knock-down plants.
(A–D) XN979 was selected as the receptor for viral infection in the VIGS experiment; (A) relative
water content; (B) rate of relative electrolyte leakage; (C) MDA content; (D) proline content. (E–H)
ZM9023 was selected as receptor for viral infection in the VIGS experiment; (E) relative water content;
(F) rate of relative electrolyte leakage; (G) MDA content; (H) proline content; NS, non-stressed
plants; DS, drought-stressed plants; BSMV0, negative control of the VIGS system; BSMVTaDrSR1

and BSMVTaDrSR2, TaDrSR1- and TaDrSR2-knock-down plants, respectively. Each bar shows the
mean ± standard errors (SE) for three biological replicates. Different letters indicate significant
differences at P ≤ 0.01 levels.

3. Discussion

Drought stress occurs frequently worldwide and is a major limiting factor for plant growth and
productivity. It has been reported that wheat can adapt in response to drought stress and exhibit
significant differences in drought tolerance among different genotypes [45]. The elucidation of the
molecular mechanisms and investigation of drought tolerance-related genes/proteins is crucial for the
genetic improvement of plant drought tolerance.

Comparative proteomic analysis is a powerful tool for the study of plant stress response [31,46].
The changes in protein expression profiles under drought conditions have been investigated in several
plants, including wheat, maize, rice, peanut, and soybean, and many drought-responsive proteins
have been characterized [32–37]. However, despite this progress, most of these proteins have not
been functionally verified. The molecular mechanism underlying plant drought tolerance is still far
from fully elucidated, especially in hexaploid wheat. Here, a comparative proteomic analysis of two
wheat varieties with contrasting drought tolerance enabled the identification of 335 DAPs specific to the
drought-tolerant variety XN979, and 147 common responsive DAPs in both varieties (Table S4, Figure 2B).
The XN979-specific drought-responsive proteins may participate in pathways mediating drought stress
tolerance in wheat. Pathway enrichment analysis indicated that most of these proteins were involved in
photosynthesis, carbon fixation, glyoxylate and dicarboxylate metabolism, and some other pathways
(Figure 2D). In our study, 19 DAPs involved in the photosynthesis pathway were significantly enriched
in drought-tolerant variety XN979. Previous studies have shown that the photosynthesis pathway is
indeed affected by drought stress. The photosynthetic rate and the assimilation product are reduced,
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thereby further reducing the material basis of leaf growth [26,47–49]. The photosynthetic rate and the
chlorophyll a content in a drought-tolerant variety SR3 were higher than in the leaves of its parent JN177.
This higher capacity to maintain photosynthesis under stress may be achieved through a combination
of a more robust cellular homeostasis and a more effective means of removing ROS and other toxic
by-products [26]. Therefore, the 19 DAPs involved in the photosynthesis pathway may play important
roles in drought tolerance in wheat. Other pathways, such as carbon fixation and photosynthesis-antenna
proteins, are also associated with plant photosynthesis [50]. The other enriched pathways, such as carbon
metabolism, pyruvate metabolism, amino acids metabolism, and oxidative phosphorylation, are mainly
involved in the metabolism and allocation of carbohydrates. These results indicate that the regulation of
the photosystem and carbohydrates metabolism play important roles in wheat drought tolerance.

Two DAPs (W5DYH0 and W5ERN8) were selected and dubbed TaDrSR1 and TaDrSR2, respectively,
for further functional analysis using VIGS technology. The ortholog of TaDrSR1 in rice, r40c1,
is up-accumulated in the roots of DREB1A transgenic plants, which may play an important role in
the generation of drought-tolerant plants [51,52]. TaDrSR2 encodes a functional unknown protein with
71 amino acid residues. Therefore, we know very little about the functions of both genes. We analyzed the
chromosomal locations of TaDrSR1 and TaDrSR2 according to Yang et al. [53] and found that TaDrSR1 and
TaDrSR2 were anchored on chromosome 4A and 2D, respectively. Interestingly, the chromosomal regions
also have a number of QTLs for agronomic traits under drought stress conditions [54–56]. For example,
a QTL for the root number under water-limited environments, qRN.qgw-4A, is linked with the TaDrSR1
gene [54]. This chromosomal region also harbors QTLs for the drought stress susceptibility index (SSI)
and drought stress tolerance (TOL) [56]. TaDrSR2 is also linked with QTLs for plant height, spike length,
spikelets per spike, and kernels per spike under drought stress conditions [55]. This evidence further
confirms that the chromosomal regions in which TaDrST1 and TaDrST2 are located are important for
wheat drought stress tolerance. As RWC, relative conductivity, MDA, and proline content are important
physiological indicators reflecting plant drought tolerance [14,57–59], we measured these indices in the
TaDrSR1- and TaDrSR2-knock-down plants and negative controls. Our results showed that the relative
electrolyte leakage rate and MDA content significantly increased, while the RWC and proline content
significantly decreased in the VIGS-mediated TaDrSR1- and TaDrSR2-knock-down plants compared
to that in the controls (BSMV0 and DS) under drought stress conditions (Figure 6). The TaDrSR1- and
TaDrSR2-knock-down plants exhibited severe drooping and wilting phenotypes relative to the negative
control (BSMV0-infected plants) and non-infected plants under drought stress conditions, indicating
that they were more sensitive to drought stress (Figure 5B–F). We performed the VIGS trial using
another variety (ZM9023) as receptors for viral infection and obtained similar results (Figure 5G–K and
Figure 6E–H). Previous studies have shown that the higher the MDA content of plants, the greater the
level of membranous peroxidation and permeability. Further, the cytoplasm undergoes extravasation
under drought stress, resulting in an increase in relative conductivity [14]. Under drought stress,
proline reduces the osmotic potential, plays a role in osmotic regulation, and protects cell membrane
structure; these changes represent an adaptive response of plants to adverse environments [60–62].
Our results, together with those of previous studies, strongly suggest that TaDrSR1 and TaDrSR2
potentially play vital roles in conferring drought tolerance in common wheat.

A comparative proteomic analysis approach can identify hundreds of wheat drought-tolerant
protein candidates. For example, in this study, we identified 335 drought tolerance-related proteins,
which were involved in 12 pathways (Figure 2D; Table S5). Some of them may play important roles,
while others may only serve as an aid. The verification the function of these proteins is a big challenge
in hexaploid wheat. VIGS has the advantages of simple operation and short test period [39,40]. It is
suitable for preliminary functional verification on a large number of candidates. Therefore, comparative
proteomic analysis combined with VIGS is a good choice for identifying novel genes for drought
tolerance in wheat, although subsequent transgenic validation is necessary.

In summary, we identified 335 DAPs involved in wheat drought tolerance. Most of them were
involved in the pathways of photosynthesis, carbon fixation, glyoxylate and dicarboxylate metabolism,
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carbon metabolism, and oxidative phosphorylation. Two DAPs TaDrSR1 and TaDrSR2 were selected
for further functional analysis using VIGS. The TaDrSR1- and TaDrSR2-knock-down plants exhibited
severe drooping and wilting phenotypes under drought stress conditions. Further physiological and
molecular analyses indicated that these knock-down plants were more sensitive to drought stress,
suggesting that TaDrSR1 and TaDrSR2 potentially play vital roles in conferring drought tolerance in
common wheat. Our results also showed that comparative proteomic analysis combined with VIGS is
an efficient way for identification of novel drought tolerance-related proteins in hexaploid wheat.

4. Materials and Methods

4.1. Plant Materials

XN979 and LA379, two wheat varieties with contrasting drought tolerance, were used as materials
to conduct comparative proteomic analysis. XN979 exhibits far higher tolerance to drought stress
than LA379. The drought stress-tolerant variety XN979 was used for viral infection in the VIGS
experiment. A previous study reported that ZM9023 is susceptible to viral infection in VIGS trials [39]. To
further confirm the results of VIGS in XN979, ZM9023 was also selected as a receptor for viral infection
in this study.

4.2. Plant Growth Conditions and Sampling

Pot culture was used in this trial. Firstly, seeds were disinfected with 1% H2O2 for 10 min
and then rinsed with distilled water for three times. Before sowing, substrate (Pindstrup Substrate
Peat) and vermiculite were well mixed (volume ratio 1:2). Seeds were germinated for 16 h at 22 ◦C;
then, 24 germinated seeds were sown in each pot with soil water content at 90% field capacity (FC).
The pots were divided into two groups for two watering treatments, respectively: (i) A group of
20 pots (10 pots per cultivar) was grown under well-watered conditions (maintained at 80–90% FC, NS),
and (ii) another 20 pots (10 pots per cultivar) were subjected to drought stress (DS, no watering after
sowing). The temperature ranged from 22–23 ◦C in the daytime and 18–20 ◦C at night during the pot
culture trial. Wheat plants were thinned to 20 plants per pot after emergence. Sixteen days after sowing
(about 44% FC under DS conditions), fresh leaves of XN979 and LA379 under NS and DS conditions were
sampled, respectively, and used for the measurement of physiological indices (proline, MDA content,
and electrolyte leakage), with at least three biological replicates. The leaves of fifteen individual plants of
XN979 and LA379 under NS and DS conditions were mixed respectively, fast-frozen in liquid nitrogen,
and stored in a −80 ◦C freezer for protein extraction. This collection was repeated for the second
biological replicate. The samples of two biological replicates of XN979 and LA379 under NS and
DS conditions were named as XN979_NS-1, XN979_NS-2, LA379_NS-1, LA379_NS-2, XN979_DS-1,
XN979_DS-2, LA379_DS-1, and LA379_DS-2, respectively. For RNA extraction and real-time PCR
verification, three biological replicates were analyzed. Twenty days after sowing (about 40% FC under
DS conditions), the leaves were collected for measurement of RWC.

4.3. The Measurement of Physiological Indices

The RWC, which was measured as described by Flexas et al. [63], was calculated based on the
following formula: RWC (%) = [(FW − DW)/ (TW − DW)] × 100; FW represents fresh weight,
TW refers to turgid weight, and DW represents dry weight. Electrolyte leakage was assayed according
to Yan et al. [43]. Proline was extracted and determined according to the method of Bates et al. [64].
MDA content was measured following the methods of Hodgeset al. [65].

4.4. Protein Extraction, Digestion, and iTRAQ Labeling

Protein extraction was performed according to Thiellementet al. [66]. Protein digestion was
performed using the FASP procedure [67]. Finally, a peptide mixture (100 μg) of each sample was
labeled with iTRAQ reagents according to the manufacturer’s instructions (Applied Biosystems,
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USA). XN979_NS-1, XN979_NS-2, LA379_NS-1, LA379_NS-2, XN979_DS-1, XN979_DS-2, LA379_DS-1,
and LA379_DS-2 were labeled with 113, 114, 115, 116, 117, 118, 119 and 121, respectively.

4.5. Strong Cationic Exchange (SCX) Fractionation and LC–ESI–MS/MS Analysis

iTRAQ labeled peptides were combined and dried under vacuum. Strong cationic exchange
(SCX) chromatography was performed to fractionate the labeled peptides using the AKTA Purifier
system (GE Healthcare) as previously described, with minor modifications [68,69]. In brief, the labeled
peptide mixture was acidified using 10 mM KH2PO4 in 25% of ACN (buffer A, pH 3.0) and eluted at a
flow rate of 1 mL/min with a gradient of 0–8% 500 mM KCl, 10 mM KH2PO4 in 25% of ACN (buffer B,
pH 3.0) for 22 min, 8–52% buffer B for 22–47 min, 52%–100% buffer B for 47–50 min, 100% buffer B for
50–58 min, and buffer B was reset to 0% after 58 min. The elution was monitored by absorbance at
214 nm, and fractions were collected every 1 min. Samples were reconstituted with trifluoroacetic acid
and stored at −80 ◦C for LC–MS/MS analysis.

Liquid chromatography–electrospray ionization tandem MS analysis was performed using a Q
Exactive mass spectrometer coupled to an Easy nLC (Proxeon Biosystems) according to previously
reported literature with minor modifications [68,69]. The peptide mixture was loaded onto a reverse
phase trap column connected to the C18-reversed phase analytical column in 0.1% formic acid (buffer A)
and separated with a linear gradient of 0.1% formic acid and 84% acetonitrile (buffer B) with a 300 nL/min
flow rate. The linear gradient was 0–35% buffer B for 0–50 min, 35–100% buffer B for 5 min, and hold in
100% buffer B for another 5 min. The most abundant precursor ions were dynamically selected from the
survey scan (300–1800 m/z) to acquire MS data. The instrument was run with the peptide recognition
mode enabled [68,69].

4.6. Data Analysis

MS/MS spectra were searched using MASCOT engine (Matrix Science, version 2.2) embedded
into Proteome Discoverer 1.4 and run against the UniProt_Poaceae database and the decoy database
(http://www.uniprot.org). The Mascot search parameters were set according to previous
studies [68,69]. Mascot search parameters were set as follows: Enzyme: Trypsin; max missed
cleavage: 2; fixed modification: Carbamidomethyl (C), iTRAQ8plex(N-term), iTRAQ8plex(K);
variable modification: Oxidation (M), iTRAQ8plex (Y); peptide mass tolerance: ± 20 ppm; fragment
mass tolerance: 0.1 Da; peptide false discovery rate (FDR) ≤ 1%. All peptide ratios were normalized
by the median protein ratio. The abundance of each protein was calculated as the median of unique
peptides of the protein, and the fold change was defined based on the abundance of the protein under
drought relative to their respective level under control. Protein species with an abundance ratio fold
change of at least 1.2 and a P-value < 0.05 were defined as DAPs [70,71].

4.7. Pathway Enrichment Analysis

Pathway enrichment analysis was performed using a web-based tool KOBAS 3.0 (http://koba
s.cbi.pku.edu.cn/anno_iden.php) [72]. The adjusted P-values with Benjamini–Hochberg correction
under a threshold of 0.05 were considered to represent statistically significant differences.

4.8. Quantitative Real-Time PCR

Total RNA from the leaves was extracted using the total RNA kit (TaKaRa, Dalian, China).
The Two-Step Prime-Script TM RT Reagent Kit (Perfect Real Time; TaKaRa) with gDNA Eraser was
used for the reverse transcription reactions following the manufacturer’s instructions. Twelve DAPs
were randomly selected for RNA-level examination. The specific primers were designed using Primer
5.0 (Premier Biosoft, Palo Alto, CA, USA). The cDNA samples were used as templates and mixed with
primers and SYBR Premix ExTaq (TaKaRa) for real-time PCR analysis. Real-time PCR was conducted
using a BioRad IQ5 Real-time PCR Detection System (Bio-Rad, Hercules, CA, USA). The temperature
settings were 95 ◦C for 5 min followed by 40 cycles of 95 ◦C for 15 s, 60 ◦C for 15 s, and 72 ◦C for 15 s.
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TaActin and TaGAPDH were used as reference genes to normalize the expression level of target genes,
respectively. Relative gene expression was computed using the 2−ΔΔCt method [73]. All primers used
in this study are listed in Table S6.

4.9. Vector Construction for VIGS

To further study the functions of DAPs, we constructed VIGS vectors of TaDrSR1 and TaDrSR2.
Firstly, 118 bp- and 107 bp-fragments of the coding regions of TaDrSR1 and TaDrSR2 were cloned,
respectively. Vector construction was performed as previously described [74]. Linearized plasmids
were used as templates to synthesize α, β, and γ RNAs of the BSMV genome with the RiboMAX
TM Large Scale RNA Production System-T7 (Promega, Madison, WI, USA) [75]. In vitro transcripts
of each RNA fragment were mixed in an equimolar ratio and added to triturated FES buffer [40].
Then, the mixture was diluted and treated with an equal volume of DEPC. Each of the silencing
constructs consisted of BSMV α, β, and γ with the target gene insertion. The original BSMV0 was
constructed from α, β, and γ derived from the original empty pSL038-1 vector and used as the negative
control. BSMVPDS (in which the wheat gene encoding phytoene desaturase, GenBank: FJ517553.1, was
silenced) was used as a positive control of VIGS [41]. BSMVTaDrSR1 was constructed from α, β, and γ

with the insertion of the target gene TaDrSR1. BSMVTaDrSR2 was constructed from α, β, and γ with the
target gene TaDrSR2’s insertion.

4.10. Infection with VIGS Vectors

The drought stress-tolerant variety XN979 and virus-susceptible variety ZM9023 were selected as
receptors for infection with VIGS vectors. Two-leaf-stage plants of XN979 and ZM9023 were used for
infection, which was performed according to previously described procedures [40]. After the infection,
the incubator temperature was set at 23 ± 2 ◦C, with darkness for 24 h, followed by a 16 h light/8 h
dark photoperiod. Twenty days after the infection, the third and fourth leaves were collected and
stored at −80 ◦C for measurement of physiological indices (proline and MDA content) and real-time
PCR analysis. Twenty-four days after the infection, the leaves of the remaining plants were collected
for the measurement of RWC and rate of relative electrolyte leakage.

4.11. Data Analysis

The means, standard errors (SE), and ranges of each measured morphological trait were analyzed
using IBM SPSS statistics 21 software. For each morphological trait and gene expression level, P = 0.05
and P = 0.01 were used as thresholds to identify significant and extremely significant differences,
respectively (Duncan’s multiple range test). Venny 2.1 (a web-based tool) was used to generate Venn
diagrams (http://bioinfogp.cnb.csic.es/tools/venny/index.html).

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/
12/4020/s1. All data related to this study have been deposited into the publicly accessible database iProX
(ww.iprox.org) with identifier IPX0001326000/PXD011115.
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Abbreviations

VIGS Virus-induced gene silencing
DAPs Differentially abundant proteins
MDA Malonaldehyde
RWC Relative water content
TaDrSR1 Drought stress response 1
TaDrSR2 Drought stress response 2
DS Drought stress
NS No stress
FC Field capacity
SCX Strong cationic exchange
BSMV Barley stripe mosaic virus
FASP Filter aided sample preparation
ACN Acetonitrile
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Abstract: The rubber grass Taraxacum kok-saghyz (TKS) contains large amounts of natural rubber
(cis-1,4-polyisoprene) in its enlarged roots and it is an alternative crop source of natural rubber.
Natural rubber biosynthesis (NRB) and storage in the mature roots of TKS is a cascade process
involving many genes, proteins and their cofactors. The TKS genome has just been annotated and
many NRB-related genes have been determined. However, there is limited knowledge about the
protein regulation mechanism for NRB in TKS roots. We identified 371 protein species from the
mature roots of TKS by combining two-dimensional gel electrophoresis (2-DE) and mass spectrometry
(MS). Meanwhile, a large-scale shotgun analysis of proteins in TKS roots at the enlargement stage
was performed, and 3545 individual proteins were determined. Subsequently, all identified proteins
from 2-DE gel and shotgun MS in TKS roots were subject to gene ontology and Kyoto Encyclopedia
of Genes and Genomes (KEGG) enrichment analyses and most proteins were involved in carbon
metabolic process with catalytic activity in membrane-bounded organelles, followed by proteins with
binding ability, transportation and phenylpropanoid biosynthesis activities. Fifty-eight NRB-related
proteins, including eight small rubber particle protein (SRPP) and two rubber elongation factor(REF)
members, were identified from the TKS roots, and these proteins were involved in both mevalonate
acid (MVA) and methylerythritol phosphate (MEP) pathways. To our best knowledge, it is the first
high-resolution draft proteome map of the mature TKS roots. Our proteomics of TKS roots revealed
both MVA and MEP pathways are important for NRB, and SRPP might be more important than REF for
NRB in TKS roots. These findings would not only deepen our understanding of the TKS root proteome,
but also provide new evidence on the roles of these NRB-related proteins in the mature TKS roots.

Keywords: natural rubber biosynthesis; mass spectrometry; rubber grass; rubber latex; shotgun
proteomics; Taraxacum kok-saghyz; two-dimensional gel electrophoresis; visual proteome map

1. Introduction

Natural rubber (NR, cis-1,4-polyisoprene) is a biopolymer with high economic value and it is
widely used as a strategic raw material in more than 40,000 products [1,2]. More than 2500 plant species
can biosynthesize NR [3,4]. However, high-quality natural rubber in viable quantities is only observed
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in a few plant species, such as the Para rubber tree Hevea brasiliensis [5,6], Russian dandelion Taraxacum
kok-saghyz Rodin (TKS, also called the rubber grass) or its close species Taraxacum brevicorniculatum [7],
Eucommia ulmoides Oliver and a guayule shrub Parthenium argentatum [8,9]. Currently, the Para rubber
tree is nearly the only commercial plant to cultivate the exclusive source of NR [5,6]. However, rubber
production of the Para rubber tree has reached the limit due to the strict climatic requirements for its
planting areas [10], little genetic variability, labor cost, and threats of fatal fungal plant diseases [1].
Therefore, it is critical to find an alternative source and a model plant for NR production.

TKS has drawn special attention since the 1940s. It belongs to the Compositae family and originates
from the Tekes River Basin near Tianshan Mountain border between Kazakhstan and China [11]. TKS
root contains NR ranging from 3% to 28% of total dry weight [1] and its rubber property and molecular
characteristics are similar with NR in the Para rubber tree [12,13]. TKS grows widely in temperate
and cold areas, and its root also contains about 28% of inulin, which is an important material for
bioethanol and the food industry [14,15]. With its advantages of high rubber content and quality, wide
planting area, a relatively short life cycle, ease of transformation and harvesting method [14,15], TKS
is becoming a promising crop for natural rubber production. In addition, TKS is a perennial herb
with a relatively simple genome (1.29 Gb), containing 46,731 protein-coding genes [16]. It is easily
manipulated for genetic transformation and can be used as an ideal model plant for studying the
rubber biosynthesis mechanism [17].

NR is biosynthesized by two pathways: the mevalonate acid (MVA) pathway [18,19] and the
methylerythritol phosphate (MEP) pathway [20]. Recently, to determine the protein-based regulation
mechanism of NRB, several proteomics have been conducted on the total latex [21–25] and rubber
particles [26–31] of the rubber tree H. brasiliensis. But no proteomic analysis has been performed on TKS,
and only one study on determining proteins from the rubber phase and pellet phase of the latex from
T. brevicorniculatum (TBR) was reported and 278 unique proteins from the one- and two-dimensional
gel electrophoresis (1-DE and 2-DE) gels were identified [32]. In order to gain further insight into
the protein-based regulation mechanism of rubber biosynthesis, we performed a comprehensive
proteomics analysis of the mature roots of TKS at six months (6M) by 2-DE and mass spectrometry
(MS), and then identified thousands of proteins by a large-scale shotgun method. These results may
deepen our understanding of the root proteome and provide valuable gene candidates for genetic
improvement of TKS breeding as a commercial alternative crop.

2. Results

2.1. Morphological Observation of Rubber Particles in the Main Roots of TKS

Natural rubber in TKS is produced from the latex system of its enlarged roots, and the biomass
of the main roots is important for rubber yield. Therefore, the mature 6-month TKS plants with
flowers were selected to perform morphological analysis, and the enlarged main roots are highlighted
(Figure 1A). The light microscope results revealed that the concentric rings of laticifers as specialized
tubular vessels in roots can be detected, and the total number of laticifer vessels is about 137 ± 32
(n = 20) in the main roots of 6M TKS. The brown rubber latex granules, known as the specific cytoplasm
of laticifer cells, can be clearly detected in the areas of endodermis and cortex in phloem tissues
from both the crosscutting and slitting slices of the main roots. All the laticifer cells were considered
to originate from the initial cells of vascular cambium to secondary laticifers in paralleling rings
(Figure 1B), and most of these laticifer cells seem to connect into tubular vessels in the main roots
(Figure 1C). Ultrastructural investigation of rubber particles in TKS root at 6 months was conducted
under a transmission electron microscope (TEM). Many spherical or ovoid-ellipsoid rubber particles,
ranging from 50 nm to 2000 nm, were examined in the laticifer cells (Figure 1D). We noticed that
most rubber particles have a diameter less than 200 nm; they are termed small rubber particles (SRPs).
However, rubber particles with diameter larger than 400 nm are fewer in number; they are traditionally
called large rubber particles (LRPs). These particles, including SRPs and LRPs, are surrounded by a
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monolayer membrane (Figure 1D), in which many enzymes related to NRB are anchored or combined
with each other [33].

Figure 1. Morphological observation of the laticifer cells and rubber particles in the main roots of
Taraxacum kok-saghyz (TKS). A six months old TKS plant and its main roots are highlighted (A). The
laticifer cells containing brown rubber can be examined under the crosscutting (B) and slitting (C) slices
of the 6M TKS roots. Black arrows indicate the positions of typical laticifer cells. Both small rubber
particles (SRP) and large rubber particles (LRP) in the main roots of 6M TKS can be observed under a
transmission electron microscope (TEM) (D).

2.2. Establishment of a Visual Two-Dimensional Gel Electrophoresis (2-DE) Proteome Map and Mass
Spectrometry (MS) Identification of High Abundance Proteins in Taraxacum Kok-saghyz (TKS) Roots

To further obtain the protein accumulation profiling, the total proteins from the 6M TKS roots
were extracted and performed 2-DE to separate the total proteins. Finally, a high-resolution 2-DE gel
was obtained and a visual proteome map was established (Figure 2). In this reference 2-DE gel, 428 ± 15
protein spots, ranged from pH 4 to pH 7, were detected from three biological replicates (Figure S1).
We manually excised all abundant protein spots from the 2-DE gel, and finally identified 371 protein
species by MALDI TOF/TOF MS. These proteins occupied 84.38% volume of all the detected spots in
the 2-DE gel and belonged to 231 gene products or named unique proteins (Table S1).

We compared the theoretical and experimental ratios of molecular weight (Mr) and isoelectric
point (pI) of the 371 proteins identified from the 2-DE gel, and presented their ratios as radar axis labels
(Mr for radial value; pI ratio for annular value) in radial chart (Figure 3A). Most proteins showed
similar radial and annular values, and their ratios for theoretical and experimental Mr and pI are
near line 1.0. However, some proteins demonstrated differentially experimental Mr and pI values in
the 2-DE gel (Figure 2). In the proteomics study based on 2-DE gel, they are called different protein
isoforms or protein species. In this study, 90 unique proteins were identified from at least two different
spots, and these proteins contained 229 spots in the 2-DE gel. Among them, 56 proteins were identified
from 112 spots, and they contained two protein isoforms in the 2-DE gel. Twenty-two proteins had
three isoforms, and nine proteins were determined from 36 spots with four isoforms (Table S2). There
are three unique proteins containing five isoforms; they are aldolase (spots 305, 313, 314, 403 and 405),
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enolase (spots 94, 100, 106, 150 and 158) and cytosolic glyceraldehyde-3-phosphate dehydrogenase
(GAPC, spots 12, 163, 176, 272 and 275).

Figure 2. The reference proteome map and MS identification of abundant proteins in 2-DE gels of the 6M
TKS roots. The proteins extracted from the 6M mature TKS roots were examined with two-dimensional
gel electrophoresis (2-DE) to produce a high-resolution reference proteome map. The 371 major protein
spots marked with numbers were positively identified by MALDI TOF/TOF MS and their positions are
indicated by white arrows. The detailed identities of these proteins are listed in Table S1 and Figure S2.

It is noteworthy that these protein isoforms show the same theoretical Mr and pI values. Most of
their Mr values are ranged from 20 kDa to 60 kDa, and their pI points are mainly distributed from pH
5.0 to 7.0 (Figure 3B). However, their experimental Mr and pI values are different to each other, and
most protein isoforms showed a different pI value in the 2-DE gel (Figure 1). These results indicated
that these proteins could have post-modifications that resulted in protein forms/species in the 2-DE
gel-based proteomics.

We further determined the protein abundance in the 2-DE gel and the most abundant 20 protein
species are highlighted (Figure 3C). The results demonstrated that, based on the spot volume, the
top-20 protein spots occupied almost a half of abundance volume (43.84%) for all proteins in the 2–DE
gel of 6M TKS roots. The most abundant protein spots were identified as the protein species or isoforms
of catalase (spot 355, 6.57%; spot 2, 3.38%), ferritin (spot 357, 3.77%; spot 359, 2.90%), actin (spots 142
and 354), actin (spots 142 and 354), GAPC2 (spots 4 and 118), and the subunit of ATPase (spots 11
and 344). Among them, the most abundant spot was identified as catalase-like isoform X1 (spot 355),
followed by allene oxide cyclase (spot 346) and eukaryotic translation initiation factor 5A (eIF-5A, spot
361) (Table S1).
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Figure 3. Distribution of the identified proteins on the reference 2-DE gel of 6M TKS roots. The
theoretical and experimental ratios of Mr and pI for the identified 371 are presented in radial charts with
radial and annular radar axes (A). The theoretical distribution of Mr and pI for the protein isoforms is
highlighted (B). These protein isoforms were independently identified from two (black circle), three
(blue circle), four (green circle), and five (red circle) spots on the reference 2-DE gels of the 6M TKS
roots, respectively. The most abundant 20 proteins in the 2-DE gel of 6M roots are highlighted (C). The
detailed identities for these protein isoforms are listed in Table S2.

2.3. High-Throughput Shotgun Proteomic Analysis of the 6M Roots of TKS

As proteins with very low abundance or out of the pH range of immobilized pH gradient (IPG)
strips are difficult to separate and identify by 2-DE-based proteomic method, a shotgun analysis
of the proteins was further performed. The proteins were extracted from the 6M TKS roots, and
three biological repeats (R1, R2 and R3) were conducted to obtain a comprehensive proteomic profile.
A total of 5205, 5323 and 5654 unique proteins were successfully identified from R1, R2 and R3,
respectively (Table S3). Among them, 7481 proteins were identified from at least one independent
shotgun experiment, and 5156 proteins were identified from at least two experiments. There were
3545 shared proteins in the three experiments (Figure 4A), and only these shared proteins from three
experiments were considered as the 6M TKS root proteins produced by the shotgun proteomic method
in the following study. We found 184 shared proteins in the 2-DE and shotgun proteomic methods.
There were 3361 and 47 specific proteins in the shotgun and 2-DE methods, respectively. These results
indicated that, although the shotgun method can produce large amounts of proteins, the traditional
2-DE gel-based proteomics also generates a few specific proteins from the 6M TKS roots (Figure 4B;
Table S3). Our special interest is focusing on the potential biological functions of these shared proteins
in TKS roots.

109



Int. J. Mol. Sci. 2019, 20, 2596

Figure 4. High-throughput proteomics analysis of the 6M TKS roots. Three shotgun proteomics were
performed to determine the large-scale protein profiles in the 6M roots, and finally identify 3545 shared
proteins in the three experiments (A) The blue, yellow, and pink circles represent for the first, second,
and third biological replicates. Among these proteins, 184 proteins could also be detected from the
2-DE gel (B). The pink area represents for the 184 shared proteins that were identified by both the 2-DE
and shotgun based proteomic methods.

2.4. Pathway Analysis of the Identified Proteins in 6M TKS Roots

To gain insight into the functional categories of the 3592 proteins (including the 231 and
3545 proteins identified by 2-DE and shotgun, respectively), we performed gene ontology (GO)
classification and the enriched outputs of their biological process, cellular component and molecular
function are presented (Figure 5). The GO enrichment revealed that many proteins were localized in
membrane-bounded organelle, and they were mainly involved in metabolic process with catalytic
activity or binding ability (Figure S3; Table S4). At the biological process level, 13 main processes
were detected. Among them, the largest amount containing 1520 proteins were involved in the
metabolic process, followed by 1033 proteins involved in the cellular process and 695 proteins in the
single-organism process. A total of 302 proteins were considered to respond to external stimulus.
At subcellular level, nine components were observed. Among them, almost half including 866
proteins were localized to the cell part. Many proteins were localized into organelle membrane and
macromolecular complex. In molecular function classification, seven pathways were determined.
Among them, the most portion including 1688 proteins were taken part into catalytic activity, followed
by 1325 proteins with binding ability. There are 107 proteins with transporter activity and 101 proteins
with structural molecule activity (Figure 5; Table S4). These different GO term distributions in TKS
roots are related to their biological functions and indicate some important biological processes for
secondary metabolite in the 6M TKS roots.

To further investigate the biological functions of the identified 3592 proteins, KEGG pathway
analysis was performed using the BLAST2GO program. These proteins were clustered into 19
main pathways (Figure 6A), including translation process (616 proteins), carbohydrate metabolism
(583 proteins), folding, sorting and degradation (440 proteins), global and overview metabolism
(409 proteins), amino acid metabolism (380 proteins), transport and catabolism (342 proteins), lipid
metabolism (308 proteins), etc. These results demonstrated that the main proteins in TKS roots were
involved in translation and carbohydrate metabolism. Furthermore, 129 sub-pathways were enriched
in KEGG annotation (Table S5), and the top 20 sub-pathways are highlighted (Figure 6B). Among
them, the most abundant pathway containing 240 proteins is carbon metabolism. The second contains
224 proteins with ribosome activity. The third sub-pathway has 213 proteins for biosynthesis of amino
acids, followed by 183 proteins for endocytosis, 182 proteins in the spliceosome, and 172 proteins in the
endoplasmic reticulum. Proteins involved in starch and sucrose metabolism (164 proteins), glycolysis
(121 proteins), phenylpropanoid biosynthesis (119 proteins), and amino sugar and nucleotide sugar
metabolism (116 proteins), are also enriched in these KEGG sub-pathways (Table S5). These proteins are
crucial for biosynthesis of isoprenoids in many plants, especially in natural rubber-producing plants [16].
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Figure 5. GO classification of the identified proteins. The 3592 proteins identified from the 6M roots by
both shotgun and 2-DE methods were performed GO analysis and these proteins were classified into 3
main categories including biological process, cellular component and molecular function. The number
of proteins denotes those with GO annotations.

Figure 6. KEGG pathway analysis of all the identified proteins. KEGG pathways for the identified
3592 proteins are presented (A). The number of proteins enriched in the KEGG database is marked in
the right side. Then, the most abundant 20 KEGG pathways are highlighted (B). The size of the circular
ring, ranging from 83 to 240, stands for the number of proteins involved in these pathways.
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2.5. The Proteins Involved in Natural Rubber Biosynthesis in TKS Roots

We checked the identified 3592 proteins from the 6M TKS roots and paid special attention to the
proteins and enzymes involved in NRB. Our proteomic data demonstrated that a total of 58 unique
proteins or gene products were identified at least one time by the three shotgun experiments (Table S6),
and four of them, named ACAT7 (spots 157, 183 and 424), HMGR1 (spot 146), DXS3 (spot 257) and
DXS8 (spots 199 and 204), were also identified from the 2-DE gel of 6M TKS roots (Figure 1; Table S1).
Twenty kinds of proteins were determined from the 58 unique gene products (Table S6), and these
proteins are involved in both MVA and MEP pathways for NBR in TKS roots (Figure 7). Genomic
sequencing data demonstrated that both cytosolic MVA and plastidic MEP pathways are present for
NBR, and a total of 102 NBR-related genes have been determined in the genome of TKS [16]. Our
proteomic data demonstrated 22 unique proteins were involved in the MVA pathway and 13 proteins
in MEP pathway in TKS roots (Figure 7; Table S6). In the MVA pathway, the identified 22 unique
proteins belonged to six kinds of essential enzymes for rubber biosynthesis; they are ACAT, HMGS,
HMGR, MVK, PMVK and MVD. Among them, seven members for ACAT (from ACAT2 to ACAT8),
six members for mevalonate kinase (MVK 1, 2 and 7–11), and five members for phosphomevalonate
kinase (PMVK 1 and 2–6), were positively identified from TKS roots by the shotgun method (Table S6).
Our proteomics results also showed that, by contrast with rubber tree latex, TKS contains the MEP
pathway for NRB in its roots. In the MEP pathway, seven kinds of proteins were identified from 13
unique proteins, including six family members for deoxyxylulose-5-phosphate synthase (DXS 1–3 and
8–10) and two members for D-xylulose 5-phosphate reductoisomerase (DXR 1 and 2).

In the following step for initiation of the synthesis of isopentenyl pyrophosphate (IPP) to
form rubber molecule polymer, which is termed initiator synthesis, four crucial enzymes, including
isopentenyl-diphosphate delta-isomerase (IPI 2–4), geranylgeranyl pyrophosphate synthase (GGPS
1–3), geranylgeranyl diphosphate synthase (GPS 3, 5 and 7) and farnesyl diphosphate synthase (FPS 1),
were identified from 10 unique proteins.

In the final rubber elongation process, cis-isoprene transferase (CPT) can help GGPP to generate
natural rubber hydrocarbons contain different length of carbons. Four kinds of proteins, named CPT,
SRPP, REF, and HRBP, which is a Nogo-B receptor as a HRT1-REF bridging protein, are considered to
play crucial roles for natural rubber elongation. In this proteomic study, we identified the above four
members from 12 unique proteins. Among them, eight SRPP members (SRPP 1–7 and 9) and two REF
members were determined from the 6M TKS roots.

We checked the annotated genomes of the rubber tree H. brasiliensis and the rubber grass
T. kok-saghyz, and found 85 and 106 NRB-related proteins from H. brasiliensis and TKS genomes,
respectively. It is noteworthy that 58 out of 106 NRB-related unique proteins were identified from
the 6M TKS roots, and 13 out of the identified 58 unique proteins were crucial members in the MEP
pathway (Table S6). These results revealed that both MVA and MEP pathways are important in
controlling NRB and rubber production in the mature TKS roots.
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Figure 7. Schematic diagram of natural rubber biosynthesis (NRB)-related proteins in the 6M TKS
roots. A schematic diagram of the identified proteins involved in the mevalonate acid (MVA, left) and
methylerythritol phosphate (MEP, right) pathways of NRB is highlighted. In this schematic diagram,
the identified proteins involved in NRB from the 6M TKS roots were marked with different color.
The name of proteins identified from both 2-DE and shotgun methods was marked in red color. The
proteins only determined by shotgun analysis are marked in blue color. The proteins identified from
the first (6M-1), second (6M-2) and third (6M-3) shotgun experiments are marked with red, blue and
black stars, respectively.

3. Discussion

3.1. The First Visual Proteome Based on 2-DE Gel Demonstrated Many Protein Isoforms in the Mature
TKS Roots

The ease and availability of 2-DE combined MS is a classical standard for proteomics study, and
it is still a valuable tool to provide a visual proteome for plants [34]. Large amounts of proteomics
studies have been performed in many plant species, however, only several proteomic research works
were reported on different latex components of the Para rubber tree [2,35], and only one proteomic
analysis was performed to identify 278 unique proteins from the rubber particle phase and pellet
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phase of the T. brevicorniculatum latex [32]. Our 2-DE gel-based proteomics of TKS roots resulted in
371 abundant protein species (Figure 2; Table S1), but the protein profiles are very different to that in
T. brevicorniculatum latex. Compared with the 2-DE gels for a clear aqueous phase and a yellowish
pellet phase of the fractionated samples from T. brevicorniculatum latex [32], our 2-DE gel for the mature
TKS roots is much clearer and contains more protein spots (Figure 2). Among the identified proteins,
90 unique proteins contained different protein isoforms, which have different experimental Mr and pI
values on the 2-DE gel (Table S1), probably due to the existence of modification protein variants.

In the past decade, only 1208 proteins were identified from all the rubber-producing plants, and
only several proteomics studies were performed on the rubber particles [36]. In a previous high
throughput proteomics study, a total of 186 proteins were positively identified from rubber particles by
shotgun tandem MS [28]. After removal of the protein bands corresponding to the RP-abundant REF
and SRPP, 137 protein species including 115 unique proteins were identified in a LC-MS/MS based
proteome analysis [31]. By investigating the protein profile between LRPs and SRPs, 53 protein spots
corresponding to 22 gene products were detected to have significant difference. Among them, most
up-regulated proteins in SRPs were identified as SRPP, HMGS, phospholipase D, ethylene response
factor, eukaryotic translation initiation factor, etc., but the most abundant proteins in LRPs were REF,
glucanase and several hypothetical proteins [27]. Interaction network analysis of rubber particle
proteomics revealed the formation of the protein complex consisting of HRT1, REF and HRBP might
play crucial roles as a NRB machinery [31], and these proteins are associated with the endoplasmic
reticulum [37].

Recently, more than 1600 proteins were identified from total latex of the Para rubber tree by using
isobaric tags for relative and absolute quantitation (iTRAQ) method [2] and 1839 unique proteins were
determined by LC-MS/MS from the whole translated draft genome of the rubber tree H. brasiliensis [24].
Our high throughput shotgun proteomics produced 7481 proteins from at least one independent
shotgun experiment and 3545 shared proteins in the three experiments from the 6M TKS roots (Figure 4B;
Table S3), which covered almost all the previously identified proteins from the latex-producing plants.
To our best knowledge, it is the first visual proteome based on the combination of 2-DE gel and high
throughput proteomics methods, and the results may help us to deepen our understanding of the roles
of protein isoforms in the mature TKS roots.

3.2. Large-Scale Shotgun Proteomics Landscape Revealed both Mevalonate Acid (MVA) and Methylerythritol
Phosphate (MEP) Pathways are Important for Natural Rubber Biosynthesis (NRB) in the Mature TKS Roots

Natural rubber is an isoprenoid polymer that is synthesized on the rubber particles in many
latex-producing plants [16]. Although more than 2500 plants can biosynthesize natural rubber [31], the
Para rubber tree H. brasiliensis is the only plant commercially cultivated to produce natural rubber for
industry [2]. Rubber latex is a kind of specialized cytoplasm of laticifer cells in the bark phloem of the
rubber tree, and natural rubber, as an elastomer with physical and chemical properties, cannot be fully
matched by synthetic rubber [31]. Annotation of the rubber tree genome revealed that although 22 MEP
genes can be identified, only two DXS genes (DXS7 and DXS10) show substantial and preferential
expression in the rubber latex; on the other hand, at least one gene for the identified 18 enzymes in MVA
pathway shows latex-biased abundant expression [10]. Proteomics analysis also supported that MVA
pathway is more important than MEP pathway for NRB in the latex of the Para rubber tree [2,24,25,29].

Similar results were observed in the recently assembled TKS genome, which contains 102 rubber
biosynthesis-related genes. Among them, 40 genes in the MVA pathway and 23 genes in the MEP
pathway were identified, respectively. Comparison of gene expression level proved that, for each
process in the MVA pathway in TKS, at least one enzyme shows a predominant gene expression level
in latex and roots, but most genes in the MEP pathway have a medium or low expression level in the
TKS latex [16]. These results indicated that it is the MVA pathway rather than MEP pathway that is
involved in the NBR in the rubber latex of both the rubber tree H. brasiliensis and the rubber grass TKS.
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However, our comprehensive proteomics data showed that many proteins involved in both MVA
(22 unique proteins) and MEP (unique 13 proteins) pathways have been positively identified from the
mature TKS roots (Figure 7; Table S6). Among the identified 13 MEP-pathway proteins, two unique
proteins named DXS 3 (spot 257) and DXS 8 (spots 199 and 204) are visible on the 2-DE gel (Figure 1),
and their relative abundance is very high (Table S1). These proteomic data suggest that, by contrast
with that in the inner bark of the Para rubber tree [10], both the MEP pathway and the MVA pathway
might be the main source of IPP, and MVA pathway is also crucial for rubber biosynthesis in the mature
TKS roots.

3.3. Almost All NRB-Related Proteins Can Be Identified From the Mature TKS Roots

In the Para rubber tree, NRB is known to begin with IPP synthesis in MVA pathway [38,39], which
is a cytosolic pathway for rubber biosynthesis [40]. In the early steps of the MVA pathway, ACAT is
important for generating acetoacytyl-CoA, then HMGS and HMGR activate the supply of mevalonate
substrates [2,41]. ACAT can catalyze a Claisen-type condensation of two acetyl-CoA units to form
acetoacetyl-CoA, which is the first step in the MVA pathway and is also important for providing the
malonyl-CoA substrate for the biosynthesis of fatty acids [42]. This enzyme was found to mainly
accumulate in the mature TKS roots (Table S1; Table S3), but it could not be detected in total latex of
the Hevea rubber tree [2]. Through a series of enzymatic reactions, acetyl-CoA can be catalyzed by
ACAT to form IPP [43]. Four ACAT genes were determined in the Hevea rubber tree [10] and eight
ACAT genes were found in the TKS genome [16]. Overexpression of AtACAT results in the increased
accumulation of ACAT in the latex of T. brevicorniculatum, and ultimately increased the pentacyclic
triterpene and sterol levels [44]. Our proteomic results demonstrated that seven (ACAT 2-8) out of the
eight ACAT members can be identified by the shotgun proteomic method, and one member (ACAT
7, spots 157, 183 and 424) can also be detected on the 2-DE gel (Figure 2), indicating that ACAT 7 is
high-abundant in TKS roots.

In the following steps, HMGS and HMGR activate the supply of mevalonate substrates [2,41].
HMGS, the second enzyme in the MVA pathway, catalyzes aldol-type condensation of acetoacetyl-CoA
and acetyl-CoA to produce HMG-CoA, and it is located as a cytosolic protein [45,46]. In our proteomic
data, one HMGS member (HMGS 1, evm.model.utg 270.25; spot 146) was identified from both
high-through and 2-DE gel-based proteomics methods (Figure 7; Table S6). Furthermore, HMG-CoA
can be converted to MVA by HMGR [47]. HMGR controls the carbon flow and metabolic reaction rate
in MVA [42], and it is also a critical player for the regulation of triterpenoid metabolism [38,48]. It was
reported that ethylene cannot activate the enzyme activity of HMGR [49]. Five gene members have
been characterized in the genome of the Para rubber tree [10], but only HMGR1 gene was found to be
induced by ethylene stimulation [49]. In the TKS genome, 12 HMGR members were determined, and
only two out of them (TkHMGR1 and TkHMGR2) were predominantly expressed in roots, with the
highest expression level in latex [16]. In this proteomic study, two members of HMGR (HMGR1 and
HMGR12) were detected from TKS roots by the shotgun method (Table S3). Based on these genomic
and proteomic results, we consider that HMGR1 might be the most important player for NRB in
TKS roots.

In the following steps, mevalonate kinase (MVK) converts mevalonate into isopentyl
pyrophosphate and phosphomevalonate kinase (PMVK) catalyzes mevalonate-5-phosphoate to form
mevalonate-5-pyrophosphate [50]. In Hevea, three MVK genes were determined [10]; and in TKS
genome, 11 MVK genes were observed [16]. In our proteomic data, we identified eight MVK protein
members from the predicted 11 MVK genes, and five PMVK members from the six PMVK genes
(Table S6). Finally, MVD catalyzes mevalonate-5-pyrophosphate to form IPP [49]. Two MVD members
were determined from both Hevea and TKS genomes [16], and in this proteomic study, they were
identified from the mature TKS roots (Table S6). These results revealed that enzymes involved in the
conversion of mevalonate into isopentyl pyrophosphate and diphosphate to form IPP are important
for NRB in the mature TKS roots.

115



Int. J. Mol. Sci. 2019, 20, 2596

The MEP pathway is mainly occurred in the plastid and it is an alternative IPP synthesis
pathway [51,52]. Recently, the plastidic MEP pathway has also been considered as a possible route for
NRB [53–55]. The 13C-labelling of Hevea seedlings revealed that MEP pathway mainly contributes IPP
for carotenoid biosynthesis [38]. Genomic analysis demonstrated that all genes involved in the MEP
pathway can be detected in both Hevea and TKS, but most of the MEP-related genes have a medium or
low expression level in the latex of the Hevea rubber tree [10] and TKS [16]. However, our proteomics
results demonstrated that 13 unique proteins involved in the MEP pathway were determined in the
TKS roots; these proteins are DXS, DXR, CMS, CMK, HDS and HDR (Table S6). These results indicated
that the MEP pathway may also contribute IPP for NRB in the mature TKS roots.

In the initiator synthesis process, GPS and IPI catalyze IPP and DMAPP to form GPP, and FPS
to produce farnesyl diphosphate by adding IPP onto GPP to form polyisoprene [40,56], then GGPS
and GPS catalyze farnesyl diphosphate to form geranylgeranyl diphosphate [31,42]. Our proteomics
data showed that four crucial enzymes, named IPI, GGPS, GPS and FPS, can be identified from the
TKS roots.

Then, in the natural rubber elongation process, cis-isoprene transferase (CPT), also named Hevea
rubber transferase, catalyzes multiple isoprene units (C5H8) and polymerizes into IPP long chain
molecules and determine the size of the rubber molecule [46,57]. It is closely associated with the
rubber particle membrane and is widely known to be a key enzyme in rubber biosynthesis [28,31].
Eleven CPT members were determined in the Para rubber tree genome [10], but only CPT2 shows
rubber transferase activity [40], and a rubber transferase activator (RTA) or CPT-like protein (CPTL)
can interact with CPTs to activate NRB in the Hevea rubber latex [57]. In the TKS genome, eight
CPT members and two CPT-like proteins (CPTL1 and CPTL2) have been characterized, and TkCPT1,
TkCPT2 and TkCPTL1 genes play a critical role for the elongation of rubber polymers in the latex and
roots of TKS [16]. However, our proteomics data only identified CPT1 in the TKS roots (Table S6),
indicated CPT1 may be the crucial player for NRB in TKS roots.

In the final elongation process, three rubber particle membrane binding proteins, named REF,
SRPP and a Nogo-B receptor or HRT1-REF bridging protein (HRBP), are widely known to play crucial
roles [35], and they were positively identified from the TKS roots by our proteomics study (Figure 7).
Among them, REF is anchored inside rubber particle membrane by its auto-assembly ability [42],
whereas SRPP largely covers rubber particle surface in an oriented anisotropic manner [58]. REF is
also suggested to be a conservative regulator of lipid droplets and it is related to form an intracellular
structure [59,60]. However, proteomics of the detergent-washed rubber particles identified none lipid
droplet proteins [28,31], indicated that the maturation of rubber particles might be different from that in
lipid droplets. Histochemical localization indicated that rubber biosynthesis capability in Hevea laticifer
is mostly concentrated in SRPs, and SRPP, a rubber biosynthesis-related protein that accumulated
mainly in SRPs, is more important than REF for rubber biosynthesis in the Hevea rubber tree [48].
Five SRPP genes (TbSRPP 1-5) were found in TBR [7]. Among them, except for TbSRPP 2 [61], four
members can enhance NRB. But the average molecular weight of rubber hydrocarbons has not been
significantly affected by these genes [62]. Overexpression of TbSRPP3 only resulted in a slight change
in the content of rubber in TBR root [63]. In this proteomics of TKS roots, eight out of 10 SRPP members
were identified (Table S6). Different with that in Hevea genome, which contains eight REF members,
only two REF members have been characterized in the TKS genome [16]. Our proteomics data also
identified the two REF members in the mature TKS roots (Table S6). These published results, as well as
our proteomics of the 6M TKS roots, revealed that SRPP might be more important than REF for rubber
biosynthesis in the mature roots of TKS, and more attention should be paid on determination of the
detail roles of SRPP in TKS roots in future.
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4. Materials and Methods

4.1. Plant Growth Conditions and Root Collection

TKS seeds were collected from the Tekes River basin in Xinjiang, China. Following germination,
seedlings were transplanted into the pots in a greenhouse of Shihezi University (Shihezi, China),
containing nutritive soil and vermiculite with a ratio of 5/3, and a half strength of Hoagland liquid
medium was irrigated with 55% relative humidity at 22 ◦C in the light and 18 ◦C in the dark. After
growing for 6 months (termed as 6M roots), the main roots from plants were collected, rinsed with
tapped water, blotted dry on a filter paper, and the middle parts were dissected into approximately
0.5 cm-thick slices, and then frozen in liquid nitrogen for further study.

4.2. Morphological Observation of Rubber Particles in TKS Roots

For histochemical staining, a 0.5 cm long section from the middle parts of the fresh main roots
of TKS were fixed in 4% glutaraldehyde (0.1 M phosphate buffer, pH 7.5) at room temperature, then
treated with bromine and iodine in glacial acetic acid as described [64]. Part of the sample was
dehydrated through a graded series of ethanol, and embedded in paraffin. Sections (12 μm thickness
and area of 5 mm × 5 mm) were cut with microtome (Leica Microsystems, Bannockburn IL, Germany)
stained with mercury–bromophenol blue, which is effective in showing the latex protein [65]. Then, the
slides were examined under a leica DMLN electron microscope (leica, Wetzlar, Germany). TKS laticifer
cells in the root sections could be recognized due to iodine-bromine treatment of the rubber in the
laticifers became deep brown or dark color. Another part of the sample was dehydrated in a range of
acetone (30%, 50%, 70%, 90%, 1 h for once and pure acetone 2 h for twice). Then it was permeated with
acetone and Epon 812 embedding agent and pure Epon 812 embedding agent permeates overnight as
described [33]. After that, the samples were polymerized in the oven, flattened and cut into semi-thin
slices. Observed under an optical microscope, the laticifers could be recognized by tracing rubber
inclusions, which is brown with iodine-bromine staining [65]. For electron microscopy, samples were
cut into a smaller size, immediately fixed in the glutaraldehyde solution at 4 ◦C for 24 h, and then
fixed in phosphate buffer (pH 7.2, 2% OsO4 in 0.1 M) for 6 h at room temperature. Ultra-thin sections,
double stained with uranium acetate and lead citrate again. A transmission electron microscope (TEM,
Hitachi JEM-1230, JEOL, Japan)), country was used to examine these stained slices.

4.3. Protein Extraction and Two-Dimensional Gel Electrophoresis

Total proteins were extracted from TKS roots using a modified BPP phenol method as described [22].
The washed protein pellets were air-dried for 10 min and dissolved with the Lysis buffer (30 mM Tris-HCl,
pH 8.5, 2 M thiourea, 7 M 17 urea, 4% 3-[(3-Cholamidopropyl) dimethylammonio] propanesulfonate
(CHAPS)). Protein concentration was determined by the Bradford assaying, and BSA was used as
the protein standard. For 2-DE assay, 1300 μg of proteins were diluted to 450 μL with lysis buffer
and loaded onto a 24 cm, linear pH gradient 4–7 IPG strips (GE Healthcare, Uppsala, Sweden). Then,
they were rehydrated for 24 h at 22 ◦C. Isoelectric focusing system and gel electrophoresis were
performed as described [26]. The gels were stained with Coomassie Brilliant Blue G-250, and analyzed
by the ImageMaster 2-D Platinum Software as described [2]. Biological variation analysis module
was employed to identify the accumulated protein spots in roots samples with statistically significant
(confidence above 95%, p < 0.05). Three biological replicates for each separation were conducted and
the three typical 2-DE gels are presented in the supplementary Figure S1.

4.4. Identification of Protein Spots via MALDI-TOF/TOF-MS

The main protein spots on the 2-DE gel of 6M roots were manually excised from 2-DE gels and
subjected to perform an in-gel digestion with the modified bovine trypsin (Cat. 11418025001, Roche,
Basel, Switzerland) as described [64]. After digestion, mass spectra of trypsin-digested peptides
map fingerprinting were obtained on an AB 5800 MALDI-TOF/TOF mass spectrometry (AB SCIEX,
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Foster City, MA, USA) with a laser wavelength of 349 nm as described [2]. Ten main spectra were
selected for MS/MS analysis and searched for a self-constructed database derived from the original
TKS genome. The nucleotide and protein sequences were deposited in the Genome Warehouse (GWH;
http://bigd.big.ac.cn/gwh/) under the accession number PRJCA000437 (https://academic.oup.com/nsr),
which includes 46,731 gene sequences [16]. Protein matches were considered as a positive identification
with a Mascot score higher than 75 and at least two matched peptides, meanwhile individual ion score
> 31 (p < 0.05). Detailed information for the identified proteins is provided as the supplementary data
(Table S1 and Figure S2).

4.5. Large-Scale Shotgun Proteomics of TKS Roots

Approximately 300 μg proteins from the main roots of TKS were reduced and alkylated by
dithiothreitol and iodoacetamide, then digested by trypsin. Enzymic hydrolysates were separated
using a Pepmap C18 column (Thermo Fisher, USA) following a 65 min 5%–35% organic gradient
by an UltiMate 3000 instrument (Thermo Scientific, Rockford, USA). Fifty washed fractions were
collected in 1.5 mL/min tubes. Fractions were dehydrated and merged into 15 fractions, and these
samples were subjected to a high-resolution mass spectrometer Triple TOF 6600 system (AB SCIEX).
Peptides were automatically selected by ProGroupTM algorithm and ProteinPilot™ software V5.0
(AB SCIEX) to calculate the error factor (EF), reporter peak area and p value as described [30]. A
protein database was established by the target protein sequences (https://academic.oup.com/nsr) for
the corresponding species. Protein with an unused score > 1.3 (confidence ≥ 95%) was considered as a
positive identification. Finally, an in-house BlastP search of the UniProt database was performed for
each protein to identify its homologues and potential functions.

4.6. Functional Classification, Hierarchical Clustering and Pathway Analysis of All the Identified Proteins From
TKS Roots

The sequences of all the identified proteins were search against the UniProt database (http:
//www.uniprot.org/) to confirm their functional annotations. The identified proteins were then
classified by Gene Ontology (GO, http://www.geneontology.org/) as described [66]. The GO terms
were further determined by the WEGO software (http://wego.genomics.org.cn) on biological process,
molecular functions and cellular components. Finally, these proteins were performed KEGG pathway
analysis (http://www.genome.jp/kegg) to determine their molecular reaction networks.

5. Conclusions

In this study, we obtained the first visualization proteome profiles of mature TKS roots.
Combination of 2-DE and shotgun proteomics leads to more than 3,000 unique proteins in TKS
roots. Functional category of all TKS proteins revealed that most proteins were involved in carbon
metabolic process with catalytic activity in membrane-bounded organelle, followed by proteins
with binding ability, transportation activity, starch and sucrose metabolism, and phenylpropanoid
biosynthesis. They are important for biosynthesis of isoprenoids in natural rubber-producing plants.
Fifty-eight NRB-related proteins were identified, and they are involved in both MVA and MEP
pathways. Our results indicated the MEP pathway is also important by contributing IPP for rubber
biosynthesis in TKS roots. Almost all NRB-related proteins can be identified, and several members of
many key proteins, including ACAT, HMGR, MVK, PMVK, DXS, DXR, GPS, FPS, IPI, REF and SRPP,
were determined from the mature TKS roots. Future work should pay more attention to determination
of the detailed roles of different members of these NRB-related proteins in the mature TKS roots.
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Abbreviations

ACL ATP citrate lyase
ACAT acetoacetyl-CoA thiolase
CHAPS 3-[(3-Cholamidopropyl) dimethylammonio] propanesulfonate
CPT cis-isoprene transferase
CPTL cis-isoprene transferase like
DMAPP dimethylallyl diphosphate
DXS 1-deoxy-D-xylulose-5-phosphate synthase
eIF eukaryotic translation initiation factor
FPS farnesyl diphosphate synthase
GAPC glyceraldehyde-3-phosphate dehydrogenase
GGPPS geranylgeranyl diphosphate synthase
GPP geranyl pyrophosphate
GPS geranylgeranyl diphosphate synthase
GO Gene Ontology
KEGG Kyoto Encyclopedia of Genes and Genomes
HMGS 3-hydroxy-glutaryl-CoA reductase
HMGR hydroxy-methyl-glutaryl-CoA reductase
IPI isopentenyl-diphosphate delta-isomerase
IPG immobilized pH gradient
iTRAQ isobaric tags for relative and absolute quantification
LRP large rubber particle protein
MEP methyl-D-erythritol-4-phosphate
MVA mevalonate acid
MVD diphosphomevalonate decarboxylase
MVK mevalonate kinase
MS mass spectrometry
NR natural rubber
NRB natural rubber biosynthesis
PMVK mevalonate disphosphate decarboxylase
REF rubber elongation factor
RTA rubber transferase activating factor
SRPP small rubber particle protein
2-DE two-dimensional gel electrophoresis
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Abstract: Drought is an important abiotic stress that seriously restricts crop productivity.
An understanding of drought tolerance mechanisms offers guidance for cultivar improvement.
In order to understand how a well-known wheat genotype Jinmai 47 responds to drought, we adopted
the iTRAQ and LC/MS approaches and conducted proteomics analysis of leaves after exposure
to 20% of polyethylene glycol-6000 (PEG)-induced stress for 4 days. The study identified 176
differentially expressed proteins (DEPs), with 65 (36.5%) of them being up-regulated, and 111 (63.5%)
down-regulated. DEPs, located in cellular membranes and cytosol mainly, were involved in stress
and redox regulation (51), carbohydrate and energy metabolism (36), amino acid metabolism (24),
and biosynthesis of other secondary metabolites (20) primarily. Under drought stress, TCA cycle
related proteins were up-regulated. Antioxidant system, signaling system, and nucleic acid
metabolism etc. were relatively weakened. In comparison, the metabolism pathways that function in
plasma dehydration protection and protein structure protection were strongly enhanced, as indicated
by the improved biosynthesis of 2 osmolytes, sucrose and Proline, and strongly up-regulated protective
proteins, LEA proteins and chaperones. SUS4, P5CSs, OAT, Rab protein, and Lea14-A were considered
to be important candidate proteins, which deserve to be further investigated.

Keywords: proteomics; wheat; drought; leaf; iTRAQ

1. Introduction

Wheat (Triticum aestivum L.), the second staple human food crop, is regarded as the leading source
of vegetable protein in human nutrition [1] and has been subjected to intensive breeding and selection
for almost a century [2]. Drought stress is one of the main factors restricting crop productivity and
limiting the distribution of species worldwide. Thus, selection efforts have been made to improve
drought tolerance to ensure good yield in drought-prone areas.

Studies on molecular and physiological mechanisms of plants in response to drought stress
have been extensively conducted to guide cultivar improvement. Once subjected to drought stress,
the response processes begin with perception and transduction of drought signal, which usually
evokes other subsequent processes. Stomatal adjustment, namely rapid stomatal closure, is triggered
by an ABA increase to decrease water loss from leaves [3]. Osmolyte, such as proline, glutamate,
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glycine betaine and sugars (mannitol, sorbitol and trehalose), accumulate to protect protoplasm from
dehydration and enzyme inactivation [4]. Antioxidant systems enhance scavenging reactive oxygen
species (ROS) strongly, which attack cellular membrane and organelle through peroxidation damage.
These responses involve multiple biochemical pathways and significant changes in gene expression.
A large number of studies on wheat plants have identified, cloned, and characterized new genes
involved in drought response [5–8].

Accelerated by high throughput technology, genomics, transcriptomics, and proteomics have
been rapidly advancing, which facilitate both the elucidation of underlying mechanisms of stress
tolerance as well as advancement in breeding technology. A chromosome-based draft sequence of the
bread wheat genome was published by the International Wheat Genome Sequencing Consortium in
2012 [9]. It is expected to enable a more effective and focused approach to the breeding of high-yield
varieties with increased stress tolerance. Recently, with improvements in sequencing, an annotated
reference genome with a detailed analysis of gene content among the structural organization for all
the chromosomes and subgenomes was presented by the International Wheat Genome Sequencing
Consortium. Quantitative trait mapping and CRISPR-based genome modification show crucial roles
in applying this genome in agricultural research and breeding [10]. Moreover, high-throughput
transcriptomic studies have provided substantial quantities of data to explore mRNA levels under
stresses. However, since protein functions determine the final biological processes that are involved in
adaption to drought stress, the changes in gene expression levels do not correspond directly to protein
expression levels, let alone the growth phenotypes in wheat, due to the post-translation modification
of the protein, which cannot be detected by transcriptomics analyze. Proteomics, as a study on gene
products, namely protein, enables the observation of the products of gene expression that have a
physiological effect on the plant. Thus, large-scale screening of drought-responsive proteins using
comparative proteomic analysis is becoming one of the best strategies to investigate the stress responses
of plants. Several recent studies have attempted to describe changes in proteome in response to
drought stress [4,11–13]. The known drought-responsive proteins are mainly involved in various
metabolic pathways, ranging from regulation of carbohydrate, nitrogen, energy and redox and amino
acid metabolism to antioxidant capacity, cytoskeleton stability, signal transduction, as well as mRNA,
and protein processing [4,11]. By linking the differentially expressed proteins (DEPs) back to the genes,
candidate genes for agronomic traits can be selected, leading to the advances of functional molecular
markers for expediting and assisting crop breeding practices [14].

In the North China Plain (NCP), the main wheat production region of China, only less than
30% of the rainfall occurs in the wheat-growing season, which meets only about 25–40% of the water
requirements of wheat. As a result, more than 70% of the irrigation water used is for winter wheat [15].
Irrigation usage for wheat threatens the sustainability of the groundwater resource [16]. Breeding
prominent rain-fed cultivars, which are capable of actively resisting drought stress, also fully utilizing
rainfall, is an important pathway to ensure good harvest stably. Jinmai 47, grown in a large area in the
NCP, where proper irrigation is unavailable, is a well-known rain-fed cultivar and is also employed as a
parent material in cultivar breeding. Proteomics analysis will hopefully shed light on the key response
mechanism to drought stress, and offer useful information for the breeding of new rain-fed cultivars.

Two-dimensional gel electrophoresis (2-DE) and Mass Spectrometry (MS) have been adopted
for many years to identify proteins. Gel-based approaches were widely used because of their
simplicity and reproducibility. However, the identification of 2-DE is limited by protein abundance
(proteins with low abundance are unable to be detected), narrow pI range coverage [17]. On
the other hand, isobaric tags for the relative and absolute quantitation (iTRAQ) technique is a
high-throughput proteomic technique with higher sensitivity that allows simultaneous identification
and quantification of proteins, including low-abundant proteins, in no more than eight samples with
high coverage [18,19]. The technique has been applied to Arabidopsis thaliana [20], Zea mays L. [21],
Brassica napus [22,23], Triticum aestivum L. [24] and Nicotiana tabacum [25] in recent years. In this study,
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iTRAQ-based proteomics analysis, a complement to transcript analysis, was implemented to elucidate
the responses of wheat cultivar Jinmai 47 to PEG-induced drought stress.

2. Results

2.1. Physiological Changes in Wheat Seedlings under Drought Stress

Stress severity depends on both stress intensity and stress time. Seedlings of Jinmai 47 were
constantly treated with a high concentration of 20% of PEG solution, which means that due to drought
severity the seedlings’ suffering increased over time. Ion leakage of cellular membrane closely relates
to its integrity and stability, and is thus frequently used as a stress indicator. The membrane ion leakage
demonstrated an increasing trend with stress time prolonged. It became significantly higher than
controls (CK) after 4 days of stress and drastically increased after 5–6 days, reaching 125.6% higher
than that of CK (p < 0.01) after 6 days of stress (Figure 1). The drastic permeability increase predicted
severe irreversible damage to the cellular membrane, as well as plant tissues when stress continued for
5–6 days. However, 4 days of stress is considered to evoke a strong resistant response.

 
Figure 1. Ion leakage of wheat leaves under drought stress and well-watered condition. ** represents
that there is significant differences in wheat in two treatments at p < 0.01. “d” in treatment time
represents day here.

2.2. Identification of Proteins in Response to Drought Stress

Correlation analysis was conducted between the four parallel replicates (Figure 2). The correlation
coefficient between every two replicates was more than 0.98, indicating the excellent biological
repeatability of protein expression. PCA was also performed to characterize DEPs in the four replicates
of the two treatments here. As Figure 3 showed, samples in two treatments were separated into two
correctly, indicating that drought stress caused a significant difference in protein expression.

Comparative proteome analysis was carried out in the seedling leaves of cultivar Jinmai 47
under drought stress and well-watered conditions. 60,109 unique spectra were generated. Of them,
33,561 unique peptides can be matched to 5437 proteins. Among them, 3932 proteins were identified
quantitatively (Table S1). 176 proteins presented significant differences in their accumulation levels,
compared between the two water conditions, at a relative ratio of >1.2 or <0.83, p < 0.05 (Table S3).
65 (36.9%) proteins displayed declined accumulation, while 111 (63.1%) proteins showed increased
levels under drought stress.
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Figure 2. Correlations of replicates of wheat leaves under drought stress and well-watered condition.

 
Figure 3. Principal component analysis (PCA) of wheat under drought for 4 days and controls.

2.3. Functional Annotation, Classification and Subcellular Localization of DEPs under Drought Stress

Functional annotation of 176 DEPs was conducted using the Blast2GO program against the
non-redundant (nr) NCBI database (Viridiplantae database (txid: 33090, sequence: 5104920)). After that,
the proteins were mapped to the pathways in the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database (Table S2). Of 176 DEPs, 70 were enriched in 62 pathways, mainly involved in metabolism
pathways such as biosynthesis of antibiotics (20), phenylpropanoid biosynthesis (15), starch and sucrose
metabolism (10), galactose metabolism (8), glutathione metabolism (7), glycolysis/gluconeogenesis (6),
cyanoamino acid metabolism (6), drug metabolism - cytochrome P450 (6), metabolism of xenobiotics
by cytochrome P450 (6), and thiamine metabolism (6).

To gain complete functional information of all 176 DEPs, we classified them on the basis of the
NCBI database. All DEPs were classified into 13 categories (Figure 4). The largest category was
stress and redox regulation (51), followed by carbohydrate metabolism, energy and photosynthesis
metabolism (36), amino acid metabolism (24), biosynthesis of secondary metabolites (20) and unknown
proteins (25).
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Figure 4. Functional classification of DEPs under drought stress.

The stress and redox regulation category also ranked first in the number of up-regulated
DEPs (33). LEA protein family of this category increased most significantly, with nine family
members, including 11 kDa LEA protein (A0A3B6TPI1), salt-induced YSK2 dehydrin 3 (A0A3B6QMR3),
Group2 LEA protein (Q8LP43), LEA protein (A0A3B5Y269), rab protein (A0A3B6PTJ6), LEA14-A
(A0A3B6GU21), LEA protein (A0A3B5Y545), dehydrin 5 (A0A3B6QLV9), LEAprotein 31 (A0A3B6TU18)
displayed 1.3 to 2.53 fold of that in CK. In addition, 2 chaperone protein ClpDs (A0A3B6MVC4,
A0A3B6LR88) increased by 1.82 and 1.55 fold, respectively. For antioxidant proteins, however,
4 peroxidases (PODs) (A0A3B6B862, A0A3B5YTC1, A0A3B6SFH1, A0A3B6MX35), 2 peroxiredoxins
(PRXs) (A0A3B6SJF8, A0A3B6RN44), 1 probable glutathione S-transferases (GST) (A0A3B6G148),
and 1 ferritin (A0A3B6LKC3) increased slightly, far less than some LEA proteins. Furthermore, catalase
(CAT, A0A3B6NJS8), 2 PODs (A0A3B6MKF9, A0A3B6ET60) decreased significantly. The number of
up-regulated DEPs in amino acid metabolism category ranked second. This category was characterized
by a significant increase in enzymes related to proline biosynthesis. Delta-1-pyrroline-5-carboxylate
synthase (P5CS, W5ACM8), P5CS2, pyrroline-5-carboxylate reductase (P5CR, A0A3B6H2J0),
and ornithine aminotransferase (OAT, A0A3B6MXE9) increased from 1.21 to 1.98 fold. Carbohydrate
metabolism category, including 18 up-regulated proteins, ranked the third. Proteins related to sucrose
biosynthesis, sucrose synthase 4 (SUS4, A0A3B6JH89) and galactinol-sucrose galactosyltransferase
(RFS, A0A3B6EFU9, A0A3B6GR62), increased 1.6 fold, 1.22 and 1.46 fold, respectively. However,
those involved in sucrose degradation, cell wall invertase (INV, A0A3B6JRS1) and fructokinase-2
(A0A3B6RKI2) decreased to 0.74 fold and 0.80 fold, respectively. Pyruvate dehydrogenase E1
component subunit alpha (PDHE1α-2, A0A3B6RHJ4), citrate synthase (CS), aconitate hydratase (ACO,
A0A3B6NVD9) participated in TCA cycle, and fructose and mannose metabolism were increased
to 1.25–1.53 fold. Surprisingly, except for the only down-regulated rubisco activase small subunit
(RACS, AOA3B6JGN7), no other enzymes related to photosynthesis showed significant changes. Other
categories, including lipid metabolism, signal transduction, nucleic acid metabolism, cofactor and
vitamin metabolism (thiamine metabolism and riboflavin metabolism mainly), as well as metabolisms
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of other amino acid (glutathione metabolism and cyanoamino acid metabolism mainly), seemed to
respond relatively weakly to drought stress (Table S3).

114 of 176 DEPs were successfully annotated subcellular location. Membrane, cytosol and
chloroplast were predominant regions where these DEPs were located (Figure 5). Subcellular location
of proteins further analyzed aimed at the pathways in which most proteins were up-regulated.
Seventeen of 33 up-regulated DEPs involved in stress and redox regulation were located in chloroplast
(6), extracellular region (plasmodesma and cell wall) (4), nucleus (3) mainly (Figure 6a). Lea14-A,
which functions in dehydration protection of proteins and increased by 2.53-fold under stress,
was distributed in the cytosol. Fourteen of 18 up-regulated proteins involved in amino acid metabolism
were located in the cytosol (8), mitochondrion (2), and extracellular region (2) predominantly (Figure 6b).
P5CS2, which is involved in proline biosynthesis and increased by 1.98-fold, was located in cytosol.
Thirteen of 18 up-regulated DEPs related to carbohydrate and energy metabolism were located in the
cytosol (6), mitochondrion (3), and chloroplast (2) primarily (Figure 6c). The subcellular localization
of 15 in 25 unknown DEPs was also analyzed. Interestingly, most increased DEPs existed in the
membrane (Figure 7a), while the majority of downregulated DEPs appeared in chloroplast and
membrane (Figure 7b).

Figure 5. Subcellular localization of the DEPs under drought stress.

 
Figure 6. Subcellular location of up-regulated proteins involved in stress and redox regulation (a),
amino acid metabolism (b) as well as carbohydrate and energy metabolism (c).
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Figure 7. Subcellular location of function unknown up-regulated DEPs (a) and down-regulated DEPs (b).

2.4. Transcriptional Expression Analysis of Genes Encoding Several Selected DEPs

Several GSTs and a CAT, the important antioxidant enzymes, were down-regulated significantly
under stress in Jinmai 47. LEA protein, a marked dehydration responsive protein; and P5CS, a crucial
synthase of proline, was enhanced massively under stress. In order to reveal their expression in
transcriptional levels, we measured mRNA levels of genes encoding the 4 proteins by quantitative
real-time PCR (qRT-PCR) (Figure 8). GST2 and CAT were down-regulated in both transcript level and
protein expression level; P5CS was up-regulated in both levels. LEA protein increased to 1.91-fold in
protein level, while it showed no significant difference in mRNA level. The results showed that proline
biosynthesis was enhanced, while the two antioxidant enzymes, GST and CAT decreased in response
to drought. Regarding LEA protein, the poor agreement between mRNA level and protein expression
level might be ascribed to the post-transcriptional regulation and/or post-translation modifications.

 
Figure 8. Transcript levels of selected DEPs by qRT-PCR. The data shown here are the mean ± SD of
3 biological replicates. ** represents significant difference at p < 0.01.
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3. Discussion

The excellent wheat cultivar, which is suitable for growing in drought rain-fed areas, was subjected
to a proteomics investigation after being exposed to drought stress for 4 days. The high throughput
approach combined with bioinformatics analysis was hoped to comprehensively explain and deeply
probe how the cultivar responds to drought stress. Here, 176 DEPs in 13 categories were obtained.
151 of the DEPs were successfully annotated function, and 114 of them were annotated subcellular
localization. The highly expressed or suppressed DEPs as well as the metabolism pathways were paid
more attention, in order to obtain useful information for breeding of new rain-fed cultivars.

3.1. Carbohydrate Metabolism and Photosynthesis

Carbon is the source of energy, and carbohydrate metabolism in organisms play an essential role in
maintaining normal growth and development under stress conditions [26]. Our data showed that SUS4
in plants under drought stress increased to 1.6-fold of control under drought stress (Table S3). SUS
catalyzes sucrose synthesis by transferring the glucosyl moiety of ADP glucose to the non-reducing
end of an existing a-1,4-glucan chain [4]. It has been reported to be involved in the biosynthesis
of sugar polymers, mainly including starch and cellulose, and generation of energy (ATP) [27,28].
Moreover, UDP-glucose-4-epimerase (A0A3B6A3S2) and RFS, which participate in the biosynthesis of
raffinose and sucrose, were promoted under drought. On the other hand, INV and fructokinase-2,
which associate with sucrose degradation, declined under stress. INV plays a key role in primary
metabolism and plant development by hydrolyzing sucrose into glucose and fructose [29,30]. Responses
of these DEPs involved in carbohydrate metabolism suggest that wheat genotype Jinmai 47 strongly
enhanced sugar biosynthesis when subjected to drought stress. Elevating sucrose under stresses is a
common strategy to relief damage, since sucrose can play its role as a compatible osmolyte and can
have a protective effect on protein stabilization [31].

On the other hand, TCA was enhanced under drought in Jinmai 47. Three proteins involved in
TCA cycle and fructose and mannose metabolism—CS, PDHE1α-2 and ACO—were up-regulated
under drought stress, in agreement with previous research on wheat [4]. Enhancing TCA cycle
activity may provide energy for diverse metabolisms towards tolerance of drought stress. Regarding
photosynthesis, many photosynthesis-related proteins declined under stress, as reported by previous
studies [4,11]. In the present study, however, only RACS was suppressed. The small subunit is key and
speed-limit in photosynthesis, as proved by Andrew’s study in transgenic tobacco (Nicotiana tabacum
W38). They found that hemizygous leaves with a single antisense gene directed against rubisco’s small
subunit had 35% of rubisco content of control leaves, and the CO2 assimilation rate was reduced to
40% of that in controls [32]. The fact that no other proteins about photosynthesis were down-regulated
might demonstrate the strong drought resistance of Jinmai 47. Another possibility is that most
down-regulated members in the unknown protein category were located in the chloroplast (Figure 7b);
those suppressed proteins might be photosynthesis-related enzymes. These unknown proteins remain
to be further studied. In terms of carbohydrate metabolism and photosynthesis, Jinmai 47, after
exposure to drought stress for 4 days, was distinctly characterized by enhanced sucrose biosynthesis
and TCA cycle.

3.2. Amino Acid Metabolism

Many amino acid pathways in plants participate in regulation of tolerance and adaption to stresses.
In this study, proteins involved in metabolisms of glutamate, proline (Pro), methionine (Met), cysteine
(Cys), and lysine (Lys) changed significantly. P5CR, P5CS2, P5CS and OAT, involved in important
pathways for Pro biosynthesis, were significantly higher under drought stress. P5CS2, P5CS and
glutamate decarboxylase (GAD, D8L9S2) were related to glutamate degradation. Up-regulation of
these enzymes accelerated glutamate reduction. Methioninegamma-lyase (MGL, A0A3B5YXW9) here
increased by 1.58-fold under stress treatment. Most cellular Met is converted to S-adenosyl-Met,
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which was used in essential plant processes such as synthesis of ethylene, cell walls, chlorophyll,
DNA replication as well as secondary metabolites. However, AtMGL, methionine homeostasis gene
Methionine gamma-lyase in Arabidopsis, catabolizes Met in an alternative pathway, resulting in the
synthesis of Isoleucine (Ile) [33]. Ile, similar to Pro, accumulate as osmoprotectants under drought [34].
The increase of MGL here suggested the decrease of Met and accumulation of Ile (Figure 9), but no
direct evidence of the elevation of Ile was found. Rebeille [35] reported that the up-regulation of AtMGL
occurred in response to concurrent biotic and abiotic stresses. The decrease of Cysteine synthase
(CYS, D6QX85) and the increase of MGL, which function in biosynthesis and degradation of Cys here
indicate that Cys biosynthesis might be impaired under drought stress. Moreover, lysine-ketoglutarate
reductase/saccharopine dehydrogenase1 (LKR/SDH, A0A3B6NTI8) and aldehyde dehydrogenase
family 7 member (ALDH7A1, A0A3B6LKM3) related to lysine degradation increased under drought,
while bifunctional aspartokinase/homoserine dehydrogenase 2 (AK/HseDH, A3B6LKX6) involved
in lysine biosynthesis decreased, implying that lysine accumulation was suppressed under stress.
In terms of amino acid metabolism, Jinmai 47, after being subjected to drought stress for 4 days,
enhanced conversion and degradation process of some amino acids, including glutamate, Met,
Cys and Lys, but strongly improved synthesis process of Pro, which can also be proved by the
transcriptional expression increase of gene encoding of the key proline synthesis enzyme P5CS
(Figure 8). Similar to sucrose, Pro, as a compatible osmolyte, plays an important role in protecting
protoplasm from dehydration [36].

3.3. Stress and Redox Regulation

Plants enhance antioxidant systems to protect cells against the damage caused by high levels of
ROS under stress conditions. However, in Jinmai 47 seedlings under drought stress, though most
antioxidant enzymes were up-regulated, such as 4 PODs (A0A3B6B862, A0A3B5YTC1, A0A3B6SFH1,
A0A3B6MX35), few of them were highly expressed. Moreover, 2 PODs (A0A3B6ET60, A0A3B6MKF9)
and CAT were reduced. Even the common antioxidant enzyme, superoxide dismutase (SOD),
did not significantly differ from the control. Blue copper proteins (BCPs), which were found to
mediate response and tolerance to Aluminum stress and oxidative stress [37–39], decreased to 0.5
to-0.6- fold of control. GSTs, participating in the detoxification of xenobiotics and limiting oxidative
damage, were down-regulated, also declining in transcript level (Figure 7). However, a probable
GST (A0A3B6G148) was 1.47-fold up-regulated. Zhu et al. reported the contrast expression of GST8
and GST6 under ABA [22]. Ferritin, serving as a regulatory role in iron storage and homeostasis and
contributing to plant resistance responses [40], was 1.36-fold up-regulated. The reaction between
ferrous iron and H2O2 could result in the formation of ·OH, the most dangerous ROS under osmotic
stress [41]. Thus, the increased ferritin here contributes to neutralization of ROS-induced damage.
To conclude, in Jinmai 47 seedlings under drought stress, the antioxidant system did not respond as
strongly as expected, except that some enzymes, such as 4 PODs, a probable GST, and ferritin were
increased to play protective roles against ROS.

In comparison, LEA proteins in Jinmai 47 seedlings strongly increased in response to drought
stress. Nine up-regulated proteins increased by 1.3 to 2.53 fold, with Group 2 LEA protein (Q8LP43),
LEA protein(A0A3B5Y269), Rab protein (A0A3B6PTJ6), and Lea14-A (A0A3B6GU21) rising by 1.88,
1.91, 2.51, and 2.53 fold of that in CK. This result is in agreement with previous researches. Several
wheat sequences encoding group 2 LEA proteins have been isolated mainly from cDNA libraries’
investigative tissues of stressed seedlings. These genes were induced by cold [36,42], dehydration [43,44],
salt [45], and ABA [46]. However, transcript analysis of LEA protein gene showed no significant
difference in mRNA level between stress and CK, differing from the 1.91-fold increase of protein
level. The poor agreement between mRNA level and protein expression level was ascribed to
post-transcriptional regulation and/or post-translation modifications. Three mechanisms that help
LEA proteins protect plant cells against abiotic stress have been revealed—binding of metal ions or
lipid vesicles [47,48], hydration or ion sequestration [49], and, remarkably, stabilization of proteins
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and membranes in adaption to abiotic stress. The other function is the protection of proteins against
heat-induced inactivation or aggregation under stress conditions [50,51]. Besides, Caseinolytic proteases
(Clps) perform important roles in removing protein, which aggregates from cells and can otherwise
prove to be highly toxic [52]. Over-expression of rice ClpD1 protein enhanced tolerance to salt
and desiccation stresses in transgenic Arabidopsis plants [52]. In this study, ClpD1 increased by
1.82-fold (A0A3B6MVC4) and 1.55- fold (A0A3B6LR88), respectively, to play its protective role under
drought stress.

Thus, it can be seen that under drought stress, although the wheat genotype Jinmai 47 enhanced
antioxidant systems to some extent, it spent more energy on cell stabilization and protein protection.

3.4. Signal Transduction

Calreticulin-3 (CRT) is an important binding protein in the endoplasmic reticulum (ER).
It plays its role in cellular processes, ranging from Ca2+ storage and release, protein synthesis,
to molecular chaperone activity [51]. Our data showed that CRT protein was impaired under drought.
However, in tobacco, CRT protein was overexpressed in response to drought [46]; in Hanxuan-10,
a drought-tolerant cultivar, CRT protein abundance increased significantly by 6h after stress and
then decreased to a great degree [46]. The 0.77-fold CRT after PEG treatment for 4 days might reach
a low level after a great increase. Purple acid phosphatases (PAPs, A0A3B6KQ30, A0A3B6LHH5)
also displayed significant decrease under stress. PAPs work in ROS generation and scavenge or
stress-activated signal transduction. PAPs participate in thiamine and riboflavin metabolism. Oxidative
and NaCl stress, but sufficient Phosphorus, promotes the expression of GmPAP3 gene in soybean.
However, in alfalfa, inactive purple acid phosphatase-like protein decreased under osmotic stress [53].
Cytochrome P450 71A1 (CYP71A1, A0A3B6KH30) here were suppressed under PEG treatment.
Cytochrome P450 (CYP) takes part in the synthesis of numerous secondary metabolites that play roles
as growth and developmental signals or keep plants from various biotic and abiotic stresses [54]. Plant
PP2Cs have been found as regulators of signal transduction pathways, such as ABA signaling [55].
Probable protein phosphatase 2C 59(A0A3B6RL15) and probable protein phosphatase 2C 70 isoform
X1 (A0A3B6MX95) were higher under drought that in CK. Therefore, most proteins playing roles in
signal transduction were impaired, except for probable protein phosphatase 2C 59 (A0A3B6RL15),
probable protein phosphatase 2C 70 isoform X1 (A0A3B6MX95), and serine/threonine-protein kinase
SAPK3 (A0A3B5Y0E9).

3.5. Transportation

Outer envelope pore protein 16-2 (OEP162, A0A3B6IT89) increased significantly to 1.82 fold of
CK. OEP162 expression was reported to mediate ABA signaling in seeds. The germination of OEP162
knockout mutant seeds showed ABA hypersensitivity and amino acid metabolism imbalance [56].
OEP162 was located in chloroplast. Thus, its high expression suggests that this enzyme may modulate
amino acid transport in chloroplast under stress. Plant non-specific lipid transfer proteins (LTPs)
transfer phospholipids as well as galactolipids across membranes (https://www.uniprot.org/). In this
study, 4 LTPs (A0A3B6GKQ2, W5D2I6, A0A341ZAA7, A0A3B6FF82) showed significant increase
under drought stress, increasing by 1.34 to 1.91-fold of CK. LTPs are involved in the transfer of lipids
by the extracellular matrix to form cuticular wax. Previous researches showed that LTP3 positively
regulated plant response to abiotic stresses. The overexpression of LTP3 had enhanced the freezing
tolerance of Arabidopsis constitutively [57] LTP3 knockout mutant was more sensitive to drought stress
than wild type plants [57]. In tobacco, a 6-fold increase of LTP transcripts was observed after three
drying events [58]. Thus, under serious drought stress, Jinmai 47 might begin to improve cuticular
wax formation by enhancing LTPs in order to prevent water loss as well as high-temperature damage
to leaves accompanying transpiration reduction.
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Figure 9. A pathway model of drought stress responses in Jinmai 47 seedlings. Abbreviations: NsLTP:
non-specific lipid-transfer protein; LTP: lipid transfer protein; ACA9: probable calcium-transporting
ATPase 9; GALE1: UDP-glucose 4-epimerase 1; RFS: probable galactinol-sucrose galactosyltransferase;
PIP2-5: aquaporin PIP2-5; TIP2;2: probable aquaporin TIP2-2; SUS4: sucrose synthase 4; Invertase: cell
wall invertase; PFK2: ATP-dependent 6-phosphofructokinase 2; PDHE1α-2: pyruvate dehydrogenase
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E1 component subunit alpha-2; PDC2: pyruvate decarboxylase 2; BMY1:beta-amylase1; OEE162: outer
envelope pore protein 16-2; RCAS: rubisco activase small subunit; probable GST: probable glutathione
S-transferase; GST2: glutathione transferase 2; GSTF1: probable glutathione S-transferase GSTF1; GAD:
Glutamate decarboxylase; ADH4: alcohol dehydrogenase-like 4; P5CS2: delta-1-pyrroline-5-carboxylate
synthase 2; P5CS: deltal-pyrroline-5-carboxylate synthetase; OAT: ornithine aminotransferase; P5CR:
pyrroline-5-carboxylate reductase; MGL: methionine gamma-lyase; CYS: beta-cyanoalanine synthase;
LKR/SDH: lysine-ketoglutarate reductase/saccharopine dehydrogenase1; ALDH7A1: aldehyde
dehydrogenase family 7 member; AK/HseDH: bifunctional aspartokinase/homoserine dehydrogenase
2; PAL: phenylalanine ammonia-lyase; ATP e: ATP synthase E chain; AAA-ATPase: AAA-ATPase
ASD; CS: citrate synthase; PDHE1α-2: pyruvate dehydrogenase E1 component subunit alpha-2; ACO:
aconitate hydratase; PODs: Peroxidases; CAT: catalase; SOD: superoxide dismutase; XIP: xylanase
inhibitor protein 1; PR1: pathogenesis-related protein 1; PP2Cs: protein phosphatase 2C; LEA protein:
late embryogenesis abundant protein; LOX9: linoleate 9S-lipoxygenase; LOX2.3: lipoxygenase 2.3.

3.6. Secondary Metabolites

20 DEPs are participating in the biosynthesis of secondary metabolites, 15 of which are involved
in phenylpropanoid biosynthesis. The phenylpropanoid pathway leads to the biosynthesis of lignin,
flavonoids, condensed tannins and so on, all of which possess antioxidant properties in protecting
plants against stresses [59]. Phenylalanine ammonia-lyase (PAL) catalyzes the first reaction in the
biosynthesis from l-phenylalanine to trans-cinnamate, a precursor of various metabolites produced
in response to stresses [40], and also catalyzes the reaction from tyrosine to p-coumaric acid. Here,
pal accumulation was enhanced to 1.31-fold under stress. Beta-1,3-glucanase (GLB3, Q9XEN5), glucan
endo-1,3-beta-glucosidase gii (D8L9Q2), beta-glucosidase 5-like (A0A3B6ERB4), and 2 predicted
proteins (A0A3B6H5C6, A0A3B6H5R7) belonging to gentiobiase, which also serve as the precursor of
coumarine, were decreased. Suppression of these gentiobiases under drought might lead to coumarine
biosynthesis reduction. PODs and CAT here play their roles as lactoperoxidase, which catalyze the
reaction from p-Coumaryl alcohol to various lignins, such as p-Hydroxy-phenyl lignin and guaiacyl
lignin. Most PODs here were promoted, while CAT was suppressed. The changes in phenylpropanoid
biosynthesis metabolism mainly affected accumulation of cinnamic trans-cinnamate, coumarine
and lignin.

3.7. Other Metabolism Categories

The majority of DEPs involved in signal transduction were impaired, except probable protein
phosphatase 2C 59, probable protein phosphatase 2C 70 isoform X1, and serine/threonine-protein
kinase SAPK3. Signaling system might be strongly initiated at an early stage of the stress response.
Here, after 4 days of severe drought stress, membrane ion leakage began to increase. The plants are
supposed to be concentrating on resistance, instead of signaling to evoke a response. In addition to the
signaling system, lipid metabolism, nucleic acid metabolism, cofactor and vitamin metabolism, as well
as metabolisms of other amino acid seemed to show a relatively weak response to drought stress.

4. Materials and Methods

4.1. Materials and Growth Conditions

Wheat seeds were surface-sterilized by 10% sodium hypochlorite for 10 min, rinsed with distilled
water for several times, and soaked in distilled water for 8 h. After soaking, they were placed on
water-wetted filter papers in culture dishes to germinate. The experiment was conducted in a growth
chamber with 16 h/8 h photoperiod at day/night temperature of 23 ◦C/20 ◦C. Seedlings were grown
in distilled water at the same temperature cycle. After 8 days, the seedlings were transplanted in
rectangular pots with 1/2 Hoagland nutrient solution for 7 days in the same environment. Similar
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seedlings were selected and divided into two groups. A group was cultivated in 1/2 Hoagland nutrient
solution continuously (CK); the other one was cultivated in 1/2 Hoagland nutrient solution with 20%
Polyethylene glycol-6000 (PEG-6000).

4.2. Membrane Permeability Measurements

The method of measurement of membrane permeability referred to [60]. Some minor alterations
were made here. The second fully expanded leaves were detached from plants under stress or
well-watered conditions and washed briefly with deionized water. The leaves for each treatment were
cut into 1 cm fragments and immersed in 10 mL deionized water. They were exposed to air by pump
for 30 min, followed by agitating for 3 h. Afterwards, the first conductivity was measured and recorded.
The leaf fragments in bathing solution were boiled for 15 min to obtain the second conductivity (total
conductivity). Three replicates were measured per treatment.

Relative Conductivity =
1st Conductivity
2nd Conductivity

× 100% (1)

4.3. Protein Extraction

Leaves of wheat treated by PEG for 4 days were harvested and frozen in liquid nitrogen and stored
at−80◦C. Each treatment contained 4 biological replicates. Acetone extraction method was adopted here
to extract total protein from the leaves. A lysis buffer containing 7 M urea, 2 M thiourea, 0.1% CHAPS
and 1% protease inhibitor cocktail was conducted in extracting proteins. After centrifugation (13000
g) for 15 min at 4 ◦C, centrifuge tubes with four volumes of precipitation solution (trichloroacetic
acid:acetone, 1:9) were used to transfer the supernatants into, which were stored at −80 ◦C for 24 h.
Bradford assay was used to perform quantification of proteins.

4.4. Protein Digestion and iTRAQ Labeling of Samples

For each sample, 100 μg protein was mixed with lysis buffer containing 25 mM DTT and 50 mM
iodoacetamide. The filters were then washed three times using 300 μL dissolution buffer (20 mM
triethylammonium bicarbonte), and then being centrifuged at 10000× g for 10 min. Subsequently,
the proteins were digested at 37 ◦C overnight with 2 μg trypsin at a ratio of 1:50. The resulting peptides
were labeled with 8-plex iTRAQ tags (ABsciex, Framingham, MA, USA), as shown as Table 1. Four
replicates in 2 treatments were processed. The labeled mixture was incubated at room temperature for
2.5 h and vacuum-dried.

Table 1. Four replicates in 2 treatments were labelled by different iTRAQ regeants.

NO 113 114 115 116 117 118 119 121

1 CK1 CK2 PEG1 PEG2 POOL1
2 CK3 CK4 PEG3 PEG4 POOL2

4.5. High pH Reversed-Phase (HpRP) Chromatography

The samples were combined into one tube and dried in vacuo after the labeling. Dried peptides
were resuspended in 100 μL of mobile phase A. Afterwards, peptides in phase A were centrifuged
at 14,000 g for 20 min. The supernatants were loaded on the XBridge® peptide BEH C18 column
(130 Å, 3.5 μm, 4.6 mm × 150 mm) (Waters, Milford, MA, USA. ) and eluted stepwise by applicating
mobile B in the RIGOL L-3000 system (RIGOL, Beijing, China). Mobile phase A was composed of
2% (v/v) acetonitrile, 98% (v/v) ddH2O and pH 10, and Phase B consisted of 98% (v/v) acetonitrile,
2% (v/v) ddH2O and pH 10. Peptides were eluted by 5% mobile B for 10 min, 5–20.5% mobile B for
21.7 min, followed by 20.5–95% mobile B for 15.3 min, and returned to 5% mobile B for 4 min finally at
a 1 mL/min flow rate. The fractions were eluted at 1-min intervals and collected using step gradients
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of mobile B. 40 fractions were collected and pooled into 10 final samples, which were dried using a
vacuum centrifuge.

4.6. Mass Spectrometer Analysis

LC-MS/MS analysis was performed on an Orbitrap Q-Exactive-plus mass spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA) combined with an EASY-nLC 1000 nanosystem (Thermo Fisher
Scientific, Waltham, MA, USA). The dried iTRAQ-labelled peptides fractions were dissolved in 20 μL
of liquid containing 0.1% formic acid. After centrifugation at 12,000 g for 10 min, the supernatant
was collected. The peptide mixtures were then separated using a binary solvent system with 99.9%
H2O, 0.1% formic acid (phase A) and 80% acetonitrile, 0.1% formic acid (phase B). Linear gradients of
8–18% B for 20 min., 18–32% B for 85 min, 32–50% B for 28 min, 50–95% B for 17 min, with a flow rate
of 600 nL/min, were employed. The eluent was input into a QE plus mass spectrometer through an
EASY-Spray ion source. The mass spectrometer was adjusted automatically between MS and MS/MS
mode. The full scan MS mode was operated with the following parameters: automatic gain control
(AGC) target, 3e6; resolution, 70,000 FWHM; and scan range, 350–1800 m/z. The MS/MS mode was
set as follows: activation type, HCD; collision energy, 32%; resolution, 17,500 FWHM; scan range,
300–1800 m/z AGC target, 1e5.

4.7. Database Searching and Protein Identification

All MS and MS/MS spectrum data were analyzed using ProteoWizard (version 3.0.8789).
The MS/MS spectra were searched using the Mascot search engine against the
UniProt-wheat_UP000019116 (130,673 entries, 8 January 2019). 2 missed cleavages, ion mass
tolerance of 0.05 Da, and parent ion tolerance of 10 ppm for a peptide fragment were permitted.
Carbamidomethylation at cysteine was set as a fixed modification, and oxidation at methionine was
defined as a variable modification. The proteomic software Scaffold Q+ (version 4.6.2) was used
for protein quality controlling and quantitation. The quantitative analysis was carried out on the
log2-values of the measured intensities, and the data were normalized based on the median using
Perseus software (version 1.5.5). DEPs were analyzed for significant down-regulation or up-regulation.
Ratio of the abundance of the proteins identified in plants under PEG treatment to that of CK was used
to assess their fold changes. Moreover, a two-sample t-test was used to identify significant (p < 0.05)
differences in means between the two treatments. DEPs were defined on the basis of thresholds of
>1.2- or <0.83-fold change ratios and p value < 0.05 in plants under PEG treatment compared to those
of CK. The false discovery rate (FDR) of peptides was less than 1.0%. At least two specific peptides
should be identified in each protein, and normalized by median data.

4.8. Functional Annotation and Analysis of DEPs

Functional annotation of proteins was conducted using the Blast2GO software against
non-redundant (nr) NCBI databases (Viridiplantae database (txid: 33090, sequence: 5104920)). Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analyses were performed on DEPs.

4.9. qRT-PCR Analysis

Total RNA was extracted from leaves of wheat with RNeasy Plant Mini Kit (Qiagen, Inc., Hilden,
Germany ) under 20% PEG for four days and that of control plants. DNA contamination was removed
with an on-column DNase (Qiagen, Inc.) treatment. IScript cDNA synthesis kit (BioRad Laboratories,
Hercules, CA, USA) was used here for 1 mg of total RNA to reverse transcribe into first strand cDNA in
a 20 μL reaction. cDNA was then diluted into 10 ng/μL, 2 ng/μL, 0.4 ng/μL and 0.08 ng/μL concentration
series. An ABI 7500 Sequence Detection System from Applied Biosystems (Applied Biosystems,
Singapore) was adopted here for three replicates of real-time PCR experiments for each concentration.
GAPDH served as the reference gene here. The primers for target genes were designed by Primer
Express software (Applied Biosystems) and the sequences are shown in Table 2. No primer dimmers
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or false amplicons interfered with the result since primer titration and dissociation experiments were
performed. Ct number was extracted for both reference gene and target gene with auto baseline and
manual threshold after the real-time PCR experiment.

Table 2. The primer sequences used in qRT-PCR.

Accession
Number of

Protein
Name of Protein

Accession
Number of

Related Gene
Primer Sequences (5′-3′) Product Length

(bp)

I7FHT3 Glutathione transferase 2 TraesCS1D02G190000
F: GCCCGTGCTCATCCACAA

220R: CAGCCCCTCCGCCTTCT

A0A3B6NJS8 Catalase TraesCS6A02G041700
F: CCCAAACTACCTGATGCTCC

203R: TGATCCTCGTCTTCTCCCTTC

A0A077RXE4
Delta-1-pyrroline-5-carboxylate

synthase TraesCS3B02G395900
F: ACCCTGAAGGCTGGAAAGATA

176R: GCATCAGGACGAGACTCAAAA

A0A3B5Y545
late embryogenesis abundant

protein TraesCS1A02G364000
F: GGACCAGACCGCCAGCAC

261R: CCCATGCCCAGCGTGTT

W5GYX5 GAPDH TraesCS6D02G196300
F: GTTTGGCATTGTTGAGGGTT

268R: ATCATAGGTTGCTGGCTTCG

4.10. Statistical Analysis

The data were subjected to T-test with SAS software. We use * and ** to present there are significant
differences between plants under stress or well-watered at the levels p < 0.05 and p < 0.01, respectively.
Microsoft Excel was used to plot the results.

5. Conclusions

The proteomics analysis of wheat genotype Jinmai 47 revealed some of its drought response
characteristics. The antioxidant system was not highly expressed as expected. Expression of
photosynthesis-related proteins was not affected significantly by drought treatment, except rubisco
activase small subunit. TCA cycle related proteins were up-regulated, which may enhance energy
supply for multiple biological processes to resist stress. The wheat genotype Jinmai 47, when subjected
to severe drought stress, seems to be characterized by substantial enhancement in plasma and
protein protection mechanism. Improving sucrose and Pro biosynthesis, the important compatible
osmolytes, contributes to stabilizing cells by protecting plasma from dehydration under drought stress.
Pro biosynthesis was proven in mRNA levels as well. The high expressions of LEA proteins and
chaperone proteins play essential roles in safeguarding proteins when dehydrated. However, qRT-PCR
analysis showed that the mRNA level of LEA protein had a poor agreement with its protein level,
which might be due to post-transcriptional regulation or post-translational modification. An excellent
rani-fed cultivar, which can stably gain higher yield in rain-fed areas, must be capable of tolerating
more severe and longer drought, and promptly recovering growth after release from stress, or even
keeping photosynthesis to some extent under stress conditions. The robust protective mechanism
might not only improve drought resistance, but also ensure strong and prompt recovery. Based on
this study, SUS4 (1.60), P5CSs (1.34, 1.98), OAT (1.22), Rab protein (2.51), and Lea14-A (2.53) were
considered to be important candidate proteins, which deserve to be further investigated.
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PCA Principal component analysis
KEGG KyotoEncyclopedia of Genes and Genomes
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Abstract: Our previous studies suggested that both hydrogen gas (H2) and nitric oxide (NO) could
enhance the postharvest freshness of cut flowers. However, the crosstalk of H2 and NO during that
process is unknown. Here, cut lilies (Lilium “Manissa”) were used to investigate the relationship
between H2 and NO and to identify differentially accumulated proteins during postharvest freshness.
The results revealed that 1% hydrogen-rich water (HRW) and 150 μM sodium nitroprusside (SNP)
significantly extended the vase life and quality, while NO inhibitors suppressed the positive effects
of HRW. Proteomics analysis found 50 differentially accumulated proteins in lilies leaves which
were classified into seven functional categories. Among them, ATP synthase CF1 alpha subunit
(chloroplast) (AtpA) was up-regulated by HRW and down-regulated by NO inhibitor. The expression
level of LlatpA gene was consistent with the result of proteomics analysis. The positive effect of HRW
and SNP on ATP synthase activity was inhibited by NO inhibitor. Meanwhile, the physiological-level
analysis of chlorophyll fluorescence and photosynthetic parameters also agreed with the expression
of AtpA regulated by HRW and SNP. Altogether, our results suggested that NO might be involved in
H2-improved freshness of cut lilies, and AtpA protein may play important roles during that process.

Keywords: proteomic; postharvest freshness; ATP synthase; ATP synthase CF1 alpha subunit
(chloroplast); chlorophyll fluorescence parameters; photosynthetic parameters

1. Introduction

Hydrogen gas (H2), a colorless and odorless gas, is the lightest and structurally simplest gas in
the world. As an important signaling molecule, H2 has been shown to be involved in many plant
developmental processes [1]. More recently, some researchers found that H2 could alleviate aluminum
(Al) toxicity [2], mercury (Hg) toxicity [3], and UV-A irradiation [4] by increasing the activity of
antioxidant enzymes. Meanwhile, H2 could promote lateral root formation through nitric oxide (NO)
synthesis induced by auxin [5] or in a heme oxygenase-1/carbon monoxide-dependent manner [6].
Significantly, H2 was also reported to play an important role in delaying senescence and maturity [7,8].
Hydrogen-rich water (HRW) treatments could prolong the shelf life of kiwifruit by regulating the
antioxidant defense [7]. Our study has shown that H2 enhanced the vase life and postharvest quality
of cut lily (Lilium spp.) and cut rose (Rosa hybrid L.) flowers through maintaining water balance and
membrane stability [8]. However, the deep mechanism of H2 in delaying the senescence and shelf life
of perishable horticultural products needs to be further investigated.

NO is a signaling molecule that interacts with other hormones and growth regulators. Recently,
NO was reported to play vital roles in delaying senescence and improving the quality of horticultural
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products. NO inhibited the production of ethylene by modulating the expressions of some genes
and proteins during postharvest of horticulture plants [9]. NO, as a preservative solution to cut
flowers, can extend the vase life of cut gerbera flowers by increasing water uptake and promoting
antioxidant activity [10]. Exogenous NO could also promote the vase life of cut gladiolus flowers
by increasing the scavenging mechanism of reactive oxygen species (ROS) and down-regulating
the expression of senescence-associated genes (SAGs) [11]. The vase life of cut carnation flowers
was significantly prolonged by exogenous NO, which improved the activity of antioxidant enzymes
including superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), and ascorbate peroxidase
(APX) [12]. Our previous study reported that NO could decrease ethylene production in cut roses by
inhibiting the activity of 1-aminocyclopropane-1-carboxylate oxidase (ACO), thus promoting the vase
life of cut roses [13].

As mentioned above, H2 and NO as exogenous gaseous signaling molecules played exceedingly
positive roles in the postharvest preservation of horticultural products. The relationship between
H2 and NO in plants has been reported in recent years. H2 was reported to regulate stomatal
movement, which is involved in the abscisic acid (ABA) signaling cascade by promoting the generation
of NO [14]. Meanwhile, Zhu et al. [15] also found that the adventitious root formation in cucumber
explants induced by H2 was dependent on the NO pathway [15]. Furthermore, H2 could alleviate
the Al-induced inhibition of alfalfa root elongation by inhibiting the production of NO [16]. H2 also
was reported to be involved in auxin-induced lateral root formation, at least partially via a nitrate
reductase (NR)-dependent NO synthesis [5]. Up to now, far too little attention has been paid to the
crosstalk between H2 and NO during the postharvest preservation of horticultural plants. In this study,
pharmacological approaches and comparative proteomic analysis were applied to investigate the roles
of H2 and NO during the postharvest storage of cut lily (Lilium “Manissa”) flowers and to identify
the differentially accumulated proteins during that process. Thus, the study offers some important
insights into the protein changes in the NO–H2-regulated postharvest preservation of cut flowers.

2. Results

2.1. Effects of HRW, Sodium Nitroprusside (SNP), and NO Inhibitors on Vase Life

Compared with the control (distilled water), the vase life of cut lilies was extended by applying
150 μM SNP or 1% HRW (Figure 1). However, there was no significant difference between SNP and
HRW. Compared with the HRW, 1% HRW together with 50 μM NaN3 or 100 μM tungstate significantly
decreased vase life, indicating the involvement of NO in the HRW-enhanced vase life of cut lilies
(Figure 1).

Figure 1. Cont.
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Figure 1. Effects of hydrogen-rich water (HRW), sodium nitroprusside (SNP), and HRW plus NaN3

or tungstate on the vase life of cut lily flowers. The cut flowers were placed randomly in distilled
water (control), 150 μM SNP, 1% HRW, 1% HRW + 50 μM NaN3 and 1% HRW + 100 μM tungstate to
investigate. The values of vase life (A) are the mean ± SE of three independent experiments. Bars with
different letters illustrate significant differences (p < 0.05) according to Duncan’s multiple range test.
Photos (B) were taken after 8 days of treatments.

2.2. Effects of HRW, SNP, and NO Inhibitors on Maximum Flower Diameter and Rate of Fresh Weight Change

As shown in Figure 2A, the maximum value of the maximum flower diameter in the control
and SNP treatment was obtained on the sixth day. The maximum value in HRW treatment appeared
at the seventh day, while when HRW was applied with NaN3 or tungstate, the maximum values
were detected on the fifth day (Figure 2A). Interestingly, various vase solutions had no effects on
the maximum flower diameter, suggesting that HRW merely delayed the flowering time rather than
expanding the flower diameter.

Figure 2. Effects of HRW, SNP, and HRW plus NaN3 or tungstate on flower diameter and fresh weight
of the cut lilies. Maximum flower diameter (A) and rate of fresh weight change (B) were expressed
as mean ± SE of three independent experiments. Asterisks indicate significant difference (p < 0.05 by
Duncan’s multiple range test) compared to the control within the same day.

As time passed, the rate of fresh weight change initially increased and then decreased (Figure 2B).
Compared with the control, the decrease of fresh weight in HRW or SNP treatment was postponed for
one day after treatment, whereas the decrease of fresh weight in HRW plus tungstate treatment
significantly appeared one day in advance. The decrease of fresh weight in HRW or SNP was
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significantly lower than in HRW with NaN3 or tungstate (Figure 2B), indicating that the inhibition of
endogenous NO could decrease the effect of HRW.

2.3. Two-Dimensional Electrophoresis Analysis and Identification of Proteins

In the study, the differentially accumulated proteins between control and treatments (SNP, HRW,
HRW + NaN3 or tungstate) were analyzed. In comparison of these two-dimensional electrophoresis
(2-DE) gel images (Figure 3), 77 protein spots where the abundance was detected at ratios over
1.5-fold and false discovery rate (FDR) less than 5% were obtained on these images to analyze
their basic information and function by 2-DE coupled to MALDI-TOF/TOF-MS. From these protein
spots, 50 differentially accumulated proteins were successfully identified from the NCBI and Uniprot
databases by Mascot analysis (Table 1 and Table S1). The molecular weights and isoelectric points (pIs)
of identified proteins presented a different degree of variation, with molecular weights ranging from
16.70 kDa to 81.88 kDa and with pIs ranging from 4.83 to 9.35 (Table 1). Eleven protein spots were
identified in the HRW treatment, while 10 spots were identified in the SNP treatment (Figure 3 and
Figure S1). However, 20 or 9 protein spots were identified in HRW with NaN3 or tungstate, respectively.

Figure 3. Two-dimensional electrophoresis (2-DE) image analysis of cut lily leaf proteins. Arrows
indicate the 77 protein spots that were detected in control (A); 150 μM SNP (B); 1% HRW (C); 1% HRW
+ 50 μM NaN3 (D); and 1% HRW + 100 μM tungstate (E). The red arrows show the spots of differentially
accumulated ATP synthase CF1 alpha subunit (chloroplast) (AtpA) protein under different treatments.
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2.4. Functional Classification and Analysis of Differentially Accumulated Proteins

These differentially accumulated proteins were analyzed in order to classify them in terms of
their biological functions according to Gene Ontology and UniProt Protein Knowledgebase. The
50 differentially accumulated proteins identified in this study were classified into seven functional
categories, as shown in below: photosynthesis (40%), energy metabolism (26%), defense-related protein
(16%), amino acid metabolism (8%), transcription and translation (4%), cytoskeleton (4%), and signal
transduction (2%) (Figure 4A). Subsequently, the differentially accumulated proteins among HRW, SNP,
HRW + NaN3, and HRW + tungstate treatments were analyzed. In HRW treatment, some differentially
accumulated proteins that were associated with photosynthesis were detected, and many of them
were increased when compared with the control. Among them, ATP synthase CF1 alpha subunit
(chloroplast) (AtpA) was identified with three spots (180, 201, and 202), and all were up-regulated
(Table 1). Under the SNP treatment, differentially accumulated proteins including FtsH-like protein Pftf
(spot 182), trypsin-like serine protease (spot 618), and putative L-ascorbate peroxidase 2, cytosolic-like
(spot 839) were observed. The expression of these three proteins related to defense was higher than
that of the control. In HRW + NaN3 treatment, two spots were identified as AtpA, and they were
down-regulated when compared with the control. The expression of proteins related with defense was
significantly decreased, such as Type II peroxiredoxin (spot 1037) and pathogenesis-related protein 10
(spot 1060). Under the treatment with HRW plus tungstate, photosystem II oxygen evolving complex
protein 1 precursor (spot 752) belonged to photosynthesis, and malic enzyme (spot 192) associated
with energy metabolism were all down-regulated in comparison with the control (Table 1). There were
four differentially accumulated proteins overlapping between HRW and HRW + NaN3 (Figure 4B).
After statistical analysis, 28 proteins in total were up-regulated while 22 proteins were down-regulated
(Table 1). Among them, the number of up-regulated proteins was significantly higher in HRW than in
HRW + NaN3 or tungstate (Figure 4C). However, the number of down-regulated proteins was lower
in HRW than in HRW + NaN3 or tungstate (Figure 4C). Thus, exogenous H2 could up-regulated some
proteins during postharvest storage of cut lilies.

Figure 4. Cont.
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Figure 4. Functional classification and analysis of differentially accumulated proteins in cut lilies.
Pie chart showed percentage of differentially accumulated proteins in different functional categories
(A); Venn diagram showed the number of overlap proteins regulated by HRW, SNP, HRW + NaN3 or
tungstate compared with the control (B); Column chart showed the number of up- or down-regulated
proteins in comparison with the control (C); The 2-DE gel sections showed the magnified views of
differentially accumulated spots of AtpA protein in treatments. Spot positions corresponding to AtpA
protein were shown with red arrows in Figure 2 (D); The column chart showed the differential relative
abundance patterns among HRW, SNP, HRW + NaN3 and HRW + tungstate treatment (E).

Interestingly, among them, only AtpA was up-regulated in HRW treatment and down-regulated
in the HRW with NaN3 treatment. Therefore, AtpA was selected to further investigate. The magnified
views of 2-DE image showed the differential accumulation of AtpA protein in treatments of the control,
HRW, HRW + NaN3 and HRW + tungstate (Figure 4D). The relative abundance of AtpA protein has
significant difference in 4 treatments (Figure 4E). The relative abundance of AtpA in HRW treatment
was significantly higher than that in the control, while the relative abundance of AtpA was less in SNP
than in the control. However, the relative abundance of AtpA protein in HRW + NaN3 treatment was
significantly less than that in HRW treatment, and the relative abundance of AtpA was not detected in
HRW + tungstate (Figure 4E), which may be caused by too low differential accumulation of AtpA in
HRW + tungstate. Taken together, H2 could enhance the expression of AtpA protein, and the inhibitors
of NO (NaN3 and tungstate) may have inhibited the effect of H2 on the expression of AtpA protein.

2.5. Relative Expression of LlatpA Gene and the Activity of ATP Synthase (ATPase)

The qRT-PCR analysis revealed that the relative expression of the LlatpA gene was significantly
higher in HRW treatment than in the control (Figure 5). There was no significant difference in the
gene expression between the control and SNP treatment. In comparison with HRW treatment, the
relative expression of LlatpA gene was significantly inhabited by HRW plus NaN3 or tungstate. As
shown in Figure 5, compared with control, the activity of ATPase was remarkably enhanced by SNP or
HRW. However, the activity of ATPase in HRW plus NaN3 or tungstate treatment was decreased in
comparison with HRW treatment.

2.6. Chlorophyll Fluorescence and Photosynthetic Parameters

The chlorophyll fluorescence parameters analysis result is shown in Figure 6. After 6 days of
treatment, the maximum quantum yield of photosystem II complex (PSII) photochemistry (Fv/Fm) in
HRW or SNP groups was higher than that in the control, whereas HRW in combination with NaN3
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or tungstate significantly inhibited the positive effects of HRW (Figure 6A,B). After treatment for 6
days, when compared with the control, the effective quantum yield of PSII (ΦPSII) and photochemical
quenching (qP) were increased in HRW treatment. However, significantly decreased ΦPSII and qP
appeared in the SNP treatment group. ΦPSII and qP in HRW plus NaN3 or tungstate treatment were
significantly decreased in comparison with those in the HRW treatment (Figure 6C,D).

Figure 5. Effects of SNP, HRW, and HRW in combination with NaN3 or tungstate on LlatpA gene
expression and ATP synthase (ATPase) activity. Values of relative expression of LlatpA gene and activity of
ATP synthase are the mean ± SE of three independent experiments with three repeats for each. Bars with
different letters illustrate significant differences (p < 0.05) according to Duncan’s multiple range test.

Figure 6. Effects of HRW, SNP, and HRW plus NaN3 or tungstate on chlorophyll fluorescence
parameters. Values of the Fv/Fm (maximum quantum yield of PSII photochemistry) (A); effective
quantum yield of PSII (ΦPSII) (C); and photochemical quenching (qP) (D) are the mean ± SE of three
independent experiments with three repeats for each. Fluorescent images (B) are given in colors that
represent the absolute values of the ratio ranging from 0 (black) to 1.0 (purple) and were taken on the
8th day of treatment. Asterisks indicate significant difference (p < 0.05 by Duncan’s multiple range test)
compared to the control within the same day.
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A downward trend was also observed in the net photosynthesis rate (Pn; Figure 7A) and stomatal
conductance (Gs; Figure 7B) after 6 days of treatment. In contrast, intercellular CO2 concentration
(Ci; Figure 7C) was slightly increased after treatment for 6 days. Transpiration rate (Tr) showed a
tendency to decrease during the experiment (Figure 7D). Pn, Gs, and Tr were significantly increased
by HRW or SNP in comparison with those in the control group. HRW plus NaN3 or tungstate
treatment significantly decreased Pn, Gs, and Tr when compared with HRW treatment (Figure 7A,B,D).
Interestingly, Ci in HRW treatment was lower than that in the control, whereas Ci in HRW together
with NaN3 or tungstate treatment was higher than that in HRW treatment (Figure 7C).

Figure 7. Effects of HRW, SNP, and HRW plus NaN3 or tungstate on photosynthetic parameters. Values
of net photosynthetic rate (Pn) (A), stomatal conductance (Gs) (B), the intercellular CO2 concentration
(Ci) (C), and transpiration rate (Tr) (D) are the mean ± SE of three independent experiments with three
repeats for each. Asterisks indicate significant difference (p < 0.05 by Duncan’s multiple range test)
compared to the control within the same day.

3. Discussion

H2 is considered as a novel signaling molecule involved in plant developmental and physiological
processes [17]. Our previous studies showed that exogenous H2 could enhance adventitious root
development in marigold [18]. In addition, the shelf life of kiwifruit was prolonged by H2 by decreasing
ethylene biosynthesis [19] and reducing oxidative damage [7]. In this study, H2 delayed the flowering
time of cut lilies in the preservation process. H2 improved the vase life of cut lilies by maintaining
the fresh weight of cut lilies. The results were consistent with those of Ren et al. (2017) [8], who
showed that exogenous H2 enhanced the vase life of cut flowers by maintaining suitable water balance.
In the current study, the vase life of cut lily was also enhanced by SNP treatment, suggesting that
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exogenous NO may play an important role in extending vase life. The vase life of cut gerbera was
significantly extended by exogenous NO [10]. Exogenous NO also could delay petal wilting in cut
carnation flowers by maintaining water metabolism and antioxidant enzyme activity [12]. In our study,
NaH3 and tungstate—inhibitors of nitrate reductase (NR) that can inhibit the reduction of nitrate to
nitrite and further inhibit the production of NO—were used to investigate whether NO participates
in H2-regulated postharvest preservation. NO inhibitors NaN3 or tungstate depressed the positive
effects of H2 on the vase life, the maximum flower diameter, and fresh weight of cut lilies, suggesting
that NO played vital roles in H2-induced cut flowers freshness. Our previous studies revealed that
H2 increased NO generation through regulated NR and NOS activity to induce the formation of
adventitious root in cucumber [20]. H2, as a mediator, activated cell cycle by NO pathway during
adventitious root formation [15]. Additionally, H2 was also involved in auxin-induced lateral root
formation via an NR-dependent NO synthesis [5]. Here, for the first time, the involvement of NO in
hydrogen gas-improved vase life in cut flowers was reported.

Two-dimensional electrophoresis (2-DE)-based proteomics analysis has been applied in plant
proteomic research. Here, the results of the comparative proteomic analysis showed that 50
differentially accumulated proteins were successfully identified by Mascot analysis in cut lily leaves.
Among them, 28 proteins were up-regulated while 22 proteins were down-regulated. Exogenous H2

could increase the number of up-regulated proteins, while inhibitors of NO increased the number
of down-regulated proteins. In chrysanthemum cuttings during adventitious root formation, 42
differentially accumulated protein spots were successfully matched to NCBI database entries [21].
In cut rose flowers, 103 proteins were obtained, and these proteins were involved in plant growth
regulators, natural resistance, protein metabolism, and methionine synthesis [22]. In the current
study, the 50 differentially accumulated proteins were involved in photosynthesis, energy metabolism,
defense, amino acid metabolism, etc. In a Medicago sativa cadmium resistance study, the proteins
related to photosynthesis were not detected in H2 treatment [23]. However, we found that the proteins
involved in photosynthesis showed a high expression level in H2 treatment. This may be caused by
different experimental materials and conditions. The proteins related to the stress response and defense
changed significantly after NO treatment in the processes of peach fruit ripening, such as glutathione
S-transferase (GST) and ascorbate peroxidase (APX) [24]. Simultaneously, we found that the expression
of proteins associated with defense were up-regulated by exogenous NO in the cut lilies during
preservation. This suggested that NO could promote the expression of proteins related to defense. The
proteins related to energy metabolism were decreased during strawberry fruit ripening [25]. In litchi
pulp, malate dehydrogenase (related to energy metabolism) was down-regulated in the later storage
period [26]. In this study, the proteins related to energy metabolism were down-regulated in HRW
plus tungstate, suggesting that NO played an important role in the proteins’ expression, regulated by
H2. Thus, H2 and NO could regulate the expression of proteins related to photosynthesis, defense, and
energy metabolism while delaying the senescence of cut lilies.

ATP synthase CF1 alpha subunit (AtpA) protein is a key enzyme for the chloroplast thylakoid
membranes, and plays a vital role in synthesizing ATP from ADP and phosphate [27]. ATP synthase
CF1 α-subunit was obtained and showed an initial increase and then a decrease in Kandelia candel
under salt stress [28]. The expression of ATP synthase CF1 α-subunit was decreased in the treatment
of MAP kinase kinase (MEK) inhibitor in Chlamydomonas reinhardtii [29]. In this study, we revealed that
the differential relative abundance of AtpA protein was significantly different between experimental
treatments. H2 could up-regulate the expression of AtpA protein during postharvest freshness of cut
lilies, while the accumulation of AtpA protein was not significantly up-regulated by NO. Interestingly,
AtpA protein was down-regulated in HRW + NaN3, but no accumulation spots of AtpA protein were
detected in HRW + tungstate treatment. This may be because the expression of AtpA was too low
(abundance ≤ 1.5-fold) to detect in the HRW + tungstate group. This suggested that the positive effect
of H2 on the expression of AtpA protein was inhibited by the inhibitors of NO. The positive roles of
H2 on polyphenol oxidase activity were impaired by cPTIO (NO scavenger), L-NAME (NO synthase
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enzyme inhibitor), and NaN3 [22]. H2-promoted NO accumulation and stomata closure were greatly
prevented by L-NAME or tungstate [14]. The above results suggest that the positive effects of H2

were reversed when the generation of NO was blocked by an inhibitor or scavenger. Thus, it may be
that H2 at least partially played its positive roles through endogenous NO. In the study, the relative
expression of LlatpA gene and the activity of ATPase were determined in order to further investigate
the expression of AtpA protein at the transcriptional and biochemical levels. ATPase is embedded
in the same coupling membrane, and is composed of several subunits, including an alpha subunit.
The a-subunit is composed of five transmembrane helices (TMHs), including a four-helix bundle [30].
The prerequisite of ATPase exerting its proton-driven role is intersubunit mobility. Thus, the CF1
a-subunit plays an important role in ATPase. Additionally, ATPase is a key thylakoid membrane
protein encoded by the atpA gene of the chloroplast genome [31]. In our study, the RT-qPCR results
showed that exogenous H2 could increase the expression of the LlatpA gene. The expression of the
atpA gene of cucumber was increased by exogenous putrescine in salt stress [32]. H2 could get into
soluble spinach chloroplast to activate ATPase by exchanging into internal parts of the molecule
on energized membranes [33]. Simultaneously, the change in the expression of the atpA gene was
positively related to ATPase activity at the transcriptional level under low temperature conditions [34].
Meanwhile, we revealed that the activity of ATPase was also promoted by H2, which was positively
related to the relative expression of the LlatpA gene. In another study, NO was found to play a vital
role in stimulating H+-ATPase activity during the early stages of maize lateral root development [35].
Exogenous NO could alleviate the inhibition of H+-ATPase in plasma membrane or tonoplast which
was induced by CuCl2 [36]. In the present study, exogenous NO could also enhance the activity
of ATPase. However, the positive effects of H2 on the LlatpA gene and ATPase were inhibited by
inhibitors of NO. The transcription levels of the cyclin-dependent kinase B decreased when H2 was
used together with cPTIO, L-NAME, and NaN3, respectively [15]. It was suggested that NO may act
as a signaling molecule involved in H2 to increase the expression of the LlatpA gene and the activity of
ATPase. All of these results were consistent with the expression of AtpA protein. Taken together, H2

may play its positive role in the expression of the LlatpA gene and the activity of ATPase by regulating
endogenous NO.

The results of transcriptional level and biochemical level analysis were consistent with the results
of AtpA protein expression, suggesting that the involvement of NO in the H2-promoted vase life
of cut lilies may be through regulation of the expression of AtpA protein. Since AtpA is a protein
related to photosynthesis, and ATPase plays significant roles in photosynthesis-dependent membrane
hyperpolarization and energy transfer [37], in the next study, the chlorophyll fluorescence parameters
and photosynthetic parameters were determined to further validate the effects of the ATP protein on
NO and H2 co-regulated postharvest preservation at the physiological level. We found that exogenous
H2 could increase the value of Fv/Fm, ΦPSII, and qP. A previous study also found that exogenous H2

could significantly alleviate high light induced-damage to PSII [38]. In this study, proteomics analysis
suggested that the expression of AtpA was up-regulated by H2. Therefore, H2 played positive roles
in enhancing the light energy conversion efficiency of PSII, possibly by regulating the expression of
AtpA protein. Exogenous NO could alleviate paraquat-induced decline of Fv/Fm [39]. Exogenous NO
also could significantly increase Fv/Fm, and thereby the toxic effects of arsenic (As) on photosynthesis
were alleviated in Luffa seedlings [40]. The exogenous NO could decrease qP to inhibit the electron
transport rate (ETR) [41]. In this study, the ratio of Fv/Fm was increased by NO. However, exogenous
NO did not significantly change the values of ΦPSII and qP, suggesting that NO had no obvious role in
the capture and distribution of light energy. Exogenous NO could remarkably alleviate the inhibition
of Fv/Fm induced by chilling stress, while inhibitors of NO could reduce Fv/Fm, ΦPSII, and qP [42].
Our data also revealed that the positive effects of H2 on Fv/Fm, ΦPSII, and qP were inhibited by
inhibitors of NO. This result was consistent with the result that inhibitors of NO inhibited the positive
effects of H2 on the expression of the AtpA protein. Thus, the involvement of NO in the H2-regulated
electron transport of PSII may be by regulating AtpA protein. Photosynthesis leads to the storage of
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solar energy in organic compounds. As a key enzyme related to photosynthesis, AtpA protein may
affect photosynthesis efficiency [43]. Here, the results of photosynthetic analysis showed that Pn and
Gs were increased by exogenous H2 or NO, but the value of Ci decreased. The above results were
consistent with the proteomics analysis, indicating that H2 enhanced photosynthesis by regulating the
expression of AtpA protein. Exogenous H2 could also increase the Pn in a concentration-dependent
manner in maize seedlings [38]. Exogenous NO effectively inhibited the decrease in Pn as a result of
non-stomatal factors under acid rain stress [44]. These results suggested that NO and H2 played a
positive role in improving the photosynthetic performance of cut lily leaves. Chen et al. (2014) [45]
reported that the Pn of transgenic and wild-type rice plants was significantly increased by NO, while
the effect of NO on the Pn was inhibited by an NO scavenger. The positive effect of H2 on alleviating
the Al-induced inhibition of alfalfa root growth was inhibited by cPTIO (a scavenger of NO) and
tungstate [16]. In the present study, the effect of H2 on Pn and Gs were decreased by inhibitors of NO.
However, the Ci was increased when the roles of H2 were inhibited by NO inhibitors. This may be
due to the positive relationship between intercellular CO2 concentration (Ci) and net photosynthetic
rate (Pn) under stomatal opening. Proteomics analysis also showed that the positive effect of H2 on
improving the expression of AtpA protein was inhibited by NO inhibitors. Therefore, the involvement
of NO in H2-regulated photosynthesis may be through regulating the expression of AtpA protein.

In conclusion, exogenous H2 or NO significantly promoted the vase life and quality of cut
lilies, and NO might play an important role in the H2-improved postharvest freshness of cut lilies.
Additionally, H2 also significantly regulated the expression of AtpA protein and the activity ATPase,
as well as photosynthesis in the postharvest freshness of cut lilies (Figure 8). Interestingly, NO may
be involved in this process. Collectively, our results also revealed that NO was involved in the
H2-enhanced shelf-life and quality of cut lilies, possibly through regulating the expression of the
photosynthesis-related AtpA.

Figure 8. Schematic diagram of key proteins during nitric oxide–hydrogen gas-improved postharvest
freshness in cut lily by comparative proteomic analysis.
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4. Materials and Methods

4.1. Plant Material and Treatments

Cut lily (Lilium “Manissa”) flowers with a single green bud and similar flowering degree were
obtained from a commercial grower (Qianxi Florist, Lanzhou, China) and transferred rapidly to the
laboratory. Flowers were held in water for 12 h and then cut under water to a length of 45 cm and every
flower having five leaves on the top was kept to provide homogenous samples. Finally, the flowers
were inserted into 1 L of treatment solution: distilled water (the control), 1% hydrogen-rich water (HRW,
the preparation of HRW was based on the method of Zhu et al. [20]), 150 μM sodium nitroprusside
(SNP, a donor of NO), 1% HRW plus NO inhibitors 50 μM sodium azide (NaN3) or 100 μM tungstate.
The above chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA) except for tungstate
(tungstate was provided from Shanghai Zhaoyun chemical Co., Ltd., Shanghai, China). The treatment
solution was exchanged every day at regulating time. Furthermore, each treatment was conducted in
three replicates, with each replication including five cut flowers. The laboratory was maintained at
25 ± 3 ◦C, 60% ± 5% relative humidity, and 15 μmol·m−2·s−1 photons irradiance.

4.2. Determination of Vase Life and Maximum Flower Diameter

The vase life of cut lily flowers was determined according to time beginning on the first day when
flowers were inserted in the vase solution. The vase life was considered to the termination when the
flower was wilted. A Vernier caliper was used to measure the maximum flower diameter, which is
the maximum distance between buds and petals. The cross method was conducted to measure the
maximum flower diameter. After treatment, the maximum flower diameters were measured and
recorded every day.

4.3. Determination of the Rate of Fresh Weight Change

The fresh weight of each flower before treatment was measured using an electronic balance and
recorded as W0 (W0 is the fresh weight of the cut lilies at the first day). Then, the water at the base
of the flower stem was blotted with filter paper and its fresh weight was measured. The value was
recorded as Wd (Wd is the fresh weight of the cut lilies at d = 1, 2, 3 . . . days). The rate of fresh weight
change was calculated according to the formula: [(Wd − W0)/W0] × 100.

4.4. Protein Extraction

Three biological replicates were performed in the comparative proteomic analysis. The sample of
2 g cut lily leaves was used to extract protein in the eighth day of treatment. Each sample was ground
to a fine powder with 0.04 g polyvingypyrrolidone (PVPP) in liquid nitrogen in a pre-cooled mortar.
The powders were transferred into six 2 mL tubes. To each tube was added ice-cold trichloroacetic
acid (TCA)/acetone (containing 10% (v/v) TCA and 0.07% (v/v) β-mercaptoethanol (β-ME)). Samples
were mixed with a vortex and placed in a freezer at −20 ◦C overnight. The next day, the pellet was
centrifuged at 20,000× g for 30 min at 4 ◦C. Two milliliters of 100% (v/v) pre-cooled acetone (containing
0.07% β-ME) was added, mixed with a vortex and placed at −20 ◦C for 1 h, centrifuging at 20,000× g
for 20 min at 4 ◦C and discarding the supernatant. Then, the step was repeated again. Two milliliters
of 80% (v/v) pre-cooled acetone (containing 0.07% β-ME) was added, mixed by vortex and placed at
−20 ◦C for 30 min, centrifuged at 20,000× g for 15 min at 4 ◦C, and the supernatant was discarded.
Then, the step was repeated twice. The pellet was placed in a 2 mL centrifuge tube precooled with
liquid nitrogen and placed in an in situ ordinary type freeze dryer (Scientz-10ND, Ningbo Xinzhi
Biotechnology Co., Ltd., Ningbo, China) to dry to a white powder. A certain amount of 7 M protein
lysate containing DL-dithiothreitol (DTT) was added and cracked at room temperature for 2 h, mixed
by vortex one time per 30 min during cracking and centrifuged at 20,000× g for 30 min at 4 ◦C. The
supernatant was the total protein of lily leaves. The resulting protein was stored at −80 ◦C for next
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use. The protein concentration was determined according to the method described by Bradford assay
(Bio-Rad, Hercules, CA, USA).

4.5. Two-Dimensional Electrophoresis (2-DE) and Gel Image Analysis

For two-dimensional electrophoresis (2-DE), a total of 0.8 mg protein was first subjected to
isoelectric focusing (IEF) and separated by two-dimensional SDS-PAGE. First-dimension IEF was
done using pH 4–7 NL IPG strips (ReadyStrip, 17 cm, BioRad, USA). The strips were rehydrated in
a rehydration solution (7 M urea, 2 M thiourea, 4% CHAPS, 65 mM DTT, 0.2% (w/v) Bio-Lyte, and
0.001% bromophenol blue) containing the protein sample for 12 h at room temperature. IEF was
conducted in a Protean® IEF Cell (Bio-Rad) at 20 ◦C, and the voltage was set as 50 V for 14 h, 250 V
for 3 h, 1000 V for 5 h, 9000 V for 5 h, and 9000 V until maximum 90,000 Vh, then under 500 V run
for 24 h. After first-dimension IEF, the strips were equilibrated instantly for 15 min in equilibration
buffer I (6 M urea, 2% (w/v) SDS, 0.375 M Tris-HCl (pH 8.8), 20% (v/v) glycerol, 2% (w/v) DTT). Then,
5 mL equilibration buffer II (6 M urea, 2% (w/v) SDS, 0.375 M Tris-HCl (pH 8.8), 20% (v/v) glycerol,
2.5% (w/v) iodoacetamide) was added and incubated for 15 min. Second dimension SDS-PAGE
was conducted in 12% (v/v) polyacrylamide-SDS gel (Protean® Plus Dodeca Cell, Bio-Rad). After
electrophoresis, the gels were stained with Coomassie Brilliant Blue (Bio-Rad). Stained 2-DE gels
were scanned with a GS-800 Calibrated Densitometer (Bio-Rad), and data were analyzed by PDQuest
software version 8.0 (Bio-Rad) as described by the manufacturer. The spots were automatically
detected by the software and then subjected to careful manual editing and confirmation. Each spot
of the standard gel accorded the following criteria: it was present in at least two of the three gels
and was qualitatively consistent in size and shape in the replicate gels. The relative volume of each
spot was assumed to represent the expression level of its protein. The volume of each well-separated
spot was compared between control and different treatments to identify differentially accumulated
protein spots. A spot abundance ratio of greater than 1.5 (p < 0.05) (a spot present uniquely or
present in two-fold abundance in one sample relative to the other) was used as the threshold for a
protein being differentially accumulated in subsequent studies. Every treatment was done with three
biological replicates.

4.6. Protein Identification and Database Searching

Protein spots that appeared as differentially expressed between the control and treatment samples
were excised from the gels and digested with trypsin (Promega, Madison, WI, USA), based upon the
procedure described by Liu et al. [46]. MS and tandem mass spectrometry (MS/MS) data for protein
identification were obtained by using a matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF/TOF) instrument (4800 Plus MALDI TOF/TOFTM Analyzer; AB SCIEX, Framingham,
MA, USA), as previously described by Sheffield et al. [47]. The MS/MS spectra searches were
submitted to the NCBI database (http://www.ncbi.nlm.nih.gov) downloaded on 9 January 2017
(15,653 sequences) and Uniprot database (http://www.uniprot.org/) downloaded on 21 September
2016 (3,887,742 sequences) to identify proteins in the MASCOT (version 2.2, Matrix Science, London,
UK) search engine using the following search parameters: MS tolerance of 50 ppm, MS/MS tolerance
of 0.5 Da, peptide molecular mass ranging from 400 to 4000 Da, with one missing cleavage site, fixed
modifications of carbamidomethyl (Cys) and variable modifications of oxidation (Met). The Percolator
algorithm was used to estimate the false discovery rate (FDR) based on p-value, and only peptides at
the 99% confidence level were counted as the identified protein. Proteins were considered as identified
when one protein had to contain at least two peptides and when average of fold change was ≥1.5 in
the experimentally treated groups compared to the control group.

4.7. Quantitative RT-PCR (qRT-PCR) Analyses

After 8 days of treatment, 1 g of the cut lily leaves was ground to a powder in liquid nitrogen
and the total RNA was abstracted using TaKaRa MiniBEST plant RNA extraction kit (Takara Bio

157



Int. J. Mol. Sci. 2018, 19, 3955

Inc, Kusatsu, Shiga, Japan) according to the manufacturer’s instructions. For these samples, 1 μg of
total RNA was converted to cDNA using PrimeScript RT Master Mix kit (Takara Bio Inc, Kusatsu,
Shiga, Japan) according to the manufacturer’s instructions. Quantitative RT-PCR was conducted
with SYBR® Premix Ex TaqTM II (Takara Bio Inc, Kusatsu, Shiga, Japan) and LightCycler®96 (Roche
Applied Science, Mannheim, Germany) automated PCR system using two-step cycling conditions
of 95 ◦C pre-degeneration for 30 s, followed by 40 cycles of 95 ◦C for 5 s, and then annealing at
60 ◦C for 20 s. The reaction mixture (20 μL) contained 1 μL of cDNA solution and primers at a
concentration of 10 μM each. The lily gene actin (JX826390) was used as a reference for calculating
relative transcript abundance. The primers of actin were: forward (5′-TGCTGGATTCTGGTGATGGT-3′)
and reverse (5′-TCCCGTTCAGCTGTAGTTGT-3′). The CDS of ATP synthase CF1 alpha subunit
(AtpA) was acquired according to accession no. by NCBI. The atpA gene Lilium “Manissa” was
named the LlatpA gene. The LlatpA gene-specific primers were designed based on the cDNA
sequences. The primers of LlatpA were: forward (5′-AAGCTTGTGCCTGTTTGGAG-3′) and reverse
(5′-AACGGCAGATTCACCTGCTA-3′). The method of comparative Ct (2−ΔΔCt) [48] was used to
calibrate the relative quantification of RNA expression. Each sample was set three biological replicates.

4.8. Determination of ATP Synthase Activity

A 1 g sample of the cut lily leaves was ground with a crude enzyme extracting solution (2.75 mL
β-mercaptoethanol and 0.688 g EDTA-Na2, volume fixed to 1 L using 20 mmol/L Tris-HCl) to form a
slurry. The slurry was filtered through four layers of gauze. Then, 1.5 mL of the filtrate was centrifuged
at a speed of 12,000× g at 4 ◦C for 10 min. Subsequently, 100 μL supernatant was added in 200 μL of
the reaction solution (0.5448 g ATP-Na and 0.6517 g MgCl2·6H2O were fixed to a volume of 300 mL
using a 20 mmol/L maleic acid buffer) and incubated for 30 min at 38 ◦C. The reaction was terminated
by 200 μL TCA. Finally, 1.5 mL phosphorus reagent (6 M H2SO4: distilled water: 2.5% ammonium
molybdate aqueous solution: ascorbic acid = 1:2:1:1) was added to the reaction to enact a color reaction
for 20 min at 45 ◦C. After finishing the color reaction, 3 mL distilled water was added to measure the
OD value at 660 nm using a UV spectrophotometer (UV-2800A, Unico® (Shanghai) Instrument Co.,
Ltd., Shanghai, China). The inorganic phosphorus content was calculated according to the OD660 and
the standard curve that prepared with KH2PO3 at different concentrations was: y = 8.235x − 0.0859,
R2 = 0.9984. ATPase activity was calculated and the unit was μmol (Pi) × (mg (chl) h)−1).

4.9. Determination of Chlorophyll Fluorescence and Photosynthetic Parameters

Chlorophyll fluorescence parameters were investigated using an Imaging-PAM Chlorophyll
Fluorometer (Walz, Effeltrich, Germany) at 2, 4, 6, 8, and 10 days after treatment. Before measurement,
the cut lily leaves were kept in darkness for 30 min to allow all reaction centers to open. The
maximum quantum yield of PSII (Fv/Fm = (Fm − Fo)/Fm) and the effective quantum yield of
PSII (ΦPSII) [ΦPSII = (Fm’ − Fs)/Fm’] was calculated according to Genty et al. [49]. Photochemical
quenching (qP) [qP = (Fm’ − Fs)/(Fm’ − Fo’)] was calculated according to Van Kooten and Snel
(1990) [50]. Photosynthetic parameters were measured using a CIRAS-2 Portable Photosynthesis
and Chlorophyll Fluorescence System (PP Systems Ltd., Hitchin, Herts, UK) at a photon irradiance
of 1500 Lmol m−2 s−1. Three plants in each treatment were randomly selected for gas exchange
measurement at 9:00 to 11:00 a.m. on a sunny morning at 2, 4, 6, 8, and 10 days after treatment. Net
photosynthetic rate (Pn), transpiration rate (Tr), stomatal conductance (Gs), and intercellular CO2

concentration (Ci) were recorded.

4.10. Statistical Analysis

Values are means ± SE of three various experiments with three replicated measurements. Multiple
comparisons were performed using Duncan’s multiple range test to determine the significance of the
results between different treatments at the p < 0.05 level. The data analysis was conducted using the
software SPSS 22.0 (SPSS Inc., Chicago, IL, USA).
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Abstract: Despite recent scientific headway in deciphering maize (Zea mays L.) drought stress
responses, the overall picture of key proteins and genes, pathways, and protein–protein interactions
regulating maize filling-kernel drought tolerance is still fragmented. Yet, maize filling-kernel
drought stress remains devastating and its study is critical for tolerance breeding. Here, through
a comprehensive comparative proteomics analysis of filling-kernel proteomes of two contrasting
(drought-tolerant YE8112 and drought-sensitive MO17) inbred lines, we report diverse but key
molecular actors mediating drought tolerance in maize. Using isobaric tags for relative quantification
approach, a total of 5175 differentially abundant proteins (DAPs) were identified from four
experimental comparisons. By way of Venn diagram analysis, four critical sets of drought-responsive
proteins were mined out and further analyzed by bioinformatics techniques. The YE8112-exclusive
DAPs chiefly participated in pathways related to “protein processing in the endoplasmic reticulum”
and “tryptophan metabolism”, whereas MO17-exclusive DAPs were involved in “starch and sucrose
metabolism” and “oxidative phosphorylation” pathways. Most notably, we report that YE8112
kernels were comparatively drought tolerant to MO17 kernels attributable to their redox post
translational modifications and epigenetic regulation mechanisms, elevated expression of heat shock
proteins, enriched energy metabolism and secondary metabolites biosynthesis, and up-regulated
expression of seed storage proteins. Further, comparative physiological analysis and quantitative real
time polymerase chain reaction results substantiated the proteomics findings. Our study presents
an elaborate understanding of drought-responsive proteins and metabolic pathways mediating
maize filling-kernel drought tolerance, and provides important candidate genes for subsequent
functional validation.

Keywords: proteomes; iTRAQ; filling kernel; drought stress; heat shock proteins; Zea mays L.

1. Introduction

Field grown crops, similar to other sessile organisms, often endure numerous environmental
instabilities throughout their life spans [1,2]. Such constant exposure hampers plant growth and
development, consequently resulting in reduced crop yields [3]. Among the environmental stress
factors (such as salinity, drought, freezing, heat, etc.), drought is the single factor that imposes the
most severe limitations to agricultural production [4–6]. In the backdrop of a continually increasing
global human population, heightened food demand, and continuing global climate change, drought is
anticipated to increase in occurrence and intensity under future agricultural practice [7,8]. Therefore,
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understanding how crop plants respond to drought stress at the molecular level remains critical
for guiding the genetic improvement in drought tolerance, so as to maintain sustainable higher
productivity under such climate change conditions.

Maize (Zea mays L.) is the third most important cereal crop in the world after rice (Orzya sativa L.) and
wheat (Triticum aestivum L.) [9]. Aslam et al. [10] have dubbed maize “a multidisciplinary crop” because
of its multiple uses in the human food, animal feed, and fodder, as well as biofuel production [11,12].
However, maize production is under severe threat from drought stress. The crop is most susceptible
to drought from the flowering stage to grain filling stage [13,14]. Kernel development in maize is
well-characterized, with grain filling occurring from ~15 days post pollination (DPP) to ~45 DPP [15].
Maize kernels are particularly sensitive to the negative effects of drought stress during grain filling [16],
a period also considered critical from an aflatoxin (Aspergillus flavus L.) resistance perspective [17].
Moisture stress at this stage could result in seed abortion and decreased productivity [18]. The numbers
of kernels set and filled under drought stress account for most of the variation in maize grain yield
under drought and directly affects the harvesting index. Additionally, kernels near the ear tip will often
abort after several weeks of growth if they are drought-affected [7]. Therefore, minimizing moisture
deficit and maintenance of an active supply of photo-assimilates at the grain filling stage are essential
in reducing the effects of drought on kernel final weight.

To overcome environmental perturbations within their habitats, plants institute several adaptive
strategies at different levels, ranging from physiological through metabolic to molecular [10,19].
Maintenance of water status and physiological activity of the plant cell is achieved through
metabolic adjustment; plants synthesize and accumulate various protective molecules, such as
antioxidant enzymes (peroxidase (POD), superoxide dismutase (SOD) etc.), polyamines, amino acids
(predominantly proline and glycine), and some sugars [4,20]. To protect themselves against reactive
oxygen species (ROS) and photo inhibition, plants activate osmoprotection via osmotic adjustment and
antioxidant scavenging defense systems, aided by plant growth regulators [2,21]. At the molecular
level, plants institute stress responsive proteins, transcription factors, and signalling pathways among
other strategies to respond to drought stress [21]. These molecules confer drought tolerance through
protection of cellular contents or via regulation of stress responsive genes [10].

Although there have been a lot of studies [22–26] on the physiological, biochemical, and molecular
bases of maize dehydration tolerance, most of them attached importance to the seedling and vegetative
stage responses, and mostly employed cDNA micro arrays and transcriptome analyses. Thus far,
very few studies [3,18] have focused on the proteomic analysis of maize drought stress response at the
grain filling stage, despite this being the most critical stage at which soil moisture deficit stress has
a direct effect on the final grain yield in maize [7,16], and despite proteomic analysis approach being
more expedient to transcriptomic approaches [27,28].

With recent advances in the technologies and approaches in abiotic stress response evaluation,
large scale, high-throughput proteomics has become a very powerful tool for performing comprehensive
analysis of crop proteins and identification of stress responsive proteins in comparative abiotic stress
studies [29,30]. Proteomics describes the study and characterization of a complete set of proteins
present in a cell, organ, or organism at a given time (known as a proteome) [31,32]. Generally, proteomic
approaches are useful for proteome profiling, comparative expression analysis of two or more protein
samples, and localization and identification of post translational modifications (PTMs). Proteomics
involves the detection of protein diversity, abundance, isoforms, compartmentalization, and interaction
with other proteins [33]. Additionally, it provides for both qualitative and quantitative measurements
of proteomes in specific plant tissues at specific developmental and physiological stages [32,34]. Protein
profiles reflect changes in the protein expression of a given tissue and its cellular compartments in
response to endogenous or external perturbations [35]. Besides being complementary to genomics,
proteomics provides information on the molecular mechanisms underlying plant growth and stress
responses, and is a crucial link between transcriptomics and metabolomics [29]. Whereas the structural
and expressional variation identified at genetic or transcriptional levels is not always translated into the
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predicted phenotype because of post-translational modifications [36], the proteome (unlike the static
genome) is dynamic, and the evaluation of proteins caters for PTMs, thus providing more knowledge
in understanding biological functions [33].

Gel-free methods involving digestion of intact proteins into peptides prior to separation have
now become very popular as compared to gel-based methods (such as 2DE), which have a low
rate of throughput. Application of gel-free protein separation techniques and the next generation
of proteomic techniques, including quantitative proteomics approaches, such as isobaric tags for
relative and absolute quantitation (iTRAQ) and isotope-coded affinity tags (ICAT), have become widely
employed in descriptive and comparative plant abiotic stress adaptation proteomic studies [37,38].
Particularly, the iTRAQ-based method provides a gel-free shotgun quantitative analysis and uses
isobaric reagents to label tryptic peptides and to monitor relative protein and peptide mass tolerance
(PMT) abundance changes [39]. It also provides for multiplexing of up to eight samples in a single
experiment, thereby allowing for the time-dependent analysis of plant stress responses or biological
replicates in a single experiment [40]. The technique has become widely useful in plant abiotic stress
response studies [36,41–43].

Previously [44], we employed an iTRAQ-based method to evaluate, through comparative analysis
approach, the seedling-stage responses of two contrasting maize inbred lines (drought tolerant
YE8112 and drought sensitive MO17) to drought stress. We realized that YE8112 was comparatively
more tolerant to drought stress than MO17 owing to its enhanced activation of photosynthesis
proteins involved in thermal dissipation of light energy, enhanced lipid metabolism, improved cellular
detoxification capacity, improved chaperon activities, as well as reduced synthesis of redundant proteins
to help save energy for enduring stress [44]. Additionally, our transcriptomic study [45] suggested
improved stress sensing and signaling, enhanced carbohydrate synthesis and cell wall remodeling,
enhanced amino acid biosynthesis, as well as YE8112’s ability to sustainably accumulate greater amounts
of proline and POD activity under water-limited conditions to be critical for drought tolerance.

In order to clarify the molecular mechanisms underlying maize response to drought stress
at the kernel filling stage, herein we employed an iTRAQ-based approach to examine the protein
expression profiles in developing kernels, and to compare the drought stress responses of the same
(YE8112 and MO17) inbred lines after moisture deficit exposure for 14 days. Moreover, comparative
phenotypic and physiological drought-stress response analyses buttress the proteomic analysis results.
Our findings bring to light new insights into the principal responsive proteins and metabolic pathways
and processes underpinning maize drought tolerance at the kernel filling stage. Additionally, building
on our previous findings [44,45], we examine the similarities or differences between maize seedling
and filling-kernel responses to drought in the context of gene and protein expression regulation and
at the physiological level. Further, drought responsive proteins and genes identified herein could be
harnessed for molecular breeding and biotechnological applications aimed at developing drought
resilient cultivars.

2. Results

2.1. Inbred Lines Contrasting Phenotypic and Physiological Responses to Drought Stress

At the 26 DPP stage, we recorded some phenotypic and morphological measurements of the
sample ears from different treatment groups from both MO17 and YE8112 inbred lines. Phenotypically,
under water-sufficient (control) condition, both inbred lines exhibited decent grain-filling condition
and no prominent visual variances (sensitive line under water-sufficient conditions, SC in Figure 1A;
tolerant line under water-sufficient condition, TC in Figure 1B).
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Figure 1. Phenotypic characterization of the two maize inbred lines (sensitive MO17, S; and tolerant
YE8112, T) ears’ responses to drought stress. Observations and measurements were made at 26 days
post pollination (DPP) under both water-sufficient (control, C) and water-deficit (drought, D) conditions.
(A,B) Ear phenotypes; (C) ear length; (D) ear bare tip length; (E) kernel rows per ear; (F) kernel number
per row. Data are presented as mean ± standard errors (n = 3). Different letters on error bars mean
significant difference at p < 0.05. (C–F) Each replication is an average for the measurement of 10 ears.
Scale bars = 4 cm for both Figure 1A,B.

However, under moisture-deficit conditions, significant differences in ear appearances were
observed, with sensitive line MO17 showing uneven kernel arrangement and an obvious phenomenon
of tip barrenness (sensitive line under drought treatment; SD in Figure 1A), whilst tolerant line YE8112
had even kernel arrangement and minimal barren tips (tolerant line under drought treatment; TD in
Figure 1B). Drought stress resulted in significant (p < 0.05) decrease in ear length (EL) only in sensitive
line MO17 (Figure 1C). Additionally, drought stress significantly increased ear tip barrenness in MO17,
but not in YE8112 (Figure 1D). Meanwhile, relative to the control conditions, kernel rows per ear
(KRPE) was not significantly influenced by drought treatment in both lines (Figure 1E). However,
under drought conditions, kernels per row (KPR) was significantly (p < 0.05) decreased in sensitive
line MO17, but not in tolerant line YE8112 (Figure 1F). Our results reveal vivid contrasting phenotypic
responses of the two lines to drought stress at the kernel filling stage, with MO17 being comparably
more susceptible than YE8112.

To understand the physiological responses of the maize plants to drought, we determined some
physiological indices in the kernels. Compared to the control groups, the kernel relative water content
(RWC) significantly (p < 0.05) declined in both inbred lines under drought stress, but the rate of decline
in MO17 was much sharper than that of YE8112 (Figure 2A).
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Figure 2. Physiological changes in the kernels of two contrasting maize inbred lines (sensitive MO17
and tolerant YE8112) in response to drought stress. Physiological changes were measured at different
time points (13, 14, 17, 20, 23, and 26 days post pollination; DPP) under both water-sufficient (control)
and water-deficit conditions. (A) Relative water content; (B) proline content; (C) peroxidase (POD)
activity; (D) malonaldehyde (MDA) content. Data are presented as mean ± standard errors (n = 3).
Different letters above line graphs show significant difference (p ≤ 0.05) among treatments at a given
stress time point.

Our results showed that compared to the control conditions, proline content increased in both
lines from 14 DPP to 20 DPP under drought conditions (Figure 2B). Proline increase was mantained
up to 26 DPP in the tolerant line YE8112, wheras in the susceptible line MO17, it decreased from
20 DPP onwards (Figure 2B). Compared to control conditions, POD activity significantly increased
in both inbred lines under drought stress conditions, starting from 14 DPP (Figure 2C). The rate of
POD increase was statistically similar between the two lines (Supplementary Figure S1). Furthermore,
as compared to the corresponding control, MDA content was significantly elevated by drought stress
in both inbred lines. However, there was a sharp decline in MDA content in YE8112 from 20 DPP,
and moderate decrease in MO17 starting from 23 DPP (Figure 2D).

2.2. Summary Inventory of Maize Filling-Kernel Proteins Identified by iTRAQ Analysis

The proteomes of MO17 and YE8112 kernels were collected under water-sufficient (control) and
water-deficit conditions to make four libraries of three replicates each. The samples were then used
for iTRAQ analysis. With the aid of Mascot software (version 2.2), 303, 288 spectra were matched
with theoretical spectra from the Uniprot Zea mays L. database (132,339-12 January 2018). A total
50,566 peptides (comprising 27,288 unique peptides) corresponding to 6640 proteins (Supplementary
Table S1) were identified. A broad coverage was observed on protein molecular weight (MW)
distribution (Supplementary Figure S2A), with MW of the identified proteins ranging from 3 to 500 kDa.
Among them, 162 (2.44%) weighed < 10 kDa, 5406 (81.42%) weighed 10–70 kDa, 634 (9.55%) weighed
70–100 kDa, and 438 (6.59%) weighed > 100 kDa (Supplementary Figure S2A). The number of peptides
defining each protein is distributed in Supplementary Figure S2B, and over 77% of the total (6640)
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proteins matched with at least two peptides. In addition, the protein sequence coverage was generally
below 30% (Supplementary Figure S2C). Further, the distribution of the peptide lengths defining each
protein showed that most (90%) of the peptides ranged between 5 to 20 amino acids, with 7–9 and
9–11 amino acids as modal lengths (Supplementary Figure S2D). Proteins possessing at least two
unique peptides were used in subsequent analysis of differentially abundant proteins (DAPs).

2.3. Analysis of Drought-Responsive Differentially Abundant Proteins (DAPs)

We employed a comparative proteomic analysis approach to investigate the protein profile
alterations in kernels of MO17 (drought-sensitive, S) and YE8112 (drought-tolerant, T) lines under
water deficit conditions. A pairwise comparison of prior and post treatments (drought, D; control,
C) was performed in MO17 (SC_SD) and YE8112 (TC_TD) individually. Additionally, we carried out
a comparative analysis of the proteome between the sensitive and tolerant lines, under water-sufficient
(control) (SC_TC) and drought (SD_TD) conditions, yielding four experimental comparisons (Figure 3A).
A search for proteins with fold changes > 1.2 (up) or <0.83 (down) at p < 0.05 identified a total of
5175 DAPs among the four comparison groups. Prior to drought treatment, a total of 2172 DAPs
were differentially expressed (SC_TC comparison), among which 1102 were up-regulated and
1070 down-regulated. Post drought exposure, 897 DAPs showed differential expression (SD_TD),
with 447 being up-regulated and 450 down-regulated. Within the tolerant line YE8112, 155 proteins
displayed differential abundance before and after drought treatment (TC_TD), with 81 DAPs being
up-regulated and 74 down-regulated. Meanwhile, 1951 DAPs were observed in sensitive line MO17
before and after treatment (SC_SD), among which 950 were up-regulated and 1001 down-regulated
(Figure 3A).

Figure 3. Analysis of differentially abundant proteins (DAPs) identified in four experimental comparisons.
(A) Total number of DAPs identified in each experimental comparison group, by expression type.
Up-regulated means DAPs with increased differential abundance. Down-regulated means DAPs with
decreased differential abundance. (B) Venn diagram analysis of DAPs. Overlapping regions of the Venn
diagrams indicate DAPs shared between or among corresponding groups. DAPs uniquely expressed
in TC_TD (I), SD_TD (II), and TC_TD and SD_TD (III) are indicated with arrows. Area IV shows
105 overlapping DAPs within line.

The Venn diagram (Figure 3B) displays a comparative analysis of the DAPs described above.
The combinations of the four experimental comparisons reflect the impact of treatment or lines.
With regards to drought tolerance, some combinations are more important than others. The sets of
DAPs (marked Areas I–IV in Figure 3B) are the most critical and assumed more relevant to drought
stress response. Among the 8 DAPs specific to YE8112 under drought stress conditions (Area I),
half were up-regulated and another half down-regulated (Table 1). Of the 117 DAPs (Supplementary
Table S2) unique to SD_TD (Area II; DAPs shared between sensitive and tolerant lines after drought
treatment), 59 were up-regulated and 58 down-regulated (Supplementary Table S2). Meanwhile,
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the five DAPs unique to Area III are shown in Table 2. The 105 DAPs shared between TC_TD and
SC_SD (Area IV), that is, the overlapping (common) drought-responsive DAPS within line, are listed
in Supplementary Table S3. Additionally, the 186 DAPs uniquely expressed in sensitive line MO17
after drought treatment are listed in Supplementary Table S4.

We further conducted an overview hierarchical clustering analysis of the DAPs in the two inbred
lines under drought stress conditions (proteins unique to SD_TD; Area II in Figure 3). Our results
revealed that the DAP in different replicates of the same line exhibited similar expression patterns.
However, comparisons of the same DAP in YE8112 and MO17 revealed differences in expression
patterns (Figure 4A). Meanwhile, analysis of the differential expression changes of the DAPs showed
that down-regulated and up-regulated DAPs were symmetrical (Figure 4B).

 
(A) (B) 

Figure 4. Clustering analysis of differentially abundant proteins (DAPs). (A) Heat map of DAPs
overlapping in in SD_TD experimental comparison. Each row represents a significantly abundantly
expressed protein. SD1-3 refers to the biological replicate number for MO17, whilst TD1-3 refers to
the replicate number for YE8112. The DAPs were clustered based on the differentially expressed
levels. The scale bar indicates the logarithmic value (log 2) expression of the DAPs, up-regulated
(red) and down-regulated (green); (B) volcano plot showing the (log 2; −log 10 false discovery rate,
FDR) expression of the DAPs in SD_TD comparison. Purple bubbles represent differentially expressed
proteins and black bubbles represent proteins with non-differential expression.
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2.4. Functional Annotation and Classification of Drought-Responsive DAPs

We used Blast2GO web-based application (https://www.blast2go.com) to perform gene ontology
(GO) functional annotation, that is, to assign level 2 GO terms to the identified DAPs. GO functional
analysis revealed that several GO terms were shared between MO17 and YE8112, including metabolic
process (GO:0008152), cellular process (GO:0009987), regulation of biological process (GO:0050789),
and response to stimulus (GO:0050896), within the biological process (BP) category. Within the
molecular function (MF) category, binding (GO:0005488), catalytic activity (GO:0003824), nutrient
reservoir activity (GO:0045735), and transporter activity (GO:0005488) were the most prominent shared
GO terms between the two lines. With regards to the cellular components (CC) compartmentalization,
most of the DAPs in both inbred lines were located in the cell (GO:0005623), cell part (GO:0044464),
membrane (GO:0016020), membrane part (GO:0044425), and organelle (GO:0043226) (Supplementary
Figure S3).

However, the analysis of the most significantly enriched top 20 GO terms in each line showed vivid
differences in the GO terms between the two lines (Figure 5). In drought stressed YE8112, response
to stress (GO:0006950), response to stimuli (GO:0050896), response to abiotic stimuli (GO:0009628),
and hydrogen peroxide catabolic process (GO:0042744) were apparent under the biological process
(BP) category. The GO terms nutrient reservoir activity (GO:0045735), oxidoreductase activity acting
on a sulphur group (GO:0016667), and sulfite reductase (ferredoxin) activity (GO:0050311) were
prominent in the molecular function (MF) category, whereas extracellular region (GO:0005576),
monolyase-surrounded lipid storage body (GO:0012511), lipid droplet (GO:0005811), and apoplast
(GO:0048046) were the apparent cellular component (CC) locations for the DAPs (Figure 5A). On the
other hand, in drought stressed MO17, small molecule metabolic process (GO:0044281), cellular
carbohydrate metabolic process (GO:0044262), and regulation of generation of precursor metabolites
and energy (GO:0043467) were dominant terms in the BP category. In the MF category, catalytic activity
(0003824), oxidoreductase activity (GO:0016491), and hydrolyase activity (GO:0016787) were most
apparent. For the CC functions, photosystem II (GO:0009654) and thylakoid membrane (GO:0042651)
were the most significantly enriched terms (Figure 5B). These differences in the most significantly
enriched GO terms may be the main reason for the two inbred lines’ divergent drought tolerance,
and hence arouse our keen interest for further discussion.

To further analyze the functional fates of the identified DAPs, we mapped and assigned them to
various metabolic pathways, based on the Kyoto Encyclopedia of Gene and Genomes (KEGG, available
online: https://www.genome.jp/kegg/; accessed on 10 November 2018) database. We observed that
the linoleic acid metabolism pathway responded to drought stress in both inbred lines (Figure 6),
and that higher protein numbers were observed in MO17 enriched pathways than in YE8112 enriched
pathways (Supplementary Figure S4). Using a hypergometric test, KEGG metabolic pathways with
a p-value < 0.05 were labeled as significantly influenced by drought stress. Resultantly, protein
processing in the endoplasmic reticulum and tryptophan metabolism pathways were the most
significantly enriched in tolerant line YE8112 (Figure 6A). Contrastingly, starch and sucrose metabolism,
oxidative phosphorylation, and phenylpropanoid biosynthesis pathways were the most significantly
enriched in sensitive line MO17 (Figure 6B). For the full view of the top most significantly enriched
pathways in YE8112 and MO17 lines, we refer you to Supplementary Figure S5. The diverse response
exhibited by the two lines, in terms of the significantly enriched metabolic pathways, may be another
clear contributing factor in their drought tolerance divergence.
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Figure 5. Gene ontology (GO) functional classification of differentially abundant proteins (DAPs).
(A) Most significantly enriched GO terms (top 20) in tolerant line YE8112 under drought conditions;
(B) most significantly enriched GO terms in sensitive line MO17 under drought conditions. The number
above each bar graph shows the enrichment factor of each GO term (rich factor ≤ 1).

Figure 6. KEGG pathway enrichment analysis of the DAPs. (A) Most significantly enriched pathway in
TD_TC; (B) most significantly enriched pathways in SD_SC, based on the hypergeometric test, p < 0.05.
The color gradient represents the size of the p value; the color is from orange to red, and the nearer to
red represents a smaller p value, and a higher significance level of enrichment of the corresponding
KEGG pathway. The label above the bar graph shows the enrichment factor (rich factor ≤ 1).

172



Int. J. Mol. Sci. 2019, 20, 3743

2.5. Analysis of Protein-Protein Interactions

To understand how the maize kernel cells relay drought stress signals to influence certain cellular
functions, the identified DAPs unique to YE8112 and MO17 inbred lines were further analyzed using
the String database (Version 10.5, http://www.string-db.org/; accessed 10 March 2019). Selecting those
DAPs with confidence scores higher than 0.7, two networks and two pairs of interacting proteins
were observed in YE8112 (Figure 7A). The largest cluster comprises ten proteins, which are mostly
heat shock proteins (Supplementary Table S5). The second group is made up of eight proteins; these
participate in energy and carbohydrate (CHO) metabolism (Supplementary Table S5). Additionally,
two protein pairs were identified to participate in drought stress response (Figure 7A), with the first
pair being involved in ROS clearance and the second pair (of phosphogluconate dehydrogenases)
involved in response to abscisic acid (Supplementary Table S5). Meanwhile, four distinct protein
interaction networks were identified in MO17, comprising one sub-hub and three small clusters, as well
as three protein pairs (Figure 7B).

 

Figure 7. Protein–protein interaction analysis of the maize kernel drought-responsive differentially
abundant proteins (DAPs). (A) DAPs differentially expressed in YE8112 after drought treatment
(TC_TD). (B) MO17-specific DAPs. String database (version 10.5; http://www.string-db.org/) was used
to construct the network. The nodes represent proteins, and the thickness of connectors between nodes
represents the strength of the supporting data.

2.6. Quantitative Real-Time RT-PCR (qRT-PCR) Analysis

To confirm the accuracy of the iTRAQ results, the transcription of twenty-five representative
genes (Supplementary Table S6) encoding proteins whose abundance was differentially expressed in
response to drought stress was examined through a supporting quantitative real-time PCR (qRT-PCR)
experiment. Resultantly, the transcription patterns and levels of all the twenty five sampled genes
were consistent with our iTRAQ-based results (Figure 8; Supplementary Table S7). Thus, the qRT-PCR
analysis results confirmed our proteomic analysis findings. Correlation coefficient analysis results
(between qRT-PCR and iTRAQ data) are provided in Supplementary Figure S6.
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Figure 8. Quantitative real-time PCR (qRT-PCR) analysis results of the maize kernel drought-responsive
genes encoding differentially abundant proteins (DAPs) from different experimental comparisons.
(A) DAPs unique to TC_TD; (B) DAPs specific to SD_TD; (C) DAPs shared between SD_TD and TC_TD;
(D) common or overlapping DAPs between TC_TD and SC_SD. All negative expression level values
mean that the genes were down-regulated. GAPDH (accession No. X07156) was used as the house
keeping gene. Error bars represent the SE (n = 3).

3. Discussion

Drought or soil moisture deficit stress, particularly at the flowering and grain-filling stages, has
devastating effects on the final yield in maize [7]. Therefore, understanding how maize plants respond
to drought stress at the molecular level remains critical for guiding the genetic improvement in drought
tolerance so as to maintain sustainable higher productivity under such climate change conditions.
In order to gain comprehensive understanding of the molecular mechanisms, and identify putative
proteome signatures associated with maize drought stress response at the kernel filling stage, in this
manuscript, we have performed comparative proteomic analysis (between two inbred lines with
contrasting drought sensitivity) using iTRAQ approach. Additionally, comparative phenotypic and
physiological analyses of the two maize lines buttressed the proteomic analysis results. Our findings
offer better insights into the molecular mechanisms underpinning maize drought tolerance at the
kernel filling stage.

3.1. Vivid Contrasting Phenotypic and Physiological Responses of the Two Inbred Lines to Drought Stress

Significant differences were shown in ear appearances under moisture-deficit conditions,
with sensitive line MO17 exhibiting more pronounced drought symptoms than tolerant line YE8112
(Figure 1A,B). Growth inhibition of ears and kernels was evident, with more significant decrease in
EL and increased ear tip barrenness in MO17 than in YE8112 (Figure 1C,D). Further, the significant
decrease in EL in MO17 was accompanied with corresponding reduction in KPR (Figure 1F). Drought
stress results in cell growth arrest [10], slow ear growth [11], and fewer kernels [46]. The kernel-filling
period is tightly linked to maize yield potential [17], with drought at this stage resulting in kernel
abortion and yield reduction (emanating from diminished source strength and sink capacity) [10].
Retarded ear growth may sometimes be reflected by a failure to set kernels even when pollinated
with sufficient fresh pollen [7]. Here, we suggest that drought stress decreased the remobilization
of photosynthetic assimilates [4,47], causing a reduction in ear growth, kernel filling, and size, with
more pronounced occurrence in the susceptible line MO17 [17]. Further, reduction in sucrose and
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starch synthesizing enzyme activities is also suggested to have resulted in corresponding kernel filling
decrease [48]. Overall, our results revealed vivid contrasting phenotypic responses of the two lines
to drought stress at the kernel filling stage, with MO17 being comparably more sensitive and less
productive than YE8112.

Under environmental stress, reactive oxygen species (ROS), such as singlet oxygen (O2
−) and

hydrogen peroxide (H2O2), are greatly increased within cells. Excessive ROS will destroy biological
macromolecules, such as protein DNA and lipids, resulting in strong oxidative effect on cells [49,50].
Our results showed that under drought stress conditions, there was a sustained increase in POD
activities in both lines (Figure 2C). Peroxidases act to eliminate ROS and harmful substances within
the cells. This helped the cells to cope with drought stress [51]. Proline can protect the integrity of
cell membranes and reduce ROS damage to cells through stable osmotic regulation under abiotic
stress [52]. With the increase of proline content in the cells, the water potential of the cells is reduced,
thereby promoting absorption of water into the cells to cope with hydropenia [53]. Our results revealed
that increase in proline content was sustainably maintained up to 26 DPP in YE8112 but decreased in
MO17 from 20 DPP under drought conditions (Figure 2B). This could possibly point to why tolerant
line YE8112 could endure drought stress better that sensitive line MO17. MDA content can reflect the
degree of lipid peroxidation in the cells or tissue [54]. It is generally considered that the higher the
MDA content in cells, the greater the damage to the membrane system. When the two inbred lines
were exposed to drought stress, we observed that MDA content initially increased (until 20 DPP) in
both lines, and then declined sharply in YE8112 (from 20 DPP), and gradually in MO17 (from 23 DPP)
(Figure 2D). Increase in MDA content in both lines at the initial stages may suggest the damage of
the cell membranes by ROS generation in the cells emanating from drought stress [41]. However,
the sustained increase of proline content (combined with sustained increase in POD activity) beyond
20 DPP in tolerant line YE8112 might have aided better ROS quenching in YE8112 than in sensitive line
MO17. Although sustained increase in POD activity was also witnessed in MO17, ROS could not be
effectively quenched, probably as a result of lack of additional contribution by proline content, which
started to decline 20 DPP. Consequently, drought stress caused a greater deal of damage to MO17 than
to YE8112 kernel cells. In summary, we hypothesize that tolerant line YE8112’s better drought tolerance
emanated from its enhanced ROS quenching ability, improved cell homeostasis regulation, better cell
membrane integrity, and improved water retention capacity, as compared to sensitive line MO17 [44].

3.2. Differentially-Regulated Drought-Responsive Proteins in Tolerant Line YE8112

We performed comparative proteomic analysis using iTRAQ approach in order to identify putative
proteome signatures in the tolerant maize inbred line YE8112. We observed that there was a pronounced
change in the proteome of the stressed plants as compared to control conditions, as revealed by Venn
diagram analysis (Figure 3B). We analyzed the iTRAQ data of YE8112 under drought conditions to
screen out critical DAPs uniquely expressed in the tolerant line. Through bioinformatics analysis of
these DAPs, proteins or genes and metabolic pathways responsive to drought stress were identified
and clarified.

3.2.1. Redox Post Translational Modifications (PTMs) and Epigenetic Regulation Mechanisms

Among the eight drought-responsive proteins that were expressed specifically in tolerant line
YE8112 under drought stress conditions, half were up-regulated. Among these proteins were
glyceraldehyde-3-phosphate dehydrogenase (GAPDH/G3PDH), cytosolic purine 5-nucleotidase,
and histone deacetylase (Table 1). We hypothesize that these differentially up-regulated proteins
are involved in drought stress tolerance in tolerant line YE8112. Plant GAPDH is a ubiquitous enzyme
involved in glycolysis and has been proven a moonlighting protein, that is, to perform alternative
non-metabolic functions, including transpiration control in Arabidopsis [55], phytopathogenic
virus replication regulation [56], gene expression regulation, and oxidative stress sensing in plant
cells [57]. Thus, these non-glycolytic roles of GADPH, via oxidative modifications of the catalytic
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cysteine, may be essential in drought stress response in maize. Cytosolic purine 5-nucleotidase in
Zea mays L. cells is involved in metal ion binding, although its exact function remains unknown
(www.uniprot.org/uniprot/A0A1D6L6C5). There is, therefore, need for its further characterization.
Histone deacetylase (HDAC) is a key epigenetic enzyme for the binding of regulatory proteins to
chromatin. Thus, histone deacetylation may represent a unique regulatory mechanism in the early
steps of gene activation [58]. Taken collectively, these up-regulated proteins involved in redox PTMs
and epigenetic regulation, via sequence-specific histone modification of genes, may be critical in
drought tolerance in maize kernels.

3.2.2. Response to Stress- and Response to Stimuli-Related Proteins under Drought Conditions

Our GO analysis of the DAPs expressed in YE8112 under drought (TC_TD) revealed that
protein groups were enriched in “response to stress” and “response to stimuli” under the biological
processes category (Figure 5). Among these proteins, eleven were up-regulated under drought stress
(Supplementary Table S8, Sheet S1). These included several HSPs, chaperons, late embryogenesis
abundant (LEA) protein group 3, defensin-like protein, and catalase, among others (Supplementary
Table S8, Sheet S1). Under stress conditions, HSP70 plays a critical role in preventing aggregation
and assisting in refolding of non-natural proteins [6,59]. The production of ROS and H2O2 under
stress triggered the synthesis of HSP70, further enhanced the antioxidant enzyme activities, inhibited
further accumulation of H2O2, and led to anti-stress and anti-apoptosis [60,61]. HSP90 is crucially
involved in the management of protein folding [59,62], signal transduction networks, cell cycle control,
protein degradation, and cellular protein transport [63]. Furthermore, as chaperones, small heat
shock proteins (sHSPs) can protect proteins from aggregation under stress, thus promoting the cell’s
anti-stress ability [64].

LEA proteins’ role in plant abiotic tolerance has been recognized due to their heat stability and
hydrophilicity [6]; the group 3 LEA proteins accumulated in mature seeds and were regulated by abiotic
stresses, such as dehydration, salinity, and low temperature [65]. LEA proteins particularly protect
mitochondrial membranes against dehydration damage [66]. Zhang et al. [5] identified a group 3 LEA
protein as a phosphorylated protein in two Triticum aestivum L. cultivars, with its phosphorylation
level changing significantly under drought stress. Here, we suggest that the up-regulation of LEA
group 3 proteins under drought stress helps protect YE8112 kernel cells and contributes immensely to
maintaining cell homeostasis and normal energy metabolism. Taken collectively, we believe that when
YE8112 is subjected to drought stress, it synthesizes more HSPs, enhances the chaperone functions
of the protective proteins, maintains the cellular homeostasis, and improves the cell protection and
tolerance to stress.

3.2.3. Energy Metabolism and Secondary Metabolite Biosynthesis-Related Proteins under Drought

As we have already opined [45], carbohydrate or energy metabolism is critical for meeting the energy
needs of a cell enduring drought stress. A number of enzymes related to CHO metabolism and secondary
metabolite biosynthesis responded to drought stress in YE8112 inbred line kernels. The GAPDH,
which plays a major role in the glycolysis, was up-regulated under drought (Table 1). Additionally,
malate dehydrogenase (MDH), which is involved in CHO synthesis [67], the chalcone-flavonone
isomerase family protein, involved in flavonoid biosynthesis, a part of secondary metabolite
biosynthesis, and putative RUB1 conjugating enzyme and putative ubiquitin conjugation factor
E4, involved in ubiquitin mediated proteolysis, were also up-regulated in response to drought
stress (Supplementary Table S2). Further, abundance of other metabolism-related proteins, such as
glycosyltransferase, galactose oxidase, inositol-1-monophosphatase, and proline iminopeptidase,
also increased under drought conditions (Supplementary Table S2). These enzymes coordinate in
carbohydrate energy metabolism and secondary metabolite biosynthesis and may be considered
an essential drought response strategy in the tolerant line YE8112 kernels.
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Besides, NADPH-dependent HC-toxin reductase (HCTR), which detoxifies the HC-toxin produced
by the fungus Cochliobolus carbonun, and encoded by the maize Hm1 gene [68] was also up-regulated
in response to drought stress (Supplementary Table S2). This may suggest that the biotic-abiotic
stress crosstalk mechanism was activated to holistically resist combined stress from drought and
fungus, probably aflatoxin—which is most prevalent particularly at this physiological growth
stage. Taken together, several proteins related to energy metabolism and defense response showed
up-regulation 14 days after cessation of watering, suggesting that a global metabolic change occurred
in maize kernels in response to drought stress. These proteins are suggested to play vital roles in maize
filling-kernel drought stress response. Further research is needed to determine each of these proteins’
exact contribution in drought response.

3.2.4. Seed Storage Proteins under Drought Stress

As revealed by our GO analysis results, nutrient reservoir activity (NRA) (GO:0045735) was the
most significantly enriched level 2 GO term under the molecular function category (Figure 5A). Of the
eight NRA-related DAPs that were significantly enriched in this GO term, six were up-regulated in
response to drought stress. Among these were globulin-1 S allele, legumin 1, vicilin-like seed storage
protein, Z1D alpha zein protein, and 50kD γ-zein protein (Supplementary Table S8, Sheet S1). Globulin
and legumin are the main storage proteins in most angiosperms and gymnosperms [69]. Zeins are
insoluble storage proteins with high proline content. The 50 kDa γ-zein plays an important role in the
formation and stability of the protein bodies [70]. The up-regulation of 50kD gamma zein might have
helped in reducing the dependence of maize kernels on water. Further, larger zein protein bodies ensure
well filled kernel endosperm with a rigid matrix and lesser starch proportion [71]. Taken together,
the up-regulated expression of seed storage proteins is hypothesized to increase the sink capacity of
filling kernels and maintenance of intracellular homeostasis in drought-stressed YE8112.

3.2.5. Most Significantly Enriched Metabolic Pathways of DAPs in Drought-Treated YE8112

The kernel proteome revealed changes in major metabolic pathways under drought conditions.
Protein processing in endoplasmic reticulum (PPER), followed by ‘tryptophan metabolism’, were the
most significantly enriched pathways in tolerant line YE8112 (Figure 6A). For the PPER pathway,
eleven proteins were up-regulated, mostly HSPs (Supplementary Table S9, Sheet S1). These results
resonate well with our GO analysis results where HSPs have been most significantly enriched in the
prominent GO terms, suggesting their role as the major drought tolerance signature in YE8112 inbred
line. Plants use the tryptophan pathway to provide precursors for the synthesis of secondary metabolites
such as glucosinolates, and both indole- and anthranilate-derived alkaloids. Tryptophan metabolism,
therefore, plays a direct role in regulating plant development and pathogen defense responses [72].
Here, we suggest that the tryptophan pathway may be involved in mediating biotic-abiotic cross talk
in the kernels, thereby preventing cells from double trouble of drought stress and aflatoxin attack.

3.3. Differentially-Regulated Drought-Responsive Proteins in Sensitive Line MO17

For comparative analysis, in order to identify key drought stress-response differences between
tolerant line YE8112 and sensitive line MO17, we also zeroed in on the most response strategies in
MO17. Similar to our previous observation [44], tolerant inbred line YE8112 had fewer number of
DAPs that were regulated in response to drought stress as compared to higher number in sensitive
line MO17 (Figure 3). This may be probably because YE8112 perceived the drought treatment as
moderate (as a result of its inherent better drought tolerance) and instituted limited proteomic response,
whereas MO17, devoid of drought tolerance capabilities, perceived the same conditions as severe and
hence deployed a heightened proteomic response.
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3.3.1. Plant Hormone Signal Transduction, Chaperone Activities and Protein Ubiquitination Processes
under Drought Stress

Analysis of the sensitive line MO17 specific DAPs showed that indole-3-acetic acid (IAA),
amido synthetase (GH3), three serine/threonine-protein kinase SRK2A, six chaperones, several
ubiquitin carboxyl-terminal hydrolases (UCHs), and other ubiquitin-associated (UBA)/TS-N domain
containing proteins, as well as proteasomes, were the most up-regulated in response to drought stress
(Supplementary Table S4). GH3 catalyzes the conjugation of IAA to amino acids, an essential step
in auxin homeostasis [73]. This may be vital for stress signal transduction. Serine/threonine-protein
kinase SRK2A mediates plant hormone signal transduction (polar auxin transport) via the mitogen
activated protein kinase (MAPK) signalling pathway [74]. Molecular chaperones play an essential
mechanistic role of re-establishing normal protein conformation, and eventually cellular homeostasis
in response to stress [75]. The UCHs, UBA-domain-containing proteins, and proteasomes have been
implicated in proteosomal degradation, thereby regulating the proper protein turnover under stress
conditions [44,76,77]. Taken together, these results suggest that a coordinated interaction between
plant hormone signaling, chaperones, and ubiquitination processes forms a significant portion of maize
drought responses.

3.3.2. Decreased Mitochondrial Oxidative Phosphorylation Is Vital in Reducing Cellular ROS
Generation in MO17

Analysis of the MO17 specific DAPs identified a total of 75 DAPs to be down-regulated in response
to drought stress. Among these were NADH dehydrogenases, NADH ubiquinone oxidoreductases,
and other enzymes involved in ATP synthesis (Supplementary Table S4). These enzymes play various
roles in the oxidative phosphorylation process in the cells. NADH ubiquinone oxidoreductases
can generate superoxide and H2O2 through multiple pathways, which are an important source of
ROS [78]. In response, plant mitochondria prevent ROS generation within themselves via employing
the alternative oxidase (AOX) pathway, in which complexes III and IV are bypassed and electrons
are directly transferred to oxygen, resulting in thermal energy being generated instead of ATP [79].
A previous study has also shown that lack of NADH ubiquinone oxidoreductases will cause lower
stomatal and hydraulic conductance so that the plants have better drought tolerance [80]. In the current
study, the oxidative phosphorylation pathway of sensitive inbred line MO17 was greatly weakened
as a result of drought stress, and was unable to supply sufficient energy. We believe that although
the down-regulated expression of NADH ubiquinone oxidoreductases is conducive to reducing
the accumulation of ROS, it was not enough to relieve the stress caused by drought stress on cells.
Taken collectively, we herein infer that uncoupling of oxidative phosphorylation and electron transport
is one of sensitive line MO17’s main drought stress response strategies enhancing the reduction of
cellular ROS generation, although in this case, the phenomenon was not effective enough as a result of
greater mitochondrial damage imposed by the 14-day drought treatment exposure.

3.3.3. Most Significantly Enriched Metabolic Pathways of DAPs in Drought-Sensitive MO17

“Starch and sucrose metabolism” and “oxidative phosphorylation” were the most significantly
enriched metabolic pathways in sensitive line MO17 (Figure 6B). Under drought conditions, the grain
filling rate increased, but the duration shortened. However, the increased filling rate could not
compensate for the shortened filling duration, resulting in decreased yield [81]. Nevertheless, plants
under drought stress require a lot of energy to resist that stress and sustain their own metabolism.
Studies have shown that speeding up carbon metabolism can provide more energy for stress resistance.
However, enhancing energy production results in decreased carbohydrate synthesis, leading to
a reduction in biomass [82].

Drought stress greatly limited the kernel filling process in MO17 (Figure 1A). At the initial stage
of drought stress, the grout rate in MO17 was accelerated, but the loss of water in kernel cells led to
the decomposition of starch and sucrose into soluble sugar to maintain the osmotic homeostasis and
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to supply a large amount of energy consumed by MO17, as well as enhancing signal transduction.
We herein infer that the energy consumed by various pathways involved in MO17’s resistance to drought
stress could not be compensated by enhanced assimilate remobilization, consequently contributing to
the significant decline of MO17 yield under drought conditions. Nonetheless, our results may suggest
that a coordinated activation of proteins or genes, enzymes, and pathways associated with starch
metabolism and uncoupling of mitochondrial oxidative phosphorylation may be critical in effecting
drought stress tolerance in sensitive maize inbred line MO17 filling kernels.

3.4. Similarities and Differences in Drought Stress Responses between Maize Seedlings and Filling Kernels

Comparative analysis of our previous [44,45] and current study findings revealed notable
similarities and differences between maize seedling and filling-kernel drought stress responses in the
context of gene or protein expression regulation and at the physiological level. “Photosynthesis antenna
proteins” [44] and “nitrogen metabolism”, as well as secondary metabolites biosynthesis-related
pathways (phenylalanine metabolism and phenylpropanoid biosynthesis) [45], were the most
significantly enriched pathways in drought-stressed seedlings, whilst PPER and “tryptophan
metabolism” were most significantly enriched in drought-stressed kernels. Meanwhile, according to
the current study, filling kernel drought tolerance can be attributed to proteins involved in redox PTMs
and epigenetic regulation mechanisms, elevated expression of HSPs, enriched CHO metabolism and
secondary metabolites biosynthesis, up-regulated expression of seed storage proteins, and activated
biotic–abiotic crosstalk mechanisms.

From the above findings, we deduced the following: (a) YE8112’s sustained maintenance of
proline content and POD increase alongside decreased MDA content under drought stress conditions
is essential for drought tolerance in both seedling leaves and filling kernels; (b) activated expression of
HSPs, secondary metabolites biosynthesis, and CHO metabolism are universal in both seedlings and
kernels, with differences only being noticed in the exact individual specific proteins or genes involved;
(c) biotic–abiotic cross tolerance mechanisms were activated at both maize seedling and filling kernel
stages, with non-specific lipid transfer proteins involved in plant bacteria and fungus attack response
and long distance stress signalling being apparent in seedlings, whereas HC-toxin reductase—probably
as a response to fungus Aspergillus flavus L. attack—was prominent in kernels; (d) enhanced thermal
dissipation of light energy in photosynthesis machinery is critical for seedling leaf cells’ survival,
whilst enhanced expression of seed storage proteins is essential in helping kernels endure drought
stress; (e) even for a particular maize inbred line, a greater number of drought responsive proteins was
observed in kernels than in the seedlings, highlighting the increased drought sensitivity of the kernel
filling stage as compared to the seedling stage. Our combined results presented here will guide us in the
selection of critical specific individual genes or proteins for targeted cloning and downstream analyses.

4. Materials and Methods

4.1. Plant Materials and Growth Conditions

Our laboratory (North China Key Laboratory for Crop Germplasm Resources of Education
Ministry, Hebei Agricultural University, Baoding, China) provided the two drought tolerance divergent
maize inbred lines used in this study. Previously, MO17 had shown high drought stress susceptibility,
whilst YE8112 had shown high drought stress tolerance. For the detailed criterion on our selection
of these inbred lines, we refer you to our recent study [44]. The field experiment was conducted at
the Qing Yuan Experiment Station of Hebei Agricultural University, Baoding, China (115.560279′ E,
38.795093′ N, 118 m), under a fully automated rain-proof shelter. The experiment was set up in
a randomized complete block design, with the control and drought stress treatment groups replicated
three times. Each experimental unit or plot measured 5 m × 5 m, with plants spaced at 0.6 m × 0.3 m,
giving 128 plants per plot. One week prior to anthesis, strict bagging was instituted in order to manage
selfing of the plants during the anthesis stage. Both treatments received normal irrigation until the
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anthesis stage (at 12 DPP). At the grain filling stage (from 13 DPP to 26 DPP), drought stress treatment
was then affected onto the treatment groups by withholding irrigation for 14 days, whereas the control
group continued to receive adequate watering. Grain samples for physiological indices of assays were
collected (from both control and drought treatment groups) at 14 DPP, and after every three days
thereafter. Samples for proteomic analysis were collected at 26 DPP, from the middle part of each
selected maize cob on the plant. At every sample collection, we ensured that the collected samples
were immediately frozen in liquid nitrogen before storage at extremely low temperature (−80 ◦C) while
awaiting subsequent use.

4.2. Phenotypic and Physiological Characterizations

The phenotypes and physiological characteristics of the grains of the two inbred lines at the filling
stage were determined under both moisture-abundant and moisture deficit stress conditions. Ten ears
were randomly selected from each group for the measurement of KRPE and KPR and the mean values
were calculated. Further, we used visual observation to assess some phenotypic characteristics of
the harvested cobs. The relative RWC of the kernels was estimated using the method developed by
Lee [83]. The guaiacol protocol of Han et al. [84] was used to determine the activity of peroxidase
(POD) in the kernels. Meanwhile, the content of free proline in the samples was determined using the
ninhydrin chromogenic method developed by Bates et al. [85]. Lipid peroxidation was determined as
the amount of MDA produced by the thiobarbituric acid reaction, as per the method developed by
Dhindsa et al. [86].

4.3. Protein Extraction

Total proteins were extracted from the non-stressed and stressed kernel tissues of two maize
inbred lines with three biological replicates (each containing 500 mg maize kernels) using the cold
acetone method, as fully described in our recent paper [44]. Total protein concentrations of the extracts
were determined as per the manufacturer’s instructions, using Coomassie Bradford Protein Assay Kit
(23200, Thermo Fisher Scientific, Shanghai, China), with bovine serum albumin (BSA) as standard.
The absorbance was determined at 562 nm using an xMark microplate absorbance spectrophotometer
(Bio-Rad Laboratories Inc., Hercules, CA, USA) and protein extract quality was examined with
tricine-sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) [87]. The protein
samples were then stored at −80 ◦C.

4.4. Protein Digestion and Isobaric Tags for Relative and Absolute Quantification (iTRAQ) Labeling

Before protein digestion, reduction of disulfide bonds and alkylation of free cysteine residues
were performed as previously described [88]. Each sample was put into a new tube and adjusted to
100 μL using 8 M urea mixed with 11 μL 1 M DTT. The sample was then incubated at room temperature
(37 ◦C) for 1 h followed by vortexing at 4 ◦C and 14,000× g for 10 min. For alkylation, 120 μL 55 mM
iodoacetamide was added to the supernatant and then incubated in a dark room for 30 min. Then,
washing of the supernatant was achieved by using 100 μL 100 mM TEAB and centrifugation at
14,000× g for 10 min at 4 ◦C, followed by discarding the eluate. The washing step was repeated thrice.

Total proteins (100 μg samples) were digested using trypsin (Promega, Madison, WI, USA) at
a ratio of protein:trypsin of 30:1 at 37 ◦C overnight (16 h) [88]. Post digestion step, the peptides
were dried in a centrifugal vacuum concentrator and reconstituted in 0.5M TEAB. Applied Protein
Technology Co. Limited (Shanghai, China) conducted the protein iTRAQ labeling process using
an iTRAQ Reagents 8-plex kit (AB Sciex, Foster City, CA, USA) as per the manufacturer’s instructions.
As described in our recent paper [44], one unit of iTRAQ reagent (defined as the amount of reagent
required to label 100 μg of protein) was thawed and reconstituted in 70 μL isopropanol. The control
replicates were labeled with iTRAQ tag 115 for drought-sensitive MO17 and tag 117 for drought-tolerant
YE8112. The drought treated replicates were labeled with tags 114 and 116 for MO17 and YE8112 lines,
respectively. Three technical replicates were performed.
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4.5. Strong Cation Exchange (SCX) and LC-MS/MS Analysis

Sample fractionation was conducted before liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis using slightly modified procedures to those developed by Ross et al. [39].
Each SCX fraction was subjected to reverse phase nanoflow HPLC separation and quadruple
time-of-flight (QSTAR XL) mass spectrometry analyses, as fully described in a previous report [43].
Peptides were subjected to nano electrospray ionization followed by tandem mass spectrometry
(MS/MS). After fractionation, each 10 μL peptide was loaded onto an Eksigent nano LC System
(AB SCIEX, CA, USA) with a trap C18 column (5 μm, 100 μm × 2 cm). Peptide elution was performed
in an analytical C18 column (3 μm, 75 μm × 15 cm). The samples were loaded at 5 μL/min for 10 min
before the 78 min LC gradient was run at 300 nL/min. The LC gradient started from 2 to 35% Buffer D
(95% ACN, 0.1% FA) followed by the following schedule: 60% Buffer D at 5 min, 80% Buffer D at 2 min
and maintained for 4 min, and finally return to 5% Buffer D in 60 s [88].

The mass spectrometry was analyzed by a Q-Exactive mass spectrometer (Thermo Fisher Scientific,
Shanghai, China) after the sample had been analyzed by chromatography. The MS spectra with a mass
range of 300–1800 m/z were acquired at a resolving power of 120 K, the primary mass spectrometry
resolution of 70000 at 200 m/z, AGC (automatic gain control) target of 1 × 106, maximum IT of 50 ms,
and dynamic exclusion time (active exclusion) of 60.0 s The mass charge ratio of polypeptides and
polypeptide fragments were set according to the following parameters: 20 fragments (MS2 scan) were
collected after each scan (full scan), MS2 activation type was HCD, isolation window 2 m/z, two-grade
mass spectrometry resolution of 17,500 at 200 m/z, the normalized collision energy of 30 eV, underfill
of 0.1%. The electrospray voltage applied was 1.5 kV. Maximum ion injection times for the MS and
MS/MS were 50 and 100 ms, respectively [44].

4.6. Protein Identification and Quantification

Mass spectrometry data from the LC-MS/MS raw files were obtained using Mascot software
version 2.2 (Matrix Science, London, UK) and converted into MGF files using Proteome Discovery 1.4
(Thermo Fisher Scientific Inc., Waltham, MA, USA). The MGF files were analyzed against the Uniprot
Zea mays L. database (132 339 sequences, 12 January 2018) using Mascot search engine. The following
search parameters were set as follows: trypsin as the cleavage enzyme; two maximum missed cleavages
allowed; fragment mass tolerance was set at ±0.1 Da; peptide mass tolerance was set at ± 20 ppm;
monoisotopic as the mass values; iTRAQ 8 plex (Y) and oxidation (M) as variable modifications;
and Carbamidomethyl (C), iTRAQ 8 plex (N-term) and iTRAQ 8 plex (K) selected as fixed modifications.
Only peptides with p < 0.05 and false discovery rate (FDR) ≤ 1% were counted as being successfully
identified [44].

As detailed in a previous report [88], protein relative quantification was dependent on the reporter
ion ratios, from which relative abundance of peptides was estimated. Only proteins observed in all the
samples were considered for quantification, with shared peptides being omitted. Peak intensities of the
reporter ions were used for determining reporter ion ratios, with control-treated YE8112 sample serving
as reference. Final protein quantification ratios were analyzed using the median average of those ratios;
the median of unique peptide ratios represented the protein ratio. Fold changes were calculated as
the average ratios of TD to TC and SD to SC, and the ratios for each protein in each experimental
comparison were normalized to 1. Then, a paired t-test was used to compare the differences between
the groups [43,88], and a protein was considered statistically significant at p < 0.05 and a fold change
of >1.2 (up) or <0.83 (down) [3].

4.7. Functional Classification, Pathway Enrichment and Hierarchal Clustering Analyses of DAPs

The successfully identified DAPs were used as queries to search the Interpro (https://www.ebi.
ac.uk/interpro/), Pfam (http://pfam.xfam.org/), Gene Ontology (GO, http://www.geneontology.org/),
and the Kyoto Encyclopedia of Genes and Genomics (KEGG, http://www.genome.jp/kegg/) databases.
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Additionally, by searching the maize sequence database Gramene (http://ensemble.gramene.org/Zea_
mays/), we obtained the corresponding gene sequences of the DAPs. The GO (protein) terms were
assigned to each DAP based on BLASTX similarity (E-value < 1.0 × 105) and known GO annotations
using the Blast2GO tool (available online: https://www.blast2go.com; accessed on 15 January 2019).
For the functional annotation and classification of the identified DAPs, GO analysis [89] was performed
to categorize the DAPs into their BP, MF, and CC involvement in response to drought stress. Moreover,
the DAPs were assigned to various metabolic pathways using the KEGG pathway analysis. Further,
significant KEGG pathway enrichment analysis was performed using the hypergeometric test, with Q
(Bonferroni-corrected p-value) < 0.05 set as the statistically significant threshold. Meanwhile, we used
String web-based program (version 10.5) (http://www.string-db.org/) to construct a protein interaction
network for the identified DAPs.

4.8. RNA Extraction, cDNA Synthesis, and qRT-PCR Analysis

Total RNA was extracted from non-stressed and stressed kernels of the two inbred lines (YE8112
and MO17) and prepared for quantitative real-time polymerase chain reaction (qRT-PCR) analysis
using the Omini Plant RNA Kit (DNase I) (CWBIO, Beijing, China) as per the manufacturer’s protocol.
To generate cDNA template, 1 μg of total RNA was reverse-transcribed in a total volume of 20 μL, using
HiFiscript cDNA Synthesis Kit (CWBIO, Beijing, China) according to the manufacturer’s instructions.
We randomly selected twenty-five DAPs and designed gene-specific primers (Supplementary Table S10)
for qRT-PCR using Primer Premier 5 Designer software. Then, qRT-PCR was performed with a C1000
(CFX96 Real-Time System) Thermal Cycler (Bio-Rad), using 2× Fast Super EvaGreen® qPCR Mastermix
(US Everbright Inc., Suzhou, China). Each total 20 μL qRT-PCR reaction mixture comprised 1 μL of
template cDNA, 1μL of each primer (50 pmol), and 10μL of 2× Fast Super EvaGreen® qPCR Mastermix
(US Everbright Inc., Suzhou, China). The amplification program was as follows: 95 ◦C for 2 min
followed by 40 cycles of 95 ◦C for 10 s and 55 ◦C for 30 s [44]. A stable and constitutively expressed maize
gene GAPDH (accession No. X07156), forward (GAPDH-F: 5′-ACTGTGGATGTCTCGGTTGTTG-3′),
and reverse (GAPDH-R: 5′-CCTCGGAAGCAGCCTTAATAGC-3′) primers were used for housekeeping.
The relative mRNA abundance was estimated using Livak and Schmittgen’s 2−ΔΔCt method [90].
Three biological replicates were performed for each sample.

4.9. Physiological Data Analysis

Student’s t-test was used to compare the data means of well-watered (control) and drought-treated
plants of MO17 and YE8112 inbred lines. The statistical analyses of physiological data were perfomed
with SPSS statistical package (Version 19.0; SPSS Institute Ltd., Armonk, NY, USA) using One-Way
ANOVA, followed by Duncan’s multiple range test (DMRT) to evaluate the significant differences at
p ≤ 0.05.

5. Conclusions

We have performed a comprehensive comparative iTRAQ proteomics analysis of maize
filling-kernel proteomes of two inbred lines contrasting in drought tolerance exposed to 14 days
drought treatment. In total, 5175 DAPs were identified from the four experimental comparisons.
By way of Venn diagram analysis, four critical sets of drought-responsive proteins were screened
and further analyzed by bioinformatics techniques. The DAPs uniquely expressed in YE8112
chiefly participated in pathways related to “protein processing in the endoplasmic reticulum” and
“tryptophan metabolism”, whereas MO17 DAPs were involved in “starch and sucrose metabolism” and
“oxidative phosphorylation” pathways. Most notably, our results revealed that YE8112 kernels were
comparatively drought tolerant to MO17 kernels because of their enhanced redox PTMs and epigenetic
regulation mechanisms, elevated expression of HSPs, enriched CHO metabolism, and up-regulated
expression of seed storage proteins. Further, our comparative physiological analysis and qRT-PCR
results substantiated the proteomics results. Our study presents an elaborate understanding of
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drought-responsive proteins and metabolic pathways mediating maize kernel drought tolerance,
and provides important candidate genes for subsequent functional validation.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/15/
3743/s1.
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DAP Differentially abundant protein
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HSPs; sHSPs Heat shock proteins; small HSPs
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KEGG Kyoto Encyclopedia of Genes and Genomes
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PPER Protein processing in the endoplasmic reticulum
qRT-PCR Quantitative real-time polymerase chain reaction
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UCHs Ubiquitin carboxyl-terminal hydrolases
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Abstract: Wood vinegar (WV) or pyroligneous acid (PA) is a reddish-brown liquid created during
the dry distillation of biomass, a process called pyrolysis. WV contains important biologically
active components, which can enhance plant growth and tolerance to drought stress. However, its
mechanism of action remains unknown. Our results after presoaking wheat seeds with various
concentrations of WV indicate that a 1:900 WV concentration can significantly enhance growth.
To investigate the response of wheat roots to drought stress, we compared quantitative proteomic
profiles in the roots of wheat plants grown from seeds either presoaked (treatment) or non-presoaked
(control) with WV. Our results indicated that the abscisic acid (ABA) content of wheat roots in
the WV treatment was significantly increased. Reactive oxygen species (ROS) and malonaldehyde
(MDA) levels roots were significantly lower than in the control treatment under drought stress,
while the activity of major antioxidant enzymes was significantly increased. Two-dimensional
electrophoresis (2D-PAGE) identified 138 differentially accumulated protein (DAP) spots representing
103 unique protein species responding to drought stress in wheat roots of the control and WV-treated
groups. These DAPs are mostly involved in the stress response, carbohydrate metabolism,
protein metabolism, and secondary metabolism. Proteome profiles showed the DAPs involved
in carbohydrate metabolism, stress response, and secondary metabolism had increased accumulation
in roots of the WV-treated groups. These findings suggest that the roots from wheat seeds presoaked
with WV can initiate an early defense mechanism to mitigate drought stress. These results provide an
explanation of how WV enhances the tolerance of wheat plants to drought stress.

Keywords: wheat; root; wood vinegar; drought stress; ROS; ABA; proteome

1. Introduction

Wood vinegar (WV) or pyroligneous acid (PA), a translucent reddish-brown aqueous liquid, is
a by-product of the carbonization of tree branches, crop straw, bamboo, wood residue, and other
biomaterials [1,2]. WV is a complex mixture, which contains various types of complicated chemical
ingredients, namely organic acids, phenolic, alkane, furan derivatives, esters, alcohol, sugar derivatives,
and nitrogen compounds [1,3]. The chemical composition of WV mainly depends on the heating
rate, temperature, residence time, particle size, and the feedstock [4]. As a natural agricultural
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material, it contains important biologically active components, such as organic acid and phenolic
compounds, and has been widely applied in the areas of medicine, food, and agriculture [5,6].
Most notably in agriculture, WV has been widely utilized as an insect repellent, soil ameliorant,
and foliar fertilizer [1,7,8]. Studies indicate that WV improves seed germination rate and accelerates
the growth of roots, stems, leaves, flowers, and fruits [2,9]. Further studies have investigated the
antioxidant activities of the acids with regard to their radical-scavenging activity and reducing
power [10,11]. There has also been an increasing interest in the antioxidant activities of WV and
its use in food to replace synthetic antioxidants; however, previous studies based on typical chemical
assays have valued the antioxidant for agricultural use only. There are no reports to date that focus on
the regulation of the molecular mechanism of WV in plants under stress.

Wheat (Triticum aestivum L.) is one of the most important food sources. Demand for wheat is
rising continually as a result of population growth and increasing consumption per capita for half a
century [12]. However, wheat growth and yield are seriously influenced by drought stress, most notably
at the seedling, stem elongation, booting, anthesis, and grain formation stages [13]. Young plants are
susceptible to water deficit due to their low biomass, undeveloped protective structure, and water
requirements for growth [14]. Roots are the initial receptors that signal a water deficit, followed
by a series of responses at the morphological, physiological, and cellular levels. A well-developed
root system can assist water uptake during drought conditions [15]. Hence, roots are important for
maintaining crop yields, especially when plants are suffering drought stress.

Proteomics has become a powerful tool for creating a proteome profile of plants in response
to drought stress [16]. In recent years, several comparative proteomics studies of wheat roots have
been undertaken to assess response to drought stress [17–20]. Studies indicate that proteins related to
defense and oxidative stress responses and involved in protein folding, such as heat shock proteins
(HSPs), accumulate in greater abundance in wheat, soybean, and rice roots in response to drought
stress [18,21,22]. Such increased abundance plays a vital role in scavenging accumulated ROS [23]
and preventing aggregation and refolding of non-active proteins. There is evidence that proteins
involved in bioenergy metabolism, such as acetyl CoA synthesis or the tricarboxylic acid cycle (TCA),
are accumulated in rice roots during drought for increased demand for energy [21]. Meanwhile,
proteins involved in cell wall biogenesis, amino acid metabolism, secondary metabolism, and signal
transduction show abundant changes in response to drought in plants [18,21,22,24,25]. Exogenous
WV pretreatment enhances root growth and tolerance in some plants to subsequent drought stress;
however, the mechanisms have remained obscure. In this paper, we investigate the proteome pattern
of wheat roots following a WV seed presoaking treatment under drought stress to explore further the
molecular mechanisms underlying WV induced drought tolerance.

2. Results

2.1. Effects of WV Pretreatment on Phenotype and Growth Parameters of Wheat Seedlings

Wheat seeds were soaked in different concentrations of WV (primary WV:ddH2O2 (V:V) =
1:300–1:1500) for 3 days. We found that 1:900 was the optimal ratio for seedling growth and that
high concentrations had adverse effects (1:300; Figure 1). Results from fresh weight (FW) and dry
weight (DW) of shoots, and roots results were confirmed by quantitative analysis (Tables 1 and 2
and Table S2A). The FW of wheat shoots and roots that had been pretreated with 1:900 WV for
3 days, were significantly higher than those of the control, by 10.0% and 15.7% at 2 days, 15.5% and
38.6% at 3 days, 13.4% and 22.1% at 4 days, 14.9% and 20.8% at 5 days, and 16.5% and 15.9% at 6 days,
respectively (Tables 1 and 2 and Table S2A). The DW of wheat shoots and roots that had been pretreated
with 1:900 WV for 3 days, were significantly increased by 1.68 and 1.89-fold at 2 days, 1.66 and 2.95-fold
at 3 days, 1.34 and 1.92-fold at 4 days, 1.39 and 1.94-fold at 5 days, and 1.47 and 1.94-fold at 6 days,
respectively (Tables 1 and 2 and Table S2A). Meanwhile, the total length, surface area, total volume,
and mean diameter of the roots from the root system scanning analysis were significantly higher
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than the control, and there was a maximum promotion at the 1:900 WV concentration (Table S2B,
Figure S2C). The height of the shoots pretreated with 1:900 WV for 3 days were significantly greater
than those of the control and other WV concentations (Figure 1 and Figure S2B, Table S2C).

 
Figure 1. Phenotypic changes in wheat plants following seed soaking treatments with different
concentrations of wood vinegar (WV). The various concentrations include 0 (A, CK group), 1:300, 1:600,
1:900, 1:1200, 1:1500 (primary WV:ddH2O2 (V:V); B–F, WV treated groups).

Table 1. Effect of different concentrations of wood vinegar on the fresh weight (FW) and dry weight
(DW) of shoots of five wheat seedlings.

Treatments CK 1:300 1:600 1:900 1:1200 1:1500

2d
FW(mg)1 71.1 ± 1.75b 60.8 ± 1.87a 76.9 ± 1.5d 78.2 ± 1.6d 74.1 ± 1.43c 73.1 ± 1.25bc
DW(mg)1 7.7 ± 0.35b 6.9 ± 0.11a 10.9 ± 0.49d 12.9 ± 0.61e 9.9 ± 0.51c 9.6 ± 0.25c

3d
FW(mg)1 116.6 ± 6.26b 90 ± 2.2a 127.6 ± 4.05de 134.7 ± 5.29e 126.5 ± 3.65cd 119.7 ± 1.89bc
DW(mg)1 14.1 ± 0.53a 12.5 ± 0.6a 19.5 ± 1.35c 23.5 ± 1.12d 17.7 ± 0.76b 16.8 ± 0.64b

4d
FW(mg)1 179 ± 3.63b 152.9 ± 3.12a 189.4 ± 3.72c 203 ± 4.54d 192.3 ± 2c 188.7 ± 1.46c
DW(mg)1 21.8 ± 0.67b 17.9 ± 0.66a 26.4 ± 0.38d 29.2 ± 0.5e 26.4 ± 0.65d 23.7 ± 0.23c

5d
FW(mg)1 249.7 ± 1.45b 211.8 ± 1.71a 272.1 ± 1.96d 286.9 ± 2.11e 270.7 ± 1.45d 262.7 ± 1.59c
DW(mg)1 29.9 ± 0.64b 24.2 ± 0.32a 37.9 ± 0.75d 42.2 ± 0.2e 37.6 ± 0.35d 32 ± 0.21c

6d
FW(mg)1 312.3 ± 2.07b 302.9 ± 1.53a 340.3 ± 1.8d 363.7 ± 2.1e 335.3 ± 1.8c 332.8 ± 2.03c
DW(g)1 37.7 ± 0.47b 35.4 ± 0.67a 48.3 ± 0.72d 54 ± 0.31e 45.7 ± 0.47c 38 ± 0.71b

1 Values are mean ± SD from three dependent experiments (biological replicates). Data with different letters in the
same row indicate a significant difference at the p < 0.05 level.

Table 2. Effect of different concentrations of wood vinegar on the FW and DW of roots of five
wheat seedlings.

Treatments CK 1:300 1:600 1:900 1:1200 1:1500

2d
FW(mg)1 77.9 ± 1.4b 72 ± 1.96a 81.2 ± 1.31c 90.1 ± 1.42d 82.3 ± 1.25c 80.1 ± 1.18bc
DW(mg)1 5.6 ± 0.35a 5.2 ± 0.3a 7.9 ± 0.35c 10.5 ± 0.2d 6.7 ± 0.25b 6.2 ± 0.21b

3d
FW(mg)1 91.5 ± 3.27ab 89.8 ± 2.39a 101.1 ± 3.72c 126.8 ± 3e 119.8 ± 4.58d 93.1 ± 2.69b
DW(mg)1 6.3 ± 0.32a 6.8 ± 0.36a 10.1 ± 0.25c 18.7 ± 0.56d 10.4 ± 0.53c 7.7 ± 0.42b

4d
FW(mg)1 169.3 ± 1.65a 178 ± 1.61b 184.7 ± 1.55c 206.6 ± 1.67e 190.3 ± 1.05d 171 ± 1.15a
DW(mg)1 14.3 ± 0.2a 15.5 ± 0.46b 19.9 ± 0.45c 27.4 ± 0.72e 23.9 ± 0.32d 15.7 ± 0.2b

5d
FW(mg)1 213.2 ± 2.05a 218.2 ± 2.11b 232.5 ± 1.56c 257.4 ± 1.22d 217.8 ± 1.76b 210.9 ± 2.27a
DW(mg)1 17.8 ± 0.26a 21.7 ± 1.03b 26.5 ± 0.6c 33.7 ± 1.21d 26.7 ± 0.86c 18.1 ± 0.99a

6d
FW(mg)1 267.6 ± 2.12a 286.3 ± 2.03b 295.1 ± 4.41c 310.2 ± 1.65d 282.3 ± 2.04b 263.2 ± 1.78a
DW(mg)1 21.4 ± 0.7a 27.9 ± 0.38b 35.2 ± 0.36d 41.5 ± 0.84e 33.7 ± 0.85c 21.6 ± 0.45a

1 Values are mean ± SD from three dependent experiments (biological replicates). Data with different letters in the
same row indicate a significant difference at the p < 0.05 level.
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2.2. Physiological Changes in Wheat Seedlings Under Drought Conditions Following WV Pretreatment

To demonstrate the effect of the WV (1:900) seed soaking treatment on drought tolerance, wheat
plants of both the control and WV treated groups were exposed to polyethylene glycol (PEG)-induced
drought stress (PEG-6000, −1 MPa) for 2 days. Results showed that seedlings in the control group
were stunted and wilted; in contrast, WV treated seedlings exhibited less wilting (Figure 2). The FW
and DW of shoots were significantly higher than those of the control, by 33.0% and 45.7% at 5 days
(the first day after drought stress), and 46.6% and 52.7% at 6 days (the second day after drought stress;
Table S2D). The FW and DW of roots were significantly higher than those of the control, by 37.4% and
42.9% at 5 days (the first day after drought stress), and 40.0% and 58.9% at 6 days (the second day after
drought stress; Table S2D). The total length, mean diameter, total area, and total volume from root
system scanning analysis showed a lower impact of drought in wheat roots of the WV treated groups
compared with those of the control (Figure S2D, Table S2E).

 
Figure 2. Phenotypic changes of wheat seedlings in both the control and WV treated groups under
a drought stress treatment for 2 days. The concentration of WV was 0 and 1:900 in control and WV
treated groups, respectively. Drought stress was simulated with PEG 6000(−1 MPa).

To explore the dynamic changes of the ABA content on drought tolerance, ABA levels in wheat
shoots and roots of both the control and the WV treated groups (1:900) were measured before and
after drought stress treatments. The ABA content of the roots was higher than in the shoots of both
groups (Figure 3A). In the control group, there was no significant change in ABA content in shoots and
roots at 3 and 4 days (Figure 3A); however, ABA content was significantly higher in shoots and roots
at 5 and 6 days (an increase over day 3 of 4.62 and 6.70-fold in shoots and 4.70 and 5.40-fold in roots,
respectively; Figure 3A). Meanwhile, in the WV treated group, ABA content increased from day 3 to
day 6 (an increase over day 3 of 1.32, 3.02, and 4.41-fold in shoots, and 1.49, 2.30, and 2.61-fold in roots,
respectively; Figure 3A); furthermore, there were significantly higher levels than in the control group
(increased by 1.79 and 2.59-fold at 3 days; 2.10, and 3.35-fold at 4 days; 1.17 and 1.26-fold at 5 days;
and 1.15 and 1.09-fold at 6 days in shoots and roots, respectively; Figure 3A). Real-time PCR results
of 9-cis-epoxycarotenoid dioxygenase gene [TaNECD; National Coalition Building Institute (NCBI)
accession: KX711890.1], the key gene of ABA biosynthesis, showed the same changing trend as ABA
content in both groups (Figure 3B).
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Figure 3. Dynamic changes in abscisic acid (ABA) content and expression pattern analysis of TaNECD
of wheat shoots and roots in both the control and WV treated groups before and after the drought stress
treatments. The concentration of WV was 0 and 1:900 in control and WV treated groups, respectively.
The stages of non-drought stress and drought stress were from day 3 to day 4 and from day 5 to day
6, respectively, in the control and WV treated groups. (A) Changes of ABA content; (B) expression
pattern of TaNECD. Data are means ± SD of three independent experiments (biological replicates).
The significance of differences was assessed by Student’s t-test (* p < 0.05, ** p < 0.01). RQ means
relative quantification.

In order to explore whether the generation and accumulation of ROS in both groups of wheat
roots before and after drought stress treatment, ROS content and antioxidant enzyme activity were
measured. The content of O2− and H2O2 increased from day 3 and day 6, respectively, in both the
control and WV treated groups. The WV roots had higher levels of O2−, H2O2, and MDA than
the control group from 3 to 4 days, and content increased by 1.06 and 1.19-fold at 3 days, and 1.21
and 1.14-fold at 4 days, respectively (Figure 4A). Meanwhile, levels of O2− and H2O2 in the WV
treated group decreased by 0.89 and 0.89-fold at 5 days, and 0.85 and 0.82-fold at 6 days, respectively,
as compared to the control group (Figure 4A). At the same time, the activities of superoxide dismutase
(SOD, EC.1.15.1.1), guaiacol peroxidase (POD, EC1.11.1.7), and catalase (CAT, EC 1.11.1.6) were
measured, and the results showed that the WV roots had higher activity of all 3 antioxidant enzymes
than did the control group (Figure 4B). These enzymes increased significantly in the WV treated group
from day 3 to day 6; there was no significant change in activity of all 3 antioxidant enzymes from
day 3 to day 4 in the control group, and their activity increased significantly from day 5 to day 6
under subsequent drought stress (Figure 4B). Quantification of related antioxidant genes performed by
real-time PCR, including peroxidase 1 gene (TaPOX1, NCBI accession: X85227.1; spot49, EMS54484.1),
Cu/Zn superoxide dismutase gene (TaSOD, NCBI accession: AK457377), L-ascorbate peroxidase 1
gene (TaAPX1, NCBI accession: XM_020316778; spot 108, 110, 111, 112, EMS61931.1), glutathione
transferase gene (TaGST, NCBI accession: AJ414697; spot 114, CAC94001.1), alcohol dehydrogenase
gene (TaADH1A, NCBI accession: AK457420 ; spot 56, ABL74258.1), and monodehydroascorbate
reductase gene (TaMDAR, NCBI accession: KC884831.1; spot 47, EMS50440.1), showed the same results
as the antioxidant enzymes (Figure 4C,D). Excessive ROS can oxidize membrane lipids and generate
MDA, which can aggravate damage to membrane structure. In order to explore whether the generation
and accumulation of MDA caused membrane lipid peroxidation damage, MDA content was measured.
No significant difference in MDA concentrations was found between the control and WV treated
groups at 3 days and 4 days; however, MDA concentrations were notably higher in the control group
than the WV treated group under drought stress (Figure 4A).
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Figure 4. Assessment of ROS content, oxidative stress analysis, and expression pattern analysis of
related antioxidative genes in wheat roots in both the control and WV treated groups before and
after drought stress. The concentration of WV was 0 and 1:900 in the control and WV treated groups,
respectively. The stages of non-drought stress and drought stress were from day 3 to day 4 and from
day 5 to day 6, respectively, in both the control and WV treated groups. (A) The generation rate of
O2− and content of H2O2 in control wheat roots and WV treated roots; the content of malonaldehyde
(MDA) in the control wheat roots and WV treated shoots. (B) The activity of superoxide dismutase
(SOD), guaiacol peroxidase (POD), and catalase (CAT) in the control wheat roots and WV treated roots.
(C) Expression pattern analysis of TaSOD, TaPOX1, and TaAPX1. (D) Expression pattern analysis of
TaMDAR, TaGST, and TaADH1A. Data are means ± SD of three independent experiments (biological
replicates). The significance of differences was assessed by Student’s t-test (* p < 0.05, ** p < 0.01).
RQ, relative quantification.

2.3. Analysis of Differentially Accumulated Protein Spots (DAPs) in Control and WV Pretreated Roots Under
Drought Tolerance

To understand the proteome response to short-term drought stress of wheat roots after WV
pretreatment, and the changes in proteomes of wheat roots from the control, WV treated groups (1:900;
drought stress treatment condition for 2 days) were analyzed by Two-dimensional gel electrophoresis
(2-DE). The protein maps produced from three independent biological replicates showed a high
reproducibility based on analysis using PDQuest software (Figure S3). PCA analysis indicated the
homogeneity of biological replicates and difference of the treatments (Figure S4).

Figure 5 shows a representative gel image of proteins extracted from the control and WV treated
groups. Protein spots [1799 (±97) and 1803 (±26)] were reproducibly detected using PDQuest software
from the roots of the control and WV-treated groups, respectively (biological replicates, n = 3). From a
spot-to-spot comparison and based on statistical analysis, a total of 138 spots (numbered from 1 to 138)
exhibited at least a 1.5-fold (Student’s t-Test, p < 0.05) difference in abundance between the control and
WV treated groups (Figure 5, Table S4). In total, 77 spots had a >1.5-fold change in abundance (p < 0.05)
and 61 spots showed a >2.0-fold change by comparing the two groups; meanwhile, in the roots of
the WV treated group, 106 spots exhibited up-regulated expression (53 spots >1.5-fold and 53 spots
showed a >2.0-fold change) and 32 spots down-regulated expression (24 spots >1.5-fold and 8 spots
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showed a >2.0-fold change; Table S4) compared with the control group. In all, 138 differential protein
species showed quantitative changes (Figure 5, Table S4). Master gel and several typical examples of
DAPs showing different profiles are exhibited in Supplementary Figures S5 and S6.

 
Figure 5. Two-dimensional gel electrophoresis (2-DE) image analysis of proteomes in control and WV
treated wheat roots. (A) control group; (B) WV treated group (1:900).

2.4. Identification and Functional Classification of DAPs

A total of 138 DAPs were analyzed by MALDI-TOF/TOF MS and all of them were successfully
identified by MS/MS (Table S5). All of the 138 identified protein species were functionally annotated
in the current database (Table S5). In summary, 138 identities represented 103 unique protein species.

Based on the metabolic and functional features of the wheat roots, all of the 138 identified
protein species were classified into 13 major categories, including carbohydrate metabolism, cell
rescue and defense, protein folding and assembly, amino acid metabolism, protein metabolism,
secondary metabolism, ATP synthesis and ion transport, signal transduction, cell motility and
structural components, photosynthesis, cell division cycle process, transcription factor, and protein
transport (Figure 6). Eighty-four percent of these identified protein species were implicated in the first
six functional groups, whereas the largest functional groups that were greatly affected by drought
stress were the protein species involved in carbohydrate metabolism and cell rescue and defense
(25.4% and 24.6%). Further analysis of the change of abundance in each group revealed that proteins
involved in protein folding and assembly (8.7%), amino acid metabolism (8.7%), protein metabolism
(8.7%), and secondary metabolism (8.0%) were overrepresented, either in number or in expression
level, suggesting that these processes were susceptible to drought stress. In order to visualize the
protein expression patterns of all 13 categories, the hierarchical clustering of proteins was analyzed
(Figure S7).
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Figure 6. Functional classification of 138 identified proteins. Distribution of proteins according to their
biological functions.

In general, the monoisotopic mass (Mr) calculated by SDS-PAGE with protein standard markers
has about a ±10% error compared with the theoretical Mr value. In our work, 27 identities among all
138 identities had a smaller observed Mr value than theoretical Mr value (Table S5). This result indicated
these protein species might be partially degraded. Besides, 13 identities among all 138 identities had
larger experimental pI values than theoretical pI values (Table S5), suggesting that these identities
may be modified. Some identified protein spots from different positions in the same gel with different
observed Mr and pI were found to have the same name and NCBI accession number, whereas these
proteins spots should be considered different protein species. For instance, spot 101, 104, and 105 was
identified as triosephosphat-isomerase (TPI; CAC14917.1), and spot 110, 111 and 112 were identified
as L-ascorbate peroxidase 1 (EMS61931.1). These protein spots were recognized to be different protein
species due to gene polymorphisms, alternatively spliced transcripts, proteolytically processed protein
species, and PTMs, which might have differential biological function [26].

2.5. PPI Analysis of Identified Membrane Proteins

The PPI network of all 138 DAPs was constructed using on line STRING 10.5 Software. All 138
DAPs were blasted against the Arabidopsis thaliana proteins database (TAIR 10; Table S7). DAPs were
functional clusters according to the biological processes in which they are involved. STRING analysis
revealed the functional links between DAPs in which the protein species involved in carbohydrate
and energy metabolism, response to stress, protein metabolism, and protein folding processes were
major clusters (Figure 7). Actually, these four clusters were not separated and together they formed a
related-network in response to drought stress. The carbohydrate and energy metabolism, response
to stress, and protein metabolism process groups contained more members, with interaction being
concentrated on LOS2, ATARCA, and RPSAb, respectively. With respect to carbohydrate and energy
metabolism, response to stress, and protein folding processes, CPN60A and HSP 70 were the most
important nodes. Abbreviations of the specific protein species names in the network are shown in
Table S7.
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Figure 7. Analysis of protein interaction network by STRING 10.5. The Arabidopsis Information
Resource (TAIR) homologous proteins from identified protein species were mapped by searching the
STRING 10.5 software with a confidence level of 0.67. The colored lines between the proteins indicate
the various types of interaction evidence.

To obtain statistically over- or under-represented categories of biological pathways and
molecular functions related to drought treatment, BiNGO was used to analyze identified differential
protein species (Figure 8, Tables S8 and S9). The results revealed that several overrepresented
biological pathways were mostly significant (Figure 8A, Table S8), including response to metal ion
(p =1.06 × 10−28), response to inorganic substance (p = 9.37 × 10−28), response to cadmium ion (p = 2.24
× 10−26), response to stimulus (p = 1.70 × 10−22), response to stress (p = 3.35 × 10−21), and response
to chemical stimulus (p = 3.06 × 10−20). More specifically, metabolic processes (p = 2.99 × 10−11),
small molecule metabolic process (p = 7.46 × 10−8), cellular metabolic processes (p = 7.60 × 10−8), and
the S-adenosylmethionine metabolic process (p = 8.63 × 10−6), were significantly overrepresented.
Meanwhile, a complete list of the enriched Gene Ontology (GO) molecular functions for the proteins is
presented in Figure 8B and Table S9. Of them, several of the most highly enriched molecular functions
included copper ion binding (p = 1.27 × 10−16), catalytic activity (p = 3.69 × 10−11), oxidoreductase
activity (p = 1.14 × 10−7), methionine adenosyltransferase activity (p = 1.20 × 10−7), antioxidant
activity (p = 1.81 × 10−7), transition metal ion binding (p = 8.68 × 10−7), ion binding (p = 1.91 × 10−6),
and cation binding (p = 1.91 × 10−6).
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Figure 8. Biological pathway (A) and molecular function (B) networks generated by BiNGO.
Homologous proteins were used for the gene ontology (GO) analysis. The size of the node is
related to the number of proteins and the color represents the p-value for statistical significance
of the overrepresented GO term (see the color scale on the right bottom).

3. Discussion

3.1. Morphological and Physiological Response of Wheat Seedlings to Exogenous WV Pretreatment

The effect of the exogenous WV seed soaking treatment on growth and stress tolerance of plants
depended on the use of an optimum concentration because WV applied beyond a certain range might
be detrimental. Our results indicated that soaking seeds with 1:900 WV gave optimal promotion to
wheat seedlings.

ABA is a stress phytohormone that often accumulates in plants exposed to abiotic and biotic
stress [27–31]. ABA is involved in defense priming in plants [28] and can activate antioxidative defense
systems that contribute to the alleviation of stress [29,32]. Moreover, elevated ABA levels in plants
can trigger signaling cascades downstream of phytohormones, such as salicylic acid (SA), which may
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also mitigate oxidative stress [30,31,33–36]. In our research, ABA content of shoots and roots were
increased significantly in the WV treated group over those of the control group under both drought or
non-drought stress. Our results indicated that WV can induce ABA biosynthesis in wheat seedlings.
On the one hand, accumulation of ABA can regulate the stomatal apertures of leaves to prevent water
loss; on the other hand, it can activate downstream antioxidative gene expression of shoots and roots
to better resist subsequent drought stress.

Exogenous low concentrations of WV can cause slight oxidative stress in wheat roots but not
oxidative damage. Our results showed that O2− and H2O2 contents were higher in the WV treated
group before drought stress than in the control group, whereas the content of MDA showed no
significant difference between the two groups before drought stress. Moreover, the contents of O2−,
H2O2, and MDA were significantly lower in the WV treated group than the control group after drought
stress. Meanwhile, the activities of antioxidant enzymes were higher and related antioxidant genes
were upregulated in the WV treated group under both drought and non-drought stress, which enabled
them to cope better with continuous ROS production. This result indicated that a low concentration
of WV acts as a stressor, having a slight effect on the oxidative status of the plant similar to that of
stress-acclimating processes.

3.2. Protein Species Involved in Carbohydrate Metabolism and Energy Production

Carbohydrate metabolism regulates sugar synthesis and transformation as well as carbon
partitioning, while drought stress disrupts carbohydrate metabolism in plants. In this study, a large
proportion of the protein species whose abundance changed significantly under drought stress
are associated with carbohydrate metabolism and energy production processes. Triosephosphate
isomerase (TPI; spot 101, 104, 105), glyceraldehyde-3-phosphate dehydrogenase (GAPDH; spot 83,
84, 85), enolase (spot 37), and fructose bisphosphate aldolase (FBA; spot 72, 73, 74), were present at
higher levels in the WV treated group over the control group. In plants, TPI are located in cytosol and
chloroplast and are involved in several metabolic pathways, including glycolysis, gluconeogenesis,
and Calvin cycle [37]. GAPDH, as a moonlighting protein, is involved in glycolysis and the Calvin
cycle, but also played a vital role in redox signal transduction in plants [38,39]. In higher plants, FBA
is located in cytosol and plastids, functioning in the Calvin cycle, glycolysis and gluconeogenesis.
Previous studies showed that FBA could be redox-modified by glutathione (GSH) and participated
in redox regulatory of Arabidopsis thaliana [40]. In our study, 3, 2, and 3 DAPs were identified as
TPI, NAPDH, and FBA, respectively. They were considered as different protein species and were
involved in different metabolic pathways. During drought stress in plants, the increased abundance
of TPI, GAPDH, FBA and enolase could be related to the cellular requirement for extra energy in
order to deal with stress and repair damage [41]. Our study indicated that WV can promote the
wheat glycolysis metabolic pathway to produce more energy under drought stress. The study showed
that the TCA cycle may be fueled by products derived from the degradation of protein and other
macromolecules, in order to produce sufficient ATP to meet energetic demands under stress [42].
Aconitate hydratase (spot 6, 7) and malate dehydrogenase (spot 86) are components of the TCA cycle,
an important source of energy for cells, and were present at higher levels in the WV treated group
under drought stress. Aconitase isoforms are located in the mitochondria and cytosol [43]. Another
role of aconitase is a “circuit breaker” that reduced electron flow through the mitochondrial electron
transport chain and to a subsequent decrease of ROS [44]. In our study, this result indicated that WV
can enhance TCA cycle speed in wheat roots to enable them to cope with subsequent drought stress.
ATP synthase is the universal enzyme that manufactures ATP from ADP and provides energy for a
large number of fundamental biological processes [13]. In the present study, the proteins related to
ATP production (spot 35, 36, 38, 127) were found to be increased in abundance in the WV treated group
under drought stress. During biotic and abiotic stress in plants, energy costs are high during stress
acclimation, for example, the increased relative abundance of components of ATP-synthase [45]. Here,
as a whole, the abundance of different subunits of ATP synthesis was increased in the WV treated
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group compared to the control plants; this change protected multiple normal metabolic processes
dependent on ATP under drought stress. Our study suggested that the WV pretreatment regulated
carbohydrate metabolism and, under drought stress, further enhanced carbohydrate synthesis and
ATP production in wheat roots.

3.3. Protein Species Involved in the Stress Response

In the present study, O2−, H2O2 and MDA, which have the potential to cause peroxide damage
and membrane lipid peroxidation. In general, within a certain threshold of abiotic stress, plants have a
series of protective mechanisms to scavenge or reduce ROS and MDA levels and maintain the stability
of cellular homeostasis [46]. These protective mechanisms include the activity of antioxidative proteins.
In our study, protein species involved in the oxidative stress response were also identified; some
anti-stress protein species, such as peroxidase 8 (spot 39, 40), peroxidase 1 (spot 49), pox1 (spot 78, 94),
peroxidase 70 (spot 96), L-ascorbate peroxidase 1 (spot 99, 108, 110, 111, 112), glutathione transferase
(spot 103, 113, 114), superoxide dismutase (spot 130), monodehydroascorbate reductase (spot 47),
and dehydroascorbate reductase (spot 109) were more abundant in roots of the WV group than in
control plants. Real-time PCR results of related antioxidative proteins (spot 47, 49, 56, 108, 114, 130),
showed the same changing trend as the abundance of these protein species in both groups (Figure 4B).
In plants, peroxidase was a protein superfamily and involved in countering effects of stress through
signal transduction, strengthening of the cell wall [47], as well as the scavenging of toxic peroxides and
ROS, accumulated under oxidative stresses [48]. Studies have indicated that peroxidase abundance
and activity of peroxidase increased significantly in soybean roots under drought stress [49]. In plants,
SOD is highly efficient at eliminating O2-, which can convert O2− to molecular oxygen and H2O2.
Subsequently, H2O2 is reduced to H2O by peroxidase [50]. Ascorbate peroxidase is one of the most
important components for scavenging H2O2 [51]. GSH can combine with glutathione and a wide
variety of hydrophobic and electrophilic compounds to eliminate cytotoxic compounds [52]. Studies
have shown that GSTs were upregulated significantly in drought stressed wheat [53]. In our study,
the contents of ROS and MDA were significantly increased in roots of the control and WV-treated
groups under drought stress. However, the contents of ROS and MDA accumulated at a lower level in
the WV-treated roots compared with the control group. There is no doubt that increased abundance of
these anti-stress proteins restrained the accumulation of ROS and lowered damage induced by MDA in
the WV treated group. These results suggest that WV pretreatment enhanced the antioxidant defense
system to decrease oxidative damage under drought stress and provided a favorable environment for
growth and development.

In addition to the above described DAPs involved in the stress response, S-adenosylmethionine
synthetase is a member of the stress-induced family of genes [54]. Previous studies indicate that
overexpression of S-adenosyl-L-methionine synthetase increase tomato plant tolerance to alkali stress
through polyamine and hydrogen peroxide cross-linked networks [55]. In our study, four DAPs were
identified as S-adenosyl-methionine synthase (spot 52, spot 53, spot 54, spot 106); we, therefore, suggest
that its greater abundance in the WV treated group enhanced the capacity of plants to resist drought.

3.4. Protein Metabolism-Related Proteins

Protein synthesis, assembling, folding, and degradation are the main biologic process of protein
metabolism [56]. In the present study, 24 DAP spots were involved in protein metabolism and
were grouped into three functional subgroups: Proteins involved in protein synthesis, folding and
degradation. In the first subgroup, elongation factor 1-delta (EF1D) and elongation factor 1-beta (EF1B;
spot 87, spot 88) had a higher accumulation in the control group than the WV treated group. Elongation
factors are proteins that play a central role in the elongation phase of protein synthesis in plants. Spots
133 and 138 were identified as 40S ribosomal protein and 60S acidic ribosomal protein, respectively,
and their abundance was greater in the control group than in the WV treated group. 40S ribosomal
protein and 60S acidic ribosomal protein are components of the ribosome machinery and are required
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for protein synthesis [57]. In our case, proteins suffered damage due to accumulated ROS in the
control group root, increased abundance of the elongation factor and the related ribosomal protein
could have caused the accumulated synthesis of proteins and replaced damaged proteins caused
by peroxidation under drought stress in the control group plants. In contrast, ROS was eliminated
over time by antioxidative proteins and this protected the stability of proteins in the roots of the WV
treated group.

In the second subgroup, 3 DAPs (spot 8, spot 14, spot 15) were identified as 70 kDa heat
shock proteins (HSPs), whose abundance was increased in roots of the WV treated group (Figure 3,
Supplementary Tables S2 and S3). HSPs play crucial roles in protecting plants against stress and they
are involved in a wide range of crucial cellular processes [58]. Previous studies indicate that HSP 70 can
prevent the aggregation of denatured proteins and assist in the refolding of nonnative proteins caused
by environmental stress [59]. Our results indicated that the accumulation of ROS caused instability of
proteins under drought treatments. An increased abundance of HSPs in roots of the WV treated group
provided a more effective protective mechanism in response to oxidative stress.

In the third subgroup, 3 DAPs (spot 79, spot 80, spot 89) were identified as aspartic proteinase
proteins (Table S5). Aspartic proteinase is an endopeptidase and is active under acidic pH
conditions [60]. Previous studies show that SPAP1, which encodes a typical aspartic protease protein,
is responsible for leaf senescence in the sweet potato [60]. Many studies indicate that aspartic
proteinase participates in the PCD process of many plant organs [61–64]. In our case, excessive
ROS was not effectively removed from roots in the control group, which resulted in the accumulation
of dysfunctional amounts of proteins. An increased abundance of aspartic proteinase in the control
group could have effectively hydrolyzed dysfunctional proteins; moreover, aspartic proteinase will
have promoted apoptosis of damaged cells by participating in the PCD process. Spot 102 was identified
as a proteasome subunit, which controlled the protein degradation process. A previous study indicated
that the ubiquitin-proteasome system (UPS) plays an important role in response to environmental
stress such as drought, salinity, cold, and nutrient deprivation. Moreover, UPS has shown to be
related to the production of ABA and participate in signal transduction pathway [65]. In our case, the
abundance of the proteasome subunit was increased in roots of the control group. This indicated that
excessive ROS induced oxidative damage to protein structure and function and these dysfunctional
proteins needed to be degraded immediately in roots of the control group to maintain the stability of
the normal mechanical processes of cellular homeostasis.

3.5. Proteins Involved in Secondary Metabolism

Jasmonic acid (JA) and salicylic acid (SA) are important secondary metabolites in plants, being
involved in the various metabolic process, particularly in response to biotic and abiotic stress
in plants [66,67]. Previous studies indicate that JA accumulates rapidly after biotic and abiotic
stressors [67,68], that trigger the biosynthesis of JA from linolenic acid, suggesting that JA is an
important stress-signaling molecule in plants. SA has also been identified as an endogenous regulatory
signal in plants, particularly during plant defense against pathogens and drought stress [13,66,69].
In addition, pretreatment with low concentration SA significantly enhances the growth of wheat
seedlings and the shoots and roots of soybean [13,70]. In our case, 4 DAPs (spot 64, spot 67, spot 68,
spot 69) were identified as 12-oxophytodienoate reductase (OPR), which is a key enzyme in JA
biosynthesis, and their abundance was higher in the roots of the WV treated group compared with the
control. The expression pattern analysis of TaOPR showed the same results as for protein quantification
(Figure S8). Previous studies indicate that wounded plants rapidly accumulate JA, and this signal
activates the expression of early response genes [71]. In the WV treated group, increased accumulation
of OPR may have accelerated the biosynthesis of JA; accumulated JA triggers expression of defense
genes via the octadecanoid pathway or by acting directly on the genes. When wheat plants suffered
drought stress, a faster and effective response triggered by accumulated JA was initiated in WV-treated
roots. In our study, spot 12 and spot 13 were identified as phenylalanine ammonia-lyase (PAL), which
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plays a significant role in the biosynthesis of SA. A previous study indicates that PAL activity and
the content of SA in pharbitis were both up-regulated under the stress treatment [72]. In our case,
an increase of PAL in the WV treated group promoted the biosynthesis of SA. Moreover, the q-PCR
result of TaPAL showed up-regulated expression in the WV treated group under drought stress and
non-stress conditions (Figure S8). SA activates various genes that encode antioxidants, chaperones,
and heat shock proteins to resist drought stress.

3.6. WV can Initiate An Early Defense Mechanism to Mitigate Subsequent Drought Stress

Our results showed ABA levels were significantly increased in the shoots and roots of the WV
treated group. ABA accumulated in the shoots and roots of the WV treated group to rapidly regulate
stomatal aperture and the expression of defense-related genes when the wheat plants underwent
drought stress, thus conferring resistance to drought stress. Meanwhile, comparative proteomic
analysis revealed that WV promoted the biosynthesis of JA and SA, which regulated downstream
related anti-stress gene expression with ABA through signal transduction. In our present work,
soaking with WV launched an early defense mechanism before drought stress began. Soaking with
WV induced the production of ROS, which remained within a safe threshold because of increased
activities of antioxidant enzymes and the effective opening of the defense system. During drought
stress, ROS content was significantly higher in the roots of the control group and they suffered
oxidative damage. Comparative proteomic analysis revealed that carbohydrate metabolism was
inhibited, and this accelerated the degradation of damaged proteins in the control roots under drought
stress condition. However, proteomic analysis and results of the determination of physiological
indices indicated that ROS was effectively removed by the increased abundance of antioxidative and
related stress proteins in WV pretreated roots after drought stress. An overview of the main metabolic
pathways regulated by WV under drought stress is shown in Figure 9. These results indicated that WV
can promote the growth of wheat shoots and roots, and also improve their tolerance to drought stress.
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Figure 9. Diagram of the main metabolic pathways regulated by WV under drought stress. Each
small colored square represents an individual protein under different treatments (from left to
right, control and WV treated groups, respectively). Relative levels of expression are shown by
a color gradient from low (blue) to high (red). SOD: Superoxide dismutase; APX: L-ascorbate
peroxidase; MADR: Monodehydroascorbate reductase; DHAR: dehydroascorbate reductase; GST:
glutathione transferase; OPR: 12-oxophytodienoate reductase; PAL: Phenylalanine ammonia-lyase;
RAD23: DNA repair protein RAD23; ATPB: ATP synthase beta subunit; V-ATPB1: Vacuolar
ATPase subunit B1; Oxo: Oxalate oxidase GF-2.8; PRP: Pathogenesis-related protein; NAC:
NAC transcription factor; TPI: Triosephosphate isomerase; FDA: Fructose-bisphosphate aldolase
cytoplasmic isozyme; ALDO: Aldolase; GAPDH: Lyceraldehyde-3-phosphate dehydrogenase; iPGAM:
2,3-bisphosphoglycerate-independent phosphoglycerate mutase; ENO: Enolase; PPDK: Phosphate
dikinase 1; DLD: Dihydrolipoyl dehydrogenase 1; SUCLA2: Succinyl-CoA ligase [ADP-forming]
subunit beta; MDH: Malate dehydrogenase 1; ACO2: Aconitate hydratase; 6PGD: 6-phosphogluconate
dehydrogenase; TKT: Transketolase; PRK: Phosphoribulokinase; EF1β: Elongation factor 1-beta; EF1Δ:
Elongation factor 1-delta; eIF6: Eukaryotic translation initiation factor 6; RPS21: 40S ribosomal protein
S21; RPL 60S: 60s acidic ribosomal protein-like protein; nep2: Aspartic proteinase nepenthesin-2; ASP:
Aspartic proteinase; PSMA2: Proteasome subunit alpha type-2.

4. Materials and Methods

4.1. Plant Materials

Wheat (Triticum aestivum L.) cultivar “Zhoumai 18” seeds were sterilized with 70% ethanol and
10% NaClO followed by a thorough washing with sterilized water. Seeds were then soaked in sterilized
water supplemented with various volumes of primary WV (Yixin Bio-energy Technology Development
Co. LTD, Yangling, China; composition of primary WV is listed in Table S1) for 3 days. The seeds were
grown in a greenhouse under a day/night temperature regime of 25 ◦C, under 12 h d−1 illumination,
light intensity of 300 μmol m−2·s−1 and a relative humidity of 60%–70%. The experimental design
was presented in Figure S1.

To explore the optimal various concentrations of WV on wheat seedling growth, 25 sterilized seeds
were soaked in sterilized water supplemented with control 0 (control group), 1:300, 1:600, 1:900, 1:1200,
and 1:1500 various volumes of WV [primary WV:ddH2O2 (V:V); WV treated groups], respectively,
for 3 days. The experiments were laid out in a completely randomized design (CRD). Three biological
replications (5 wheat plants) were set for each treatment. Then soaking seeds were distributed in a
115 × 115 mm sterile germination box with two layers of filter paper saturated with 10 mL of sterilized
water. Seeds were dampened with 5 mL of water every day, for one week. The aerial parts (shoots)
and roots of both the control and WV treated groups (1:300, 1:600, 1:900, 1:1200, 1:1500) from day 2 to
day 6 after seed germination were collected for fresh weight (FW) and dry weight (DW) analysis.

In order to explore the effects of WV treatments on the drought tolerance of wheat, 50 sterilized
seeds were soaked in sterilized water supplemented with control 0 (control group) and 1:900 primary
WV [primary WV:ddH2O2 (V:V); WV treated groups], respectively, for 3 days. Three biological
replications (50 wheat plants) were set for each treatment. Subsequently soaked seeds were distributed
in a 115 × 115 mm sterile germination box with two layers of filter paper saturated with 10 mL of
sterilized water, for 4 days. On the fifth day after germination, seedlings of both the control and
WV treated groups (1:900) were transferred to a Hoagland nutrient solution with −1 MPa PEG 6000
(simulated drought stress), respectively, for 2 days. Thereafter, shoots and roots were collected from
the control and WV treated groups (1:900) from day 3 to day 6 to determine the abscisic acid (ABA)
content. Roots were then collected from the control and WV treated groups (1:900) from day 3 to day 6
to determine O2−, H2O2, and malonaldehyde (MDA) content, and the generation rate and the activities
of superoxide dismutase (SOD, EC.1.15.1.1), catalase (CAT, EC 1.11.1.6), and guaiacol peroxidase (POD,
EC1.11.1.7). For proteomics, roots from both the control and WV treated groups (1:900) were collected
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on the sixth day (under drought stress treatment conditions for 2 days). For real-time PCR analysis,
shoots and roots were collected from the control and WV treated groups (1:900) from day 3 to day 6.

4.2. Determination of O2− Formation Rate and H2O2 Content

Determination of O2− and the H2O2 content were performed according to Song et al. [73],
with minor modifications: Roots were ground to powder in liquid nitrogen; centrifugal force was
7000× g. Briefly, the reaction was initiated in assay solution (65 pH 7.8 mM phosphate buffer, 10 mM
hydroxylamine chlorhydrate, 17 mM sulfanilamide and 7 mM α-naphthylamine). Absorbance at
530 nm was measured and the formation rate of O2− was calculated from a standard curve of NaNO2.
Determination of H2O2 content was performed according to Song et al. [73].

4.3. Determination of Antioxidant Enzyme Activity

The activity of SOD, CAT, and POD was determined according to Song et al. [73]. To extract
antioxidant enzymes, 0.5 g of fresh roots were ground in liquid nitrogen, then root powder was
transferred to a 50 mM cool phosphate buffer [containing 1% (w/v) polyvinylpyrrolidone, pH 7.0] and
centrifuged at 4 ◦C and 15,000× g for 20 min. The supernatant was used for enzyme activity assays.

For the estimation of SOD activity, the reaction was initiated in an activity assay solution (50 μM
NBT, 1.3 μM riboflavin, 13 mM methionine, 75 nM EDTA, 50 mM pH 7.8 phosphate buffer, and enzyme
extract). The absorbance at 560 nm was determined with a spectrophotometer. For the measurement of
CAT activity, the reaction was initiated in the activity assay solution (50 mM pH 7.8 phosphate buffer,
15 mM H2O2, and enzyme extract). The decrease in absorbance of activity assay solution at 240 nm
was read every 20 s. For the determination of POD activity, the reaction was initiated in the activity
assay solution (50 mM pH 5.0 sodium acetate buffer, 20 mM guaiacol, 40 mM H2O2, and enzyme
extract). The increase in absorbance of activity assay solution at 470 nm was recorded every 20 s.

4.4. Determination of MDA Content

MDA content was estimated according to Song et al. [73]. Briefly, roots (0.5 g) were homogenized
in 20% (v/v) TCA and 0.5 (v/v) thiobarbituric acid (TBA). The supernatants after centrifugation were
incubated at 95 ◦C for 10 min and cooled in ice immediately. The absorbance at 532 nm was read.

4.5. Quantitative Determination of ABA Content

The plant hormone ABA was extracted according to the method described by Shi et al. [74],
with minor modifications. Fresh root samples (ca. 1 g) were ground in liquid nitrogen, then powder was
suspended in 10 mL of 80% (v/v) methanol containing 200 mg·L−1 of butylated hydroxytoluene and
500 mg·L−1 of citric acid monohydrate on ice. The mixture was subsequently shaken overnight at 4 ◦C
before centrifugation for 30 min at 8000× g and 4 ◦C. The supernatant was collected. The precipitate
was extracted twice for 2 h, the supernatants were combined and subsequently dried under N2 and
resuspended in 500 μL of 80% methanol. The phytohormone concentrations in the extracts were
analyzed using an LC-20AT high performance liquid chromatography system (Shimadzu, KinhDo,
Japan) and an API 2000™ electrospray tandem mass spectrometer (AB Sciex, Foster City, CA, USA).
Two microliter samples were separated within a Wondasil™ C18 column (5 μm, 4.6 × 150 mm;
Shimadzu). ABA ((±)-ABA, A1049; Sigma, St. Louis, MO, USA) was used to prepare standard curves
for the determination of hormone concentrations in samples.

4.6. Protein Extraction

Protein extraction was performed as described by Valledor et al. [75], with minor modifications.
Wheat roots were ground to a fine powder with liquid nitrogen. The ground root powder was
homogenized with −20 ◦C ice-cold extraction buffer [10% (w/v) TCA, 0.07% β-mercaptoethanol (β-ME;
v/v), and 1mM PMSF], then proteins were precipitated overnight. The following day, the mixture was
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centrifuged at 20,000× g for 30 min and the pellet was resuspended in 2 mL of −20 ◦C ice-cold acetone
[0.07% β-mercaptoethanol (β-ME; v/v), and 1 mM PMSF]; this was repeated 3 times. Finally, the pellet
was collected, lyophilized with vacuum freeze-drying equipment, and stored at −80 ◦C.

4.7. 2-DE and Gel Image Analysis

2D-PAGE was performed according to the method described by Valledor et al. [75], with minor
modifications. The root proteins were solubilized in lysis solution and proteins concentration was
determined using Bio-Rad Protein Assay Kit II (Bio-Rad, Shanghai, China), with Bovine serum albumin
(BSA) as a standard protein. About 900 μg of protein was separated on a 17 cm pH 4–7 linear IPG strip
(Bio-Rad) and actively rehydrated at 50 V for 14 h at 20 ◦C. Subsequently, focusing was performed under
following conditions: 250 V for 1 h, 500 V for 1 h, 1000 V for 1 h, 8000 V for 4 h, and 8000 V to achieve
80,000 V-h. Strips were immediately equilibrated twices. The Second-dimension electrophoresis was
performed on 12% polyacrylamide gels. Gels were stained with Coomassie Brilliant Blue (CBB) G-250.
Each sample was run in 3 independent biological replicates.

Gels were visualized using a GS-900 Calibrated Densitometer (Bio-Rad, Taiwan, China) at a
resolution of 600 dpi. Images were analyzed using the analytical software PDQuest 2-DE 8.0.1 (Bio-Rad,
Hercules, CA, USA) for spot detection, gel matching, and statistical analysis of spots. The selection of
protein spots of interest for analysis by MS was based on a fold change ≥1.5 (p < 0.05).

4.8. In-gel Digestion and MALDI-TOF/TOF MS Analysis

The DAP spots were excised, washed, de-stained, and dehydrated. Subsequently, protein spots
were digested with trypsin. The supernatant was collected, and the resultant peptides were extracted
twice with 0.1% trifluoroacetic acid (TFA) and 60% ACN. Then, the supernatants were combined.
Mass spectra were collected using a 5800 MALDI Time of Flight (TOF)/TOFTM analyzer (AB Sciex,
Foster City, CA, USA) and analyzed using TOF/TOFTM Series ExplorerTM Software V4.1.0 (AB Sciex,
Redwood City, CA, USA).

MS/MS mass spectra data were searched against the NCBInr databases with a taxonomy
parameter set to Viridiplantae using the Mascot search engine. The search parameters were set as
follows: One missed cleavage, peptide tolerance set to 100 ppm, MS/MS tolerance of 0.5 Da, peptide
charge of 1+, carbamidomethylation and oxidation of methionines allowed as fixed modification
variable modification.

4.9. Total RNA Isolation and Real-Time PCR

Total RNA was extracted from wheat shoots and roots of the control and WV treated groups
using an OMEGA plant RNA kit (R6827, Omega Bio-tek, Norcross, GA, USA), and cDNA was
reverse transcribed from 1 μg of total RNA using the GoScript™ Reverse Transcription System (A5001,
Promega, Madison, WI, USA). Relative quantification of gene expression by qPCR was performed on a
QuantStudio 3 Real-Time PCR System (Thermo Fisher Scientific, Singapore, Singapore). The primers
used for qPCR were designed using the qPrimerDB database [76], Oligo 7 and Beacon Designer™ 8.0
software. The sequence of the primers can be found in the Supplementary Table S3. Wheat actin gene
was used as the endogenous control which remained stable throughout the drought treatment [77,78].
qPCR was performed in an optical 96-well plate, including 10 μL 2 × GoTaq® qPCR Master Mix (A6002,
Promega, Madison, WI, USA), 2 μL 1:5-diluted template cDNA, and 0.2 μM of each gene-specific
primer, in a final volume of 20 μL, using the following thermal cycles: 95 ◦C for 1 min, 40 cycles of
95 ◦C for 10 s, 60 ◦C for 1 min. Disassociation curve analysis was performed as follows: 95 ◦C for
15 s, 60 ◦C for 1min, and 95 ◦C for 15 min. Relative expression levels were calculated by the 2−ΔΔCt

method [79].
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4.10. Bioinformatic Analysis

The prediction of transmembrane domains (TMDs) of the identified DAPs was carried out
using TMpred (http://www.ch.embnet.org/software/TMPRED_form.html). The grand average of
hydropathicity (GRAVY) value for each DAP was calculated using the Protein GRAVY tool (http:
//www.bioinformatics.org/sms2/protein_gravy.html). Cellular locations of DAPs were performed
through WoLF PSORT (https://wolfpsort.hgc.jp/) and (http://www.csbio.sjtu.edu.cn/bioinf/plant-
multi/). All identified DAPs were blasted against the Arabidopsis thaliana TAIR 10 (The Arabidopsis
Information Resource) protein database (http://www.arabidopsis.org/) for obtaining the annotated
protein information to conduct a PPI network using the online analysis tool STRING 10.5. Biological
processes and cellular component were predicted by the BiNGO plugin of Cytoscape software (version
3.6.0, San Diego, CA, USA).

4.11. Statistical Analysis

Principal component analysis (PCA) was performed [80,81] by SPSS software (version 22.0,
IBM Corporation, Armonk, NY, USA) to identify homogeneous biological replicates and the difference
between the control group and WV-treated group. In our study, coefficient and KMO and Bartlett’s test
of sphericity were used for dimension reduction analysis. The volume of DAPs was estimated using the
built-in statistical modules of PDQuest 8.01 by applying a log transformation and a t-test. The results
were presented as mean ± standard deviation (SD) from three independent biological replicates.
One-way analysis of variance (ANOVA) multiple comparisons was performed to calculate statistical
significance; p < 0.05 was considered statistically significant. Graphical presentation of the data was
performed using Originlab 2018b software (OriginLab Corporation, Northampton, MA, USA).

5. Conclusions

During wheat seedling growth, young seedlings are susceptible to water deficiency. However,
a well-developed root system can improve wheat plants’ ability to defend against drought stress.
Pretreatment soaking in appropriate concentrations of wood vinegar significantly promoted root
and seedling growth. Moreover, WV was able to initiate an early defense mechanism to mitigate
subsequent drought stress. In this process, ROS was effectively removed through the increased
abundance of antioxidative and other related stress proteins. A battery of protective mechanisms in
the WV soaked seed treatment helped to maintain the stability of the normal mechanical processes of
cellular homeostasis and metabolism.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/
4/943/s1. Figure S1. Experimental design used in the study; Figure S2. Supplementary pictures in the study;
Figure S3. 2-DE image of wheat root proteomes in the control and WV-treated groups; Figure S4. Principal
component analysis of the control and WV-treated groups; Figure S5. Master gel; Figure S6. Typical examples
of DAPs showing different profiles; Figure S7. Hierarchical clustering of protein species of all 13 categories in
both the control and WV treated groups; Figure S8. Expression pattern analysis of TaOPR and TaPAL genes in
wheat roots in both the control and WV treated groups before and after the drought stress; Table S1. Chemical
compounds identified in the WV; Table S1. Supplementary data in the study; Table S3. Specific primers used in
this study; Table S4. Fold change (Ratio) of DAPs between the WV-treated and the control groups under drought
stress; Table S5. MS/MS data, GRAVY, numbers of TMDs and subcellular localization of DAPs in wheat roots
under drought stress; Table S6 Log-transformed values of each DAP in both the control and WV-treated groups;
Table S7. DAPs blasted against the TAIR database; Table S8. Biological pathways generated for wheat roots;
Table S9. Molecular functions generated for wheat roots. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange (http://proteomecentral.proteomexchange.org) Consortium via the PRIDE
partner repository with the dataset identifier PXD012150.
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2-DE Two-dimensional gel electrophoresis
6PGD 6-phosphogluconate dehydrogenase
ABA Abscisic acid
ACO2 Aconitate hydratase
ADH1A Alcohol dehydrogenase
ALDO Aldolase
APX1 L-ascorbate peroxidase 1
ASP Aspartic proteinase
ATPB ATP synthase beta subunit
CAT Catalase
DEPs Differential expression proteins
DHAR Dehydroascorbate reductase
DLD Dihydrolipoyl dehydrogenase 1
EF1β Elongation factor 1-beta
EF1Δ Elongation factor 1-delta
eIF6 Eukaryotic translation initiation factor 6
ENO Enolase
FDA Fructose-bisphosphate aldolase cytoplasmic isozyme
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GRAVY Grand average of hydropathicity value
GST Glutathione transferase
iPGAM 2,3-bisphosphoglycerate-independent phosphoglycerate mutase
JA Jasmonic acid
MDA Malonaldehyde
MDAR Monodehydroascorbate reductase
MDH Malate dehydrogenase 1
Mr Monoisotopic mass
NAC NAC transcription factor
NECD 9-cis-epoxycarotenoid dioxygenase
nep2 Aspartic proteinase nepenthesin-2
OPR 12-oxophytodienoate reductase
Oxo Oxalate oxidase
PA Pyroligneous acid
PAL Phenylalanine ammonia-lyase
pI Isoelectric point
POD Guaiacol peroxidase
POX1 Peroxidase 1
PPDK Phosphate dikinase 1
PPI Protein–protein interaction
PRK Phosphoribulokinase
PRP Pathogenesis-related protein
PSMA2 Proteasome subunit alpha type-2
q-PCR Real-time PCR
RAD23 DNA repair protein RAD23
ROS Reactive oxygen species
RPL 60S 60s acidic ribosomal protein-like protein
RPS21 40S ribosomal protein S21
RQ Relative quantification
SA Salicylic acid
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SOD Superoxide dismutase
SUCLA2 Succinyl-CoA ligase [ADP-forming] subunit beta
TKT Transketolase
TMDs Transmembrane domains
TPI Triosephosphate isomerase
V-ATPB1 Vacuolar ATPase subunit B1
WV Wood vinegar
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Abstract: To reveal the mechanism of salinity stress alleviation by arbuscular mycorrhizal fungi
(AMF), we investigated the growth parameter, soluble sugar, soluble protein, and protein abundance
pattern of E. angustifolia seedlings that were cultured under salinity stress (300 mmol/L NaCl) and
inoculated by Rhizophagus irregularis (RI). Furthermore, a label-free quantitative proteomics approach
was used to reveal the stress-responsive proteins in the leaves of E. angustifolia. The result indicates
that the abundance of 75 proteins in the leaves was significantly influenced when E. angustifolia
was inoculated with AMF, which were mainly involved in the metabolism, signal transduction, and
reactive oxygen species (ROS) scavenging. Furthermore, we identified chorismate mutase, elongation
factor mitochondrial, peptidyl-prolyl cis-trans isomerase, calcium-dependent kinase, glutathione
S-transferase, glutathione peroxidase, NADH dehydrogenase, alkaline neutral invertase, peroxidase,
and other proteins closely related to the salt tolerance process. The proteomic results indicated
that E. angustifolia seedlings inoculated with AMF increased the secondary metabolism level of
phenylpropane metabolism, enhanced the signal transduction of Ca2+ and ROS scavenging ability,
promoted the biosynthesis of protein, accelerated the protein folding, and inhibited the degradation
of protein under salt stress. Moreover, AMF enhanced the synthesis of ATP and provided sufficient
energy for plant cell activity. This study implied that symbiosis of halophytes and AMF has potential
as an application for the improvement of saline-alkali soils.

Keywords: arbuscular mycorrhizal fungi; salt stress; E. angustifolia; proteomics

1. Introduction

Salt stress is one of the most important abiotic stresses and limiting factors for plant growth
and agricultural production. It is a major abiotic stress in the world. Land salinization causes many
ecological and environmental problems, such as soil erosion, land desertification, forest and grassland
degradation, and biodiversity reduction [1]. At present, along with the increase in soil salinization
and secondary salinization, it is estimated that 30% of the arable land in the world will disappear
in the next 25 years, and 50% by the middle of the 21st century [2,3]. Hence, the question of how to
treat saline alkali soil has attracted widespread attention around the world. In recent years, it was
demonstrated that using biological means to treat soil salinization is highly efficient, and environmental
and sustainable, thus providing a new breakthrough method for saline alkali land treatment.

E. angustifolia, a member of the family, Elaeagaceae, is a deciduous tree that is widespread in the
vast desert and semidesert in the Northwest of China. A few varieties of the species, E. angustifolia,
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can survive in the Gobi, such as the desert and saline, and is called the “treasure tree” locally. It is
important to further improve the salt tolerance of E. angustifolia using biotechnology under saline-alkali
conditions. Arbuscular mycorrhizal fungi (AMF) exist widely in soil and form a mutualism system
with most higher plants [4,5]. Plants are subjected to salt stress in the presence of a high salinity in the
soil, which reduces the absorption and transport of water, inhibits the metabolic process, and affects
nutrient absorption and the cell infiltration balance, resulting in the fragmentation of the horny layer
of plants and leakage of the cell membrane. This leads to plant growth retardation. AMF can adapt
to the saline soil habitat and survive in a heavy salt environment, indicating that AMF is adaptable
to saline soil [6]. Previous studies have shown that symbiosis between AMF and plants under salt
stress can promote plant growth and improve plant salt tolerance [7,8]. Therefore, the symbiosis of
halophytes with AMF has great potential for the improvement of salt resistance and restoration of
saline-alkali land, which has been a major research field globally.

Previous studies on the application of proteomics technology revealed the salt tolerance of plant
leaves [9–15]. However, the response mechanism of mycorrhizal plants to salt stress needs to be further
revealed. In this study, the symbiosis of AMF Rhizophagus irregularis (RI) and the salt-tolerant plant,
E. angustifolia, was used as a breakthrough point. The stress-responsive proteomics in the leaves of
E. angustifolia were detected under salt stress conditions. These results will provide more information
for the understanding of the function of AMF in the improvement of plant salt tolerance.

2. Results

2.1. Growth of E. angustifolia under Salt Stress and Colonization of AMF in the Plant Roots

As shown in Figure 1A, both mycorrhizal and non-mycorrhizal seedlings grew well in the
treatments lacking salt, but the mycorrhizal seedlings’ leaves grew stronger than the non-mycorrhizal
seedlings; some leaves of the mycorrhizal and non-mycorrhizal seedlings were yellow during salt
stress, however, the number of withered leaves of the mycorrhizal plants was significantly less than
that of the non-mycorrhizal plants.

Figure 1. Growth of E. angustifolia inoculated AMF (arbuscular mycorrhizal fungi) under salt stress and
a representative image of AMF colonization. Note: (A) represents the growth contrast in mycorrhizal
and non-mycorrhizal E. angustifolia after salt stress. (B) represents a photomicrograph of the structural
colonization of AMF in the root of R. irregularis. AM, mycorrhizal; CK, non-mycorrhizal; 0 mmol/L,
without salt stress; 300 mmol/L, during salt stress; AR: Arbuscule; V: Vesicles. Scar bar: 20 μm.

The typical AMF morphological structure was detected in inoculated E. angustifolia roots,
including vesicles and arbuscules (Figure 1B). The maximum AMF colonization percentage of the root
reached more than 90% at approximately 100 at approximately 30 days after inoculation. The maximum
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AM colonization percentage of the root reached more than 90% at approximately 30 days after salt
stress. At the same time, no colonization was found in the non-inoculated seedlings. This result shows
that E. angustifolia and R. irregularis established a vigorous symbiosis.

2.2. Effects of RI and CK on Height, Diameter, and Roots of E. angustifolia under Salt Stress

Salt stress decreased the height, diameter, length, and area, but mycorrhizal seedlings had a
greater height, diameter, length, and area than non-mycorrhizal seedlings during salt stress (Table 1).
During the 300 mmol/L NaCl treatment, the height, diameter, length, and area of the mycorrhizal
seedlings increased by 9.1%, 20.8%, 17.4%, and 35.5%, respectively, compared with those of the non-
mycorrhizal seedlings. AMF inoculation significantly enhanced the growth parameter of E. angustifolia
seedlings in the presence of 300 mmol/L NaCl.

Table 1. Effects of RI and CK on the height, diameter, and roots of E. angustifolia under salt stress.

Level of
Salinity/(mmol/L)

Different
Treatment

Height/(cm) Diameter/(mm) Length/(cm) Area/(cm2)

0
CK 45.50 ± 0.24c 5.65 ± 0.17b 985.73 ± 27.80b 146.04 ± 5.98c
RI 49.07 ± 0.54a 6.54 ± 0.20a 1256.7 ± 22.52a 213.07 ± 13.04a

Significance ** ** ** **

300
CK 39.57 ± 0.26f 3.99 ± 0.14e 763.64 ± 23.34e 93.68 ± 6.27e

RI 43.17 ± 0.21de 4.82 ± 0.11d 896.56 ±
42.36bcd 126.96 ± 8.03cd

Significance ** ** * **

RI, mycorrhizal; CK, non-mycorrhizal; 0 mmol/L, without salt stress; 300 mmol/L, during salt stress. Data are
means ± SD (standard deviation) of six replicates. The same letter within each column shows no significant
differences among treatments (p < 0.05). Levels of significance: * p < 0.05, ** p < 0.01.

2.3. Effects of RI and CK on the Soluble Sugar Content, Soluble Protein Content in the Leaves of E. angustifolia
under Salt Stress

As shown in Figure 2A, salinity stress caused a significant decline in the leaf soluble protein
content of mycorrhizal and non-mycorrhizal seedlings, while mycorrhizal seedlings had a higher leaf
soluble protein content than non-mycorrhizal seedlings during salt stress treatments. As shown in
Figure 2B, AMF inoculation significantly promoted the leaf soluble sugar content in the treatments
lacking salt. The soluble sugar content in the leaves of mycorrhizal and non-mycorrhizal seedlings
increased, but mycorrhizal seedlings had a higher leaf soluble sugar content than that of the
non-mycorrhizal seedlings during salt stress.

2.4. Effect of RI on Protein Abundance under Salt Stress

In the CK, AM-NaCl, AM, and AM-NaCl groups, a total of 25,082 peptides and 4349 proteins
were identified in the E. angustifolia seedlings. The number of proteins identified in the three replicates
of each treatment group is shown in Figure 3. Quantifiable proteins were identified in at least two
of the three replicates for further analysis. The significance of the differential proteins’ abundances
was filtered by the ratio > ±2 and p value < 0.05. The numbers of the differentially abundant proteins
between treatments (NaCl vs CK, AM vs CK, AM + NaCl vs AM, and AM + NaCl vs NaCl) are shown
in Table 2.
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Figure 2. Effects of RI and CK on the soluble sugar content and soluble protein content in the leaves
of E. angustifolia under salt stress. Note: (A) soluble protein, (B) soluble sugar. RI, mycorrhizal; CK,
non-mycorrhizal; 0 mmol/L, without salt stress; 300 mmol/L, during salt stress. Columns represent
the means for three replicates (n = 3). Error bars show the standard error. Columns with different
letters indicate significant differences between the treatments at p < 0.05.

Figure 3. Statistics of the number of proteins identified in each treatment group. Note: (A) the number
of proteins identified in the three replicates of CK group; (B) the number of proteins identified in the
three replicates of NaCl group; (C) the number of proteins identified in the three replicates of AM
group; (D) the number of proteins identified in the three replicates of AM + NaCl group.

Table 2. Differentially expressed proteins between treatments.

Treatments Number of Differential Proteins

NaCl vs CK variation analysis 402 a + 335 b
AM vs CK variation analysis 35 a + 152 b

AM + NaCl vs AM variation analysis 166 a + 226 b
AM + NaCl vs NaCl variation analysis 62 a + 189 b

a: The number of proteins was the satisfied condition (ratio > ±2 and p value < 0.05); b: The number of proteins was
only detected at CK or treatments (NaCl, AM, AM + NaCl).
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2.5. Functional Classification of Proteins

2.5.1. Salt Tolerance-Related Proteins Induced by Symbiosis

As shown in Table 2, a total of 187 differentially expressed proteins were identified in the AM
vs the CK group. The 186 proteins were compared with the AM + NaCl vs the AM group; a total of
112 were found in the AM + NaCl vs the AM group. Among the 112 proteins, four proteins were
highly abundant, 25 were newly expressed proteins under salt stress, and 14 proteins were identified
as symbiotic salt tolerance related proteins after referring to many academic documents, as shown in
Table A1. These 14 proteins are beneficial to the maintenance of AMF-E. angustifolia symbiosis and
improved the salt tolerance of the plant under salt stress.

2.5.2. Functional Classification of Salt Tolerance-Related Proteins Induced by Symbiosis

Blast2GO (Version 3.3.5) was used to annotate the biological functions of the targeted proteins.
These proteins were divided into seven groups (Figure 4), including metabolism, signal transduction,
redox, transport, cytoskeleton, protein synthesis, protein folding, and degradation (Table A1). Among
them, the proportion of metabolic and protein folding related proteins were the largest, which was
22%. The second category was related to redox, transport, and cytoskeleton, which was 14%. The third
category included signal transduction-related and protein synthesis proteins.

Figure 4. Biological functional classification of salt-tolerant proteins induced by symbiosis.

2.5.3. Salt-Induced Mycorrhizal Protein

As shown in Figure 5, after a comparison of differentially expressed proteins between NaCl vs CK
and AM + NaCl vs AM groups by VENNY 2.1 (http://bioinfogp.cnb.csic.es/tools/venny/index.html),
121 out of 392 proteins in the AM + NaCl vs AM group were identical with those in the NaCl vs
CK group. It is suggested that these 121 proteins are salt-tolerant related proteins of E. angustifolia
under salt stress, and are not caused by mycorrhizal. However, 271 proteins not in the NaCl vs CK
group were considered to be salt-induced mycorrhizal proteins. The mycorrhizal proteins produced
by AMF-E. angustifolia symbiosis to adapt to salt stress under salt stimulation. Thus, the salt tolerance
of plants can be improved.
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Figure 5. Venn diagram of the protein differential expression between the NaCl/CK group and AM +
NaCl/AM group.

2.5.4. Functional Classification of Salt-Induced Mycorrhizal Protein

A total of 57 out of 271 proteins were previously reported to be key proteins for the salt response,
as shown in Table A2. These were divided into 10 groups by Blast 2 GO analysis (Figure 6). In these
functional groups, the first class (23%) are proteins related to metabolism. There are nine (accounting
for 14%) different expressed proteins in the signal transduction pathway, which is the second class.
Meanwhile, the other 10 functional groups are also involved in protein redox, protein synthesis,
photosynthesis, energy, transport, the cytoskeleton, and stress response related proteins.

Figure 6. Biological functional classification of salt-induced mycorrhizal protein.

3. Discussion

AMF and salt affected the obvious physical appearance of E. angustifolia leaf, and both have a
clear interaction. For this reason, we think that AMF has a great influence on salt habitats and that,
moreover, salt stress is also a factor in this influence. On the one hand, compared with the AM vs
CK group and the AM + NaCl vs AM group, the salt-tolerant proteins caused by the symbiosis could
be identified; on the other hand, by comparing the differentially abundant proteins of the NaCl vs
CK group and the AM + NaCl vs AM group, the protein for the symbiosis response caused by salt
treatment could be identified. Therefore, these two ways were selected to discuss how symbiosis
responds to salt stress at the protein level (Figure 7).

216



Int. J. Mol. Sci. 2019, 20, 788

Figure 7. Biological functional classification of differential proteins.

3.1. Proteins Related to Metabolism

Metabolism, consisting of basic physiological processes, maintains a series of activities of a living
organism. This research shows the most important factor in the leaves of the E. angustifolia after
salt stress was the abundance of secondary metabolism-related proteins. In secondary metabolism,
especially the metabolism of the protein, phenylpropane and flavonoids increased significantly under
salt stress.

Studies have shown that secondary metabolites of plants change during the symbiosis of
mycorrhizal fungi and plants [16]. These secondary metabolites play an important role in the symbiotic
relationship between plants and mycorrhizal fungi [17]. For example, the content of lignin and soluble
phenol in the tomato was increased by inoculation with Arbuscular mycorrhizal fungi. Flavonoids
can promote spore germination and mycelium growth and increase the content of flavonoids after
mycorrhizal formation [18,19]. In this study, there were two pathways involved in metabolism-related
proteins, as shown in Figure 8.

1. In this study, we found a chorismate mutase (CM), which catalyzes the conversion of
branched acid to prebenzoic acid. Prebenzoic acid can produce phenolic compounds
through the phenylpropane metabolic pathway, including phenylalanine (Phe), tyrosine
(Tyr), anthocyanin, and tannin [20,21]. Phenylpropane metabolism is indirectly generated
by the shikimic acid pathway. This pathway might play an important role in plant stress
defense. We found three proteins that relate to the phenylalanine metabolic pathways,
including shikimate O-hydroxycinnamoyltransferase, cinnamyl alcohol dehydrogenase, and
caffeoyl-CoA O-methyltransferase. Flavonoids are synthesized by the condensation of
phenylpropane derivatives with malonate monoacyl coenzyme A. In addition, shikimic
acid O-hydroxyacinnamate transferase and caffeoyl coenzyme A-O-methyltransferase were
also involved.

2. In this study, we found that the phosphoribosyltransferase (APT) was up-regulated, which
was the first key enzyme in the tryptophan production reaction of o-aminobenzoic acid.
Phosphorylribosyltransferase activity of o-aminobenzoic acid was enhanced, which accelerated
the synthesis of tryptophan in plants under salt stress. It is well known that tryptophan is a
precursor of auxin (indole acetic acid) as well as protein synthesis in plants. Auxin response was
also identified in the leaves of E. angustifolia. We deduced that these two pathways synthesize
auxin to maintain the growth and metabolism of mycorrhizal plants under salt stress.
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Figure 8. Secondary metabolism of the alleviation of salt stress in mycorrhizal E. angustifolia seedlings.
Note: red color items represents proteins related to secondary metabolism in this study.CM: chorismate
mutase; APT: anthranilate phosphoribosyltransferase; HCT: shikimate O-hydroxycinnamoyltransferase;
CAD: cinnamyl alcohol dehydrogenase; CCoAOMT: caffeoyl-CoA O-methyltransferase.

Alkaline neutral invertase is involved in the decomposition of sucrose into glucose and fructose
and plays an important role in plant growth and development. The study showed that NaCl and
PEG (Polyethylene glycol) stress increased the differential expression of sugar cane SoNIN1 in the root
and leaf [22], and the alkaline neutral transformation enzyme was involved in the stress response.
This study found that after inoculation of AMF to the E. angustifolia leaf in the treatment of salt stress,
alkaline neutral invertase increased its expression, thereby improving the soluble sugar content of the
E. angustifolia leaf, and providing more sugar for plant metabolism.

3.2. Protein Synthesis, Folding, and Degradation Related Proteins

Protein synthesis plays an important role in plant growth under abiotic stress. We found two
proteins (ubiquitin-60S ribosomal L4 and 60S acidic ribosomal P1) were up-regulated in the mycorrhizal
plant. Similar ribosomal proteins were also found in studies [23]. One study showed that mitochondrial
elongation factors can extend peptide chains more [24], and this was also found to be up-regulated in
this study. These proteins related to protein synthesis increase the tolerance of the mycorrhizal plant to
salt stress by increasing the expression level.

Proteins can lose their biological functions due to denaturation under adverse conditions. Correct
folding and degradation of proteins are key to the maintenance of normal cell functions. Molecular
chaperones and folding enzymes play an important role in the maintenance of the natural conformation
of proteins, which can help them fold correctly [23,25]. In this study, we found that four folding
enzymes, peptide-based prolyl cis-trans isomerases, and four molecular chaperones were up-regulated
under salt stress, including peptidyl-prolyl cis-trans isomerase FKBP12, FKBP-type peptidyl-prolyl
cis-trans isomerase 5 isoform 1, peptidyl-prolyl cis-trans isomerase CYP18-1, peptidyl-prolyl cis-trans
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isomerase FKBP62, prefoldin subunit 1, prefoldin subunit 2, heat shock 70 kDa partial, and small heat
shock protein 17.3 kDa. Therefore, the up-regulation of these four peptidyl prolyl cis-trans isomerases
and four molecular chaperones completes the correct folding of proteins and helps the mycorrhizal
E. angustifolia resist salt stress.

E3 ubiquitin ligase (UPL3) and ubiquitin-like 1-activating enzyme (E1 B) increased their expression
under salt stress. Studies have shown that E3 ubiquitin protein ligase, ubiquitin activation enzyme
E1, and ubiquitin ligase all catalyze ubiquitin to their target proteins. Moreover, the specificity of the
ubiquitin pathway is controlled by E3, which is pertinent because it can provide the greatest response
to environmental stress by regulating the transcription factor of the downstream stress response [26].

3.3. Signal Transduction-Related Proteins

Plants exposed to an adverse environment for a long time will produce a complex system of signal
sensing and transduction. It is particularly important to understand how mycorrhizal plants perceive
and transmit this stress signal, as well as method of improving the plant salt tolerance under salt stress.

In this study, a series of proteins related to signal transduction were screened out, including G
protein, phospholipase C, plasma membrane Ca2+ transporter ATPase (PMCA), calcium-dependent
protein kinase (CDPKs), calmodulin (CaM), and calcium binding (CML), and were up-regulated.
They communicated with each other, thus completing the process of perceiving and transmitting
stress signals.

G protein, also known as signal-converting protein or coupling protein, can specifically bind
and recognize signals on the cell membrane, and produce intracellular signals with the medial
membrane effector enzyme (phospholipase C), which plays a role in signal transduction. After
transmembrane conversion, extracellular signals are further transmitted and expanded through Ca2+

(second messenger) signals, which eventually lead to a series of physiological and biochemical reactions
in cells. Ca2+ participates in metabolic pathways that are mainly dependent on changes in the Ca2+

concentration [27], and this process is achieved by the various calcium transport systems distributed
in the cell organelles and cell membranes [28]. The changes in the Ca2+ concentration in the various
processes in this study depended on the plasma membrane Ca2+ transporter, ATPase (PMCA), which
is the main Ca2+ transporter, transporting Ca2+ to the extracellular space at the cost of hydrolyzing an
ATP molecule. Studies have shown that the calcium-dependent protein kinase (CDPKs), calmodulin,
calmodulin, and the calcium phosphatase B protein, are involved in cell signal transduction and
responses to specific stimuli [29,30]. In this study, the Ca2+ concentrations maintained a steady
state in the cell wall, mitochondria, endoplasmic reticulum, and vacuole, while the concentration
in the cytoplasm was low. After salt stimulation, the Ca2+ concentration in the cytoplasm increased
significantly. On the one hand, Ca2+ directly binds to the calmodulin or the calmodulin, transfers the
received signal to the protein kinase and stimulates its activity, or the activity of calcium depends on
the protein kinases (CDPKs), which are directly stimulated by the Ca2+ signal, and directly participate
in and cause subsequent physiological responses through these two processes. These two processes
directly participate in and cause subsequent physiological responses.

3.4. ROS Scavenging-Related Proteins

Active oxygen species (ROS) are usually accumulated in plants under salt stress [31], which can
be used as signal molecules to activate the plant stress defense system [32]. However, all ROS are
very harmful to organisms at high concentrations, leading to cell membrane peroxidation, destruction
of enzyme activity, and eventually leading to cell inactivation. Therefore, the removal of ROS can
resist salt damage and improve the salt tolerance of plants. In this study, thioredoxin (TRX) and
glutathione (GRX) were involved in ROS scavenging as redox enzymes. In these plants, based on the
TRX redox system that runs in various kinds of organelles, including the cytoplasm, mitochondria,
and chloroplasts [33–36], it was shown that TRX plays a key role in plant redox regulation. At present,
many GRXs have been identified in different plants. For example, over-expression of the tomato
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SLGRX1 gene can enhance the plant’s resistance to oxidative stress, drought resistance, and salt
pollution in Arabidopsis. In contrast, silencing this gene leads to an increased insensitivity to stress
in the tomato [37]. Meanwhile, the gene silencing increases the membrane lipid peroxide level and
the accumulation of ROS and suppresses the activity of antioxidant enzymes under high-temperature
stress. This suggests that GRXs are involved in the regulation of the redox status and the response to
high-temperature stress.

In our study, three glutathione s-transferase (GST) and two glutathione peroxidase (GPX) were
found. Studies have reported that to prevent ROS damage, the amount of glutathione transferase
(GST) in plants will increase, which can catalyze the removal of ROS in plants [38]. Glutathione
peroxidase (GPX) is a sulfur-containing peroxidase, which can remove hydrogen peroxide, organic
hydroperoxides, and lipid peroxides from the organism, and block further damage of ROS to the
organism [39,40]. It has been shown that chloroplast glutathione transferase plays a very important
role in the resistance of low concentrations in Stargrass seedlings [41]. When plants are exposed to
high salt stress, the expression activity of GPX will be enhanced and the tolerance of plants to salt
stress will be enhanced [42–44]. In addition, excessive expression of GST/GPX in transgenic tobacco
under salt stress conditions for seed germination and seedling growth were improved more than for
the control group, suggesting that GST/GPX increases the ROS removal in plants, protects plants from
oxidative damage, and maintains the growth of plants [45,46]. These results suggest that the GST/GPX
system is a key factor in the improvement of the salt tolerance of plants through its ROS scavenging
ability under salt stress. Peroxidase (POD) is one of the key enzymes in plants under stress conditions
in the enzymatic defense system. It cooperates with superoxide dismutase and catalase to remove
excess ROS to improve plant resistance.

“Arbuscular Mycorrhizal Symbiosis Modulates Antioxidant Response and Ion Distribution in
Salt-Stressed Elaeagnus angustifolia Seedlings”- Changes of SOD, CAT, POD, and APX activities in the
leaves of E. angustifolia inoculated with AMF and those of non-inoculated E. angustifolia under 0 and
300 salt concentrations were analyzed [47].

As shown in Figure 9, mycorrhizal seedlings had a higher leaf SOD (superoxide dismutase), CAT
(Catalase), POD (Peroxidase), and APX (ascorbate peroxidase) activity than that of the non-mycorrhizal
seedlings during salt stress. The mycorrhization of the plants led to increased levels of leaf antioxidant
defense systems during stress conditions. The results obtained at the protein level are consistent with
the results of the apparent physiological indicators in this study. Therefore, we can conclude that
TRX/GRX, GST/GPX, and POD are up-regulated in mycorrhizal plants under salt stress, which results
in a significant increase of SOD, CAT, POD, and APX activities in plant leaves, thus improving the salt
tolerance of mycorrhizal plants.

3.5. Energy-Related Protein

Mitochondria are the main site of oxidative phosphorylation and the synthesis of adenosine
triphosphate (ATP) in cells, and they provide energy for cell activity. NADH dehydrogenase,
cytochrome C oxidase, iron sulfur protein NADH dehydrogenase, and ATP synthase up-regulation
were found in this study as complex compounds I, IV, and V participated in the mitochondrial electron
transport. The mitochondrial electron transport chain is also called the respiratory chain, and the
cells transfer electrons obtained from the oxidation of macromolecules via I, II, III, and IV complexes
and the energy produced by the electron transfer maintains the proton gradient of the mitochondrial
inner membrane, which is utilized by complex V (ATP synthase) to catalyze the formation of ATP.
In this study, proteins involved in providing cellular energy were up-regulated to provide energy for
mycorrhizal plants to resist salt stress.
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Figure 9. Effects of AMF inoculation on the superoxide dismutase (SOD) (A), catalase (CAT) (B),
peroxidase (POD) (C), and ascorbate peroxidase (APX) (D) activities in the leaves during different salt
conditions. M, mycorrhizal; NM, non-mycorrhizal; 0 mmol/L, without salt stress; 300 mmol/L, during
salt stress. Columns represent the means for three plants (n = 3). Error bars show the standard error.
Columns with different letters indicate significant differences between treatments at p < 0.05. Note:
cited from “Arbuscular Mycorrhizal Symbiosis Modulates Antioxidant Response and Ion Distribution
in Salt-Stressed Elaeagnus angustifolia Seedlings” [47].

3.6. Photosynthesis-Related Proteins

AMF and plant symbiosis can promote plant growth by increasing the photosynthesis of plants
under salt stress, thereby increasing the ability of plants to resist the salt stress [48–53]. In this
study, a photosystem II D1 precursor processing PSB27 was found to have upregulated expression.
Photosystem II D1 protein is the core protein of photosystem II, which is synthesized in light and is
injured by light or other adverse factors. Repairing D1 protein damage repairs PS II, maintaining its
dynamic balance through continuous turnover [54,55]. In addition, the reactive center proteins, D1
and D2, are the binding sites of the auxiliary factors for all redox activities, which are necessary for
PSII electron transport [54,56]. Thus, the photosystem II D1 protein plays an important role in the
maintenance of the stability of the PSII reaction center. The previously mentioned thioredoxin (TRX),
which is electronically reduced by the ferredoxin/thioredoxin system (Fd/TRX) in the chloroplasts
of plants, is involved in the electron transport of plant photosynthesis. Guo [57] and other studies
found that GRXs gene-silenced plants resulted in a significant decrease in ETR of photosystem II, and a
significant increase in NPQ in varying degrees. Meanwhile, GRXs gene silencing results in a significant
decrease in the maximum quantum efficiency (Fv/Fm) and the actual electronic yield (Φ PSII) under
high temperature stress. This is consistent with the results of the chlorophyll fluorescence parameters
in the early stage of this experiment [58], in which Fv/Fm, PSII, NPQ, and ETR in the leaves of
E. angustifolia inoculated with AMF were higher than those of non-mycorrhizal plants under salt stress.
In this study, TRX and GRX were up-regulated at the protein level, and Fv/Fm, PSII, NPQ, and ETR of
mycorrhizal plants were significantly increased at the apparent level, thus alleviating the damage of
salt stress to plants.
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3.7. Network Interaction Predictions Based on Differential Expression

The protein–protein interaction information of the studied proteins was retrieved from the IntAct
molecular interaction database (http://www.ebi.ac.uk/intact/) by their gene symbols or STRING
software (http://string-db.org/). These interactions included the direct physical proteins and the
indirect proteins correlated with indirect functions as shown in Figure 10. The results showed that
ubiquitin-60S ribosomal was the most correlated protein, directly or indirectly, with connections to
proteins, such as 60S acidic ribosomal, elongation factor mitochondrial, ubiquitin-activating enzyme E1,
and E3 ubiquitin-ligase. Additionally, most of the target proteins were associated with ubiquitin-60S
ribosomal and were in the protein synthesis, folding, and degradation pathway. Thus, this pathway
might play an important role in stress tolerance. Ubiquitin-60S ribosomal interacts with various
peroxidases, thereby participating in E. angustifolia protein synthesis, folding, and degradation
biosynthetic processes, and modulates stress responses. These findings showed that the salt stress
response is a multi-factor process involving many protein interactions.

The hypothesized mechanism of the improved salt tolerance of the mycorrhizal plant was revealed
from the proteome.

Figure 10. Protein—interaction network interactions for differentially expressed proteins. Note:
shows the integrated network for all the differentially expressed proteins; yellow circle represents salt
tolerance-related proteins induced by symbiosis and salt-induced mycorrhizal protein in this study;
green circle represents other differentially expressed proteins in this study, respectively. The sizes
represent the abundance of differentially expressed proteins.

In the current study, based on proteomic data analysis, it is suggested that AMF can improve the
salt tolerance of E. angustifolia seedlings (Figure 11).

1. AMF accelerates the secondary metabolism of plants, mainly phenylpropanoid metabolism
(shikimate O-hydroxycinnamoyltransferase, cinnamyl alcohol dehydrogenase, and caffeoyl-CoA
O-methyltransferase), reducing salt damage to plants.

2. AMF enhances the signal transduction of the second messenger Ca2+ (G protein, phospholipase C,
plasma membrane Ca2+ transporter ATPase (PMCA), calcium binding (CML), calcium-dependent
kinases (CDPKs), and calmodulin (CaM), increasing the speed of sensing and transmitting of
stress signals, allowing plants to follow up.

3. Among a variety of antioxidant pathways (TRX/GRX, GST/GPX, POD), AMF enhances the
antioxidant capacity of plants by increasing ROS clearance.
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4. AMF promotes protein biosynthesis, speeding up protein folding, and inhibiting protein
degradation (ubiquitin-60S ribosomal, 60S acidic ribosomal, elongation factor mitochondrial,
ubiquitin activating enzyme E1, and E3 ubiquitin- ligase).

5. In the chloroplast, AMF maintains the PSII reaction centre conformation stability and speeds up
photosynthetic electron transport (TRX/GRX, photosystem II D1 precursor processing PSB27-
chloroplastic); in mitochondria, AMF enhances the synthesis of ATP (NADH dehydrogenase,
cytochrome C oxidase, iron sulfur protein NADH dehydrogenase, and ATP synthase), providing
sufficient energy for cellular activities.

 

Figure 11. Mechanisms of mycorrhizal E. angustifolia seedlings to alleviate salt stress. Note: Protein
folding and degradation: peptidyl-prolyl cis-trans isomerase FKBP12; FKBP-type peptidyl-prolyl
cis-trans isomerase 5 isoform 1; peptidyl-prolyl cis-trans isomerase CYP18-1; peptidyl-prolyl cis-trans
isomerase FKBP62; prefoldin subunit 1; prefoldin subunit 2; Heat shock 70 kDa partial; small
heat shock protein 17.3 kDa; E3 ubiquitin ligase (UPL3); ubiquitin-like 1-activating enzyme (E1
B). PMCA: calcium-transporting ATPase; CaM: calmodulin; CML: calcium-binding CML20; CDPK:
calcium-dependent kinase; POD: peroxidase; GST: glutathione S-transferase; GPX: glutathione
peroxidase; GRX:glutaredoxin; TRX:thioredoxin; D1:photosystem II D1 precursor processing PSB27;
EF-Tu: elongation factor mitochondrial; NADH: NADH dehydrogenase [ubiquinone] 1 beta
subcomplex subunit 7; Fes: NADH dehydrogenase [ubiquinone] iron-sulfur mitochondrial; Cytc:
cytochrome c oxidase subunit mitochondrial.

4. Materials and Methods

4.1. Experimental Materials and Salinity Treatments

E. angustifolia seeds were provided by Heilongjiang Jinxiudadi Biological Engineering Co.
Ltd. (Haerbin, China). AM fungus Rhizophagus irregularis (RI) was propagated and preserved
by Heilongjiang Provincial Key Laboratory of Ecological Restoration. The mycorrhizal inoculum
containing approximately 25–30 AM propagules/g consisted of soil, spores, mycelia, and infected root
fragments. The soil was collected from the Forest Botanical Garden of Heilongjiang Province, sieved
(5 mm), and mixed with vermiculite (3:1, soil:vermiculite, v/v). The soil medium was pre-autoclaved
at 121 ◦C for 2 h.

There were four different treatments as follows: E. angustifolia inoculated Rhizophagus irregularis
without salt stress, E. angustifolia inoculated Rhizophagus irregularis under salt stress (300 mmol/L
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NaCl), E. angustifolia non-inoculated Rhizophagus irregularis without salt stress, and E. angustifolia
non-inoculated Rhizophagus irregularis under salt stress (300 mmol/L NaCl). Each treatment had six
replicates. The inoculated dosage of mycorrhizal inoculum per pot was 10 g. The same amount of
inactive mycorrhizal inoculum (121 ◦C, 2 h) was used in non-inoculated treatments. The 300 mmol/L
NaCl was added into the pots after 4 months of being inoculated with mycorrhizal inoculum as
described [47]. Seedlings continued to be cultivated for 30 days. The experiment was carried out under
outdoor natural conditions.

Three seedlings were randomly selected from each pot and 6–7 round leaves were removed from
each seedling. Leaves from two pots of the same treatment were combined as one sample. There were
three biological repeats per treatment. The proteomic, AMF colonization, and growth parameter of the
samples was detected.

4.2. Measurement of AMF Colonization and Growth Parameter

The AMF colonization rate of E. angustifolia was determined by the acid fuchsin staining
method [59]. The height and diameter of E. angustifolia were measured by a vernier caliper. The root
area and root length of E. angustifolia were measured by a root scanner.

4.3. Measurement of Soluble Sugar Content, Soluble Protein Content in the Leaves of E. angustifolia under
Salt Stress

To assess the degree of stress, the contents of sugar and soluble protein were detected using the
anthrone colorimetric method and coomassie brilliant blue G-250 method [60,61]. Samples were taken
during the same growth period and from the same leaf positions.

4.4. Extraction and Quantification of Proteins

The leaves of all samples were frozen in liquid nitrogen and ground with a pestle and mortar.
TCA/acetone (1:9) was added to the powder (1:5, v/v) and mixed by vortex. The mixture was placed
at –20 ◦C for 4 h, and centrifuged at 6000× g for 40 min at 4 ◦C. The supernatant was discarded.
The pre-cooling acetone was added into the pellet and washed three times. The precipitation was
air dried. SDT buffer (1:30, v/v) was added to 20–30 mg of powder, mixed, and boiled for 5 min.
The supernatant was filtered with 0.22 μm filters. The filtrate was quantified with the BCA Protein
Assay Kit (P0012, Beyotime, Shanghai, China).

4.5. FASP Digestion

Proteins of each sample (200 μg) were mixed with 200 μL UA buffer, and the mixture was filtered
by a ultrafiltration centrifugal tube (10 kD) at 14,000× g for 15 min, and the pellet was re-suspended
and filtered. The 100 μL iodoacetamide (100 mM IAA in UA buffer) was added into each sample and
incubated for 30 min in darkness. The filters were washed with 100 μL UA buffer three times and
subsequently with 100 μL 25 mM NH4HCO3 buffer twice. The protein suspensions were digested
with 4 μg trypsin in 40 μL 25 mM NH4HCO3 buffer overnight at 37 ◦C. The collection of the resulting
peptides with a new collector and peptides were desalted on C18 Cartridges, freeze-dried, and
reconstituted in 40 μL of 0.1% (v/v) formic acid. The peptide content was estimated by UV light
spectral density at 280 nm.

4.6. LC-MS/MS Analysis

Proteins were separated by using an Easy nLC HPLC liquid phase system with an increasing
flow rate. The chromatographic column was balanced by 95% A solution (0.1% formic acid aqueous
solution). The sample was injected onto the C18 column (Thermo Scientific Acclaim PepMap100,
100 μm × 2 cm, nanoViper C18) by an automatic sample injector and separated by C18-a2 analytical
column (Thermo scientific EASY column, 10 cm, ID75 μm, 3 μm, C18-A) at a flow rate of 300 mL/min.
Solution B (0.1% formic acid acetonitrile aqueous solution) was then used for gradient elution.
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The samples separated by chromatography were analyzed with a Q-Exactive mass spectrometer.
The analysis time was 120 min, the detection method was the positive-ion mode, the parent-ion
scanning range was 300–1800 m/z, the resolution of a first-order mass spectrometer was 70,000 at
200 m/z, the AGC target was 3e6, the first level maximum IT was 10 ms, the number of scan ranges
was 1, and the dynamic exclusion was 40.0 s.

4.7. Database Search and Protein Quantification

The database used was P16440_Unigene.fasta.transdecoder_73797_20161212.fasta (Sequence
73797, self-building). Maxquant software 1.3.0.5 [62] was used to analyze the protein qualitatively and
quantitatively in the original raw file. The maxquant software parameter table is shown in Table 3.

Table 3. Maxquant software parameter table.

Item Value

Main search ppm 6
Missed cleavage 2

MS/MS tolerance ppm 20
De-Isotopic True

Enzyme Trypsin
Database P16440_Unigene.fasta.transdecoder_73797_20161212.fasta

Fixed modification Carbamidomethyl (C)
Variable modification Oxidation(M), Acetyl (Protein N-term)

Decoy database pattern reverse
LFQ True

LFQ min. ratio count 1
Match between runs 2min

Peptide FDR 0.01
Protein FDR 0.01

For the proteins identified by mass spectrometry in the original data, differentially expressed
proteins and differentially expressed proteins were screened by the screening criteria of Ratio > +/−2
and p value < 0.05. The quantified protein sequence information was extracted in batches from the
UniProtKB database (version number: 201701).

4.8. Protein GO Functional Annotation and KEGG Pathway Annotation

Blast 2 GO was used to annotate the functions of the targeted proteins [63]. KASS software was
used for pathway analysis. The target protein sequences were classified by KO compared to the KEGG
GENES database, and then the pathway information involved in the target protein sequence was
automatically acquired according to the KO classification.

4.9. Protein—Protein Interact Network (PPI)

The protein—protein interaction information of the studied proteins was retrieved from the IntAct
molecular interaction database (http://www.ebi.ac.uk/intact/) by their gene symbols or STRING
software (http://string-db.org/). The results were downloaded in the XGMML format and imported
into Cytoscape5 software (http://www.cytoscape.org/, version 3.2.1) to visualize and further analyze
the functional protein-protein interaction networks. Furthermore, the degree of each protein was
calculated to evaluate the importance of the protein in the PPI network.
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5. Conclusions

E. angustifolia seedlings’ growth was significantly inhibited by salt stress, and growth was
improved in mycorrhizal symbionts. Furthermore, mycorrhizal E. angustifolia had a higher leaf
soluble sugar and soluble protein content than that of the non-mycorrhizal seedlings during
salt stress. Additionally, it was found that AMF inoculated E. angustifolia seedlings increased
secondary metabolism, enhanced Ca2+ signal transduction and ROS scavenging capacity, promoted
protein biosynthesis, accelerated protein folding, and inhibited protein degradation compared with
non-inoculated plants under salt stress. In addition, AMF maintained the conformation stability of the
PS II reaction center, accelerated the photosynthetic electron transfer, enhanced ATP synthesis, and
provided sufficient energy for cell activity. Overall, these findings show that AMF played an important
role in easing salt stress in plants and contributed to saline alkali soil remediation.
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Abstract: Salt stress is one of the most serious abiotic factors that inhibit plant growth. Dunaliella
salina has been recognized as a model organism for stress response research due to its high capacity
to tolerate extreme salt stress. A proteomic approach based on isobaric tags for relative and absolute
quantitation (iTRAQ) was used to analyze the proteome of D. salina during early response to salt
stress and identify the differentially abundant proteins (DAPs). A total of 141 DAPs were identified
in salt-treated samples, including 75 upregulated and 66 downregulated DAPs after 3 and 24 h of
salt stress. DAPs were annotated and classified into gene ontology functional groups. The Kyoto
Encyclopedia of Genes and Genomes pathway analysis linked DAPs to tricarboxylic acid cycle,
photosynthesis and oxidative phosphorylation. Using search tool for the retrieval of interacting
genes (STRING) software, regulatory protein–protein interaction (PPI) networks of the DAPs
containing 33 and 52 nodes were built at each time point, which showed that photosynthesis and ATP
synthesis were crucial for the modulation of early salinity-responsive pathways. The corresponding
transcript levels of five DAPs were quantified by quantitative real-time polymerase chain reaction
(qRT-PCR). These results presented an overview of the systematic molecular response to salt stress.
This study revealed a complex regulatory mechanism of early salt tolerance in D. salina and potentially
contributes to developing strategies to improve stress resilience.

Keywords: Salinity stress; Dunaliella salina; isobaric tags for relative and absolute quantitation;
differentially abundant proteins; proteomics

1. Introduction

Salinity stress greatly affects plant growth and productivity, resulting in cellular energy depletion,
redox imbalances, and oxidative damage [1,2]. Scientists have long sought to understand the
mechanisms of salt tolerance in plants in order to improve the yield of economically important crops.
The unicellular eukaryotic green alga Dunaliella salina has extreme salt tolerance, with a unique ability
to adapt and grow in salt concentrations ranging from 0.05 to 5.5 M. This organism is an established
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model for studying plant adaptation to high salinity [3,4], and also has significant pharmaceutical and
industrial value, mainly as food for marine aquacultures [5].

To cope with high salinity in its sessile existence, D. Salina has evolved a considerable degree
of developmental plasticity, including adaptation via cascades of molecular networks [6], which
regulate cellular homeostasis and promote survival [1,2,6]. For example, the mitogen-activated protein
kinase (MAPK) pathway plays a key regulatory role in plant development as well as in numerous
stress responses [2]. We previously cloned the MAPK kinase (MAPKK) cDNA from D. salina, and
found that its expression was induced upon salt stress [7]. Although salt tolerance in D. salina has
been studied extensively at the phenotypic, physiological, and genetic level, and many candidate
genes associated with energy metabolism, signal transduction, transcription, protein biosynthesis and
degradation have been identified [6], the underlying mechanisms remain unclear. Genes responsive to
salt stress are regulated at the transcriptional, translational, and post-translational levels. Analysis
of the proteome during stress response provides deeper insights into the molecular phenotype since
unlike mRNA transcripts, the proteome reflects the actual response of the organism to environmental
change [8–11]. It is necessary to identify the salt stress response proteins to further elucidate the salt
tolerance mechanisms in D. salina.

Proteomics is a high-throughput approach to study the dynamic protein profile of a cell or
organism, and therefore also the intricate molecular networks [2]. Plant cell responses to salinity
depend on the tissue, and the severity and duration of the stress, which lead to various changes at the
proteome level [12,13]. Recently, salt stress-induced changes have been reported in the protein profiles
of rice roots and leaves [9], Arabidopsis thaliana roots [11], soybean leaves [13,14], hypocotyls and
roots [14] and chloroplasts of diploid and tetraploid black locust [15]. Proteome analysis of D. salina
subjected to salinity by 2-D gels [16,17] and blue native gels using plasma membrane [3] have shown
changes in photosynthesis, protein and ATP biosynthesis, and signal transduction proteins in response
to salt stress. Quantitative proteomics and phosphoproteomics have also been applied to explore
palmella formation mechanism in D. salina under salt stress [4], and have identified several proteins
and phosphoproteins as potential candidates for augmenting salt tolerance in this organism. However,
previous studies focused on relatively late response to salinity, and did not clarify the early response to
short-term salt stress in D. salina. The initial phases of stress response in organisms could reveal more
profound differences at the proteomic level, as compared to later phases, which could help elucidate
novel mechanisms of homeostasis between plant and environment [9,13,18,19]. Therefore, the main
objectives of this study were to investigate the early salt stress-response proteome and identify the
differentially abundant proteins under short-term salt stress in D. salina.

Isobaric tags for relative and absolute quantitation (iTRAQ) is currently one of the most robust
techniques used for proteomic quantitation [13,20]. The iTRAQ approach has been used to compare salt
tolerant and susceptible cultivars, and has helped identify many proteins that can potentially enhance
salt resistance in plants [13,15,20,21]. In the present study, iTRAQ was used to assess proteomic
changes and identify differentially abundant proteins (DAPs) in D. salina at the early stage of salt
stress. NaCl was used in the culture medium to imitate environmental salt stress. We identified 65 and
102 proteins with significantly altered abundance after 3 and 24 h of salt stress respectively; these
were then classified into gene ontology (GO) functional groups and pathways. This study advanced
our understanding of early salt-responsive mechanisms in D. salina. Since D. salina is a unicellular
organism, the findings reveal how cell can adapt to extreme salinity and provide potential molecular
elements for enhancing salinity tolerance in crop plants.

2. Results

2.1. Identification of Dunaliella Salina Differentially Abundant Proteins (DAPs) Using Isobaric Tags for
Relative and Absolute Quantitation (iTRAQ)

The optimal in-vitro salt stress stimulus with which to explore early responses to salt stress
was determined to be 3-M NaCl [3,4] for 3 or 24 h. Proteomes of D. salina subjected to the above
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conditions were analyzed using iTRAQ and liquid chromatography-tandem mass spectrometry/ mass
spectrometry (LC-MS/MS). A total of 23,461 spectra were generated from control and salt-treated
D. salina and were analyzed using the Mascot search engine. 23,461 spectra matched known spectra of
2,283 unique peptides and 1140 proteins from control and salt-treated samples. Detailed annotation
information including peptide sequences, accession numbers, matching criteria, unused scores, P-value
and sequence coverage of total identified and differential protein species is provided in Supplementary
Table S1. The overall changes in protein abundance in D. salina after 3 and 24 h salt stress are illustrated
in Figure 1. Of the 1140 unique proteins of the control and treated D. salina, a total of 141 DAPs were
observed in response to salt stress relative to control, with the threshold for upregulated expression
>1.2 and downregulated expression <0.83 (p < 0.05) [22,23]. 75 of these DAPs were upregulated and 66
were downregulated in the cells after 3 and/or 24 h salt stress (Figure 1a, Supplementary Table S2).
Details for each protein are also provided in Table S1. Of these 141 proteins in the control vs. salt
treatment, there was an overlap in two categories, which means there were 26 proteins that changed
in 3 and 24 h exposures (Figure 1a). Volcano plots show the overall changes to protein abundance in
treated compared to control cultures at each time point, with significant difference (p < 0.05) in the
expression of a few proteins (Figure 1b).

 

Figure 1. Differentially abundant proteins (DAPs) in response to salt stress in Dunaliella salina. (a) Venn
diagram of 3 and 24 h specific DAPs with overlapping regions indicating the number of common
proteins. (b) Volcano plots of the proteins quantified during iTRAQ analysis comparing control to 3
and 24 h salt treatments. Each point represents the difference in expression (fold-change) between
the two groups plotted against the level of statistical significance. Proteins represented by a filled red
square are those with expression that differs at a statistically significant level.

2.2. Gene Ontology (GO) Annotation of DAPs in Dunaliella Salina

To determine the putative functions of DAPs involved in early response to salt stress, they were
subjected to GO enrichment analysis. The DAPs were categorized by three sets of ontologies: biological
processes (BP), cellular components (CC), and molecular functions (MF) (Figure 2), and a GO term was
considered significant at p-value < 0.05. As shown in Figure 2a, the significantly enriched GO terms
in the BP category included regulation of protein-chromophore linkage, regulation of ATP synthesis
coupled proton transport, regulation of ATP hydrolysis coupled proton transport, regulation of
translation, regulation of photosynthesis, negative regulation of glycolytic process, negative regulation
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of nitrogen compound metabolic process, and negative regulation of cell redox homeostasis. In the
CC category, integral component of membrane, photosystem I, photosystem II, chloroplast thylakoid
membrane and proton-transporting ATP synthase complex were the most significantly enriched terms
(Figure 2b). For MF, chlorophyll binding, structural constituent of ribosome, proton-transporting ATP
synthase activity, and electron transporter-transferring electrons within the cyclic electron transport
pathway of photosynthesis activity were the most significant terms. After 3 h of salt stress, six, seven
and four proteins respectively enriched in chlorophyll binding, structural constituent of ribosome,
and proton-transporting ATP synthase activity, respectively, were upregulated. After 3 and 24 h of
stress, the downregulated DAPs were predominantly related to magnesium ion binding, and after
24 h salt stress the downregulated DAPs were also predominantly related to ribulose−bisphosphate
carboxylase activity (Figure 2c).

(a) 

 
(b) 

 
(c) 

Figure 2. Gene ontology (GO) classification of the DAPs detected at each time point. GO terms in the
biological process (a), cellular component (b), and molecular function (c) categories are presented.
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2.3. Kyoto Encyclopedia of Genes and Genomes (KEGG) Analysis of DAPs in Dunaliella Salina

Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis was used to determine
any potential clustering of the DAPs in specific metabolic pathways. Using the KEGG database
as a reference, 115 DAPs were annotated and classified into 25 different pathways (Figure 3 and
Table S3). After 3 h salt stress, the main KEGG pathway classifications of the DAPs were photosynthesis
and oxidative phosphorylation. Porphyrin and chlorophyll metabolism were among the pathways
that were most significantly downregulated during the early response. DAPs contributing to
photosynthesis, oxidative phosphorylation and metabolic pathways were also significantly enriched
after 24 h salt stress, while the ‘one carbon pool by folate’ pathway was significantly downregulated
after 24 h. All pathways are listed in Supplementary Table S3.

 

Figure 3. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of
the DAPs in Dunaliella salina exposed to salt stress at 3 and 24 h. The x-axis shows representative
enriched KEGG pathways, and the y-axis indicates corresponding p-values of enriched pathways
(−log10 p-value).

2.4. Search Tool for the Retrieval of Interacting Genes (STRING)-Based Protein-Protein Interaction
(PPI) Analysis

To determine the regulatory mechanisms of the DAPs and their potential roles in salt stress,
we built a regulatory network with the up- and downregulated proteins using STRING analysis;
this revealed functional links among the DAPs that were significantly altered after salt stress (Figure 4).
Among the 141 DAPs identified by iTRAQ, two regulatory PPI networks of the DAPs containing 33 and
52 nodes (3 and 24 h, respectively) were built. Considerable overlapping was seen among the major
clusters, especially with the DAPs involved in photosynthesis, ATP synthesis and ribosome structure
regulation pathways. Furthermore, 3 h salt stress induced several protein interactions, including
FTSY-RPL13a-RPL18-EIF3A and chlL-chlN-rbcL-psaB-psaA-LHCB4-ATPvL1-atpI-cox1 (Figure 4a).
After 24 h salt stress, ATPC, ATPvL1, atpA, atpB, atpE, psaA, psaB, psbB, psbC, HSP70B, rbl2 and EIF3A
were the most important protein upregulation hubs, while FTSY, rbcL, HSP90A, LHCB5, EDP00988,
SHMT3 and FTSH3 were the most important protein downregulation hubs in the constructed network
(Figure 4b). These proteins were not separated and together they formed a related network in response
to salt stress.
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(a) (b) 

Figure 4. Search tool for the retrieval of interacting genes (STRING)-based protein–protein interaction
(PPI) analysis of the DAPs in Dunaliella salina exposed to salt stress at each time point. (a) 3 h and
(b) 24 h. The DAPs from D. salina were used for constructing PPI network using STRING software.
The circles represent proteins while the straight lines represent the interactions between different
proteins: gene fusion (red), neighborhood (green), co-occurrence across genomes (blue), protein
homology (light green), co-mentioned in PubMed abstracts (yellow), experimentally determined
interactions (purple), and interactions determined from curated databases (light blue). The small
nodes represent proteins of unknown 3D structure, and large nodes are proteins of known or
predicted 3D structure. Red arrows indicate the upregulated DAPs and green arrows indicate the
downregulated DAPs.

2.5. Analysis of Transcripts Encoding Selected DAPs

To investigate whether the differences in protein abundances were reflected at the mRNA
level and to validate the proteomic analysis, the quantitative real-time polymerase chain reaction
(qRT-PCR) was used to verify the level of gene expression associated with DAPs between control
and salt-treated groups. Four upregulated proteins and one downregulated protein in D. salina were
selected for verification at the mRNA level. The fold changes of transcript abundances are provided
in Figure 5. The transcript levels of four genes displayed the same trend with the abundance of
the corresponding protein species, namely, atpE, psaB, rps11, and rbcL. In contrast, psbB showed the
opposite trend with the abundance of the corresponding protein in D. salina under 3 or 24 h salt stress
(Figure 5 and Supplementary Table S2). The discrepancy between the transcription level of the gene
and the abundance of the corresponding protein probably resulted from various post-translational
modifications [24] under salt stress.

Figure 5. Analysis of transcript levels of the DAPs between salt stress and control conditions by
quantitative real-time polymerase chain reaction (qRT-PCR). mRNA expression values were rescaled
relative to the control. Statistical significant between experimental and control groups marked with
asterisks: (*) p-value < 0.05.
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3. Discussion

D. salina possesses an extraordinary ability to cope with salt stress, and is therefore a model
organism for studying salt tolerance [3,4]. In recent years, D. salina proteome networks have
been analyzed to reveal the molecular basis underlying this organism’s tolerance to different
stresses [4,16,25,26]. Previous publications on physiological and molecular changes under salt stress
focused majorly on the long-term stress (≥48 h) [3,16,17]. Notably, the response of plants to salinity
stress can be determined by the rapid perception of stress shock that occurs within a few hours.
The early stress response identified in the previous literature ranged from 1 to 24 h [9,13,18]. However,
the adaptive mechanisms underlying D. salina in the early response to salt stress (<24 h) at the proteomic
level were still unclear. The iTRAQ technology in combination with LC-MS/MS is an effective method
for investigating altered protein profiles in plant cells during environmental stress [13,15,20,21]. In the
present study, we used an iTRAQ comparative proteomic strategy to analyze the dynamic changes in
the protein profiles of D. salina exposed to 3 M NaCl [3,4], which simulated environmental salt stress.
The aim was to identify protein species to help elucidate the molecular mechanisms associated with
early salinity response.

A comparison of the treated and control D. salina proteomes revealed 141 DAPs in response
to salt stress, indicating a massive metabolic reprogramming. Of these DAPs, 75 were upregulated
and 66 were downregulated after both 3 and 24 h of salt stress (Figure 1a). The abundance most
DAPs we observed were less than twofold. A possible explanation is that proteins play major roles
in most biological processes; as a consequence, protein expression levels are subject to diverse and
complex control [27]. Functionally important proteins are subject to higher levels of constraint [28,29].
Functional annotations of these DAPs with GO enrichment analysis showed that most of the
upregulated proteins were involved in respiratory metabolism, transport and photosynthesis, while the
majority of the downregulated proteins accounted for glycolysis and nitrogen compound metabolic
process, in terms of BP. This indicates that salt stress likely affects energy metabolism and ion
transportation in D. salina, which is useful information for further research into the molecular
mechanisms of salt tolerance. DAPs after 3 h of salt stress were predominantly binding proteins
that were involved in cellular organization or biogenesis, while the response DAPs after 24 h of
salt stress, also primarily binding proteins, were involved in aldehyde and organic acid metabolism.
With regards to subcellular location, the significant protein species were mainly enriched in the
chloroplast, photosystem, peroxisome, and ribosome (Figure 2). Therefore, our data indicate that D.
salina is able to mount an early response (as early as 3 h) to salt stress owing to the active stimulation
of the critical cell signaling pathways involved in classical stimuli response.

Proteins typically do not exert their functions independently, but rather coordinate with each
other in biochemical and physiological processes. Pathway analysis can therefore help reveal cellular
processes involved in early salt tolerance [15,20]. These DAPs were further investigated using KEGG
database. The main responses to salt stress were seen in proteins that regulate metabolism and
energy conversion, carbon fixation in photosynthetic organisms and transport (Figure 3). This is
consistent with previous studies which showed that the adaptation of microalgae to stress conditions is
accompanied by multiple changes in proteins involved in carbon and energy metabolism [2,9]. In this
study, salt stress affected photosynthesis both in 3 and 24 h treated groups. Additionally, we observed
an increase in the abundances of many proteins involved in mitochondrial oxidative phosphorylation,
indicating an increased need for ATP and energy in response to salt stress.

Photosynthesis in chloroplasts is one of the primary processes that is affected by abiotic stress [30],
and the rapid response of photosynthetic machinery and metabolism is pivotal for plants to cope
with salt stress [15,30]. We observed that several crucial proteins related to photosynthesis and energy
metabolism, such as atpl, ATPvL1, psaA, and psaB, were upregulated upon salt stress in D. salina.
The ATP synthase alpha subunit (atpA) was upregulated after both 3 and 24 h of salt stress in D. salina
(Figure 3 and Supplementary Table S2). The increased accumulation of atpA may enhance ATP
synthesis to meet increasing energy demands for sustained salt resistance. Previous studies have also
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documented a regulated expression of multiple subunits of this protein complex under salinity [31,32].
PsaA and PsaB, which encode the large submits of the core complex in PSI that carries the cofactors
of the electron transport chain [33], were also upregulated as part of the early response. In plants
and green algae, photosystem II and photosystem I consist of a core complex and a light-harvesting
complex (LHC) containing electron chain transport cofactors [34]. The LHC protein, together with
chlorophyll, captures light energy and delivers it to the photosystems [30]. Under pressure conditions,
light harvesting must be reduced to avoid the excessive excitation of and damage to photosystems [34].
We observed that LHCB4 was upregulated after 3 h, while LHCBM2 was upregulated and LHCB5 was
downregulated after 24 h salt stress in D. salina. The response mechanisms of LHC proteins in early
salt stress require further study.

Salt stress can increase the rate of protein unfolding; challenge cellular protein homeostasis for
the available folding capacity becomes insufficient. Molecular chaperones or heat shock proteins
are a large family of proteins that have the important function of helping other proteins fold and
repair misfolding [35,36]. HSP70B and HSP90A play important roles in plant growth and responses to
environmental stimuli [37]. In a previous proteomic study, post-translational modifications of HSP90A
and HSP90C were speculated to be involved in salt stress responses [38]. In our study, HSP90A was
downregulated while HSP70B was upregulated after 24 h salt stress, suggesting an involvement with
increased degradation and reduced biosynthesis of proteins during salt stress. This is surprising given
that the cooperation between HSP70 and HSP90 systems in chloroplasts has been suggested [39]. Thus,
HSP90A may play different roles within cells exposed to salinity.

After 3 h of salt stress, the downregulated metabolic pathways in D. salina included not only
those of primary but also secondary metabolism. The majority of DAPs related to central pathways,
such as porphyrin and chlorophyll metabolism, and one carbon pool related to folate pathways,
were downregulated after 24 h salt exposure (Figure 3). These findings indicate that salt stress
fundamentally inhibited normal carbohydrate and energy metabolism in D. salina during the early
stages of response. Both FTSY (a signal recognition particle docking protein) and rbcL (a Rubisco large
subunit protein) were arrested in D. salina upon salt stress (Supplementary Table S2). This contradicts
another study which showed upregulation of FTSY and rbcL and a strengthened glycolysis pathway,
which could result in more energy for the generation of ATP and NADPH to resist salt stress [40].
The molecular response of organisms to salt stress may vary depending on species and stress levels.

The early response of D.salina to salt stress is a dynamic process. This organism can enhance the
tolerance/resistance mechanism and establish cellular metabolic homeostasis under stress conditions.
Based on functional and pathway analysis, we revealed the early response mechanisms to acclimatize
to salinity in D.salina. Firstly, during initial exposure to salinity, changes in photosynthesis proteins may
be related to the early response. Secondly, salt stress acclimatization is an energy consuming process.
D.salina enhances the expression of oxidative phosphorylation-related proteins and the generation of
production of ATP repairing of stress-induced damages. Thirdly, salt stress leads to cell instability
leading to an increased risk of protein damage. Several heat shock proteins act as molecular chaperones
to prevent denaturation and help denature proteins to restore their natural conformation. Furthermore,
early stress responses are related to the activity of the protein synthesis system. D.salina enhances the
processing and renewal of chloroplast and cytoplasmic proteins to cope with salt stress.

A regulatory PPI network was constructed for the DAPs using STRING (Figure 4), which showed
considerable interactive networks among proteins involved in photosynthesis, ATP synthesis, and
stress responsive signal transduction. Significant interaction was seen between several photosynthesis
related proteins including photosystem components (psaA, psaB, psbB, psbC) and ATP synthase
subunit proteins (atpA, atpB, atpE). Additionally, ATPC, ATPvL1, atpA, atpB, atpE, psaA, psaB, psbB,
psbC, HSP70B, rbl2, and EIF3A, were the most important hubs orchestrating protein regulation in the
constructed regulatory network. The downregulation of rbcL, HSP90A, and LHCB5 in the PPI network
was consistent with previous findings [9,30,40]. We also observed that LHCB5 was downregulated in
D. salina after salt treatment. Taken together, our findings indicate that salt stress affected multiple
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metabolic and physiological pathways in D. salina, predominantly photosynthesis, energy metabolism,
carbon assimilation and metabolism and heat shock proteins. We also found variations in the DAPs in
3 h versus 24 h response to salt stress, indicating that the alga detected the extent of salt stress and
alleviated it by modulating the expression of stress-responsive proteins.

In conclusion, we identified a number of novel proteins whose expression and abundance
were significantly altered in the early response to salt stress. Multiple proteins mainly involved
in photosynthesis, ATP synthesis, and oxidative phosphorylation, were putatively linked to early
D. salina salt stress response. Furthermore, important metabolic pathways, including glycolysis, purine,
and chlorophyll metabolism were compromised by salt treatment. PPI network analysis suggested
that protein metabolism, energy supply, and photosynthesis work together to reconstitute cellular
homeostasis under stress. ATPC, ATPvL1, atpA, atpB, atpE, psaA, psaB, psbB, psbC, HSP70B, rbl2, and
EIF3A were the most important protein upregulation hubs. The identification of these stress-induced
proteins can increase our knowledge of the molecular networks involved in plant salt tolerance, and
help to mine more salt stress associated genes. This study provides a better understanding of the
molecular mechanisms involved in stress response at the translational level.

4. Materials and Methods

4.1. Algae Culture

D. salina was obtained from the Hydrobiology Laboratory of the Dalian Ocean University (Dalian,
China), and maintained at 50 mM photons/m3 on alternate 12 h light–dark cycles. The algal cells
were cultured in f/2 medium for several weeks in 1 M NaCl as previously described [3,4,41], with
temperature and pH maintained at 25 ± 1 ◦C and 7.5 ± 0.2, respectively. Cells were seeded at a density
of ~5 × 105 cells/mL, corresponding to the optical density at 630 nm (OD630) of 0.06–0.08. When
the cells reached the logarithmic growth phase (~2–3 × 106 cells/mL), they were transferred to fresh
medium containing 3 M (salinity shock) NaCl [3,4]. Algal culture with 1 M NaCl addition (normal
growth condition) was set as the control. Four replicates were made for the control and salt treatment
groups. After 3 or 24 h of 3 M NaCl treatment, algal cells were harvested, and either used fresh or
stored at −80 ◦C for later analyses.

4.2. Protein Extraction and Quantification

Proteins were extracted from 2 × 108 cells per sample using Plant Total Protein Lysis Buffer
(7 M Urea, 1% CHAPS (3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate), 2 M Thiourea,
40 mM Tris-HCl pH8.5, 2 mM EDTA and 1 mM PMSF) and the cells were sonicated in the buffer for
60 s (0.2 s on, 2 s off, amplitude 25%). Homogenized samples were then incubated for 1 h at 25◦C and
the remaining debris was removed by centrifugation at 30,000×g at 4◦C for 30 min. An aliquot of the
supernatant was taken and the protein concentration was determined by Bio-Rad DC protein assay
(Bio-Rad, Hercules, CA, USA) [42]. A total of 20 μg of protein per sample from cell lysate was subjected
to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) to verify protein quality.

4.3. Protein Digestionand iTRAQ Labeling and Fractionation by Strong Cationic Exchange (SCX)

For each sample, a total of 200 μg of proteins were precipitated in 4 × volumes of cold acetone
overnight at −20 ◦C. The protein pellets were dissolved in 1% SDS with 100 mM triethylammonium
bicarbonate (pH 8.5) and sonicated in ice. Protein samples were reduced and digested with trypsin at
30:1 (w/w) for 16 h at 37 ◦C. Peptides were labeled with an iTRAQ Reagents 8-plex kit (AB Sciex Inc.,
Foster City, CA, USA) and incubated for 2 h at room temperature. The labeled peptide mixtures were
then combined and dried by vacuum centrifugation. After labeling, the peptides were reconstituted
in solvent A (25% acetonitrile, 25 mM NaH2PO4, pH 2.7) and then loaded into an Ultremex strong
cationic exchange (SCX) column (Phenomenex, Torrence, CA, USA). The peptides were eluted using
the SCX column to remove interfering substances such as excess iTRAQ reagents, organic solvents
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and SDS. The elution process was monitored by measuring the absorbance at 280 nm, and 12 fractions
were collected [13].

4.4. Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS) Analysis

Peptides fraction from each sample were analyzed using a nano-high-performance liquid
chromatography (HPLC) system (Shimadzu LC-20AD, Kyoto, Japan) [25]. The 100-μL labeled peptides
were resolved in solvent A containing 5% acetonitrile and 0.1% formic acid. Samples with individual
volumes of 10 μL were loaded into a C18 trap column. Subsequently, solvent B (95% acetonitrile v/v,
0.1% formic acid) was used to separate the peptide with the following linear gradient conditions.
Peptides were eluted with a flow rate of 0.6 mL/min. The elution peptide gradient was used from 5%
solvent B to 35% solvent B for 35 min, then ramped up to 60% solvent B over five minutes, raised to
80% in two minutes and held for five minutes. The LC elute was then subjected to a Q Exactive MS
(Thermo Fisher, NY, USA) coupled online to the HPLC. The applied electrospray voltage was 2.5 kV.

4.5. Analysis of Differentially Abundant Proteins

Protein identification and quantification was performed using the Mascot 2.3.02 search engine
(Matrix Science, Boston, MA) against the UniProt database (http://www.uniprot.org). Viridiplantae
(39,754 entries in UniProt) was chosen for taxonomic categorization. All DAPs were compared to the
D.salina genome database (http://genomeportal.jgi.doe.gov) to further identify the annotated protein
entries [43]. The protein mass were predicted using online software (http://www.expasy.ch/tools/) on
the basis of the protein sequences. The peptide mass tolerance was set as ±20 ppm and the fragment
mass tolerance was 0.1 Da. The results were filtered based on a false discovery rate (FDR) of no
more than 0.01. To demonstrate the reproducibility of the replicates, protein abundances between
various biological replicates were compared, and ratios for each protein comparison were normalized
to 1. Only proteins with at least one unique peptide and unused value of >1.2 were considered for
further analysis. When differences in protein expression between salt-treated and control groups were
>1.2-fold or <0.83-fold [22,23], with a p-value < 0.05, the protein was considered to be differentially
abundant. The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE [44] partner repository with the dataset identifier PXD010739.

4.6. Go, KEGG and STRING Enrichment Analyses

Functional analysis of DAPs was based on biological process, molecular function, and cellular
components, using GO annotation and protein classification (http://www.geneontology.org) [45].
The DAPs were further assigned to the KEGG database (http://www.genome.jp/kegg) and the
STRING database (http://www.string-db.org/). KEGG was used to predict the major metabolic and
signal transduction pathways involved in the identified DAPs [46,47]. STRING was used for protein
interaction analysis in order to identify protein interaction networks of D.salina under salinity stress
conditions. The protein interaction (PPI) networks’ responses to salinity stress were obtained [48].

4.7. RNA Extraction and qRT-PCR

Total RNA was extracted from D. salina using Trizol (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s instructions. The RNA quality was analyzed with a NanoDrop 2000
spectrophotometer (Thermo, USA), after which cDNA was synthesized using the PrimeScript Reverse
Transcriptase Kit (Takara, Japan), and cDNAs were amplified and detected using SYBR Green PCR
Kit (Qiagen, Valencia, CA, USA). qRT-PCR was completed using the ABI 7500 Real-Time PCR system
(Applied Biosystems, Foster City, CA, USA). The 18s-rRNA gene served as an endogenous control
for normalization. The details of gene-specific qRT-PCR primers are listed in Supplementary Table S4.
The primers were designed using the Primer-BLAST program (https://www.ncbi.nlm.nih.gov/
tools/primer-blast) based on National Center for Biotechnology Information (NCBI) sequence data
(http://www.ncbi.nlm.nih.gov/genbank/). The relative expression level was calculated as follows:
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ratio = 2−ΔΔCt = 2−(ΔCtt–ΔCtc) (Ct: cycle threshold; Ctt: Ct of the target gene; Ctc: Ct of the control
gene) [49].

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/3/
599/s1.
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Abstract: As a promising energy plant for biodiesel, Jatropha curcas is a tropical and subtropical
shrub and its growth is affected by one of major abiotic stress, chilling. Therefore, we adopt the
phosphoproteomic analysis, physiological measurement and ultrastructure observation to illustrate
the responsive mechanism of J. curcas seedling under chilling (4 ◦C) stress. After chilling for 6 h,
308 significantly changed phosphoproteins were detected. Prolonged the chilling treatment for 24 h,
obvious physiological injury can be observed and a total of 332 phosphoproteins were examined to
be significantly changed. After recovery (28 ◦C) for 24 h, 291 phosphoproteins were varied at the
phosphorylation level. GO analysis showed that significantly changed phosphoproteins were mainly
responsible for cellular protein modification process, transport, cellular component organization and
signal transduction at the chilling and recovery periods. On the basis of protein-protein interaction
network analysis, phosphorylation of several protein kinases, such as SnRK2, MEKK1, EDR1, CDPK,
EIN2, EIN4, PI4K and 14-3-3 were possibly responsible for cross-talk between ABA, Ca2+, ethylene
and phosphoinositide mediated signaling pathways. We also highlighted the phosphorylation of
HOS1, APX and PIP2 might be associated with response to chilling stress in J. curcas seedling. These
results will be valuable for further study from the molecular breeding perspective.

Keywords: Jatropha curcas; phosphoproteomics; seedling; chilling stress; regulated mechanism

1. Introduction

As one of the most critical limiting factors, low temperature affects the plant growth and
development broadly as well as yield, quality, postharvest life and geographic distribution [1]. Chilling
tolerance is the ability of a plant to tolerate low temperature (0–15 ◦C) without injury or damage [2].
Although it is possible to enhance the physical and physiochemical tolerance according to cold
acclimation [3], plant species origin from tropical and subtropical areas, such as Oryza sativa, Zea
mays and Lycopersicon esculentum, are sensitive to chilling stress and easily damaged by chilling
temperature [4]. The cellular structure and physiological characterization of tropical plants were
both changed in response to chilling stress, especially the photosynthetic organelle-chloroplast [5–7].
Compared to PSI, PSII was likely more sensitive to chilling temperature under moderate light in
tropical trees. In order to protect PSI at such stress situation, the PSII photoinhibition appeared
and PSII reaction centers was closed [6]. Subsequently, the recovery of PSII from low temperature
depended on its ability to maintain PsaA, Cyt b6/f and D1 protein at photoinhibitory conditions [8].
Low temperature stress induced the changes of a variety of protein kinases and transcription factors
in plants [5,9,10]. It was reported that increases in the cytosolic transient calcium flux played a vital
role in an early step of cold stress signaling [11–13]. ABA was responsible for the stomatal closure as
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well as low temperature stress responses [14] and SnRK2s were active protein kinases that participated
in the regulation of ABA [15]. ABI5 and TRAB1 both were bZIP transcriptional factors and had been
demonstrated to have the ability to mediated ABA signals [16–19]. HOS1 was another important
negative regulator of cold stress signaling in plant cells [20], as well as acted as an E3 ligase to be
required for the ubiquitination of ICE1 [21] and appeared to act upstream of CBF transcription.

As the major and reversible post-translational modification, protein phosphorylation was crucial
for providing the basis for complex signaling networks and the regulation of diverse cellular
functions in plants [22]. Phosphorylation mainly regulated kinases and phosphatases in a dynamic
process, including signal transduction, homeostasis, protein degradation, metabolism and stress
responses [23]. With the rapid development of proteomic technology, determination of phosphorylation
sites mainly employed LC-MS/MS without gel-based [24]. Additionally, with the development
of functional genomes and mass spectrum tools, it was practicable to identify and quantify the
protein phosphorylation on a large scale [25]. Therefore, plant protein phosphorylation events played
important roles in designing strategies to prevent crops from biotic and abiotic stresses, in particular,
quantitative phosphoproteomics should be taken into consideration when illustrate the stress-induced
related signal pathways [26]. It has been widely used for illustrating phosphorylation networks in
Arabidopsis thaliana, Brachypodium distachyon, Triticum aestivum, Broussonetia papyrifera after hormonal
and dehydration treatment, salt and chilling stress [27–30].

Jatropha curcas L., which originated from the tropics or subtropics, is a woody oil plant that belongs
to the Euphorbiaceae family [31]. Due to the abundant oil content in its seeds (as high as 40%), J. curcas
has been considered as the ideal material for biodiesel in the world [32]. Taking the advantage of the
high-throughput technologies, a great body of information on J. curcas has been achieved with the
application of genomic [33,34], transcriptomic [35,36] and proteomic [37–41] sequencing. The whole
size of J. curcas was calculated as about 410 Mb and approximately 286 Mb consisting of 120,586 contigs
and 29,831 singlets have been sequenced. These databases are valuable for further studies focusing on
all aspects of molecular mechanisms. As an arisen economic woody species, J. curcas has been paid
worldwide attentions. However, low temperature is still the major factor limited its distribution and
affects the production of J. curcas seeds consequently. In consideration of the research and application,
it is valuable to explore the metabolic network and regulated signal pathway of J. curcas under low
temperature stress. Nevertheless, only few studies focused on molecular mechanism of chilling
response in J. curcas. A previous study had employed transcriptome to analyze J. curcas under cold
stress (12 ◦C), however, the result was sweeping without accurate mapping the regulated network
basing on the experimental data, besides, the treatment temperature was also too moderate [42]
to evaluate almost the limiting adverse effect under chilling stress. Another study only identified
8 photosynthesis related proteins significantly changed from J. curcas seedling under cold stress
(4 ◦C) instead of high-throughput identification [43]. In this study, quantitative phosphoproteomics
combining with traditional cellular observation, physiological measurement were employed to explore
the chilling response and defense mechanism in J. curcas seedling at phosphorylation level. We aim to
understand how sensitive is J. curcas to chilling stress and further unveil the specific phosphorylated
proteins involved in potential pathways in J. curcas under chilling stress. The results will be benefit for
providing clue to screen the chilling resistant J. curcas species.

2. Results

2.1. Physiological Changes of Leaves from J. curcas Seedling under Chilling Stress

The leaves of J. curcas seedling drooped and pseudostem tilted after 24 h of chilling treatment (4 ◦C)
and mostly recovered after being returned to 28 ◦C for 24 h (Figure 1A). To evaluate the adverse effects
of chilling stress quantitatively and determine the best time for sample collection after chilling stress
for subsequent phosphoproteomic analysis, photosynthetic characteristics were measured. In response
to the chilling treatment, the value of net photosynthetic rate (Pn) at each treatment stage (C0 h, C6 h,
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C24 h and R24 h) displayed significant difference with each other. the Pn decreased to 65.9% and 4.5%
of pre-treatment (C0 h) levels after chilling for 6 h (C6 h) and 24 h (C24 h), respectively but returned to
44.3% after recovery for 24 h (R24 h). Comparing to Pn, the intercellular CO2 concentration (Ci) showed
the opposite change tendency, the C6 h and C24 h of Ci increased to 160% and 408% respectively and
almost returned to C0 h level after 24 h recovery. Conductance to H2O (Cond) and transpiration rate
(Trmmol) shared the similar change curve, only the R24 h of Cond and Trmmol showed the significant
changes compared with C0 h (Figure 1B). These findings were slightly different with the studies for O.
sativa and Musa paradisiaca under chilling stress (4 ◦C), the species also originated in the tropics [44,45].

Figure 1. Morphological and physiological responses of J. curcas seedling to different treatment
condition. Four-leaf stage seedling were treated at 4 ◦C for 0, 6 and 24 h (C0 h, C6 h and C24 h) and
then allowed to recover for 24 h (R24 h) (A). The black bar equals 6 cm. The Pn, Cond, Ci and Trmmol
were showed in (B). The values of relative % for each column are means ±S.D. of three biological
replicates. The different lowercase letters labeled above columns indicate significant changes according
to one-way ANOVA (p < 0.05).

2.2. Ultrastructure Change of J. curcas Seedling under Chilling Stress

To assess the damage of J. curcas seedling under chilling treatment, the fourth-leaves at each
treatment (C0 h, C6 h, C24 h and R24 h) were prepared for ultrastructural observation. In the leaf
cell from C0 h, the morphological structures were intact chloroplasts with numerous embedded
starch granules, which mainly distributed closely to the cell membrane. Besides, intact vacuole and
mitochorina could also be observed clearly (Figure 2, C0 h). As a universal symptom, the obvious
manifestations of chilling stress were chloroplast swelling, a distortion of vacuole, a reduction in
the size of starch granules (Figure 2, C6 h), prolonged chilling treatment leaded to grana unstacked
and starch granules continued to diminish with time till disappeared completely (Figure 2, C24 h).
However, the mitochorina from the J. curcas seedling showed relative stationary and was not as
sensitive as chloroplast and vacuole in the whole chilling treatment process (Figure 2). After recovery
for 24 h, the chloroplasts of J. curcas seedling returned to normal morphological status (Figure 2, R24 h).
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Figure 2. The ultrastructures of leaves at different treatment condition (C0 h, C6 h, C24 h, R24 h) from
J. curcas seedling. The bar equals 2 μm. C, chloroplast; M, Mitochondria; S, starch granules; V, vacuole.

2.3. Phosphoprotein Identification and Phosphorylated Site Location

In total, 3101 phosphopeptides with 3101 phosphorylated sites corresponding to 1810
phosphoproteins were identified (Table S1) and the proportions of pS, pT and pY sites were calculated
as 89.4%, 9.8% and 0.8%, respectively (Figure S1). The mass spectrometry proteomics data have been
deposited in the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via
the PRIDE partner repository [46] with the dataset identifier PXD011438. In order to evaluate analytical
reproducibility, a range of quality control measures were taken for the three biological replicates of
each condition before the comparison analysis of the phosphorylation levels between the chilling stress
condition and the control. The result of Pearson correlation analysis showed that the four samples
were individually clustered confidently with their replicates (Figure S2). Only the phosphopeptides
identified from all biological repeats were used for further analysis.

2.4. Screening Phosphoproteins with Phosphorylation Level Significantly Changed

The intensity of each phosphopeptide was normalized as the Zhang et al. described [28].
According to the ANOVA analysis, 996 phosphorylated sites corresponding to 805 phosphoproteins
were screened out (Table S2). Compared to untreated J. curcas seedling (C0 h), 308, 332 and 291
phosphorylation sites corresponding to 279, 313 and 270 phosphoproteins were differentially changed
after chilling for 6, 24 h (C6 h, C24 h) and recovery for 24 h (R24 h), respectively (Tables S3–S5 and
Figure 3A). There were 44, 76, 76 and 112 phosphorylation sites corresponding to induced, up regulated,
down regulated and depressed regulation after 6 h chilling treatment, prolonged the chilling treatment
time to 24 h, the number of phosphorylation site for each regulation has changed, which are 38, 94, 67
and 133, respectively (Figure 3A). To be mentioned, when recovery for 24 h, the number of induced
phosphorylation sites increased obviously to 76 while the depressed ones decreased to 63 (Figure 3A).
Further venny charts indicated that a number of differential phosphorylation sites were overlapped
between C6 h and C24 h when compared to C0 h, however, only few differential phosphorylation sites
were overlapped no matter the comparison between C6 h and R24 h or C24h and R24 h (Figure 3B).

Figure 3. Cont.
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Figure 3. Statistical analysis of phosphoproteomics of J. curcas seedling under different treatment. The
significantly changed phosphopeptides in each sample (C6 h, C24 h and R24 h) when compared to C0 h
(A); Venn diagram of significantly changed phosphorylation sites and phosphoproteins distributed in
each sample (C6 h, C24 h and R24 h) when compared to C0 h (B).

2.5. GO Annotation of Significant Changed Phosphoproteins

All the identified significant changed phosphoproteins (805) were used for GO annotation. The
distribution pie charts for biological process, cellular component and molecular function are shown
in Figure 4. In the whole treatment process, the cellular protein modification process, transport,
cellular component organization and signal transduction were significantly overrepresented from the
biological process perspective. Cytoskeleton and ribosome were significantly overrepresented from
the cellular component perspective. Nucleotide binding, protein binding and kinase activity were
significantly overrepresented from the molecular function perspective (Figure 4).

Figure 4. Cont.
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Figure 4. Functional classification of the significantly changed phosphoproteins from J. curcas seedling
under different treatment by GO analysis. Over-represented GO terms were displayed graphically
as pie charts for three GO vocabularies: (A) biological process; (B) cellular component; (C) molecular
function. The number in brackets represents the phosphoprotein number within the group and the
color of the pie chart represents the significance of enrichment.

2.6. Conservation Analysis of the Significant Changed Phosphoproteins

The sequences of the 805 significant changed phosphoproteins were used as queries to blast
phosphoprotein databases that were constructed using data sets in the Plant Protein Phosphorylation
DataBase (P3DB) [47] and PhoPhAt [48]. O. sativa and A. thaliana were compared against J. curcas to
determine the degree of conservation of phosphorylation sites among different plant species. The
thresholds were set as score ≥ 80, E-value < 1 × 10−10 and identity ≥ 30%. In all, 561 (69.7%) of the 805
phosphoproteins had phosphorylated orthologs in the two species, 163 (20.2%) had phosphorylated
orthologs in only one species (Figure 5 and Table S6), 81 phosphoproteins had no phosphorylated
orthologs in both of the two species (Table S6).

Figure 5. Conservation analysis of significantly changed phosphoproteins in J. curcas seedling under
different treatment.
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2.7. Analysis of Phosphorylation Motifs of Significant Changed Phosphopeptides

The kinase related phosphorylation motifs of the significantly changed phosphopeptides were
identified by employing WebLogo and motif-X. Briefly, the significant changed phosphopeptides were
centered at the phosphorylated amino acid residues of each experimental group (Table S7) and then
were submitted for Weblogo analysis and phosphorylation motif extraction. Nine phosphorylation
motifs were enriched from the four experimental groups (Figure 6). Those phosphorylation motifs
were then searched in relevant databases to find the specific protein kinases. [sPxK] and [sPxR] were
the CDK motifs [49], [sPxxxxR] motif resembles the sPxR motif which is recognized by CDK [50,51].
[sP] and [tP] motifs were the proline-directed motifs, which were potential substrates of MAPK [49].
[LxRxxs] was basic motif representative of CDPK substrate and the motif [Rxxs] was a potential
substrate for CDPK-II, which was also the 14-3-3 binding motif [52–54]. The two motifs [Rxxs] and
[Kxxs] could be assigned to motif [-(K/R)-x-x-(pS/pT)-] and were identified as a phosphorylation
motif of the SnRK2 or CDPK in plants by previous study [55]. [sF] contained the phenylalanine residue
and was the minimal MAPK target motif [30].

Figure 6. Phosphorylation motifs extracted from the phosphopeptides with the significantly changes
by Motif-X from J. curcas seedling under different treatment.

2.8. Protein-Protein Interaction (PPI) Analysis of Significant Changed Phosphoproteins

The PPI network of the significant changed phosphoproteins identified in the current study
were analyzed by STRING (http://string-db.org,version9.1). A total of 514 KOGs representing 610
phosphoproteins (Table S8) were used to construct the PPI network. In order to improve the reliability
of the PPI analysis, the confidence score was set at the highest level (≥0.900). Finally, a complex
PPI network that contained 319 nodes and 1924 edges was displayed through Cytoscape (Figure S3).
With the aim to further extract the key potential interacting proteins from the whole PPI network,
85 KOGs representing 183 significantly changed phosphoproteins, which related to signal transduction,
posttranslational modification and intracellular trafficking, transport (Tables S9 and S10), were chosen
and centered to construct the subnetwork (Figure 7). The result showed that KOG0583 (protein id:
897 and 2462), KOG0841 (protein id: 1724 and 2765) and KOG0070 (Protein id: 5) were the centered
phosphoproteins in each functional group (Table S9 and Figure 7).
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Figure 7. Protein-protein interaction (PPI) network of signal transduction, posttranslational
modification and intracellular trafficking, transport related phosphoproteins by STRING. Nodes with
orange, red and blue background color represent the KOGs of differential phosphoproteins related with
signal transduction, posttranslational modification and intracellular trafficking, transport, respectively.

2.9. An Overview of Response and Defense Mechanisms of J. curcas Seedling under Chilling Stress

Based on the above results, 111 phosphoproteins (Table 1) with significant changes (with credible
ANOVA analysis and fold change ≥ 2) were chosen to figure out a systematic chilling response and
defense pathway in J. curcas seedling (Figure 8). The ion stress signal was transferred by chilling
sensors on plasma membrane into cells and led to increase of Ca2+. Subsequently, ABA, ethylene,
MAPK, Phosphatidylinositol, CDPK and 14-3-3 signal pathways were activated by phosphorylation
modification in J. curcas seedling under chilling stress. These signals were then transferred into nucleus
and induced the expression changes of response and defense related genes. Under chilling stress,
photosynthesis was depressed, which resulted in the proteins associated with PSI and PSII to be
significantly changed at the phosphorylation level. Channels and transporters on the membrane which
were associated with ion, auxin, H2O2 also regulated through phosphorylation or dephosphorylation.
According to change at phosphorylation level, the misfolded proteins were possibly handled either by
refolding or degradation. Therefore, an ubiquitination mediated degradation pathway centered on E3s
was displayed in the schematic representation.
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Table 1. 110 significantly changed phosphoproteins from J. curcas seedling in response to chilling.

ID Proteins Annotation Modified Sequence Change Pattern *

Ions and Transport

1 ABM54183.1 Aquaporin pip2-8 _ALGS(ph)FRS(ph)NPTN_

2 ABM54183.1 Aquaporin pip2-8 _ALGSFRS(ph)NPTN_

3151 KDP44363.1 Aquaporin PIP2-5 _VKDVAEQGS(ph)FSAK_

555 KDP24122.1 Two pore calcium channel
protein 1 _(ac)M(ox)EKPLLGETSSNAS(ph)FR_

172 KDP21053.1 Sodium/calcium exchanger
NCL2-like _LVNDEGQVDVS(ph)CIKR_

1832 KDP33816.1 K(+) efflux antiporter 4 _GDS(ph)FRADSAK_

535 KDP23925.1 Auxin efflux carrier
component 1c _EDFS(ph)FGNR_

536 KDP23925.1 Auxin efflux carrier
component 1c _LAVS(ph)PGKVEGQR_

2342 KDP38049.1 Auxin efflux carrier
component 3-like _AIANAGDFPGEDFS(ph)FAGK_

2343 KDP38049.1 Auxin efflux carrier
component 3-like _LGS(ph)SSTAELHPK_

2352 KDP38049.1 Auxin efflux carrier
component 3-like _S(ph)LGPGS(ph)FSALTPR_

1468 KDP31195.1 ATPase plasma
membrane-type _(ac)GDKS(ph)EVLEAVLK_

2710 KDP40607.1 ATPase plasma
membrane-type _GHVES(ph)VIR_

2711 KDP40607.1 ATPase plasma
membrane-type _S(ph)LQGLM(ox)AADLEFNGK_

3274 KDP45466.1 Plasma membrane ATPase
1-like _GS(ph)FNELNQMAEEAK_

3755 KDP31195.1 ATPase plasma
membrane-type _T(ph)LHGLQPPDTK_

3794 KDP33445.1 Plasma membrane ATPase 4 _GLDIDTIQQHYT(ph)V_

3836 KDP35383.1 Plasma membrane ATPase 4 _T(ph)LHGLQPPETASIFNEK_

3941 KDP40607.1 ATPase plasma
membrane-type _NLDLNVIQGAHT(ph)V_

Phosphorylation Events Involved in Photoinhibition

9 ACN72692.1 PsaA _IIRS(ph)PEPEVK_

508 KDP23672.1 Photosystem II reaction
center W chloroplastic-like _LATILPAAS(ph)FK_

1690 KDP32802.1 Photosystem II 22 kDa
chloroplastic _FVDDPPTGIEGAVIPPGKS(ph)FR_
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Table 1. Cont.

ID Proteins Annotation Modified Sequence Change Pattern *

3541 ACN72673.1 photosystem II protein D1 _(ac)T(ph)AILERR_

3542 ACN72687.1 photosystem II protein D2 _(ac)T(ph)IALGKFTK_

3544 ACN72707.1 photosystem II protein L _(ac)T(ph)QSNPNEQNVELNR_

3634 KDP24461.1 Chlorophyll a-b binding
protein CP29.1 chloroplastic _T(ph)ELADVK_

4027 KDP44781.1 Chlorophyll a-b binding
protein CP29.3 chloroplastic _FGFPGFGT(ph)KK_

3900 KDP38815.1 Ferredoxin-A-like _LLT(ph)PEGEK_

3091 KDP44002.1 Ru large subunit-binding
protein subunit alpha _NVVLDEFGS(ph)PK_

98 KDP20412.1 Translocase of chloroplast
chloroplastic-like _LVNGS(ph)SEDIR_

1008 KDP28139.1 Translocase of chloroplast
chloroplastic _M(ox)NEETEVLS(ph)GGNEK_

Chloroplast movement

1231 KDP29354.1 Protein CHUP1,
chloroplastic _NAGETVAITS(ph)FGK_

1233 KDP29354.1 Protein CHUP1,
chloroplastic _SFS(ph)GGSPR_

2153 KDP36752.1 Plastid movement impaired1 _LTELDS(ph)IAQQIK_

2154 KDP36752.1 Plastid movement impaired1 _MEDETES(ph)QRLDADEETVTR_

2419 KDP38475.1
J domain-containing protein

required for chloroplast
accumulation response 1

_VLS(ph)PGRPLPPR_

2248 KDP37156.1 Root phototropism protein 3 _S(ph)PNLGFEQPGGSISK_

2767 KDP40950.1 Root phototropism protein 3 _LLEHFLVQEQTENSS(ph)PSR_

3298 KDP45678.1 Root phototropism protein 2 _NQLQTDVS(ph)LIR_

3118 KDP44148.1 Phototropin-1 _RNS(ph)ENVPSNR_

3490 KDP47050.1 Phototropin-2 _FAVDSTRTS(ph)EESEAGAFPR_

ROS related

15 ACV50426.1 Cytosolic ascorbate
peroxidase-1 _HS(ph)AELAHAANTGLDIALR_

16 ACV50426.1 Cytosolic ascorbate
peroxidase-1 _LPGANEGS(ph)DHLR_
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Table 1. Cont.

ID Proteins Annotation Modified Sequence Change Pattern *

773 KDP26232.1 Pyrroline-5-carboxylate
reductase _DDVAS(ph)PGGTTIAGIHELEK_

2948 KDP42714.1 Monodehydroascorbate
reductase _VIGAFLEGGS(ph)PDENQAIAK_

CDPK related signal

133 KDP20751.1 Calcium-dependent protein
kinase 21-like _LGS(ph)KLSETEVK_

286 KDP21986.1 CDPK-related kinase 4-like _WPLPPPS(ph)PAK_

290 KDP22101.1 Calcium-dependent protein
kinase 8-like _ENPFFGNDYVVNNGS(ph)GR_

580 KDP24440.1 Calcium-dependent protein
kinase 13 _FNSLS(ph)MK_

1253 KDP29499.1 Calcium-dependent protein
kinase 1 _NS(ph)FSIGFR_

2491 KDP39132.1 Calcium-dependent protein
kinase 33-like _S(ph)PVQPTYQLPSQQPPIHVPR_

3476 KDP47014.1 Calcium-dependent protein
kinase 26 _LYQGINQPEEQSAASHS(ph)K_

3477 KDP47014.1 Calcium-dependent protein
kinase 26 _NS(ph)LNMSMR_

2413 KDP38457.1 Calcium-binding protein
CML41 _LITSS(ph)LPR_

3546 KDP45998.1 Calmodulin-7 _M(ox)KDT(ph)DSEEELK_

Ethylene and ABA related signal

521 KDP23695.1 Protein EIN4 _VFSENGS(ph)EGKNDR_

1204 KDP29130.1 Ethylene-insensitive protein
2 _M(ox)VPGSISSVTYDGPPS(ph)FR_

897 KDP27185.1 SNF1-related protein kinase
catalytic subunit alpha kin10 _M(ox)HANEPTS(ph)PAVGHR_

1412 KDP30923.1 SNF1-related protein kinase
regulatory subunit gamma-1 _S(ph)PEANLGM(ox)K_

2036 KDP35506.1 SNF1-related protein kinase
regulatory subunit beta-2 _GEEEGLNS(ph)PSGSGGGGIDGGGGGGGR_

2462 KDP38831.1 Serine threonine-protein
kinase SRK2a _VKEAQAS(ph)GEFR_

58 AIA57942.1 Abscisic acid-insensitive
5-like protein 2 _QAS(ph)LSLTSALSK_

2400 KDP38330.1 bZIP transcription factor
TRAB1 _QGS(ph)LTLPR_

2703 KDP40550.1 E3 ubiquitin-protein ligase
KEG _VGFPGAS(ph)R_

2644 KDP40139.1 Protein phosphatase 2c 70 _S(ph)GPEKDDLLESVPK_
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Table 1. Cont.

ID Proteins Annotation Modified Sequence Change Pattern *

3925 KDP40139.1 Protein phosphatase 2C 70 _VGQT(ph)LKR_

MAPK related signal

1678 KDP32742.1 Mitogen-activated protein
kinase kinase kinase 1 _FHDM(ox)DS(ph)PR_

2287 KDP37397.1 Protein-tyrosine-phosphatase
MKP1 _S(ph)LDEWPK_

2304 KDP37750.1 serine/threonine-protein
kinase EDR1 _SIS(ph)MTPEIGDDIVR_

2597 KDP39907.1 E3 ubiquitin-protein ligase
HOS1 _IS(ph)PSSLADR_

Phosphoinositide metabolism

1558 KDP31989.1

Phosphatidylinositol-3,4,5-trisphosphate
3-phosphatase and

dual-specificity protein
phosphatase PTEN, putative

_LTS(ph)GFGLHFASAAPGPNESSK_

1873 KDP33967.1 1-phosphatidylinositol-3-phosphate
5-kinase Fab1a _S(ph)FGSGEYR_

2004 KDP35146.1 Phosphoinositide
phosphatase SAC9 _RAS(ph)FGGSVENDPCLHAR_

2372 KDP38175.1
type IV inositol
polyphosphate
5-phosphatase 9

_GPS(ph)LDLPR_

2718 KDP40633.1 1-phosphatidylinositol-3-phosphate
5-kinase Fab1b _TSSS(ph)FGSGEFR_

2735 KDP40719.1 Phospholipid:diacylglycerol
acyltransferase 1-like _S(ph)REPTNSSTDLK_

2911 KDP42390.1 Phosphoinositide
phosphatase SAC1 _IGS(ph)GSDNLSSTMHR_

3110 KDP44118.1 Phosphoinositide
phospholipase C 2 _RLS(ph)LSEPQLEK_

3180 KDP44771.1 Phosphoinositide
phospholipase C 2-like _GAS(ph)DEEAWGKEVSDLK_

3364 KDP46231.1 phosphatidylinositol
4-kinase alpha 1 _LSGVGAAES(ph)K_

3551 KDP24987.1 Diacylglycerol kinase 5-like _KFGAAPT(ph)FR_

3975 KDP41761.1
Phosphatidylinositol

phosphatidylcholine transfer
protein SFH8

_LT(ph)PVREESK_

Protein misfolding and degradation

126 KDP20698.1 Plant UBX
domain-containing protein 4 _TLS(ph)DLNRR_

239 KDP21542.1 NPL4-like protein 1 _TIAGPAIHPAGS(ph)FGR_

1207 KDP29157.1 Cell division cycle protein 48
homolog _DFS(ph)TAILER_
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ID Proteins Annotation Modified Sequence Change Pattern *

1583 KDP32077.1 Peptidyl-prolyl cis-trans
isomerase cyp65 _S(ph)FTSTSFDPVTK_

1216 KDP29225.1 E3 ubiquitin-protein ligase
UPL7 _DLS(ph)LDFTVTEESFGKR_

1276 KDP29647.1 E3 ubiquitin-protein ligase
UPL3 _S(ph)SVNIGDAAR_

2820 KDP41504.1 E3 ubiquitin-protein ligase
UPL2-like _ANLGNVNAGS(ph)VHGK_

2907 KDP42227.1 E3 ubiquitin-protein ligase
RING1 _NAGDRS(ph)PFNPVIVLR_

1279 KDP29680.1 Ubiquitin-conjugating
enzyme E2 23 _LSPAAVSTS(ph)DSESAGELK_

3548 KDP36146.1 ubiquitin-conjugating
enzyme E2 variant 1D _T(ph)LGSGGSSVVVPR_

1272 KDP29632.1
26s proteasome non-atpase

regulatory subunit 4
homolog

_VEEPSSTS(ph)QDATVVEK_

1742 KDP33301.1 26s protease regulatory
subunit 6b homolog _PVLEPLPS(ph)IPK_

14-3-3 Related

655 KDP25197.1 Serine threonine-protein
kinase BLUS1 _ASANSLS(ph)APIK_

657 KDP25197.1 Serine threonine-protein
kinase BLUS1 _KLPS(ph)FSGPLM(ox)LPNR_

1724 KDP32938.1 14-3-3-like protein a _MS(ph)PTETSR_

2765 KDP40925.1 14-3-3 protein 6 _(ac)AAGS(ph)PREDNVYMAK_

3118 KDP44148.1 Phototropin-1 _RNS(ph)ENVPSNR_

HSPs

1375 KDP30625.1 Chaperonin 60 subunit beta
chloroplastic _LAS(ph)KVDAIK_

1658 KDP32613.1 Heat shock cognate protein
80 _EVSHEWS(ph)LVNK_

2898 KDP42168.1 kDa class I heat shock _(ac)ALLPSFFGNS(ph)R_

3205 KDP44981.1 Heat shock cognate 70 kDa
protein 2-like _RFS(ph)DASVQSDIK_

3206 KDP44981.1 Heat shock cognate 70 kDa
protein 2-like _FSDASVQS(ph)DIK_

3984 KDP42448.1 Stromal 70 kDa heat
shock-related chloroplastic _LKT(ph)PVENSLR_

Others

1743 KDP33317.1 Mitochondrial import
receptor subunit TOM9-2 _TVS(ph)ESAVLNTAK_
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1984 KDP34991.1 ATP synthase subunit
mitochondrial _GQNVLNTGS(ph)PITVPVGR_

3239 KDP45196.1 Acyl-coenzyme a
thioesterase mitochondrial _(ac)MDFNSPS(ph)PR_

3307 KDP45748.1 Malonyl-acyl carrier protein
mitochondrial _LEAALAATAIKS(ph)PR_

385 KDP22798.1 Regulatory-associated
protein of TOR 1 _PGEPTTSS(ph)PTTSLAGLAR_

415 KDP23116.1 Autophagy-related protein
13 _GAPFTVNQPFGGS(ph)PPAYR_

* The four columns from left to right were corresponding to C0 h, C6 h, C24 h and R24 h. The different lowercase
letters labeled above columns indicate significant changes according to one-way ANOVA (p < 0.05).

 

Figure 8. Schematic presentation of systematic chilling response and defense mechanisms in J. curcas
seedling at phosphorylation level. The phosphorylation regulatory sites were shown in Table 1. Black
solid lines with arrows represent catalytic reaction, while dotted lines with arrows represent material
transport. Blue solid lines with arrows represent direct relationship, while magenta lines with arrows
represent ubiquination. Black solid lines with stubs represent negative regulation. Green dotted lines
with arrows in chloroplast represent transport between PSII and PSI. The proteins labeled with red
colors represent significantly changed phosphoproteins among C0 h, C6 h, C24 h and R24 h. The area
outlined with dotted square represents ER associated degradation (ERAD).

3. Discussion

We performed a comprehensive analysis of J. curcas seedling under chilling stress by employing
the phosphoproteomic approach. Phosphorylation changes frequently occurred under chilling stress
and the number of significantly changed phosphoproteins continually increased within the chilling
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duration (Figure 3 and Tables S2–S5). As a low temperature-sensitive species, J. curcas appeared to
respond to and defend against chilling stress mainly through reversible protein phosphorylation,
which was stimulated by Ca2+, phytohormones and phosphoinositide. The whole regulated network
illustrated in this study mainly included signal transduction, ion transport and protein ubiquitination.
At the early chilling treatment period, protein phosphorylation might involve in the regulation of ion
transport for homeostasis. Prolonging the time of chilling treatment, the physiological injury appeared,
which resulted in the proteins related chloroplast movement were phosphorylated against chilling
(Figure 2 and Table 1).

3.1. SnRKs Played a Central Role in the Chilling Responsive Signal Pathways

When plants were exposed to chilling stress, the osmotic stress mediated by ABA accompanied
and the corresponding signal pathways were triggered [4]. According to the PPI analysis (Figure 7),
KOG0583 represented SnRKs (Table S9, protein id: 897 and 2462) showed the central position, which
involved in the ABA mediated signal pathway and seemed to act as a vital defense approach against
chilling stress in J. curcas seedling. JcSRK2a (id 2462) were observed to be significantly up-regulated
phosphorylated in the chilling treatment process and return to normal condition at the recovery process,
which might indicate that the JcSRK2a phosphorylation was activated by osmotic stress caused by
chilling treatment. Multiple sequence alignments between JcSRK2a and 10 subfamily of SnRK2 from
A. thaliana showed the JcSRK2a shared the highest similarity (86.44%) with AtSnRK2.4 which could be
activated by osmotic stress [56]. Furthermore, overexpression of TaSnRK2.4 in A. thaliana enhanced the
plant tolerance to drought, salinity and low temperature [57]. The JcSRK2a (KDP38831.1) shared 79%
homology with TaSnRK2.4 (ACU65228.1) and the phosphorylation site Ser348 of JcSRK2a was relative
conserved comparing to the site of TaSnRK2.4 (Figure S4). These results provided a possible clue for
us to improve low temperature resistance of J. curcas. In other hand, as the member of the SnRK1
subfamily [58], KIN10 is one of central transcriptional integrators of stress and energy signaling [59,60].
We observed KIN10 (id 897) was also observed to be phosphorylated changed as the SnRK2a showed.
In consideration of these results, we hypothesized the phosphorylation of SnRK2a and KIN10 mainly
involved in defense against chilling stress and promoting catabolism respectively in J. curcas seedling.

ABI5 was highly inducible by either ABA treatment or stress [61]. In the presence of ABA, ABI5
accumulation was promoted by inducing KEG degradation, which might be accomplished by KEG
self-phosphorylation [62]. In this study, the phosphorylation level of ABI5-2 (id 58) shared the similar
change pattern as the SRK2a (id 2462) displayed (Figure S5), which might suggest the phosphorylation
of ABI5-2 and SRK2a were both triggered by ABA. Additionally, ABI5 also underwent sumoylation
at K391 residue to protect it from degradation [19], thereby possibly accelerating ABA-mediated
growth inhibition in J. curcas seedling under chilling stress. Coincidently, as a negative regulator,
JcKEG (id 2703) showed down regulation trend at phosphorylation level, which possibly indicated
that ABA had induced KEG degradation. This assumption was supported by previous studies [18,62].
In response to ABA, TRAB1 phosphorylation at Ser 102 was essential and the TRAB1 phosphorylation
level increased in a very short period and declined thereafter in O. sativa [16,63]. The JcTRAB1
(id 2400) phosphorylation level changed in a similar trend with OsTRAB1 (Table 1). Therefore,
we compared the phosphorylation site of JcTRAB1 (KDP38330.1, id 2400) with OsTRAB1 (BAA83740.1).
The result showed the phosphorylation site of JcTRAB1 was different with OsTRAB1, however,
these two phosphorylation sites were very-close and both of them were in the conserved region II
(Figure 9). Moreover, the phosphorylation motifs of JcTRAB1 and OsTRAB1 were [RxxS] and [LxRxxs]
respectively, which were potential substrates of SnRK2 or CDPK in plants [55]. It was assumed the
JcTRAB1 phosphorylation at Ser in this conserved region was possibly related to the ABA response.
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Figure 9. Sequence alignment and predicted structural composition of TRAB1 in J. curcas. (A) JcTRAB1
(KDP38330.1) sequence alignment with OsTRAB1 (BAA83740.1). The red line with arrow indicated the
phosphorylation site of TRAB1 in J. curcas while black line with arrow indicated the phosphorylation
site Ser 102 in O. sativa. The pink rectangle showed the conserved region II of TRAB1. (B) Predicted
functional domain distribution of JcTRAB1.

The neighbors of SnRKs were chilling stress related protein kinases, which participated in multiple
biological processes. Cytosolic Ca2+ transiently increased as the result from chilling stress [64]. CDPK
played a key role in abiotic stress and mediated in Ca2+ signal transduction [65]. The phosphorylation
of OsCDPK13 had been indicated as an important signal event in response to cold stress [66]. In this
study, JcCDPK8 (id 290) was inducible phosphorylated at Ser 43 only under chilling stress (Table 1),
which might indicate that JcCDPK8 functioned in the phosphorylation status in response to chilling
stress. In ethylene mediated signal pathway, ethylene responses were negatively regulated by receptors
family [67]. Two proteins EIN4 (id 521) and EIN2 (id 1204) were phosphorylated changed. EIN4 and
EIN2 were responsible for the negative and positive regulations respectively in ethylene mediated
signal [68]. Although it was unclear whether the protein expression level of EIN4 and EIN2 had
changed, their changes at phosphorylation level might suggest they were likely related to the ethylene
signaling. Additionally, phosphorylation changes were also implicated in MAPK mediated signaling.
Phosphorylated proteins involved in MAPK signaling including EDR (id 2304), MKP1 (id 2287) and
HOS1 (id 2597) were all significantly changed at phosphorylation level. MAPKs were implicated in
response to low temperature condition [69–72], as well as interacted with MKP1 [73]. In this study,
we did not detect the significantly change of MAPK at phosphorylation level. However, MKP1 (id 2287)
showed an elevated phosphorylation level under chilling treatment (id 2287), suggesting a possible link
with MAPK function in J. curcas. MAPK subsequently interacted with ICE1, which was degraded by an
E3 ligase HOS1 [21]. The phosphorylation level of HOS1 (id 2597) was increasing under chilling stress,
possibly resulting in ICE1 degradation. It might be a possible reason to explain why no significantly
changed ICE1 at the phosphorylation level was detected in this study.

3.2. Phosphorylation Participated in the Regulation of Phosphoinositide Metabolism

As the primary lipid-derived signals, phosphoinositides were involved in various plant responses
to surrounding environment [74]. A total of 13 participants in phosphoinositide metabolism were
differentially phosphorylated in this study (Table 1). They participated in reactions leading to the
generation of different phosphoinositide species. Among them, PLC2 was the decisive enzyme in
phosphoinositide metabolism [75], it catalyzed the hydrolysis of PI(4,5)P2 into DAG and IP3, which
subsequently acted as two important second messenger molecules and resulted in release of Ca2+ into
the cytoplasm [76]. Recent studies showed the expressions of JcPLC2 and BpPLC2 were constitutive
even under low temperature stress [27,77]. In J. curcas seedling, PLC2s (id 3110, 3180) were both
differential phosphorylated at recovery stage instead of the chilling stage. Their phosphorylation
sites were Ser312 and Ser278 respectively. The phosphorylation site Ser312 from PLC2 (KDP44118.1,
id 3110) was located in the catalytic Y domain (Figure S6), which have been reported in AtPLC2
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(NP_187464.1) [78,79]. It possibly suggested the regulation of PLC2 activity by phosphorylation in
J. curcas seedling at the recovery stage. Besides, the present study showed that PI4K (id 3364) was
significantly and continuously up-regulated at the phosphorylation level under chilling stress and
returned to normal level at the recovery stage (Table 1). PI4K was responsible for the generation
of PI4P from PI and it showed important role in trafficking from the trans-Golgi network to the
prevacuolar compartment [76]. Meanwhile, the phosphorylation level of DAGK 5-like (id 3551)
showed the completely opposite trend with PI4K (Figure S5). In A. thaliana, PI4K was indicatively
activated during cold stress [80]. In other hand, PI4P could be dephosphorylated by SAC1-domain
phosphoinositide phosphatases [81]. As the revisable phosphatase, SAC1 (id 2911) was down regulated
at phosphorylation level (Table 1). By means of the PI4K, DAGK and SAC1 changes at phosphorylation
level under chilling stress, we assumed that there was a potential straightforward metabolic pathway
for generation of IP3 and the phosphorylation event was seemed to be decisive for phosphoinositide
metabolism in J. curcas seedling under chilling stress.

3.3. Detoxification and Stress Defense

Chilling caused H2O2 accumulation and H2O2 could be diffused by aquaporins in
phosphorylation status at the plasma membrane in the response to chilling stress in maize [82].
Aquaporins were proteinaceous pores that facilitated passive water transport through membranes
of living cells [83]. Three aquaporins were examined as the significantly phosphorylated proteins in
this study. The phosphorylation level of PIP2-8 (id 1 and id 2) showed the identical change trends
(Figure S5), they both increased at the chilling treatment stage and return to normal level after recovery
for 24 h. However, another one (PIP2-5, id 3151) maintained constant phosphorylation level even
under chilling stress and increased at the recovery stage (Table 1). This might suggest phosphorylation
was able to influence the activity of aquaporins and potentially related to H2O2 diffusion in J. curcas
seedling under chilling stress. On the other hand, as the typical antioxidant enzyme, APX1 catalyzed
the H2O2-dependent oxidation of ascorbate in plants [84]. APX1 (id 15) was significantly up-regulated
phosphorylated in response to chilling, which possibly indicated the APX1 phosphorylated change
was related to H2O2 detoxification in J. curcas seedling.

Serine threonine-protein kinase BLUS1 mediated a primary step for phototropin signaling in
guard cells and it was directly phosphorylated by PHOT1. BLUS1 functioned as a PHOT substrate
and primary regulator of stomatal control to enhance photosynthetic CO2 assimilation under natural
light conditions [85]. BLUS1 (id 655) showed down regulated trends at phosphorylation level, which
was corresponding to the phosphorylated change pattern of PHOT1 (id 3118) (Figure S5). Meanwhile,
CDPK 33 was also involved in the ABA-mediated regulation of stomatal closure and drought stress
responses [86]. The phosphorylation level of JcCDPK33 (id 2491) increased greatly after chilling for
6 h, CDPK33 contained the motif [sP] and potentially combined with MAPK [49], as well as possibly
interacted with 14-3-3 [87]. 14-3-3 protein 6 (id 2765) also contained [sP] motif, which was dramatically
up-regulated (2.7-fold) at phosphorylation level after chilling for 6 h (Table 1). It was hypothesized
that phosphorylation of PHOT, CDPK and 14-3-3 signaling related proteins was possibly involved in
stomatal closure in J. curcas seedling under chilling stress.

Under chilling stress, many proteins were misfolded and these proteins could not be assembled
and function as normal. There were two approaches to handle these misfolded proteins. One
was refolding in the assistance of molecular chaperones. In this study, CPN60B2 (id 1375) and
CHSP70 (id 3984) were both phosphorylated changed and might result in the activation of RuBisCo
assembly [88–90]. Nevertheless, the phosphorylation level of sHSP (id 2898), Hsp90 (id 1658) and
PPI cyp65 (id 1583) showed little changes under chilling treatment. These results possibly indicate
the accumulation of misfolded proteins in ER [91]. Another was degradation of the ubiquitinated
misfolded proteins by the 26S proteasome. 26S protease regulatory subunit 6b homolog (id 1742)
showed obviously phosphorylated change after chilling for 24 h and remained the phosphorylation
level after 24 h recovery (Table 1). We speculated that the misfolded proteins in J. curcas seedling were
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mainly handled through degradation by ubiquitin-proteasome system at continuous chilling (24 h)
and recovery period.

3.4. Photoinhibition and Chloroplast Movement

In response to the chilling stress, changes could be observed at the physiological and cellular
level in J. curcas seedling within 24 h chilling treatment (Figure 1; Figure 2), which was consistent
with the previous description [5]. Chloroplast was the first and most severely affected organelle when
plants were exposed to freezing stresses. The photosyntic rate of J. curcas seedling was dramatically
decreased (Figure 1B) and the chloroplasts were swelling after 24 h chilling treatment (Figure 2),
which indicated serious damage of the photosystem in J. curcas seedling. At chilling temperature,
it was well known that photoinhibition of photosynthesis was enhanced [92] and the primary target
of photoinhibition was PSII [93] and phosphorylation of PSII centers increased the stability of PSII
complexes and concomitantly improved their survival under stress conditions [94]. In this study, as an
important component of PSII, D1 (id 3541) was rapidly phosphorylated under chilling treatment for
6 h, which might result from an imbalance between energy supply and utilization in chloroplasts of
chilling-sensitive J. curcas seedling. The rate of PSII repair was reduced by inhibiting D1 synthesis at
the translation-elongation stage if the repair was not efficiently scavenged [95]. Coincidently, with
the time of chilling treatment prolonged, the phosphorylation level of D1 dramatically decreased.
It might suggest the phosphorylation of D1 was closely related to stability of PSII complexes. During
recovery from chilling-induced photoinhibition in leaves of J. curcas seedling, we observed that the
CP29 (id 3634) dephosphorylation matched very well with those of PSII recovery. These results might
suggest that PSII reactivation from low temperature photoinhibition was closely related to CP29
dephosphorylation. Similar result had been illuminated at O. sativa during recovery from chilling
induced photoinhibition [96].

Chloroplast movement was an efficient strategy to alleviate PSII damage and maintained maximal
photosynthetic output [97]. In plants, temperature was an important factor in modulating chloroplast
relocations and PHOTs were considered to mediate not only stomatal opening but also chloroplast
movement [98]. The protein level of PHOT1 decreased while the PHOT2 slightly increased at low
temperature in A. thaliana [99]. In this study, the phosphorylation level of PHOT1 (id 3118) was
down-regulated while the PHOT2 (id 3490) was up-regulated after chilling treatment for 6 h and
24 h, which possibly indicated that phosphorylation related to the activity of PHOT1 and PHOT2.
However, both of the PHOT1 and PHOT2 maintained the phosphorylation level previously even
after the stimulus was removed (Table 1). Besides the PHOTs, the chloroplast movement was also
associated with several proteins [100]. CHUP1 might function at the periphery of the chloroplast
outer membrane and most likely represented an essential component for chloroplast movement.
Similarly, the mutant pmi1 exhibited severely attenuated chloroplast movements under low and
high light intensities, indicating that PMI1 was necessary for both chloroplast accumulation and
avoidance movements [101]. Nevertheless, we observed little change of CHUP1 (id 1231 and id 1233),
PMI1 (id 2153 and id 2154) at the phosphorylation level after chilling treatment in J. curcas seedling,
subsequently, all of them inducible regulated at the phosphorylation level in the recovery stage. To
date, there were relatively few physiological and molecular evidences for explaining chloroplast
movement through phosphorylation. Therefore, we speculated that the activities of CHUP1 and PMI1
might be regulated by other post-translational modification, such as glycosylation or sumoylation.
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4. Materials and Methods

4.1. Plant Material and Chilling Treatment

The uniform mature J. curcas seeds with same provenance were collected from Xishuangbanna
Tropical Botanical Garden, Chinese Academy of Sciences, Yunnan Province. The mature J. curcas
seeds were sowed and grown in a mixed soil of peat and vermiculite (1:1) in a growth chamber under
28/25 ◦C (day/night) temperature regime, a photon flux density of 150 μmol m−2·s−1 throughout
a 14-h photoperiod and a relative humidity of 80%. Four-leaf stage seedlings were used in this
experiment. Low temperature treatments were started at 11:00 AM on the first day by setting the
temperature to 4 ◦C, which was reached about 50 min later. The temperature was returned to 28 ◦C
after 24 h of chilling treatment. The fourth true leaves were detached from the top of J. curcas seedling
at each time point (4 ◦C for 0, 6, 24 h and then returned to 28 ◦C for 24 h), which indicated as C0 h,
C6 h, C24 h and R24 h respectively for each biological replicate. one part of the collected leaves
were used for tissue preparation of transmission electron microscopy and other part of the collected
leaves from the five plants were frozen in liquid nitrogen and stored at −80 ◦C until use. However,
in consideration of the functional maturity, the first true leaves were chosen for measurements of
photosynthesis, stomatal conductance and transpiration. The measurement was carried out by using
a portable gas analysis system, LI-COR 6400 with a light-emitting diode light source (LICOR Inc.,
Lincoln, NE, USA). The measurement conditions were set as follows: block temperature 20 ◦C, photon
flux density 1200 μmol m−2·s−1, humidity 80% and the CO2 concentration was stabilized by 5 L
surge flask.

4.2. Tissue Preparation for Transmission Electron Microscopy and Protein Preparation

The fourth true leaves from C0 h, C6 h, C24 h and R24 h were fixed in 2.5% glutaraldehyde in
100 mM phosphate buffer (pH 7.0) for 4 h at room temperature. Then the samples were handled as the
previous operation [38]. Leaf total protein was extracted according to the method of Shen et al. [102]
with minor modifications. Approximately 500 mg leaves of each sample was homogenized in 2 mL
of the homogenization buffer containing 20 mM Tris-HCl (pH 7.5), 250 mM sucrose, 10 mM ethylene
glycol tetra acetic acid, 1mM phenylmethylsulfonyl fluoride, 1% dithiothreitol (DTT) and 1% Triton
X-100 on the ice. The homogenate was collected into an Eppendorf tube and centrifuged at 10,000× g
for 10 min at 4 ◦C. The supernatant was transferred to a fresh tube and precipitated by adding 10%
cold trichloroacetic acid on ice for over 30 min. The mixture was centrifuged at 15,000 g for 10 min at
4 ◦C and the supernatant was discarded. After washed three times with acetone containing 1% DTT,
the pellet was collected by centrifugation, air-dried and then suspended in SDT buffer containing 4%
SDS, 1 mM DTT, 100 mM Tris-HCl (pH 7.5), sonicated for 2 min (with cooling on ice) and boiled for
15 min. The protein mixtures were harvested via centrifugation at 15,000× g for 20 min at 4 ◦C to
remove insoluble material. Protein concentrations of experimental samples were quantified according
to Bradford method [103]. Albumin (A5503, Sigma, St. Louis, MO, USA) was used as a standard for
protein quantification. Three independent biological replicates were performed independently for
each experimental sample.

4.3. Phosphopeptide Enrichment

The same amount of extracted protein mixture in each sample was directly reduced with DTT,
alkylated with iodoacetamide and subsequently digested with endoproteinase Lys-C and trypsin
as previously described [104]. The enrichment procedure for the phosphopeptides was performed
as followed. Tryptic peptides (5 mg) were dissolved in 400 μL of loading buffer containing 65%
acetonitrile (ACN)/2% trifluoroaceticacid (TFA) saturated with glutamic acid and incubated with an
appropriate amount (tryptic peptide: TiO2 = 1:1, w/w) of TiO2 beads (GL Sciences, Tokyo, Japan) for
40 min. The mixture was centrifuged at 10, 000× g for 3 min at 4 ◦C and the supernatant was discarded.
After washing with 800 μL wash buffer (65% ACN/0.1% TFA) for 40 min, then centrifugation as above,
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then the phosphopeptides were eluted twice with 800 μL elution buffer (500 mM NH4OH/60% ACN),
centrifugation and the eluate was dried and reconstituted in 0.1% formic acid/H2O for MS analysis.

4.4. LC-MS/MS Analysis

The enriched phosphopeptides were separated on a self-packed C18 reverse-phase column (70 μm
inner diameter, 150-mm length, Column Technology, Fremont, CA, USA) that directly connected to
the nanospray ion source to an Q Exactive mass spectrometer (Thermo Fisher Scientific, San Jose, CA,
USA) running in the positive ion mode. The pump flow was split to achieve a flow rate of 1 μL/min
for sample loading and 300 nL/min for MS analysis. The mobile phases consisted of 0.1% formic acid
(A) and 0.1% formic acid and 90% ACN (B). A four-step linear gradient of 2% to 5% B in 5 min, 5%
to 22% B in 55 min, 22% to 90% B in 5 min and keeping 90% B for 10 min. The spray voltage was set
at 2.0 kV and the temperature of the heated capillary was 270 ◦C. For data acquisition, each MS scan
was acquired at a resolution of 60,000 (at 400 m/z) with the lock mass option enabled. A lock mass
function was used to obtain high mass accuracy. The 12 most intense precursor ions were selected
for collision-induced fragmentation in the linear ion trap at normalized collision energy of 37%. The
threshold for precursor ion selection was 500 and the mass window for precursor ion selection was
2.0 Da. The dynamic exclusion duration was 120 s, the repeat count was 1 and the repeat duration
was 30 s. Three biological replicates were performed independently from sample collection to the
phosphopeptide identification using LC-MS/MS.

4.5. Protein Identification

The raw files were processed with MaxQuant (version 1.3.0.5) and searched against the NCBI
Jatropha protein database (update to 20180509, 41287 entries) concatenated with a decoy consisting
of reversed sequences. The following parameters were used for database searches: trypsin/P was
chosen as enzyme specificity, Carbamidomethyl (C) was selected as a fixed modification, Oxidation
(M), Acetyl (Protein N-term) and Phospho (STY) were selected as variable modifications. Up to two
missing cleavage points were allowed. The precursor ion mass tolerances were 7 ppm and the fragment
ion mass tolerances for the MS/MS spectra were 20 ppm. The false discovery rate (FDR) was set to
≤0.01 for peptide and protein. The minimum peptide length was set to 6. The localization of the
phosphorylation site was based on the PTM scores that assigned probabilities for each of the possible
sites according to their site-determining ions. The software MaxQuant was used to calculate the
PTM scores and PTM localization probabilities. Only when the phosphorylation site of localization
probabilities (p ≥ 0.75) and the PTM score (≥5) was considered as the reliable. An FDR of 0.01 was
used for phosphorylation site identification.

4.6. Label Free Quantification and Screening of Phosphopeptides with Significant Changes at the
Phosphorylation Level

We integrated the ion intensities over its chromatographic elute profile and employed MaxQuant
software to calculate the quantification of phosphopeptides on the basis of a label free approach. For
each phosphopeptide, its intensity was normalized to the mean of the intensities of all phosphopeptides
within each biological replicate. The screening terms of phosphopeptides with significant changed
at phosphorylation level were listed as below: (1) phosphopeptides detected in all three biological
replicates; (2) phosphopeptides with credible ANOVA analysis or Student’s-test analysis (FDR<0.05);
(3) phosphorylation localization probability ≥ 0.75 and (4) phosphorylation site score difference ≥ 5.
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4.7. Bioinformatics

Protein function was annotated through Blast2GO software (http://www.blast2go.com/
b2ghome), significantly enriched phosphorylation motifs were extracted from phosphopeptides with
confidently identified phosphorylation residues using the Motif-X algorithm (http://motif-x.med.
harvard.edu/). The phosphopeptides were centered at the phosphorylated amino acid residues and
aligned and seven positions upstream and downstream of the phosphorylation sites were included.
Because the upload restriction of Motif-X is 10 Mb, a FASTA format data set (nearly 10 Mb) containing
the protein sequences from the J. curcas protein database was used as the background database to
normalize the scores against the random distributions of amino acids. The occurrences threshold was
set to 5% of the input data, set at a minimum of 20 peptides and the probability threshold was set to
p < 10−6. The phosphoproteins blasted by the National Center for Biotechnology Information (NCBI)
were used to obtain the KOG numbers of those proteins by eggNOG (http://eggnogdb.embl.de/).
A data set containing all the KOG numbers was then used for PPI by using the Search Tool for
the Retrieval of Interaction Genes/Proteins (STRING) database (http://string-db.org/) and the PPI
network was displayed by Cytoscape software (Version 3.6.3).

5. Conclusions

In summary, the woody oil plant species, J. curcas seedling was sensitive to chilling stress.
It was studied by employing a comparative phosphoproteomic analysis, physiological measurement,
ultrastructure observation under chilling stress and recovery. For the 805 significantly changed
phosphopeptides, 9 phosphorylation motifs were extracted, which were mainly regulated by CDK,
SnRK2, MAPK and CDPK. A complex PPI subnetwork were constructed and indicated the crucial
roles of SnRK, 14-3-3 and ADP-ribosylation factor in the responsive network. Our results showed the
phosphorylation was an essential event and responsible for chilling response and defense in J. curcas
seedling. Consequently, Ca2+, ABA, ethylene, phosphoinositide and 14-3-3 mediated signal pathways
cross linked for chilling response. In response to chilling stress, the phosphorylation of SnRK2a, ABI5
and TRAB1 were possibly related to ABA mediated signal pathway. Additionally, the phosphorylation
level of transport, photoinhibition and chloroplast movement related proteins were also significantly
regulated. We also highlighted that the phosphorylation of JcHOS1, JcKEG, JcAPX, JcPIP2 and JcPI4K
might activate the potential functions to defense against chilling stress. Finally, we depicted a schematic
presentation including signal transduction, metabolism and ion transport on the basis of changes
at phosphorylation level, which is valuable for us to understand the chilling response and defense
network in J. curcas seedling.
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Abbreviations

GO Gene Ontology
PS Photosystem
ABA Abscisic acid
SnRK2 Sucrose non-fermenting 1-related protein kinase 2
ABI5 ABA Insensitive 5
HOS1 High expression of osmotically responsive gene 1
CBF C-repeat binding factor
ICE1 Inducer of CBF expression 1
LC-MS Liquid chromatograph-mass spectrometer
CDK Cyclin-dependent kinase
MAPK Mitogen-activated protein kinase
CDPK Calmodulin-dependent protein kinase
KEG RING-type E3 ligase KEEP ON GOING
KOG Eukaryotic orthologous groups
ABI5 ABA-insensitive 5 protein
EIN Ethylene insensitive protein
MKP Mitogen-activated protein kinase phosphatase
EDR Enhanced disease resistance
PLC Phosphoinositide phospholipase C
PI(4,5)P2 Phosphatidylinositol 4,5-bisphosphate
DAG Diacylglycerol
PI4K phosphatidylinositol 4-kinase
DAGK Diacylglycerol kinase 5
PI4P Phosphatidylinositol 4-phosphate
IP3 Inositol 1,4,5-trisphosphate
APX Cytosolic ascorbate peroxidase
PHOT Phototropin
CPN60B2 Chaperonin 60 subunit beta 2, chloroplastic
CHSP70 Stromal 70 kDa heat shock-related chloroplastic
Hsp90 Heat shock cognate protein 80
sHSP 17.3 kDa class I heat shock protein
PPI cyp65 Peptidyl-prolyl cis-trans isomerase cyp65
ER Endoplasmic Reticulum
CHUP1 Chloroplast unusual positioning1
PMI Plastid movement impaired
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Abstract: Salinity is a major abiotic stress that limits maize yield and quality throughout the
world. We investigated phosphoproteomics differences between a salt-tolerant inbred line (Zheng58)
and a salt-sensitive inbred line (Chang7-2) in response to short-term salt stress using label-free
quantitation. A total of 9448 unique phosphorylation sites from 4116 phosphoproteins in roots
and shoots of Zheng58 and Chang7-2 were identified. A total of 209 and 243 differentially
regulated phosphoproteins (DRPPs) in response to NaCl treatment were detected in roots and
shoots, respectively. Functional analysis of these DRPPs showed that they were involved in
carbon metabolism, glutathione metabolism, transport, and signal transduction. Among these
phosphoproteins, the expression of 6-phosphogluconate dehydrogenase 2, pyruvate dehydrogenase,
phosphoenolpyruvate carboxykinase, glutamate decarboxylase, glutamate synthase, l-gulonolactone
oxidase-like, potassium channel AKT1, high-affinity potassium transporter, sodium/hydrogen
exchanger, and calcium/proton exchanger CAX1-like protein were significantly regulated in roots,
while phosphoenolpyruvate carboxylase 1, phosphoenolpyruvate carboxykinase, sodium/hydrogen
exchanger, plasma membrane intrinsic protein 2, glutathione transferases, and abscisic acid-insensitive
5-like protein were significantly regulated in shoots. Zheng58 may activate carbon metabolism,
glutathione and ascorbic acid metabolism, potassium and sodium transportation, and the accumulation
of glutamate to enhance its salt tolerance. Our results help to elucidate the mechanisms of salt
response in maize seedlings. They also provide a basis for further study of the mechanism underlying
salt response and tolerance in maize and other crops.

Keywords: maize; phosphoproteomics; salt tolerance; label-free quantification; root and shoot

1. Introduction

Salt stress is a major factor that limits plant growth and development throughout the world.
A thorough understanding of salt tolerance and response mechanisms is essential for the planting
and breeding of crops [1,2]. Increased salt concentrations in plant roots and shoots cause ion toxicity,
hyperosmotic stress, and oxidative damage, impair metabolic processes, and decrease photosynthetic
efficiency in crops [2,3]. One mechanism that alleviates salt stress involves removal of sodium (Na+)
from the cytoplasm by transporting Na+ into the vacuole or out of the cell [4]. This transportation is
executed by Na/H exchangers (antiporters) and induced by salt stress [5–7]. Salt stress leads to the
production of reactive oxygen species (ROS) in mitochondria, chloroplasts, and peroxisomes in plants,
which causes oxidative damage to proteins, DNA, and lipids [8]. Elimination of excessive ROS via
the glutathione–ascorbate cycle and maintaining tolerable salt levels inside the plant cells through
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exportation or compartmentalization are generally accepted as two major strategies used by plants to
survive salinity stress [9]. In addition, it is reported that plants can synthesize and accumulate small
molecules, such as proline, betaine, soluble sugars, and amino acids, to protect themselves from salt
stress [10–12].

Mass spectrometry (MS)-based proteomics have played an indispensable role in large-scale
characterization of complex protein mixtures. It can identify thousands of proteins and their
modifications in a single experiment [13]. It has been widely used in proteomic and phosphoproteomic
analysis on Arabidopsis [14–17], maize [18–21], rice [22–24], soybean [25–27], and sorghum [28,29].
A comparative phosphoproteomic and proteomic analysis on roots of soybean seedlings identified
2692 phosphoproteins and 5509 phosphorylation sites. Eighty-nine differentially abundant proteins
were discovered, and a novel salt tolerance pathway involving chalcone metabolism, which was
mediated by the phosphorylation of MYB transcription factors, was proposed [30]. A proteomics-based
approach has also been used to identify salt-responsive proteins in leaves of salt-resistant Chinese
wheat cultivar. Fifty-two differentially abundant proteins were identified, including H+-ATPases,
glutathione S-transferase, ferritin, and triosephosphateisomerase, which were found to be upregulated
under salt stress [31]. A proteomic comparison between maize seedling roots from two different
inbred lines under NaCl treatment for 2 days was reported [32]. Twenty-eight differentially abundant
proteins were identified, such as 14-3-3 proteins, plasma membrane intrinsic proteins (PIP1 and PIP2),
ribosomal protein S8, and 60S ribosomal protein L3-1. These proteins were mainly involved in signal
processing, water conservation, protein synthesis, and abiotic stress-tolerance.

Protein phosphorylation plays critical roles in various biological processes, including cell growth,
proliferation, metabolism, signal transduction, and apoptosis [33,34]. Many stress-related signaling
pathways are involved in protein phosphorylation [35–38]. It is estimated that more than 30% of the
proteins are phosphorylated at any given time in a living cell [39]. The SOS (Salt Overly Sensitive)
pathway is a well-studied salt response signaling pathway in plants [38,40–44]. Salt stress elicits
a calcium signal in the cytoplasm, and the calcium-binding protein encoded by SOS3 senses and binds
to these Ca2+ to activate SOS2, a serine/threonine protein kinase. The SOS3–SOS2 complex activates
SOS1 (plasma membrane Na+/H+ antiporter) or other transporters. The SOS signaling pathway is
conserved in rice and maize [45,46]. Moreover, several protein-kinase- and protein-phosphatase-related
signal pathways are also involved in salt response [47]. Therefore, identification and quantification
of phosphorylated peptides under salt stress are highly desirable in understanding the salt
resistance/tolerance mechanism in plants.

Maize (Zea mays L.) is a glycophyte plant that is hypersensitive to salt stress [48,49]. Salt stress
not only results in weak seeding, a short radicle, and a low survival rate [50], but also impairs the
photosynthesis system and leads to decreased stomatal conductance and an increased intercellular
carbon dioxide concentration [2]. Therefore, characterizing the salt-tolerance mechanism is essential
for increasing corn yield. Different maize inbred lines exhibit different salt tolerance characteristics,
and comparing the proteomics and phosphoproteomics changes between salt-tolerant and salt-sensitive
varieties under saline conditions is an effective means to explore the mechanisms responsible for
the diversity in tolerance to salt stress. At present, studies on the phosphorylation of maize under
salt stress are still very limited [51,52]. Most studies limit themselves to a few specific proteins,
and most of these proteomic and phosphoproteomics studies focus on long-term saline conditions
(e.g., over 48 h of NaCl treatment) [53,54]. Under salt stress, receptors located on the cell membrane
quickly sense changes in NaCl content in the external environment, and second messengers, such as
Ca2+, inositol phosphate, ROS, and phytohormones, are rapidly produced in the cytoplasm to transduce
and amplify the salt stress signals, which, in turn, induce immediate phosphorylation of protein kinases
and their downstream substrates [55,56]. Therefore, in-depth analysis of phosphoproteomics between
salt-sensitive and salt-tolerant maize inbred lines under short-term salt treatment (0.5 to 2 h after salt
treatment) is critical to obtain a comprehensive understanding of the salt response and salt-tolerance
mechanism in maize.
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In this study, an MS-based label-free quantitative phosphoproteomics analysis was employed to
identify differentially regulated phosphoproteins in two maize cultivars: the salt-sensitive Chang7-2
and the salt-tolerant Zheng58. Here, 209 and 243 phosphoproteins were found to be significantly
regulated in roots and shoots of the two maize lines after 100 mM NaCl treatment for 0.5 h and 2 h.
Physiological parameters, such as hydrogen peroxide content, proline content, and metal ion contents,
were examined in roots and shoots (Figure S1). The results of this study help to elucidate the salt
response and regulation mechanism in maize and provide a theoretical basis for the cultivation of
salt-tolerant varieties.

2. Results

2.1. Physiological Assays of Chang7-2 and Zheng58 in Response to Salt Stress

2.1.1. Proline and H2O2 Contents under Salt Treatment

To investigate the difference in salt tolerance between Chang7-2 and Zheng58, we measured
the hydrogen peroxide (H2O2) content, the proline content, and the metal ion contents (Na+, K+,
and Mg2+ etc.) in the roots and shoots of the two cultivars. It can be seen that the proline content in
roots increased significantly in both inbred lines after salt treatment for 0.5 h and the extent of increase
was greater in Zheng58 (Figure 1a). The proline content dropped to the original level 2 h after treatment.
The proline content in shoots showed the opposite trend, that is, the proline content in shoots decreased
after 0.5 h of salt treatment and recovered after 2 h of treatment (Figure 1b). These results suggest
that, under short-term salt stress, plants preferentially transport existing proline from shoots to roots
instead of de novo synthesis [57,58]. Salt stress usually induces excessive amounts of H2O2 in plants.
We found that the H2O2 content in roots of Zheng58 increased significantly after exposure to salt for 2 h
but was unaffected in Chang7-2 (Figure 1c). The H2O2 content in shoots decreased significantly in both
Chang7-2 and Zheng58 after exposure to salt for 0.5 h, and almost stayed the same at 2 h (Figure 1d).
Thus, salt treatment may induce rapid accumulation of H2O2 in salt-tolerant plants to stimulate the
ROS scavenging system.

Figure 1. Physiological analysis of Chang7-2 and Zheng58 seedlings under saline conditions (100 mM
NaCl treatment for 0.5 h and 2 h). Proline content of root (a) and shoot (b); Hydrogen peroxide content
of root (c) and shoot (d). * indicates significant difference at 0.05; ** indicates a difference at the 0.01 level
determined by Student’s t-test. Red, Chang7-2; Light green, Zheng58.
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2.1.2. Metal Ions Response to Salt Stress in Chang7-2 and Zheng58

The fluctuation of metal elements in Chang7-2 and Zheng58 under salt treatment was measured by
ICP-OES. K+ contents were significantly higher in shoots than in roots, while Mn2+ and Zn2+ contents
were lower than in roots (Table S1). Principal component analysis (PCA) of all eight metal elements
(K+, Na+, Ca2+, Mg2+, Mn2+, Fe2+, Zn2+, and Cu2+) in roots showed that there were distinct differences
in ion contents between the two inbred lines, even before salt treatment. For Zheng58, the treatment
groups at 0.5 h and 2 h can be clearly separated from the control group, but the difference between
the two salt treatment groups was not significant. For Chang7-2, the control group and the treatment
groups could not be completely separated on the PCA score plot (Figure 2a), suggesting that salt stress
influences the ion content of Zheng58 to a higher extent than that of Chang7-2. K+, Ca2+, and Fe2+ had
the highest loading in PC1, while Mg2+ and Mn2+ contributed most to PC2 (Figure S2a). Similar to
the results from roots, salt treatment induced significant changes on metal ion contents in shoots of
Zheng58 but not in Chang7-2 (Figure 2b). K+, Na+, and Ca2+ were the key elements responsible for
such differences (Figure S2b).

Figure 2. Metal ion contents in Chang7-2 and Zheng58 after salt treatment for 0.5 h and 2 h.
Principal Component Analysis (PCA) score plot for root (a) and shoot (b); Na+ content (c,d); K+ content
(e,f); and Na+/K+ ratio (g,h) for root and shoot. * indicates significant difference at 0.05; ** indicates
a difference at the 0.01 level determined by Student’s t-test. Red, Chang7-2; Light green, Zheng58.
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Ionomic data showed that the K+ and Na+ content in both roots and shoots changed significantly
after salt treatment. One interesting finding was that Na+ contents in the roots of Zheng58 were much
higher than those of Chang7-2 after salt treatment, while in shoots, it was Chang7-2 that had the higher
Na+ content (Figure 2c,d). Such a finding indicates that, under salt stress, Zheng58 greatly reduced Na+

transportation from roots to shoots, which is an effective strategy for salt-tolerant plants to resist salt
stress [59,60]. Also, the K+ content increased significantly in the roots of Zheng58 but was unaffected
in Chang7-2 under salt treatment (Figure 2e), and the Na+/K+ ratio was much lower in Zheng58
than Chang7-2 in both roots and shoots (Figure 2g,h). Taken together, when faced with salt stress,
Zheng58 maintained a lower Na+ concentration and Na+/K+ ratio in shoots to remain viable [60].

2.2. Overview of Phosphoproteins Identified in Maize Seedlings

Label-free quantitation of phosphoproteins after salt treatment was realized with Progenesis QI
for Proteomics and protein identification was realized by the Mascot search engine. In roots and shoots,
36,635 and 40,119 peptide spectrum matches (PSMs) were identified separately at a 1% false discovery
rate (FDR). In roots, 9772 unique phosphopeptides assigning to 3084 phosphoproteins were quantified
and 11,062 unique phosphopeptides mapping to 2986 phosphoproteins were quantified in shoots.
Altogether, 9448 unique phosphorylation sites from 4116 phosphoproteins were detected, and more
than 7000 phosphorylation sites can be detected from each sample (Table S2). We detected 2211 and
2454 proteins in roots and shoots, respectively, with at least two unique phosphopeptides, accounting for
more than one half of the identified phosphoproteins (Figure 3a). Most of the identified peptides
contained one phosphorylation site, and 4225 and 4030 peptides in roots and shoots, respectively,
were identified with multiple phosphorylation sites (Figure 3c,d).

Figure 3. Overview of phosphoprotein identification. Distribution of protein mass (a) and numbers of
unique peptides (b) of identified proteins. The phosphorylation status of the identified phosphopeptides
in roots (c) and shoots (d).

2.3. Differentially Regulated Phosphoproteins in Chang7-2 and Zheng58 in Response to Salt Treatment

Differentially regulated phosphoproteins were defined as phosphoproteins with more than 2-fold
of the changes in intensity after 0.5 h or 2 h of salt treatment when compared with their respective control
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group (p < 0.05). For the roots, 129 phosphoproteins (99 increased and 30 decreased) from Chang7-2 and
131 phosphoproteins (42 increased and 89 decreased) from Zheng58 met the above criteria (Figure 4a and
Figure S3a,b). Fifty-one phosphoproteins were identified in both lines, and 78 and 80 phosphoproteins
were unique to Chang7-2 and Zheng58, respectively. (Figure 4a). For the shoots, 134 phosphoproteins
(74 upregulated and 60 downregulated) from Chang7-2 and 205 phosphoproteins (136 upregulated
and 69 downregulated) from Zheng58 were significantly changed after salt treatment (Figure 4b and
Figure S3c,d). Among them, 96 phosphoproteins were shared between Chang7-2 and Zheng58 shoots,
and 38 and 109 phosphoproteins were unique to Chang7-2 and Zheng58, respectively. (Figure 4b).

Figure 4. Differently regulated phosphoproteins (DRPPs) in salt-treated Chang7-2 and Zheng58 in
roots (a) and shoots (b); clustering analysis of DRPPs detected in both Chang7-2 and Zheng58 seedlings
((c), roots and (d), shoots).

Of the 51 differentially regulated phosphoproteins (DRPPs) detected in the roots of both Chang7-2
and Zheng58, hierarchical clustering analysis showed that they exhibited different abundance patterns
in different inbred lines (Figure 4c), indicating different response mechanisms of these two maize lines
under salt stress. Among the 51 DRPPs, 29 DRPPs were upregulated in Chang7-2 but downregulated
in Zheng58. These phosphoproteins included kinases, transcription factors, and ion-transport-related
phosphoproteins. Five DRPPs were decreased in Chang7-2 but increased in Zheng58, which consisted
of the 6-phosphogluconate dehydrogenase family protein, ribosomal protein, pyruvate dehydrogenase
complex E1 alpha subunit, phosphoenolpyruvate carboxykinase, and putative l-gulonolactone oxidase.
The remaining 17 DRPPs showed the same trend in the two lines. These 96 DRPPs in shoots shared
between the two lines are clustered in Figure 4d. The trends of phosphorylation of these proteins in
Chang 7-2 and Zheng 58 were also diverse.

2.4. Clustering Analysis of DRPPs Unique to Chang7-2 or Zheng58 in Maize Roots

Clustering analysis of DRPPs unique to Chang7-2 or Zheng58 were conducted using the Mfuzz
algorithm embedded in the Wukong data analysis platform [61]. DRPPs from Chang7-2 can be
grouped into six categories (Figure 5A). The phosphorylation level of proteins in cluster 1 was
significantly upregulated after 2 h of salt treatment. There were 23 phosphoproteins in this cluster.
They were involved in metal ion transport, phosphatidylinositol phosphorylation, signal transduction,
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transcription, regulation of lipid kinase activity, and the cellulose biosynthetic process. Similar to
cluster 1, DRPPs in cluster 2 were upregulated in response to salt stress, but the extent of the increase
was greater than that in cluster 1. Proteins in this cluster included: chloride channel, putative casein
kinase protein, and proteasomal ubiquitin receptor ADRM1-like. DRPPs that functioned in the
cell surface receptor signaling pathway and intracellular protein transport were only significantly
upregulated after 2 h treatment, and were assigned to cluster 3. Cluster 4 contained proteins that
were downregulated after exposure to salt stress. DRPPs in cluster 5 and 6 were induced after 0.5 h of
treatment, and recovered after 2 h. Proteins that played roles in protein transport, response to oxidative
stress, and retrograde-vesicle-mediated transport were assigned to cluster 5, and proteins involved
in signal transduction, the lipid metabolic process, and defense response to fungus were assigned to
cluster 6 (Figure 5a).

Figure 5. MFUZZ clustering analysis of DRPPs unique to Chang7-2 (a) and Zheng58 (b).

Eighty DRPPs that were unique to Zheng58 roots after salt stress were clustered into seven
categories (Figure 5b). DRPPs in cluster 1, 4, and 7 were all significantly downregulated at
0.5 h after salt treatment and recovered at 2 h. Proteins in cluster 1 decreased to a higher
extent than those in clusters 4 and 7, and seven proteins, including plasma membrane ATPase
(K7TX67) and UBP1-associated protein (C0P558), were in this cluster. Twenty-three DRPPs were

282



Int. J. Mol. Sci. 2019, 20, 1886

in cluster 4. They were involved in such biological processes as cell redox homeostasis, transport,
pentose-phosphate shunt, microtubule cytoskeleton organization, the glutamate metabolic process,
rRNA processing, the auxin-activated signaling pathway, and regulation of transcription. The DRPPs
in cluster 7 were proteins related to transcription initiation, nucleotide binding, and calcium ion
binding. The DRPPs in clusters 3 and 5 were both upregulated at 0.5 h and then declined at 2 h.
Serine/threonine-protein kinase SRK2A, mitogen-activated protein kinase, and ribosomal proteins
were included in cluster 3. Potassium channel 5, glutamate synthase, uridine-cytidine kinase C-like,
and several uncharacterized proteins were included in cluster 5. Twelve DPRRs that increased in
abundance at 0.5 h and declined at 2 h were grouped into cluster 6, including sodium/hydrogen
exchanger 2-like (A0A096Q7K1), high-affinity potassium transporter (W5U5W2), molybdate transporter
2-like (A0A096TR23), and protein NRT1/PTR family 8.3-like (A0A096TGV7).

2.5. Gene Ontology Analysis of Salt-Responsive DRPPs in the Two Inbred Lines

Gene ontology (GO) enrichment of salt-responsive DRPPs in Chang7-2 and Zheng58 roots
were performed using the Wukong platform [61]. GO functional analysis revealed that most of
the differentially phosphorylated proteins under salt stress in the two lines were involved in the
same biological processes or were endowed with the same molecular functions, although some
unique GO terms were also enriched for each individual line. As shown in Figure 6, 14 GO
terms and 17 GO terms were enriched in Chang7-2 and Zheng58, respectively, in the biological
process category. One GO term, carbohydrate biosynthetic process (GO: 0016051), was unique
to Chang7-2. Four GO terms, including monovalent inorganic cation homeostasis (GO: 0055067),
pyrimidine-containing compound biosynthetic process (GO: 0072528), potassium ion homeostasis
(GO: 0055075), and regulation of intracellular transport (GO: 0032386), were unique in Zheng58.
Among these, potassium ion homeostasis was upregulated and regulation of intracellular transport
was downregulated in Zheng58. Moreover, two GO terms, aldonic acid metabolic process and
D-gluconate metabolic process, were upregulated in Zheng58 but downregulated in Chang7-2. For the
molecular function category, nine GO terms and 12 GO terms were enriched in Chang7-2 and Zheng58,
respectively. Three GO terms were unique to Chang7-2, namely, organic cyclic compound binding
(GO: 0097159), nucleic acid binding (GO: 0003676), and sequence-specific DNA binding (GO: 0043565).
Six GO terms, including sodium ion transmembrane transporter activity (GO:0015081), protein
homodimerization activity (GO: 0042803), nucleoside-triphosphatase regulator activity (GO: 0060589),
enzyme activator activity (GO: 0008047), uridine kinase activity (GO: 0004849), and nucleoside kinase
activity (GO: 0019206), were specifically enriched in Zheng58. Among these, sodium ion transmembrane
transporter activity, uridine kinase activity, and nucleoside kinase activity were upregulated in Zheng58,
and nucleoside-triphosphatase regulator activity and enzyme activator activity were downregulated
in Zheng58 (Figure 6).
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Figure 6. Gene Ontology (GO) analysis of DRPPs in roots of Chang7-2 and Zheng58. GO terms in
biological processes (a) and molecular functions (b) are shown.
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2.6. Protein–Protein Interaction Analysis

To investigate the transduction of salt stress signals in maize root cells, DRPPs identified
in Chang7-2 and Zheng58 roots were further analyzed using the String 10.5 database
(https://string-db.org/) [62]. Protein–protein interactions with confidence scores higher than 0.7 were
shown. Five groups of interactions were significantly enriched in Zheng58 (Figure 7). Proteins including
sodium/hydrogen exchanger (A0A096Q7K1, Zm.82157), sugar transport protein (C0P753, ERD6),
glutamate synthase (A0A096RAH5, Zm.24266), and one uncharacterized protein (transport activity,
B4FC34, GRMZM2G082184) constituted the first group. These proteins are related to sodium
transport, amino acid transport/metabolism, and sugar transport. The second group was comprised
of fructose-bisphosphate aldolase (B4FAL9, ALD1), pyruvate dehydrogenase E1 component subunit
alpha (B4FGJ4, Zm.95858), and phosphoenolpyruvate carboxylase (C0P3W9, GRMZM2G001696).
Proteins in this group are involved in carbon metabolism. In the third interaction group, uridine kinase
(K7UTD0, Zm.84726) interacted with uridine-cytidine kinase C-like (A0A096SG98, Zm.2141) and
shaggy-related protein kinase alpha-like (A0A096S672, Zm.155457). Proteins in this group are
related to pyrimidine metabolism. The fourth group contained proteins involved in protein
translation, including ribosomal protein S10 (J7LC26, Zm.16861), 40S ribosomal protein S27 (Q9ZQX9,
GRMZM2G066222), 40S ribosomal protein S10-1 (B4FW06, GRMZM2G446960), and 60S ribosomal
protein L24 (A0A096R3U5, GRMZM2G142640). Finally, calcium-binding protein (C0P445, IDP554),
which is involved in plant–pathogen interaction, interacted with myosin1 (A0A096PFT4, Zm.442).
They are connected with host defenses against pathogens. Additionally, five protein interaction groups
were predicted for Chang7-2 roots as shown in Figure S4.

Figure 7. The protein interaction network of DRPPs in Zheng58 roots.

3. Discussion

Saline soil is a major threat to maize cultivation and yield enhancement.
Therefore, characterizing the mechanism of salt tolerance in different maize varieties is critical
for maize breeding and production. In this study, we compared the phosphoproteomics of two
maize inbred lines with distinct salt tolerances in response to short-term salt treatment to explore
the salt tolerance mechanism of maize. Most of the previous studies focus on proteomics and
phosphoproteomics profiling under long-term salt treatment, i.e., proteomics studies were performed
several days after salt treatment [54]. It is well-known that salt stress induces many processes related
to protein phosphorylation in plants, which occurs in the time scale of seconds to minutes [38,47].
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Therefore, to complement the salt-tolerant mechanism in maize, we investigated the short-term
phosphoproteomics response of maize under salt stress conditions. We compared the phosphorylation
levels of two contrasting inbred lines, one salt-tolerant (Zheng58) and one salt-sensitive (Chang7-2),
in response to short-term (0.5 and 2 h) salt stress. Physiological changes in line with the phosphorylation
events were also assessed to explore the salt tolerance mechanism in maize. Roots and shoots of
seedlings from the two inbred lines were collected and assayed separately. A summary of the
differences in physiology and phosphoproteomics in response to salinity stress in roots and shoots of
Chang7-2 and Zheng58 is listed in Figure 8.

Figure 8. A summary of differences in physiology (a) and phosphoproteomics (b) in response to salinity
stress in roots and shoots of Chang7-2 and Zheng58. The up arrows indicate upregulation and the
down arrows indicate downregulation; The lengths of the arrows indicate the degree of changes; In the
ionomic content section, the yellow arrows represent Na+ and the green arrows indicate K+.
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3.1. Physiological Difference between Zheng58 and Chang7-2 under Salt Stress

The physiological responses of Chang7-2 and Zheng58 to short-term salt treatment were evaluated
to investigate their distinct salt endurance characteristics. In the roots of the two inbred lines, the proline
content increased at 0.5 h of salt treatment and returned to the original levels at 2 h; the opposite trends
were observed in the shoots (Figure 1a,b). Salt stress induced a larger increase in proline content in
Zheng58, suggesting that Zheng58 mobilized the defense mechanism to cope with salt stress more
quickly. The proline content of both inbred lines decreased to normal levels after 2 h of treatment,
indicating that other defense strategies were initiated by the plants to adapt to the osmotic stress caused
by salt stress after a certain period of salt treatment. In shoots, the proline content decreased at 0.5 h of
salt treatment, and slightly rebounded at 2 h, which was the exact opposite of the change in proline
content in roots. Thus, we proposed that the proline accumulated in roots was mainly transported
from the shoots to initiate a quick response in the early stages of salt stress. Zheng58 showed a stronger
proline transport capability; supporting it was its salt-tolerant nature.

The H2O2 contents in shoots were higher than those in roots for both maize lines under control
conditions. Short-term salt stress induced H2O2 accumulation only in the roots of Zheng58. In the
meanwhile, decreased H2O2 contents were observed in the shoots of both Zheng58 and Chang7-2 after
salt treatment (Figure 1c,d). These results indicate that the roots of the salt-tolerant plant Zheng58
accumulated more H2O2 under short-term salt stress, and it had a higher tolerance to elevated H2O2.
The H2O2 content decreased in shoots in both inbred lines after salt treatment, indicating immediate
removal of H2O2 in the shoots.

Metal ions assay of the two inbred lines revealed that the metal ions contents in the two inbred
lines were statistically different even before salt treatment, as indicated by principal component
analysis (Figure 2a,b). The metal ions contents in the two lines showed different responses to salt
stress. The metal ions contents in Zheng58 changed significantly after salt treatment, while the metal
ions contents in Chang7-2 did not show notable changes under saline conditions. Zheng58 greatly
reduced the transportation of Na+ from roots to shoots and maintained a much lower Na+/K+ ratio
than Chang7-2 under salt stress (Figure 2g,h), demonstrating that Zheng58 had a better salt tolerance
capability than Chang7-2.

3.2. Functional Analysis of DRPPs in Roots of Zheng58 and Chang7-2 under Salt Stress

3.2.1. Carbon Metabolism

6-phosphogluconate dehydrogenase 2 (B4FSV6) catalyzes the dehydrogenation of
6-phosphate-gluconate to form 5-phosphate-ribulose; it is the key enzyme in the pentose phosphate
pathway [63]. This reaction is accompanied by the production of NADPH, which is a reducing
agent for various synthetic reactions in living systems. Moreover, NADPH is the cofactor required
for oxidized glutathione to be converted to reduced glutathione. Glutathione is vital for redox
homeostasis and is one of the main antioxidants involved in eliminating reactive oxygen species
(ROS) [64]. The phosphorylation of 6-phosphogluconate dehydrogenase 2 was downregulated in
Chang7-2 (0.37-fold and 0.31-fold at 0.5 and 2 h treatment, respectively, Table 1) but upregulated in
Zheng58 (2.05-fold at 2 h treatment), suggesting that Zheng58 can produce more NADPH under salt
stress. It has been reported that 6-phosphogluconate dehydrogenase was upregulated in salt-treated
Jing724, a salt-tolerant maize line, but not in the salt-sensitive maize line D9H, consistent with our
results [54].
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Table 1. Details of differentially regulated phosphoproteins related to salt tolerance in Zheng58 roots.

Accession Annotation p-Value
C-0.5h C-2h Z-0.5h Z-2h

fc 1 fc fc 2 fc

Carbon Metabolism

B4FSV6 6-phosphogluconate dehydrogenase 2 0.0095 0.37 0.31 1.88 2.05
B4FGJ4 Pyruvate dehydrogenase 1.1 × 10−6 0.08 0.06 3.60 2.02

C0P3W9 phosphoenolpyruvate carboxykinase 0.0124 0.38 0.38 2.16 1.58

Glutathione and Ascorbic Acid Metabolism

B4FK84 Glutathione S-transferase 3 0.0427 0.47 1.59 0.04 0.53
K7U1M0 l-gulonolactone oxidase-like 0.0054 0.32 0.19 2.57 1.37

Glutamate Metabolism

B4F972 Glutamate decarboxylase 0.0203 - - 0.30 0.80
A0A096RAH5 glutamate synthase 0.0002 1.01 0.79 2.00 1.53

Transport-Related Proteins

K7V3Z4 Potassium channel AKT1 0.0092 1.28 0.99 2.06 1.39
W5U5W2 high-affinity potassium transporter 0.0095 1.07 0.95 2.49 0.78

A0A096Q7K1 Sodium/hydrogen exchanger 4.29 × 10−6 1.55 1.64 2.13 0.71

B4F910 Calcium/proton exchanger
CAX1-like protein 1.01 × 10−5 1.17 0.99 1.16 0.35

1 C-0.5h fc indicates a fold change at 0.5 h of salt treatment compared with the control group in Chang7-2. 2 Z-0.5h
fc indicates a fold change at 0.5 h of salt treatment compared with the control group in Zheng58.

B4FGJ4 (pyruvate dehydrogenase), B4FAL9 (aldolase 1), and C0P3W9 (phosphoenolpyruvate
carboxykinase) are all involved in carbon metabolism. Pyruvate dehydrogenase catalyzes the
dehydrogenation and decarboxylation of pyruvate to form acetyl-CoA, which is the core reaction of
the Tricarboxylic acid (TCA) cycle [65]. Phosphoenolpyruvate carboxykinase functions as the catalytic
enzyme in converting oxaloacetate to phosphoenolpyruvate, an intermediate product in glycolysis [65].
The increased phosphorylation of these two proteins (a 2.16 to 3.60-fold increase) in response to salt
stress in Zheng58 helped the plant resist salt stress by producing more energy.

3.2.2. Glutathione and Ascorbic Acid Metabolism

Glutathione S-transferase 3 (B4FK84) is the key enzyme that catalyzes the binding reaction between
glutathione and various electrophilic compounds [66]. The phosphorylation level of this protein
decreased at 0.5 h of salt treatment and then returned afterwards at 2 h in Chang7-2, but remained at
a lower level in Zheng58 (Table 1). The lower phosphorylation level of glutathione S-transferase 3 was
beneficial to the accumulation of glutathione, which is an important antioxidant to scavenge ROS and
protect sulfhydryl groups in many proteins and enzymes [64]. Thus, the reduced phosphorylation
of glutathione S-transferase 3 in Zheng58 suggests that the plant may maintain a higher level of
glutathione in the case of salt stress, which may account for the salt-tolerant trait of the plant.

l-gulonolactone oxidase-like (K7U1M0) was downregulated in Chang7-2 (0.32-fold) but
upregulated in Zheng58 (2.57-fold) after 0.5 h of salt treatment. l-gulonolactone oxidase is the
key enzyme in the synthesis of ascorbic acid [67]. Ascorbic acid has a strong reducing capability;
it is, like glutathione, an important antioxidant. We observed increased H2O2 content in response
to salt treatment in Zheng58 roots (Figure 1c), which required more antioxidant to remove H2O2,
consistent with the phosphoproteomics results. The abundance of ascorbate peroxidase was reported
to be upregulated in a salt-tolerant maize line [54], suggesting that enhanced synthesis of glutathione
and ascorbic acid for scavenging ROS is a common strategy for salt-tolerant plants.

3.2.3. Glutamate Metabolism

Glutamate decarboxylase (B4F972) promotes the decarboxylation of glutamate to produce
γ-aminobutyric acid (GABA) and CO2 [68]. Salt treatment (0.5 h) induced a significant decrease in
phosphorylation of the protein in Zheng58, though it slightly recovered at 2 h. The decomposition
of glutamate was inhibited when the phosphorylation of glutamate decarboxylase was decreased,
leading to the accumulation of glutamate. Glutamate is the major substrate for the synthesis of
proline under stress conditions [69]. Increased proline content is an adaptive response of plants to
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salt stress [12,70,71]. In addition, glutamate synthase (A0A096RAH5), which is involved in glutamate
synthesis, was upregulated in Zheng58 but unchanged in Chang7-2. These results indicate that
Zheng58 could maintain a higher level of glutamate under salt stress conditions, which can be used for
the synthesis of proline, and this may contribute to its salt tolerance trait. A similar result was found in
the comparative proteomics study between other maize lines [54].

3.2.4. Transport-Related Proteins

Under salt stress, sodium and potassium ions are selectively absorbed by plants; potassium instead
of sodium is the preferred metal ion for absorption [5]. A previous study reported that salt-tolerant
plants have higher concentrations of potassium in the extended tissues [72]. Potassium channel AKT1
(K7V3Z4) enables the transmembrane transfer of potassium ions by a voltage-gated channel and plays
vital roles in K+ uptake [73]. The phosphorylation of potassium channel AKT1 was upregulated in
Zheng58 (2.06-fold at 0.5 h treatment), which enhanced its ability to transport potassium, resulting in
its salt tolerance. In Chang7-2, the phosphorylation of this protein remained unchanged (a 1.28-fold
change at 0.5 h treatment). Also, the phosphorylation of high-affinity potassium transporter (W5U5W2)
was increased in Zheng58 under salt stress, hinting that it is closely related to the salt tolerance
of Zheng58.

Sodium/hydrogen exchanger (A0A096Q7K1) has sodium/proton antiporter activity and pumps
sodium ion from the cytoplasm to the vacuole, which not only reduces the damage that Na+ exerts
on enzymes and the membrane system, but also alleviates osmotic stress imposed by an elevated
Na+ concentration [7]. Maintaining a lower Na+/K+ ratio in the cytoplasm by pumping Na+ into the
vacuole is an important mechanism for plants to cope with salt stress. Two V-type proton ATPases were
found to be upregulated after salt treatment in sugar beet to enhance the Na+ compartmentalization
into vacuoles and reduce Na+ accumulation in the cytosol [74]. The phosphorylation level of the
sodium/hydrogen exchanger remained unchanged in Chang7-2 but was significantly increased in
Zheng58 at 0.5 h treatment (Table 1), evidencing that Zheng58 was more salt-tolerant.

Calcium is a signaling molecule ubiquitously existing in plants and is considered to play important
roles in response to salt stress. Salt stress causes an increase in intracellular calcium concentration,
and this signal is sensed and passed down by related proteins and eventually results in activation
of target kinase and transcription factors and the expression of downstream regulating genes to
initiate the salt-resistance mechanism [75–77]. Calcium/proton exchanger CAX1-like protein (B4F910)
translocates Ca2+ and other metal ions into vacuoles using the proton gradient formed by H+-ATPase
and H+-pyrophosphatase [78]. Phosphorylation of this protein was decreased at 2 h of salt treatment
in Zheng58 but remained unchanged in Chang7-2 (Table 1), so more Ca2+ can be accumulated in
the cytoplasm of Zheng58 under saline conditions, which facilitated the quick initiation of signaling
transduction to resist salt stress.

3.3. Functional Analysis of DRPPs in Shoots of Zheng58 and Chang7-2 under Salt Stress

3.3.1. Photosynthesis-Related Proteins

Many photosynthesis-associated proteins have been reported to be accumulated in Sorghum bicolor
in response to salt stress [28]. In our study, photosystem I reaction center subunit IV A (B6TH55) and
Photosystem II reaction center protein H (P24993) were both upregulated in phosphorylation in Zheng58
(2.13-fold and 2.44-fold, respectively) but remained unchanged in Chang7-2 (Table 2). This indicated
that photosynthesis was enhanced in Zheng58 under short-term salt stress, suggesting that salt stress
could stimulate photosynthesis in salt-tolerant plants to supply more energy for the plants to resist
salt stress.
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Table 2. Details of differentially regulated phosphoproteins related to salt tolerance in Zheng58 shoots.

Accession Annotation p-Value
C-0.5h C-2h Z-0.5h Z-2h

fc fc fc fc

Photosynthesis-Related Proteins

B6TH55 Photosystem I reaction center subunit IV A 2.45 × 10−8 1.56 1.21 2.13 1.60
P24993 Photosystem II reaction center protein H 8.67 × 10−8 1.32 1.16 0.53 2.44

Carbon Metabolism

Q43267 phosphoenolpyruvate carboxylase 1 (PEP1) 8.42 × 10−9 0.51 4.72 0.39 6.46
Q9SLZ0 Phosphoenolpyruvate carboxykinase 1.65 × 10−11 0.26 0.90 0.08 0.27

A0A096T909 UDP-glucose 6-dehydrogenase 8.58 × 10−12 0.05 0.77 0.04 0.26

Glutamate Metabolism

B4FTF8 glutathione S-transferase 1.12 × 10−7 1.18 1.40 2.05 1.74
B6T7H0 glutathione S-transferase 6 9.47 × 10−7 1.10 0.75 2.07 1.25

Plant Hormone Signal Transduction

B4F831 Abscisic acid-insensitive 5-like protein 9.29 × 10−9 2.05 1.52 2.36 2.50
B6TNQ7 Ninja-family protein 6 6.63 × 10−9 1.93 1.88 2.20 2.53

3.3.2. Proteins Involved in Carbon Metabolism

Carbon metabolism is greatly affected in plants under saline conditions [28,74].
Phosphoenolpyruvate carboxylase 1 (PEP1) (Q43267) catalyzes the reaction between
phosphoenolpyruvate and carbon dioxide to form oxaloacetate, which is involved in the TCA
cycle to provide energy for plants [79]. The phosphorylation of PEP1 was decreased in both inbred
lines at 0.5 h of salt treatment and then significantly increased at 2 h; the increase was greater in
Zheng58 than in Chang7-2 (6.46-fold versus 4.72-fold); thus, in Zheng58, carbon metabolism was
enhanced to produce more energy for salt stress relief. Phosphoenolpyruvate carboxykinase (Q9SLZ0)
functions oppositely to PEP1: it converts oxaloacetate to phosphoenolpyruvate and carbon dioxide [80].
The phosphorylation of phosphoenolpyruvate carboxykinase was significantly downregulated in
Zheng58 shoots after salt treatment (0.08-fold and 0.27-fold at 0.5 and 2 h treatment, respectively),
leading to the accumulation of oxaloacetate that eventually got into the TCA cycle. UDP-glucose
6-dehydrogenase (A0A096T909) is responsible for turning UDP-glucose into UDP-glucuronic acid.
UDP-glucuronic acid is one of the most important compounds for polysaccharide synthesis [81].
Studies have shown that polysaccharide acts as an osmotic regulator to protect plants from stress
caused by high salt conditions [82,83]. The phosphorylation of UDP-glucose 6-dehydrogenase was
downregulated after 0.5 h of salt stress and slightly recovered after 2 h in Chang7-2; it maintained
significant downregulation in Zheng58 within the two hours of salt treatment (Table 2). These results
suggest that short-term salt treatment did not induce but rather reduced polysaccharide synthesis.
Thus, we proposed that, in the early stage of salt stress, plants produced more energy through the TCA
cycle and reduced energy consumption in the synthesis of polysaccharide, thus providing more energy
for salt relief processes, such as ion transport and synthesis of substances for cell growth.

3.3.3. Glutathione Metabolism

Two glutathione transferases, glutathione S-transferase (B4FTF8) and glutathione S-transferase 6
(B6T7H0), were identified as DRPPs in shoots. These two glutathione transferases were both increased
in phosphorylation in Zheng58 at 0.5 h of salt treatment and slightly decreased at 2 h, while they
both remain unchanged in Chang7-2 (Table 2). The abundance of glutathione S-transferase was also
upregulated under salt stress in wheat [31]. Glutathione transferases catalyze the binding reaction
of glutathione and various electrophilic compounds [66]. We suspected that the phosphorylation of
glutathione transferases helped to eliminate some toxic substances that were produced in the shoot
under salt stress.

3.3.4. Plant Hormone Signal Transduction

Abscisic acid-insensitive 5-like protein (B4F831) is a bZIP transcription factor involved in the
ABA signaling pathway [84]. ABA is a stress-signaling molecule that plays pivotal roles in stressful
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environments, such as drought, cold, and salt [85–87]. It has been documented that BnaABF2,
a bZIP transcription factor from rapeseed, enhanced the salt tolerance in transgenic Arabidopsis [88].
The phosphorylation of B4F831 was upregulated initially and slightly decreased afterwards in Chang7-2;
however, in Zheng58, it showed sustained significant upregulation. The large increase of B4F831 in
Zheng58 may contribute to its salt tolerance. The increased phosphorylation of this protein enhanced
the downstream expression of stress-related genes. In addition, an RNA-binding protein involved
in signal transduction, Ninja-family protein 6 (B6TNQ7), was identified as a DRPP and was also
upregulated in Zheng58 but showed no significant change in Chang7-2 after NaCl treatment.

4. Materials and Methods

4.1. Plant Materials and NaCl Treatment

Maize recombinant inbred lines (RILs) Zheng58 and Chang7-2 were kindly provided by
Prof. Yan He from the China Agricultural University. Seeds were germinated in wet sand at room
temperature (about 22–25 ◦C) with 40−60% humidity. Seven-day-old seedlings were uprooted from
sand, and their roots were rinsed with distilled water and transferred to pots filled with Hoagland
nutrient solution (Macronutrients: K2SO4, Ca(NO3)2·4H2O, KH2PO4, MgSO4·7H2O, Fe-EDTA, KCl;
micronutrients: H3BO3, MnSO4·H2O, ZnSO4·7H2O, CuSO4·5H2O, (NH4)6Mo7O24·4H2O). The nutrient
solution was replaced every other day. Seedlings at the trifoliate stage were treated with 100 mM
NaCl [54–56] for 0 h, 0.5 h, and 2 h, and the roots and shoots were collected afterwards. Parts of the
plant were used to measure physiological parameters immediately after treatment, and the remaining
samples were frozen in liquid nitrogen and stored at −80 ◦C for further analysis.

4.2. Physiological Parameter Measurements

Roots and shoots were dried at 80 ◦C to a constant weight for 24 h. The dry weights of the samples
were measured. The dried roots and shoots were incinerated in a muffle furnace at 300 ◦C for 3 h
and 575 ◦C for 6 h. The ashes were dissolved in 10 cm3 5% nitric acid and diluted with 5% nitric acid
accordingly. The concentrations of macroelements (Na, K, Ca, and Mg) and microelements (Cu, Fe,
Mn, and Zn) in the digested solution were determined using a 4100-MP ICP-OES (Agilent, Santa Clara,
CA, USA) [89]. Three biological replicates were tested.

Proline contents in fresh plant tissues were measured using the AccQ-Tag derivatization kit
(Waters, Milford, MA, USA) with LC-MS, and three biological replicates were examined. In brief, 20 mg
lyophilized plant tissue powder was extracted with 1 cm3 water under sonication. The extract was
derivatized with the Waters AccQ-Tag amino acid derivatization kit and analyzed with LC-MS [90].

H2O2 contents were measured using the Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit
(Thermo Scientific, Waltham, MA, USA) according to manufacturer’s instructions. Each sample was
subjected to three biological replicates and two technical replicates.

4.3. Protein Extraction and Digestion

Protein extraction was adopted from a published method with a slight modification [91].
Two biological replicates and two technical replicates were measured. Two grams of frozen plant
samples were ground to a fine powder with a mortar in liquid nitrogen. Extraction buffer (6 cm3)
(500 mM Tris–HCl, 500 mM EDTA, 700 mM sucrose, 100 mM KCl, pH 8.0, 1% protease inhibitor
cocktail, 1% phospho-STOP) was added, and the powder was ground for 10 min. Then, 6 cm3 Tris
saturated phenol was added, and the powder was ground for another 10 min. The phenol layer was
collected after centrifugation and the protein was precipitated with 0.1 M ammonia acetate in methanol.
The protein precipitate was washed with cold acetone and dried under a vented hood.

The protein was dissolved in 7 M urea and 2 M thiourea. The concentration of the protein solution
was measured by the Bradford assay. The protein was digested with trypsin using a modified FASP
method [92]. In short, the protein solution was loaded onto an ultrafiltration device (30 kDa, 500 mm3,
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Sartorius, Gottingen, Germany), washed with 50 mM NH4HCO3, reduced with 200 mM DTT at 56 ◦C,
and alkylated with 200 mM iodoacetamide in the dark. The protein was digested with trypsin at 37 ◦C
overnight (enzyme: protein ratio = 1:50). Parts of the digested peptides were diluted with 0.1% FA for
nano LC-MS analysis. The remaining peptides were lyophilized for phosphopeptide enrichment.

4.4. Phosphopeptide Enrichment

Phosphopeptides were enriched using TiO2-tips (Thermo Scientific, Waltham, MA, USA) according
to the manufacturer’s protocol. The phosphopeptides were reconstituted in 0.1% FA for nano
LC-MS analysis.

4.5. Mass Spectrometry Analysis

Nano LC-MS analysis was performed on a Waters nano-Acquity nano HPLC (Waters, Milford,
MA, USA) coupled with a Thermo Q-Exactive high resolution mass spectrometer (Thermo Scientific,
Waltham, MA, USA). A peptide solution (7 mm3) was loaded onto a trap column (AcclaimPepMap100,
75 μm × 2 mm, Thermo Scientific, Waltham, MA, USA). The analytical column was a 100 μm I.D.
fused silica capillary filled with 20 cm of C18 stationary phase (Aqua C18, 3 μm, 125 Å, Phenomenex,
Los Angeles, CA, USA). A 125 min gradient was used to elute the peptides. Mobile phase A was 0.1%
FA in water, B was 0.1% FA in acetonitrile, and the flow rate was 400 nL/min. The nano ESI spray
voltage was 2.0 kV and a full mass scan in the range of m/z 300–1800 was obtained with a resolution of
70,000 at m/z 200. The 10 most intensive peptide signals from the full scan were selected for an MS/MS
scan with a resolution of 17,500 at m/z 200. The dynamic exclusion time was 20 s.

4.6. Protein Identification and Quantification

Raw data were imported into Progenesis QI for Proteomics (build 2.0, Nonlinear Dynamics,
Newcastle, UK) for peak alignment and peak picking. The obtained MGF files were submitted to the
Mascot search engine (version 2.5.0, Matrix Science, London, UK) and searched against the Uniprot
maize database (58,418 sequences, 2015-12, https://www.uniprot.org/). Trypsin was selected as the
specific enzyme with a maximum of two missed cleavages. Fixed modification was carbamidomethyl
(C). Oxidation (M) and phosphorylations (S, T, and Y) were set as variable modifications. The MS
mass tolerance was 10 ppm and the MS/MS mass tolerance was 0.02 Da. A decoy database was used,
and peptides were filtered at 1% FDR. Peptides with a mascot score higher than 29 were selected for
further analysis. The mass spectrometric data were deposited at Integrated Proteome Resources with
the project No. IPX0001523000 (https://www.iprox.org).

4.7. Bioinformatics Analysis

The GO enrichment analysis and MFUZZ analysis were conducted with the help of the Wukong
platform (http://www.omicsolution.org/wu-kong-beta-linux/main/). Protein−protein interactions were
analyzed by STRING 10.5 (http://string-db.org/) [62] using the DRPPs as input.

4.8. Statistical Analysis

Hydrogen peroxide and proline contents were measured in six and three biological replicates,
respectively, and metal ion contents were determined in three biological replicates. Statistical analysis
was performed using Student’s t-test in Excel. Significant differences are indicated by an asterisk.
One asterisk indicates a significant difference at the 0.05 level and two asterisks indicate a difference
at the 0.01 level. Four biological replicates were performed in the phosphoproteomic experiment,
and ANOVA was used to calculate the p-values. Proteins were considered to have significant changes
in abundance when a p-value of <0.05 was reached, with a fold change of >2. Hierarchical cluster
analysis of DRPPs was performed using cluster 3.0 (https://cluster.updatestar.com/en/edit) and Treeview
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software (http://jtreeview.sourceforge.net/). PCA analysis was conducted using SIMCA 13.0 software
(Umetrics, Umeå, Sweden).

5. Conclusions

In conclusion, we explored the mechanism of salt tolerance in maize by comparing differentially
regulated phosphoproteins in the maize inbred lines Chang7-2 and Zheng58 under short-term salt
stress. Zheng58 had higher Na+ content in roots, lower Na+ content in shoots, and a lower Na+/K+

ratio after salt treatment, which were crucial for maintaining salt tolerance. The H2O2 content in
the roots of Zheng58 was significantly increased after salt stress, and the accumulation of H2O2

acted as a stimulator to enhance Zheng 58′s salt tolerance. Proline, an osmotic regulating compound,
was increased in both inbred lines after 0.5 h of salt treatment, and the increase was greater in Zheng58
than in Chang7-2. The content of proline in shoots changed to the opposite direction. These results
indicate that, under short-term salt stress, proline that is already in the shoots is recruited to the
roots to cope with salt stress. Moreover, Zheng58 was able to transport proline more efficiently
from shoots to roots to cope with salt stress. Several phosphoproteins related to salt tolerance were
found to be significantly regulated in Zheng58. In roots, 6-phosphogluconate dehydrogenase 2,
pyruvate dehydrogenase, and phosphoenolpyruvate carboxykinase provided NADPH and energy
for the plants to resist salt stress. Glutathione S-transferase 3 and l-gulonolactone oxidase-like were
related to glutathione and ascorbic acid metabolism, which offered antioxidants to remove ROS,
such as H2O2. The phosphorylation changes in glutamate decarboxylase and glutamate synthase
in Zheng58 under NaCl treatment were favorable for the accumulation of glutamate, which acts as
a major substrate of proline synthesis under stress conditions. Potassium channel AKT1, High-affinity
potassium transporter, and sodium/hydrogen exchanger were found to be related to potassium and
sodium transportation. The upregulation of these proteins in Zheng58 under salt stress resulted
in a lower Na+ content in shoots and a lower Na+/K+ ratio in both roots and shoots in Zheng58.
Calcium/proton exchanger CAX1-like protein was found to be related to calcium ions transportation.
The downregulation of this protein in Zheng58 after salt treatment resulted in accumulation of
Ca2+ in the cytoplasm to initiate the salt signal transduction pathway. In shoots, photosystem I
reaction center subunit IV A and photosystem II reaction center protein H, which are involved in
photosynthesis, supplied more energy to Zheng58. PEP1 and phosphoenolpyruvate carboxykinase,
which are involved in carbon metabolism, promote the degradation of carbohydrates to produce more
energy. The downregulation of UDP-glucose 6-dehydrogenase was helpful to save more energy for salt
relief processes. Two glutathione transferases that are involved in eliminating some toxic substances
produced during salt stress were found to be upregulated in Zheng58. Abscisic acid-insensitive 5-like
protein, which is involved in the ABA signaling pathway, enhanced the expression of stress-related
genes in Zheng58 under salt stress.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/20/8/1886/
s1.

Author Contributions: Conceptualization, Z.L. and C.-F.J.; methodology, X.-Y.Z.; formal analysis, Z.L.; X.-Y.Z.,
and X.B.; investigation, X.B.; resources, C.-F.J.; data curation, Z.L. and X.-Y.Z.; writing—original draft preparation,
X.-Y.Z.; writing—review and editing, Z.L.; supervision, Z.L.; project administration, Z.L.; funding acquisition, Z.L.
All authors read and approved the final manuscript.

Funding: This research was funded by The State Key Laboratory of Plant Physiology and Biochemistry at China
Agricultural University.

Acknowledgments: We are very thankful to Yan He (Professor, College of Agriculture and Biotechnology,
China Agricultural University) for providing the two maize inbred lines, and we would like to thank Yiting Shi
(Associate Professor, State Key Laboratory of Plant Physiology and Biochemistry, College of Biological Sciences,
China Agricultural University) for reading the manuscript and providing thoughtful insights.

Conflicts of Interest: The authors declare no conflict of interest.

293



Int. J. Mol. Sci. 2019, 20, 1886

Abbreviations

bZIP Basic region-leucine zipper
DRPPs Differential regulated phosphoproteins
FDR false discovery rate
GABA γ-aminobutyric acid
GO Gene ontology
ICP-OES Inductively Coupled Plasma Optical Emission Spectrometry
PCA Principal component analysis
PEP1 Phosphoenolpyruvate carboxylase 1
PIP plasma membrane intrinsic proteins
PSMs Peptide spectrum matches
RILs Recombinant inbred lines
ROS Reactive oxygen species
SOS Salt Overly Sensitive
STRING Search Tool for the Retrieval of Interacting Genes
TCA Tricarboxylic acid
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Abstract: AGPase catalyzes a key rate-limiting step that converts ATP and Glc-1-p into ADP-glucose
and diphosphate in maize starch biosynthesis. Previous studies suggest that AGPase is modulated
by redox, thermal and allosteric regulation. However, the phosphorylation of AGPase is unclear in
the kernel starch biosynthesis process. Phos-tagTM technology is a novel method using phos-tagTM

agarose beads for separation, purification, and detection of phosphorylated proteins. Here we
identified phos-tagTM agarose binding proteins from maize endosperm. Results showed a total of
1733 proteins identified from 10,678 distinct peptides. Interestingly, a total of 21 unique peptides for
AGPase sub-unit Brittle-2 (Bt2) were identified. Bt2 was demonstrated by immunoblot when enriched
maize endosperm protein with phos-tagTM agarose was in different pollination stages. In contrast,
Bt2 would lose binding to phos-tagTM when samples were treated with alkaline phosphatase (ALP).
Furthermore, Bt2 could be detected by Pro-Q diamond staining specifically for phosphorylated
protein. We further identified the phosphorylation sites of Bt2 at Ser10, Thr451, and Thr462 by iTRAQ.
In addition, dephosphorylation of Bt2 decreased the activity of AGPase in the native gel assay through
ALP treatment. Taking together, these results strongly suggest that the phosphorylation of AGPase
may be a new model to regulate AGPase activity in the starch biosynthesis process.

Keywords: maize; AGPase; phosphorylation; brittle-2; phos-tagTM

1. Introduction

Maize is one of the three crops with the highest production in the world [1]. Maize starch,
accounting for about 70% of maize kernels, is not only widely used as main energy source to support
the majority of the world’s population, but is also used as a feedstock for the production of industrial
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material and bioethanol [2]. Kernel starch is a crucial factor in determining the yield and quality
of maize. It is a main goal of breeders to increase starch content and improve the quality of starch
in maize.

Maize is generally an excellent source of starch which is synthesized by four enzymes: ADP-Glc
pyrophosphorylase (AGPase; EC 2.7. 7.27), starch synthase (SS; EC 2.4.1.21), starch branch enzyme
(SBE; EC 2.4.1.18) and starch debranch enzyme (SDBE; EC 3.2.1.68) [3]. AGPase catalyzes the synthesis
of ADP-glucose and diphosphate from ATP and Glc-1-p [4], and the product ADP-glucose serves as
the activated glucosyl donor in α-1, 4-glucan synthesis [5,6]. This reaction is a key rate-limiting step in
maize endosperm starch synthesis. AGPase widely exists in plant leaves and cereal endosperm in a
heterotetrameric α2β2 format and is composed of two identical large subunits (Sh2) and two identical
small subunits (Bt2) in maize endosperm [7,8].

Previous studies suggest that AGPase activity is mainly modulated by allosteric regulation,
thermal inactivation and redox regulation [9–12]. Some small molecule effectors are thought to regulate
the activity of AGPase in an allosteric regulation fashion, such as 3-phosphoglycerate (3-PGA) [13],
inorganic phosphate (Pi) [14], and sugars [15]. 3-phosphoglycerate (3-PGA) and inorganic phosphate
(Pi) are demonstrated as activator and inhibitor, respectively, in most cereals [16–18]. 3-PGA activates
AGPase by increasing the affinity for substrate G-1-P, but Pi inhibits the activity of AGPase by reversing
the effect of 3-PGA [19]. The heat lability of AGPase is another regulation mechanism [9]. AGPase from
maize endosperm will lose 95% of activity when it is heated at 57 ◦C for 5 min [7]. The heat lability
of AGPase leads to grain loss during hot weather. It is an aim of breeders to generate new maize
varieties with enhanced heat stability in terms of AGPase for increasing yields [20–22]. In addition,
AGPase is also subject to redox-dependent regulation in potato tubers [23], potato leaves, arabidopsis,
and peas [24].

Phosphorylation of proteins is involved in various cellular processes and plays a central role
in signal transduction [25]. For a protein molecule, phosphorylation can alter enzyme activity,
protein conformation and protein–protein interaction, and modulate localization of the protein and its
stability [26]. Phosphorylation of proteins can change a protein’s complex formation [27]. In wheat
endosperm, phosphorylation of SBEI, SBEIIb and SP can form a protein complex to enhance the
synthesis of starch while dephosphorylation of phosphoproteins complex can disturb protein complex
formation and reduce the activity of SBEIIa and SBEIIb [28,29]. In the process of starch synthesis,
Liu reports that the phosphorylation of SBEI and SBEIIb is involved in heterogenic complexes of
proteins [30]. The phosphorylation of SSI and GBSS is detected by phos-tagTM technology [31].
Maize endosperm SBEIIb is phosphorylated on multiple sites [32]. In maize seed development,
recent progress in large-scale maize phosphoproteomics has shown that phosphorylation of starch
biosynthetic enzymes might play an important role in starch synthesis [33]. However, with AGPase,
as a key enzyme in the starch synthetic pathway, its phosphorylation is unclear in the maize kernel
starch synthesis process.

Here, we analyzed proteomic data from 08-641 maize endosperm protein enriched by phos-tagTM

agarose, which is specific for phosphorylated protein at maize 20 days endosperm lysate after
pollination. The proteomic results showed that a total of 1733 proteins were identified from
10,678 distinct peptides with at least one unique peptide. The majority of binding proteins were
attributed to the metabolic process and cellular process proteins. A total of 21 unique peptides for Bt2
were identified by mass spectrometry. Bt2 was further demonstrated at 15, 20, and 27 days endosperm
by immunoblot. In contrast, Bt2 lost binding when incubated with alkaline phosphatase, which can
remove phosphate from protein. Furthermore, the phosphorylation of AGPase subunit Bt2 protein
band was further demonstrated by Pro-Q diamond dye staining technology. The phosphorylation sites
at Bt2-Ser10, Bt2-Thr451, and Bt2-Thr462 were identified by iTRAQ. In addition, dephosphorylating
of AGPase subunit Bt2 decreased its activity in the native gel assay. Taking together, these results
suggested that the phosphorylation of AGPase may be a new model for regulating AGPase activity in
the starch biosynthesis process.
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2. Results

2.1. Proteomic Analysis of Maize Endosperm Protein Enriched by Phos-tagTM Agarose

To analyze the phosphorylation of protein in maize endosperm at the starch accumulation process,
maize endosperm samples were collected at 20 days after pollination from the 08-641 maize inbred
line, a high starch content material widely used in southwest China. Maize endosperm protein
was extracted from the 08-641 inbred line and then enriched with phos-tagTM agarose that was
specific for phosphorylated protein. Protein from phos-tagTM agarose enrichment was performed
SDS-PAGE electrophoresis and stained with commassie brilliant blue. The gel was cut for in-gel tryptic
digestion for mass spectrometry. The results showed that a total of 1733 proteins were identified from
10,678 peptides with at least one unique peptide (Figure 1A and Table S1). GO term analysis results
showed that these proteins identified were annotated into biological process, cellular component and
molecular function (Table S2). Of these proteins, 46.49% and 41.69% were annotated into catalytic
activity and binding activity, respectively, in the molecular function (Figure 1B). A total of 35.21%
and 33.53% of the proteins were cell processes and metabolic processes, respectively, in the biological
process (Figure 1C). We also found that 24.64% and 23.87% of the proteins were cell and cell part,
respectively (Figure 1D). These results potentially suggested that the phosphorylation of proteins
was involved in various biological processes and the molecular function in maize endosperm during
the starch synthesis process. Interestingly, the representative peptides of AGPase small subunit Bt2
were identified by mass spectrometry in proteomic data (Figure 1E). The data showed that a total
of 21 unique peptides for Bt2 were identified. The cover percentage of peptides for Bt2 was 53.89%
(Table S3). Therefore, we speculated that Bt2 might be phosphorylated by kinase; thus, it could be
enriched with phos-tagTM agarose.

Figure 1. Cont.
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Figure 1. The proteomic analysis of maize endosperm proteins enriched by phos-tagTM agarose.
(A) Summary of peptides and proteins identified. (B) Gene ontology analysis of molecular function
level. (C) Gene ontology analysis of biological process level. (D) Gene ontology analysis of cellular
component level. Percentages shown indicated GO term protein accounted for total protein number.
(E) The representative mass spectrometry diagram and peptides of Bt2 protein. The mass spectrometry
diagram shows the bold type of peptide. The numbers show the position of amino acid in Bt2 protein.

2.2. Antibody Preparation and Evaluation of AGPase Small Subunit Bt2

In order to further investigate the phosphorylation of AGPase subunit Bt2, we prepared the
antibody Bt2. We purified GST-Bt2 proteins as the antigen for immunization of New Zealand rabbits
to prepare the antibody. Through molecule cloning, we successfully constructed pGEX-6-t-GST-Bt2
vectors. The fusion protein could be cut by TEV enzyme between the GST and target proteins
(Figure 2A). After induction of protein expression in BL21 bacterial cells with 0.2 mM IPTG, we purified
GST-Bt2 proteins with GST beads (Figure 2B). According to the antibody preparation procedure,
antiserum was harvested and purified for assessing to detect target protein. In order to evaluate the
specificity of antibodies of Bt2, we cut GST-Bt2 proteins with TEV enzyme at different time intervals
from 0h to 6 h. Immunoblot results showed Bt2 antibody could recognize Bt2 and GST (Figure 2C).
These results showed that Bt2 antiserum could specifically recognize Bt2 proteins in vitro.

2.3. Co-Immunoprecipitation of Stromal Protein and Expression Analysis of Bt2 in Maize Endosperm

Specific Bt2 antibody was prepared; however, whether it could recognize Bt2 in maize endosperm
in vivo was unclear. In order to further demonstrate the specificity of antibody of Bt2 in vivo,
first, we performed immunoblot to detect Bt2 protein from 20 days maize endosperm after pollination
with Bt2 antibody (Figure 3B). However, we could not detect Bt2 protein using pre-antiserum
(Figure 3A). These results showed that Bt2 antibody was prepared successfully. Second, we used
27 days endosperm after pollination to lysate for immunoprecipitation with Bt2 antibody. The product
of immunoprecipitation with Bt2 antibody was identified by immunoblot. In addition, Bt2 protein
was immunoprecipited with Bt2 antibody and run the gel and digested with trypsin and analyzed
by mass spectrometry. The result showed that Bt2 antibody could immunoprecipite Bt2 protein very
specifically and that IgG control could not (Figure 3C). mass spectrometry results showed the band
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is Bt2 (Figure 3E). Third, we performed the expression analysis of Bt2 proteins in endosperm from
5 days to 40 days after pollination. According to previous reports, the expression of Bt2 is increasing in
endosperm from 0 to 20 days after pollination and is decreasing from 20 to 40 days after pollination at
mRNA level [34]. We further demonstrated the result by immunoblot using Bt2 antibodies. The result
showed that Bt2 protein levels were increasing in endosperm from 0 to 20 days after pollination
and then decreased from 25 to 40 days after pollination (Figure 3D). These results showed that Bt2
antibodies could be used for immunoblot, IP assay in vivo and in vitro.

2.4. Enrichment of Bt2 Phosphorylation Protein by Phos-tagTM

In order to demonstrate the AGPase subunits phosphorylation, we extracted protein from the
different development process of endosperm cells in the maize for experiments. After enriching all
phosphoproteins from the lysate using phos-tagTM technology and removing nonspecific binding
protein by washing, we used the specific Bt2 antibodies to detect Bt2 proteins by immunoblot
in phos-tagTM binding protein. Although phos-tagTM enrichment step is hardly get 100%
phosphoproteins, we could clearly detect bands of Bt2 protein. However, Bt2 bands would disappear
when we added alkaline phosphatase to treat the samples from 15, 20, and 27 days 08-641 maize
endosperm after pollination (Figure 4). The result showed that Bt2 might be phosphorylated by kinases
in the starch biosythesis process.

Figure 2. Evaluation of Brittle-2 (Bt2) antibodies using antigen protein purified from GST in vitro.
(A) Structural diagram of GST-Bt2 vectors. The white region showed the TEV protease site between
GST tag and protein interested. (B) GST-Bt2 protein purified and BSA standard were detected by
coomassie brilliant blue G-250 staining method. The protein marker ladder is indicated in the left
column. (C) GST-Bt2 digested with TEV protease for 1–6 h by immunoblot. 0.5 μg protein was loaded
in each well. Ratio of antibody dilution was 1:5000.
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Figure 3. Immunoprecipitation of stromal proteins and expression analysis of Bt2 in maize endosperm.
(A) Pre-immune serum was evaluated as control with 20 DAP maize endosperm. Ratio of antibodies
dilution was 1:5000. (B) Bt2 antibody was evaluated by immunoblot with 20 DAP maize endosperm.
Ratio of antibodies dilution was 1:5000. Arrow shows Bt2 protein. (C) Bt2 antibody was used as
immunoprecipitation to detect maize endosperm Bt2 protein by immunoblot. Arrow shows Bt2 protein.
(D) Expression analysis of Bt2 protein in days indicated after pollination in maize 08-641 endosperm.
Ratio of antibodies dilution was 1:5000 for Bt2 and 1:1000 for actin. (E) Identification of maize
endosperm Bt2 peptides after immunoprecipitation using Bt2 antibody. The protein was precipitated,
run the gel, digested with trypsin and analyzed by mass spectrometry. The mass spectrometry diagram
showed the bold type of peptide. The numbers show the location of peptides in Bt2 protein.

Figure 4. Enrichment of phosphorylated AGPase Bt2. 1, 4, and 7 were 20 μg total protein extracted from
maize endosperm 15, 20, and 27 days after pollination, respectively; 2, 5, and 8 were phosphorylated
protein enriched from 200 μg total protein by phos-tagTM agarose from maize endosperm 15, 20,
and 27 days after pollination, respectively; 3, 6, and 9 were protein from maize endosperm 15, 20,
and 27 days after pollination 200 μg total protein treated with alkaline phosphatase and then enriched
by phos-tagTM agarose, respectively.
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2.5. Detection of Bt2 Phosphorylation Protein by Diamond Q Staining Technology

Using commercially available phosphorylated proteins as control proteins, phosphorylation-
specific staining of maize endosperm proteins was performed to further detect the phosphorylation of
Bt2 by Pro-Q diamond dye technology, which is specific for phosphylated proteins [35,36]. Immunoblot
was performed to demonstrate Bt2 protein by specific antibody. We harvested maize 15, 20, and 27 days
endosperm after pollination and divided it into three groups for assay. The first group was used
for enriching phosphoproteins by phos-tagTM technology, the second group was used as control
for immunoblot and the third group was used for immunoprecipitation assay using Bt2 antibody.
Commercially available phosphorylated proteins were used as a control marker. The results showed
that Bt2 was obviously phosphorylated in the maize endosperm, although it appears much loss
of phospho-Bt2 through enrichement and transfer-menbrane steps (Figure 5A). Using the specific
Bt2 antibody made before, we did a immunoblot test to further demonstrate that the stain band
was Bt2 (Figure 5B). These results obviously showed Bt2 was phosphorylated in maize kernel
starch biosynthesis.

Figure 5. Detection of Bt2 phosphorylation proteins by Diamond Q staining technology.
(A) Phosphoprotein Pro-Q staining of maize endosperm protein in indicated days after pollination;
phos-tagTM group 200 μg total protein was enriched by phos-tagTM agarose with maize endosperm
protein; 20 μg total protein was the control, and the IP group 200 μg total protein was
immunoprecipitated with the Bt2 antibody; M was a protein marker phosphorylated from Fisher
Scientific Company. (B) The stained Bt2 protein band was demonstrated by immunoblot. Arrow shows
Bt2 band.

2.6. Identification of Bt2 Phosphorylation Sites by iTRAQ

The previous results showed that Bt2 was phosphorylated during maize kernel starch biosynthesis.
However, the phosphorylation site of Bt2 protein was still unknown. In order to identify the
specific phosphorylation sites of Bt2, we collected 08-641 maize 15 DAP endosperm and a transgenic
maize to perform iTRAQ assay. The results showed that Bt2-Ser10 and Bt2-Thr451 and Bt-Thr462

were phosphorylated (Figure 6A,B and Table S4). Bioinformatics analysis showed that Bt2-Thr451

and Bt2-Thr462 were conserved in selected plants (Figure 6C). Instead, Bt2-Ser10 was specific for
maize, potato, and tomato in 10 selected plants (Figure 6D). These results show that three sites were
phosphorylated for Bt2 protein in maize endosperm and that phosphorylation regulation of Bt2 may
be complicated in the starch synthesis process.
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Figure 6. Identification of Bt2 phosphorylation sites by iTRAQTM. (A,B) Mass spectrometry diagram
of Bt2 phosphopeptides. Red letters S and T show the phosphorylated serine and threonine.
(C,D) Multiple alignment analysis of phosphorylated sites of maize Bt2 at Ser10, Thr451, and Thr462

in indicated species by ClustalX 2.1. software. The frame shows the phosphorylated sites identified
in maize Bt2 position and putative position in other species. Asterisk shows the consensus of the
protein sequence.
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2.7. Enzyme Characteristics of AGPase Phosphorylation and a Potential Regulatory Model

Previous results suggested that Bt2 could be phosphorylated in maize endosperm during the
starch accumulation process. Next, we wanted to know whether the phosphorylation of Bt2 might affect
activity of AGPase. We detected phosphorylated AGPase format and dephosphorylated AGPase format
by adding alkaline phosphatase to remove the phosphate group. Native gel assay was performed to
examine activity of AGPase according to previous reports [34,37]. The active band could be observed
in native gel when soaked in the solution, which adds substrate glucose-1-phosphate and ATP in the
no-alkaline phosphatase column; however, there are no bands in the alkaline phosphatase or no ATP
column (Figure 7A). The results revealed that dephosphorylating of AGPase small subunit Bt2 may
abolished or declined the active bands that AGPase catalyzed to form. Therefore, the phosphorylation
of Bt2 might be important for AGPase activity. Based on these results, we proposed a potential
regulation mode in which phosphorylation of AGPase catalyzed by kinases would enhance its activity.
However, dephosphorylation of AGPase catalyzed by alkaline phosphatase would inhibit its activity
(Figure 7B). In all, phosphorylation of AGPase subunits may be a new model to regulate the activity of
AGPase in the maize kernel starch synthesis process.

Figure 7. Enzyme characteristics of AGPase dephosphorylation and a potential regulatory model.
(A) Native gel was performed with 40 μg total maize endosperm protein and protein treated with
alkaline phosphatase at 20 days after pollination. Gel was incubated in reaction buffer including ATP
and Glc-1-P(Complete) in the presence of divolent cations or in the same buffer lacking ATP (-ATP).
Arrow show that the white band is native AGPase band. (B) Putative potential regulatory model of
phosphorylation of AGPase. Sh2: large subunits.

3. Discussion

AGPase is a key enzyme for catalyzing ATP and Glc-1-p to form ADP-glucose and diphosphate.
As the precursor of starch, ADP-glucose is used as a material for incorporating glucosyl units into
starch [5]. Genes encoding AGPase activity are mutated in maize, barley, and rice, which leads to
a reduction in total endosperm starch in the range of 20–70% of normal. The activity of AGPase
is one of determinants for the content of starch in maize kernel. Therefore, it is very important
for the regulation of activity of AGPase. To date, there are three main ways reported to regulate
the activity of AGPase: small effector molecules for allosteric regulation, thermal regulation and
redox regulation [9–12,38]. In this study, we used phos-tagTM technology, Pro-Q diamond staining
and iTRAQTM to investigate phosphorylation of AGPase. The results show that AGPase subunits
Bt2-Ser10, Bt2-Thr451, and Bt2-Thr462 were phosphorylated in the kernel starch accumulation process.
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In addition, based on the current data, it seems important for the activity of AGPase regulated by
phosphorylation. Removal of phosphate groups from AGPase subunits could reduce its activity.
Therefore, phosphorylation of AGPase may be an important means of regulating its activity.

The phosphorylation of AGPase leads to binding phos-tagTM agarose. Phos-tagTM agarose is
a dinuclear metal complex and acts as a selective phosphate-binding tag molecule specifically for
phosphorylated proteins [39–41]. According to our current data, phos-tagTM agarose could enrich
phosphorylated AGPase, including Bt2. Using SDS to unfold and denature protein, we could still
detect Bt2 by phos-tagTM agarose (data not shown). Thus, the result is reliable for the binding of
phos-tagTM agarose by the phosphorylation of AGPase. Dephosphorylation of AGPase leads to losing
the binding between AGPase subunits and phos-tagTM agarose. Alkaline phosphatase is widely used
as a dephosphorylation agent to dephosphorylate various proteins [42,43]. In our experimental system,
we used alkaline phosphatase to remove the phosphate group from AGPase, and the binding of
phosphorylated AGPase subunit Bt2 with phos-tagTM agarose significantly decreased or disappeared.
In this study, we also used a commercially available phosphorylated protein marker as a positive
control and Pro-Q diamond staining technology, which is specific for detecting the phosphorylated
Bt2 protein in denatured condition by boiling the protein sample. We demonstrated the Bt2 protein
by immunoblot using specific Bt2 antibody made in the current experiment. Also, we detected the
phosphorylated Bt2 protein. We analyzed AGPase subunit Bt2 peptides mass spectrometry data from
15 DAP maize endosperm by iTRAQTM. Bt2-Ser10, Bt2-Thr451, and Bt2-Thr462 were phosphorylated
from mass spectrometry. Therefore, it could be concluded that the phosphorylation of Bt2 actually
occurred in vivo from this indirect and direct evidence.

The phosphorylation of AGPase may be complicated and exist in different regulation mechanisms
in maize and other species. Walley reported maize AGPase subunit Sh2-Ser95 and Bt2-Ser10 and
Bt2-Ser104 were phosphorylated in vivo from proteomic data [33]. Nakagami reported AtAPS1-Thr231

and AtAPS1-Thr236 were phosphorylated by large-scale comparative phosphoproteomics research in
the plant Arabidopsis thaliana [44]. Our current data show that Bt2-Ser10, Bt2-Thr451, and Bt2-Thr462

were phosphorylated in maize endosperm. The phopsphorylation of Bt2-Ser10 may regulate the
activity of AGPase because this site is in N-term of Bt2 [45]. Bt2-Thr451 and Bt2-Thr462 may affect the
structure of AGPase because these sites are in C-term of Bt2 [46,47]. In addition, Bt2-Ser10 is a common
phosphorylated site for B73 and our inbred maize line. This result suggests that there is common
regulatory mechanism in different inbred maize lines. Instead, Bt2-Ser104 was phosphorylated in
B73, Bt2-Thr451 and Bt2-Thr462 were phosphorylated in our inbred line. This result also suggests that
there are specific regulatory mechanisms in different inbred maize lines. In addition, in different
plants, Bt2-Thr451 and Bt2-Thr462 were very conservative; however, Bt2-Ser10 was comparatively
specific for maize, potato, and tomato. Thus, it is possible that there are common and specific
regulatory mechanisms in different species. Phosphorylation regulation of Bt2 could be complicated in
starch synthesis.

The phosphorylation of Bt2 might change the activity and stability of AGPase. In general,
phosphorylation of a protein will change the activity or function of enzyme, localization, and binding
specificity of target proteins [27]. In order to answer the question of whether it activates or
inactivates AGPase after Bt2 phosphorylation, we tried to detect activity of AGPase phosphorylation
through native gel assay. Our current results clearly show that the native band disappeared or was
non-detectable when alkaline phosphatase was present in the protein sample. We speculate that
the result of dephosphorylation of AGPase might inhibit its activity because alkaline phosphatase
removing phosphate group from AGPase will lead to a free phosphate group. As previous reported,
the free phosphate will inhibit the activity of AGPase [11]. In addition, phosphorylation of SBEI,
SBEIIb, and SP is important for stability and activity of the protein complex formed with SBI, SBEI,
and SBEIIb. Dephosphorylation of the SBEI-SBEIIb-SP complex will disturb the protein complex and
decrease its activity [28,29]. As a heterotetrameric AGPase, which is composed of two identical
large Sh2 subunits and two identical small Bt2 subunits, it is potentially possible that like the

308



Int. J. Mol. Sci. 2019, 20, 986

SBEI-SBEIIb-SP complex, the phosphorylation of AGPase would increase the enzyme stability and
activity, the dephosphorylation of AGPase subunits would cause a reduction or loss of its activity
and stability.

4. Materials and Methods

4.1. Plant Materials

Seeds for 08-641 inbred maize line were provided by the maize research institute of Sichuan
Agricultural University and grown at the school farm in the summer of 2013–2017. Developing kernels
from self-pollinated ears were collected 10 DAP, 15 DAP, 20 DAP, 27 DAP, 30 DAP, 35 DAP, and 40 DAP
and were quickly frozen in liquid nitrogen and stored at −80 ◦C until use. For phos-tagTM enrichment
assay, three independent biology repeated maize endosperm samples collected at the same time were
mixed as a pool for proteomic analysis.

4.2. GST-Gene Fusion System Protein Expression and Purification

GST-gene fusion system protein expression vector pGEX-6t-1-Bt2 were constructed by adding
Bt2 genes into the pGEX-6t-1 vector. The cloning primers of Bt2 were as follows: Bt2 Forward: 5′-CG
ggatccATGGACTGGCTTTGGCGTCTA-3′, Reverse: 5′-CAGctcgagTCATATAACTGTTCCACTAG
GGAG-3′. The lowercase letters indicate the introduced base to create an BamHI and XhoI, respectively.
The protein expression and purification of Bt2 were performed according to the GST gene fusion
system handbook from GE Healthcare (Piscataway, NY, USA).

4.3. Rabbit Breeding, Anti-serum Preparation, and Antibody Purification

New Zealand white rabbits were provided by Da Shuo experimental animal company. Rabbits
were maintained in the Animal Core Facility following procedures approved by the Animal Care
and Use Committee of Sichuan Agricultural University (no 20160320, Chengdu, China). After one
week of acclimation, rabbits were injected with an antigen mixed with adjuvant every two weeks and
their venous blood harvested after three injections. Polyclonal rabbit antisera targeted to maize Bt2
were raised against the antigen, in which GST-Bt2 were purified by GST-gene fusion system protein
expression assay. Antiserum containing the polyclonal maize antibody was applied to the column
with 1 cm3 50% protein A and 50% protein G and washed with 10 cm3 ice-cold TBS (50 mM Tris-HCl,
pH 7.4, 150 mM NaCl, and 0.05% sodium azide). The antiserum was then thawed in ice water and
clarified by centrifugation at 15,000× g for 5 min at 4 ◦C. 3.6 cm3 of the clarified antiserum was added
to the column and the column was washed with 36 cm3 TBS buffer. 2.5 cm3 elution buffer with pH 2.7
and pH 1.9 (100 mM glycine pH 2.7 and 100 mM glycine pH 1.9, respectively) was gently added to the
column. Roughly 0.4 cm3 fractions were collected in the tubes above and neutralized with NB buffer
(1 M Tris-HCl, pH 8.0; 1.5 M NaCl; 1 mM EDTA; 0.5% sodium azide) to adjust the pH to approximately
7.4. Pure antibodies were used in immunoblot and immunoprecipitation. Pre-immune sera for each of
the antibodies used above were employed as negative controls, and showed no cross-reaction with
proteins from maize endosperm lysates and co-immunoprecipitation experiments.

4.4. Plant Protein Extraction and Protein Determination

Maize kernels were harvested and quickly frozen in liquid nitrogen and stored at −80 ◦C until
use. Maize endosperm was dissected using pre-chilled tweezers and a mortar on ice, and total
endosperm proteins were extracted from endosperm tissues flash frozen in liquid nitrogen. Two grams
of endosperm tissue were pulverized using a mortar and pestle under liquid nitrogen. 6 cm3 of native
protein extraction buffer (100 mM Tris-HCl, pH 7, 10 mM MgCl2, 100 mM KCl, 15% glycerol and DDT,
40 mM β-mercaptoethanol, 1 mM PMSF and phosphatase inhibitor cocktail (Sigma) added freshly)
were added followed by further shaking in a vortex. The homogenates were centrifuged (16,000× g,
10 min, 4 ◦C) and supernatants stored at −80 ◦C until use. Protein concentration was determined using
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the Bio-Rad protein assay (Bio-Rad, Hercules, CA, USA) according to the manufacturer’s instructions
and with BSA as a standard.

4.5. SDS-PAGE and Immunoblotting

Zn2+-phos-tagTM agarose was used to enrich phosphoproteins according to the manufacturer’s
instructions (Wako Pure Chemical Industries Ltd., Hiroshima, Japan). Briefly, the total maize
endosperm cell lysate sample containing 200 μg protein was used for enriching phosphoproteins
with 200 mm3 Zn2+-phos-tagTM agarose. For dephosphorylation assay, we treated cell lysate by
adding alkaline phosphatase. The binding assay was performed for 4 h at 4 ◦C, and then washed
3 times with washing buffer (0.1 M Tris-CH3COOH, 1.0 M CH3COONa, pH 7.5). Elution buffer
(0.1 M Tris-CH3COOH, 1.0 M NaCl, 10 mM NaH2PO4-NaOH, pH 7.5) was used for the elution
of phosphoproteins. Zn2+-phos-tagTM agarose binding proteins were separated by electrophoresis.
In addition, 20 μg maize endosperm cell lysates were subjected to SDS-PAGE as a control. The SDS
polyacrylamide gels consisted of an 8% or 10% acrylamide separation gel and a 4% stacking gel.
The resolved proteins were electrophoretically transferred to nitrocellulose membranes (GE Healthcare
Life Sciences, Cat: 10600003). The membranes were incubated with anti-Bt2 antibody diluted 1:5000
and anti-actin antibody diluted 1:1000 for 2 h at room temperature. The membranes were then
incubated with horseradish peroxidase conjugated with anti-rabbit IgG (Kangwei Company) diluted
1:5000 for 30 min, and the immunoreactive bands were detected using the chemiluminescent substrate,
Lumi-Light immunoblotting Substrate (Thermo Scientific, Cat: PI208186 and PJ209602, Rockford, IL,
USA). All immunoblot assays were independently performed at least three times.

4.6. Mass Spectrometry and Data Processing

The binding protein was collected from phos-tagTM agarose incubated with endosperm protein.
Similarly, the production of IP was collected. Protein was performed SDS-PAGE electrophoresis and
stained commassie brilliant blue. The gel was cut for in-gel tryptic digestion, gel pieces were destained
in 400 mm3 50 mM NH4HCO3 in 50% acetonitrile (v/v) until clear. Gel pieces were dehydrated with
100 mm3 of 100% acetonitrile for 5 min, the liquid was removed and the gel pieces were rehydrated in
10 mM dithiothreitol and incubated at 56 ◦C for 60 min. Gel pieces were again dehydrated in 100%
acetonitrile, liquid was removed and gel pieces were rehydrated with 55 mM iodoacetamide. Samples
were incubated at room temperature in the dark for 45 min. Gel pieces were washed with 50 mM
NH4HCO3 and dehydrated with 100% acetonitrile. Gel pieces were rehydrated with 10 ng/mm3

trypsin resuspended in 50 mM NH4HCO3 on ice for 1 h. Excess liquid was removed and gel pieces
were digested with trypsin at 37 ◦C overnight. Peptides were extracted with 50% acetonitrile and 5%
formic acid, followed by 100% acetonitrile. Peptides were dried and re-suspended in 0.1% formic acid.

The tryptic peptides were dissolved in 0.1% formic acid (solvent A), directly loaded onto a
homemade reversed-phase analytical column (15 cm in length, 75 μm i.d.). The gradient was comprised
of an increase from 4% to 50% solvent B (0.1% formic acid in 98% acetonitrile) in 50 min, 50% to 100%
in 4 min, then holding at 100% for the last 6 min, all at a constant flow rate of 400 nl/min on an
EASY-nLC 1000 UPLC system. The peptides were subjected to NSI source followed by tandem mass
spectrometry (MS/MS) in Q ExactiveTM Plus (Thermo) coupled online to the UPLC. The electrospray
voltage applied was 2.0 kV. The m/z scan range was 350 to 1800 for full scan, and intact peptides
were detected in the Orbitrap at a resolution of 70,000. Peptides were then selected for MS/MS
using NCE setting as 28 and the fragments were detected in the Orbitrap at a resolution of 17,500.
This was a data-dependent procedure that alternated between one MS scan followed by 20 MS/MS
scans with 15.0 s dynamic exclusion. Automatic gain control (AGC) was set at 5E4. The resulting
MS/MS data were processed using a Proteome Discoverer 1.3.6 Tandem mass spectra were searched
using MASCOT (Matrix Science, London, UK; version 2.2) and against an uniprot Zea mays database
(https://www.uniprot.org; 132356 sequences, download on 1 August 2018). Trypsin/P (or other
enzymes if any) was specified as the cleavage enzyme, allowing up to 2 missing cleavages. Mass error
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was set to 10 ppm for precursor ions and 0.02 Da for fragment ions. Peptide confidence was set at high,
and the peptide ion score was set >20. The GO term protein function classification in levels 1 and 2
were analyzed by http://www.ebi.ac.uk/GOA/.

4.7. Immunoprecipitation (IP) and Co-immunoprecipitation (Co-IP)

Co-immunoprecipitation experiments were conducted using the methods described by Fushan
Liu with some modifications [30]. Purified Bt2 antibodies (each approximately 10 μg) were individually
used for the immunoprecipitation and co-immunoprecipitation experiments with 27 days endosperm
after pollination cell lysates (1 cm3, 0.5 mg/cm3 proteins). The mixture of antibody and cell lysate
was incubated at 4 ◦C on a rotator for 4 h and precipitation of the antibody performed by adding
20 mm3 of Protein A/G-Sepharose (Biorad) made up as a 50% (w/v) slurry with phosphate buffered
saline (PBS, 137 mM NaCl, 10 mM Na2HPO4, 2.7 mM KCl, 1.8 mM KH2PO4, pH 7.4) at 4 ◦C for 4 h.
The Protein A-Sepharose/antibody/protein complex was centrifuged at 2000× g for 5 min at 4 ◦C in a
refrigerated microfuge and the supernatant was discarded. The pellet was washed five times (1.0 cm3

each) with PBS, followed by washing five times with a buffer containing 10 mM HEPES-NaOH, pH 7.5,
and 150 mM NaCl. Washed pellets were boiled in SDS loading buffer and separated by SDS-PAGE,
followed by immunoblot analysis.

4.8. Pro-Q Diamond Phosphoprotein Staining

For the control group, 20 μg total protein were extracted from 08-641 maize endosperm 15 days,
20 days and 27 days after pollination for running gel. For the phos-tagTM group, a total of 200 μg maize
endosperm cell lysate protein was enriched with 20 mm3 slurry made up as Zn2+-phos-tagTM agarose
and a 50% (v/v) suspension buffer containing 20 mM Tris-CH3COOH pH 7.4, 20% (v/v) 3-propanol.
For the immunoprecipitation (IP) group, 200 μg protein from endosperm was incubated with the
control IgG and Bt2, respectively. Then precipitation of the antibody was performed by adding 20 mm3

of Protein A/G-Sepharose (Biorad) made up as a 50% (w/v) slurry with phosphate buffered saline
(PBS, 137 mM NaCl, 10 mM Na2HPO4, 2.7 mM KCl, 1.8 mM KH2PO4, pH 7.4) at 4 ◦C on a rotator
for 4 h. The Protein A-Sepharose/antibody/protein complex was centrifuged at 2000× g for 5 min
at 4 ◦C in a refrigerated microfuge, and the supernatant was discarded. The pellet was washed five
times (1.0 cm3 each) with PBS buffer. Washed pellets were boiled in SDS loading buffer and separated
by SDS-PAGE. For all protein samples, transferring protein to a polyvinylidene difluoride (PVDF)
membrane (GE Healthcare Life Sciences, Cat: 10600023) was used for Pro-Q diamond phosphoprotein
dye staining according to manufacturer’s instruction from Invitrogen (Cat: MP33300). A commercially
available phosphorylated protein marker was used as a positive control and was purchased from
Thermo Fisher Scientific (Cat: MP33350). In order to exclude the possibility that the signal of Pro-Q
diamond phosphoprotein dye interfered with the signal from immunoblotting, after destaining of the
PVDF membrane with Pro-Q diamond phosphoprotein dye, the PVDF membrane with the protein
sample was used for Bt2 immunoblotting.

4.9. iTRAQTM Labeling and Mass Spectrometry Analysis

Phosphorylated protein was identified by the iTRAQTM method described by and Ma [48].
Briefly, three biological repeats maize 15 DAP kernels and three dependent transgene samples
protein were extracted and digested by sequencing-grade trypsin. Peptides were collected and
lyophilized. The samples were reconstituted in TEAB buffer and three independent samples labelled
by iTRAQ reagents (8 PLEX multiplex kit, AB Sciex, Cat: 4381663). Three independent WT samples
were respectively labeled with iTRAQ tag 115,116,117. Three independent transgenic samples were
respectively labeled with iTRAQ tag 118,119,121. TiO2 was used to enrich the phosphopeptides for
mass spectrometry analysis. All analyses were performed by a Triple TOF 5600 Mass Spectrometer
(SCIEX, USA) equipped with a Nanospray III source (SCIEX, Framingham, MA, USA). Samples were
loaded by a capillary C18 trap column (3 cm × 100 μm) and then separated by a C18 column (15 cm
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× 75 μm) on an Eksigent nanoLC-1D plus system (SCIEX, USA). The flow rate was 300 nL/min and
the linear gradient was 90 min (from 5–85% B over 67 min; mobile phase A = 2%ACN/0.1%FA and
B = 95%ACN/0.1%FA). Data were acquired with a 2.4 kV ion spray voltage, 35 psi curtain gas, 5 psi
nebulizer gas, and an interface heater temperature of 150 ◦C. The MS scanned between 400 and 1500
with an accumulation time of 250 ms. For IDA, 30 MS/MS spectra (80 ms each, mass range 100–1500)
were acquired with MS peaks above intensity 260 and a charge state of between 2 and 5. A rolling
collision energy voltage was used for CID fragmentation for MS/MS spectra acquisitions. Mass was
dynamically excluded for 22 s.

4.10. Zymograms of Native PAGE

AGPase zymograms modified method was used for in-gel assay of AGPase activity as described
by Huang et al. [34]. Five endosperm samples were ground in liquid nitrogen using a pre-chilled
mortar and pestle, and an extraction buffer (100 mM Tris-HCl, pH 7, 40 mM β-mercaptoethanol added
freshly, 10 mM MgCl2, 100 mM KCl, and 15% glycerol) was added in 1.5 cm3 EP tubes. The homogenate
was centrifuged at 16,000× g for 30 min at 4◦C, and the supernatant was stored at −80 ◦C or used
immediately. Equal amounts of protein (40 μg) were loaded onto a 7.5% (w/v) native acrylamide gel
and electrophoresed in Laemmli buffer lacking SDS at 4 ◦C at 90 V for 2 to 4 h. The gel was then
incubated overnight at 37 ◦C in 100 mM Tris-HCl, pH 8, 5 mM β-mercaptoethanol, 5 mM CaCl2, 10 mM
MgCl2, 5 mM Glc-1-P, 5 mM ATP, and 10 mM 3-PGA. Gels were photographed on a dark background
to visualize white precipitate bands. Control assays omitted ATP.

5. Conclusions

We provide the evidence that AGPase subunit Bt2 was phosphorylated in the maize endosperm
during starch synthesis process. Proteomic and mass spectrometry analysis showed the peptides
of AGPase subunit Bt2 were identified from product of phos-tagTM agarose binding maize
endosperm proteins. Phosphorylation of AGPase subunits could bind phos-tagTM agarose.
However, dephosphorylation of AGPase subunits would lose the binding treating with ALP. We further
demonstrated the result by immunoblot through specific Bt2 antibodies. Pro-Q diamond staining
further demonstrated the phosphorylation of Bt2. The specific phosphorylation sites of Bt2 at Ser10,
Thr451, and Thr462 were identified by iTRAQTM. Protein sequence multiple alignment analysis showed
Bt2-Thr451 and Bt2-Thr462 were very conserved sites in different species. Bt2-Ser10 is specific for maize,
potato and tomato. In native gel assay, removing phosphate group from Bt2 with alkaline phosphatase,
the activity of AGPase was abolished. In all, our data potentially suggest that phosphorylation of Bt2
may be a new model to regulate activity of AGPase.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/4/
986/s1.
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Abbreviations

ALP Alkaline phosphatase
Co-IP Co-immunoprecipitation
DAP Days After Pollination
GBSS Granule bound starch synthase
IP immunoprecipitation
SBEI Starch Branch Enzyme I
SBEIIa Starch Branch Enzyme IIa
SP Starch Phosphorylase
SSI Starch synthase I
SSII Starch synthase II
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Abstract: The somatic embryogenesis (SE) process of plants, as one of the typical responses to abiotic
stresses with hormone, occurs through the dynamic expression of different proteins that constitute a
complex regulatory network in biological activities and promotes plant totipotency. Plant SE includes
two critical stages: primary embryogenic calli redifferentiation and somatic embryos development
initiation, which leads to totipotency. The isobaric labels tandem mass tags (TMT) large-scale and
quantitative proteomics technique was used to identify the dynamic protein expression changes
in nonembryogenic calli (NEC), primary embryogenic calli (PEC) and globular embryos (GEs) of
cotton. A total of 9369 proteins (6730 quantified) were identified; 805, 295 and 1242 differentially
accumulated proteins (DAPs) were identified in PEC versus NEC, GEs versus PEC and GEs versus
NEC, respectively. Eight hundred and five differentially abundant proteins were identified, 309 of
which were upregulated and 496 down regulated in PEC compared with NEC. Of the 295 DAPs
identified between GEs and PEC, 174 and 121 proteins were up- and down regulated, respectively.
Of 1242 differentially abundant proteins, 584 and 658 proteins were up- and down regulated,
respectively, in GEs versus NEC. We have also complemented the authenticity and accuracy of
the proteomic analysis. Systematic analysis indicated that peroxidase, photosynthesis, environment
stresses response processes, nitrogen metabolism, phytohormone response/signal transduction,
transcription/posttranscription and modification were involved in somatic embryogenesis. The
results generated in this study demonstrate a proteomic molecular basis and provide a valuable
foundation for further investigation of the roles of DAPs in the process of SE transdifferentiation
during cotton totipotency.

Keywords: cotton; somatic embryogenesis; transdifferentiation; quantitative proteomics; regulation
and metabolism; molecular basis; concerted network

1. Introduction

Somatic embryogenesis (SE) is a notable illustration of cell totipotency as one of the typical
responses to abiotic stresses with hormone, which processes the developmental reprogramming of
somatic cells toward the embryogenesis pathway. Cotton (Gossypium hirsutum L.), as the foremost
natural fiber source [1] and one of the most important economic crops worldwide, has a global
socioeconomic impact worth approximately $56 billion [2]. However, plant regeneration in SE is
still a limiting method for transgenic development in cotton [1,3]. Somatic embryogenesis represents
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a unique phenomenon in the plant kingdom [4]. This developmental pathway is one of the most
striking examples of plant cell developmental plasticity [5,6]. It includes a series of characteristic
events, including somatic dedifferentiation, cell division activation, metabolism alterations and gene
expression pattern reprogramming [4]. During SE, the development of somatic cells is reprogrammed
to the embryogenic pathway, and SE forms the basis of cellular totipotency in higher plants [7]. Each
transformed cell has the potential to produce a plant from the callus [8]. Somatic embryogenesis and
subsequent plant regeneration have been reported in most major crop varieties [9]. Soybeans and
cotton have proven to be the most difficult to regenerate [10].

In cotton, only a few percent of somatic embryos are able to mature and regenerate into
plantlets. Most embryos develop abnormally, redifferentiate in to calli, or become necrotic and
die [11]. Sakhanokho and Rajasekaran [12] obtained a variety of factors affecting cotton during in vitro
regeneration, including plant growth regulators, explants, compositions of media and environmental
conditions. The transition of somatic cells into embryogenic cells is the most intriguing and the
least understood part of somatic embryogenesis [13–15]. Now, it is generally accepted that stress
and hormones play a crucial role in collectively inducing cell dedifferentiation and initiation of the
embryogenic program in plants with responsive genotypes [16–18].

Since the first observations of somatic embryo formation in suspension cultures of carrot cells
by Stewards [7] and Reinert [19], the potential for SE has been demonstrated to be characteristic of
extensive tissue culture systems from both dicotyledonous and monocotyledonous plants [20,21].
Considerable efforts have been expended in identifying the various factors that control SE [22,23]. An
important gene that marks embryonic cells is the transcription factor gene WUSCHEL (WUS) [24].
Using a genetic gain-of-function screening approach, Zuo et al. [25] found that overexpression of
WUS in roots, leaf petioles, stems, or leaves of Arabidopsis can induce the formation of somatic
embryos. These results indicate that WUS participates in the promotion and/or maintenance of
totipotent embryogenic stem cells. However, the wus mutants are still able to produce somatic embryos,
suggesting that multiple alternative pathways can lead to the expression of totipotent potential. WUS
is the only transcription factor that has been found to be involved in regulating meristematic stem
cells (pluripotent) and embryogenic stem cells (totipotent) [15]. In addition, when auxin biosynthesis
rates were manipulated in Arabidopsis embryos, polar auxin transport activity apparently buffered the
normal distribution of auxin, suggesting a compensatory mechanism for buffering auxin gradients in
the embryo, with PIN1 and PIN4 being the most important genes [26]. The results by Su [27] suggested
that the establishment of auxin gradients and the polar distribution of PIN1 are critical for the regulation
of WUS expression during somatic embryogenesis. ERF plays an important role in hormone signal
transduction and interconnecting different hormone pathways [28]. Inhibition of gibberellin (GA)
biosynthesis increases the fraction of lec1-tnp seedlings displaying the mutant phenotype, suggesting
that reduced GA levels enhance maturation processes induced by LEAFY COTYLEDON 1 (LEC1) [29].
The plant hormone abscisic acid (ABA) regulates many important plant developmental processes
and induces epigenetic reprogramming against tolerance to different stresses, including drought,
salinity, low temperature and some pathogens [30,31]. ABA serves as a critical chemical messenger
for stress responses. The roles of several genes in somatic embryogenesis masses (SEM) have been
well-characterized, including Arabinogalactan protein 1 (AGP1) [32], Glutathione-S-transferase (GST) [33],
SOMATIC EMBRYO RELATED FACTOR1 (MtSERF1) [34], BABY BOOM (BBM) [35], Agamous-like 15
(AGL15) [36,37] and SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASE (SERK) from Daucus
carota, which was the first identified marker gene with a crucial role in SEM [38].

At present, a great number of SE-related genes and transcription factors have been identified
at the transcription level. For example, Zeng [39], with the suppression subtractive hybridization
(SSH) technique, identified 671 cDNAs in the initial period of SE in cotton. Nonetheless, reports on the
identification of cotton SE at high-throughput proteins levels are still insufficient, especially during the
initial stage of SE transdifferentiation. Proteomics is a powerful approach aimed at systematic studies
of protein structure, function, interaction, and dynamics [4]. To further investigate the molecular
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regulatory mechanisms of somatic embryogenesis, the protein dynamics of NEC, PEC and GE were
identified by TMT quantitative proteomics techniques. The highly sensitive proteomic platform
based on the isobaric labels tandem mass tags was recently developed as one of the most robust
proteomics techniques [40,41]. Through identification and annotation of DAPs, we uncovered the key
genes/proteins and pathways involved in cotton SE transdifferentiation. The results generated in this
study provide a valuable foundation for further investigation of the roles of DAPs in cotton SE.

2. Results

2.1. Somatic Embryogenesis in Cotton

PEC were formed from NEC after approximately 3 months of culture. The initial development
period of GEs from embryogenic callus was the most restrictive step during cotton SEM (Figure 1). To
identify proteins related to SE and morphogenesis in cotton, we sampled the critical representative
periods of NEC, PEC and GEs for protein preparation and TMT-based quantitative proteomics analyses.

(a) (b) 

 

(c) 

Figure 1. Samples used for proteomic assays: (a) Nonembryogenic calli; (b) Primary embryogenic calli;
(c) Globular embryos. Bar (a,b) = 2.5 mm; bar (c) = 0.5 mm.

2.2. TMT-Based Quantitative Proteomic Basis Data Analysis and Overall Protein Identification

TMT-based quantitative proteomics was conducted to assess protein changes among NEC, PEC
and GEs in cotton. Pair wise Pearson’s correlation coefficients displayed sufficient reproducibility of
this experiment (Figure 2a). After quality validation, a total of 360,720 (74,579 matched) spectra were
obtained. Of these spectra, 45062 identified peptides (27,673 unique peptides) and 9369 identified
proteins (6730 quantified proteins) were detected (Table 1), and the average peptides mass error
was <10 ppm, indicating a high mass accuracy of the MS data (Figure 2b). The lengths of most
identified peptides were 8 to 20 amino acid residues (Figure 2c), suggesting that our sampling met the
required standard. The detail information of identified proteins, including protein accession, protein
description, gene name, peptide number, matching scores, carried charges and delta mass, is shown in
Supplementary Table S1.

To further understand their functions, all identified proteins were annotated according to different
categories, including subcellular localizations, Gene Ontology (GO) terms, Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways, predicted functional domains and other data. The detailed
information of all identified proteins is listed in Supplementary Table S1.
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(a) 

 

(b) 

 

(c) 

Figure 2. Experimental strategy for quantitative proteome analysis and quality control validation of MS
data: (a) Mass delta of all identified peptides; (b) Average peptide mass error; (c) Length distribution
of all identified peptides. NEC: Nonembryogenic calli; PEC: Primary embryogenic calli; GE: Globular
embryos. Each staged sample was prepared for three biological replicates.

Table 1. MS/MS spectrum database search analysis summary.

Total Spectrum Matched Spectrum Peptides Unique Peptides Identified Proteins Quantifiable Proteins

360,720 74,579 (20.7%) 45,062 27,673 9369 6730

2.3. Enrichment of the Chloroplast Subcellular Location and GO Functional Classification of All
Identified Proteins

To characterize the subcellular locations and functions of the identified differential proteins among
NEC, PEC and GEs in cotton, subcellular locations and GO functional classification were performed
(Figure 3; Supplementary Table S1). Subcellular distribution predictions (Figure 3a) showed that
the identified proteins were distributed predominantly in chloroplast (31.10%), cytoplasm (25.75%)
and nucleus (23.07%) during the transformation periods of somatic embryogenesis. Significantly, the
highest proportion of differential proteins was enriched in chloroplasts, highlighting that this organelle
plays an important role in cotton SE.
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Figure 3. Cont.
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Figure 3. Subcellular functional annotation and GO functional classification of identified proteins.
(a) Subcellular locations of identified proteins; (b) GO annotation in terms of cellular component;
(c) GO annotation in terms of molecular function; (d) GO annotation in terms of biological process. GO:
Gene Ontology.

The results of cellular component analysis further revealed that 22.67% of the identified proteins
were catalogued in organelles, 19.04% with macromolecular complexes and 18.07% with the membrane
(Figure 3b). Regarding molecular function, the largest two GO categories, binding and catalytic activity,
accounted for 47.59 and 41.55% of the identified proteins, respectively (Figure 3c). At the biological
process level, proteins involved in the metabolic process, cellular process and single-organism process
accounted for 33.17, 26.40 and 19.03% of identified proteins, respectively (Figure 3d). These results
demonstrated that the identified proteins are found in multiple cellular components, have diversified
molecular functions, and are involved in a variety of biological processes.

2.4. Identification of Differentially Abundant Proteins

Differentially abundant proteins were defined as those with a ≥2-fold or ≤0.5-fold change in
relative abundance (p < 0.05) between PEC and NEC, GEs and PEC, and GEs and NEC. In total, 805, 295
and 1242 DAPs were identified in comparing PEC versus NEC, GEs versus PEC and GEs versus NEC,
respectively. In PEC compared with NEC, 805 proteins differentially accumulated were identified,
309 of which were up regulated and 496 of which were down-regulated. Of the 295 DAPs identified
between GEs and PEC, 174 and 121 proteins were up- and down regulated in GEs, respectively. Of
1242 proteins differentially accumulated in GEs compared to NEC, 584 and 658 proteins were up- and
down regulated, respectively (Figure 4a; Supplementary Table S2).

To identify the commonly and specifically changed proteins between PEC and NEC, GEs and
PEC or between GEs and NEC, a Venn diagram was generated (Figure 4b). It clearly showed that 122
and 29 proteins were specifically expressed in PEC and GE processes, respectively, and 85 common
proteins (25 and 60) were involved in both PEC and GE.

To investigate the overall dynamics of proteome changes in SEM, we performed eight types
of protein expression pattern analyses for the DAPs identified in NEC, PEC and GEs (Figure 4c).
These analyses suggested protein expression patterns including down- to up regulation, up- to down
regulation, down- to down regulation, up- to up regulation, down- to constant-regulation, up- to
constant-regulation, constant- to down regulation and constant- to up regulation.
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Figure 4. Distribution of differentially accumulated proteins (DAPs): (a) Number of up(red)- and
down(green)-regulated DAPs in GE vs. NEC, GE vs. PEC and PEC vs. NEC; (b) Venn diagram to
show the distribution of DAPs between PEC vs. NEC (blue circle), GE vs. PEC (yellow circle) and GE
vs. NEC (green circle). (c) Expression patterns of DAPs. NEC: Nonembryogenic calli; PEC: Primary
embryogenic calli; GE: Globular embryos.
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2.5. Enrichment Analysis of DAPs in GO, KEGG and Protein Domain

In total, 1418 proteins (nonrepetitive DAPs) were differentially accumulated and significantly
regulated by the NEC, PEC and GEs under the given culture conditions (Supplementary Table S2/Total
DAPs). The biological functions of the DAPs could also be identified by their GO terms, KEGG
pathways and protein domain enrichment, as summarized in Figures 5–7.

2.5.1. Enrichment Cluster Analysis of DAPs between the Groups in GO Terms

In the different GO functional classifications, we carried out comparative cluster analysis between
the sample groups, indicating the change of the co-expression trends of different proteins between
the groups.

The Enzyme Metabolism Activity of Molecular Function Category in Cotton SE

For up-regulated DAPs, ‘protein dimerization activity’ and ‘protein heterodimerization activity’
showed a certain degree of enrichment in PEC versus NEC, GE versus PEC and GE versus NEC,
especially in GE versus NEC. ‘DNA helicase activity’ and ‘helicase activity’ were functional categories
which lower in GE versus NEC compared to PEC versus NEC. The up regulation of ‘peroxiredoxin
activity’ and ‘nutrient reservoir activity’ in GE versus PEC was greater than in GE versus NEC,
indicating that the enzyme and nutritional protein activities were higher in GE (Figure 5a). Most
of the differential proteins are clearly clustered among the down regulated proteins. Four DAPs of
peptidase-related protein activity, proteins from ‘hydrolase activity’ to ‘hydrolase activity, hydrolyzing
O-glycosyl compounds’ and other enzyme activity were significantly down regulated in PEC versus
NEC, but the enrichment of these DAPs was not significant in GE versus PEC; there were various
degree of enrichment in GE versus NEC. Additionally, ‘glutamate dehydrogenase (NAD+) activity’,
two proteins of ‘oxidoreductase activity’ and ‘phosphoenolpyruvate carboxykinase (ATP) activity’
accumulated to a certain extent in GE versus PEC (Figure 5a).

The results above indicated that enzyme metabolism activity affected the SE of cotton, with
dynamic features in NEC, PEC, and GE.

The Photosynthesis-Related Proteins of the Cellular Component Category in Cotton SE

In the cellular component category of PEC versus NEC and GE versus PEC, a large number
of DAPs were clustered in photosynthesis-related cellular components and proteins from ‘plastid
thylakoid’ to ‘photosystem I’, indicating a significant decrease of photosynthesis in PEC versus NEC.
Furthermore, in GE versus PEC, the corresponding photosynthetic cell components showed slightly
up regulated enrichment. However, the photosynthetic effect of GE was not higher than NEC; this
result showed that the photosynthesis-related DAPs of the cell component classification in GE versus
NEC were concentrated in the down regulated expression region (Figure 5b). Additionally, the DAPs’
of expression pattern from ‘photosynthetic membrane’ to ‘photosystem II’, photosynthesis-related
proteins’ was similar to the above results in that there was significant down regulation in PEC versus
NEC (Figure 5b).

The analysis above showed that photosynthesis is a critical process involved in SE of cotton,
which is consistent with our subcellular localization results.

The Regulation, Response and Metabolism-related Proteins of the Biological Process Category in
Cotton SE

Proteins related to ‘lipid transport’, ‘reproductive system development’, ‘DNA metabolic process’
and ‘regulation’ were up regulated with different degrees of enrichment in PEC versus NEC and GE
versus NEC. In addition, we also found that from ‘amide biosynthetic process’ to ‘cellular protein
metabolic process’ proteins in GE versus NEC were uniformly enriched in up regulation (Figure 5c).
Furthermore, ‘monosaccharide metabolic process’, ‘hexose metabolic process’, glycometabolism related
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proteins and the DAPs from ‘aminoglycan catabolic process’ to ‘cell wall macromolecule metabolic
process’ were down regulated to different degrees in the three sample groups. Other proteins involved
in response regulation were also enriched in the down regulated region in PEC versus NEC and GE
versus NEC (Figure 5c).

Interestingly and consistently, the photosynthesis-related proteins in ‘photosynthesis, light
harvesting’ were down regulated in PEC versus NEC and up regulated in GE versus PEC
(Figure 5c). The above results demonstrated that SE of cotton might frequently involve proteins
associated with environmental stress response, biological regulation, central metabolic processes, and
photosynthetic metabolism.

 

(a) 

Figure 5. Cont.
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(b) 

Figure 5. Cont.
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(c) 

Figure 5. GO functional cluster of differentially accumulated proteins (DAPs) in PEC vs. NEC, GE vs.
PEC and GE vs. NEC: (a) GO functional cluster of DAPs in the molecular function; (b) GO cluster of
DAPs in the cellular component; (c) GO functional cluster of DAPs in the biological process. NEC:
Nonembryogenic calli; PEC: Primary embryogenic calli; GE: Globular embryos; GO: Gene Ontology.
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2.5.2. Enrichment Analysis in KEGG of the DAPs Involved in Phenylpropanoid Biosynthesis, Nitrogen
Metabolism, Photosynthesis and Other Related Biological Processes

Enrichment Analysis in KEGG Clusters of Related Biological Processes among Groups

To further understand the function of SE-related proteins, we analyzed the differences and
dynamic changes among groups of rich clustering classes in KEGG pathways. Cluster analysis of
up regulated expression pathways showed that protein from ‘ribosome biogenesis in eukaryotes’
and ‘DNA replication’ were slightly enriched to varying degrees in PEC versus NEC and GE
versus NEC (Figure 6a). In the down regulated enrichment region, multiple types of proteins were
enriched in different levels in different sample groups, of which ‘phenylpropanoid biosynthesis’ and
‘nitrogen metabolism’ were enriched significantly in PEC versus NEC and GE versus PEC, respectively
(Figure 6a). The categories ‘photosynthesis−antenna proteins’, ‘glycolysis/gluconeogenesis’ and
‘carbon fixation in photosynthetic organisms’ were down regulated in PEC versus NEC and up
regulated in GE versus PEC (Figure 6a).

Phenylpropanoid biosynthesis and nitrogen metabolism were significantly enriched and
photosynthesis was re-enriched. The study suggesting the above biological processes possible
involvement in cotton SE transformation.

KEGG Pathway Enrichment Analysis of Related Biological Processes within the Sample Groups

In PEC versus NEC, KEGG pathway enrichment analysis demonstrated that the ‘phenylpropanoid
biosynthesis’, ‘photosynthesis’, ‘glutathione metabolism’ and ‘glycolysis/gluconeogenesis’ were the
most significantly affected pathways. A great deal of peroxidase proteins of the phenylpropanoid
biosynthesis pathway were down regulated in PEC and NEC. Furthermore, a variety of proteins
related to ‘photosynthesis’ and a slight number of DAPs of the ‘glycolysis/gluconeogenesis’ pathway
were also down-regulated in PEC and NEC. Additionally, the ‘glutathione metabolism’ pathway was
down regulated in PEC and NEC (Figure 6b).

KEGG analysis of GE versus PEC indicated that the enriched pathways of the DAPs were most
remarkably associated with ‘glutathione metabolism’ and ‘nitrogen metabolism’ pathways, which
were both down regulated. Once again, ‘photosynthesis-antenna proteins’ and ‘photosynthesis’ were
significantly enriched up regulated pathways (Figure 6c).

In addition, DAPs of GE versus NEC were classified into various KEGG pathways, of which
6 metabolic pathways were significantly enriched. Interestingly, the largest number of DAPs was
once more enriched in ‘phenylpropanoid biosynthesis’ and ‘photosynthesis’ were down-regulated.
Moreover, ‘ribosome’ was up regulated pathways that were also enriched (Figure 6d).

The results of the KEGG pathway analysis further indicated that the three metabolic pathways,
including phenylpropanoid biosynthesis, nitrogen metabolism and photosynthesis, are essential for
the process of cotton SE transformation.

327



Int. J. Mol. Sci. 2019, 20, 1691

 

(a) 

Figure 6. Cont.

328



Int. J. Mol. Sci. 2019, 20, 1691
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Figure 6. Cont.
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(d) 

Figure 6. KEGG cluster and pathway enrichment analysis of DAPs: (a) KEGG clusters in PEC vs. NEC,
GE vs. PEC and GE vs. NEC; (b) Pathway enrichment in PEC vs. NEC; (c) Pathway enrichment in
GE vs. PEC; (d) Pathway enrichment in GE vs. NEC. The pathway enrichment statistical analysis was
performed by Fisher’s exact test. The X-axis is folded enrichment; the y-axis is enrichment pathway.
The mapping is the protein number. NEC: Nonembryogenic calli; PEC: Primary embryogenic calli; GE:
Globular embryos; KEGG: Kyoto encyclopedia of genes and genomes

2.5.3. Enrichment Cluster Analysis of Differential Proteins Functional Domain

Domain enrichment analysis of up regulated proteins revealed that ‘histone’-related domain,
‘ribosomal’-related domain, ‘seed maturation protein’, ‘translation protein SH3−like domain’,
‘RmlC−like jelly roll fold’, ‘Cupin 1’ and ‘RmlC−like cupin domain’ were enriched in the three
sample groups with different dynamic expression patterns. The degree of enrichment of ’rmlC-like
jelly roll fold’ and ‘cupin 1’, seed storage protein-related domain, was extremely high in GE versus
PEC (Figure 7). This result indicates that the development of GE requires storage proteins to provide
nutrients for the regeneration of somatic embryos. For the down regulated expression region, domains
including the ‘aspartic peptidase domain’ and the ‘START−like domain’ were abundant in three or
two samples groups, including glutathione S−transferase domain. Furthermore, domains related to
‘haem peroxidase, plant/fungal/bacterial’, ‘secretory peroxidase’, ‘aquaporin−like’ and ‘glycoside
hydrolase’ were equally enriched in PEC versus NEC and GE versus NEC (Figure 7).

The cluster analysis of dynamic enrichment changes through different functional domains
showed that the ‘rmlC−like cupin domain’, seed maturation protein, glutathione S−transferase
and peroxidase-related domain were driving diverse tasks in different development processes of
cotton SE.
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Figure 7. Protein domain enrichment analysis of the differentially accumulated proteins (DAPs) in
PEC vs. NEC, GE vs. PEC and GE vs. NEC. NEC: Nonembryogenic calli; PEC: Primary embryogenic
calli; GE: Globular embryos.

2.6. Enrichment Analysis of the Major Biological Process between Different Comparison Groups

Above all, the significantly enriched GO terms of the biological process in different comparison
groups were investigated. In PEC and NEC, the top 5 GO terms were peroxidase-related, further
demonstrated the above results that significant enrichment of the phenylpropanoid biosynthesis
pathway was observed during the initiation process of SE. In addition, ‘photosynthesis’ term
showed significant changes in the PEC differentiation, promoting cotton SE. In GE and PEC,
environmental response and photosynthesis related proteins were presented in the top 12 GO terms,
indicating that the abundant abiotic stress and photosynthesis responsive proteins might regulate
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the maturity and development of globular embryos. In GE and NEC, the top 8 GO terms were
peroxidase, photosynthesis and environmental response related proteins, being part of an important
biological process in the process of cotton somatic embryo transformation. What’s more, glutamate
dehydrogenase (GDH) is significantly enriched in the molecular function classification of PEC and
GE. GDH is one of the main enzymes of nitrogen metabolism and participates in important biological
processes of plant SE. These important biological processes throughout the development process
suggested that complex regulatory networks are involved in the cotton SE process (Figure 8).

 

(a) 

 

(b) 

Figure 8. Cont.
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(c) 

Figure 8. GO terms of differentially accumulated proteins (DAPs) in the biological process and the
molecular function: (a) The biological process of DAPs in PEC vs. NEC; (b) The biological process and
the molecular function of DAPs in GE vs. PEC; (c) The biological process of DAPs in GE vs. NEC. NEC:
Nonembryogenic calli; PEC: Primary embryogenic calli; GE: Globular embryos; GO: Gene Ontology.

2.7. Several Major DAPs are Associated with SE Regulation and Modification

SE of cotton is regulated by many factors. The GO and KEGG enrichment analysis showed that
peroxidase, photosynthesis-related proteins, stress-responsive proteins, amino acid metabolism-related
proteins and other energy metabolism enriched proteins all play an important role in the process of
cotton SE. Furthermore, we comprehensively explored and analyzed differentially abundant proteins in
cotton SE involving hormone signal response/signaling transduction, transcription/posttranscription
and modification regulation (Table 2).

Table 2. Significantly representative SE regulatory DAPs in PEC vs. NEC, GE vs. PEC and GE vs. NEC.

Gene ID
Gene
Name

Protein ID Protein Description
Pathway

Annotation
PEC/NEC

Ratio
GE/PEC

Ratio
GE/NEC

Ratio

LOC107907377 PIN2 A0A120KAE0 Auxin efflux carrier
component Auxin signal 2.36 — —

LOC107909506 GH3.17 A0A1U8JQJ4
Indole-3-acetic acid-amido

synthetase GH3.17-like
isoform X2

Auxin signal 2.14 — —

LOC107948437 ETR1 A0A1U8NHA4 ethylene receptor-like
isoform X1 Ethylene signal 2.02 — 3.705

LOC107938108 GASL1 M1GN42 GA-stimulated transcript-like
protein 1 GA signal 0.25 0.27 0.068

LOC107955576 GASL4 M1GMV2 GA-stimulated transcript-like
protein 4 GA signal 3.00 —

LOC107950128 PYR1 A0A1U8NR07 Abscisic acid receptor
PYR1-like ABA signal — 2.31 2.361

LOC107893363 At5g01020 A0A1U8I6G4 serine/threonine-protein
kinase At5g01020-like Signal transduction 0.50 — 0.482

LOC107897915 — A0A1U8IRF6 A-kinase anchor protein
12-like isoform X2 Signal transduction 0.44 — 0.459

LOC107909143 — A0A1U8JP78
leucine-rich repeat

receptor-like protein kinase
PXC2

Signal transduction 0.45 — 0.36

LOC107945188 BAM3 A0A1U8N9I0
leucine-rich repeat

receptor-like Ser/Thr
-protein kinase BAM3

Signal transduction 2.03 — —
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Table 2. Cont.

Gene ID
Gene
Name

Protein ID Protein Description
Pathway

Annotation
PEC/NEC

Ratio
GE/PEC

Ratio
GE/NEC

Ratio

LOC107935259 PCKA A0A1U8M980 phosphoenolpyruvate
carboxykinase [ATP]-like Signal transduction 2.08 0.38 —

LOC107943515 At1g56140 A0A1U8N4H5
probable LRR receptor-like
serine/threonine-protein

kinase At1g56140
Signal transduction 0.29 — 0.215

LOC107931208 TPK1 A0A1U8LYM7 thiamine pyrophosphokinase
1-like isoform X1 Signal transduction 0.46 — 0.469

LOC107905700 PFK A0A1U8JGW8 ATP-dependent
6-phosphofructokinase Signal transduction — 2.55 2.504

LOC107943957 PV42A A0A1U8N623
SNF1-related protein kinase

regulatory subunit
gamma-like PV42a

Signal transduction — 2.83 2.757

LOC107937641 CPK11 A0A1U8MGW7 calcium-dependent protein
kinase 11-like Signal transduction 2.25 — 3.84

LOC107930954 CML27 A0A1U8LUL1 probable calcium-binding
protein CML27 Signal transduction 4.16 — 2.88

LOC107916423 RHN1 A0A1U8KFK5 ras-related protein
RHN1-like Signal transduction — 0.47 0.333

LOC107889787 — A0A1U8HV05 Embryonic protein DC-8-like
Somatic

embryogenesis
related proteins

— 3.58 4.522

LOC107937048 Lea2A-A Q03791 Embryogenesis abundant
protein

Somatic
embryogenesis
related proteins

— 4.42 4.746

LOC107941722 WOX9 A0A1U8MVD7 WUSCHEL-related
homeobox 9-like Transcription factor 2.58 — —

LOC107905698 NFYB6 A0A1U8JC47 Nuclear transcription factor
Y subunit B-6 Transcription factor 3.22 2.07 6.661

bHLH4 W5XUY9 BHLH4 transcription factor Transcription factor 2.16 — —

LOC107920272 NFYB9 A0A1U8KSD1 nuclear transcription factor Y
subunit B-9-like Transcription factor 4.07 — 2.509

LOC107931333 A0A1U8LVZ2 transcription factor HBP-1b
(C38)-like Transcription factor 2.40 — —

LOC107924015 PHL1 A0A1U8L8P3 Protein PHR1-LIKE 1-like Transcription factor 0.15 — 0.166

LOC107891610 At1g07170 A0A1U8I119
PHD finger-like

domain-containing protein
5B

Zinc finger 3.49 — 4.21

LOC107909066 NERD A0A1U8JUI6
zinc finger CCCH

domain-containing protein
19-like isoform X2

Zinc finger 2.03 — —

LOC107927097 TAF15B A0A1U8LG36 transcription TFIID subunit
15b-like Zinc finger 0.44 — —

LOC107962890 ZHD5 A0A1U8PUW9 zinc-finger homeodomain
protein 5-like Zinc finger — 2.93 5.554

LOC107890886 AGO1 A0A1U8HY77 protein argonaute 1-like
isoform X2

Posttranscriptional
regulation 8.44 — 6.734

LOC107906203 AGO4 A0A1U8JEA7 protein argonaute 4-like Posttranscriptional
regulation 2.38 — 2.426

LOC107962954 HEN1 A0A1U8PXD5
small RNA

2’-O-methyltransferase-like
isoform X4

Posttranscriptional
regulation 2.06 — —

LOC107891032 IDM1 A0A1U8HYR9 increased DNA methylation
1-like isoform X4

Modification-related
protein 2.62 0.49 —

LOC107906306 MMT1 A0A1U8JEK1 Methionine
S-methyltransferase

Modification-related
protein 0.46 — 0.458

LOC107948568 SUVH4 A0A1U8NHS0

histone-lysine
N-methyltransferase, H3

lysine-9 specific SUVH4-like
isoform X2

Modification-related
protein 0.28 — 0.196

LOC107943854 CCOAOMT A0A1U8N5R4 caffeoyl-CoA
O-methyltransferase -like

Modification-related
protein 0.35 — 0.363

LOC107953938 EMB1691 A0A1U8P3T9 methyltransferase-like
protein 1

Modification-related
protein 2.33 — 2.774
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Table 2. Cont.

Gene ID
Gene
Name

Protein ID Protein Description
Pathway

Annotation
PEC/NEC

Ratio
GE/PEC

Ratio
GE/NEC

Ratio

LOC107916882 IAMT1 A0A1U8KGS5 indole-3-acetate
O-methyltransferase 1

Modification-related
protein 2.32 — —

LOC107958653 — A0A1U8PI31
chromatin

modification-related protein
MEAF6-like isoform X3

Modification-related
protein — 3.48 5.641

LOC107926365 — A0A1U8LDK7 RNA cytidine
acetyltransferase

Modification-related
protein 2.17 — 2.333

LOC107960303 — A0A1U8PLN7
Acetyltransferase component
of pyruvate dehydrogenase

complex

Modification-related
protein 0.48 — 0.404

LOC107947121 UBR7 A0A1U8NDR8 putative E3 ubiquitin-protein
ligase UBR7

Modification-related
protein 2.90 — 2.679

LOC107959749 RUB2 A0A1U8PJK7 ubiquitin-NEDD8-like
protein RUB2

Modification-related
protein 0.26 — 0.286

LOC107938100 — A0A1U8MII2 Phosphotransferase Modification-related
protein 0.42 — 0.476

LOC107898863 CYP86B1 A0A1U8IP72 Cytochrome P450 86B1-like Fatty acid 4.51 — 2.388

LOC107922796 CYP86A8 A0A1U8L513 Cytochrome P450 86A8-like Fatty acid 2.02 — —

LOC107915850 PIP2-5 A0A1U8KIL6 probable aquaporin PIP2-5 Aquaporins — 2.58 —

LOC107898442 TIP3-2 A0A1U8IU16 probable aquaporin TIP3-2 Aquaporins — 2.29 9.086

LOC107963873 GhPIP2;10 D8FSK4 Aquaporin PIP210 Aquaporins 0.14 — 0.102

— GhTIP1;4 D8FSK6 Aquaporin TIP14 Aquaporins 0.20 — 0.195

LOC107934987
LOC107944588 PIP1;4 G8XV51 PIP protein Aquaporins 0.22 — 0.109

DAPs: differentially accumulated proteins; NEC: Nonembryogenic calli; PEC: Primary embryogenic calli; GE:
Globular embryos; GO: Gene Ontology.

2.8. Comparative and Complementary Proteome of the Candidate DAPs

To complement the changes in abundance at the transcriptional level and confirm the authenticity
and accuracy of the proteomic analysis, we analyzed ten candidate DAPs in NEC and PEC. Eight out of
ten genes under this analysis showed positive correlation between the expression levels of protein and
mRNA, indicating that most proteins were regulated directly at the transcription level. For the other
two DAPs, negative correlation between their expression levels of protein and mRNA was observed,
suggesting that their protein levels might be depended not only on the transcript level but also on the
post-translational level (Figure 9).
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Figure 9. Comparative and complementary proteome of the candidate DAPs in stage of NEC and PEC.
Significant differences in expression level were indicated by “*”. DAPs: differentially accumulated
proteins; NEC: Nonembryogenic calli; PEC: Primary embryogenic calli; GE: Globular embryos.
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3. Discussion

Proteomics analyses have long been recognized as a useful tool to dissect the molecular
mechanisms of SE. The effectiveness of this technique is strongly dependent on the applied technique
of the proteomics analysis system and the experimental system. Proteomics analyses for the somatic
embryogenesis in Pinus nigra Arn. [42] and Phoenix dactylifera L. [43] have been previously performed.
In this study, we performed quantitative proteomics analysis using the advanced EASY-nLC 1000
UPLC system based on the high-throughput TMT-labeling quantitative detection technique, and we
consequently identified 9369 proteins for our samples. Thus, our new study significantly improved the
resolution. TMT is advantageous and offers greater sensitivity for the analysis of cotton SE proteomic
dynamics than previous methods. Furthermore, most previous studies have focused on the molecular
mechanisms of regulation in the late stage of somatic embryogenesis, and little is known about protein
regulation and metabolism in the early stage of embryogenesis. In the isobaric tags for relative and
absolute quantitation (iTRAQ) proteomics analysis of Ge [11], 6318 proteins were identified in somatic
spherical embryo and cotyledon embryo. Subsequently, Zhu [44] identified 5892 proteins related to
SE through iTRAQ technology. In our study, a total of 9369 proteins were identified in stages of NEC,
PEC and somatic embryos’ initial development period of GEs by TMT-labeling quantitative detection
technique. Through identification and annotation of DAPs, we uncovered the key genes/proteins
and pathways involved in the critical initial stage of cotton SE. The results generated in this study
provide a valuable foundation for further investigation of the roles of DAPs during the expression of
totipotency in cotton SE.

3.1. DAPs Enriched in Crucial Biological Processes Associated with Cotton SE

3.1.1. Peroxidase Proteins Involved in Phenylpropanoid Biosynthesis Affect SE

Recently, a proteomic analysis of the somatic embryogenesis induction stage of Medicago truncatula
revealed that peroxidase accumulates by day 5 after the induction of somatic embryogenesis and
increases four-fold by day 14 [45]. Peroxidase is known to take part in diverse plant processes, such as
auxin metabolism, cell wall elongation and stiffening [46]. However, in the present study, our data
showed that peroxidase is involved in ‘phenylpropanoid biosynthesis’ pathways (Figure 6a,b; Figure 7),
and the expression pattern was different from that of Almeida [45]. We presume that peroxidase might
participate in different metabolic pathways with different expression patterns to regulate somatic
embryogenesis in different species. Peroxidase is a phenol oxidase and is highly representative in date
palm, and polyphenoloxidase are involved in oxidative browning in date palm [47,48]. Abohatem [49]
demonstrates that the low rate of successive transfer culture (every 15 or 20 days) reduced the increase
in phenolic contents and peroxidase activities in plant tissue leading to an enhancement of tissues/cells
browning and then to a decrease in embryonic cell proliferation. Fresh culture medium every 7 days
can significantly reduce the oxidative browning of tissue/cells, which is related to the reduction of
phenolic compounds and peroxidase activity, thus increasing the proliferation of embryonic protocells.
Based on our proteomic profile results, down regulation of many peroxidase DAPs in PEC versus
NEC indicates that peroxidase protein activity is weak during SE, which prevents callus browning and
promotes embryogenic differentiation.

3.1.2. Photosynthesis in Cotton SE

The photosynthetic potential of cotyledon embryos has been reported in previous studies. For
example, in Coffea × arabusta cotyledons photosynthetic capacity and germinated embryos, the
cotyledon embryo stage is the earliest photoautotrophic stage to ensure plant development [50].
Rival [51] reported that the maximum photochemical activity of photosystem II is extremely low in
proliferating embryos of oil palm and strongly increases at later developmental stages. In this study, the
result is that the expression pattern of DAPs in the ‘photosynthetic’ pathway is down- to up regulation.
According to our results, ‘Photosystem I P700 chlorophyll an apoprotein’, ‘oxygen-evolving enhancer
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protein 2’, ‘ATP synthase gamma chain’ and ‘Chlorophyll a–b binding protein’ of the ‘Photosynthesis’
pathway were down regulated in PEC in comparison to GEs (Figure 5b,c; Figure 6a–c). The results
indicate that photosynthesis organs and photosynthetic capacity gradually developed from the GE
stage for future autotrophy in cotton.

3.1.3. Response to Environment Stresses during SE of Cotton

Stresses are the factors that have been increasingly recognized as having important role in the
induction of SE [52]. Embryogenic competence of in vitro cultured somatic cells can be stimulated
by various factors, such as phytohormone [53,54], dehydration [55,56], explant wounding [57], heavy
metal ions [17,56], high osmotic pressure [58,59], etc. Our data showed that a series of stress responsive
biological processes were significantly enriched in PEC and GE, including response to acid chemical,
water, inorganic substance, oxygen-containing compound, chemical, abiotic stimulus and biotic
stimulus, indicating that callus was protected from the external environmental stress through complex
regulatory networks to ensure the embryos development of cotton during the PEC-to-embryos
transition of cotton (Figure 5c; Figure 8b). Previous studies have shown that decrease of water
availability stimulated a shift from proliferation of cells and early embryos to the production of
cotyledonary embryos in the developmental program of the culture [60]. In our study, the water
content gradually decreased with the callus culture time increased prompted the tissue cells to respond
to dry stress and initiate defense mechanisms to ensure embryo development. In the carrot somatic
embryogenesis, 2,4-dichlorophenoxyacetic acid (2,4-D) functions as a stress chemical as well as an
auxin [61]. During Arabidopsis somatic embryos induction, cells in the shoot apical meristem (SAM)
of wild-type seedlings acquired pluripotency or embryogenic potential under initial stress, and then
these cells form somatic embryos on 2,4-D treatment [17]. In our culture system, 2,4-D is also used to
induce SE, but stress treatment is necessary before exposure to 2,4-D. From the datas above, we can
conclude that stress responses are the indispensable biological processes in plant embryos induction.

3.1.4. Effects of Nitrogen Metabolism Related to SE

Glutamate dehydrogenase (GDH) is one of the enzymes directly related to nitrogen metabolism.
Induction of various GDH isoenzymes may suggest their varied anabolic and catabolic functions [62].
GDH, which is directly involved in the oxidation of amino acids, protect tissues from the toxicity
of ammonium [63]. Ganced [64,65] strongly suggested that sugar could control the expression of
the GDH gene through catabolic inhibition, which has been described in bacteria and yeast. In this
study, GDH in nitrogen metabolism was significantly enriched in GE versus PEC and showed a down
regulated trend (Figure 6a,c). We speculate that GDH may be more important during the cotton PEC
redifferentiation period.

3.2. Other DAPs of Regulatory Factors Associated with Cotton SE

3.2.1. Phytohormone Response Related Proteins

Hormones are the most likely candidates in the regulation of developmental switches [16].
Auxin is the main growth regulator in plants, which is involved in the regulation of cell division
and differentiation, as well as the existence of other growth regulators such as abscisic acid [66],
ethylene [67], gibberellin [68].

In cotton primary embryogenic calli, the DAPs of ‘Auxin efflux carrier component’ (AP2) and
‘indole-3-acetic acid-amido synthetase GH3. 17-like’ (GH3) were up regulated (Table 2). Auxin-related
proteins are essential for initiating dedifferentiation and cell division in already differentiated cells
before they can express embryogenic competence [44]. The PIN gene is believed to be the coding
element that regulates the auxin efflux mechanism of the polar auxin transport, which is concluded by
the polarity localization of the PIN membrane protein and auxin absorption experiment [69]. Blilou [70]
pointed to polar auxin transport as a major factor in organ formation. The GH3 gene is one of several
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sequences screened by differential hybridization of auxin-induced cDNA sequences extracted from
auxin-treated soybean tissues [71]. Expression of the GH3 gene has been shown to be rapidly and
specifically induced by the application of auxin [72,73]. These conclusions also explained the up
regulation of AP2 and GH3 in PEC due to the trend of auxin polar transport organ formation and the
key regulation of induced somatic embryo formation.

Gallie [74] identified two ethylene receptor gene families in maize. In developing embryos, the
expression levels of members of the two ethylene receptor families were significantly increased, which
indicated that embryonic development was involved in ethylene synthesis. In this study, DAPs of
‘ethylene receptor-like isoform X1’ (Table 2) were involved in the ethylene signaling pathway and were
up regulated in PEC compared to NEC, suggesting that ethylene receptor may positively regulate SE
initiation in cotton.

In the present study, the differentially accumulated ‘GA-stimulated transcript-like protein 1’
(GASL1) was down regulated in PEC and GE (Table 2). Ge [11] demonstrated that, at 10 days
after GA treatment, 95% of the embryos showed an aberrant structure, large size, and light-green
color. Therefore, we presume that GA negatively affects somatic embryo production and growth via
regulation of the GA signaling pathway.

Treatment with ABA improves the efficiency of somatic embryo maturation of Panax ginseng [75]
and promotes sugar cane embryo growth [76]. Somatic embryos treated with ABA generate the highest
yield of plantlets in Picea abies [77]. In our results, the ‘abscisic acid receptor PYR1-like’ DAP, which is
involved in the ABA signal pathway, was up regulated in GE compared to PEC (Table 2); this suggests
that the ‘abscisic acid receptor PYR1-like protein’ promotes embryo maturation in GE.

3.2.2. Signal Transduction Related Proteins

In this study, we also found that a large number of important signal regulators, including kinases,
calcium signals and GTP-binding related proteins (Table 2), were significantly differential expressed in
cotton SE. Ca2+ has an important role in the establishment of cellular polarity during embryogenesis
in plants [78]. It as a secondary messenger may trigger various signal transduction pathways [79] in
plants SE. Calmodulin or Ca2+-dependent protein kinase may be involved in the regulation of Ca2+

levels in the proembryogenic cell mass (PEM) of sandalwood to promote embryo development [80]. In
our TMT profile, the calcium-related proteins ‘calcium-dependent protein kinase 11-like’ and ‘probable
calcium-binding protein CML27’ were simultaneously up regulated in PEC versus NEC. We presume
that calcium-related proteins involved in signal transduction and regulation of calcium balance, thereby
establishing polarity to promote cotton SE.

Phosphoenolpyruvate carboxylase (PEPC), a glycolytic protein and CO2-fixing enzyme [81],
participates in TCA cycle under non-photosynthesis conditions [82] and signal transduction of plant
embryo development [83]. Therefore, this metabolic pathway maintains the carbon residue pool
necessary for oil and storage protein biosynthesis that occurred the later in embryonic development [84].
In our study, the protein ‘phosphoenolpyruvate carboxykinase [ATP]-like’ was up regulated in PEC
versus NEC and down regulated in GE versus PEC (Table 2). Thus, we presume that PEPC may not
only participate in TCA cycle and fixation of CO2 but also in signal transduction in PEC, providing
energy for cotton SE transformation process.

As a result, calcium-related proteins, PEPC and other signal transduction proteins may be involved
in a variety of biological processes to promote the transformation process of cotton SE.

3.2.3. SE Associated Proteins of Aquaporins and Fatty Acid Metabolism

In our TMT profile, a large number of aquaporins, including PIP and TIPs, were found to
be significantly involved in PEC and GE initiation during SE. Aquaporin was involved in water
transport by osmosis to prevent dryness and abortion during embryonic development, which was
of great significance in the development of Picea asperata somatic embryos [85]. Here, we found that
the aquaporins (PIP210, TIP14 and PIP type) were significantly down regulated during PEC; the
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aquaporins (PIP2-5, TIP3-2) were significantly up regulated during GE (Table 2). Therefore, we suspect
that these proteins are sensitive to water content and light induction during cotton SE initiation process
of transdifferentiation. Similarly, previous studies have shown that aquaporin, under stress conditions,
forms a ‘tunnel’ to regulate the water transport in the cell membrane [86], and can be induced by
light [87]. In addition to reducing the activation energy of water transport, aquaporin also enhanced
the permeability of the plasma membrane [88].

Many fatty acid biosynthesis- and metabolism-related proteins, such as ‘cytochrome P450
86B1-like’ and ‘cytochrome P450 86A8-like’, were differentially accumulated. In the fatty acid
biosynthesis pathway, they were up regulated in PEC (Table 2). A previous study reported that
fatty acids, which affect cell function and growth patterns, appear to be a part of the TDZ action pattern
and may play an important role in inducing regeneration [89]. These results implied that aquaporins
and perturbations of fatty acid metabolism contribute to the initiation of SE in cotton.

3.2.4. Regulation of SE-related Proteins, Transcription, Posttranscription and Modification

In this study, two types of SE-related proteins and multiple types of transcription factors,
zinc finger domains, microRNAs and modification-related proteins were identified (Table 2). Late
embryogenesis abundant protein (LEA) was first found in cotton (Gossypium hirsutum) seeds and
accumulated in the late stages of embryogenesis, which played a crucial role in cell dehydration
tolerance [90]. In current study, two types of SE-related proteins, ‘embryonic protein DC-8-like’ and
‘embryogenesis abundant protein’, were up regulated in GE. It indicating that they may positively
regulate somatic embryo maturation and involve in cell dehydration tolerance in cotton.

WUSCHEL (WUS) is a vital transcription factor for labeling embryonic cells [24]. The capability of
promoting the vegetative to embryonic transition by WUS, and eventually forming somatic embryos,
suggesting that the homeodomain protein also plays a critical role during embryogenesis, in addition
to its function in meristem development [91]. In this result, ‘WUSCHEL-related homeobox 9-like’ was
up regulated in PEC, indicating that the WUSCHEL-related protein is essential for the initiation of
somatic embryogenesis. In addition to WUS, we also found other transcription factors, zinc finger
domains related to SE (Table 2).

Members of the Argonaute protein family are key players in the small RNA-directed gene
silencing pathway. Various types of small RNA and Argonaute proteins played important roles in
embryonic development, cell differentiation and transposon silencing in all higher eukaryotes [92].
In our data, ‘protein argonaute 1-like isoform X2’, ‘protein argonaute 4-like’ and ‘small RNA
2’-O-methyltransferase-like isoform X4’ were significantly up regulated during PEC versus NEC
(Table 2), suggesting that RNA-mediated post-transcriptional regulation played an important role in
the process of cotton SE transformation as reported in other plants [93–95].

In current study, we identified several types of modification-related DAPs, including DNA
methylation, chromatin modification, acetylation, ubiquitination and phosphorylation. In the process
of carrot SE, the removal of auxin led to the loss of DNA methylation, so that the embryo continued to
develop [96]. Six types of methylation-related proteins were identified, which dynamically regulated
to cotton SE by different expression patterns. Efficient modification of chromatin structure was
crucial in the epigenetic regulation of genes [97]. In our data, ‘chromatin modification-related
protein MEAF6-like isoform X3’ promoted maturation and development of cotton GEs by epigenetic
regulation. In addition, during the PEC period, we also identified acetylation, ubiquitination and
phosphorylation-related proteins with different expression patterns (Table 2), indicating that they
played diverse and indispensable functions in regulating cotton SE.

The different expression patterns of SE-related proteins, multitudinal transcription,
posttranscription and modification showed that they played a pivotal role in the process of cotton
SE [98–103]. The results of our high-through put proteomics assay, the large scale of proteins associated
with SE, and their complex expression patterns suggest that SE is a concerted process involving
multiple molecular pathways controlled by a complicated gene regulatory network.
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4. Materials and Methods

4.1. Plant Materials and Culture Conditions

Seeds of cotton cultivar Yuzao 1 (Institute of Cotton Research of CAAS), uncovering the coats,
were imbibed in 0.1% (w/v) HgCl2 for 10 min, then rinsed four times by sterile distilled water and
germinated on Murashige and Skoog (MS) medium containing 3% (w/v) sucrose and 0.3% (w/v)
Phytegel. Hypocotyl explants (0.5–1.0 cm) taken from 5–7 d old seedlings and non-embryogenic callus
initiation of Yuzao 1 was done, as described by Wu [104], in MS medium plus B5 vitamins medium
(MSB) containing 0.46 μmol L–1 kinetin and 0.45 μmol L–1 2,4-D. Calli were subcultured in MSB
medium without any hormone to induce embryogenic calli (EC), as described by Zeng [39]. Samples
were collected from the following three stages of SEM (1) NEC from explants cultured in MSB, induced
(2) PEC and (3) GEs. The collected samples were immediately frozen in liquid nitrogen, and stored at
−80 ◦C before protein extraction. Each staged sample was prepared for three biological replicates.

4.2. Protein Extraction and Identification

4.2.1. Protein Samples Preparation

The three biological replicates of sample were first ground by liquid nitrogen, then the powder was
transferred to 5 cm3 centrifuge tube and sonicated three times on ice using a high intensity ultrasonic
processor (Scientz, Ningbo, China) in 4-fold volume phenol extraction buffer (including 10 mM
dithiothreitol, 1% Protease Inhibitor Cocktail and 2 mM EDTA). The equal amount of trisaturated
phenol (pH 8.0) was added; then, the mixture was further vortexed for 5 min. After centrifugation (4 ◦C,
10 min, 5000× g), the upper stage of phenol was transferred to a new centrifuge tube. Proteins were
precipitated by adding at five volume of 0.1 M ammonium sulfate-saturated methanol to precipitate
overnight. After centrifugation at 4 ◦C for 10 min, the supernatant was discarded. The remaining
precipitate was washed with ice-cold methanol once, followed by ice-cold acetone for three times.
The protein was redissolved in 8 M urea and the protein concentration was determined with BCA kit
(Beyotime Biotechnology, Shanghai, China) according to the manufacturer’s instructions.

4.2.2. Trypsin Digestion

Protein solution with dithiothreitol makes its final concentration of 5 mM, 56 ◦C for 30 min. After
that, acetamide was added to make the final concentration 11 mM and incubated in the dark at room
temperature for 15 min. Finally, the sample urea concentration was diluted to less than 2 M. With 1:50
(w/w) quality ratio (trypsin: protein) to join the pancreatic enzyme, 37 ◦C enzyme solution for the
night. Then the trypsin (Promega, Madison, WI, USA) was added at a mass ratio of 1:100 (trypsin:
protein), and the enzymatic hydrolysis continued for 4 h.

4.2.3. TMT Labeling

After trypsin digestion, the peptide was desalted by Strata X C18 SPE column (Phenomenex,
Torrance, CA, USA) and vacuum-dried. The peptide was reconstituted in 0.5 M TEAB (Sigma, St. Louis,
MI, USA) and processed according to the manufacturer’s protocol for TMT kit (Thermo Fisher Scientific,
Waltham, MA, USA). Briefly, one unit of TMT reagent was thawed and reconstituted in acetonitrile.
The peptide mixtures were then incubated for 2 h at room temperature and pooled, desalted and dried
by vacuum centrifugation.

4.2.4. HPLC Fractionation and LC-MS/MS Analysis

The tryptic peptides were fractionated into fractions by high pH reverse-phase HPLC using
Agilent 300Extend C18 column (5 μm particles, 4.6 mm ID, 250 mm length, Agilent, Santa Clara, USA).
Briefly, peptides were first separated with a gradient of 8% to 32% acetonitrile (pH 9.0) over 60 min
into 60 fractions. Then, the peptides were combined into 9 fractions and dried by vacuum centrifuging.
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The tryptic peptides were dissolved in 0.1% formic acid (solvent A), directly loaded onto a
home-made reversed-phase analytical column (15-cm length, 75 μm i.d.). The gradient was comprised
of an increase from 8% to 23% solvent B (0.1% formic acid in 90% acetonitrile) over 38 min, 23% to 35%
in 14 min and climbing to 80% in 4 min then holding at 80% for the last 4 min, all at a constant flow rate
of 450 nL/min on an EASY-nLC 1000 UPLC system (Thermo Fisher Scientific, Waltham, MA, USA).

The peptides were subjected to NSI source followed by tandem mass spectrometry (MS/MS)
in Q ExactiveTM HF-X (Thermo Fisher Scientific, Waltham, MA, USA) coupled online to the UPLC.
The electrospray voltage applied was 2.0 kV. The m/z scan range was 350–1600 m/z for a full scan,
and intact peptides were detected in the Orbitrap (Thermo Fisher Scientific, Waltham, MA, USA)
at a resolution of 60,000. Peptides were then selected for MS/MS using NCE setting as 28 and the
fragments were detected in the Orbitrap at a resolution of 17,500. A data-dependent procedure that
alternated between one MS scan followed by 20 MS/MS scans with 30 s dynamic exclusion. Automatic
gain control (AGC) was set at 1E5. The fixed first mass was set as 100 m/z. The HPLC Fractionation
and LC-MS/MS Analysis in our research is supported by Jingjie PTM BioLabs (Hangzhou, China).

4.2.5. Database Search

The resulting MS/MS data were processed using Maxquant search engine (v.1.5.2.8). Tandem mass
spectra were searched against the UniProt 14.1 (2009)—Gossypium hirsutum database (78,387 sequences)
concatenated with reverse decoy database. Trypsin/P was specified as cleavage enzyme allowing up
to 2 missing cleavages. The first search was 20 ppm, the main search was 5 ppm, and the fragment ion
mass tolerance was 0.02 Da.

4.3. Bioinformatics

4.3.1. Annotation Methods

GO Annotation

Gene Ontology (GO) annotation proteome was derived from the UniProt-GOA database
(http://www.ebi.ac.uk/GOA/). Firstly, converting identified protein ID to UniProt ID and then
mapping to GO IDs by protein ID. If some identified proteins were not annotated by UniProt-GOA
database, the InterProScan soft would be used to annotated protein’s GO functional based on protein
sequence alignment method. Then proteins were annotated according to the biological process, cellular
component and molecular function of the three categories of protein Gene Ontology annotation.

Domain Annotation

Identified proteins domain functional description were annotated by InterProScan (a sequence
analysis application) based on protein sequence alignment method, and the InterPro domain database
was used. InterPro (http://www.ebi.ac.uk/interpro/) is a database that integrates diverse information
about protein families, domains and functional sites, and makes it freely available to the public
via Web-based interfaces and services. At the heart of the database are diagnostic models, known
as signatures, from which protein sequences can be searched for potential functions. InterPro has
applications in large-scale genome-wide and metagenomic analyses, and the characterization of
individual protein sequences.

KEGG Pathway Annotation

KEGG connects known information on molecular interaction networks, such as pathways
and complexes (the “Pathway” database), information about genes and proteins generated by
genome projects (including the gene database) and information about biochemical compounds and
reactions (including compound and reaction databases). These databases are different networks,
known as the “protein network”, respectively, and the “chemical universe”, respectively. Efforts
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are being made to increase KEGG knowledge, including information on orthographic clustering
in the KEGG orthographic database. KEGG Pathways mainly including: Metabolism, Genetic
Information Processing, Environmental Information Processing, Cellular Processes, Rat Diseases, Drug
Development. Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://www.genome.
jp/kegg/) was used to annotate protein pathway. Firstly, using KEGG online service tools KAAS
(http://www.genome.jp/kaas-bin/kaas_main) to annotate protein’s KEGG database description.
Then mapping the annotation result on the KEGG pathway database using KEGG online service tools
KEGG mapper (http://www.kegg.jp/kegg/mapper.html).

Subcellular Localization Prediction

Eukaryotic cells are elaborately subdivided into membrane-bound chambers with unique
functions. Some major constituents of eukaryotic cells are extracellular space, cytoplasm, nucleus,
mitochondria, Golgi apparatus, endoplasmic reticulum (ER), peroxisome, vacuoles, cytoskeleton,
nucleoplasm, nucleolus, nuclear matrix, and ribosomes. There, we used wolfpsort (http://
www.genscript.com/psort/wolf_psort.html) a subcellular localization predication soft to predict
subcellular localization. Wolfpsort is an updated version of PSORT/PSORT II for the prediction of
eukaryotic sequences.

4.3.2. Functional Enrichment

Enrichment of Gene Ontology Analysis

Through GO annotation, proteins are divided into biological process, cellular compartment,
and molecular function. For each class, we used a double-tailed Fisher’s precision test to detect the
enrichment of differentially abundant proteins relative to all identified proteins. GO with a revised
p value of <0.05 is considered significant.

Enrichment of Pathway Analysis

KEGG database identified enrichment pathways by double-tailed Fisher’s precision test to detect
the enrichment of differentially abundant proteins against all identified proteins. The pathway with a
corrected p-value < 0.05 was considered significant. According to the KEGG website, these paths are
classified into hierarchical categories.

Enrichment of Protein Domain Analysis

For each category protein, InterPro (a resource that provides a functional analysis of protein
sequences by classifying them into families and predicting the presence of domains and important
sites) database was researched and a two-tailed Fisher’s exact test was employed to test the enrichment
of the differentially abundant proteins against all identified proteins. Protein domains with a p-value <
0.05 were considered significant.

Enrichment-Based Clustering

For further hierarchical clustering based on different protein functional classification (such as
GO, Domain, Pathway, Complex). We first collated all the categories obtained after enrichment along
with their p values, and then filtered for those categories which were at least enriched in one of the
clusters with p value <0.05. This filtered P value matrix was transformed by the function x = −log10
(p value). Finally, these x values were z-transformed for each functional category. These z scores were
then clustered by one-way hierarchical clustering (Euclidean distance, average linkage clustering) in
Genesis. Cluster membership was visualized by a heat map using the “heatmap.2” function from the
“gplots” R-package.
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Abbreviations

ABA Abscisic acid
DAPs Differentially accumulated proteins
EC Embryogenic calli
GA Gibberellin
GEs Globular embryos
GO Gene Ontology
iTRAQ Isobaric tags for relative and absolute quantitation
KEGG Kyoto encyclopedia of genes and genomes
MS Murashige and Skoog
MSB Vitamins medium
NEC Nonembryogenic calli
PEC Primary embryogenic calli
PEM Proembryogenic cell mass
SE Somatic embryogenesis
SEM Somatic embryogenesis masses
SSH Suppression subtractive hybridization
TMT The isobaric labels tandem mass tags
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Abstract: Lotus (Nelumbo nucifera) is a perennial aquatic basal eudicot belonging to a small family
Nelumbonaceace, which contains only one genus with two species. It is an important horticultural
plant, with its uses ranging from ornamental, nutritional to medicinal values, and has been widely
used, especially in Southeast Asia. Recently, the lotus obtained a lot of attention from the scientific
community. An increasing number of research papers focusing on it have been published, which have
shed light on the mysteries of this species. Here, we comprehensively reviewed the latest advancement
of studies on the lotus, including phylogeny, genomics and the molecular mechanisms underlying its
unique properties, its economic important traits, and so on. Meanwhile, current limitations in the
research of the lotus were addressed, and the potential prospective were proposed as well. We believe
that the lotus will be an important model plant in horticulture with the generation of germplasm
suitable for laboratory operation and the establishment of a regeneration and transformation system.

Keywords: Nelumbo nucifera; phylogeny; genomics; molecular mechanisms; model plant

1. Introduction

Lotus is a perennial aquatic plant. It belongs to the small family of Nelumbonaceae, comprising of
only one genus Nelumbo with two species: Nelumbo nucifera Gaertn. and Nelumbo lutea Pear., which are
popularly named as Asian lotus and American lotus, respectively [1]. Generally, lotus refers to Asian
lotus and mainly distributes in Asia and the north of Oceania, while the American lotus primarily
occurs in the eastern and southern parts of North America, as well as the north of South America [1–4]
(Figure 1). Being separated by the Pacific Ocean, these two species differ in their external morphologies,
such as petal color and shape, leaf shape and plant size [5] (Figure 1). In spite of this, both of them
have the same chromosome number (2n = 16), and show a similar life style, with about five months of
life span for each generation. Crossing between these two species could generate an F1 population,
which is totally infertile. Although there are only two species of lotus in taxonomy, very abundant
germplasms exist all over the world, which display variable genetic backgrounds and phenotypes,
especially in Asia. In addition, the lotus is a basal eudicot, which makes it a very important species in
plant phylogenetic and evolution studies.

Asian lotus is also named as sacred lotus because of its significance in the religions of Buddhism
and Hinduism [5]. It is a very good symbol in Chinese traditional culture. All of these make sacred
lotus a very popular ornamental plant. In addition, it is also a popular vegetable and traditional
medicinal plant with great economic value in South-East Asia. China is regarded as one of the major
centers in lotus cultivation and breeding, with over several thousands of years of cultivation history [1].
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As the result of the long period of breeding, domestication and cultivation, large amounts of lotus
cultivars have been obtained, showing variable morphology and other traits. The cultivated lotus is
generally divided into three categories, namely, rhizome, seed and flower lotus, according to their
usage in reality. The lotus rhizome and seed could not only be consumed as vegetables, but are
also used for lotus propagation, whereas, the flower lotus is mainly applied in ornamentation and
environmental improvement. Based on the climatic regions they are accustomed to, sacred lotus could
also be classified into two ecotypes, which are temperate lotus and tropical lotus. The temperate lotus
has an enlarged rhizome occurring after flowering and its leaves wither. In contrast, the tropical lotus
has a whip-like rhizome with a longer green period and flowering time [1,2].

Figure 1. Overview of the lotus species and their global distribution. The left and right panels show
the flowers of American and Asian lotus, respectively. The yellow and red shadow areas in the world
map of the middle panel show the distributions of American and Asian lotus, respectively. (Figure
revised from Li, Y. et al. [4]).

Because of its importance in horticulture, medicinal usage and plant phylogeny, the sacred
lotus has gained increasing interests from the scientific community. It will undoubtedly enhance
the breeding and application of lotus to obtain enough fundamental knowledge about this plant.
Recently, the genome of two sacred lotus germplasms were sequenced and released [6,7], which
facilitates further study on this species. Up-to-date, there are nearly 1000 research publications focusing
on different aspects of the lotus, half of which were published in the last decade. In this review, we
summarized the latest advancement of studies on the sacred lotus in order to provide a comprehensive
insight into the basic biology and economic usage of this important plant, which might also contribute
to future studies on lotus breeding and germplasm enhancement.

2. Phylogeny and Genomic Studies

Taxonomically, lotus belongs to the genus of Nelumbo, which is the only existing genus of the
Nelumbonaceae family. Cretaceous fossils have been assigned to Nelumbonaceae. Analysis on these
fossils indicate that the family of Nelumbonaceae might have more than 100 Ma years of history,
and showed considerable morphological stasis. [8]. Determination of lotus classification in taxonomy
took a long time. Because of its superficial similarities in the flowers and vegetative body with
the waterlily, Nelumbo used to be regarded as one genus of the Nymphaeaceae family in the old
classification system. In the Cronquist system, the Nelumbonaceae family was recognized, but still
placed in the order of Nymphaeales [9]. In both the Dahlgren system [10] and the Thorne system [11],
the Nelumbonaceae family was placed in its own order, Nelumbonales. Takhtajan [12] removed
Nelumbonaceae from Nymphaeales, but placed them alone in the subclass of the Nelumbonidae. With
the increasing accumulation of evidence at the molecular level, The Angiosperm Phylogeny Group
(APG) has placed it into the basal eudicot order of Proteales, which is outside of the core eudicots
(http://www.mobot.org/MOBOT/research/APweb/, last accessed date: 23 June, 2019) [13].

351



Int. J. Mol. Sci. 2019, 20, 3680

Except for Nelumbonaceae, Proteales contains three other families, including Platanaceae,
Proteaceae, and Sabiaceae, of which the former two are the closest relatives of the lotus, and are mainly
shrubs and woody trees [14], indicating the possibility of the lotus being a land plant adapted to
aquatic environments. Interestingly, the family of Nelumbonaceae is still classified within the order of
Nymphaeales on the USDA webpage (https://plants.sc.egov.usda.gov/core/profile?symbol=NENU2,
last accessed date: 22 July, 2019). Furthermore, studies also showed that the gene expression patterns
in the floral organs of Nymphaea and Nelumbo are remarkably similar to each other [15]. It would be
interesting to understand the evolutionary convergences between Nymphaeales and the lotus.

From the genetic point of view, both species of lotus are diploid with the number of chromosomes
2n = 16. The predicted size of the lotus genome is 929 Mb, which is based on the flow cytometry
analysis [16]. In 2013, the draft genomes of two lotus wild germplasms ‘China Antique’ and ‘Chinese
Tai-zi’ were sequenced, assembled and released [6,7], which made lotus into a model angiosperm along
with the other 22 species (http://www.mobot.org/MOBOT/research/APweb/trees/modeltreemap.html,
last accessed date: 23 June, 2019). The assembled genome size of ‘China Antique’ is 804 Mb and the
sequencing data shows that this genome contains 26,685 protein-coding genes [6]. Recently, a more
comprehensive transcriptomic analysis increased the number of protein-coding genes to 32,121 in
‘China Antique’ [17]. The assembled genome of ‘Chinese Tai-zi’ is 792 Mb with 36,385 protein-coding
genes [7,18]. Based on their data, it seems that the lotus genome contains a high content of repeat
sequences, with transposable elements (TEs) accounting for about 50% of the genome sequence.
The availability of these two genomes will facilitate further studies on the different biological features
of lotus, including agronomic and horticultural traits, and might contribute to the knowledge of
flowering plant evolution. Wang et al. [19] combined the lotus genome and transcriptome data of ‘China
Antique’ and constructed the public accessible lotus genome database (http://lotus-db.wbgcas.cn,
last accessed date: 20 March, 2015), which makes further molecular and genetic studies on this
species more convenient among the scientific community. Additionally, the lotus chloroplast and
mitochondrion genome were also sequenced, which have been applied in optimizing the genetic maps
and analyzing the evolution of the lotus [20,21]. Because of the availability of abundant genome
information, phylogenetic and evolution analysis of lotus at the molecular level was also conducted,
which showed the functional divergence of miRNAs in temperate and tropical lotus [22]. Based on the
study, 57 pre-eudicot miRNA families from different evolutionary stages were predicted. Combining
the miRNA data and the lotus genome information, it was revealed that the loss of miRNA families in
descendent plants is associated with that in duplicated genomes [22]. However, because of the high
percentage of repetitive sequences (>47%), the assembly of the lotus genome, especially for ‘China
Antique’, is still far behind completion, although a study has been conducted aiming at anchoring
the megascaffolds into eight chromosomes [23]. The nine anchored megascaffolds, which have a
combined size of 543.4 Mb, just account for 67.6% of the lotus genome. The advent of a third generation
sequencing technique has been successfully applied in many other species, which will be able to
improve the assembly of this lotus genome in the near future.

3. Unique Properties of Lotus

Biologically, lotus has not only the common aquatic plant features, but also certain unique
features that distinguish it from other plant species. These features include seed longevity, leaf
ultrahydrophobicity and floral thermoregulation. Understanding of the mechanisms that lead to the
formation of these unique properties is important, for not only the basic plant biology, but also their
great usage potential through bionics.

Lotus fruit is famous for its longevity. It was reported that lotus fruits buried underground over
1300 years in the Northeast of China could still be germinated [24]. Understanding the underlying
mechanism of lotus seed longevity may contribute to enhancing seed storage in agriculture, and even
in the healthcare of human beings.
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Previous studies have shown that the first factor contributing to this feature might be the chemical
compositions of lotus fruit wall, which contains high contents of polysaccharides (galactose, mannose)
and tannins [25]. These compounds might help to prevent any negative effects from the environment.
Recently, another study showed that the polyphenols content in lotus seed epicarp increased along
with the ripening, and showed strong anti-oxidation activity [26], which might also be helpful.
Besides of the physical factors, several thermo-proteins, which showed high stability under high
temperature, were also indicated to be helpful. These proteins include CuZn-SOD, 1-CysPRX, dehydrin,
Cpn20, Cpn60, HSP80, EF-1α, Enolase1, vicilin, Met-Synthase and PIMT [27]. The functions of some
genes involved in seed thermos-tolerance and germination vigor, including NnANN1 and NnPER1
(Peroxiredoxin 1), were verified in transgenic Arabidopsis [28,29]. To achieve this, the lotus genome
contains multi-copies for most of the antioxidative genes [6,7]. Recent study showed that small RNA
might also be involved in the regulation of lotus seed longevity [30]. How these different factors
cooperatively function to contribute to the lotus seed longevity is still elusive, but worthy of studying.
More importantly, it is very interesting to know if these factors also work in other systems.

Lotus leaves exhibit ultra-hydrophobicity, which is also known as the “lotus effect” [31].
This characteristic of ultra-hydrophobicity could ensure that the leaf upper epidermis is not covered by
water, thus maintaining the normal function of its stomata [32]. Because of this, ultrahydrophobicity is
believed to be an advantage in the evolution of the lotus. Studies have shown that it is achieved by a
special dense layer of waxy papillae on the lotus leaf surface [33,34]. Further studies showed that the
easily rolling water droplets could help to remove the dirt particles adhering on the leaf surface and
result in a self-cleaning phenomenon, which is heavily dependent upon the contact angle [35]. Two wax
biosynthesis-related genes (NnCER2 and NnCER2-LIKE) were cloned from the lotus, and transformed
in Arabidopsis, which resulted in an alteration of the cuticle wax structure in inflorescence stems,
and proved their function in the biosynthesis of the extra-long fatty acids [36]. More studies on the
lotus leaf chemical compositions and structure might be very helpful in producing materials with
super-hydrophobicity and self-cleaning features.

In addition, floral organ thermogenesis is another unique feature of the lotus, which independently
occurs at receptacle, stamen and petal, respectively [37]. This property has been proven to be the
results of a cyanide-resistant alternative oxidase pathway conducted in the floral organs [38–40],
which initiated extensive studies on alternative oxidases (AOXs) and plant uncoupling mitochondrial
proteins (PUMPs) [41]. This feature of thermogenesis seems to be ecologically important for the sexual
reproduction of the lotus through attracting insect pollinators [42]. Studies have shown that the
generated heat could either provide a warm environment to the thermo-sensitive pollinators or help to
release the volatile compounds to attract the flying insects, mainly beetles [37,43,44]. Generation of heat
only occurs before anthesis, which ends with pollination and a fertilized ovary. After anthesis, there is
no need to attract the pollinators any more, and the main function of the floral organs, especially the
receptacle, transits into photosynthesis [45,46]. It will be very important to explore the mechanism that
controls this kind of metabolism transition.

4. Genetic and Molecular Studies on the Horticultural Traits of the Lotus

As mentioned above, a lotus is also a popular ornamental, vegetable and medicinal plant,
with great potential of utilization in reality, based on which, three types of lotus, named as flower, seed,
and rhizome lotus, were defined. Each type of lotus shows notable abundant variable phenotypes
(Figure 2), which provide suitable germplasm for its breeding and further study on different traits.
Recently, a number of studies have been conducted focusing on the genetic and molecular mechanisms
underlying the formation of different traits of lotus flower, seed and rhizome. These traits could largely
determine the economic value of the lotus, hence becoming the main factors selected in its breeding.
Several genetic maps have been constructed through crossing between different germplasms with
contrasting phenotypes in some of the economic traits, based on which a number of molecular markers
associated with the target traits were developed, including ISSR, AFLP, SSR, RAPD, and SRAP [47–50].
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Figure 2. The diversified phenotypes of the Asian lotus germplasm. (A) Flower lotus germplasm
showing different flower color and shape. (B) Seed lotus germplasm showing different size and shape
of seed and seedpod. (C) Rhizome lotus germplasm showing different branching, elongation and
expansion of the rhizome.

Meanwhile, whole genome re-sequencing on the natural germplasm also identified abundant
SNPs and Indels [51–53]. Together, these data will undoubtedly facilitate the lotus breeding.

4.1. The Flower of Lotus

Lotus flower is among the top ten traditional famous flowers in China, and was chosen as the
national flower in India and Vietnam. It is widely cultivated for its aesthetic value, which is largely
attributed to its gorgeous color and its diversified form and shape (Figure 2). For ornamental plants,
flower color and shape are the major two factors that determine their ornamental value. The lotus petals
show three major colors; white, red and yellow, with the former two existing only in Asian lotus and the
later one only in American lotus. Through breeding and artificial selection, many cultivars with mixed
colors have been obtained on the purpose of increasing its ornamental value (Figure 2). A large-scale
analysis on the pigment composition of different germplasm has shown that the yellow and red color is
mainly determined by the contents of carotenoids and anthocyanins, respectively [54]. Genome-wide
analysis of the MYB gene family indicated that there is a similar anthocyanin biosynthesis regulatory
system in lotus and Arabidopsis [55], based on which an overexpression of NnMYB5 in Arabidopsis
resulted in the accumulation of anthocyanin in immature seeds and flower stalks [56]. In spite of this
similarity, a comparative proteomics study between white and red cultivars showed that the expression
of the ANS gene might be the major reason for the absence of anthocyanin biosynthesis in the white
flower lotus [57]. Further analysis found that different levels of methylation occur in the promoter
regions of ANS gene between the two cultivars, which indicates the epigenetic regulation on expression
of this gene. However, the gene that lead to the different methylation level on the promoter of ANS gene
between the red and white lotus cultivars is still unknown. In addition, there are cultivars showing
genetic constant spotted color (Figure 3), which is still not understood. It will be very important not
only to the breeding of flower lotus, but also to enriching our knowledge on the coloration of plant
flowers to explore the mechanism underlying the regulation of spotted color in lotus.
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Figure 3. Lotus cultivar with spotted color flower.

In addition to color, flower shape is also important for the economic value of ornamental
plants. Based on different purposes of breeding, lotus cultivars with diversified flower shapes
were obtained, including few-petalled, semidouble-petalled, double-petalled, duplicate-petalled and
all-double-petalled cultivars [2]. For the semidouble-petalled, double-petalled shapes, they are usually
the resultants of stamen petaloid. Comparative transcriptomic studies among petal, stamen petaloid
and stamen through RNA-seq were conducted, which identified several candidate genes involved in
stamen petaloid, especially some MADS-box genes [58]. Their study revealed 11 MADS-box genes
and one APETALA2 (AP2) gene being involved in the stamen petaloid phenomenon. Among them,
AGL15, AGL80 and AGAMOUS genes are positively related to, and AGL6 is negatively related to the
stamen petaloid [58]. Meanwhile, a genome-wide DNA methylation analysis was also conducted
among these three tissues, which indicates the potential involvement of epigenetic regulation on the
stamen petaloid [59]. However, this study did not detect any obvious changes of the methylation on
the MADS-box genes [59]. There also exist pistil petaloid cultivars (Figure 2), in which the stamen
petaloid also occurs. How these are coordinately regulated is still unknown in the lotus. Furthermore,
it is well known that lotus bloom in the summer days, which brings some challenges for its wide
utilization in ornamentation. It will be very important to make it bloom either earlier or later for
ornamental purposes. Hence, unveiling the mechanism controlling the time of flowering is also
important. A transcriptomic analysis has been conducted aiming at exploring the candidate genes that
control the time of flowering, which indicate the existence of a complicated regulatory network [60].
Their data indicate that the differential regulation of some photoperiod related genes, such as COP1,
CCA1, LHY, CO-LIKE, and FT, the vernalization gene VIN3 and the gibberellic acid-related gene GAI,
might be involved in the regulation of early flowering in lotus. Specifically, several isoforms of the FT
gene were found to be differentially expressed [60].

4.2. Rhizome and Seeds

As mentioned above, lotus is not only an ornamental plant, but also a vegetable because of its
edible rhizome and seeds. Lotus has a morphologically modified subterraneous stem. Especially for
the temperate ecotype, its subterraneous stem is enlarged in autumn, which is known as rhizome
(Figure 2). The rhizome contains abundant starch, proteins and vitamins, making it a popular edible
vegetable. Enlargement of lotus rhizome could largely determine its economic value. In addition,
the enlarged rhizome could also help the lotus to survive from winter during its bud dormancy,
and provide substrates and energy for its asexual propagation. This phenomenon is very similar
with the tuberization of the potato, which has been proven to be regulated through a very intricate
genetic network. Being a significant feature distinguishing between the temperate and tropical lotus,
it may also facilitate in understanding the evolution and domestication of the lotus [2,61]. It seems
that rhizome enlargement is tightly related to the flowering in a lotus. Usually, the enlargement
occurs after flowering. For the purposes of increasing its yield in agricultural production, genetic and
transcriptomic studies focusing on the enlargement of this rhizome have been conducted.
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Gene expressions during the rhizome development were analyzed through RNA-Seq,
which identified the specific candidate genes for rhizome enlargement [62]. The results also indicated
the role of SNPs and alternative splicing (AS) events in Asian lotus rhizome development [61,63].
Similar with the yield traits in many crops, the enlargement of the lotus rhizome is a quantitative
trait. Developing a suitable genetic population and constructing high density genetic map will be very
helpful to elucidate the mechanism underlying rhizome development and enlargement.

Besides its longevity, lotus seed is also edible either fresh or dry matured, with an
additional medicinal versatility resulting from compounds like alkaloids, flavonoids and certain
micronutrients [3,5]. Both the size and number of the seeds per seedpod vary among different lotus
cultivars (Figure 2). It is very important to increase its nutrition as well as its yield in lotus seed
production. To achieve this, comparative proteomics and metabolomics studies were conducted on
lotus seeds during its development, which not only deepen the understanding on the development of
lotus seed, but also determine candidate genes crucial for lotus seed size [62]. In addition, comparative
transcriptomic analysis was also conducted between two lotus germplasms with contrasting phenotypes
in both seed size and seed number per seedpod [64]. Similar to rhizome, the yield of seed is also a
quantitative trait, which requires more study at the genetic aspect. Meanwhile, because of its medicinal
usage, it is necessary to conduct a comprehensive analysis on it metabolites during seed development.

4.3. Secondary Metabolites and Medicinal Usage of Lotus

Lotus is a traditional herb, of which nearly each tissue has a medicinal usage [65–67]. It has
been used as a traditional Chinese medicine for over a thousand years. This might ascribe to its
abundant content of secondary metabolites, including flavonoids, phenolic acids and alkaloids [65–67].
Systematic studies were conducted in optimizing the method to extract these metabolites from different
tissues of the lotus [26,54,68–77]. Meanwhile, distributions of different secondary metabolites in
different tissues of lotus were profiled [26,54,68–77]. Furthermore, assessment of the lotus germplasm
with different origins was also performed by these established methods [65–67], which helped in
screening of the germplasm with a high content of specific secondary metabolites. These candidate
germplasms might be used for either the breeding or for further study on the biosynthesis of different
metabolites in the lotus. In addition, the potential medicinal usage of different lotus secondary
metabolites was also assessed [65–67]. However, the exact compounds that function in each medicinal
usage are still unknown, which seems to be the general challenge for most traditional Chinese medicine.

Specifically, the leaf of a lotus is a very important traditional Chinese herbal medicine, which has
been widely used in controlling the blood lipids and treating hyperlipidemia [78]. In the last decade,
it is becoming more and more popular as weight-losing tea in China to reduce the level of lipids in the
human body [79]. Studies have shown that alkaloids are the major bioactive compounds in lotus leaves,
with nuciferine and N-nornuciferine being the major two [80–82]. To evaluate the biosynthesis pathway
of alkaloids and its regulation in lotus leaf, several transcriptomic studies were performed [83,84],
which revealed that a benzylisoquinoline alkaloids (BIA) biosynthetic pathway and its transcriptional
regulation differ in high BIAs lotus compared with low BIAs lotus [84]. Several genes encoding the
enzymes involved in the BIA biosynthetic pathway were proposed based on sequence similarity
analysis [85]. Further functional analysis of these genes will be necessary to obtain comprehensive
knowledge on the biosynthesis of these bioactive compounds.

4.4. Studies on the Establishment of Lotus Regeneration and Transformation System

To be a model horticultural plant, it might be necessary to establish a transformation system, which
will facilitate the studies on the functions of different genes in the lotus. A study was conducted to
induce the formation of a callus from different explants of the lotus, in which somatic embryo cultivated
in suitable medium containing a combination of different growth regulators was proposed [86].
To obtain more in-depth understanding, a proteomic analysis was conducted to identify the key
proteins that might be critical for the induction of callus from developing cotyledon [87].
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Directly inducing the formation of a shoot from the bud has also been successfully performed [88].
Based on this system, various studies have been conducted to transform the lotus. It seems that
the induced shoot from the embryo apical bud could be successfully transformed through a particle
bombardment device with a pCAMBIA2301 vector [89]. This method not only succeeded with the
GUS reporter gene, but also with the anti-sense of two anthocyanin biosynthesis genes dihydroflavonol
4-reductase (anti-DFR) and Chalcone synthase (anti-CHS) [89,90]. Except for the group from Thailand,
there are still no other studies conducted successfully on the transformation of the lotus, although a lot
of researchers are working on this. It seems there are still challenges on the reproducibility and the
efficiency of the transformation, as well as the selection of a suitable cultivar.

5. Conclusions and Perspectives

Because of its significance in the ordinary life of the population in South and East Asia, as well as
in horticultural and medicinal usage, lotus is attracting more and more attention from the scientific
community. A large number of studies have been conducted on nearly all aspects of this plant,
including phylogeny and evolution, genomics, genetics and breeding and medicinal usage. With the
release of its genome information, -omics and molecular genetics studies, focusing on the economic
traits of this plant have stepped into the center, which undoubtedly will contribute a lot to the lotus
breeding. Unfortunately, there are still some limitations that constrain the studies, especially the
molecular biology study, on this species. The first one might be the assembly and annotation of its
genome, which still needs to be improved further. Secondly, there is no universally recognized lotus
cultivar or germplasm that is commonly used for the basic biology studies in the scientific community.
Among all the germplasm, the sequenced one ‘China Antique’ might be an ideal candidate because of
its genetic homozygosity. Thirdly, the low efficiency of the regeneration and transformation system
seriously prevents the molecular genetic studies on the lotus, which is a prerequisite for gene function
study. The fourth, but not the last, is the indeterminate growth and long life span (~5 months per
generation) of the lotus plant, which limits the cultivation of lotus in small space. Through artificial
selection, a number of cultivars with small plant architecture and short life span (~3 months’ generation
time) were obtained in lotus, which are very popular in the ornamental market, and named as ‘Wan
Lian’ (bowl lotus). To cross these bowl lotus with ‘China Antique’, and then subject to backcrossing
breeding, it might be possible to obtain germplasm with both small plant size and the ‘China Antique’
genetic background. This type of germplasm might be suitable for cultivation in the lab, and hence for
further studies at molecular level. In conclusion, lotus could be regarded as an emerging model of
horticultural plants, and be capable for the utilization in studying many aspects of unique features
in plants.
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Abbreviations

AFLP Amplified Fragment Length Polymorphism
AGL AGAMOUS-like
ANN Annexin
ANS anthocyanin synthase
AOX alternative oxidases
APG The Angiosperm Phylogeny Group
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AS alternative splicing
BIA benzylisoquinoline alkaloid
CCA CIRCADIAN CLOCK ASSOCIATED
CER ECERIFERUM
CHS Chalcone synthase
CO-LIKE CONSTANS-like
COP CONSTITUTIVELY PHOTOMORPHOGENIC
Cpn Chaperonin
DFR dihydroflavonol 4-reductase
EF elongation factor
HSP Heat shock protein
FT FLOWERING LOCUS T
GAI gibberellic acid insensitive
ISSR inter-simple sequence repeat
LHY LATE ELONGATED HYPOCOTYL
MADS-box MINICHROMOSOME MAINTENANCE 1 (MCM1), AGAMOUS (AG), DEFICIENS (DEF),

and SERUM RESPONSE FACTOR (SRF) domain
PIMT Protein L-isoaspartyl methyltransferase
PRX Peroxiredoxin
PUMP plant uncoupling mitochondrial protein
RAPD Random Amplified Polymorphic DNA
SNP single nucleotide polymorphism
SOD superoxide demutase
SRAP Sequence—related amplified polymorphism
SSR Simple Sequence Repeats
TE transposable element
VIN3 vernalization
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Abstract: The macronutrient potassium is essential to plant growth, development and stress response.
Alligator weed (Alternanthera philoxeroides) has a high tolerance to potassium deficiency (LK) stress.
The stem is the primary organ responsible for transporting molecules from the underground root
system to the aboveground parts of the plant. However, proteomic changes in response to LK
stress are largely unknown in alligator weed stems. In this study, we investigated the physiological
and proteomic changes in alligator weed stems under LK stress. First, the chlorophyll and soluble
protein content and SOD and POD activity were significantly altered after 15 days of LK treatment.
The quantitative proteomic analysis suggested that a total of 296 proteins were differentially abundant
proteins (DAPs). The functional annotation analysis revealed that LK stress elicited complex
proteomic alterations that were involved in oxidative phosphorylation, plant-pathogen interactions,
glycolysis/gluconeogenesis, sugar metabolism, and transport in stems. The subcellular locations
analysis suggested 104 proteins showed chloroplastic localization, 81 proteins showed cytoplasmic
localization and 40 showed nuclear localization. The protein–protein interaction analysis revealed
that 56 proteins were involved in the interaction network, including 9 proteins involved in the
ribosome network and 9 in the oxidative phosphorylation network. Additionally, the expressed
changes of 5 DAPs were similar between the proteomic quantification analysis and the PRM-MS
analysis, and the expression levels of eight genes that encode DAPs were further verified using
an RT-qPCR analysis. These results provide valuable information on the adaptive mechanisms
in alligator weed stems under LK stress and facilitate the development of efficient strategies for
genetically engineering potassium-tolerant crops.

Keywords: Alternanthera philoxeroides; proteomic; stem; potassium; stress

1. Introduction

Potassium (K+) is the most important and abundant nutrient ion in living plant cells, and
it plays crucial roles in many physiological and biochemical processes, such as photosynthesis,
protein synthesis, enzyme activation, osmotic regulation, ion homeostasis, and stomata movement [1].
Under optimum growth conditions, the cytoplasmic K+ concentration in plant cells is ~100 mM,
but concentrations are very low in soils near roots and change continuously, varying from 0.1 to
1.0 mM [2]. Thus, most plants will face low K+ stress during growth. Most plants can resist low K+

stress, mainly because they have established a strategy to acclimate to this stress. Most plants have
both high-affinity and low-affinity K+ transport systems to sense the K+ concentrations in the soil, and
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the high-affinity system functions when the K+ concentrations are below 0.2 mM. The low-affinity
system operates at K+ concentrations above 0.5 mM; thus, these two transport systems are vital to help
plants survive under LK stress [3,4].

Alligator weed (Alternanthera philoxeroides) is a dicotyledonous perennial herb that grows
worldwide due to its high adaptability to harsh environments. Gao et al. reported that this adaptability
is predominantly attributed to genome-wide DNA methylation and epigenetic regulation [5]. This plant
was found to have a great ability to accumulate potassium, and three K+ transporter (ApKUP1,
ApKUP2 and ApKUP3) expression levels were up-regulated by low potassium, abscisic acid (ABA)
and polyethylene glycol (PEG) treatments [6]. Comprehensive transcriptome analysis results suggest
that 121 transcription factors, 108 kinases, 136 transporters and 178 genes were changed in response to
LK stress in alligator weed roots [7].

Proteomics is considered one of the most robust methods; it presents an effective approach to
pursue a systems-based perspective of how proteins change and thus how organisms adapt to various
abiotic environments [8]. In recent years, gel-free quantitative proteomic methods (e.g., TMT and
iTRAQ) have been used as precise and sensitive multiplexed peptide/protein quantification techniques
with mass spectrometry [9]. Zeng et al. reported that 129 proteins were related to low K tolerance and
were mainly involved in defense, transcription, signal transduction, energy, and protein synthesis in
barley [10]. In cotton seedlings xylem sap, 258 peptides were qualitatively identified, of which, 90.31%
were secreted proteins. LK significantly decreased the expression of most environmental-stress-related
proteins [11]. The proteomics results suggest that most of the differentially abundant proteins were
related to jasmonic acid (JA) synthesis, suggesting the importance of JA in the potassium deficiency
response in wheat and rice [12]. Physiological and quantitative proteomic analyses reveal the proteins
responsible for energy metabolism, signal sensing and transduction, and protein degradation that
played crucial roles in alligator weed roots under LK stress [13]. Root-to-shoot translocation and shoot
homeostasis of potassium determine the nutrient balance, growth, and stress tolerance of vascular
plants. However, the proteomic profile of alligator weed stems under low potassium stress has not
yet been studied. In this study, we used a quantitative proteomic analysis method to investigate the
protein expression changes and metabolic process networks in alligator weed stems after LK stress.
These results will provide critical insights into the potassium tolerance mechanisms of alligator weed.

2. Results

2.1. Effect of LK Stress on the Physiology of Alligator Weed Stems

The exposure of alligator weed seedlings to LK stress resulted in various physiological changes
in the stem after 15 days of treatment. To determine the physiological responses of the stems after
treatment, the chlorophyll and soluble protein content and SOD and POD activity were measured.
First, the total chlorophyll content increased by 20% after treatment (Figure 1A), the soluble protein
content showed greatly increased (Figure 1B), superoxide dismutase (SOD) and peroxidase (POD)
were vitally protective enzymes in plant cells during stress. In the present study, the activity of SOD
and POD were both significantly decreased after 15 days of treatment (Figure 1C,D).
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Figure 1. Stem physiology performance were listed. Note (A) measurements the total chlorophyll
content; (B) measurements of soluble protein content; (C) measurements of superoxide dismutase (SOD)
activity; (D) measurements of peroxidase (POD) activity. ** mean that data was significantly different
among samples in the same treatment (p ≤ 0.05) using the SPSS statistical software. Bars represent the
mean ± SE (n = 5).

2.2. Protein Responses to LK Stress Revealed by the Proteomic Analysis

We employed TMT and LC-MS/MS to characterize the proteomic profiles of the stems.
The proteome data showed that LK dramatically changed the protein abundance in the stem. The six
samples that were analyzed included 3 replicates each of CK and LK stems. A change over 1.2-fold or
a cut-off of less than 0.83-fold were considered statistically significant. A total of 296 proteins were
altered in expression were regarded as DAPs. Among them, 152 proteins were up-regulated and 144
proteins were down-regulated; their information is shown (Table S1). Among them, 27 DAPs related
to transport process were listed (Table 1).

Table 1. 27 differentially abundant proteins (DAPs) related to transport process were listed.

Protein
Accession
Number

Protein Annotation
Protein
Score

Percentage of
Protein Sequence

Coverage %

Peptides
Count

Number
of Unique
Peptides

Fold
Change

p-Value

Gene.10143 ABC transporter F family member 5 52.24 8.1 5 5 1.34 0.0425
Gene.15326 ABC transporter B family member 19 91.58 10 11 8 1.27 0.00104
Gene.11683 ABC transporter F family member 4 45.75 6 3 3 1.25 0.0222
Gene.22137 ABC transporter B family member 1 72.34 9.9 11 3 1.23 0.00932
Gene.37843 ABC transporter C family member 10 7.88 3.8 1 1 1.21 0.0478
Gene.39686 ABC transporter D family member 2 30.70 3.1 2 2 1.21 0.0289
Gene.14866 ABC transporter B family member 2 107.13 11.8 12 10 1.21 0.0108
Gene.22512 Protein sieve element occlusion 30.17 5.9 4 4 1.29 0.00538
Gene.1036 Protein sieve element occlusion 19.51 26.9 3 3 1.29 0.00456
Gene.16899 Protein sieve element occlusion 323.31 35.3 31 29 1.27 0.000702
Gene.29767 Patellin-3 286.67 34.9 24 10 1.39 0.0226
Gene.42322 Patellin-3 25.04 25.7 4 4 1.34 0.0464
Gene.25481 Patellin-4 7.54 2.1 1 1 1.29 0.0105
Gene.42892 Patellin-5 12.17 8.9 3 2 1.85 0.0142
Gene.22040 Sugar transporter ERD6-like 6 46.34 3.8 1 1 1.47 0.000758
Gene.19069 Chloride channel protein CLC-b 13.79 2.4 2 2 1.46 0.042
Gene.44796 Two pore calcium channel protein 1 80.37 7.5 5 5 1.39 0.0196
Gene.41564 Vesicle-associated membrane protein 32.77 41.5 4 2 1.26 0.0172
Gene.23148 Transmembrane 9 superfamily member 14.87 8.8 6 2 1.21 0.0113
Gene.36797 Kinesin-like protein KIN-UA 9.03 1.8 1 1 1.21 0.0246
Gene.1641 Vacuolar membrane proton pump 25.00 12.9 9 1 0.81 0.0441
Gene.51508 Chloroplastic lipocalin 41.09 17.7 5 5 0.78 0.784
Gene.38083 Stem-specific protein TSJT1 48.56 18.5 4 4 0.78 0.0021
Gene.14846 Protein NRT1/PTR FAMILY 8.3 34.84 6.5 4 2 0.74 0.0466
Gene.1247 Syntaxin-61 6.42 4.5 1 1 0.78 0.0021
Gene.1250 Syntaxin-61 6.32 3.7 1 1 0.67 0.0248
Gene.11391 V-type proton ATPase subunit G 155.18 62.7 8 8 0.7 0.0448

365



Int. J. Mol. Sci. 2019, 20, 221

2.3. GO and KEGG Analysis of DAPs

All DAPs were annotated and classified according to biological process (BP), molecular function
(MF), and cellular component (CC) according to the GO database. The primary categories in BP
were metabolic processes, cellular processes, and single-organism processes; the prominent MF
categories were catalytic activity, binding, and transporter activity; and the most abundant categories
in CC were cell, membrane, and macromolecular complex (Figure 2). Next, the biological metabolic
pathways related to 119 DAPs were investigated using KEGG analysis. The results suggested that
most represented DAPs were associated with carbohydrate metabolism (20.1%), energy metabolism
(15.1%) and amino acid metabolism (15.1%), while the fourth and fifth category was lipid metabolism
and transport; every group included 12 to 9 DAPs (Figure 3).

 

Figure 2. Functional classification of differentially abundant proteins.

 
Figure 3. Differentially abundant proteins by KEGG analysis. Note number mean protein number.

2.4. Subcellular Location and Domain Analysis of DAPs

The subcellular locations of 296 identified DAPs identified were predicted by Target P1.1 software.
The result suggested that 104 proteins showed chloroplastic localization, of which 53 were increased,
81 proteins showed cytoplasmic localization, of which 38 proteins were increased, and 40 showed
nuclear localization, of which 25 were increased. These were the top three groups. Localization in
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the peroxisome, golgi apparatus and cytoskeleton were the lowest, with protein numbers of 2, 1,
and 1, respectively (Figure 4). With the protein domain analysis, the top three protein groups were
Bet v I/Major latex proteins, ABC transporter-like proteins and START-like domain proteins, and
they all mapped 7 proteins. Among them, 7 ABC transporter-like proteins were all up-regulated,
and 6 manganese/iron superoxide dismutases (3 N-terminal, 3 C-terminal) were all down-regulated
(Figure 5).

 

Figure 4. Subcellular locations analysis of differentially abundant proteins. Note number mean protein
number in this group.

Figure 5. Protein domain analysis of differentially abundant proteins.

2.5. Interaction Network Analysis of the DAPs

A total of 56 related protein interaction networks were completed, among which 28 were
up-regulated and 28 were down-regulated (Figure 6). Nine interaction proteins belonged to the
ribosome network. These proteins included 7 up-regulated proteins, such as the 30S ribosomal protein
S8 (RPS8), 60S ribosomal protein L3 (EMB2207), 30S ribosomal protein S4 (RPS4), 60S ribosomal
protein L5 (RPL5A), chaperonin 60 (CPN60A), heat shock protein 90 (CR88) and heat shock 70 kDa
protein 15 (Hsp70-15), and two down-regulated proteins, such as heat shock cognate 70 (Hsp70) and
H/ACA ribonucleo protein complex subunit 2 (RP). Nine belonged to the oxidative phosphorylation
network, including seven down-regulated proteins, such as Protein SGT1 (SGT1B), chaperonin
(CRT1b), cytochrome b-c1 complex subunit 7-2 (CYDB), ATP synthase subunit O (ATP5), cytochrome
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b-c1 complex subunit Rieske-2 (UQCRFS), two ATP synthase subunit delta (ATPQ, ATPase), and
2 up-regulated proteins, such as endoplasmin (SHD) and heat shock protein 83 (HSP90.1). Other
information about proteins is shown in Table S2.

 

Figure 6. Functional correlation network of differentially abundance protein. Note: RPS8, 30S
ribosomal protein S8; EMB2207, 60S ribosomal protein L3; ATP5, ATP synthase subunit O; ATPQ, ATP
synthase subunit delta; RPS4, 30S ribosomal protein S4; COPB1, Coatomer subunit beta-1; COPB2,
Coatomer subunit beta’-2; COP, Coatomer subunit gamma-2; PHB3, Prohibitin-3; PHB2, Prohibitin-2;
RPL5A, 60S ribosomal protein L5; ATPase, ATP synthase subunit delta; CPN60A, Chaperonin 60
subunit alpha 1; CPN10, 10 kDa chaperonin; HSP90.1, Heat shock protein 83; SGT1B, Protein
SGT1; SHD, Endoplasmin; CYDB, Cytochrome b-c1 complex subunit 7-2; UQCRFS, Cytochrome
b-c1 complex subunit Rieske-2; CYTC-1, Cytochrome c; CR88, Heat shock protein 90-5; HSP70, Heat
shock cognate 70 kDa protein; CYDBL, Cytochrome c oxidase subunit 6a; MGP1, Probable ATP
synthase 24 kDa subunit; SPP, Stromal processing peptidase; Hsp70-15, Heat shock 70 kDa protein
15; RP, Aribonucleo protein complex subunit 2; CRT1b, Calreticulin; EMB1241, Uncharacterized
protein; CRT1a, Calreticulin; ACC1, Acetyl-CoA carboxylase 1; ROC3, Peptidyl-prolyl cis-trans
isomerase; SRP19, Signal recognition particle 19 kDa protein; FER, Receptor-like protein kinase;
AVP1, Pyrophosphate-energized vacuolar membrane proton pump; PK, Probable receptor-like protein
kinase; STY17, Serine/threonine-protein kinase STY17; CIBP, Uncharacterized protein; VMA10,
V-type proton ATPase subunit G; CHC1, Clathrin heavy chain 1; SVR3, Translation factor GUF1;
FUG1, Translation initiation factor IF-2; GSTT2, Glutathione S-transferase T2; EF1B, Elongation factor
1-delta; ADHUO, NADH dehydrogenase; HSP17.6II, 17.9 kDa class II heat shock protein; Hikeshi,
Uncharacterized protein; TIC110, Protein TIC110; VDAC1, Mitochondrial outer membrane protein
porin of 36 kDa; SVR7, Pentatricopeptide repeat-containing protein; GSTZ1, Glutathione S-transferase;
HSP21, Small heat shock protein; EMB1030, Alanine—tRNA ligase; SGS, Uncharacterized protein;
MATPase, mitochondrial ATP synthase; PP2C, Protein phosphatase 2C.
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2.6. PRM-MS Quantification of DAPs

The expression levels of 5 DAPs were chosen for quantification by PRM-MS analysis to verify
the proteomic results (Table 2). As this assay requires the signature peptide of the target protein to be
unique, we only selected proteins with a unique signature peptide sequence for the PRM analysis. In the
stem, five DAPs were sieve element occlusion, patellin 3, ATP synthase, NAD(P)H dehydrogenase,
and glycine-rich RNA-binding protein 5. In general, the fold changes for these detected proteins were
in agreement with the findings of proteomic analysis. Our PRM assay illustrated that the proteomic
results were credible for further analysis.

Table 2. Confirmation of DAPs s in proteomic analysis using PRM analysis.

Description Change in TMT p-Value in TMT Change in RPM p-Value in RPM

Sieve element occlusion 1.27 0.000702 1.28 0.005
Patellin-3 1.39 0.0226 1.49 0.03
ATP synthase 0.83 0.00086 0.74 0.0015
NAD(P)H dehydrogenase 0.81 0.00398 0.88 0.01
Glycine-rich RNA-binding protein 5 0.83 0.0457 0.67 0.002

2.7. Complementation of the Proteomic Results via qRT-PCR

A total of eight proteins were randomly selected to complement the accuracy of the proteomics
data using quantitative real-time PCR (qRT-PCR). There were 7 gene expression patterns that
showed the same tendencies as those for protein expression, including receptor-like protein kinase,
ubiquitin-conjugating enzyme E2, sugar transporter ERD6, U-box domain-containing protein 44, LRR
receptor-like serine/threonine-protein kinase, serine/threonine-protein kinase STY17, and glycine-rich
RNA-binding protein 5. Only one, ABC transporter B family member 19, showed an opposite
expression pattern (Figure 7). The primer sequences for eight genes were listed (Table S3).

 

Figure 7. Complementation of proteomic results by qRT-PCR.

3. Discussion

3.1. LK Affected DAPs Involved in Transport Physiological Process

Membrane proteins fulfill critical functions in the transport of ions and organic molecules, which
are an essential part of cellular stress responses. The ABC superfamily proteins mediate the transport
across biological membranes not only as ATP-dependent pumps but also as ion channels and channel
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regulators [14]. Previous reports have suggested that ABC transporters in soybean and tomato are
involved in salt stress responses and auxin transport [15,16], Seven ABC transporter proteins increased
in expression in our study, suggesting that a high expression of ABC transporters in alligator weed
stems are required for potassium transport regulation and LK responses [17,18]. However, further
research is required to clarify the details of their function.

Patellin (PATL1) is a membrane trafficking-related protein. In Arabidopsis, PATL1 negatively
modulates PM Na+/H+ antiport activity and modulates cellular redox homeostasis during salt
stress [19]; in our study, four PATL1s, whose expressions were enhanced, were also identified, showing
that they possibly had a vital function in modulating cellular redox homeostasis in alligator weed
stems facing LK stress. The sieve element occlusion (SEO) protein is localized to phloem filaments
and is required for phloem filament formation and to seal the phloem in wounded tobacco [20,21];
a high SEO expression would protect the stem from damage to maintain the optimum growth of
alligator weed. Ca2+ wave propagation is channelled through two pore calcium channel protein 1
(TPC1), and the Ca2+ wave/TPC1 system likely elicits a systemic molecular response to plant stress
tolerance [22]. Moreover, annexin functions as a Ca2+-permeable channel in the plasma membrane to
mediate the radical-activated plasma membrane Ca2+- and K+-permeable conductance in root cells [23].
In our study, the TPC1 and annexin proteins were both up-regulated, suggesting that fluxes in the
transport of ions from the roots to leaves or post-phloem sugar transport to the root tip help plants
rapidly manage stress [24].

One sugar transporter from Dianthus spiculifolius affects sugar metabolism and confers osmotic
and oxidative stress tolerance in Arabidopsis [25]. The overexpression of the MdSUT2.2 gene
(sucrose transporter) increased salt tolerance in transgenic apple, and further research suggest that
MdSUT2.2 can be phosphorylated by MdCIPK13 and MdCIPK22 to enhance its stability and transport
activity [26,27]. In our study, sugar transporter ERD6-like 6 (ERD6) increased in abundance, which may
be a vital factor to help alligator weeds improve LK tolerance. Future research is needed to identify the
interactions among CIPK proteins. Potassium and nitrogen are essential macronutrients and have a
positive impact on crop yield. Previous studies have indicated that the absorption and translocation
of K+ and NO3

− are correlated with each other in plants. A lack of NPF7.3/NRT1.5 resulted in
K deficiency in shoots under low NO3

− conditions by affecting xylem loading and root-to-shoot
K+ translocation through SKOR channel [28]. Further research suggest that NRT1.5 functions as a
proton-coupled H+/K+ antiporter, plays a crucial role in K+ translocation from the root to shoot and is
also involved in the coordination of K+/NO3

− distribution in plants [29]. Thus, the down-regulation
of NRT1/PTR FAMILY 8.3 in our study would decrease nitrate and potassium transport in the
root-to-shoot process [30]. These findings provide a basis for the relationship between potassium and
nitrogen nutrition in plants.

Syntaxin is a member of the SNARE (soluble N-ethylmaleimide-sensitive fusion protein
attachment protein receptor) family. Arabidopsis R-SNARE VAMP721 interacts with the inward-rectifying
K+ channels KAT1 and KC1 and then suppresses the activities of two K+ channels [31]. In our study,
the decreased abundance of syntaxin-61 could improve KAT1 and KC1 activity to absorb and utilize
more K+. Recent reports have suggested that the overexpression of two SNARE proteins resulted in
high tolerance to drought and salt stress in two kinds of plants [24,32]. Therefore, the SNARE proteins
in different plants have multiple functions in regard to abiotic stress.

3.2. LK Affected DAPs Related to Carbohydrate and Energy Metabolism

In plants, carbohydrate and energy metabolism, which not only meet the energy demand but also
afford many essential cofactors and substrates for other metabolisms and many transport processes,
are dependent on the proton motive force that is achieved largely through the H+ gradient across
membranes afforded by the vacuolar H+-ATPase (V-ATPase) [33]. In this study, one V-ATPase was
decreased, but its response was different from the root results under LK conditions [13]. In plants,
CYTc is also a multi-functional signaling molecule that influences the balance between life and death
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or triggers programmed cell death [34]. According to the present data, reduced cytochrome c oxidase
activity may have reduces cell death in alligator weeds as it does in Arabidopsis [35].

Sucrose synthase (Sus) is a key enzyme in sucrose metabolism. One sucrose synthase was observed
to be up-regulated, and the same results were found in alligator weed and Arabidopsis under K+

deficient conditions [13,36]; a high expression of Sus may play a role in regulating energy metabolism
in response to nutrition changes. Uridine-diphospho-(UDP)-glucose 4-epimerase (OsUGE-1) and
nitrate reductase (NADH) increased in our study, and recent research has shown that overexpression
OsUGEO lines maintain proportionally more galactose than glucose under low N conditions [37].
Nitrate reductase is also necessary under low nitrate stress [38], so we hypothesized that a high
abundance of the two proteins could improve K tolerance by increasing N utilization in alligator
weed shoots.

Pyruvate kinase (PK) is a glycolysis enzyme that catalyses the conversion of phosphoenolpyruvate
(PEP) to pyruvate by transferring a phosphate from PEP to ADP; it has an absolute requirement for
K+, and a previous study showed that pyruvate kinase has protein kinase activity and plays a role in
promoting tumor cell proliferation [39]. Two PKs identified in the present study were up-regulated,
possibly having similar functions in plants to promote stem cell proliferation to improve lodging
resistance in alligator weeds. Most represented DAPs were associated with carbohydrate and energy
metabolism (35.2%) by KEGG analysis (Figure 3), this result was similar to Arabidopsis proteomic
data [40], meanwhile, nine interaction proteins belonged to the oxidative phosphorylation network
(Figure 6), these results supported the change of carbohydrate and energy metabolism were an
adjustment mechanism of alligator weed to reduce LK damage.

3.3. LK Affected DAPs Related to Photosynthesis

Photosynthesis serves as the major energy source of plants and is directly affected by potassium
deficiency. Magnesium chelatase is the first enzyme in the chlorophyll biosynthesis pathway and
consists of 3 subunits that include ChlI, ChlD, and ChlH in plants. It is worth mentioning that ChlD
and ChlH are related to abscisic acid (ABA) stress in Arabidopsis, and over-expression lines of the
CHLD gene show more ABA sensitivity than do wild type [41]. ChlH, as an ABA receptor, can be
phosphorylated by SnRK2.6 protein kinase [42]. Therefore, the accumulation of these two proteins in
our study indicated that ABA pathway-related genes might also play positive roles in enabling plants
to adapt LK stress.

Fructose-bisphosphate aldolase is involved in the calvin cycle. Cai et al. reported that the levels
of superoxide anions and hydrogen peroxide were increased under low temperature and low-light
intensity growth conditions in RNAi tomato seedlings [43]. Because H2O2 is a vital signal molecule in
sensing LK stress [44], a low expression of this enzyme was hypothesized to increase the H2O2 content
and contribute to alligator weed survival in stress.

Three other photosynthesis-related proteins, including one carbonic anhydrase (CA) and two
oxygen-evolving enhancer protein 3 (OEE3), were down-regulated. CA plays a crucial role in the
CO2-concentrating mechanism (CCM), and recent research has shown that OEE is also an excellent
antioxidant [45]. Additionally, hcar mutants (7-hydroxymethyl chlorophyll a reductase) showed
an accelerated cell death phenotype due to excessive accumulation of singlet oxygen in rice and
Arabidopsis, but HCAR-overexpressing plants were more tolerant to reactive oxygen species than
were the hcar mutants [46]. HCAR and ribulose bisphosphate carboxylase were decreased in our
study; therefore, it may be assumed that the down-regulation of photosynthesis-related proteins are
associated with the LK stress response in the stems. The subcellular locations analysis revealed.

104 proteins were chloroplastic localization (Figure 4), the possible reason was that more proteins
synthesized by the leaves were transported to the stems, or the stems cell synthesized more proteins
for photosynthesis under LK stress for survival in alligator weed.
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3.4. LK Affected DAPs Related to Common Stress Responses

LK stress may disturb cellular redox homeostasis and promote the production of reactive oxygen
species (ROS); ROS can be scavenged by plant antioxidant defense systems consisting of a series of
enzymes, such as superoxide dismutase (SOD), peroxidases (POD), glutathione-S-transferase (GST)
and glutathione peroxidase (GPX). The expression of these enzymes were found to be changed
in our proteomic data. Under LK conditions, these proteins are involved in detoxifying ROS to
maintain the homeostasis of these molecules in the cytosol. Pattanayak et al. reported that the
overexpression of protochlorophyllide reductase (PORCx) regulates oxidative stress in Arabidopsis
and that overexpression reduced the generation of 1O2 to reduce plasma membrane damage [47].
One PORCx was increased in our study. Thus, it may be assumed that this protein was helpful in
facing LK stress responses. In summary, the expression changes of these proteins implied that the
antioxidative defense system was provoked in the stems to protect alligator weed. Major latex protein
(MLP)-like protein, as a positive regulator of downstream signaling, mainly responds to defense
or abiotic stimuli [48]. In our study, two MLP-like proteins were remarkably increased, one was
decreased. Previous research has suggested that the over-expression of MLP protein enhances the salt
and drought tolerance of Arabidopsis [49]; however, the specific biological function of MLP related to
LK was unknown, so it may be a novel LK-stress-responsive protein in alligator weed plants. In the
current study, three heat shock proteins were found to be significantly up-regulated, while three
were down-regulated. The expression differences imply that the gene family members probably have
diverse functions to cope with various stresses [50].

Meanwhile, one chaperonin 60 showed enhanced expression, and the Oscpn60α1 mutant had a
pale-green phenotype at the seedling stage. Further analysis indicated that the level of the rubisco
large subunit (rbcL) was severely reduced in the mutant, so OsCpn60α1 is required for the folding
of rbcL [51]. Therefore, a high expression of chaperonin 60 may maintain the correct protein folding
under LK stress in the stem. Universal stress-related proteins are also redox-dependent chaperones,
and a high expression of these proteins enhances plant tolerance to heat shock and oxidative stress
in Arabidopsis [52]. Three stress-related proteins were found to be significantly down-regulated.
In addition, other stress proteins, such as remorins, phenylalanine ammonialyase (PAL) and cellulose
synthase, were all up-regulated. Taken together, these results suggest that the stress response proteins
all play significant roles in improving the ability of alligator weed to cope with abiotic stress.

3.5. Comparative Analysis of Low-K+ Responses between Alligator Weed and Arabidopsis

Phospholipids play crucial roles in regulating development and signal transduction in higher
plants, protein phosphatase 2C (PP2C) physically interacts with CBL-CIPK and can activate the AKT1
channel in Arabidopsis [53]. AtPP2A plays vital roles for root auxin transport, gravity response, and
lateral root development [54]. In our study, two protein phosphatase 2C and one phospholipase A were
found to be up-regulated, this is consistent with the proteomic results in Arabidopsis seedlings after
LK treatment [40]. These results indicated that high expression PP2C and PP2A maybe induce root
growth and absorb more K+ during low potassium conditions, Therefore, it is clear that phospholipids
signal regulation pathway is conservative in plant. Meanwhile, the calcium signaling pathway is
vital in phosphorylation signal transduction responses under stress conditions. Calreticulin (CRT)
is a multifunctional protein that participates in plant growth and development as an important
molecular partner on the endoplasmic network. CRT mutant exhibit more sensitivity to water stress
in Arabidopsis [55]. In Arabidopsis CRT1 and CRT2 are critical components in the accumulation of
VESICLE-ASSOCIATED MEMBRANE PROTEIN 721 (VAMP721) and VAMP722 during ER stress
responses [56]. Arabidopsis VAMP721 could assemble with SYP121 to drive membrane fusion and bind
to the KAT1 K+ channel to control channel-gating [57]. In our data, two calreticulin (CRT) increased
abundance but this protein was not reported in proteomic analysis under LK stress before, so this
result raised CRT maybe maintain intracellular calcium homeostasis or interacts with VAMP721 to
improve K+ channels activity to increase LK tolerance in alligator weed.
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The receptor-like protein kinases (RLKs) are involved in plant growth and development, hormonal
responses, cellular differentiation, stress responses and pathogen recognition [58]. The heterologous
overexpression of one serine/threonine-protein kinase (STK) from Bambusa balcooa in transgenic
tobacco induce higher cellulose synthesis and high cellulose deposition in the xylem fibres, increase a
greater number of xylary fibres and enhance mechanical strength in transgenic tobacco [59]. In our
study, the expression of one STK was enhanced in the stem. At the same time, cellulose synthase was
also increased, so we hypothesize that high STK expression can maintain the stem mechanical strength
under LK stress by improving cellulose synthase activity. Previous research suggested RLKs can
recognized CLE (CLAVATA3/Endosperm surrounding region-related) to form CLE-RLK module in
order to convey extracellular and intracellular signaling in long distance [60], in our study, three RLKs
increased abundance, maybe these protein kinase can interaction with CLE peptides to re-establish
new optimal growth state under LK stress, this result could partly explain the high LK tolerance of
alligator weeds because of good root to shoot signaling.

Some protein involved in protein synthesis was founded to be increased abundance in the present
data, including two 30S ribosomal proteins, two 60S ribosomal proteins, three translation initiation
factors and one translation factor. The overexpression of elongation factors in plants allow them
to be more tolerant to high temperature stress [61], so it has been noticed that the accumulation of
elongation factors could play a role in splicing, polyadenylation, mRNA stabilization and localization,
and translation [62]. The expression of four RNA-binding protein were significantly increased. Nine
interaction proteins belonged to the ribosome network after analysis (Figure 6), these results showed
that protein synthesis and post-transcriptional regulation processes were improved in stems after LK
treatment for 15 days compare to Arabidopsis. RBPs that consist of both an RNA-recognition motif
(RRM) and a glycine-rich region termed GRPs [63]. Kim et al. reported GRPs are functionally conserved
during the cold adaptation process in rice and Arabidopsis as RNA chaperones [64]. Glycine-rich
RNA-binding protein (GRP) expression has been shown to be regulated by different abiotic stresses,
including low temperature, water deficit and high salinity stress, and over-expressing ZjGRP from
Zoysia japonica weaken salinity tolerance in Arabidopsis, affecting ion transportation, osmosis, and
antioxidation [65]. The expression of GRP5 was reduced, and the result was confirmed by qRT-PCR
and PRM analysis. Therefore, it can be hypothesized that the low expression of this protein may play a
positive role in improving LK tolerance in alligator weeds. It was different to Arabidopsis.

Ubiquitination is a post-translational modification of proteins process consisting ubiquitin
activating enzyme (E1), ubiquitin-conjugating enzyme (E2), and ubiquitin ligase enzyme (E3), which
regulates a wide range of biological processes, including adaptation to drought, salinity, cold, and
nutrient deprivation [66], which the overexpression of the soybean ubiquitin-conjugating enzyme gene
GmUBC2 in Arabidopsis enhance its drought and salt tolerance by modulating abiotic stress-responsive
gene expression [67]. It was worth noting that three E2 were decreased, which was similar to the
proteomic results in Arabidopsis under LK stress for 7 days [40], and the role of E2s may be similar to
those of AtUBC32, AtUBC33, and AtUBC34, because the suppression of three E2 expression level result
in increased abscisic acid-mediated stomata closure and tolerance to drought stress [68]. Therefore,
the three E2s in the stems play negative roles under LK stress, and this result can also provide clues for
subsequent in-depth research.

In conclusion, much new information about the protein profile in alligator weed stems was
obtained with respect to LK stress (Table S4), the physiological analysis and expression of these
proteins were a clear response to potassium deficiency in stem (Figure 8). These proteins worked
together to establish a new steady-state balance of metabolic processes to enable alligator weed to
grow normally after enduring LK stress for 15 days.
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Figure 8. Model showed the physiological and proteomic responses of alligator weed stem under
potassium deficiency (LK) stress.

4. Materials and Methods

4.1. Physiological Experiments of Alternanthera philoxeroides Stem

Naturally grown Alternanthera philoxeroides shoots were collected from a test field of Sichuan
Agricultural University (Chengdu, China) and cultured hydroponically in a growth chamber for 10 day
to induce root growth. The greenhouse was maintained under a 16 h/8 h day/night light cycle and a
28 ◦C/25 ◦C day/night temperature cycle.

The nutrient solution was refreshed every 2 day. The nutrient solution was prepared as described
before [7]. The alligator weed plants had grown strong roots after 10 day of culture. Half of the plants
were then transferred to a low potassium nutrient solution (lacking K2SO4) as the LK sample. The other
half continued to grow in the solution with optimum K concentration as the CK sample. Then, LK and
CK alligator weed stem samples were collected after 15 day of LK treatment for the physiological and
molecular measurements. The chlorophyll and soluble protein content and SOD and POD activity
were measured. The total chlorophyll and soluble protein content and SOD and POD activity were
measured as described previously [15,50].

4.2. Protein Extraction

Six stem samples were ground in liquid nitrogen to cell powder and then transferred to a 5-mL
centrifuge tube. Then, four volumes of lysis buffer (8 M urea, 1% Triton-100, 10 mM dithiothreitol,
and 1% protease inhibitor cocktail) were added to the cell powder, followed by sonication three
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times on ice using a high intensity ultrasonic processor. The remaining debris was removed by
centrifugation at 20,000× g at 4 ◦C for 10 min, and finally, the protein was precipitated with cold
20% TCA for 2 h at −20 ◦C. After centrifugation at 12,000× g at 4 ◦C for 10 min, the supernatant
was discarded, the remaining precipitate was washed with cold acetone three times, the protein was
redissolved in 8 M urea and the protein concentration was determined with a BCA kit according to the
manufacturer’s instructions.

4.3. Trypsin Digestion and TMT Labelling

For digestion, the protein solution was reduced with 5 mM dithiothreitol for 30 min at 56 ◦C
and alkylated with 11 mM iodoacetamide for 15 min at room temperature in the dark. The protein
sample was then diluted by adding 100 mM TEAB to obtain a urea concentration less than 2 M.
Finally, trypsin was added at a 1:50 trypsin-to-protein mass ratio for the first digestion overnight and a
1:100 trypsin-to-protein mass ratio for a second 4 h digestion. After trypsin digestion, the peptides
were desalted using a Strata X C18 SPE column (Phenomenex) and vacuum dried. The peptide were
reconstituted in 0.5 M TEAB and processed according to the manufacturer’s protocol for the TMT kit.
Briefly, one unit of TMT reagent was thawed and reconstituted in acetonitrile. The peptide mixtures
were then incubated for 2 h at room temperature, pooled, desalted and dried by vacuum centrifugation.

4.4. HPLC Fractionation

The tryptic peptides were fractionated by high pH reverse-phase HPLC using an Agilent
300Extend C18 column (5 μm particles, 4.6 mm ID, and 250 mm length). Briefly, the peptides were
first separated with a gradient of 8% to 32% acetonitrile (pH 9.0) over 60 min into 60 fractions. Then,
the peptides were combined into 18 fractions and dried by vacuum centrifugation.

4.5. LC-MS/MS Analysis

The tryptic peptides were dissolved in 0.1% formic acid (solvent A) and directly loaded onto a
homemade reversed-phase analytical column. The gradient was comprised of an increase from 7%
to 25% solvent B (0.1% formic acid in 98% acetonitrile) over 38 min and 25% to 40% over 14 min and
then rose to to 80% for 4 min, followed by holding at 80% for the last 4 min, all at a constant flow rate
of 700 nL/min on an EASY-nLC 1000 UPLC system. The peptides were subjected to an NSI source
followed by tandem mass spectrometry (MS/MS) by using a Q ExactiveTM Plus (Thermo, Waltham,
MA, USA) coupled online to the UPLC. The electrospray voltage applied was 2.0 kV. The m/z scan
range was 350 to 1000 for the full scan, and the intact peptides were detected in the Orbitrap at a
resolution of 70,000. The peptides were then selected for MS/MS using the NCE setting at 27, and the
fragments were detected in the Orbitrap at a resolution of 17,500. A data-independent procedure that
alternated between one MS scan followed by 20 MS/MS scans was performed. The automatic gain
control (AGC) was set at 3E6 for the full MS and 1E5 for MS/MS. The maximum IT was set at 20 s for
the full MS and auto for MS/MS. The isolation window for MS/MS was set at 2.0 m/z.

4.6. Database Search

The resulting MS/MS data were processed using the Maxquant search engine (v.1.5.2.8).
The tandem mass spectra were searched against alligator weed transcription data. Trypsin/P was
specified as a cleavage enzyme allowing up to two missing cleavages. The mass tolerance for the
precursor ions was set as 20 ppm in the first search and 5 ppm in the main search, and the mass
tolerance for the fragmented ions was set as 0.02 Da. Carbamidomethyl on Cys was specified as
the fixed modification, and oxidation on Met was specified as the variable modifications. FDR was
adjusted to <1%, and the minimum score for the peptides was set to >40.
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4.7. DAPs Functional Analysis

The DAPs were assigned to the NCBI non-redundant (Nr) protein database using the Blast
2GO program to obtain their functional annotation. The Gene Ontology (GO) annotation proteome
was derived from the UniProt-GOA database (available online: http://www.ebi.ac.uk/GOA/).
The Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used to annotate the protein
metabolic pathways.

GO terms or KEGG pathways with p-values < 0.05 were regarded as significantly enriched.
The DAPs subcellular location prediction was conducted followed by TargetP1.1 (available online:
http://www.cbs.dtu.dk/services/TargetP/). Finally, the protein–protein interactions were analyzed
for the identified proteins using the STRING v10 database (available online: http://string-db.org) to
determine their functions and pathways.

4.8. Parallel Reaction Monitoring PRM-MS Analysis

The protein expression change obtained using the proteomic analysis were confirmed by a
PRM-MS analysis carried out at Jingjie PTM-Biolab Co., Ltd. (Hang Zhou, China). The proteins
(60 μg) from the stem sample were prepared, reduced, alkylated, and digested with trypsin following
the protocol for the TMT analysis. The obtained peptide mixtures were introduced into the mass
spectrometer via a C18 trap column (0.10 × 20 mm; 3 μm) and then via a C18 column (0.15 × 120 mm;
1.9 μm). The raw data obtained were then analyzed using Proteome Discoverer 1.4 (Thermo Fisher
Scientific). The FDR was set to 0.01 for the proteins and peptides. Skyline 2.6 software (Download
from the MacCoss Lab at the University of Washington) was used for the quantitative data processing
and proteomic analysis.

4.9. Quantitative Reverse Transcription PCR (qRT-PCR) Analysis

For the qRT-PCR analysis, total RNA was extracted from the stem after 15 days of LK treatment
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The isolated total RNA was used to generate
cDNA with a reverse transcriptase kit (Thermo, Tokyo, Japan). The relative quantification of the
candidate genes by qRT-PCR was carried out using a 7500 Real Time PCR System machine (Bio-Ras,
Life Technologies, Carlsbad, CA, USA) following the manufacturer’s protocols. The formula 2−ΔΔCt

was used to calculate the relative gene expression levels. Actin2/8 expression was used as the internal
control, and three replicates were conducted. All data are shown as the mean ± SD (n = 3).

4.10. Statistical Analysis

For all generated data, at least three biological replicates were performed for the chlorophyll
and soluble protein content measurements and SOD and POD activity measurements. The data were
subjected to unpaired student’s t-tests at levels of p ≤ 0.01 and p ≤ 0.05. The data are shown as the
mean ± SE (n = 3). Excel and the SPSS 14.0 statistical software package were used for the statistical
analyses of the data. The statistical results are reported as the mean ± SD.
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Abstract: Plant regeneration via somatic embryogenesis (SE) is a key step during genetic engineering.
In the current study, integrated widely targeted metabolomics and RNA sequencing were performed
to investigate the dynamic metabolic and transcriptional profiling of cotton SE. Our data revealed that
a total of 581 metabolites were present in nonembryogenic staged calli (NEC), primary embryogenic
calli (PEC), and initiation staged globular embryos (GE). Of the differentially accumulated metabolites
(DAMs), nucleotides, and lipids were specifically accumulated during embryogenic differentiation,
whereas flavones and hydroxycinnamoyl derivatives were accumulated during somatic embryo
development. Additionally, metabolites related to purine metabolism were significantly enriched in
PEC vs. NEC, whereas in GE vs. PEC, DAMs were remarkably associated with flavonoid biosynthesis.
An association analysis of the metabolome and transcriptome data indicated that purine metabolism
and flavonoid biosynthesis were co-mapped based on the Kyoto encyclopedia of genes and genomes
(KEGG) database. Moreover, purine metabolism-related genes associated with signal recognition,
transcription, stress, and lipid binding were significantly upregulated. Moreover, several classic
somatic embryogenesis (SE) genes were highly correlated with their corresponding metabolites
that were involved in purine metabolism and flavonoid biosynthesis. The current study identified
a series of potential metabolites and corresponding genes responsible for SE transdifferentiation,
which provides a valuable foundation for a deeper understanding of the regulatory mechanisms
underlying cell totipotency at the molecular and biochemical levels.

Keywords: cotton; somatic embryogenesis; transdifferentiation; widely targeted metabolomics; purine
metabolism; flavonoid biosynthesis; molecular and biochemical basis; transcript-metabolite network

1. Introduction

Somatic embryogenesis (SE) plays a crucial role in the genetic transformation of plants and in
their in vitro rapid propagation. SE refers to the process of transformation from the somatic to the
embryogenic state and is a unique phenomenon similar to what occurs during the development of
zygotic embryos. The SE process can be artificially controlled in vitro conditions. It is also a classic
example of cell totipotency. The underlying mechanisms of SE are significant for revealing important
scientific theoretical problems that involve cell development, differentiation, and morphogenesis [1–4].
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Nic-Can et al. [5] reported that SE is a complex process of molecular regulation in which somatic
cells acquire totipotency to transform into embryonic cells. How does a somatic cell become a whole
plant? This question has been reported to be one of the 25 questions most important within the
scientific community [6]. However, the regulatory networks that are involved in the transition from the
nonembryogenic staged callus (NEC) to the somatic embryo during SE remain poorly understood [7].
In addition to environmental factors, external stimuli and hormones, many specifically expressed
genes also participate in the SE process and play a decisive role [8–11]. Therefore, it is particularly
important to identify and isolate key genes that regulate SE. Candidate genes that may regulate SE were
identified using bioinformatics tools [12]. The results showed that auxin response factor (ARF) [11,13,14],
leafy cotyledon (LEC) [10,15], Wuschel (WUS) [16–18], somatic embryogenesis receptor kinase (SERK) [8],
shoot meristemless (STM), and baby boom (BBM) [10,19,20] were involved in SE. In addition, the salicylic
acid (SA) and jasmonic acid (JA) signaling pathways were also predicted to regulate SE [12,21–27].

During the process of cotton SE, Hu et al. [28] found that interference of the high-mobility group
box 3 (GhHmgb3) gene enhanced the proliferation and differentiation of embryogenic callus. Poon et
al. [29] found that embryogenic callus could secrete a specific AGP protein (GhPLA1), which was
extracted and added to the medium to enhance SE. Min et al. [7] showed that the process of SE was
negatively regulated by a casein kinase gene (GhCKI) via a complex regulatory network. Several
differentially expressed small RNAs and their target genes were identified via small RNA sequencing
and degradation sequencing, which indicated that the SE process in cotton was regulated by complex
gene expression networks [30]. Genes related to stress, such as SERK1, abscisic aldehyde synthesis enzyme
2 (ABA2), abscisic acid insensitive 3 (ABI3), jasmonate ZIM-domain 1 (JAZ1), late embriogenesis abundant
protein 1 (LEA1), and transcription factors (NACs, WRKYs, MYBs, ERFs, Zinc finger family proteins)
were also involved in callus induction [31–37]. Transcriptome sequencing was carried out during
callus dedifferentiation and redifferentiation. Auxin and stress response molecules were found to be
involved in SE in cotton [38]. Xu et al. [39] also found that plant growth regulators played an important
regulatory role in SE.

In recent years, metabolomics, which involves the collection of all low molecular weight metabolites
that are present in a certain organism, cell, or tissue during a specific physiological period, has attracted
a great deal of attention. It mainly involves the examination of endogenous small molecules with
molecular weights less than 1000 Da. Plants can produce 200,000 to 1 million kinds of metabolites,
which can be divided into primary metabolites and secondary metabolites [40].

Metabolites are the ultimate result of gene transcription and protein expression in organisms
that are under the influence of internal and external factors. They form a bridge between genes
and phenotypes and can directly reflect the physiological phenomena within plants. At the same
time, metabolites can regulate gene transcription and protein expression. As the final products of
cellular regulatory processes, metabolites represent the building blocks of macromolecules and are
also an essential component of cellular energy pathways [41]. Metabolomic technologies enable
the examination and identification of endogenous biochemical reaction products and thereby reveal
information about the metabolic pathways and processes occurring within a living cell [42].

Metabolomics data can provide a wealth of information about the biochemical status of
tissues, and the interpretation of such data offers an effective approach that can be used for the
functional characterization of genes [43–45]. Transcriptomic and proteomic studies are only able to
predict changes at the gene expression and protein levels, respectively, while metabolomics studies
investigate the changes in functioning exhibited by these genes or proteins [46]. Compared with the
genome, transcriptome, or proteome, the metabolome more accurately reflects the phenotype of the
organism, and the minor changes in the genome and proteome can be reflected and amplified by the
metabolome [47]. The applicability of metabolomics to the SE process has been demonstrated in many
plant genera [48–52].

The development of ‘omics’ technology has allowed for comprehensive analysis of the SE
process at the transcript, protein, and metabolite levels [50,52]. The combination of modern omics
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technologies such as transcriptomics and metabolomics provides a great opportunity to acquire
a deeper understanding of the mechanisms of cell totipotency at the molecular and biochemical
levels [52]. To date, there have been few studies that have used transcriptomics and metabolomics
techniques to identify potential key factors involved in the SE process [48,49,51,52]. Additionally,
the relationship between callus tissues and the media used to culture them is not well understood at
the biochemical level in terms of nutrient uptake by callus from the medium or release of chemicals
into the medium [52]. Integrated metabolomic and transcriptomic network analyses can elucidate
the functioning of a series of secondary metabolites along with changes in content, as well as the
corresponding differentially expressed genes, which can broaden the global view of SE regulation [52].

In this study, we comparatively investigated the dynamic metabolomic and transcriptomic profiles
of two transdifferentiation processes, embryogenic differentiation and somatic embryo development,
during the SE process in cotton. By interactively comparing metabolomic and transcriptomic data,
we were able to identify potential metabolites and the corresponding differentially expressed genes
at the molecular and biochemical levels, as well as draw a comprehensive picture of the events
underpinning SE development to provide a valuable foundation for uncovering the regulatory
mechanisms underlying plant cell totipotency.

2. Results

2.1. Transdifferentiation Staged Cultures Derived from Cotton Somatic Embryogenesis

We established an efficient cotton SE system and obtained cultures from different developmental
stages, including nonembryogenic staged calli (NEC), primary embryogenic calli (PEC), and initiation
staged embryos with globular-like enriched (GE) based on our previous approach as published
recently [53] (Figure 1). These representative staged samples would be highly enriched and collected
to establish the metabolic and transcriptional profiles.

   
(a) (b) (c) 

Figure 1. Cultures derived from different developmental stages of cotton somatic embryogenesis (SE)
for the purposes of the metabolome and transcriptome assays. (a) Nonembryogenic staged calli (NEC);
(b) primary embryogenic calli (PEC); (c) initiation staged embryos with globular-like enriched (GE).
Bars = 1 mm.

2.2. UPLC-MS/MS-Based Quantitative Metabolomic Analysis and Overall Metabolite Identification

Ultra-performance liquid chromatography (UPLC) and tandem mass spectrometry (MS/MS) were
conducted to assess the dynamic metabolite changes in NEC, PEC, and GE in cotton. During the
process of instrumental analysis, one quality control (QC) sample was injected after every ten samples
to monitor the repeatability of the analysis process. The repeatability of metabolite extraction and
detection can be judged using overlapping analysis of the total ion current (TIC) in the different QC
samples (Figure 2). The results showed the overlap in the TIC curves during metabolite detection.
The retention times and peak intensities were consistent, which indicated that the signal was stable
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when an identical sample was detected at a different time. The instrumental stability provided
an important guarantee of the repeatability and reliability of our metabonomic data.

 
Figure 2. Overlapping analysis of the total ion current (TIC) in different quality control (QC) samples.
The abscissa represents the retention time (min) of metabolite detection, and the ordinate represents the
intensity of the ion current (cps: count per second).

The determination of Pearson’s correlation coefficient reflected the repeatability among the
intragroup samples (Figure 3a). Principal component analysis (PCA) was used to determine the
rate of contribution of the first two primary components (67.49%). The three period materials were
obviously separated, and each formed a cluster (Figure 3b). These results suggested that there was
sufficient reproducibility of the materials, which made them suitable for the following qualitative and
quantitative analyses.

After quality validation, a total of 581 metabolites with known structures were identified in NEC,
PEC and GE, each of which was analyzed using three biological replicates (Table S1). Of the 581
metabolites, amino acids (15%), flavones (15%), organic acids (12%), lipids (11%), and nucleotides (10%)
accounted for a large proportion (Figure 3c). Detailed information about the identified metabolites,
including the compounds, classes, molecular weights (Da), ionization models, Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways, and quantities for each of the three periods is shown in
Table S1.
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Figure 3. Overall qualitative and quantitative analysis of the metabolomics data. (a) Pearson’s
correlation coefficients among the three samples (NEC, PEC, and GE) and quality control samples (mix);
(b) PCA analysis of the three samples (NEC, blue; PEC, purple; GE, red) and quality control samples
(mix, green); the x-axis represents the first principal component and the y-axis represents the second
principal component. (c) Component analysis of the identified metabolites. The top five metabolites
are shown beside the graph. NEC, nonembryogenic staged calli; PEC, primary embryogenic calli; GE,
initiation staged embryos with globular-like enriched.

2.3. Identification of Differentially Accumulated Metabolites (DAMs)

Differentially accumulated metabolites (DAMs) were defined as those exhibiting a fold change ≥2
or a fold change≤0.5 and a variable importance in project (VIP)≥1 between PEC versus NEC, GE versus
PEC, or GE versus NEC (p < 0.05). In total, 156, 139, and 159 DAMs were identified, respectively
(Table 1 and Table S2). For PEC vs. NEC, 124 of 156 (79.5%) were upregulated and 32 of 156 (20.5%)
were downregulated. Of the 139 DAMs identified between GE and PEC, 86 (61.9%) and 53 (38.1%)
metabolites were upregulated and downregulated, respectively. Of the 159 metabolites differentially
accumulated in GE compared to NEC, 128 (80.5%) and 31 (19.5%) metabolites were upregulated and
downregulated, respectively. Volcano plots were generated to represent the significant differences
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between PEC vs. NEC, GE vs. PEC, and GE vs NEC (Figure 4a–c). A hierarchical cluster analysis was
also performed to assess the DAM accumulation patterns (Figure 4d–f).

Of these DAMs, amino acids (17%), organic acids (13%), flavones (12%), nucleotides (12%),
and hydroxycinnamoyl derivatives (6%) accounted for a large proportion in PEC compared to NEC
(Figure 4g). Flavones (23%), amino acids (12%), hydroxycinnamoyl derivatives (9%), organic acids (9%),
and other compounds (9%) were shown to be differentially accumulated in GE and PEC (Figure 4h).
Of the differentially accumulated metabolites in GE vs. NEC, flavones (16%), organic acids (15%),
amino acids (14%), nucleotides (11%), and other metabolites (8%) had the highest representation
(Figure 4i). Differential metabolites commonly and specifically accumulated in PEC vs. NEC, GE vs.
PEC, and GE vs. NEC were also investigated (Figure 5).

Table 1. Summary of differentially accumulated metabolites (DAMs) among NEC, PEC, and GE.

Group Name Number of Differential Metabolites Number Upregulated Number Downregulated

PEC vs. NEC 156 124 32
GE vs. PEC 139 86 53
GE vs. NEC 159 128 31

NEC, nonembryogenic staged calli; PEC, primary embryogenic calli; GE, initiation staged embryos with
globular-like enriched.

   
(a) (b) (c) 

(d) (e) (f) 

Figure 4. Cont.
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Figure 4. Differentially accumulated metabolites (DAMs) among NEC, PEC, and GE. (a) Volcano
plot showing the differential metabolites in PEC vs. NEC; (b) volcano plot showing the differential
metabolites in GE vs. PEC; (c) volcano plot showing the differential metabolites in GE vs. NEC. The red
spots represent upregulated DAMs, the green dots represent downregulated DAMs, and the black dots
represent nondifferentially accumulated metabolites; (d) Heat map representing the hierarchical cluster
analysis in PEC vs. NEC; (e) heat map representing the hierarchical cluster analysis in GE vs. PEC;
(f) heat map representing the hierarchical cluster analysis in GE vs. NEC. Red indicates high abundance,
whereas the relatively low-abundance metabolites are shown in green; (g) component analysis of DAMs
in PEC vs. NEC; (h) component analysis of DAMs in GE vs. PEC; (i) component analysis of DAMs in
GE vs. NEC. The top five DAMs are noted beside each graph. NEC, nonembryogenic staged calli; PEC,
primary embryogenic calli; GE, initiation staged embryos with globular-like enriched.
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Figure 5. Differential metabolites commonly and specifically accumulated in PEC vs. NEC, GE vs.
PEC, and GE vs. NEC. (a) Venn diagrams showing the distribution of DAMs in PEC vs. NEC, GE vs.
PEC, and GE vs. NEC; (b) component analysis of DAMs accumulated specifically in PEC vs. NEC;
(c) component analysis of DAMs accumulated specifically in GE vs. PEC. The top five specific DAMs
are noted beside each graph. DAMs, differentially accumulated metabolites; NEC, nonembryogenic
staged calli; PEC, primary embryogenic calli; GE, initiation staged embryos with globular-like enriched.
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2.4. Functional Annotation and KEGG Enrichment Analysis of DAMs

Differentially accumulated metabolites in PEC vs. NEC, GE vs. PEC, and GE vs. NEC were
functionally annotated using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database,
which was summarized in Table S4. To further investigate the functioning of SE-related metabolites,
we analyzed the differences and dynamic changes of biological processes among the three groups.
For PEC vs. NEC (embryogenic differentiation), the KEGG enrichment analysis showed that the terms
‘purine metabolism’, ‘cGMP-PKG signaling pathway’, and ‘olfactory transduction’ were significantly
enriched (Figure 6a). However, the terms ‘phenylpropanoid biosynthesis’, ‘flavone and flavonol
biosynthesis’, ‘flavonoid biosynthesis’, and ‘biosynthesis of phenylpropanoids’ were enriched in
GE vs. PEC (somatic embryo development) (Figure 6b). Meanwhile, for GE vs. NEC, the DAMs
were most strongly associated with the terms ‘purine metabolism’, ‘microbial metabolism in diverse
environments’, ‘biosynthesis of plant secondary metabolites’, and ‘cGMP-PKG signaling pathway’
(Figure 6c).

(a) 

 
(b) 

Figure 6. Cont.
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(c) 

Figure 6. KEGG pathway enrichment analysis of DAMs. (a) Pathway enrichment in PEC vs.
NEC; (b) pathway enrichment in GE vs. PEC; (c) pathway enrichment in GE vs. NEC. The x-axis
represents the enrichment factor, while the y-axis represents the enrichment pathway. The dot sizes
represent the number of differentially enriched metabolites. The statistical analysis of the pathway
enrichment was performed using Fisher’s exact test. DAMs, differentially accumulated metabolites;
NEC, nonembryogenic staged calli; PEC, primary embryogenic calli; GE, initiation staged embryos
with globular-like enriched.

2.5. Association Analysis of the Metabolome and Transcriptome Data Sets

To provide an overview of the system-wide changes that occur during SE in cotton, transcriptomic
profiling based on RNA-seq was performed. Significant differentially expressed genes (DEGs) were
detected among NEC, PEC, and GE (unpublished data). By interactively comparing the metabolomic
and transcriptomic data, we were able to identify potential metabolites and the corresponding
differentially expressed genes at the molecular and biochemical levels.

2.5.1. KEGG Enrichment Analysis of DAMs and DEGs During Cotton SE

To investigate the relationships between genes and metabolites involved in the two
transdifferentiation processes during SE in cotton, the DAMs and DEGs in the two compared groups
(PEC vs. NEC and GE vs. PEC) were mapped according to the KEGG database. There were 96 and 55
co-mapped pathways in PEC vs. NEC and GE vs. PEC, respectively (Table S5).

Interestingly, of these co-mapped pathways, ‘purine metabolism’ (ko00230) was significantly
enriched in PEC vs. NEC. Meanwhile, ‘phenylpropanoid biosynthesis’ (ko00940), ‘flavonoid
biosynthesis’ (ko00941), and ‘flavone and flavonol biosynthesis’ (ko00944) showed significant
accumulation in GE vs. PEC. DAMs involved in purine metabolism during embryogenic
differentiation and in flavonoid biosynthesis during somatic embryo development are listed in
Tables 2 and 3, respectively.
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Table 2. DAMs involved in purine metabolism during embryogenic differentiation (PEC vs. NEC).

Index Compound Class Fold Change Log2 (FC) Type

pmb0981 Adenosine 5′-monophosphate Nucleotide and its derivates 3.92 × 104 15.3 up
pmb2684 Cyclic AMP Nucleotide and its derivates 4.79 × 104 15.5 up
pmb2948 Adenosine 3′-monophosphate Nucleotide and its derivates 2.54 × 103 11.3 up
pmb4344 Guanosine 5′-monophosphate Nucleotide and its derivates 2.19 × 104 14.4 up
pmc0066 2′-Deoxyinosine-5′-monophosphate Nucleotide and its derivates 1.29 × 104 13.7 up
pmd0023 Adenosine Nucleotide and its derivates 1.36 × 102 7.08 up
pme1175 Guanosine Nucleotide and its derivates 93.1 6.54 up
pme1181 Deoxyguanosine Nucleotide and its derivates 17.1 4.10 up
pme1296 Xanthosine Nucleotide and its derivates 1.37 × 102 7.10 up
pme3835 Guanosine 3′,5′-cyclic monophosphate Nucleotide and its derivates 1.64 × 104 14.0 up
pme3960 Deoxyadenosine Nucleotide and its derivates 7.32 × 104 16.2 up

DAMs, differentially accumulated metabolites; NEC, nonembryogenic staged calli; PEC, primary embryogenic calli.

Table 3. DAMs involved in flavonoid biosynthesis during somatic embryo development (GE vs. PEC).

Index Compound Class Fold Change Log2 (FC) Type

pme1580 Eriodictyol Flavanone 4.17 2.06 up
pme2319 Hesperetin Flavanone 2.43 1.28 up
pmb0605 Apigenin 7-O-glucoside (Cosmosiin) Flavone 0.145 −2.79 down
pme0088 Luteolin Flavone 3.56 1.83 up
pme2459 Luteolin 7-O-glucoside (Cynaroside) Flavone 3.30 1.72 up
pme3300 Tricetin Flavone 2.60 1.38 up
pme0199 Quercetin Flavonol 56.9 5.83 up
pme0200 Kaempferol Flavonol 4.09 × 103 12.0 up
pme0202 Quercetin 3-O-rutinoside (Rutin) Flavonol 15.9 3.99 up
pme1478 Myricetin Flavonol 44.2 5.46 up
pme1521 Dihydroquercetin (Taxifolin) Flavonol 4.60 2.20 up
pme2898 Dihydromyricetin Flavonol 2.92 × 10−6 −18.4 down
pme3212 Quercetin 3-O-glucoside (Isotrifoliin) Flavonol 6.63 2.73 up
pme3268 Kaempferol 3-O-galactoside (Trifolin) Flavonol 6.26 2.65 up

DAMs, differentially accumulated metabolites; PEC, primary embryogenic calli; GE, initiation staged embryos with
globular-like enriched.

2.5.2. Correlation Analysis of DAMs and DEGs during SE in Cotton

Log2 conversion data for the differentially accumulated metabolites and differentially expressed
genes were selected that had a Pearson’s correlation coefficient (PCC) > 0.8. To obtain a systematic
view of the variations in metabolites and their corresponding genes with PCC > 0.8, nine quadrant
diagrams were generated for the embryogenic differentiation and somatic embryo development
processes (Figure 7).

The black dotted lines divide each graph into 9 quadrants. Upregulated metabolites and
downregulated genes are displayed in quadrant 1, upregulated metabolites and unchanged genes are
displayed in quadrant 2, upregulated metabolites and upregulated genes are displayed in quadrant 3,
unchanged metabolites and downregulated genes are displayed in quadrant 4, unchanged metabolites
and unchanged genes are displayed in quadrant 5, unchanged metabolites and upregulated genes
are displayed in quadrant 6, downregulated metabolites and downregulated genes are displayed
in quadrant 7, downregulated metabolites and unchanged genes are displayed in quadrant 8,
and downregulated metabolites and upregulated genes are displayed in quadrant 9. Moreover,
the DAMs and DEGs shown in quadrant 3 and quadrant 7 are positively correlated and have similar
consistent patterns, while the DAMs and DEGs shown in quadrant 1 and quadrant 9 are negatively
correlated and have opposite patterns.

Notably, in quadrant 3, several representative factors that are related to receptor-like protein kinases,
signal recognition, transcription, stress regulation, lipid binding, hormone responses, and histone
modification were significantly activated during embryogenic differentiation process (Table 4).
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(a) (b) 

Figure 7. Quadrant diagrams representing association of metabolomic and transcriptomic variation
during SE in cotton. (a) Overview of metabolomic and transcriptomic variation in PEC vs. NEC; (b)
overview of metabolomic and transcriptomic variation in GE vs. PEC. The x-axis represents the fold
changes in the transcriptome data; the y-axis represents the fold changes in the metabolome data.
The black dotted lines represent the differential thresholds. Outside of the threshold lines, there were
significant differences in the genes/metabolites, and within the threshold lines are shown the unchanged
genes/metabolites. Each point represents a gene/metabolite. Black dots represent the unchanged
genes/metabolites; green dots represent differentially accumulated metabolites with unchanged genes;
red dots represent differentially expressed genes with unchanged metabolites; blue dots represent
both differentially expressed genes and differentially accumulated metabolites. NEC, nonembryogenic
staged calli; PEC, primary embryogenic calli; GE, initiation staged embryos with globular-like enriched.

Table 4. Significant representative differentially expressed genes (DEGs) involved in purine metabolism
during embryogenic differentiation (PEC vs. NEC).

Gene ID Gene Name Description Log2 (FC) Meta ID Log2 (FC) PCC

Gh_D05G1280 PERK13 Proline-rich receptor-like protein kinase 3.61
pme1175 6.54 1
pme1296 7.10 1

Gh_D10G1867 IRK LRR receptor-like protein kinase 3.52
pmb0981 15.26 1
pmb2948 11.31 1
pmc0066 13.65 1

Gh_A03G1831 CAO Signal recognition protein 1.99
pme1175 6.54 1
pme1296 7.10 1

Gh_A07G2239 ABI3 B3 transcription factor 5.70
pmb0981 15.26 1
pmb2948 11.31 1
pmc0066 13.65 1

Gh_A08G2488 WRKY2 WRKY transcription factor 2 1.77
pmb0981 15.26 1
pmb2948 11.31 1
pmc0066 13.65 1

Gh_A11G2618 NFYC2 Nuclear transcription factor 3.07
pmb0981 15.26 1
pmb2948 11.31 1
pmc0066 13.65 1

Gh_D04G0086 NFYA3 Nuclear transcription factor 2.29
pmb0981 15.26 1
pmb2948 11.31 1
pmc0066 13.65 1

Gh_A06G1368 SERP2 Stress-associated protein 4.36 pme1175 6.54 1
4.36 pme1296 7.10 1

Gh_D04G1347 ARR4 Two-component response regulator 2.55
pme1175 6.54 1
pme1296 7.10 1
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Table 4. Cont.

Gene ID Gene Name Description Log2 (FC) Meta ID Log2 (FC) PCC

Gh_D12G2180 AIR1 Putative lipid-binding protein 3.55 pme1175 6.54 1
3.55 pme1296 7.10 1

Gh_D12G1336 HMGB7 High mobility group B protein
3.75 pmb0981 15.26 1
3.75 pmb2948 11.31 1
3.75 pmc0066 13.65 1

Gh_D11G0232 HMGB13 High mobility group B protein 5.55 pme1175 6.54 1
5.55 pme1296 7.10 1

Gh_A06G0239 IAA9 Auxin-responsive protein 3.87 pmb2948 11.31 1

Gh_D09G0145 GASA4 Gibberellin-regulated protein 6.53
pmb0981 15.26 1
pmb2948 11.31 1
pmc0066 13.65 1

Gh_A10G0472 B34 Histone H3.2
3.80 pmb0981 15.26 1
3.80 pmb2948 11.31 1

Gh_A13G1866 B34 Histone H3.2 3.46 pmb2948 11.31 1
Gh_D08G1979 HIS2A Histone H2AX 4.15 pmb0981 15.26 1
Gh_D08G0034 HIS2A Histone H2A 3.15 pmb2948 11.31 1

NEC, nonembryogenic staged calli; PEC, primary embryogenic calli.

2.5.3. Transcript-Metabolite Correlation Network Representing DAMs and DEGs during SE in Cotton

To model the synthetic and regulatory characteristics of DAMs and DEGs, subnetworks were
constructed to determine transcript-metabolite correlations. Only the correlation pairs with a correlation
coefficient > 0.8 were included in the analysis.

In PEC vs. NEC, the differential metabolites involved in purine metabolism are listed in Table 2. Several
classic key genes that have been shown to be specifically activated during embryogenic differentiation were
included in the correlation test, including BBM [10,19,20], SERK [8], LEC [10,15], ARF [11,13,14], AGL15 [54],
AGP [29], GLP [55], AGO1 [56], LTP, and AMY [57]. The visualized network revealed that a total of 22
nodes were connected by 81 edges. Meanwhile, 53 pairs showed a positive correlation, and 28 pairs were
negatively correlated (Figure 8a). Detailed information about the gene-metabolite pairs that are involved in
purine metabolism during embryogenic differentiation is listed in Table 5.

The differential metabolites involved in flavonoid biosynthesis in GE vs. PEC are listed
in Table 3. Genes that control somatic embryo development, including wuschel (WUS) [16–18],
clavata1 (CLV1) [16–18], cup-shaped cotyledon 2 (CUC2) [58], short-root (SHR), and scarecrow (SCW) [59],
were subjected to correlation tests. A transcript-metabolite correlation network was built that consisted
of 12 nodes and 13 edges. Four pairs showed a positive correlation, and nine pairs were negatively
correlated (Figure 8b). Detailed information about the gene-metabolite pairs involved in flavonoid
biosynthesis during somatic embryo development is listed in Table 6.

These results indicated that several classic SE-related genes were highly correlated with
their corresponding metabolites involved in purine metabolism and flavonoid biosynthesis,
which reconfirmed the specific importance of purine metabolism during embryogenic differentiation,
as well as the importance of flavonoid biosynthesis during somatic embryo development.
The transcriptome data validated the authenticity and accuracy of the metabolic analysis.

Table 5. Classic gene-metabolite pairs involved in purine metabolism during embryogenic
differentiation (PEC vs. NEC).

Gene ID Gene Name Description Log2 (FC) Meta ID Log2 (FC) PCC

Gh_A08G2008 BBM Baby boom 6.54

pmc0066 13.65 −1
pmd0023 7.08 −1
pmb2948 11.31 −1
pmb0981 15.26 −1
pme3960 16.20 −1
pme1181 4.10 −1
pme1175 6.54 −1
pme3835 14.00 −1
pme1296 7.10 −1
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Table 5. Cont.

Gene ID Gene Name Description Log2 (FC) Meta ID Log2 (FC) PCC

Gh_D06G1184 SERK1
Somatic embryogenesis

receptor kinase 1.25

pmc0066 13.65 1
pmd0023 7.08 1
pmb2948 11.31 1
pmb0981 15.26 1
pmb2684 15.50 1
pme3960 16.20 1
pme1181 4.10 1
pme1175 6.54 1
pme3835 14.00 1
pme1296 7.10 1

Gh_D13G1387 LEC1 Leafy cotyledon 6.44

pmc0066 13.65 1
pmd0023 7.08 1
pmb2948 11.31 1
pmb0981 15.26 1
pme3960 16.20 1
pme3835 14.00 1

Gh_D07G0476 ARF2 Auxin response factor 2 1.89

pmc0066 13.65 1
pmd0023 7.08 1
pmb2948 11.31 1
pmb0981 15.26 1
pme3960 16.20 1
pme1181 4.10 1
pme3835 14.00 1

Gh_A12G0910 AGL15 Agamous-like 15 6.47

pmc0066 13.65 −1
pmd0023 7.08 −1
pmb2948 11.31 −1
pmb0981 15.26 −1
pme3960 16.20 −1
pme1181 4.10 −1
pme1175 6.54 −1
pme3835 14.00 −1
pme1296 7.10 −1

Gh_D07G0323 AGP1 Arabinogalactan protein1 5.93

pmc0066 13.65 1
pmd0023 7.08 1
pmb2948 11.31 1
pmb0981 15.26 1
pmb2684 15.50 1
pme3960 16.20 1
pme1181 4.10 1
pme3835 14.00 1

Gh_A12G1076 GLP2 Germin-like protein 2 −1.13
pmb2684 15.50 −1
pme1181 4.10 −1

Gh_A09G1557 AGO1 Argonaute 1 1.19

pmc0066 13.65 1
pmd0023 7.08 1
pmb2948 11.31 1
pmb0981 15.26 1
pmb2684 15.50 1
pme3960 16.20 1
pme1181 4.10 1
pme3835 14.00 1

Gh_D05G1937 AMY1 Alpha-amylase 1 −4.34

pmc0066 13.65 −1
pmd0023 7.08 −1
pmb2948 11.31 −1
pmb0981 15.26 −1
pmb2684 15.50 −1
pme3960 16.20 −1
pme1181 4.10 −1
pme3835 14.00 −1

393



Int. J. Mol. Sci. 2019, 20, 2070

Table 5. Cont.

Gene ID Gene Name Description Log2 (FC) Meta ID Log2 (FC) PCC

Gh_A12G0504 LTP2 Lipid transfer protein 2 3.58

pmc0066 13.65 1
pmd0023 7.08 1
pmb2948 11.31 1
pmb0981 15.26 1
pmb2684 15.50 1
pme3960 16.20 1
pme1181 4.10 1
pme3835 14.00 1
pmb4344 14.40 1

Gh_D12G0517 LTP2-like Lipid transfer protein 2-like 3.03

pmc0066 13.65 1
pmb0981 15.26 1
pme3960 16.20 1
pme1181 4.10 1
pmb4344 14.40 1

NEC, nonembryogenic staged calli; PEC, primary embryogenic calli.

Table 6. Classic gene-metabolite pairs involved in flavonoid biosynthesis during somatic embryo
development (GE vs. PEC).

Gene ID Gene Name Description Log2 (FC) Meta ID Log2 (FC) PCC

Gh_A10G0884 WUS Wusche l 2.12 pme3268 2.65 −1

Gh_A02G0853 CLV1 Clavata 1 3.00

pme2898 −18.40 1
pme0200 12.00 −1
pme3268 2.65 −1
pme2459 1.72 −1
pme0202 3.99 −1

Gh_D01G0448 CUC2
Cup-shaped
cotyledon 2 2.77

pme2459 1.72 −1
pme3212 2.73 −1

Gh_D02G0017 SCW Scarecrow 2.55

pme2898 −18.40 −1
pme0200 12.00 1
pme3268 2.65 1
pme2459 1.72 1

Gh_A12G0710 SHR Short-root 1.90 pmb0605 −2.79 −1

PEC, primary embryogenic calli; GE, initiation staged embryos with globular-like enriched.

(a) 

Figure 8. Cont.
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(b) 

Figure 8. Transcript-metabolite correlation network representing DAMs and DEGs involved in PEC
vs. NEC and GE vs. PEC. (a) Pearson correlation network representing factors associated with purine
metabolism in PEC vs. NEC; (b) Pearson correlation network representing factors associated with
flavonoid biosynthesis in GE vs. PEC. The gene-metabolite pairs were connected within the network by
edges. Blue nodes represent genes and red nodes represent metabolites. Red edges represent positive
correlations, and green edges represent negative correlations. DAMs, differentially accumulated
metabolites; DEGs, differentially expressed genes; NEC, nonembryogenic staged calli; PEC, primary
embryogenic calli; GE, initiation staged embryos with globular-like enriched.

3. Discussion

Metabolomics is an emerging omics technology that, like genomics and proteomics, can be
used to qualify and quantify all metabolites of small molecular weight within the cells of
an organism. Plant metabolomics has been widely applied to the investigation of patterns of metabolite
accumulation and their underlying genetic basis via the identification of genes involved in metabolism,
which is currently a topic of interest in modern plant biology. As the final products of genome
expression, metabolites directly define the biochemical characteristics of a cell or tissue, which allows
metabolomic data to be used to explain the biochemical mechanisms underlying SE. Meanwhile,
integrated transcriptomic and metabolomic analysis allows for the more precise representation of
gene-to-metabolite networks and thus will be an effective method that can be used to decipher the
mechanisms involved in SE regulation in cotton. In the current study, we combined transcriptome and
metabolome analyses to generate dynamic profiles of two transdifferentiation processes, embryogenic
differentiation, and somatic embryo development, during SE in cotton, with the aim to provide
a better understanding of the processes of SE transdifferentiation that resulted in cell totipotency at the
molecular and biochemical levels.

3.1. Accumulated DAMs Specifically Involved in Two SE Transdifferentiation Processes in Cotton

In this study, a hierarchical cluster analysis (HCA) was performed to assess the patterns of
accumulation of the metabolites among the different samples. Results showed that PEC and GE can
be clustered together while NEC forms a separate cluster, which suggests that there is significant
differential accumulation of metabolites between the two transdifferentiation processes, embryogenic
differentiation (PEC-NEC) and somatic embryo developmental initiation (GE-PEC).

To investigate the differential metabolites specifically accumulated in (PEC-NEC) vs. (GE-PEC) vs.
(GE-NEC), a Venn diagram was generated (Figure 5a; Table S3). The results showed that 26 metabolites
were accumulated in common among (PEC-NEC) vs. (GE-PEC) vs. (GE-NEC). Meanwhile, 45 DAMs
were accumulated in both (PEC-NEC) vs. (GE-PEC), 118 DAMs in both (PEC-NEC) vs. (GE-NEC),
and 63 DAMs in both (GE-PEC) vs. (GE-NEC).
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We examined the metabolites that were specifically accumulated between the two
transdifferentiation processes, embryogenic differentiation (PEC-NEC), and somatic embryo
development (GE-PEC). The results showed that there were 111 DAMs that were specifically
accumulated in PEC vs. NEC, of which amino acids, organic acids, nucleotides, flavones, and lipids
were the most represented (Figure 5b). Meanwhile, 94 DAMs were accumulated specifically in
GE vs. PEC, of which flavones hydroxycinnamoyl derivatives, other metabolites, amino acids and
organic acids accounted for a large proportion (Figure 5c). Specifically, nucleotides and lipids were
more greatly accumulated during embryogenic differentiation, whereas greater amounts of flavones
and hydroxycinnamoyl derivatives were accumulated during the somatic embryo development
process. These data indicated that nucleotides and lipids may play important and special roles
during embryogenic differentiation, whereas flavonoids are more important during the embryo
maturation process.

3.2. Enrichment of Purine Metabolism in Embryogenic Differentiation

Purine metabolism refers to the metabolic pathways that synthesize and break down the purines
that are present in many organisms. In our study, to investigate the functioning of SE-related
metabolites, we analyzed the differences and dynamic metabolite changes among the three groups,
PEC vs. NEC, GE vs. PEC, and GE vs. NEC. KEGG enrichment analysis showed that the ‘purine
metabolism’ pathway was significantly enriched during embryogenic differentiation (Figure 6b). All of
the differentially accumulated metabolites related to purine metabolism were upregulated. Meanwhile,
enrichment analysis of DAMs and DEGs showed that ‘purine metabolism’ was co-mapped based on
results from the KEGG database (Table S5).

In our study, several major DEGs of regulatory factors were identified and significantly associated
with purine metabolism in embryogenic differentiation, including receptor-like protein kinases, signal
recognition, transcription, stress regulation, lipid binding, hormone responses, and histone modification
were significantly upregulated during the embryogenic differentiation process (Table 4).

The role of purine metabolism in the SE process has been demonstrated in many plants.
A comparative omic analysis of tree fern Cyathea delgadii explants that were undergoing direct SE was
performed. The results revealed that the differentially regulated proteins adenine phosphoribosyl
transferase 3 and adenosine kinase 2 were assigned to the purine metabolism category and were
associated with direct SE in C. delgadii [60]. To understand the molecular mechanisms that regulate
early SE in Eleutherococcus senticosus Maxim, a high-throughput RNA-seq technology was used to
investigate its transcriptome. The initiation of SE affected gene expression in many KEGG pathways
but predominantly affected expression in metabolic pathways and those related to the biosynthesis
of secondary metabolites. Other unigenes were classified into the purine metabolism pathway [61].
Similar results were obtained in cotton (Gossypium hirsutum L.). RNA-seq was performed to analyze the
genes expressed during SE and their expression dynamics using RNAs isolated from nonembryogenic
callus (NEC), embryogenic callus (EC), and somatic embryos (SEs). The differentially expressed genes
in NEC, EC, and SEs were identified, annotated, and classified. Partial DEGs were identified that
were related to purine metabolism [62]. A possible critical role for purines during embryogenesis in
geranium hypocotyl tissues (Pelargonium x hortorum) has also been reported [63]. The above results
revealed the significant role of purine metabolism in EC proliferation.

3.3. Enrichment of Flavonoid Biosynthesis in Somatic Embryo Developmental Initiation

Flavonoids are synthesized by the phenylpropanoid metabolic pathway in which the amino acid
phenylalanine is used to produce 4-coumaroyl-CoA. The metabolic pathway continues through a series
of enzymatic modifications to yield flavanones, dihydroflavonols, and then anthocyanins. Along this
pathway, many products can be formed, including flavonols, flavan-3-ols, proanthocyanidins (tannins)
and a host of other various polyphenolics. In the current study, 139 differentially accumulated
metabolites were identified in GE vs. PEC, and flavone was largely detected (Figure 4h). 94 DAMs
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accumulated specifically in somatic embryo development, of which flavone accounted for a large
proportion (Figure 5c). KEGG enrichment analysis of DAMs suggested that ‘phenylpropanoid
biosynthesis’, ‘flavone and flavonol biosynthesis’, ‘flavonoid biosynthesis’, and ‘biosynthesis of
phenylpropanoids’ were enriched in GE vs. PEC (Figure 6b). Meanwhile, in co-mapped pathways
between genes and metabolites, ‘phenylpropanoid biosynthesis’ (ko00940), ‘flavonoid biosynthesis’
(ko00941), and ‘flavone and flavonol biosynthesis’ (ko00944) showed significant accumulation in GE
vs. PEC (Table S5).

The significant role of flavonoid biosynthesis in the somatic embryo development process has
been investigated. In citrus cell cultures, there was no detectable accumulation of flavonoid in
the undifferentiated calli, but flavonoid accumulated after the morphological changes to embryos.
Two chalcone synthase (CHS) genes differentially expressed during citrus SE and CHS gene may
regulate the accumulation of flavonoid [64].

With the goal to better understand SE development and to improve the efficiency of SE conversion
in Theobroma cacao L., gene expression differences between zygotic and somatic embryos were examined
using a whole genome microarray. Expression levels of genes involved in fatty acid metabolism
and flavonoid biosynthesis were differentially expressed in the two types of embryos. The relatively
higher expression of flavonoid related genes during SE suggested that the developing tissues may be
experiencing high levels of stress during SE maturation caused by the in vitro environment [65].

Moreover, Wang et al. reported that overexpression of GhSPL10, a target of GhmiR157a, activated
the flavonoid biosynthesis pathway, and promoted initial cellular dedifferentiation and callus
proliferation [66]. The synthesis of flavonoids like anthocyanin in several plant tissues has been
associated with increased phenylalanine ammonia lyase (PAL) activity. The increased PAL level
was detected in samples collected from different growth phases during SE in Silybum marianum.
As intermediary products of phenylpropanoid metabolism, flavonoids may stimulate differentiation
and create a situation that is more favorable for embryogenesis [67]. These conclusions demonstrated
that flavonoids biosynthesis might be frequently associated with somatic embryo development during
cotton SE transdifferentiation.

4. Materials and Methods

4.1. Plant Materials and Culture Conditions

Upland cotton (Gossypium hirsutum cv. YZ-1) seeds were sterilized in 0.1% HgCl2 (w/v) for 8 min
and were then rinsed 3–4 times with distilled water. The seeds were then germinated in Murashige and
Skoog (MS) medium supplemented with 3% (w/v) sucrose and 0.25% (w/v) phytagel. Hypocotyl explants
(0.5–1.0 cm) from 7-day-old seedlings were cultured in MS plus B5 vitamin (MSB) medium containing
0.45 μmol·L−1 2,4-dichlorophenoxyacetic acid (2,4-D) and 0.46 μmol·L−1 kinetin (KT). NEC were
maintained in MSB medium for 6 weeks at 28 ◦C in a 16/8 h light/dark photoperiod and were then
subcultured in fresh MSB medium without hormones. Following an additional 3–4 weeks of growth,
the somatic-to-embryogenic transition progressed to the point where it induced the development of
PEC and GE. Based on our previous approach as published recently [53], these representative staged
samples of NEC, PEC, and GE could be highly enriched and collected, frozen immediately in liquid
nitrogen, and stored at −80 ◦C for subsequent metabolic and transcriptomic profiling. The sample
from each stage was prepared using three biological replicates.

4.2. Sample Preparation and Extraction for Widely Targeted Metabolic Profiling

Chemical extraction was carried out on nine samples (three biological replicates for each of
three developmental stages) for the purposes of metabolic analyses. Each freeze-dried sample was
crushed using a mixer mill (MM 400, Retsch, Haan, Germany) with a zirconia bead for 1.5 min
at 30 Hz. One hundred milligrams of powder was weighed and extracted overnight at 4 ◦C in
1.0 mL 70% aqueous methanol. Following centrifugation at 10000 g for 10 min, the extracts were
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absorbed using a CNWBOND Carbon-GCB SPE Cartridge (250 mg, 3 mL; ANPEL, Shanghai, China,
www.anpel.com.cn/cnw) and filtered with a SCAA-104 filter (0.22 μm pore size; ANPEL, Shanghai,
China, http://www.anpel.com.cn/) prior to LC-MS analysis.

4.3. HPLC Conditions

The sample extracts were analyzed using an LC-ESI-MS/MS system (HPLC: Shim-pack UFLC
SHIMADZU CBM30A system, www.shimadzu.com.cn/; MS: Applied Biosystems 6500 Q TRAP,
www.appliedbiosystems.com.cn/). The analytical conditions were as follows: HPLC column,
Waters ACQUITY UPLC HSS T3 C18 (1.8 μm, 2.1 × 100 mm); solvent system, water (0.04% acetic acid)
and acetonitrile (0.04% acetic acid); gradient program, 95:5 v/v at 0 min, 5:95 v/v at 11.0 min, 5:95 v/v at
12.0 min, 95:5 v/v at 12.1 min, 95:5 v/v at 15.0 min; flow rate, 0.40 mL/min; temperature, 40 ◦C; injection
volume, 2 μL. The effluent was alternatively connected to an ESI-triple quadrupole-linear ion trap
(Q TRAP)-MS.

4.4. ESI-Q TRAP-MS/MS

LIT and triple quadrupole (QQQ) scans were acquired using a triple quadrupole-linear ion trap
mass spectrometer (Q TRAP) API 6500 Q TRAP LC/MS/MS System equipped with an ESI Turbo
ion-spray interface, operated in positive ion mode and controlled using Analyst 1.6 software (AB Sciex).
The ESI source operation parameters were as follows: ion source, turbo spray; source temperature,
500 ◦C; ion spray voltage (IS), 5500 V; ion source gas I (GSI), gas II (GSII), and curtain gas (CUR), 55, 60,
and 25.0 psi, respectively; the collision gas (CAD) was set to high. The instrument tuning and mass
calibration were performed using 10 and 100 μmol/L polypropylene glycol solutions in QQQ and LIT
modes, respectively. QQQ scans were acquired during MRM experiments in which the collision gas
(nitrogen) was set to 5 psi. DP and CE for individual MRM transitions were conducted after further
DP and CE optimization. A specific set of MRM transitions were monitored during each period based
on the metabolites that eluted during this period [68,69].

4.5. Widely Targeted Metabolic Profiling

The samples were analyzed using a metabolomic platform that combined ultra-performance
liquid chromatography (UPLC) and tandem mass spectrometry (MS/MS). Metabolite identification
was performed using the MWDB metware database (Metware Biotechnology Co., Ltd. Wuhan, China)
and other public databases according to standard metabolic operating procedures.

4.6. Statistical Analysis

The metabolite abundances were quantified using the peak areas. The data obtaining from the
metabolite profiling were normalized for the principal component analysis (PCA) and partial least
squares-discriminant analysis (PLS-DA) [70,71]. Metabolites with significant differences in content
were defined as having a variable importance in project (VIP) ≥ 1 and a fold change ≥ 2 or ≤ 0.5.
Fisher’s exact test was applied to identify the significant KEGG pathways with a false discovery rate
(FDR) < 0.05 [72]. Gene-metabolite pairs with a Pearson’s correlation coefficient > 0.8 were used to
construct the transcript-metabolite network.

5. Conclusions

Somatic embryogenesis is the developmental reprogramming of somatic cells toward the
embryogenesis pathway. In this study, the dynamic metabolomic and transcriptomic profiling of cotton
SE transdifferentiation processes, embryogenic differentiation, and somatic embryo development,
were comparatively investigated.

During embryogenic differentiation (PEC vs. NEC), nucleotides and lipids were specifically
accumulated. And the metabolome wide DAMs significantly enriched in purine metabolism (Table 2).
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In addition, purine metabolism-related genes associated with signal recognition, transcription, stress,
and lipid binding were remarkably activated (Table 4). Moreover, several classic SE genes that
specifically activated during embryogenic differentiation, including BBM, SERK1, LEC1, ARF2, AGL15,
AGP1, GLP2, AGO1, LTP2, and AMY1, were highly correlated with the corresponding metabolites that
were involved in purine metabolism (Table 5).

During somatic embryo development (GE vs. PEC), flavones and hydroxycinnamoyl derivatives
were largely accumulated. DAMs were most significantly associated with flavonoid biosynthesis
(Table 3). Classic SE genes that control somatic embryo development, including WUS, CLV1, CUC2,
SHR, and SCW, were highly correlated with the corresponding metabolites that were involved in
flavonoid biosynthesis (Table 6).

By interactively comparing metabolomic and transcriptomic data, we identified a series of potential
metabolites and the corresponding differentially expressed genes candidate for a relevant role in SE
transdifferentiation. The findings in our work provide new insights into the underlying molecular
and biochemical basis associated with embryogenic competence acquisition underpinning cotton
SE development.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/9/2070/
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Abbreviations

ABA2 Abscisic aldehyde synthesis enzyme 2
ABI3 Abscisic acid insensitive 3
AGL15 Agamous-like 15
AGO1 Argonaute 1
AGP Arabinogalactan protein
AMY Alpha-amylase
ARF Auxin response factor
BBM Baby boom
CLV1 Clavata 1
CUC2 Cup-shaped cotyledon 2
DAMs Differentially accumulated metabolites
DEGs Differentially expressed genes
GE Initiation staged embryos with globular-like enriched
GLP Germin-like protein
HCA Hierarchical cluster analysis
JAZ1 Jasmonate ZIM-domain 1
KEGG Kyoto encyclopedia of genes and genomes
LEA1 Late embryogenesis abundant protein 1
LEC Leafy cotyledon
LTP Lipid transfer protein
MS/MS Tandem mass spectrometry
NEC Nonembryogenic staged calli
PCA Principal component analysis
PCC Pearson correlation coefficient
PEC Primary embryogenic calli
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QC Quality control
SCW Scarecrow
SE Somatic embryogenesis
SERK Somatic embryogenesis receptor kinase
SHR Short-root
STM Shoot meristemless
TIC Total ions current
UPLC Ultra-performance liquid chromatography
VIP Variable importance in project
WUS Wuschel
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Abstract: The morphological development of the leaf greatly influences plant architecture and
crop yields. The maize leaf is composed of a leaf blade, ligule and sheath. Although extensive
transcriptional profiling of the tissues along the longitudinal axis of the developing maize leaf blade
has been conducted, little is known about the transcriptional dynamics in sheath tissues, which play
important roles in supporting the leaf blade. Using a comprehensive transcriptome dataset, we
demonstrated that the leaf sheath transcriptome dynamically changes during maturation, with the
construction of basic cellular structures at the earliest stages of sheath maturation with a transition to
cell wall biosynthesis and modifications. The transcriptome again changes with photosynthesis and
lignin biosynthesis at the last stage of sheath tissue maturation. The different tissues of the maize leaf
are highly specialized in their biological functions and we identified 15 genes expressed at significantly
higher levels in the leaf sheath compared with their expression in the leaf blade, including the BOP2
homologs GRMZM2G026556 and GRMZM2G022606, DOGT1 (GRMZM2G403740) and transcription
factors from the B3 domain, C2H2 zinc finger and homeobox gene families, implicating these genes
in sheath maturation and organ specialization.

Keywords: leaf sheath; maturation; transcriptional dynamics; transcriptome

1. Introduction

Maize (Zea mays L.) is one of the most important grain crops globally. It is not only used as a grain
food and feed but is also preserved as corn silage and as a bioenergy source. Regardless of its final
use, the accumulation of maize biomass is important. The leaf is the primary source of photosynthate;
thus, its morphological development greatly influences plant biomass and yield. A typical mature
maize leaf is made up of three parts: The leaf blade, the ligular region and the leaf sheath. The blade
is the distal part of the maize leaf and the major organ for photosynthesis, the ligular region is a
wedge-shaped structure connecting the leaf blade and leaf sheath that acts as a hinge to project the leaf
blade away from the stem, and the sheath wraps around the stem and provides strength for the growth
and development of the leaf blade. The shape and development of these three regions control the
architecture of the maize leaf, which is important for photosynthesis and ultimately maize yields [1–5].
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The development of grass leaves proceeds basipetally, with the distal cells differentiating and
maturing first while the basal cells divide and expand. Several recent studies have portrayed a
very dynamic biochemical differentiation process along the maize leaf blade. Here, basic cellular
functions—such as DNA synthesis and cell wall synthesis—become enriched in the basal region
of the leaf sink, which transitions to secondary cell wall biosynthesis and the establishment of the
photosynthetic machinery in the source-sink transition zone and the dominant photosynthetic reactions
in the distal part of the leaf [6,7]. Also, several mutants have been identified that influence the
morphogenesis of the leaf blade in maize, e.g., ns (narrow sheath) and rld1 (rolled leaf 1) [8,9], and
produce abnormal leaf blade development in maize. Several genes that control ligule development in
maize have been identified. These include LIGULELESS1 (LG1), which encodes a Squamosa binding
protein (SBP) family transcription factor; LIGULELESS2 (LG2), encoding a basic leucine zipper (bZIP)
family transcription factor; and LIGULELESS NARROW (LGN), a putative serine-threonine kinase
that controls early ligule formation in maize leaves [10–14]. Compared to studies on the leaf blade
and ligule tissues, very few studies have focused on the leaf sheath, and our understanding of sheath
development is limited.

The leaf sheath wraps around the stem in maize and is believed to provide strength for the
growth and development of the leaf blade. Hatfield and colleagues compared changes in the cell
wall component in maize leaf blades [15], midribs and sheaths from nodes 9 to 14 and concluded that
sheath and midrib tissues always accumulate more neutral sugars, lignin and total phenolics than
blade tissues. These metabolite measurements may explain the higher mechanical strength of leaf
sheaths; however, information at the molecular level is still limited.

Most mutations that affect the blade-sheath boundary appear to extend the sheath tissue into
the blade, but the functions of genes that regulate the development of the sheath tissues are poorly
understood, and almost no genes have been identified that distinguish the leaf sheath from the blade
and ligule tissues. To investigate the transcriptional dynamics associated with the maturation of
maize sheath tissues, we conducted RNA sequencing (RNA-seq) profiling experiments to capture the
progressive stages of sheath maturation. These data reveal a dynamic transcriptional process during
leaf sheath maturation. In particular, we have defined transcriptional regulators that may specify
unique activities in sheath tissue relative to those in the leaf blade. This dataset serves as a foundation
for future studies of maize sheath development and maturation.

2. Results

2.1. Defining the Leaf Sheath Transcriptome

In the mature maize leaf, the proximal sheath and distal blade tissues are separated by the leaf
ligule (Figure 1A,D). Relative to the leaf blade, epidermal cells in the sheath tissue are smaller and
contain fewer cell files, as determined by counting the number of cell files between the same veins
across the sheath and blade (Figure 1A,B). To investigate developmental and maturation changes in
the sheath tissue, we planted maize seeds every day for 13 days and then harvested the leaf blades
and sheaths from the third leaf on the same day, when seedlings ranged in age from 9 to 13 days after
planting in order to minimize the environmental variation at the time of harvest. Two millimeter-wide
sections of sheath and blade tissues just below or above the ligule were harvested from the third
leaf at 10 (stage 1, S1), 11 (stage 2, S2), 12 (stage 3, S3), and 13 (stage 4, S4) days after planting. The
sheath tissue was poorly defined on the third leaf at 9 days after planting (stage 0), so we could not
harvest tissue from this stage (Figure 1C,D). Although the specification of sheath cell fate is complete
in the leaf primordium [16], the sheath tissues we harvested from stage 1 to 4 were still undergoing
differentiation and maturation (Figure 1C,D). In total, 221.9 million high-quality reads were obtained
from the RNA-seq analysis, of which 164.0 million (73.9%) were uniquely mapped to the maize
reference genome. We detected 24,704, 25,225, 25,224, and 24,498 expressed genes from stages 1 to 4,
respectively, and 23,557 genes were expressed in all four stages during sheath maturation.
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Figure 1. Observation of the leaf sheath and blade tissues. (A) Scanning electron micrograph of a
mature maize leaf. B73 seedlings were grown for 13 days (stage 4). The red line indicates the ligular
region, the tissues above the line are the blade and the tissues below the line are sheath tissues. The
black line indicates the veins across the sheath, ligule and blade tissues of maize. (B) Cell file numbers
and the ratio between the cell length and width were calculated in the leaf blade and sheath tissue
between two lateral veins. (C) The blade and sheath tissues above or below the ligule of the third leaf
from seedlings 10 (stage 1), 11 (stage 2), 12 (stage 3) and 13 (stage 4) days after planting were harvested
at the same time. The arrowheads point to the leaf ligule. (D) Microscopic view of the blade (B), ligule
(L) and sheath tissues (S) from stage 0 to stage 4 plants. The arrowheads point to the leaf ligule.

2.2. Maturation Gradient in the Leaf Sheath of Maize

We identified 7918 differentially expressed (DE) genes in the leaf sheath at four maturation stages
with a false discovery rate (FDR) controlled at 0.001 (Supplemental Table S1), which accounted for
approximately 31% of the sheath transcriptome. We then assigned genes to functional categories and
grouped the genes by developmental dynamics using the k-means clustering algorithm. We identified
nine clusters (K1–K9; Figure 2; Supplemental Figure S1 and Supplemental Table S1) from the leaf
sheath and eight main clusters (K1–K8) that accounted for approximately 99% of the DE genes in four
stages of development and maturation. As shown in Figure 2A,B, genes encoding proteins involved
in cellular organization (e.g., actin and tubulin), vesicular transport, (e.g., syntaxin and snare), and
DNA synthesis/chromatin structure were greatly enriched in clusters K1 and K2 and represented genes
required for the installation of the basic cellular infrastructure. These genes are expressed at their
highest levels in the early stage of sheath maturation (stage 1). Differences also existed between the K1
and K2 clusters. Namely, genes encoding fatty acid synthesis and elongation-related products, such as
3-ketoacyl-CoA synthase 4, 3-ketoacyl-CoA synthase 6, 3-ketoacyl-CoA synthase 9, 3-ketoacyl-CoA
synthase 11 and 3-ketoacyl-CoA synthase 20 were differentially expressed [17]. The expression of genes
related to respiration (including glycolysis, the tricarboxylic acid cycle and mitochondrial electron
transport); signaling genes, especially G-proteins and LRR receptor kinases; and some transcription
factors were greatly enriched in cluster K1 and slightly enriched in cluster K2, and genes involved
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in protein synthesis and targeting were only enriched in K2. The genes in clusters K3 and K4 were
expressed at their highest levels in stage 2 and mainly participate in cell wall biosynthesis/modification
and secondary metabolism. The genes that were highly expressed in stage 3 were included in
clusters K5–K7 and are mainly involved in pathways related to photosynthesis (K6 and K7), hormone
metabolism (K6 and K7), and redox and transcription regulation (K6 and K7), indicating that the sheath
tissues at stage 3 begin building photosynthetic machinery. The genes in the K8 cluster were enriched
in the functional categories of photosynthesis, sulfate assimilation, and secondary metabolism, e.g.,
lignin biosynthesis to strengthen the sheath, as well as cell organization, especially actin and fibrillin
family proteins that are required for plastoglobule development. This highlighted the functions of
both photosynthesis and plant strengthening in the mature sheath of maize. Taken together, these data
revealed metabolic changes during the maturation of the sheath tissue in the maize leaf.

Figure 2. Transcriptome profiling during sheath maturation in maize. (A) K-means clustering showing
the expression profile of the maize sheath transcriptome. Eight major clusters (K1–K8) were identified
along the four developmental stages (stage 1 to 4) in sheath tissues from 7918 differentially expressed
genes. (B) Functional category enrichment was calculated using the MapMan binning method among
the eight major clusters in A. The shade of red represents the significance level of log 10 transformed
p-values calculated from Fisher’s exact test. Gray blocks indicate functional category enrichment
was absent.

2.3. Cell Wall and Lignin Synthesis during Leaf Sheath Maturation in Maize

The cell wall plays an important role in shaping and strengthening cells. We noticed a dramatic
change in the expression of cell wall-related genes during sheath maturation (Figure 3A). As shown
in Figure 3A, cellulose synthases (CESAs)—the key genes of cellulose biosynthesis in primary and
secondary cell walls—exhibited the highest expression levels in stages 1 or 2. Most of them exhibited
dramatically decreased expression in stages 3 and 4, during late sheath maturation. Consistent with
the expression patterns of the CESAs, most genes encoding CSL (cellulose synthase-like) proteins and
cell wall proteins—for example, arabinogalactan proteins (AGP), leucine-rich repeat family proteins
(LRR), and reversibly glycosylated polypeptide (RGP)—also showed decreased expression patterns
in the late stages (S3 and S4) of sheath maturation. This indicated that the cell wall might be built in
stages 1 and 2.

As a main component of the secondary cell wall, lignin plays an important role in providing
strength and rigidity to support the cells and the plant body. As shown in Figure 3B (Supplemental
Table S2), key enzymes related to lignin biosynthesis [18,19]—e.g., 4-coumarate-CoA ligase (4CL),
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cinnamoyl CoA reductase (CCR), O-methyltransferase (COMT), and cinnamyl alcohol dehydrogenase
(CAD)—exhibited increased expression during the maturation of the sheath, which indicated the
accumulation of lignin with the maturation of the leaf sheath tissues.

 
Figure 3. Heatmaps showing the expression profiles of genes related to cell wall (A) and lignin
biosynthesis (B). Relative gene expression was calculated from the maximum fragments per kilobase
million (FPKM) values among the maturation zones. The detailed expression patterns and identities of
the genes in each of these biosynthetic pathways are shown in Supplementary Table S2.
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2.4. Changes in Transcription Factors during Sheath Maturation in Maize

As key factors that regulate gene expression, transcription factors (TFs) play important roles in plant
growth, development and the response to various environmental stress. We detected 456 differentially
expressed TFs (q < 0.001) during sheath maturation and grouped them into six groups (G1 to G6,
Figure 4A and Supplemental Table S3) using a hierarchical clustering (HCL) program. As shown in
Figure 4A, groups G3 to G6 included most of the TFs (91%). The TFs in group G3 exhibited their
highest expression levels in stage 4 during sheath maturation, and those in G4 were expressed at
their peak level in stage 3. The goladen2-like (GLK) family of TFs, including GLK1, which regulates
chloroplast development in maize [20], were exclusively enriched in groups G3 and G4 (Figure 4B).
The DNA binding with one finger (DOF) family of TFs, such as CDF3, likely regulate photoperiod
gene expression [21]. CO-like family members, such as COL3 [22,23], regulate gene expression in
photomorphogenesis and during lateral root development and function as a day length-sensitive
regulator of shoot branching. The MYB family of TFs, such as MYB4 [24,25], which respond to UV-B
and LHY (involved in circadian rhythm [26]), were all mainly enriched in groups G3 and G4. As such,
they indicated an increase in photosynthesis in stage 3 and 4 sheath tissues. Groups G5 and G6
included TFs that were highly expressed in stage 1, the earliest maturation stage that we harvested. The
trihelix family members were highly enriched in both groups G5 and G6, and the basic helix-loop-helix
(bHLH) family (e.g., MUTE) controlled meristemoid differentiation during the early stage of stomatal
development [27]. The changes in the expression of TFs suggested the transcriptional regulation of
gene expression during sheath maturation.

Figure 4. Dynamics of accumulated transcription factor profiles. (A) Hierarchical clustering (HCL) of
the transcription factors related to sheath maturation in maize, six lineages (G1 to G6) were identified.
The bar represents the expression of transcription factors normalized by row across four stages during
sheath maturation in the HCL program. (B) Distribution of transcription factor families in groups G1
to G6 in the leaf sheath.
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2.5. Identification of Genes Expressed at High Levels in the Leaf Sheath

To determine whether some genes were specifically expressed in the leaf sheath, we compared the
sheath transcriptome with that of the blade at each stage during sheath maturation. In total, 167 genes
were expressed at higher levels and 362 genes were expressed at lower levels in the sheath, than that in
the blade, across the four maturation stages, with the FDR controlled at 0.001 (Supplemental Table S4).

As shown in Figure 5, of the 362 genes that were expressed at lower levels in the sheath than in
the blade, 22% of them participated in the photosynthetic pathway. In contrast, of the 167 genes that
were expressed at higher levels in the sheath than in the blade, none participated in photosynthesis.
In addition to the photosynthetic pathway, genes involved in tetrapyrrole synthesis and redox
scavenging were also specifically expressed at high levels in the leaf blade, consistent with the function
of the green leaf blade to harvest light for photosynthesis, and redox reactive species generated by the
light need to be controlled by enzymes such as ascorbate peroxidase. Interestingly, for genes in the
functional categories of DNA synthesis/chromatin structure, cell wall development, lipid metabolism
and cell organization, the enriched genes were expressed at much higher levels in the leaf sheath than
in the blade. This may reflect a prolonged phase of cell growth and division in sheath tissues relative to
the blade. As almost no sheath-specific genes were reported in a previous study on maize, we focused
on identifying genes that were uniquely expressed at high levels in the leaf sheath.

Figure 5. Functional category distribution of genes expressed at high or low levels in the sheath tissue.

As shown in Table 1, we identified 15 genes that were expressed at very low levels or not significant
levels in the leaf blade, while their expression was high in the leaf sheath across the four developmental
stages sampled. Among them were two genes (GRMZM2G026556 and GRMZM2G022606) that are
homologous to BLADE ON PETIOLE2 (BOP2) in Arabidopsis and rice. BOP2 acts in cells adjacent
to lateral organ boundaries to repress genes that confer meristem cell fate and induce genes that
promote lateral organ fate and polarity in Arabidopsis, and plays a primary role in rice to regulate
the proximal-distal axis [28,29]. DON-glucosyltransferase 1 (DOGT1, GRMZM2G403740), encodes an
enzyme that presumably regulates BR activity in Arabidopsis [30,31], and a homolog of SMALLER
WITH VARIABLE BRANCHES (SVB, GRMZM2G131409), a protein with a conserved domain of
unknown function (DUF538) that influences trichome development in Arabidopsis [32] were also
expressed at higher levels in sheath relative to blade. In addition, glycerol-3-phosphate acyltransferase
(GPAT2, GRMZM2G033767) and GDSL-like Lipase/Acylhydrolase superfamily protein (GDSL-like
Lipase, GRMZM5G862317), which likely participates in lipid metabolism [33,34]; carboxyesterase (CXE18,
GRMZM2G104141), which may play a role in cell elongation [35] and senescence-associated gene
(SAG12, GRMZM2G061879), which controls nitrogen allocation during senescence in Arabidopsis [36],
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were all highly expressed in the sheath tissue. This indicated the possible role of these genes in sheath
development and maturation.

Table 1. Genes expressed at high levels in the sheath tissue.

Blade Sheath

ID Short Description Symbol
Stage Stage

1 2 3 4 1 2 3 4

GRMZM2G026556
BTB/POZ

domain-containing
protein

BOP2 0.3 0.28 1.05 0.73 9.91 18.47 31.56 38.95

GRMZM2G022606
BTB/POZ

domain-containing
protein

BOP2 0.4 0.3 0.55 0.3 9.09 10.58 14.64 20.82

GRMZM2G403740 don-glucosyltransferase 1 DOGT1 0.05 0.06 0.55 0.11 0.37 2.12 3.89 13.76

GRMZM2G131409 Encodes Smaller with
Variable Branches SVB 0.58 0.52 0.33 0 0.49 15.39 16.42 8.07

GRMZM2G033767 glycerol-3-phosphate
acyltransferase 2 GPAT2 0 0.55 1.25 0.6 0.83 63.1 105.91 33.77

GRMZM5G862317
GDSL-like

Lipase/Acylhydrolase
superfamily protein

GDSL-like
Lipase 0.51 2.79 3.18 3.56 57.19 42.25 50.57 39.53

GRMZM2G104141 carboxyesterase 18 CXE18 0 0.72 2.11 0.87 0 21.06 73.57 39.17

GRMZM2G061879 senescence-associated
gene 12 SAG12 1.41 6.92 7.68 1.38 1.58 51.99 136.22 196.46

GRMZM2G082227

AP2/B3-like
transcriptional factor

family protein
NGATHA1

NGA1 1.51 2.08 2.48 2.4 7.13 6.81 14.38 16.34

GRMZM2G445684
C2H2-type zinc finger

family protein No
Transmitting Tract

NTT 0.22 0.17 0.13 0.16 17.68 15.79 39.79 42.81

GRMZM2G071101
C2H2-type zinc finger

family protein No
Transmitting Tract

NTT 0.31 1.77 0.75 0.34 10.08 19.09 45.68 42.21

GRMZM2G034113 homeobox 7 HB-7 1.67 0.91 1.97 6.79 14.24 17.7 43.08 43.7

GRMZM5G842695 MATE efflux family
protein - 0.11 0.6 0.38 0.12 0.12 3.07 5.09 6.33

GRMZM2G343291 Protein of unknown
function - 4.47 13.77 4.61 0.57 2.06 69.06 117.95 94.52

GRMZM2G136571 alpha/beta-Hydrolases
superfamily protein - 0.83 0.77 1.53 0.55 0.63 7.03 34.12 25.2

GRMZM2G412436 Protein of unknown
function - 0.98 2.39 1.31 0.17 2.25 18.56 15.16 4.33

Note: The expression of genes was represented by the FPKM value in the table.

Transcription factors may also play important roles in distinguishing sheath tissues from blade
tissues. The B3 domain-containing transcription factor NGA1, which negatively regulates cell
proliferation in Brassica rapa [37,38], is expressed at a high level in the sheath (GRMZM2G082227) tissue
only, which may suggest its role in prohibiting the development of sheath tissue into blade tissue.
The maize NTT (NO TRANSMITTING TRACT) homologs GRMZM2G071101 and GRMZM2G445684,
two members of the C2H2-type zinc finger family that determine the distal cell fate in the root and
influence transmitting tract development and pollen tube growth in Arabidopsis [39–41], as well as the
homeobox family member GRMZM2G034113, the homolog of which (the AtHB7 gene) is involved in
ABA signaling during water stress, were all highly expressed in the sheath tissue and exhibited quite
low expression in the blade [42,43]. This suggested that these TFs may play a role in the development or

411



Int. J. Mol. Sci. 2019, 20, 2472

tissue-specific function of the leaf sheath. To confirm the reliability of the RNA-seq data, the expression
levels of these four transcription factors at the four blades and sheath maturation points discussed
above were also quantified by qRT-PCR (Supplemental Figure S2, Supplemental Table S5). The
consistency between the results of the two methods verified the reliability of the enriched expression
of these TFs in the leaf sheath.

3. Discussion

Cereal crops, such as maize, are a primary calorie source for human and animal diets, and the most
important organs for the conversion of photosynthetic energy into carbon are the leaves. Therefore,
understanding leaf development in maize is important for agriculture to further increase maize yields.
Several studies have uncovered photosynthetic development in the maize leaf blade [6,7]. However,
very few studies have focused on leaf sheath tissues. Consequently, very few sheath-specific genes in
maize have been identified and our understanding of sheath development is also limited.

Using a comprehensive transcriptome dataset, we captured the dynamic transcriptome changes
that occurred during leaf sheath tissue maturation. In the earliest stage of maturation (stage 1),
basic cellular structures were constructed, as the genes associated with cell organization, vesicle
transport and DNA synthesis/chromatin structure were highly expressed. In stage 2, as the sheath
tissue continued to expand, there was an increase in the expression of the genes required for cell wall
biosynthesis, modification, and secondary metabolism. By stage 3, the sheath cells were well primed
for photosynthesis, as they expressed genes required for photosynthesis and redox reactions at high
levels. In addition to genes required for photosynthesis, by stage 4, there was an increased expression
of genes participating in secondary metabolism and lignin biosynthesis, which suggests an increase
in the strength of the sheath tissues. Therefore, these four stages of leaf sheath differentiation define
distinct steps in the sheath maturation process.

We inferred from the RNA-seq data that different tissues in the maize leaf are highly specialized
in their biological functions. By comparing the transcriptome of the leaf blade and sheath and
identifying the genes expressed at high or very low levels in the sheath tissue across four stages of
maturation, we found that increased expression of photosynthesis-related genes in the leaf blade
corresponded with its exclusive function in photosynthesis. We also found increased expression of
genes that participate in DNA synthesis/chromatin structure, cell wall maintenance, lipid metabolism
and cell organization in the sheath tissue, which are involved in building and strengthening the tissue.
Interestingly, several genes were highly expressed, specifically in the sheath tissue (e.g., the BOP2
homologs GRMZM2G026556 and GRMZM2G022606). The BOP gene is required for the patterning of
the leaf petiole and blade in Arabidopsis [28], and a recent study demonstrated that it activates proximal
sheath differentiation and suppresses distal blade differentiation in rice [29], indicating its important
role in sheath development. More research needs to be performed to test the functions of DOGT1
(GRMZM2G403740) and SVB (GRMZM2G131409) in maize, even though their Arabidopsis homologs
affect hormone activity and influence plant development [30–32].

In our survey, we found that TFs may play important roles in both sheath development and
functional specialization. During the early stage of sheath maturation, trihelix family and bHLH family
members may participate in cell development, and in the late stage of maturation. When the sheath
starts to carry out photosynthesis, the members of the GLK, DOF and CO-like families may play roles in
light signaling and chloroplast development. Interestingly, TFs from the B3 domain (GRMZM2G082227),
C2H2-type zinc finger (GRMZM2G071101 and GRMZM2G445684) and homeobox (GRMZM2G034113)
families were expressed at a higher level in the sheath tissue than in the blade, which may suggest a
role for these transcription factors in sheath development and functional specialization. Taken together,
our results provide detailed insight into dynamic changes during maize leaf sheath maturation and
serve as a valuable resource for maize functional genomics study.
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4. Materials and Methods

4.1. Plant Material and Sampling

Maize inbred B73 were planted in the growth chamber every day for 13 days with a light intensity
of 500 μmol/m2/s, 12:12 L/D, 31 ◦C L/22 ◦C D, and 50% relative humidity. The first planting was 13 days,
and the blade and sheath of the third leaves were harvested at 2 mm sections above and below the leaf
ligule from the seedlings on the 10th (stage 1), 11th (stage 2), 12th (stage 3) and 13th (stage 4) days
after planting. Tissue from 10 leaves was harvested as a pool and frozen in liquid nitrogen for RNA
extraction and library construction, and 3 biological replicates were harvested at each stage.

4.2. SEM Observation

Scanning electron microscopy was used to observe the cell structure in the maize leaf blade
and sheath tissues. Stage 4 seedlings, including the leaf blade, ligule and sheath were fixed in 4%
glutaraldehyde in 25 mM sodium phosphate buffer (pH 6.8) at 4 ◦C for at least 24 h. Then, the samples
were rinsed by 25 mM sodium phosphate (pH 6.8) and dehydrated in a graded ethanol series at 4 ◦C.
Thereafter, the samples were immersed in tertiary butyl alcohol and stored in a refrigerator at 4 ◦C.
After sublimation of the frozen tertiary butyl alcohol in a vacuum, the samples were mounted on
SEM stubs with double-sided tape, sputter-coated with gold, and examined under a scanning electron
microscope (JSM-6610LV, JEOL, Tokyo, Japan).

4.3. RNA-Seq Library Construction and Sequencing

Total RNA was extracted from each sample using the TRIZOL reagent (Invitrogen, Carlsbad, CA,
USA). The concentration of the RNA was determined using a DeNovix Spectrophotometer (DeNovix,
DS-11, Wilmington, DE, USA), and the RNA quality was determined by 1% agarose gel electrophoresis.
The RNA-Seq library construction method of Wang et al. was used [44]. Briefly, the total RNA was
purified using the TURBO DNA-free Kit (Ambion, Austin, TX, USA) to completely remove genomic
DNA contamination, after that, the poly(A) RNA was isolated from the purified total RNA using poly(T)
oligonucleotide-attached magnetic beads (Invitrogen, Carlsbad, CA, USA). Following purification, the
mRNA was fragmented into small pieces using divalent cations under elevated temperatures, and the
cleaved RNA fragments were reverse-transcribed into first-strand cDNA using reverse transcriptase
and random primers. Second-strand cDNA synthesis was performed using DNA polymerase I and
RNase H, and the cDNA fragments were processed for end repair, a single adenine base was added,
and sequences were ligated to the adapters. These products were then purified and enriched by
PCR to create the final cDNA libraries and sequenced on the Illumina Hi-Seq 2500 for single-ended
sequencing. Sequencing data have been deposited in the NCBI Sequence Read Archive under the
accession number SRP133466.

4.4. Mapping of Reads

The FASTX-toolkit (http://hannonlab.cshl.edu/fastx_toolkit/) was used to remove the adapters
of the raw reads with the fastx_clipper setting a parameter of “-a ADAPTER”. The sequence quality
was examined by FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) setting “-t 6
–noextract”, and low quality reads were filtered by the FASTX-toolkit setting parameters as “q20p80”
(i.e., for each read kept, 80% of bases must have sequence quality greater than 20, which indicates
1% sequencing error rate). The clean reads were mapped to the Maize B73 genome (version 3)
obtained from Phytozome using Tophat v2.0.10 (http://tophat.cbcb.umd.edu/) setting -read-mismatches
2 –num-threads 6’. Count data were generated by Cuffdiff embed in Cufflinks pipeline v2.1.1 setting
“–num-threads 6 -frag-bias-correct” [45]. The gene expression level was normalized as FPKM, and
genes with FPKM > 1 were considered to be expressed.
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4.5. Defining Differentially Expressed Genes and Cluster Analysis

Differentially expressed (DE) genes were identified by DESeq v1.34.1 [46] in Bioconductor
(http://www.bioconductor.org/), based on a comparison across all the sheath samples (pairwise
comparisons with stage 1 as control) or between the blade and sheath in each stage with a false
discovery rate (FDR) controlled by the Benjamini and Hochberg method set at 0.001. The MapMan
program (http://mapman.gabipd.org) was used to assign genes into functional categories. Clustering
analysis of KMC (k-means clustering)—based on the Kendall’s Tau distance metric with maximum
iterations set as 50—and HCL support trees, based on Kendall’s Tau distance metric with average linkage
method, was performed through the MEV software (http://www.tm4.org/). Functional enrichment
analysis was performed using Fisher’s exact test, according to the method by Li et al. [6]. The ID
of the DE genes were used to generate a text file. Then, the R software was used to complete the
enrichment analysis.

4.6. Quantitative RT-PCR Analysis

cDNA was prepared using the EasyScript One-Step gDNA Removal and cDNA Synthesis
SuperMix (TRAN, Beijing, China) and qRT–PCR analyses were conducted using TransStart Tip Green
qPCR SuperMix (TRAN, Beijing, China) on a Step One System (Applied Biosystems, Branchburg, NJ,
USA). The quantification method (2−ΔΔCt) was used and the variation in expression was estimated
using three biological replicates [47]. The maize Ubi2 (UniProtKB/TrEMBL, Q42415, https://www.
uniprot.org/statistics/TrEMBL) gene was used as an internal control to normalize the data. The PCR
conditions consisted of an initial denaturation step at 94 ◦C for 30 s, followed by 40 cycles at 94 ◦C for
5 s and 60 ◦C for 30 s.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/20/10/2472/s1.
Figure S1. The original graphs showing the K-mean clusters of the differentially expressed genes (DEGs);
Figure S2. qRT-PCR and RNA-seq comparison; Table S1. K-mean clusters of DEGs during sheath maturation;
Table S2. Expression of genes involved in cell wall and lignin synthesis; Table S3. Hierarchical clustering (HCL) of
transcription factors related to sheath maturation in maize; Table S4. Genes expressed at higher or lower levels in
the sheath tissue compared with their expression in the blade tissue in maize across four stages of maturation
(FDR < 0.001); Table S5. Primers used for qRT-PCR.
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Abstract: Radish is a crucial vegetable crop of the Brassicaceae family with many varieties and
large cultivated area in China. Radish is a cool season crop, and there are only a few heat tolerant
radish varieties in practical production with little information concerning the related genes in
response to heat stress. In this work, some physiological parameter changes of young leaves
under short-term heat stress were detected. Furthermore, we acquired 1802 differentially expressed
mRNAs (including encoding some heat shock proteins, heat shock factor and heat shock-related
transcription factors), 169 differentially expressed lncRNAs and three differentially expressed
circRNAs (novel_circ_0000265, novel_circ_0000325 and novel_circ_0000315) through strand-specific
RNA sequencing technology. We also found 10 differentially expressed miRNAs (ath-miR159b-3p,
athmiR159c, ath-miR398a-3p, athmiR398b-3p, ath-miR165a-5p, ath-miR169g-3p, novel_86, novel_107,
novel_21 and ath-miR171b-3p) by small RNA sequencing technology. Through function prediction
and enrichment analysis, our results suggested that the significantly possible pathways/complexes
related to heat stress in radish leaves were circadian rhythm-plant, photosynthesis—antenna proteins,
photosynthesis, carbon fixation in photosynthetic organisms, arginine and proline metabolism,
oxidative phosphorylation, peroxisome and plant hormone signal transduction. Besides, we identified
one lncRNA–miRNA–mRNAs combination responsive to heat stress. These results will be helpful for
further illustration of molecular regulation networks of how radish responds to heat stress.

Keywords: radish; heat stress; transcriptome sequencing; lncRNA; miRNA; physiological response

1. Introduction

Due to the significant increase in greenhouse gas emissions from human activities, especially
the oxides of carbon dioxide, methane, chlorofluorocarbons and nitrogen, the global warming and
the rising temperature have made plants in danger of high-temperature stress [1]. When the ambient
temperature is higher than the suitable growth temperature of plants, some catalytic enzymes in the
plant slowly lose their activity, resulting in structural damage of cells, which may lead to abnormal
growth, flowering and seed yield reduction [2,3].

As sessile organisms, plants have evolved lots of complex regulatory mechanisms to cope with
environmental stresses [4,5]. The excess production of singlet oxygen, superoxide anion radical,
hydrogen peroxide and hydroxyl, also known as reactive oxygen species (ROS), are induced in plants
under abiotic stress, which undermines chloroplasts and even results in cell death [6,7]. To scavenge
superfluous ROS, plants have evolved antioxidative enzymes system, including superoxide dismutase
(SOD) and peroxidases (POD). Overexpression of SOD in plants can protect the physiological processes
of plants by clearing superoxide. The hydrogen peroxide could be eliminated by a variety of POD [8,9].
In addition, membrane lipid peroxidation occurs under heat stress (HS), and malondialdehyde (MDA)
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is produced. The accumulation of osmotic adjustment substances enhances tolerance to HS as one of
the physiological basis of plant heat tolerance. Plant osmotic adjustment substances mainly include
amino acids, soluble sugars, soluble proteins and soluble phenols [10]. These studies suggest that
the changes in soluble sugar, chlorophyll, free proline and MDA contents, as well as SOD and POD
activities under HS, can be used as indicators for the evaluation and screening of crop heat tolerance.

RNA sequencing (RNA-Seq) technique is an effective and vigorous method to investigate potential
functional genes and regulatory networks of plant tolerance to various stresses [11,12]. For example,
Li et al [5] validated that BRs played a vital role in inducing pepper tolerance to chilling stress at
the transcription level. In elite rice, several heat shock factors (HSFs) were identified after heat
treatment [13].

Radish (Raphanus sativus L.) is an important vegetable crop of the Brassicaceae family including
many economically important species with a low temperature optimum. It is also used for medicine.
Although there are many varieties of radish in China, there is a lack of good varieties suitable for
summer growth, which greatly restricts the planting range of radish and the supply of radish in summer.
Therefore, studying the response mechanism of radish under heat stress and breeding heat-tolerant
cultivars are of great significance.

Recently, the draft genome sequences of radish have been constructed [14], and its genome
characteristics and root transcriptome have been reported [15], providing an important condition
for analyzing the molecular response of radish to biotic and abiotic stresses including heat shock.
Wang et al. [16] identified 6600 differentially expressed genes (DEGs) and three significant pathways
in relieving heat shock-induced damages and increasing thermotolerance in radish root under heat
shock. Karanja et al. [17] found 172 RsNACs in the radish genome, some of which could be involved
in the response to various abiotic stresses. More and more studies have shown that non-coding RNAs
(ncRNAs; including lncRNAs, miRNAs and circRNAs) play important roles in organisms [18], and the
expression of some genes responsive to stress is regulated by ncRNAs [19,20]. However, the expression
profiles of heat-responsive mRNA and ncRNA in radish leaves remain unclear. In this work, we
obtained the data of soluble sugar, chlorophyll, free proline and MDA contents as well as SOD and
POD activities, and transcriptome including mRNA, non-coding RNA from radish leaves under high
temperature stress. The results would provide valuable clues for deep molecular analysis of radish
heat response.

2. Results

2.1. Morphological Changes Under Heat Stress

At 40 ◦C, all seedlings from the cultivar “Huoche” grew well at the initial stage, and then some of
them shriveled, withered or died. After recovery treatment for 3 d, the damaged seedlings gradually
returned to normal growth. These morphological data indicate that the cultivar “Huoche” has a certain
heat tolerance (Figure 1).
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Figure 1. Morphological changes and normal leaf number of radish seedlings under heat stress and
recovery treatment. (A) The radish seedlings under heat shock for 0 h, 6 h, 12 h, 1 d and 3 d as well
as under recovery treatment for 1 d and 3 d. (B) The number of normal leaves in “Huoche” under
heat shock for 0 h, 6 h, 12 h, 1 d and 3 d as well as under recovery treatment for 1 d and 3 d. Bars
with different letters above the columns of figures indicate significant differences at p less than 0.05
(lowercase letters) or less than 0.01 (capital letters).

2.2. Physiological Response to Heat Stress in Leaves Of The Cultivar “Huoche”

POD and SOD activity increased significantly after 6 h of heat stress, and still remained high after
3 d of heat stress. The heat-induced POD and SOD activity declined to control level after recovery
(Figure 2A,B). Chlorophyll, soluble sugar and MDA contents were not affected by short-term heat
stress, but decreased significantly after 3 d of heat stress, even during the recovery period (Figure 2C–E).
We observed that heat stress did not significantly change the content of free proline (Figure 2F). These
data suggest that heat stress reduces photosynthesis, but alleviates oxidative damage by increasing
antioxidant enzymes in the cultivar “Huoche”.
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Figure 2. Physiological changes of radish seedlings under heat stress. (A–F) The changes in the activities
of peroxidases (POD) and superoxide dismutase (SOD), the contents of chlorophyll, soluble sugar,
MDA and free proline of the samples in response to heat stress (HS), respectively. Bars with different
letters above the columns of figures indicate significant differences at p less than 0.05 (lowercase letters)
or less than 0.01 (capital letters).

2.3. Mapping and Quantitative Assessment of Illumina Sequence

To comprehensively evaluate how HS influenced transcript profile, six strand-specific RNA
libraries (detecting mRNA, lncRNA and circRNA) and six small RNA libraries were constructed. For
strand-specific RNA sequencing, the numbers of raw reads of these six samples range from 87.47 to
103.85 million, yielding 12.62 to 15.14 G clean bases for RNA-Seq with a Q20 percentage over 98.06%,
Q30 percentage over 94.83%, and a GC percentage between 42.26% and 43.25% (Table S1). For small
RNA sequencing, the numbers of raw reads of these six samples range from 13.58 to 14.90 million,
yielding 0.679 to 0.745G clean bases for RNA-Seq with a Q20 percentage over 97.73%, Q30 percentage
over 94.87%, and a GC percentage between 49.83% and 50.13% (Table S2).

Each library was aligned with the released reference genome as mentioned above. For
strand-specific RNA sequencing, over 91.82% clean reads were successfully mapped to the reference
genome, in which at least 84.51% and 4.39% clean reads were uniquely mapped and multiple mapped,
respectively (Table S3). For small RNA sequencing, over 84.97% reads were successfully mapped to
the reference genome, in which at least 61.07% and 22.42% reads were mapped to chains with the
same direction of reference sequences and chains with the opposite direction of reference sequences,
respectively (Table S4).

2.4. Analysis of DE mRNAs

In QHC06vsQHC00, 1802 differentially expressed (DE) mRNAs (1040 up-regulated and 762
down-regulated) were detected (Figure 3A, Table S5). In the meanwhile, we constructed and analyzed
the Venn diagram to compare overlapping relationships between two groups (Figure 3B), and the
results indicated that most mRNAs were shared by QHC00 and QHC06.
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Figure 3. Analysis of mRNA between QHC06 and QHC00. (A) Volcano plot of mRNAs in QHC06 vs.
QHC00. Significantly differentially expressed mRNAs are represented by red dots (up-regulated) and
green dots (down-regulated), whereas non-differentially expressed mRNAs are represented by blue
dots. (B) Venn diagram of the numbers of expressed mRNAs between QHC06 and QHC00.

2.5. GO and KEGG Enrichment Analysis of DE mRNA Corresponding Genes under HS

Based on gene ontology (GO) analysis of DE mRNA corresponding genes, the significantly
enriched biological processes (BPs) were metabolic process (GO: 0008152), cellular process (GO:
0009987), organic substance metabolic process (GO: 0071704) and cellular metabolic process (GO:
0044237), the most significantly enriched cellular components (CCs) were cell (GO: 0005623), cell part
(GO: 0044464), intracellular (GO: 0005622) and intracellular part (GO: 0044424). Structural molecule
activity (GO: 0005198) and cofactor binding (GO: 0048037) were significantly enriched within the
molecular function (MF) categories (Figure 4).

Figure 4. Gene ontology (GO) classification of differentially expressed (DE) mRNA corresponding
genes in the cultivar “Huoche” under heat stress. The ordinate is the enriched GO term, and the abscissa
is the number of differentially expressed genes in this term. Different colors are used to distinguish
biological processes, cellular components, and molecular functions.

With the Kyoto Encyclopedia of Genes and Genome (KEGG) pathway annotation, 108 pathways/
complexes were enriched (Table S6) and circadian rhythm-plant (ath04712) was notably enriched in
QHC06 vs. QHC00, which might play a crucial part in the response to HS in the cultivar “Huoche”
(Figure 5). In this pathway, PHYA (phytochrome A), PRR5 (pseudo-response regulator 5), PRR7
(pseudo-response regulator 7), TOC1 (pseudo-response regulator 1), CK2β (casein kinase II subunit
beta) and GI (gigantea) were up-regulated, while COP1 (E3 ubiquitin-protein ligase RFWD2), CHE
(transcription factor TCP21 (protein CCA1 HIKING EXPEDITION)), CCA1 (circadian clock associated 1),
LHY (MYB-related transcription factor LHY), CDF1 (Dof zinc finger protein DOF5.5) and CK2α (casein
kinase II subunit alpha) were down-regulated (Figure 6). Additionally, photosynthesis—antenna
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proteins (ath00196; Figure 7), photosynthesis (ath00195; Figure 8), carbon fixation in photosynthetic
organisms (ath00710; Figure S1), arginine and proline metabolism (ath00330; Figure S2), oxidative
phosphorylation (ath00190; Figure S3), peroxisome (ath04146; Figure S4) and plant hormone signal
transduction (ath04075; Figure S5) could be also responsive to heat stress.

Figure 5. Kyoto Encyclopedia of Genes and Genome (KEGG) enrichment of DE mRNA corresponding
genes in the cultivar “Huoche” under heat stress. The vertical axis represents the pathway name, and
the horizontal axis represents the rich factor. The size of the point indicates the number of differentially
expressed genes in the pathway, and the color of the point corresponds to a different q-value range.

Figure 6. The “circadian rhythm-plant” pathway enriched by KEGG analysis of DE mRNA
corresponding genes in the cultivar “Huoche” under heat stress. KEGG orthology (KO) nodes
containing up-regulated genes are marked with red boxes, while KO nodes containing down-regulated
genes are marked with blue boxes. PHYA, phytochrome A; COP1, E3 ubiquitin-protein ligase
RFWD2; GI, gigantea; PRR7, pseudo-response regulator 7; PRR5, pseudo-response regulator 5; CHE,
transcription factor TCP21 (protein CCA1 HIKING EXPEDITION); TOC1, pseudo-response regulator 1;
LHY, MYB-related transcription factor LHY; CCA1, circadian clock associated 1; CK2α, casein kinase II
subunit alpha; CK2β, casein kinase II subunit beta; CDF1, Dof zinc finger protein DOF5.5.
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Figure 7. The “photosynthesis—antenna proteins” enriched by KEGG analysis of DE mRNA
corresponding genes in the cultivar “Huoche” under heat stress. KO nodes containing up-regulated
genes are marked with red boxes, while KO nodes containing down-regulated genes are marked with
blue boxes. Lhca1, light-harvesting complex I chlorophyll a/b binding protein 1; Lhcb1, light-harvesting
complex II chlorophyll a/b binding protein 1; Lhcb2, light-harvesting complex II chlorophyll a/b binding
protein 2; Lhcb4, light-harvesting complex II chlorophyll a/b binding protein 4; Lhcb7, light-harvesting
complex II chlorophyll a/b binding protein 7.

Figure 8. The “photosynthesis” pathway enriched by KEGG analysis of DE mRNA corresponding
genes in the cultivar “Huoche” under heat stress. KO nodes containing up-regulated genes are marked
with red boxes, while KO nodes containing down-regulated genes are marked with blue boxes. PsbP,
photosystem II oxygen-evolving enhancer protein 2; PsbQ, photosystem II oxygen-evolving enhancer
protein 3; PsbW, photosystem II PsbW protein; Psb28, photosystem II 13kDa protein; PsaE, photosystem
I subunit IV; PsaG, photosystem I subunit V; PsaO, photosystem I subunit PsaO; PetF, ferredoxin.

423



Int. J. Mol. Sci. 2019, 20, 3321

2.6. DE mRNAs Encoding Transcription Factor

In this study, a total of 165 DE mRNA were predicted to associate with 54 TF families (Table S7).
The top four abundant types were the Orphans family with 13 DE mRNAs, the MYB family with
11 DE mRNAs, the AP2-EREBP family with 10 DE mRNAs, and the bZIP family with 10 DE
mRNAs, respectively.

2.7. Identification of DE mRNA Encoding Heat Shock Protein (HSP) and Heat Shock Factor (HSF)

In order to further excavate the DE mRNA related to HS in the cultivar “Huoche”, we found that
the heat stress transcription factor A-8-like (LOC108834589), heat shock factor-binding protein 1-like
(LOC108833879), hsp70 nucleotide exchange factor fes1 (LOC108859078), hsp70 nucleotide exchange
factor fes1-like (LOC108857317), 28 kDa heat- and acid-stable phosphoprotein (LOC108806935) and
HEAT repeat-containing protein 5B%2C (LOC108817282) were differentially expressed (Table 1).

Table 1. Selected DE mRNAs related to HS in QHC06 vs. QHC00.

mRNA ID Gene ID Regulation Gene Description

XM_018589933.1 108817282 up HEAT repeat-containing protein 5B%2C
XM_018607917.1 108834589 up heat stress transcription factor A-8-like
XM_018632926.1 108859078 up hsp70 nucleotide exchange factor fes1
XM_018579151.1 108806935 down 28 kDa heat- and acid-stable phosphoprotein
XM_018607274.1 108833879 down heat shock factor-binding protein 1-like
XM_018631289.1 108857317 down hsp70 nucleotide exchange factor fes1-like

2.8. Analysis of DE lncRNAs, DE miRNAs and DE circRNAs

Compared with the control group, DE lncRNAs, miRNAs and circRNAs in the heat-treated group
were displayed in the forms of a Volcano plot and Venn diagram (Figure 9A–D and Figure 10A,B). The
detailed data of the up-regulated and down-regulated lncRNAs between QHC06 and QHC00 are listed
in Table S8. All DE miRNAs and circRNAs are listed in Tables 2 and 3, respectively. We identified 169
DE lncRNAs (117 up-regulated and 52 down-regulated), 10 DE miRNAs (two up-regulated and eight
down-regulated) and three DE circRNAs (one up-regulated and two down-regulated) between QHC06
and QHC00, respectively.

Table 2. The detailed information of DE miRNAs.

miRNA ID
QHC06

Read Count
QHC00

Read Count
log2 Fold
Change

p-Value q-Value Regulation

ath-miR159b-3p 22,398.8097 16761.99 0.41194 0.00079 0.014687 up
ath-miR159c 6837.4573 4883.9258 0.4737 0.00233 0.030311 up

ath-miR398b-3p 284.819304 4018.3814 −2.8401 7.15E−11 9.30E−09 down
ath-miR398a-3p 16.1500394 158.0362 −2.4915 5.62E−09 3.65E−07 down
ath-miR165a-5p 18.7396158 111.39067 −2.1263 2.12E−08 9.20E−07 down
ath-miR169g-3p 2.63494616 22.542957 −2.2541 1.95E−07 6.35E−06 down

novel_86 28.5158186 74.079789 −1.2807 1.34E−06 3.49E−05 down
novel_107 6.19793394 24.899317 −1.6446 1.64E−05 0.000356 down
novel_21 778.011 2374.9094 −1.3037 0.00097 0.01577 down

ath-miR171b-3p 129.729447 229.73667 −0.76804 0.00204 0.029436 down

Table 3. The detailed information of DE circRNAs.

circRNA ID
QHC06

Read Count
QHC00

Read Count
log2 Fold
Change

p-Value q-Value Regulation

novel_circ_0000265 202.3891602 76.29972516 1.3908 0.0015051 0.020068 up
novel_circ_0000325 7.966953075 46.82442697 −2.5937 1.09E−05 0.0004377 down
novel_circ_0000315 0 9.680244794 −6.3484 0.000834 0.016679 down

424



Int. J. Mol. Sci. 2019, 20, 3321

Figure 9. Analysis of lncRNA and miRNA between QHC06 and QHC00. (A) Volcano plot of
lncRNAs in QHC06 vs. QHC00. Significantly differentially expressed lncRNAs are represented by red
dots (up-regulated) and green dots (down-regulated), whereas non-differentially expressed lncRNAs
are represented by blue dots. (B) Venn diagram of the numbers of expressed lncRNAs between
QHC06 and QHC00. (C) Volcano plot of miRNAs in QHC06 vs. QHC00. Significantly differentially
expressed miRNA are represented by red dots (up-regulated) and green dots (down-regulated), whereas
non-differentially expressed genes were represented by blue dots. (D) Venn diagram of the numbers of
expressed miRNAs between QHC06 and QHC00.

We predicted the biological function of DE lncRNA through its co-location and co-expression with
protein-coding genes. Figure 10C showed the Venn diagram of the intersection analysis between DE
lncRNA targeted mRNA and DE mRNA. The numbers of up-regulated targeted mRNA of up-regulated
lncRNAs, down-regulated targeted mRNA of down-regulated lncRNAs, up-regulated targeted mRNA
of down-regulated lncRNAs and down-regulated targeted mRNA of up-regulated lncRNAs were 172,
103, 22 and 53, respectively (Table S9). Interestingly, a heat-related gene (HEAT repeat-containing
protein 5B%2C) was also found in the list of up-regulated targeted mRNAs of up-regulated lncRNAs.
We took another intersection analysis between DE miRNA targeted mRNA and DE mRNA based on
psRNATarget online software and identified 18 up-regulated targeted mRNAs of down-regulated
miRNAs and three down-regulated targeted mRNAs of up-regulated miRNAs under HS (Figure 10D,
Table 4). These results suggest that these mRNAs would be specially controlled by corresponding
lncRNAs or miRNAs in the cultivar “Huoche” in response to heat stress.
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Figure 10. circRNA analysis and comprehensive analysis between QHC06 and QHC00. (A) Volcano
plot of circRNAs in QHC06 vs. QHC00. Significantly differentially expressed circRNAs are represented
by red dots (up-regulated) and green dots (down-regulated), whereas non-differentially expressed
circRNAs are represented by blue dots. (B) Venn diagram of the numbers of expressed circRNAs
between QHC06 and QHC00. (C)Venn diagram of the intersection analysis between DE lncRNA
targeted mRNA and DE mRNA. (D) Venn diagram of the intersection analysis between DE miRNA
targeted mRNA and DE mRNA.

Table 4. Information of DE lncRNA and its DE targeted mRNA.

DE miRNA ID miRNA Regulation DE Targeted mRNA ID mRNA Regulation

ath-miR171b-3p down XM_018577681.1 up
ath-miR165a-5p down XM_018579231.1 up

novel_21 down XM_018579451.1 up
ath-miR165a-5p down XM_018585227.1 up

ath-miR398b-3p, ath-miR398a-3p down XM_018585419.1 up
ath-miR165a-5p down XM_018587204.1 up
ath-miR169g-3p down XM_018589104.1 up

novel_107 down XM_018590932.1 up
ath-miR169g-3p down XM_018596526.1 up

novel_86 down XM_018598856.1 up
ath-miR171b-3p down XM_018599972.1 up

ath-miR398a-3p, ath-miR398b-3p down XM_018604024.1 up
novel_86 down XM_018618012.1 up
novel_107 down XM_018620431.1 up

ath-miR171b-3p down XM_018622399.1 up
ath-miR398a-3p, ath-miR398b-3p down XM_018622487.1 up

novel_107 down XM_018628114.1 up
novel_86 down XM_018635962.1 up

ath-miR159c up XM_018609293.1 down
ath-miR159b-3p up XM_018617329.1 down

ath-miR159b-3p, ath-miR159c up XM_018634874.1 down
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2.9. Functional Prediction of DE lncRNA and DE miRNA in the Cultivar “Huoche”

On the basis of GO enrichment analysis of the targeted mRNA of DE lncRNAs, cellular process
(GO: 0009987) and cellular metabolic process (GO: 0044237) were remarkably enriched among the
BP categories. The most notably enriched CC was the cellular component (GO: 0005575). Among
the CC categories, structural molecule activity (GO: 0005198) and structural constituent of ribosome
(GO: 0003735) were significantly enriched (Figure 11). On the basis of the GO enrichment analysis of
the targeted mRNA of DE miRNAs, the most remarkably enriched BPs were negative regulation of
apoptotic process (GO: 0043066), negative regulation of programmed cell death (GO: 0043069) and
negative regulation of cell death (GO: 0060548). Anion binding (GO: 0043168), small molecule binding
(GO: 0036094), nucleotide binding (GO: 0000166) and nucleoside phosphate binding (GO: 1901265)
were significantly enriched among the MF categories (Figure 12).

We utilized KEGG enrichment analysis to determine the most important biochemical metabolic
pathways and signal transduction pathways involved in specific genes. The results showed that
ribosome (ath03010) was the significantly enriched KEGG pathways of DE lncRNAs (Figure 13A).
The notably enriched KEGG pathways of DE miRNAs were propanoate metabolism (ath00640) and
phagosome (ath04145; Figure 13B).

When comprehensively analyzing KEGG pathways among DE mRNA, DE lncRNA and DE
miRNA, we found that their enriched pathways had high similarity. For instance, in the “circadian
rhythm-plant” pathway, the gene in CCA1 node was enriched both in KEGG pathways of DE mRNA and
DE miRNAs. The corresponding genes enriched in the “carbon fixation in photosynthetic organisms”,
“arginine and proline metabolism”, “photosynthesis”, “oxidative phosphorylation”, “peroxisome” and
“plant hormone signal transduction” of DE mRNA were almost enriched in the KEGG analysis of DE
lncRNAs. Furthermore, the genes in EC:4.1.2.13 node and in EC:3.5.3.12 node were enriched among
KEGG pathways of DE mRNA, DE lncRNA and DE miRNAs in the “carbon fixation in photosynthetic
organisms” and “arginine and proline metabolism” pathways, respectively. All these results showed
that these pathways might have something to do with thermotolerance of radish leaves.

Figure 11. GO analysis of lncRNA in the cultivar “Huoche” under heat stress. The histogram of GO
enrichment analysis of the targeted mRNA of DE lncRNAs. The ordinate is the enriched GO term, and
the abscissa is the number of differentially expressed genes in this term. Different colors are used to
distinguish biological processes, cellular components and molecular functions.
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Figure 12. GO analysis of miRNAs in the cultivar “Huoche” under heat stress. The histogram of
GO enrichment analysis of DE miRNA targeted mRNAs. The ordinate is the enriched GO term, and
the abscissa is the number of differentially expressed genes in this term. Different colors are used to
distinguish biological processes, cellular components and molecular functions.

Figure 13. The enriched KEGG pathway scatterplots of non-coding RNAs (ncRNAs) in the cultivar
“Huoche” under heat stress. (A) and (B) KEGG enrichment of lncRNAs and miRNAs in “Huoche”
under HS. The vertical axis represents the pathway name, and the horizontal axis represents the Rich
factor. The size of the point indicates the number of differentially expressed genes in the pathway, and
the color of the point corresponds to a different q-value range.

2.10. Regulatory Network in Response to HS

After the construction of lncRNA–miRNA–mRNA combinations, we built a competing endogenous
RNA (ceRNA) regulation network with XR_001945247.1 as a decoy, ath-miR165a-5p as a center,
XM_018579231.1 and XM_018585227.1 as the target. Since a small number of DE circRNAs were
detected, no ceRNA molecular network of circRNA–miRNA–mRNA was constructed.

3. Discussion

Heat stress, as a dominating global concern, has a profound effect on the crop’s growth and
developments, particularly in agronomic yield [21]. In this study, we found that most of the leaves
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of the cultivar the cultivar “Huoche” withered and died under the heat stress of 40 ◦C, and some
individual plants could survive. Furthermore, we detected the changes of SOD, POD and MDA under
heat stress. To identify HS-related genes, we analyzed the transcriptome of young leave of the cultivar
“Huoche” under HS, 1802 DE mRNAs were gained. Furthermore, some lncRNAs and miRNAs were
found to be significantly induced under HS, and a regulatory combination of lncRNA–miRNA–mRNA
was suggested.

3.1. TFs Response to HS

Transcription factors (TFs) are a group of DNA-binding proteins that regulate the expression of
the relative genes, which play a pivotal part in plant tolerance to abiotic stress [22,23].

Although there are little known about their specific functions, a few Orphans transcription
factors may regulate the sensitivity of heat shock [24]. MYB participates in response to heat by
regulating downstream relative genes in plants [25]. AP2-EREBPs not only function as key regulators
in many developmental processes but also are associated with plant responses to abiotic environmental
stresses [26,27]. In plants, bZIP participates in many processes, such as stress signaling and plant stress
tolerance [28]. In this study, the Orphans, MYB, AP2-EREBP and bZIP families ranked in the top four
among all TFs, indicating that they may play key roles in response to HS in radish (Table S6).

Phytochrome interacting factors (PIFs) with bHLH domain have been involved in the signaling
mechanism of heat response [29]. Jain et al. [30] identified that HB genes played a critical role in the
development and abiotic stress response in rice. Some TCP genes could be significantly up-regulated
during the early duration under heat shock in soybean [31]. The expression of SbTCP19 was restricted
by heat in Sorghum [32]. Zhang et al. [33] concluded that heat stress could induce the expression of
OsMSR15 in rice, and two C2H2-type zinc finger motifs were the component of OsMSR15. Furthermore,
heat stress was able to reduce the expression and enzymatic activity of cinnamate 3-hydroxylase
(C3H) [34]. In our experiment, we found that bHLH, HB, TCP, C2H2 and C3H transcription factors
under HS were significantly differentially regulated, suggesting their potential role of heat tolerance in
the radish cultivar “Huoche” (Table S7).

NAM, ATAF and CUC (NAC) transcription factors, a large protein family, could function by
helping regulate plant abiotic stress responses, and they could be applied to enhance stress tolerance
in plants by genetic engineering [35]. The overexpression of NAC TF JUNGBRUNNEN1 (JUB1;
ANAC042) could promote the production of heat shock proteins and improved the thermotolerance
of Arabidopsis thaliana [36,37]. Similarly, two NAC genes were differentially expressed were detected
in our study (Table S7). Chen et al. [38] found that OsMADS87 might help to improve the thermal
resilience of rice. Duan et al. [39] identified that heat stress upregulated five BrMADS genes in the
Chinese cabbage. We also acquired one up-regulated MADS gene (agamous-like MADS-box protein
AGL19%2C) in this work (Table S7).

3.2. HS-Responsive HSPs and HSFs

Heat stress induces the expression of genes encoding heat shock proteins (HSPs) activated by heat
shock factors (HSFs), which interact with heat shock elements in the promoter of HSP genes [40]. HSPs
are a class of molecular chaperones involved in heat stress [41], including HSP100, HSP90, HSP70,
HSP60 and small HSPs (sHSPs) [42]. HSP70 is involved in the feedback control of HS and relates to the
activity of HSFA1a [43]. Wang et al. [16] identified four up-regulated and 13 down-regulated HSP70
transcripts under HS in radish taproots. In this study, after 6 h under HS, one up-regulated HSP70
component (hsp70 nucleotide exchange factor fes1) and one down-regulated HSP70 component (hsp70
nucleotide exchange factor fes1-like) were identified in radish leaves (Table 1).

HSFs play crucial roles in heat stress response by mediating the expression of HSPs [44]. On the
basis of the structural features of the oligomerization domains, plant HSFs are classified into three
categories, i.e., HSFA, HSFB and HSFC [43]. In tomato, HSFA1 serves as a master regulator of induced
thermotolerance [45]. HSFA3 is controlled by the DREB2A transcription factor and is important for the
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establishment of heat tolerance in Arabidopsis [46]. TaHsfA6f is a transcriptional activator regulating
some heat stress protection genes in wheat [47]. In the current study, HSFA-8-like was up-regulated
after 6 h under HS in radish (Table 1). Taken together, HSPs and HSFs play a key role in the response
to high temperature, and the further research of radish HSFA-8-like is valuable.

3.3. HS-Induced miRNAs

In recent years, more and more ncRNAs have emerged as key regulatory molecules in response to
high temperature, whose regulatory mechanisms have been revealed in some plants [48]. miRNAs
that were predominantly 20–24 nucleotides function by silencing of target mRNAs [49].

Both Xin et al. [50] and Hivrale et al. [51] found that miR159 was up-regulated in response to HS.
The overexpression of miR159 could inhibit MYB transcripts to reduce plant thermotolerance [48,52].
In our study, ath-miR159b-3p and ath-miR159c were also significantly induced under HS (Table 2).
We also found that ath-miR169g-3p and ath-miR171b-3p were down-regulated in radish leaves under
HS, similar to the results in Populus tomentosa [53,54], but miR169 and miR171 were up-regulated in
response to HS in Arabidopsis thaliana [55,56], suggesting different regulation networks of these two
small RNA under HS between Arabidopsis and radish. The miRNA miR398 is important for response
to different abiotic stresses, especially heat stress. There are two essential target genes of miR398 in
Arabidopsis, CSDs (closely related Cu/Zn-SODs) and CCS1 (the copper chaperone for SOD) [57,58].
The CSDs could scavenge the superoxide radicals, and its expression is fine-tuned by the cleavage
of miR398-directed mRNA. Under HS, CSD and CCS relate to the synthesis of HSF and HSP. Some
studies have indicated that down-regulation of miR398 could up-regulate CSDs expression, which
promotes the accumulation of HSF and HSP, helping plants resist heat stress [56,59]. In the present
study, ath-miR398b-3p and ath-miR398a-3p were significantly down-regulated in radish leaves under
HS (Table 2), similar to that in Brassica rapa and Populus tomentosa [54,60]. In addition, we identified
that SOD activity in the radish was increased immediately after heat treatment, these results indicated
that the miR398-CSD/CCS pathway could play a key role in response to HS in radish.

Based on the above data, there may be such an assumption for the response of radish leaf to
heat stress: The chlorophyll content of radish leaves decreased under heat stress (Figure 2), and the
expression of some genes in photosynthesis pathway and light capture protein complex was affected
(Figures 7 and 8). At the same time, circadian rhythm-plant pathway was significantly affected by
heat stress, and this pathway had a direct impact on the light capture protein complex (Figure 6).
Antioxidant enzymes POD and SOD increased rapidly, and membrane lipid peroxidation marker MDA
decreased (Figure 2), which alleviated oxidative stress. Correspondingly, some genes of peroxisome
were affected (Figure S4). In addition, plant hormone signal transduction was also significantly affected
by high temperature, especially the up-regulation of ABF in ABA transduction pathway (Figure S5),
which can regulate stomatal closure and alleviate heat stress. These results provided basic data for
further clarifying how radish seedlings respond to heat stress at the molecular level.

4. Materials and Methods

4.1. Plant Materials and HS Treatment

The seeds of the radish cultivar “Huoche” were soaked in water at 25 ◦C for three days. Germinated
seeds were individually sown in plastic pots (35 cm × 22 cm) containing nutrient enriched peat soil
in climate chamber with 16 h light at 25 ◦C and 8 h dark at 15 ◦C, 70% humidity and 4000 l× light
(PQX-330B-30HM, Ningbo Life Technology Co. Ltd., Ningbo, China). Twenty-day-old seedlings were
treated by heat shock at 40 ◦C.

After heat treatment of 0 h (Control) and 6 h, young leaves (the second and third leaf from the
top) were collected for strand-specific RNA sequencing and small RNA sequencing (labeling QHC00
and QHC06). For physiological parameter measurement, radish seedlings were heat treated (16 h
light at 40 ◦C) and 8 h dark at 30 ◦C) for 3 d, and then they were treated by normal temperature
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(16 h light at 25 ◦C and 8 h dark at 15 ◦C) for 3 d. Three biological repeats for RNA sequencing
and physiological analysis were performed, and the collected samples were frozen immediately in
liquid nitrogen and stored at −80 ◦C for further use. QHC001, QHC002 and QHC003 represent the
three biological replicates of QHC00. QHC061, QHC062 and QHC063 represent the three biological
replicates of QHC06.

4.2. Morphological and Physiological Analysis

According to the manufacturer’s protocols (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China), the activities of POD, SOD and the contents of free proline, chlorophyll, soluble sugar and
MDA of the samples were detected and determined using peroxidase assay kit, copper-zinc superoxide
dismutase (CuZn-SOD) assay kit, proline assay kit, chlorophyll assay kit, plant soluble sugar content
test kit, malondialdehyde (MDA) assay kit (TBA method), respectively.

4.3. RNA Isolation and RNA-Seq

The frozen samples were sent to Novogene Bioinformatics Technology Co. Ltd. (Beijing, China).
Total RNA of each sample was isolated with Trizol reagents under the manufacturer’s instruction
(Thermo Fisher Scientific, Shanghai, China). Afterward, RNA quantification and qualification were
checked with the methods described by Zhang et al. [61].

mRNA, lncRNA and circRNA data were generated by strand-specific sequencing library using
the rRNA-depleted RNA by NEBNext® UltraTM Directional RNA Library Prep Kit for Illumina®

with the dUTP second-strand marking (NEB, Ipswich, MA, USA). Small RNA data were generated
by NEBNext® Multiplex Small RNA Library Prep Kit for Illumina® (NEB, Ipswich, MA, USA). The
detailed protocols were described previously [62,63]. All data of raw reads were uploaded in NCBI
Sequence Read Archive (SRA, http://www.ncbi.nlm.nih.gov/Traces/sra/; this SRA submission will be
released on 26-05-2020 or upon publication) with accession numbers of SRR8980866 (sRNA-QHC001),
SRR8980865 (sRNA-QHC002), SRR8980864 (sRNA-QHC003), SRR8980863 (sRNA-QHC061),
SRR8980862(sRNA-QHC062), SRR8980861 (sRNA-QHC063), SRR8980860 (lncRNA-QHC001),
SRR8980859 (lncRNA-QHC002), SRR8980868 (lncRNA-QHC003), SRR8980867(lncRNA-QHC061),
SRR8980858 (lncRNA-QHC062) and SRR8980857 (lncRNA-QHC063).

The clean reads were aligned with the radish reference genome (Rs1.0, https://www.ncbi.nlm.nih.
gov/genome/?term=Raphanus%20sativus; 29-09-2015) using Hisat2 v2. 0.4 [64].

4.4. Differential Expression Analysis

DE mRNAs and DE lncRNAs were determined with the aid of the Ballgown [65]. DESeq2 was
used to identified DE miRNAs and DE circRNAs [66].

4.5. GO and KEGG Enrichment Analysis

Gene ontology (GO) annotations and functional enrichment analysis of DE mRNA corresponding
genes and DE ncRNA targeted genes were performed on the GO seq R package. GO terms are
distributed into biological processes (BP), cellular components (CC) and molecular functions (MF) [67].

KEGG (Kyoto Encyclopedia of Genes and Genome) is the main public database related to the
pathway. It is a systematic analysis of gene function and genomic information database, which
is helpful for studying genes and expressions as a whole network (https://www.genome.jp/kegg/;
20-04-2018) [68]. By means of KOBAS v2.0 software [69], we detected the statistic enrichment of DE
mRNA corresponding genes and DE ncRNA targeted genes in KEGG pathways.

4.6. Analysis of Transcription Factors

Transcription factors (TFs) are a group of proteins that can specifically bind to specific sequences
upstream of the 5′ end of the gene, thereby ensuring that the target gene is expressed at a specific time
and space at a specific intensity. Plant transcription factor prediction was implemented by iTALK
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1.2 software. The basic principle is used to identify TFs by hmmscan using the TF families and rules
defined in the database [70].

4.7. Construction of the Regulation Network of Competing Endogenous RNA

RNA can be mutually regulated by competitive binding to a common microRNA response element
(MRE), which constitutes competing endogenous RNA (ceRNA). The ceRNA has been found to include
protein-encoding mRNAs, non-coding RNAs and pseudogene transcripts [71,72]. Based on psRobot
online version software, lncRNA–miRNA–mRNA pairs and circRNA–miRNA–mRNA pairs were
screened. Cytoscape 3.7.1 software was adopted to construct the regulation networks between ncRNA
and mRNA in response to heat stress.

Supplementary Materials: Supplementary Materials can be found online http://www.mdpi.com/1422-0067/20/13/
3321/s1. Table S1: Quality evaluation of sample sequencing output data for strand-specific RNA libraries. Table S2:
Quality evaluation of sample sequencing output data for small RNA libraries. Table S3: Reads of strand-specific
RNA libraries and reference genome comparison list. Table S4: Reads of small RNA libraries and reference genome
comparison list. Table S5: The detailed information of DE mRNAs. Table S6: KEGG analysis results of DE mRNA
corresponding genes. Table S7: DE mRNAs encoding transcription factor. Table S8: The detailed information
of DE lncRNAs between QHC06 and QHC00. Table S9: The detailed information between DE lncRNA and its
DE targeted mRNA. Figure S1: The “carbon fixation in photosynthetic organisms” pathway enriched by KEGG
analysis of DE mRNA corresponding genes in the cultivar “Huoche” under heat stress. KO nodes containing
up-regulated genes are marked with red boxes, while KO nodes containing down-regulated genes are marked
with blue boxes. EC:4.1.2.13, fructose-bisphosphate aldolase, class I; EC:3.1.3.11, fructose-1,6-bisphosphatase
I; EC:2.7.2.3, phosphoglycerate kinase; EC:4.1.1.39, ribulose-bisphosphate carboxylase small chain; EC:4.1.1.31,
phosphoenolpyruvate carboxylase. Figure S2: The “arginine and proline metabolism” pathway enriched by
KEGG analysis of DE mRNA corresponding genes in the cultivar “Huoche” under heat stress. KO nodes
containing up-regulated genes are marked with red boxes, while KO nodes containing down-regulated genes
are marked with blue boxes. EC:6.3.1.2, glutamine synthetase; EC:1.4.1.4, glutamate dehydrogenase (NADP+);
EC:1.2.1.38, N-acetyl-gamma-glutamyl-phosphate reductase; EC:1.14.11.2, prolyl 4-hydroxylase; EC:4.1.1.50,
S-adenosylmethionine decarboxylase; EC:3.5.3.12, agmatine deiminase; EC:2.6.1.1, aspartate aminotransferase,
cytoplasmic; EC:4.1.1.19, arginine decarboxylase. Figure S3: The “oxidative phosphorylation” pathway enriched
by KEGG analysis of DE mRNA corresponding genes in the cultivar “Huoche” under heat stress. KO nodes
containing up-regulated genes are marked with red boxes, while KO nodes containing down-regulated genes are
marked with blue boxes. EC:3.6.1.1, inorganic pyrophosphatase; Ndufs4, NADH dehydrogenase (ubiquinone) Fe-S
protein 4; Ndufs5, NADH dehydrogenase (ubiquinone) Fe-S protein 5; Ndufs6, NADH dehydrogenase (ubiquinone)
Fe-S protein 6; Ndufs7, NADH dehydrogenase (ubiquinone) Fe-S protein 7; Ndufv1, NADH dehydrogenase
(ubiquinone) flavoprotein 1; Ndufa2, NADH dehydrogenase (ubiquinone) 1 alpha subcomplex subunit 2; Ndufa5,
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex subunit 5; Ndufa6, NADH dehydrogenase (ubiquinone)
1 alpha subcomplex subunit 6; Ndufa8, NADH dehydrogenase (ubiquinone) 1 alpha subcomplex subunit 8;
COX10, heme o synthase; COX17, cytochrome c oxidase assembly protein subunit 17; D, V-type H+-transporting
ATPase subunit D; F, V-type H+-transporting ATPase subunit F; d, V-type H+-transporting ATPase subunit d.
Figure S4: The “peroxisome” enriched by KEGG analysis of DE mRNA corresponding genes in the cultivar
“Huoche” under heat stress. KO nodes containing up-regulated genes are marked with red boxes, while KO
nodes containing down-regulated genes are marked with blue boxes. PXMP2, peroxisomal membrane protein 2;
MPV17, protein Mpv17; ACAA1, acetyl-CoA acyltransferase 1; FAR, alcohol-forming fatty acyl-CoA reductase;
AGT, alanine-glyoxylate transaminase/serine-glyoxylate transaminase/serine-pyruvate transaminase. Figure S5:
The “plant hormone signal transduction” pathway enriched by KEGG analysis of DE mRNA corresponding genes
in the cultivar “Huoche” under heat stress. KO nodes containing up-regulated genes are marked with red boxes,
while KO nodes containing down-regulated genes are marked with blue boxes. AUX1, auxin influx carrier (AUX1
LAX family); ARF, auxin response factor; GH3, auxin responsive GH3 gene family; SAUR, SAUR family protein;
A-ARR, two-component response regulator ARR-A family; PYR/PYL, abscisic acid receptor PYR/PYL family;
PP2C, protein phosphatase 2C; ABF, ABA responsive element binding factor; EBF1/2, EIN3-binding F-box protein;
EIN3, ethylene-insensitive protein 3; BSK, BR-signaling kinase; CYCD3, cyclin D3, plant; JAZ, jasmonate ZIM
domain-containing protein.
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Abbreviations

ROS Reactive oxygen species
SOD Superoxide dismutase
POD Peroxidases
HS Heat stress
MDA Malondialdehyde
RNA-Seq RNA sequencing
DEGs Differentially expressed genes
ncRNAs Non-coding RNAs
r1d Recovery treatment for 1 d
r3d Recovery treatment for 3 d
DE Differentially expressed
GO Gene Ontology
BP Biological processes
CC Cellular components
MF Molecular functions
KEGG Kyoto Encyclopedia of Genes and Genome
PHYA Phytochrome A
PRR5 Pseudo-response regulator 5
PRR7 Pseudo-response regulator 7
TOC1 Pseudo-response regulator 1
CK2β Casein kinase II subunit beta
GI Gigantea
COP1 E3 ubiquitin-protein ligase RFWD2
CHE Transcription factor TCP21 (protein CCA1 HIKING EXPEDITION)
CCA1 Circadian clock associated 1
LHY MYB-related transcription factor LHY
CDF1 Dof zinc finger protein DOF5.5
CK2α Casein kinase II subunit alpha
KO KEGG orthology
Lhca1 Light-harvesting complex I chlorophyll a/b binding protein 1
Lhcb1 Light-harvesting complex II chlorophyll a/b binding protein 1
Lhcb2 Light-harvesting complex II chlorophyll a/b binding protein 2
Lhcb4 Light-harvesting complex II chlorophyll a/b binding protein 4
Lhcb7 Light-harvesting complex II chlorophyll a/b binding protein 7
PsbP Photosystem II oxygen-evolving enhancer protein 2
PsbQ Photosystem II oxygen-evolving enhancer protein 3
PsbW Photosystem II PsbW protein
Psb28 Photosystem II 13kDa protein
PsaE Photosystem I subunit IV
PsaG Photosystem I subunit V
PsaO Photosystem I subunit PsaO
PetF ferredoxin
TFs Transcription factors
ceRNA Competing endogenous RNA
HSP Heat shock protein
HSF Heat shock factor
PIFs Phytochrome interacting factors
C3H Cinnamate 3-hydroxylase
NAC NAM, ATAF, and CUC
sHSPs Small HSPs
CuZn-SOD Copper-zinc superoxide dismutase
MRE MicroRNA response element
Ndufs4 NADH dehydrogenase (ubiquinone) Fe-S protein 4
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Ndufs5 NADH dehydrogenase (ubiquinone) Fe-S protein 5
Ndufs6 NADH dehydrogenase (ubiquinone) Fe-S protein 6
Ndufs7 NADH dehydrogenase (ubiquinone) Fe-S protein 7
Ndufv1 NADH dehydrogenase (ubiquinone) flavoprotein 1
Ndufa2 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex subunit 2
Ndufa5 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex subunit 5
Ndufa6 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex subunit 6
Ndufa8 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex subunit 8
COX10 Heme o synthase
COX17 Cytochrome c oxidase assembly protein subunit 17
PXMP2 Peroxisomal membrane protein 2
MPV17 Protein Mpv17
ACAA1 Acetyl-CoA acyltransferase 1
FAR Alcohol-forming fatty acyl-CoA reductase
AGT Alanine-glyoxylate transaminase/serine-glyoxylate transaminase/serine-pyruvate Transaminase
AUX1 Auxin influx carrier (AUX1 LAX family)
ARF Auxin response factor
GH3 Auxin responsive GH3 gene family
SAUR SAUR family protein
A-ARR Two-component response regulator ARR-A family
PYR/PYL Abscisic acid receptor PYR/PYL family
PP2C Protein phosphatase 2C
ABF ABA responsive element binding factor
EBF1/2 EIN3-binding F-box protein
EIN3 Ethylene-insensitive protein 3
BSK BR-signaling kinase
CYCD3 Cyclin D3, plant
JAZ Jasmonate ZIM domain-containing protein
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Abstract: Pongamia (Millettia pinnata syn. Pongamia pinnata) is a multipurpose biofuel tree which can
withstand a variety of abiotic stresses. Commercial applications of Pongamia trees may substantially
benefit from improvements in their oil-seed productivity, which is governed by complex regulatory
mechanisms underlying seed development. MicroRNAs (miRNAs) are important molecular regulators
of plant development, while relatively little is known about their roles in seed development, especially
for woody plants. In this study, we identified 236 conserved miRNAs within 49 families and 143 novel
miRNAs via deep sequencing of Pongamia seeds sampled at three developmental phases. For these
miRNAs, 1327 target genes were computationally predicted. Furthermore, 115 differentially expressed
miRNAs (DEmiRs) between successive developmental phases were sorted out. The DEmiR-targeted
genes were preferentially enriched in the functional categories associated with DNA damage repair and
photosynthesis. The combined analyses of expression profiles for DEmiRs and functional annotations
for their target genes revealed the involvements of both conserved and novel miRNA-target modules
in Pongamia seed development. Quantitative Real-Time PCR validated the expression changes of
15 DEmiRs as well as the opposite expression changes of six targets. These results provide valuable
miRNA candidates for further functional characterization and breeding practice in Pongamia and
other oilseed plants.

Keywords: Millettia pinnata; woody oilseed plants; seed development; miRNA

1. Introduction

Woody oilseed plants have attracted increasing attention as alternative feedstocks for biodiesel
production in recent years [1]. While conventional feedstocks such as soybean (Glycine max), rapeseed
(Brassica napus), and maize (Zea mays) are mainly herbaceous crops that need to be grown on arable
lands, the woody oilseed plants are usually adapted to more diverse environments such as mountain
areas or intertidal zones [2]. Pongamia is one such tree species with high yield of non-edible seed oils
that are highly suitable for biodiesel preparation [3,4]. Pongamia trees can not only withstand a variety
of adverse conditions like drought and high salinity [5,6], but also undergo symbiotic nitrogen fixation
by their root nodules [7,8]. Hence, they can be planted on wastelands or marginal lands with limited
impact on food production and reduced consumption of nitrogen fertilizers. In addition, the extracts
and derivatives from various parts of the plant have shown certain pharmacological activities such
as antioxidant, antimicrobial, antidiabetic, and antihyperammonemic [9–11], which may potentially
contribute to increasing the added values of the biodiesel products from this species.
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To establish large-scale plantations of Pongamia trees for commercial biodiesel production, one
of the major requirements is the improvement in oil-seed productivity, which requires a thorough
understanding of the regulatory mechanisms underlying seed development in this species. Tissue-
and stage-specific gene expression patterns related to seed development have already been revealed in
major oilseed crops through global transcriptome profiling [12–14]. In Pongamia, several efforts have
developed a bulk of transcriptomic data as a preliminary attempt on characterizing functional genes
and profiling their expression at transcriptional level [6,15–17]. These transcriptomic data, along with
the reference gene sequences from soybean, have facilitated the isolation and characterization of four
circadian clock genes (ELF4, LCL1, PRR7, and TOC1) and two fatty acid desaturase genes (SAD and
FAD2), which have shown distinct patterns of transcriptional regulation in relation to flowering time
and seed development in Pongamia [18–20].

On the other hand, microRNAs (miRNAs) are a class of non-coding small RNAs that mainly
regulate gene expression at post-transcriptional level [21,22]. As the upstream regulators of
protein-coding genes, miRNAs participate in a wide range of biological processes essential for
plant growth and stress responses [23,24]. With regard to seed development, miRNA-mediated
regulations have already been uncovered at early or late developmental stages in Arabidopsis. For
instance, miR156 can target SQUAMOSA promoter-binding protein-like (SPL) 10 and SPL11 during
early embryogenesis to repress precocious accumulation of certain transcripts normally expressed
in maturation phase [25], while miR160-directed repression of Auxin Response Factor (ARF) 10 plays
important roles in seed germination and post-embryonic developmental programs [26]. In addition,
with the rapid development of high-throughput sequencing technology, numerous conserved and
novel miRNAs have also been identified in developing seeds of a number of oilseed crops, such as
rapeseed [27,28], soybean [29,30], and peanut (Arachis hypogaea) [31,32]. These studies have implicated
the regulatory roles of miRNAs in multiple steps of seed development with special interests in seed oil
accumulation. Nevertheless, to the best of our knowledge, large-scale identifications of miRNAs have
only been reported in a few oilseed tree species [33,34].

In our previous studies, we have characterized three major developmental phases (i.e.,
embryogenesis phase, seed-filling phase, and desiccation phase) of Pongamia seeds based on
morphological changes and physiological events [35]. In this work, we presented the first comprehensive
investigation of miRNAs in Pongamia seeds through Illumina sequencing of nine small RNA libraries
from these three phases. Millions of small RNA reads were generated, leading to the discovery
of hundreds of conserved and novel miRNAs, among which a subset of miRNAs were identified
with differential expressions between developmental phases. Furthermore, putative target genes
for these miRNAs were obtained by computational prediction. Meanwhile, expression patterns of
several selected miRNAs and their predicted targets during seed development were also examined by
quantitative Real-Time PCR (qRT-PCR). Lastly, the potential roles of miRNAs and their target genes in
Pongamia seed development were discussed.

2. Results

2.1. Deep Sequencing of Small RNA Libraries in Developing Pongamia Seeds

To characterize miRNAs and their expression profiles in developing Pongamia seeds, we
constructed nine small RNA libraries based on the seed samples collected at the three developmental
phases, each with three biological replicates. A total of 283,250,572 raw reads were yielded from the nine
libraries by Illumina platform (Table 1). After filtering out low-quality sequences, adapter contaminants,
polyA-containing sequences, and reads smaller than 18 nt, approximately 18 to 21 million clean reads
were obtained for each library. These clean reads accounted for 62.22% to 67.49% of the raw reads and
represented 2.44 to 3.43 million unique sequences in each library. The length distribution of these small
RNA reads showed that 24-nt RNAs were the largest population in all nine libraries from the three
developmental phases, while the second most abundant group was 21-nt RNAs in the libraries from
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the embryogenesis phase, but was 22-nt RNAs in the libraries from both the seed-filling phase and the
desiccation phase (Figure S1). Subsequently, the clean reads were searched against the Rfam and the
NCBI GenBank databases to identify rRNA, tRNA, snRNA, and snoRNA sequences. According to the
combined results from both databases, the percentage of these four types of non-coding small RNAs
was substantially higher in libraries from the embryogenesis phase (8.31 ± 0.77% of the clean reads)
than in those from the seed-filling phase (3.97 ± 0.49%) and the desiccation phase (5.85 ± 0.68%) (Table
S1). For further analysis, the clean reads matching the above four types of small RNAs were excluded.
In general, both the length distribution and the relative abundance of various types of small RNAs
exhibited a developmental phase-specific pattern in Pongamia seeds.

2.2. Identification of Conserved and Novel miRNAs in Developing Pongamia Seeds

To identify miRNA homologs in Pongamia seeds, we used the remaining clean reads in each
library to match against the Viridiplantae mature miRNAs in the miRBase (Release 21.0). In total,
236 conserved miRNAs belonging to 49 families were identified in the nine libraries, with an average
of nearly five miRNA members per family (Table S2). For 24 miRNA families, only one member
was found. These conserved miRNAs were aligned to 67 plant species, among which Glycine max,
Medicago truncatula, and Populus trichocarpa were the most frequent ones. At the embryogenesis phase,
1,723,573, 1,519,586, and 1,115,971 reads from the three biological replicates perfectly matched 174,
172, and 168 known plant mature miRNAs belonging to 38, 37, and 37 miRNA families, respectively
(Table 1). At the seed-filling phase, 777,660, 823,736, and 1,207,854 reads perfectly matched 157, 165,
and 183 known plant miRNAs within 38, 41, and 42 families, respectively. At the desiccation phase,
1,230,083, 1,206,643, and 1,271,965 reads perfectly matched 163, 162, and 160 known plant miRNAs
within 35, 36, and 34 families, respectively. These conserved miRNAs were combined into 194, 199,
and 184 nonredundant conserved miRNAs expressed at the three developmental phases, respectively
(Figure 1). Taken together, the number of total reads matching the conserved miRNAs was highest at
the embryogenesis phase (4,359,130), followed by those at the desiccation phase (3,708,691) and the
seed-filling phase (2,809,250). MIR156 and MIR166 were the two largest miRNA families with 26 and
24 members, respectively (Table S2). MIR166 was also the most abundantly expressed family at all
three phases, followed by MIR167 and MIR396 at the embryogenesis phase, while by MIR159 and
MIR167 at the two later phases. There were 18, 21, and 10 conserved miRNAs exclusively expressed at
each one of the three developmental phases, respectively (Figure 1). For example, mpi-miR160c-5p and
mpi-miR171b-5p were only expressed at the embryogenesis phase, mpi-miR168d-3p and mpi-miR5037
only at the seed-filling phase, and mpi-miR162e-3p and mpi-miR482c-5p only at the desiccation phase.
Nevertheless, most of these phase-specific conserved miRNAs were represented by less than 10 reads.
On the other hand, 154 conserved miRNAs were expressed throughout all three phases (Figure 1), with
their expression levels either remained stable or varied greatly between phases.

Figure 1. Venn diagram showing the distribution of miRNAs among the three developmental phases of
Pongamia seeds. MpSI, the embryogenesis phase; MpSII, the seed-filling phase; MpSIII, the desiccation
phase. The values in red and green indicate the numbers of conserved and novel miRNAs, respectively.
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The conserved miRNAs identified by homology searching were further subjected to pre-miRNA
prediction by exploring the Pongamia seed transcriptome developed by our previous study [15]. The
mRNA sequences with hairpin-like structures and with more than 10 miRNA reads anchoring the 5p-
and/or 3p-arm were considered as putative pre-miRNAs. As a result, 16 pre-miRNA sequences for the
conserved miRNAs were identified, including eight anchored by miRNA reads in the 5p-arm, two by
reads in the 3p-arm, and six by reads in both arms (Table S3). These candidate precursors had a mean
length of 149 bp, a GC content of 43.78%, an MFE of –55.56 and an MFEI of –0.90, all of which were
conformed to the features of miRNA biogenesis [36].

To predict novel miRNAs in Pongamia seeds, the clean reads excluding those with hits to rRNA,
tRNA, snRNA, and snoRNA sequences were aligned with the mRNA sequences in the Pongamia
seed transcriptome to retrieve their precursors. Only the reads matching pre-miRNA sequences with
characteristic hairpin-like structures and with no homology to previously known plant miRNAs were
singled out as novel miRNAs in Pongamia. Overall, there were 143 novel miRNAs identified in
Pongamia seeds (Table S4). The lengths of these novel miRNAs ranged between 20 and 24 nt, with 21 nt
being the most common. The majority of these novel miRNAs (135 out of 143) have a precursor
anchored by sequencing reads in just one arm. Some novel miRNAs were derived from the same read
tag mapping to different unigenes in the Pongamia seed transcriptome. Within the nine libraries, 87, 82,
and 68 novel miRNAs were identified from the three biological replicates at the embryogenesis phase,
70, 64, and 83 novel miRNAs were identified at the seed-filling phase, and 97, 93, and 94 novel miRNAs
were identified at the desiccation phase (Table 1). These novel miRNAs were combined into 119,
115, and 121 nonredundant novel miRNAs expressed at the three developmental phases, respectively
(Figure 1). Compared with the conserved miRNAs, these novel miRNAs were expressed at relatively
low levels, the majority of them being represented by less than 10 reads in each library. Fourteen novel
miRNAs were specifically expressed at one phase, while 83 novel miRNAs were expressed throughout
all three phases (Figure 1). At all three phases, mpi-nmiR0043-5p, mpi-nmiR0124-3p, mpi-nmiR0125-5p,
mpi-nmiR0126-3p, and mpi-nmiR0127-5p were the five most abundant novel miRNAs (Table S4).

2.3. Differential Expression of miRNAs during Pongamia Seed Development

To investigate miRNA expression changes during Pongamia seed development, we quantified
their expression levels using the transcripts per million (TPM) values, which normalized the read
counts of each identified miRNA to the total read counts in each library. Based on the TPM values,
we firstly performed Pearson’s correlation analysis and principal component analysis to evaluate
the reproducibility of expression data among the three biological replicates. Pearson’s correlation
analysis indicated high correlations of miRNA expression levels among replicates within the same
developmental phase, with an average coefficient of 0.9991, 0.9980, and 0.9991 for the three phases,
respectively (Figure S2). Principal component analysis revealed a clear assignment of three groups
corresponding to the three phases (Figure S3), which also demonstrated a good reproducibility of the
miRNA expression data yielded in this study.

With a minimum cutoff of 2-fold changes in average TPM values, we sorted out differentially
expressed miRNAs (DEmiRs) between developmental phases of Pongamia seeds. A total of 115 DEmiRs,
including 82 conserved miRNAs and 33 novel miRNAs, were identified from the two successive
comparisons (Table S5). In the comparison between the embryogenesis phase and the seed-filling phase,
44 significantly up-regulated and 44 significantly down-regulated miRNAs were detected (Figure 2).
In the comparison between the seed-filling phase and the desiccation phase, 19 and 39 miRNAs were
observed to be significantly up-regulated and down-regulated, respectively. In other words, there were
much more DEmiRs (88) between the former two phases than those (58) between the latter two phases.
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Figure 2. The numbers of DEmiRs between developmental phases of Pongamia seeds. The values in
red and blue indicate the numbers of up-regulated and down-regulated miRNAs, respectively.

More specifically, five and eight DEmiRs were significantly up-regulated and down-regulated
in both comparisons, respectively (Table 2). Fifteen DEmiRs were significantly up-regulated from
the embryogenesis phase to the seed-filling phase, and then significantly down-regulated from the
seed-filling phase to the desiccation phase, showing a bell-shape change in expression level (Table 3).
On the contrary, three DEmiRs displayed a V-shape change with significant down-regulation followed
by significant up-regulation in the two successive comparisons (Table 3). The remaining 84 DEmiRs
showed a significant change in expression level only in one comparison. Among those conserved
miRNAs, mpi-miR168d-3p and mpi-miR167f-5p showed the highest degree of up-regulation in the
former and the latter comparison, respectively, whereas mpi-miR399d-3p and mpi-miR9662a-3p were
the most significantly down-regulated ones in the two comparisons, respectively.

2.4. Prediction and Functional Annotation of Pongamia miRNA Targets
To gain insight into the regulatory roles of the miRNAs in Pongamia seeds, their putative targets

were predicted by aligning the identified miRNA sequences with the unigenes in Pongamia seed
transcriptome. As a result, 1327 targets were identified for 210 conserved miRNAs and 121 novel
miRNAs through such computational screening, with an average of about four targets per miRNA
molecule (Table S6). Among the conserved miRNAs, mpi-miR156u-5p (40 targets), mpi-miR156j-5p (23
targets), mpi-miR171h-3p (23 targets), mpi-miR156l-5p (22 targets), and mpi-miR396i-3p (22 targets)
were the top five with the largest number of target genes in diverse functional categories, implying
that they were involved in multiple processes during Pongamia seed development. On the other hand,
miRNAs from different families could co-target the same gene.

For instance, Unigene22944 encoding an Auxin Signaling F-Box 2-like protein was co-targeted by
four conserved miRNAs (mpi-miR1511-3p, mpi-miR393c-3p, mpi-miR5139-5p, and mpi-miR8155-3p),
while Unigene17682 for a disease resistance protein was co-targeted by a conserved miRNA
(mpi-miR1510-3p) and a novel miRNA (mpi-nmiR0004-3p). Only 56 targets were identified as
transcription factors (TFs) belonging to 23 families, among which NF-YA, bHLH, and B3 were most
abundantly represented (Figure S4). Interestingly, we also found eight target genes encoding enzymes
in lipid metabolic pathways (Table 4). Among them, only one unigene encoding a mitochondrial
cardiolipin synthase was targeted by a conserved miRNA, mpi-miR168f-5p, which was specifically
expressed at the desiccation phase. Four unigenes encoding 3-ketoacyl-CoA synthase 4, linoleate
13S-lipoxygenase 3, and phospholipid:diacylglycerol acyltransferase 1, were targeted by the same
novel miRNA, mpi-nmiR0017-3p, which expressed only at the embryogenesis and the seed-filling
phases in low levels. Unigene22005 encoding a phospholipase A2 was targeted by another novel
miRNA, mpi-nmiR0038-5p, with low expressions at the embryogenesis and the desiccation phases.
Unigene22800 for a chloroplastic stearoyl-ACP 9-desaturase 6 and Unigene4253 for a malonyl-
transferase were targeted by two DEmiRs, mpi-nmiR0028-3p and mpi-nmiR0102-5p, showing a
bell-shape pattern of expression and a desiccation-phase-specific expression, respectively.
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Among the predicted miRNA targets, 396 genes were targeted by the DEmiRs. This subset of
target genes were assigned with GO terms and KEGG pathways, and then subjected to enrichment
analysis with the set of unigenes from the whole transcriptome as a background. In the category
of Molecular Function, DNA polymerase activity and phosphoric diester hydrolase activity were
the two most significantly enriched GO terms (Table S7). With respect to Biological Process, 48 GO
terms were significantly enriched with the DEmiR-targeted genes. Among them, chromosome
segregation, regulation of organelle organization, and DNA repair were the most enriched processes.
As for Cellular Components, the DEmiR-targeted genes were significantly overrepresented in
photosynthetic membrane, clathrin-coated vesicle membrane, and thylakoid membrane. Meanwhile,
74 DEmiR-targeted genes were assigned with 46 KEGG pathways (Table S8). Three pathways, including
non-homologous end-joining, base excision repair, and photosynthesis, were significantly enriched
with the DEmiR-targeted genes.

2.5. Validation of DEmiRs during Pongamia Seed Development

In order to verify the expression patterns of candidate Pongamia miRNAs obtained from the small
RNA sequencing data, we conducted stem-loop qRT-PCR for 15 randomly chosen DEmiRs, including
12 conserved and three novel miRNAs (Table S9). RNAs extracted from the seeds representing the
three developmental phases were used as templates. Note that the RNAs for small RNA sequencing
and stem-loop qRT-PCR were separately prepared at the same time points. The stem-loop qRT-PCR
results for these 15 DEmiRs were basically consistent with the sequencing results (Figure 3).

Five miRNAs (mpi-miR156c-5p, mpi-miR171b-3p, mpi-miR398c-3p, mpi-miR408a-3p, and
mpi-nmiR0028-3p) showed a bell-shape pattern with their expression levels significantly up-regulated
from the embryogenesis phase to the seed-filling phase, and then significantly down-regulated from
the seed-filling phase to the desiccation phase. Four miRNAs (mpi-miR167c-5p, mpi-miR1507c-3p,
mpi-miR2218-3p, and mpi-nmiR0004-3p) were continuously up-regulated during the two successive
switches in developmental phase. Conversely, four miRNAs (mpi-miR171j-5p, mpi-miR396c-5p,
mpi-miR399b-3p, and mpi-nmiR0135-5p) were down-regulated all through the three phases. The
expression level of mpi-miR858a-5p did not change significantly during the first two phases, but
then sharply dropped down at the desiccation phase. There was also one miRNA (mpi-miR399d-3p)
displaying a near V-shape change in expression level. The linear regression analysis showed a
highly significant correlation between the expression profiles revealed by small RNA sequencing
and qRT-PCR results (Figure S5). In addition, we also monitored the expression profiles of target
genes for these DEmiRs. The DEmiRs with more than three predicted targets were not subjected
to such target expression detection. Among six tested DEmiR-targeted genes, five exhibited a
V-shape or near V-shape change in expression level (Figure S6). These five target genes included the
aforementioned Unigene22800 involved in lipid metabolism, Unigene22770 encoding a superoxide
dismutase, Unigene25493 for a cytochrome P450 CYP72A219-like protein, and two unigenes with
unknown functions (Table S10). Besides, a disease resistance protein gene (Unigene8399) was
continuously down-regulated as seeds matured. Generally, the tendencies of expression changes
for these target genes were opposite to those for the corresponding miRNAs, suggesting that the
miRNA-mediated regulation might occur in these targets. The above results again demonstrated that
our small RNA sequencing data was reliable in temporal expression analysis of Pongamia miRNAs
during seed development.
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Figure 3. Relative expression levels of 15 DEmiRs evaluated by stem-loop qRT-PCR. An U6 snRNA gene
of Pongamia was used as internal control. Bars represent standard deviations of three technical replicates.

3. Discussion

The seed development process of oilseed plants is instrumental in determining the oil content
and quality of the end products. Despite the abundant research on molecular mechanisms regulating
seed development at transcriptional level, the miRNA-mediated post-transcriptional regulation of this
process remains relatively unstudied, especially in woody oilseed species. In this study, we used high
throughput sequencing to characterize miRNAs and examine their expression profiles in developing
seeds of Pongamia whose genome has not yet been sequenced, and obtained approximately 283 million
small RNA raw reads from nine libraries representing three developmental phases. The small RNAs in
Pongamia seeds displayed a wide range of variation in length with the 24-nt RNAs being the most
abundant class in all nine libraries, followed by the 21-nt and 22-nt RNAs. Such length distribution
pattern of small RNAs was also observed in model plants like Arabidopsis and rice (Oryza sativa) [37,38],
as well as in some legume relatives (e.g., soybean, Medicago truncatula, and peanut) [30,31,39], implying
that Pongamia might possess similar processing components for small RNAs biogenesis as other plant
species. Moreover, the higher abundance of 24-nt small RNAs was suggested to be related to the
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silencing of transposons and heterochromatic repeats for ensuring normal seed formation and such
abundance of 24-nt small RNAs tended to decrease as seed matured [40], which was also evidently
shown in developing Pongamia seeds.

Based on the large quantity of small RNA reads, a total of 236 conserved miRNAs within 49 families
and 143 novel miRNAs not found in other plants were identified in this work. The reads matching
these miRNAs accounted for less than 6% of the total small RNA reads, indicating that miRNAs only
contributed a small portion to small RNAs in Pongamia seeds. Generally, the conserved miRNAs were
expressed at higher levels than the novel miRNAs, which was also in accordance with the former results
in Arabidopsis and soybean [29,41]. Specifically, 154 conserved and 83 novel miRNAs were expressed
at all three phases, implicating that they were indispensable throughout the whole developmental
process of Pongamia seeds. The novel miRNAs could be Pongamia-specific miRNAs whose validity
needed further confirmation. As for the conserved miRNAs, 15 out of the 49 families (MIR1507, 1510,
1511, 1514, 1515, 2089, 2118, 2119, 2218, 2643, 4403, 482, 5037, 530, and 5559) were only observed
in species belonging to the order Fabales. They were classified as Fabales-specific miRNA families
and suggested to be young miRNA families by a previous study [29]. Besides, there were also some
families appearing in certain species within other eudicot orders (e.g., MIR5139, 8155, and 8175) or
monocot orders (e.g., MIR9653, 9662, and 9778) instead of Fabales. These miRNA families probably
had an ancient origin, but might have been lost or not yet been identified in other species in Fabales. In
other words, both the ancient regulatory pathways and the novel and unique pathways mediated by
different kinds of miRNAs might be present in Pongamia.

Identification of the DEmiRs between seed developmental phases and the corresponding target
genes could provide valuable information on understanding their functions. In this work, 115 DEmiRs
with differential expression in at least one comparison between two successive phases were identified.
There were substantially more DEmiRs (88) between the embryogenesis phase and the seed-filling
phase than those (58) between the seed-filling phase and the desiccation phase. Consistent with this
tendency, more protein-coding genes were observed to be differentially expressed between the former
two phases than those between the latter two phases [35]. To some extent, the general expression
patterns of both DEmiRs and differentially expressed genes (DEGs) correlated with a more remarkable
change in seed traits and oil content during the early developmental stages of Pongamia seeds [35,42].
Meanwhile, there were substantially more down-regulated DEmiRs (39) than up-regulated ones (19)
from the seed-filling phase to the desiccation phase. Considering that miRNAs always negatively
regulate protein-coding genes, the above observation also coincides with our previous findings of
more up-regulated genes than down-regulated ones during the same developmental switch [35]. The
DEmiRs identified in this study could potentially target 396 genes, which were preferentially enriched
in certain GO terms or KEGG pathways associated with DNA repair and photosynthesis. DNA
damage repair was crucial for the maintenance of genome integrity over cell division during seed
development [43], while photosynthesis could provide energy and oxygen for enhancing biosynthetic
fluxes to lipids in developing legume seeds [44]. Therefore, the enrichment of DEmiR-targeted genes
in these two functional categories was quite reasonable.

Involvements of miRNAs in seed development have already been established in several conserved
miRNA families. By binding to plant-specific transcription factor genes SPL10 and SPL11, miR156
could negatively regulate phase transition and seed maturation while its expression gradually declined
as seed developed [25]. Some members of the MIR156 family could also target certain genes in fatty acid
biosynthetic pathway and could thus affect seed oil content of rapeseed [45]. In this study, nine MIR156
members were screened out as DEmiRs and they targeted dozens of genes with diverse functions (Table
S6). Since both SPL10 and SPL11 transcripts were not found in the Pongamia seed transcriptome [15],
none of those nine members were predicted to target any SPL homologs. Notably, mpi-miR156a-3p
and mpi-miR156c-5p displayed significant changes in expression levels in both comparisons between
seed developmental phases. The former targeted a protein S-acyltransferase (PAT) 10 for protein lipid
modification and was continuously down-regulated from the embryogenesis phase to the desiccation
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phase, whereas the latter targeted a cytochrome P450 CYP72A219-like protein for metal binding and
showed a bell-shape pattern of expression changes. The expression changes of mpi-miR156c-5p and its
target gene (Unigene25493) were further validated by qRT-PCR. These two miRNAs might play critical
roles at the early and mid stages of seed development in Pongamia as those reported in some other
plants [25,45].

As another upstream regulator of seed development, miR160 could repress ARF10 and ARF17 to
modulate the expression of early auxin response genes [26,46]. In this study, mpi-miR160c-5p was
exclusively expressed at the embryogenesis phase and thus recognized as a DEmiR in developing
Pongamia seeds. The predicted targets of this miRNA were ARF17 and ARF18. This result implied
that miR160 might mainly function at early developmental stages of Pongamia seeds.

The miR164-mediated regulation of the No Apical Meristem (NAC) transcription factors also
played an essential role in seed development. Expression of a miR164-resistant version of Cup-Shaped
Cotyledon (CUC) 1 within the NAC family could cause cotyledon orientation defects [47]. Among the
three MIR164 members identified in this work, only mpi-miR164a-5p was a DEmiR with significant
down-regulation from the embryogenesis phase to the desiccation phase. This miRNA was predicted
to target the transcripts of a HHE cation-binding domain protein and a UPF0481 protein instead of any
NAC domain-containing proteins in the Pongamia seed transcriptome, suggesting the existence of
specialized regulatory components coupled with miR164 in this species, which was different from the
miR164-NAC module in other plants.

The MYB transcription factors usually serve as positive regulators of ABA responses. By silencing
MYB33 and MYB101, miR159 could act as a negative regulator preventing the transition from seed
dormancy to germination [48]. In addition, the miR159-mediated regulation of MYB33 and MYB65
expression might also be responsible for determining seed size [49]. We found four MIR159 members
in the list of DEmiRs (Table S5). Except for one member showing a bell-shape expression pattern,
the other three members (mpi-miR159a-5p, mpi-miR159b-3p, and mpi-miR159d-5p) all exhibited a
significant down-regulated expression in favor of releasing the constraints on seed germination.

The APETALA2 (AP2) transcription factors compose a large family with a variety of regulatory
functions, including the control of seed size and seed mass [50,51]. Although the AP2 genes could
be regulated by miR172 [52], there was still no evidence supporting the direct involvement of the
miR172-AP2 module in seed development. Additionally, up-regulation of miR172 was shown to
promote seed germination through its interaction with miR156 and the Delay of Gemination1 (DOG1)
gene [53]. However, mpi-miR172c-3p was significantly down-regulated as seed matured and it could
target diverse transcripts including an AP2 homolog in Pongamia (Table S6). Hence, we speculated
that the miR172 might participate in the regulation of seed development via diversified mechanisms in
different plant species.

In addition to the above conserved miRNAs having been reported to be relevant to seed
development, there are also some other DEmiRs which may be candidate regulators for this process
in Pongamia. For instance, mpi-miR482a-3p displayed a significantly increasing expression and
could target several transcripts encoding a tyrosyl-DNA phosphodiesterase (TDP) 1 for DNA 3′-end
processing [54]. As aforementioned, DNA damage repair was crucial for maintaining genome integrity
during seed development. Another interesting candidate was mpi-nmiR0028-3p which targeted a
stearoyl-ACP 9-desaturase 6 for converting stearic acid to oleic acid. This novel miRNA was also
a DEmiR with a bell-shape expression pattern and could probably make an impact on fatty acid
composition in developing Pongamia seeds. The contrasting expression changes of this novel miRNA
and its target gene (Unigene22800) were also verified by qRT-PCR (Figure 3 and Figure S6).
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4. Materials and Methods

4.1. Plant Material and Sample Collection

Three eight-year-old Pongamia trees cultivated in Shenzhen University, Shenzhen, China (22◦32′
N, 113◦55′ E), with the monthly average temperature ranging from about 15◦C to 29◦C and an average
annual rainfall of approximately 2000 mm, were used as the biological replicates for seed sampling.
The inflorescences on different sub-branches of each tree were labeled with tags recording their first
flowering dates. Pods were harvested at 10 weeks after flowering (WAF), 20 WAF, and 30 WAF,
representing the three developmental phases of Pongamia seeds as previously described [35]. At
each sampling time point, the seeds were manually separated from pods, washed with distilled
water, immediately frozen in liquid nitrogen, and then stored at −80◦C before RNA extraction for
further experiments.

4.2. RNA Isolation, Library Construction and Small RNA Sequencing

Total RNA was isolated from Pongamia seeds using a modified CTAB method [55]. At each
sampling time point, the seeds from each of the three trees were separately subjected to RNA extraction.
The resulting nine RNA samples were further purified with the RNeasy Plant Mini Kit (Qiagen, Hilden,
Germany) following the manufacturer’s instructions. RNA concentration and quality of each sample
was assessed by an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). Subsequently,
the RNA molecules with different sizes were separated using polyacrylamide gel electrophoresis.
The 18–30 nt small RNAs were excised and then ligated to 5′ and 3′ adapters by T4 RNA ligase
in two separate steps. The ligation products were reverse transcribed and then amplified by PCR.
The 140–160 bp PCR products were enriched to generate nine cDNA libraries for sequencing on the
Illumina HiSeq 2500 platform (Illumina, San Diego, CA, USA) at GeneDenovo Biotechnology Co., Ltd.
(GeneDenovo, Guangzhou, China). All sequence data of the nine libraries were deposited in the NCBI
Sequence Read Archive (SRA) database under the accession number PRJNA550227.

4.3. Sequencing Data Processing and Identification of Conserved and Novel miRNAs

Raw reads of the nine libraries were firstly filtered by in-house Perl scripts to remove low-quality
reads, reads containing 5′ adapters and polyA tails, reads without 3′ adapters, and reads shorter than
18 nt. Then, the resulting clean reads were blasted against the NCBI GenBank (http://www.ncbi.nlm.
nih.gov/genbank/) database and the Rfam (http://rfam.xfam.org/) database to screen out rRNAs, tRNAs,
snRNA, and snoRNAs. The remaining reads without matches to the above four types of RNAs were
searched against the miRBase (21.0) (http://www.mirbase.org/) database to identify phylogenetically
conserved miRNAs. Only the reads with no mismatches to those currently known plant miRNA
sequences were considered as conserved miRNAs. The remaining unannotated reads were aligned
with the Pongamia seed transcriptome to predict potential novel miRNAs and their hairpin precursors
by the Mireap software (http://sourceforge.net/projects/mireap/) with default settings. The miRNA
expression levels were calculated and normalized as transcripts per million (TPM) values based
on the total number of clean reads in each library. For miRNAs that were not expressed in the
samples, the expression levels were set to 0.01. To determine the statistical significance of expression
difference, the fold change and the P value were calculated for each pairwise comparison between
seed developmental phases. Both absolute fold change ≥ 2 and P value ≤ 0.05 were adopted as the
thresholds to identify DEmiRs.

4.4. Identification and Analysis of miRNA Targets

Putative target genes of conserved and novel miRNAs were predicted by the PatMatch software
(https://www.arabidopsis.org/cgi-bin/patmatch/nph-patmatch.pl), which queried the Pongamia seed
transcriptome with the parameters as follows: no more than four mismatches between miRNA
and target (G-U bases count as 0.5 mismatches); no more than two adjacent mismatches in the
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miRNA/target duplex; no adjacent mismatches in positions 2–12, no mismatches in positions 10–11,
and no more than 2.5 mismatches in positions 1–12 of the miRNA/target duplex (5′ of miRNA); and
the minimum free energy (MFE) of the miRNA/target duplex should be ≥ 75% compared to the MFE
of the miRNA bound to its perfect complement. The predicted target genes were assigned with GO
(http://www.geneontology.org/) and KEGG (http://www.genome.jp/kegg/) annotations. Specifically, for
those genes targeted by DEmiRs, the hypergeometric tests were conducted to identify significantly
enriched GO terms or KEGG pathways with all unigenes in the Pongamia seed transcriptome as a
background. The calculated P values were gone through false discovery rate (FDR) correction, taking
FDR ≤ 0.05 as a threshold.

4.5. Quantitative Real-Time PCR for miRNAs and Target Genes

To validate changes in expression levels of miRNAs during the three developmental phases of
Pongamia seeds, total RNAs were isolated and enriched for small RNA fractions as above described, and
then reverse transcribed by stem-loop RT-PCR [56]. The resulting cDNAs were diluted and subjected
to quantitative real-time PCRs on an ABI PRISM 7300 Sequence Detection System (Applied Biosystems,
Foster City, CA, USA) using the ChamQ Universal SYBR qPCR Master Mix (Vazyme Biotech, Nanjing,
China). Primers for stem-loop reverse transcription and real-time PCR were separately designed
for 15 randomly selected DEmiRs (Table S9). For expression profiling of target genes, total RNAs
from the same samples as those for miRNA profiling were employed for first-strand cDNA synthesis
using the Super Script First-Strand cDNA Synthesis Kit (Invitrogen, Carlsbad, CA, USA), followed by
Real-Time PCR with specific primers for target genes (Table S10). U6 snRNA and actin were used as
the internal reference for the normalization of miRNAs and target genes, respectively. All real-time
PCRs were run in three technical replicates. The primer specificity was confirmed by melting curve
analysis. The relative expression levels of the tested miRNAs and target genes were calculated with
the 2−ΔΔCt method.

5. Conclusions

In summary, we presented the first large-scale collection of small RNAs from Pongamia seeds by
high-throughput sequencing and identified 236 conserved miRNAs belonging to 49 families as well as
143 novel miRNAs. Among them, 82 conserved miRNAs and 33 novel miRNAs with significantly
differential expression between successive developmental phases were sorted out as DEmiRs. The
enrichment of DEmiR-targeted genes in the functional categories related to DNA damage repair and
photosynthesis suggested that the regulation of these two processes should be pivotal in controlling
Pongamia seed development. Through the combined analyses of expression profiles for DEmiRs and
functional annotations for their target genes, we not only found some miRNAs within the families
(MIR156, MIR159, MIR160, MIR164, and MIR172) previously confirmed to be capable of regulating seed
development in herbaceous model plants, but also proposed some candidates (e.g., mpi-miR482a-3p
and mpi-nmiR0028-3p) with specialized regulatory mechanisms for seed development and fatty acid
biosynthesis in this woody plant. These miRNA candidates deserve further functional characterization
and may be potentially applied in genetic breeding of new varieties with desired seed traits for
Pongamia and other oilseed plants.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/20/14/
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ARF Auxin Response Factor
DEmiRs Differentially Expressed miRNAs
NAC No Apical Meristem
qRT-PCR quantitative Real-Time PCR
SPL SQUAMOSA promoter-binding protein-like
TPM Transcripts Per Million
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Abstract: Nitrogen (N) is an essential nutrient for plants and a key limiting factor of crop production.
However, excessive application of N fertilizers and the low nitrogen use efficiency (NUE) have
brought in severe damage to the environment. Therefore, improving NUE is urgent and critical for
the reductions of N fertilizer pollution and production cost. In the present study, we investigated the
effects of N nutrition on the growth and yield of the two rice (Oryza sativa L.) cultivars, conventional
rice Huanghuazhan and indica hybrid rice Quanliangyou 681, which were grown at three levels
of N fertilizer (including 135, 180 and 225 kg/hm2, labeled as N9, N12, N15, respectively). Then, a
proteomic approach was employed in the roots of the two rice cultivars treated with N fertilizer at the
level of N15. A total of 6728 proteins were identified, among which 6093 proteins were quantified,
and 511 differentially expressed proteins were found in the two rice cultivars after N fertilizer
treatment. These differentially expressed proteins were mainly involved in ammonium assimilation,
amino acid metabolism, carbohydrate metabolism, lipid metabolism, signal transduction, energy
production/regulation, material transport, and stress/defense response. Together, this study provides
new insights into the regulatory mechanism of nitrogen fertilization in cereal crops.

Keywords: nitrogen fertilizer; rice; proteome; cultivars; nitrogen use efficiency (NUE)

1. Introduction

Nitrogen (N), an essential plant nutrient, is a key factor limiting the crop growth and productivity [1,2].
The amount of applied fertilizer in the world has increased 10-fold in the last half century, to meet the
food demand of the growing world population. This increasing trend is predicted to be even greater in
this century [3]. However, less than half of the field applied nitrogen fertilizer is absorbed and utilized
by plants, while most of it is dissipated in the atmosphere, and leached into groundwater, lakes and
rivers, which induce increasingly severe pollutions to the environment [4]. Thus, the improvement of
N use efficiency (NUE) is an urgent task for agricultural sustainability and environmental protection.
Rice (Oryza sativa L.), cultivated in more than 100 countries, is the major food source of at least half of
the world’s population [5]. Therefore, proper management of N fertilizer is pivotal for improvement
of rice yield.

Plants have developed an intricate N detection system, in which N status is constantly sensed
and the plants continuously adapt to the changes by regulating gene expression, enzyme activity,
and substance metabolism [6,7]. In plants, inorganic nitrogen is firstly reduced to ammonia (NH3)
and then incorporated into organic compounds [8,9]. Afterwards, ammonia is assimilated into these
amino acids that serve as vital nitrogen carriers in plants, including glutamine, glutamate, asparagine,
and aspartate [10]. The major enzymes, responsible for the biosynthesis of these nitrogen-carrying
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amino acids, are glutamine synthetase (GS), glutamate dehydrogenase (GDH), glutamate synthase
(GOGAT), aspartate aminotransferase (AspAT), as well as asparagine synthetase (AS) [10]. GS is a key
enzyme for ammonia assimilation, which has high affinity for ammonia and ability to incorporate
ammonia efficiently into organic combination (compounds). The glutamate synthase cycle has been
well established in that NH3 is converted into organic compounds via its assimilation by GS, and this
is the major route of nitrogen assimilation in plants [11]. In addition, N can be transferred into and out
of proteins in different organs, and be moved between different organs in plants, which are achieved
via the activity of transaminases, glutamine-amide transferases and GS [10]. However, excessive
ammonium ion (NH4+) is one of the inorganic pollutants in aqueous solution, which could induce
eutrophication and impair self-purification of water [12].

Numerous researches have been conducted to illuminate the regulatory mechanisms involved in
NUE of crop plants [13]. Genetic engineering methods have become the research focus for improvement
of biological N fixation [1,14–16]. However, these techniques are not very effective in improving NUE
of crop plants. Furthermore, manipulating genes involved in the nitrogen uptake and assimilation
have not yielded any obvious improvement of nitrogen utilization capacity of plant [1,14]. For example,
overexpression of nitrite reductase (NiR) genes, which encodes the enzyme catalyzing the first and the
rate-limiting step of N assimilation, did not cause any obvious change of NUE in plants [14].

Recently, the proteomic approach has become an effective tool in the study of nitrogen regulation.
Ding et al. (2011) identified twelve protein spots by two-dimensional gel electrophoresis (2-DE),
providing a better understanding of the mechanism underlying rice response to low nitrogen stress [17].
Besides, Liao et al. (2012) demonstrated that 47 differentially expressed proteins were identified in
young ears of maize treated with different levels of nitrogen fertilizer, and the regulatory process
was associated with hormonal metabolism [2]. Chandna and Ahmad (2015) investigated the effects
of the nitrogen nutrition on protein expression pattern of leaves in low-N sensitive and low-N
tolerant wheat (Triticum aestivum L.) varieties, and found proteins related to photosynthesis, glycolysis,
nitrogenmetabolism, sulphur metabolism and defense [18]. Hakeem et al. (2012) analyzed the leaf
proteins expression patterns of high and low N-responsive contrasting rice genotypes grown at three
levels of N fertilizer, and determined that the differentially expressed proteins were involved in the
energy production/regulation and metabolism [1].

Root system is essential and critical for plant growth, due to its involvement in nutrients and water
absorption, as well as plant hormones synthesis [19,20]. Development of root system is remarkably
affected by nitrogen supply and its distribution in the soil [21]. Liu et al. (2018) reported that five elite
super hybrid rice cultivars displayed greater root traits and higher grain yield under N treatment at
level of 300 kg/hm2 [22]. Total root number and total root length of these cultivars reached maximum
at 55 days after transplanting. However, the molecular mechanism underlying N fertilizer response
of root system is still unclear. In the present study, the agronomic traits of two rice cultivars were
determined, conventional rice Huanghuazhan and indica hybrid rice Quanliangyou 681, grown at three
levels of nitrogen fertilizer (including 135, 180 and 225 kg/hm2, labeled as N9, N12, N15, respectively).
Then, the root proteins of the two rice cultivars under N nutrition (at the level of N15) were identified by
using tandem mass tags (TMT)-labelling proteomic platform. This work will provide new insights into
the N fertilizer response of rice root system, and the identified key proteins can be used for developing
new strategies to improve NUE of rice.

2. Results

2.1. Determination of Agronomic Traits

Accumulation of dry matter is essential for crop yield formation, and dry weight is an extensively
used parameter for assessing the growth conditions of plants. As shown in Table 1, the shoot dry
weight increased with the growth of plants, which was also significantly affected by nitrogen fertilizer.
For Huanghuazhan cultivar, three levels of N fertilizer treatments increased the values of dry weight
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at the four stages, and the positive effects of N12 and N15 were relatively outstanding. Similar results
were observed in Quanliangyou 681, and N15 displayed the most remarkable impact. When compared,
the difference in dry weight of the two rice cultivars showed that the values for Quanliangyou 681
were significantly higher than that of Huanghuazhan at a given level of N fertilizer at any stage. Cereal
yield, a key agronomic trait for agricultural production, was also measured in this study. As shown in
Figure 1, three levels of nitrogen fertilizer treatments increased the yields of Huanghuazhan cultivar in
undifferentiated ways. Differentially, the production of Quanliangyou 681 improved with the increase
of nitrogen fertilizer concentration, and the effect of N15 was the most notable. Furthermore, the
yield of Quanliangyou 681 was significantly higher than that of Huanghuazhan with or without the
treatment of nitrogen fertilizer (at the same level). These results suggested that the three levels of
N fertilizer treatments could improve the growth and yields of the two rice cultivars, especially for
Quanliangyou 681; and N12 and N15 could be used as the optimal concentration of nitrogen fertilizer
treatment for Huanghuazhan and Quanliangyou 681, respectively.

Table 1. Dry weight (t/hm2) of rice cultivars under Nitrogen (N) treatment at different levels in
different stages.

Cultivar Level Tillering Stage Jointing Stage Full Heading Stage Mature Stage

Huanghuazhan

N0 0.57 ± 0.06c 2.34 ± 0.17c 8.70 ± 0.37c 11.86 ± 0.19b
N9 1.21 ± 0.12b 3.63 ± 0.04b 10.29 ± 0.29c 16.68 ± 0.26a

N12 1.57 ± 0.15a 4.38 ± 0.17a 12.58 ± 0.45b 17.06 ± 0.35a
N15 1.78 ± 0.15a 4.61 ± 0.20a 14.94 ± 0.54a 16.86 ± 0.27a

Quanliangyou 681

N0 0.72 ± 0.07b 3.07 ± 0.14d * 9.94 ± 0.46c * 14.77 ± 0.16b *
N9 2.15 ± 0.02a * 4.25 ± 0.26c * 14.76 ± 0.16b * 18.21 ± 0.29a *

N12 2.39 ± 0.19a * 4.91 ± 0.07b * 14.59 ± 0.062b * 18.10 ± 0.23a *
N15 2.48 ± 0.25a * 5.76 ± 0.17a * 16.26 ± 0.13a * 19.23 ± 1.15a *

Note: Huanghuazhan and Quanliangyou 681 rice seedlings were treated with three levels of nitrogen fertilizer
(including 135, 180 and 225 kg/hm2, labeled as N9, N12, N15, respectively), and the untreated group was considered
as the control (labeled as N0). Different letters (a, b, c) indicate significant differences among different nitrogen
fertilizer levels for a given cultivar in a given stage based on Duncan’s multiple range tests (p < 0.05). Star (*)
represents statistical significance between the two cultivars at a given nitrogen fertilizer level in a given stage based
on Independent-samples t test (p < 0.05).

Figure 1. Grain yields of the two rice cultivars treated with N fertilizer at three levels. Seeds of two rice
varieties, conventional rice Huanghuazhan and indica hybrid rice Quanliangyou 681, were soaked,
pre-germinated for 48 h, and sown in soil. Seedlings of the two rice varieties were treated with nitrogen
fertilizer at three levels (including 135, 180 and 225 kg/hm2, labeled as N9, N12, N15, respectively), and
the untreated group was considered as the control (labeled as N0). Different letters (a, b, c) indicate
significant differences among different nitrogen fertilizer levels for a given cultivar based on Duncan’s
multiple range tests (p < 0.05). Star (*) represents statistical significance between the two cultivars at a
given nitrogen fertilizer level based on Independent-samples t test (p < 0.05).
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2.2. Proteome-Wide Analysis of Differentially Expressed Protein of The Two Rice Cultivars Treated With
Nitrogen Fertilizer

In total, 6728 proteins were identified by searching the rice database, with 6093 protein being
quantified. All the annotation and quantification information of these proteins are presented in Table S1.
The quantitative repeatability of proteins was evaluated by principal component analysis (PCA) and
relative standard deviation (RSD) statistical analysis. Good quantitative repeatability of proteins
was determined by the small RSD values and high aggregation degree between repeated samples
(Figure S1).

In this present study, proteins with the threshold change fold >2 or <0.5, and p value < 0.05 were
considered as up-regulated and down-regulated proteins, respectively. As shown in Figure 2, the
number of differentially expressed proteins and an overlap of these proteins were summarized. In
total, 511 differentially expressed proteins in the two rice cultivars after application of N fertilizer
were identified, and all the protein information is provided in Table S2. N15 treatment induced 109
differentially expressed proteins (93 up-regulated and 16 down-regulated) in Quanliangyou 681, while
283 differentially expressed proteins (160 up-regulated and 123 down-regulated) in Huanghuazhan
(Figure 2A). Under control condition, 68 up-regulated and 108 down-regulated proteins were identified
in Huanghuazhan, when compared with Quanliangyou 681. After application of nitrogen, the
expression levels of 63 proteins were increased and 115 proteins decreased in Huanghuazhan when
compared with Quanliangyou 681 (Figure 2A). Figure 2B showed that there were 40 differentially
expressed proteins shared by the comparisons of 681_N15 vs. 681_cK, and H_N15 vs. H_CK.
Interestingly, 43 proteins revealed differentially expression abundance in two sample comparisons
(H_CK vs. 681_CK, H_N15 vs. 681_N15) were regulated by rice cultivar difference, regardless of N
fertilizer treatment.

Figure 2. Histogram (A) and Venn diagram (B) of the number distribution of differentially expressed
proteins in different comparison groups. Proteomics analysis was performed on the roots of the
two rice cultivars at booting stage with/without treatment of N15 (225 kg/hm2 nitrogen fertilizer).
N15 represented rice under nitrogen fertilizer treatment with the concentration of 225 kg/hm2, while
control check (CK) represented the control without nitrogen fertilizer treatment; 681 and H represented
Quanliangyou 681 and Huanghuazhan cultivars, respectively. Proteins with threshold change fold > 2
and p value < 0.05 were regarded as up-regulated, while quantitative ratio < 0.5 and p value < 0.05
were considered as down-regulated.
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2.3. Validation of Differentially Expressed Proteins by Parallel Reaction Monitoring

To validate the reliability of TMT-labeling proteomic results, parallel reaction monitoring (PRM)
analysis was carried out. In detail, we selected 16 differentially expressed proteins due to their
functional significance concluded from proteome analysis, and the ratio of protein abundance varied
in a wide range. Then, we analyzed the expression levels of these 16 proteins among the four regimes
(H_CK; 681_CK; H_N15; 681_N15). Consequently, a total of 64 quantitative values produced by
PRM analysis were obtained. Correlation analysis was carried out of the 64 PRM values with their
corresponding protein expression level generated by TMT labeling proteomic platform. As shown in
Figure 3, the results generated by PRM analysis showed a strong correlation with the data produced by
TMT labeling detection system (Pearson correlation coefficients r2 = 0.93). In addition, the distributions
of peptide fragment ion peak area of all the 16 proteins is provided in the Figure S3.

Figure 3. Validation of differentially expressed proteins by parallel reaction monitoring (PRM).
Correlation of fold change analyzed by tandem mass tags (TMT) labelling detection platform (y axis)
with the data obtained by PRM reaction (x axis).

2.4. Gene Ontology Classification Analysis of Differentially Expressed Proteins

To further explore the cellular functions of these differentially expressed proteins regulated by N
fertilizer in rice, Gene Ontology (GO) classification analysis was performed. The top three cellular
components were cell, membrane and macromolecular complex related proteins in Huanghuazhan,
while extracellular region, cell, membrane related proteins in Quanliangyou 681 (Figure 4A). In the
ontology of molecular function, binding and catalytic activity related proteins were the overwhelming
preponderant in the two cultivars (Figure 4B). As for biological processes classification, metabolic
process, single-organism process and cellular process related proteins were the dominant components
in the two rice cultivars after N fertilizer treatment (Figure 4C).

460



Int. J. Mol. Sci. 2019, 20, 3674

Figure 4. Statistical distribution chart of differentially expressed proteins in the two rice cultivars roots
under each Gene Ontology (GO) category (2nd Level). A. Cellular Component; B. Biological Process;
C. Molecular Function. N15 represented rice under nitrogen fertilizer treatment with the concentration
of while 225 kg/hm2, while control check (CK) represented the control without nitrogen fertilizer
treatment; 681 and H represented Quanliangyou 681 and Huanghuazhan cultivars, respectively.

2.5. Clustering Analysis of The Differentially Expressed Proteins

To better understand the involved pathways of these differentially expressed proteins, clustering
analyses based on GO enrichments and Encyclopedia of Genes and Genomes (KEGG) pathway
enrichments were conducted. Several biological processes altered in the two rice cultivars after
application of nitrogen fertilizer, such as defense response to bacterium, fungus, and other organism;
photosynthetic electron transport chain, as well as hexose metabolic process (Figure S2). As
shown in Figure 5, the differentially expressed proteins in the comparison of 681_N15 vs. 681_CK
were mainly enriched in valine, leucine and isoleucine degradation, amino sugar and nucleotide
sugar metabolism, alpha-linolenic acid metabolism, galactose metabolism, cysteine and methionine
metabolism. As for Huanghuazhan, the proteins regulated by nitrogen fertilizer were enriched
in diverse pathways, such as photosynthesis, diterpenoid biosynthesis, alanine, aspartate and
glutamate metabolism, linoleic acid metabolism, carbon fixation in photosynthetic organisms, nitrogen
metabolism, arginine biosynthesis, and tryptophan metabolism. Under control condition, the
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differentially expressed proteins between the two rice cultivars were largely enriched in several
pathways, including ribosome, photosynthesis-antenna proteins, plant-pathogen interaction, MAPK
signaling pathway-plant. However, after treatment of the N fertilizer, the pathways enriched by
differentially expressed proteins were changed, which mainly involved in biosynthesis of secondary
metabolites, glycine, serine and threonine metabolism, phenylpropanoid biosynthesis, terpenoid
backbone biosynthesis.

Figure 5. Heatmap for cluster analysis of the enrichment patterns of Encyclopedia of Genes and Genomes
(KEGG) pathways. N15 represented rice under nitrogen fertilizer treatment with the concentration
of while 225 kg/hm2, while control check (CK) represented the control without nitrogen fertilizer
treatment; 681 and H represented Quanliangyou 681 and Huanghuazhan cultivars, respectively.

To obtain a better understanding of the possible regulatory mechanism of nitrogen fertilizer
in different rice cultivars, several typical groups of differentially expressed proteins were
summarized (Tables 2–4, and Tables S3–S5). These proteins are involved in ammonium
assimilation, signal transduction, substance metabolism, energy metabolism, material transport,
and stress/defense response.

As shown in Table 2, several differentially expressed proteins involved in ammonium assimilation
were identified in the comparisons of H_N15 vs. H_CK, and 681_N15 vs. 681_CK. As for Huanghuazhan
cultivar, two glutamine synthetases (B8AVN6; B8AJN3) and one glutamate synthase (B8AWG6) were
down-regulated, but one glutathione synthetase (B8AZE9) and one glutamate carboxypeptidase
(B8A9D2) were found as up-regulated. Differentially, in Quanliangyou 681 cultivar, there was only one
up-regulated glutamine synthetase (B8AQE3) identified.
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Table 2. The differentially expressed proteins involved in ammonium assimilation in the comparisons
of H_N15 vs. H_CK, and 681_N15 vs. 681_CK.

Protein
Accession

Protein Description
Gene
Name

H_N15/H_CK 681_N15/681_CK

B8AQE3 Glutamine synthetase OsI_13264 1.359 3.216
B8AVN6 Glutamine synthetase OsI_17756 0.486 0.782
B8AJN3 Glutamine synthetase OsI_10575 0.259 0.605
B8AZE9 Glutathione synthetase OsI_18978 2.226 1.734
B8AWG6 glutamate synthase 2 [NADH], chloroplastic OsI_20922 0.308 0.605
B8A9D2 probable glutamate carboxypeptidase 2 isoform X1 OsI_03680 2.028 1.108
B8AGA6 glutathionyl-hydroquinone reductase YqjG isoform X2 OsI_06963 2.115 1.618

Note: In this present study, proteins with the threshold change fold >2 or <0.5, and p value < 0.05 were considered
as up-regulated and down-regulated proteins, respectively. Black color represented up-regulated protein, and
gray color indicated down-regulated protein. N15 represented rice under nitrogen fertilizer treatment with the
concentration of 225 kg/hm2, while control check (CK) represented the control without N fertilizer treatment; 681
and H represented Quanliangyou 681 and Huanghuazhan cultivar, respectively.

In the present study, members of proteins associated with signal transduction were identified in in
the comparisons of H_N15 vs. H_CK, and 681_N15 vs. 681_CK (Table 3). Two up-regulated receptor-like
kinases (A2Z8U1; A2Y361) and two 1-aminocyclopropane-1-carboxylate oxidases (A2ZC94; B8AY41)
were up-regulated, while one serine/threonine-protein kinase STY46 (B8B2K2) and one aspartokinase 1
(B8ANP3) were down-regulated by nitrogen fertilizer in Huanghuazhan cultivar. For Quanliangyou
681, all the proteins involved in signal transduction were up-regulated by N nutrition, including
one cysteine-rich receptor-like protein kinase (B8B6Z1), two 1-aminocyclopropane-1-carboxylates
(A2ZC94; B8AY41), one serine/threonine-protein kinase STY46 (B8AGJ3), and one phosphoenolpyruvate
carboxykinase (A2XEP1); except aspartokinase 1 (B8ANP3).

Table 3. The differentially expressed proteins involved in signal transduction in the comparisons of
H_N15 vs. H_CK, and 681_N15 vs. 681_CK.

Protein
Accession

Protein Description
Gene
Name

H_N15/H_CK 681_N15/681_CK

A2Z8U1 putative receptor-like protein kinase OsI_34134 3.803 1.294
A2Y361 receptor-like protein kinase FERONIA OsI_19449 2.090 1.301
B8B6Z1 cysteine-rich receptor-like protein kinase 25 OsI_26338 1.814 2.017
A2ZC94 1-aminocyclopropane-1-carboxylate oxidase OsI_35404 2.959 3.840
B8AY41 1-aminocyclopropane-1-carboxylate oxidase OsI_18467 2.102 2.676
B8AGJ3 serine/threonine-protein kinase STY46 OsI_05618 1.331 2.621
A2XEP1 phosphoenolpyruvate carboxykinase [ATP] OsI_10803 1.220 2.310
B8B2K2 serine/threonine-protein kinase STY46 OsI_24506 0.447 0.745
B8ANP3 aspartokinase 1, chloroplastic isoform X1 OsI_14341 0.402 0.359

Note: In this present study, proteins with the threshold change fold >2 or <0.5, and p value < 0.05 were considered
as up-regulated and down-regulated proteins, respectively. Black color represented up-regulated protein, and
gray color indicated down-regulated protein. N15 represented rice under nitrogen fertilizer treatment with the
concentration of 225 kg/hm2, while control check (CK) represented the control without N fertilizer treatment; 681
and H represented Quanliangyou 681 and Huanghuazhan cultivar, respectively.

Moreover, many differentially expressed proteins involved in energy metabolism and material
transport were also found in the comparisons of H_N15 vs. H_CK, and 681_N15 vs. 681_CK.
As shown in Table 4, one NAD(P)H-dependent oxidoreductase 2 (B8BFL3), and one glutamate
dehydrogenase (A2XW22) were up-regulated in Quanliangyou 681 after treatment of N15, and similar
results were observed in the category of material transport (one sugar carrier protein C, A2YML7;
and one calmodulin-like protein, B8ACJ8). Differently, more proteins were found in Huanghuazhan
cultivar with involvement in energy metabolism and material transport, such as NAD(P)H-dependent
oxidoreductase 1/2, ferredoxin, ferredoxin–NADP reductase, some dehydrogenases, ABC transporter
G family members, pyrophosphate-energized vacuolar membranes, potassium channel KAT2 isoform
X1, transmembrane protein, etc.
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Table 4. The differentially expressed proteins involved in energy metabolism and material transport in
the comparisons of H_N15 vs. H_CK, and 681_N15 vs. 681_CK.

Protein
Accession

Protein Description
Gene
Name

H_N15/H_CK 681_N15/681_CK

Energy Metabolism
A2Z4G9 probable NAD(P)H-dependent oxidoreductase 1 OsI_32550 2.723 1.387
B8BFL3 probable NAD(P)H-dependent oxidoreductase 2 OsI_32552 2.242 2.204
A2XNS0 Ferredoxin OsI_15810 2.574 0.622
A2YI62 Ferredoxin–NADP reductase OsI_24896 2.283 1.372

A2ZCK1 Alcohol dehydrogenase family-3 OSI9Ba083O10 4.092 1.227
B8ADR5 cytokinin dehydrogenase 2 OsI_00771 3.210 1.205

A2YBK1 aldehyde dehydrogenase family 2 member B7,
mitochondrial OsI_22484 2.081 1.288

A2XW22 Glutamate dehydrogenase 2, mitochondrial GDH2 1.416 2.212
B8AF09 Glyceraldehyde-3-phosphate dehydrogenase OsI_07948 0.402 0.643
A2Y8B2 L-lactate dehydrogenase OsI_21291 0.371 0.569
A2XU83 Glyceraldehyde-3-phosphate dehydrogenase OsI_16160 0.361 1.098

Material Transport
B8BLE1 ABC transporter G family member 48 OsI_36727 2.274 1.518
B8B6Q3 ABC transporter G family member 43 OsI_26239 2.152 1.900

A2WPG7 pyrophosphate-energized vacuolar membrane
proton pump OsI_01741 2.025 1.262

A2XAP0 pyrophosphate-energized vacuolar membrane
proton pump OsI_09320 0.390 0.685

B8ACQ3 potassium channel KAT2 isoform X1 OsI_00861 0.486 0.783
B8BBQ9 dipeptide transport ATP-binding protein OsI_28206 0.445 0.747
A2YP92 "transmembrane protein, putative OsI_27085 0.432 1.146
A2YVV8 putative copper transporter 5.2 OsI_29464 0.474 0.892
A2YML7 sugar carrier protein C OsI_26468 1.572 2.925
B8ACJ8 calmodulin-like protein OsI_01318 1.446 5.881

Note: In this present study, proteins with the threshold change fold >2 or <0.5, and p value < 0.05 were considered
as up-regulated and down-regulated proteins, respectively. Black color represented up-regulated protein, and
gray color indicated down-regulated protein. N15 represented rice under nitrogen fertilizer treatment with the
concentration of 225 kg/hm2, while control check (CK) represented the control without N fertilizer treatment; 681
and H represented Quanliangyou 681 and Huanghuazhan cultivar, respectively.

Many proteins associated with substance metabolism were identified in the comparisons of H_N15
vs. H_CK, and 681_N15 vs. 681_CK (Table S3), which included aminotransferase, methyltransferase,
aspartic proteinase nepenthesin, glycosyltransferase, glucosidase, pyrophosphate–fructose 6-phosphate,
lipoxygenase, etc. In the category of substance metabolism, the N fertilizer regulated proteins were
more in the comparison of H_N15 vs. H_CK than that of 681_N15 vs. 681_CK. Although the number of
differentially expressed proteins was smaller in Quanliangyou 681, all the proteins were up-regulated
by N fertilizer in this cultivar, expect one O-methyltransferase 2 (Table S3).

Proteins related to stress/defense response were also found to be regulated by N fertilizer, such
as glutathione S-transferase, peroxidase, dehydrin, late embryogenesis abundant protein (LEA),
momilactone A synthase, and chitinase, etc. Similarly, the differentially expressed proteins in the
comparison of 681_N15 vs. 681_CK were less than that of H_N15 vs. H_CK, but most of them were
up-regulated by N nutrition (Table S4). Furthermore, the differentially expressed proteins in the
comparisons of H_CK vs. 681_CK, and H_N15 vs. 681_N15 were also summarized in the above
classifications (Table S5). And the results suggested that the most proteins were down-regulated in
Huanghuazhan compared with Quanliangyou 681, regardless of nitrogen fertilizer or not. Based on
these results, we speculated that application of nitrogen fertilizer could influence a wide variety of
biological processes in plants, and the expression levels of these proteins are relatively higher for
Quanliangyou 681.
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3. Discussion

To improve cereal production, application of inorganic nitrogenous fertilizers is one of necessary
input. The amount of N fertilizer applied in agriculture has increased at an amazing speed in the
last 50 years [12]. Consequently, the use of nitrogen fertilizers has already shown severe damage to
the environment [1]. Therefore, it is urgent and crucial for the agricultural industry to analyze the
molecular mechanism underlying NUE of crop plants. In the present study, we designed three levels
for nitrogen fertilizer treatment of the two rice cultivars, including 135, 180 and 225 kg/hm2, labeled as
N9, N12, N15, respectively. The results showed that three levels of N treatments increased the shoot
dry weight and yields of the two rice cultivars, especially for Quanliangyou 681; N12 and N15 could
be used as optimal concentration of N fertilizer application for Huanghuazhan and Quanliangyou 681,
respectively (Table 1 and Figure 1).

Although previous studies have involved proteomic analysis of N fertilizer response in rice, most
of them are concentrated on leaf proteins and are conducted by two-dimensional gel electrophoresis
(2-DE) [1,3,23,24]. Studies focused on the changes of root proteome in response to N nutrition are
limited. Ding et al. (2011) performed a proteomic study to investigate the response of rice root
to low N stress, and they identified twelve proteins that were involved in tricarboxylic acid cycle,
adenylate metabolism, phenylpropanoid metabolism, and protein degradation [17]. Besides, to analyze
proteins regulated by nitrogen and cytokinin in rice roots, Ding et al. (2012) carried out a comparative
proteomic analysis using two-dimensional polyacrylamide gel electrophoresis. Twenty-eight proteins
were successfully identified, which were categorized into classes related to energy, metabolism,
disease/defense, protein degradation, signal transduction, transposons, and unclear classification [25].
However, the number of identified differentially expressed proteins is relatively limited when using
two-dimensional gel electrophoresis approach.

In the present study, a proteomic analysis was performed using TMT labeling detection platform,
to explore the possible mechanism underlying N fertilizer response of rice root system. A total of 6093
proteins were quantified, and 511 differentially expressed proteins were identified (Figure 2 and Tables
S1 and S2). Go analysis showed that metabolic process related proteins were the dominant group in
the ontology of biological process (Figure S2). Consistently, the KEGG pathway analysis indicated
that the proteins involved in amino acid metabolism, nitrogen metabolism and glycometabolism
were significantly enriched in the two rice cultivars after treatment of N15 (Figure 5). These results
determined that diverse biological processes may be involved in N fertilizer response of rice root
system, which are summarized as follows.

3.1. Ammonium Assimilation

Plants take up inorganic nitrogen in the form of nitrate and ammonium from the soil and
dinitrogen in the atmosphere. Ammonium is the final form of inorganic nitrogen, which is derived
from primary nitrate reduction catalyzed by nitrate reductase and ferredoxin (Fd)-nitrite reductase,
as well as absorption from soil and symbiotic dinitrogen fixation in root nodules of leguminous
plants. Ammonium is then assimilated into glutamine and glutamate via glutamine synthetase
(GS) and glutamate synthase (GOGAT) through GS/GOGAT cycle [26,27]. The glutamate (Glu) with
ATP-dependent NH4+ are converted into glutamine (Gln) by GS, then the amide group of Gln is
transferred to α-ketoglutarate (2-OG) to yield Glu [28]. It has been reported that the entire N in plant is
channeled through the GS catalyzed reactions [28]. N atom can pass through the reaction catalyzed
by GS many times, from uptake from the soil, assimilation and remobilization to final deposition in
a storage protein of seed [29]. During this process, Gln serves as one important nitrogen donors for
the biosynthesis of organic nitrogenous compounds (eg., nucleotides, amino acids and chlorophyll).
Therefore, GS is a pivotal factor that controls nitrogen assimilation in plant. In this study, three
differentially expressed GSs were identified, including two down-regulated (B8AJN3 and B8AVN6) in
Huanghuazhan and one up-regulated (B8AQE3) in Quanliangyou 681 after treatment with N fertilizer
(Table 2). Besides, one glutamate synthase 2 (B8AWG6) was decreased in Huanghuazhan, while one
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glutamate dehydrogenase (A2XW22) was increased in Quanliangyou 681. These results indicated that
the roles of nitrogen fertilizer and the mode of nitrogen assimilation might be different between the two
cultivars. Accordantly, Hakeem et al. (2012) revealed that the expression intensity of GS enhanced in
rice genotype ‘Munga Phool’ (low nitrogen efficiency) after treatments with KNO3 at levels of 10 mM
and 25 mM, but the intensity in ‘Rai Sudha’ (high nitrogen efficiency) decreased [1]. The vital role of
GS has been highlighted in productivity of maize kernel in the study of Hirel and Lea (2001) by using a
quantitative genetic approach [28]. One QTL for thousand kernels weight was identified coincident
with a GS (Gln1–4) locus, while two QTLs for thousand kernel weight and yield were coincident with
another GS (Gln1–3) locus. Furthermore, the positive correlation between kernel yield and GS activity
has been revealed in previous study [30]. Herein, we deduced that the higher level of GS expression
in Quanliangyou 681 could enhance the incorporation of NH4+ into organic compounds, which is
beneficial to increase grain production.

3.2. Signal Transduction

It is very common for living organisms to perceive signal through cell-surface receptors [28].
In plants, several different types of cell-surface receptors are determined to perceive diverse signals
and stimuli from the environment [31–33]. Plant receptor-like kinases (RLKs) are transmembrane
proteins, defined by the presence of a signal sequence: an amino-terminal extracellular domain
with a transmembrane region, and a carboxyl-terminal intracellular kinase domain [34,35]. RLKs
control an extensive range of biological processes, including development, hormone perception,
disease resistance and self-incompatibility. In our study, there were two receptor-like protein
kinases up-regulated by N fertilizer application in Huanghuazhan (A2Z8U1; A2Y361), and one
up-regulated in Quanliangyou 681 (B8B6Z1), indicating the enhancement of signal transduction
by N fertilizer (Table 3). Besides, the expression levels of one serine/threonine-protein kinases
STY46 (B8AGJ3) was increased in Quanliangyou 681, while that of (B8B2K2) was decreased in
Huanghuazhan cultivar, after N fertilizer treatment, suggesting the difference in N-regulated signal
transduction between the two cultivars. The synthesis of ethylene, one of classical plant hormones,
is from methionine through S-adenosyl-L-methionine and 1-aminocyclopropane-1-carboxylic acid
(ACC), which is catalyzed by ACC synthase and ACC oxidase, respectively [36]. Interestingly, two
1-aminocyclopropane-1-carboxylate oxidases (A2ZC94; B8AY41) were up-regulated in the two rice
cultivars, which implied that ethylene signaling may be affected by N fertilizer. Based on these results,
we can speculate that signal transduction may be involved in the nitrogen nutrition response of plants.

The 14-3-3 proteins play crucial roles in a variety of important physiological pathways regulated
by phosphorylation. These proteins complete signal transduction by binding to the phosphorylated
target, which accomplish an alteration of structure that regulates activity [33]. There are a wide range
of processes controlled by 14-3-3s, including the fundamental nitrogen and carbon assimilation, starch
synthase, Glu synthase, ATP synthase, ascorbate peroxidase, and methyl transferase [37,38]. In the
present study, application of N fertilizer had no significant effect on the expression of 14-3-3 protein
in the two rice cultivars; whereas the amount of five 14-3-3 proteins (A2XL95; A2XUA6; A2X6G8;
A2YWB4; A2YVG3) were down-regulated in the comparison of H_CK vs. 681_CK (Table S5). This
result showed that the expression of 14-3-3 proteins may be of constitutive nature in the two rice
cultivars, and the higher levels of these proteins in Quanliangyou 681 may be contributed to enhance
signal transduction.

3.3. Energy Metabolism and Material Transport

Respiration is the process of organic matter oxygenolysis and energy production. Most oxidative
degradation of respiratory substrates occurs through dehydrogenation reactions. Hydrogen acceptors,
such as NAD+, FAD or NADP+, will be transferred into NADH, FADH2 or NADPH after accepting
hydrogen ion and electron, which promotes synthesis of ATP to provide energy for organism [39]. As
shown in Table 4, most of the proteins related to respiration were up-regulated by nitrogen fertilizer in
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Huanghuazhan cultivar, including NAD(P)H-dependent oxidoreductase (A2Z4G9; B8BFL3), ferredoxin
(A2XNS0), dehydrogenase (A2ZCK1; B8ADR5; A2YBK1; A2XW22). As for Quanliangyou 681, one
NAD(P)H-dependent oxidoreductase 2 (B8BFL3) and one glutamate dehydrogenase 2 (A2XW22) were
also up-regulated after treatment of N fertilizer. These results indicated that application of nitrogen
fertilizer could enhance energy metabolism in the two cultivars.

Membrane bound H+ pumps are proposed to constitute the primary transducers on the basis of
the chemiosmotic hypothesis, which make living cells to interconvert light, chemical, and electrical
energy [40]. Through the transmembrane electrochemical gradients, H+ pumps provide energy for the
transport of other solutes, or transduce the H+ electrochemical gradient generated by membrane-linked
anisotropic redox reactions to the synthesis of ATP [40]. The energy-dependent transport of solutes
through vacuolar membrane of plants is driven by two kinds of H+ pumps: vacuolar (V type) H+-ATPase
and H+-translocating (pyrophosphate-energized) inorganic pyrophosphatase (H+-PPase) [41]. Both
H+-ATPase and H+-PPase are abundant and ubiquitous in the vacuolar membranes of plant cells, and
they make an essential contribution to the H+-electrochemical potential difference. The ATP-binding
cassette (ABC) transporter superfamily is the largest transporter gene family. The proteins bind ATP
and utilize the energy to drive the transport of diverse molecules, including sugars, amino acids,
peptides, proteins, metal ions, and plenty of hydrophobic compounds and metabolites across the plasma
membrane and intracellular membranes [42–44]. In our study, N nutrition increased the expression
levels of two ABC transporter G family members (B8BLE1; B8B6Q3) and one pyrophosphate-energized
vacuolar membrane proton pump (A2WPG7) in Huanghuazhan, but no obvious change was observed
in Quanliangyou 681. However, one sugar carrier protein C (A2YML7) and one calmodulin-like protein
(B8ACJ8) were identified as up-regulated by N fertilizer in Quanliangyou 681(Table 4). These above
results illustrated that energy metabolism and matter transport in plant cells might be associated with
nitrogen nutrition response of plant root system.

3.4. Substance Metabolism

Aminotransferases have been extensively studied since their discovery over 80 years ago, owing to
their vital functions in the synthesis of amino acids by catalyzing the process of amino transfer [45,46].
In the present study, three down-regulated (B8BGM4; B8APP5; B8AZ97) aminotransferases were
identified in Huanghuazhan, and one up-regulated (A2XE78) was found in Quanliangyou 681,
after application of nitrogen fertilizer (Table S3). As a form of inorganic nitrogen, ammonium is
derived from several metabolic pathways and assimilated into glutamine, glutamate, asparagine and
carbamoylphosphate [27,47–49]. Specifically, the asparagine synthesis is catalyzed by asparagine
synthetase through amidation of aspartate by using either glutamine or ammonium as an amino donor,
which is catalyzed by ammonia-dependent or glutamine-dependent asparagine synthetase [50,51].
For most non-leguminous plants, glutamine and asparagine function as the major nitrogen transport
and storage compounds from source to sink organs [52]. Due to the high nitrogen/carbon ratio
and stability, asparagine is considered as an optimal nitrogen transport and reserve compound.
Interestingly, the expression level of one glutamine-dependent asparagine synthetase (B8ALL8) was
significantly increased by N fertilizer in Quanliangyou 681, while no obvious change was observed in
Huanghuazhan cultivar. This result revealed the difference in nitrogen metabolism between the two
rice cultivars, and the probable superiority of nitrogen transport and reserve for Quanliangyou 681.

Glycosidase, also known as glycosidic hydrolase, is a major category of hydrolases belonging to
the glycosylase family [53]. They are the enzymes hydrolyzing glycosidic bonds, and playing a critical
role in carbohydrate metabolism. Glycosyltransferases are divided into 47 different families based on
both PSI-BLAST sequence analysis and substrate/product stereochemistry [54]. The glycosyltransferase
reaction is the process involving the transfer of a monosaccharide from an activated sugar donor to
a saccharide, protein, DNA, lipid or small molecule acceptor [55,56]. Glycosyltransferase-mediated
reaction is proposed to proceed through an oxocarbenium-ion-like transition state, which is similar
to glycosidase reactions [57,58]. In our study, two glycosyltransferase (A2Z7U4; A2WUT6) and 6
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glycosidases (B8B1F4; B8B1F5; B8B6Z6; A2WYZ7; A2WYX6; A2WYX5) were significantly up-regulated
in Huanghuazhan, while only two glycosidases (A2WYZ7; A2WYX6) were increased in Quanliangyou
681 cultivar, after treatment of N fertilizer (Table S3). These results indicated that the enhancements
of substance metabolism induced by N fertilizer are different between the two rice cultivars, and
Huanghuazhan seems to be more sensitive to nitrogen nutrition.

3.5. Stress and Defense Response

Peroxidase (POD) is one key enzyme for the oxidative detoxification, due to its high affinity for
H2O2 [59]. It has been determined that de-novo synthesis of the enzymatic protein or up-regulation
of related gene, are contributed to the increase of antioxidant enzyme activity [60,61]. In our study,
many PODs were changed after N fertilizer treatment in the two rice cultivars, with 5 up-regulated in
Quanliangyou 681; while 4 up-regulated and 6 down-regulated in Haunghuazhan (Table S4). Late
embryogenesis abundant protein (LEA) protein has been proposed to function as an antioxidant
and a membrane stabilizer during water stress, which plays an important role in plant abiotic stress
tolerance [62]. LEA proteins are divided into several different groups, among which one group (LEA
II) constituting of dehydrins (DHNs). DHNs have been reported to function as membrane stabilizers
during freezing induced dehydration [63], functioning as possible osmoregulatory substance [64] or
as radical scavengers [65]. Overexpression of LEA/DHN enhanced the stress tolerance in transgenic
plants [66,67]. In the present study, three LEA proteins (A2YTZ6; A2Y720; A2WU85) and one dehydrin
(A2ZDX4) were significantly increased in Quanliangyou 681 after N fertilizer treatment, but no obvious
difference was observed in Huanghuazhan cultivar (Table S4). Glutathione S-transferase acts as a
detoxification enzyme that catalyzes the reduction of tripeptide glutathione (GSH; g-Glu- Cys-Gly)
into multitudinous hydrophobic and electrophilic substrates [68]. It has been determined that GSTs are
associated with high tolerance to abiotic stress in plant [68,69]. In this present study, 5 up-regulated
(A2Z9M2; A2WZ34; A2Z9L3; A2Z9J9; A2Z6F5) and 2 down-regulated (A2XK19; A2WQ51) GSTs
were found in Huanghuazhan after nitrogen fertilizer application (Table S4). However, only one
GST (A2WQ51) changed (down-regulated) in Quanliangyou 681 treated with N nutrition. These
results indicated that the effects of nitrogen nutrition on antioxidant system are different between
the two cultivars. Although the antioxidant enzymes in Hunaghuazhan seemed to be more sensitive
to N fertilizer, their expression levels were relatively higher for Quanliangyou 681 (Table S5, see the
comparison of H_15 vs. 681_N15). Above these results, we speculated that the higher stress tolerance
in Quanliangyou 681 may be beneficial for root absorbing the water and nutrition, consequently
improving the growth and grain production.

Momilactone A and momilactone B are important phytoalexins in rice, which play vital roles
in the rice defense system against pathogens and insects [70–72]. Chitinase also plays an important
role in cell defense, by attacking on chitin molecules that are the main structural component in fungal
cell wall and insects’ skeleton [18,73]. Besides this, dramatic increase in chitinase level by numerous
abiotic agents (ethylene, salicylic acid, salt solutions, ozone, UV light) and by biotic factors (fungi,
bacteria, viruses, viroids, fungal cell wall components and oligosaccharides) also proved their role in
plant defense response [74,75]. In our present study, the expression levels of several momilactone A
synthases (B8B5L2; B8B5L4; A2YPN5; A2YPP1; A2Z1W4; B8B5L1) and chitinases (A2Y4F6; A2Z7A3;
A2Y4F5) were significantly increased by N fertilizer application in Huanghuazhan cultivar, whereas no
obvious change was observed in Quanliangyou 681 (Table S4). This result indicated that the defense
system could be improved by N nutrition in Huanghuazhan cultivar.

4. Conclusions

This study highlighted the differentially expressed proteins in the two rice cultivars’ response to
N nutrition. These proteins were mainly involved in ammonium assimilation, substance metabolism,
signal transduction, energy metabolism, material transport, and stress/defense response. Although
the number of N fertilizer-regulated proteins was more for Huanghuazhan cultivar, the expression
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levels of most key proteins were relatively higher in Quanliangyou 681. Therefore, we speculated
that Huanghuazhan is more sensitive to N nutrition, while the higher yield improved by N fertilizer
of Quanliangyou 681 may be owing to the relatively higher background levels of these responsive
proteins. These proteins provide a better understanding of nitrogen regulatory functions in cereal
crops, which is necessary for precise identification of potential molecular protein markers to assist the
breeding for high NUE cultivars.

5. Materials and Methods

5.1. Plant Materials and Growth Conditions

Seeds of two rice cultivars, conventional rice Huanghuazhan and indica hybrid rice Quanliangyou
681, were used in this study, which were provided from Hubei Seed Industry Group and Hubei Winall
Hi-tech Seed Company, respectively. This present experiment was performed at Lake Tai farm in
Jinzhou city during the rice-growing season (May–October, 2017). The soil fertility was medium, and
the previous crop was wheat. Seedlings of the two rice cultivars were treated with nitrogen fertilizer,
at three levels of 135, 180 and 225 kg/hm2 (labeled as N9, N12, N15, respectively), and the untreated
group was considered as the control (labeled as N0). For N fertilizer treatment, basal fertilizer was
compound fertilizer (15:15:15); tillering fertilizer and panicle fertilizer were urea, and the proportion of
the three N fertilizers was 6:2:2. Phosphate fertilizer was one-off basal application, and potash fertilizer
was used as basal and panicle fertilizer with the ratio of 7:3. Totally, the ratio of fertilizing amounts of
N, P, K was 2:1:2. The rice seeds were soaked, pre-germinated for 48h, and sown in soil. Every group
had three biological replicates, and each of them was grown within an independent zone (30 m2), and
different zones were isolated by ridges, with independent managements of water and fertilizer.

5.2. Measurement of Rice Dry Weight and Grain Yield

The plant samples for dry weight measurement were collected at four key stages, including
tillering, jointing, full heading and mature period. For one zone, five holes of plants were collected
without roots. The samples were dried at 105 ◦C for 30 mins followed by 80 ◦C for 48 h, the dried samples
were used for measurement of shoot dry weight after being allowed to cool to room temperature. After
harvesting, the grain yields of the two rice cultivars were determined, respectively.

5.3. Protein Extraction

Four regimes were designed in the proteomic study, and each regime had three biological replicates.
The groups of H_CK, and 681_CK represented as Huanghuazhan or Quanliangyou 681 under control
condition; while H_N15 and 681_N15 indicated as Huanghuazhan or Quanlaingyou 681 under N
treatment, respectively. The root samples in rice booting stage were collected respectively, and frozen
in liquid nitrogen, then kept at −80 ◦C. Protein extraction was determined by the method described by
Hu et al. (2017) and Zhou et al. (2018) with some modifications [76,77]. The sample was ground into
powder, then transferred into extraction buffer (containing 10 mM dithiothretiol, 1% protease inhibitor
and 2 mM EDTA), and sonicated three times by using a high intensity ultrasonic processor (Scientz).
Isometric Tris-saturated phenol (pH 8.0) was added, and the mixture was centrifuged at 5000× g at
4 ◦C for 10 min, the supernatant was transferred into a new centrifuge tube. Proteins were added five
volumes of ammonium acetate/methanol and precipitated for 12 h. The remaining precipitate was
washed with ice-cold methanol and acetone, successively. Finally, the protein was redissolved in 8 M
urea. The protein concentration was measured by the method described by Walker (2009) [78], by
using BCA kit according to the manufacturer’s instructions.

5.4. Trypsin Digestion

Trypsin digestion was determined according to the method described in our previous study with
slight modifications [76]. In detail, the protein solution was added with 5 mM dithiothreitol (DDT) and
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reduced at 56 ◦C for 30 min. Then the solution was alkylated with 11 mM iodoacetamide for 15 min at
room temperature in darkness. The protein sample was diluted by adding 100 mM triethylammonium
bicarbonate (TEAB) to insure the urea concentration less than 2M. Finally, trypsin was added at the
ratio of 1:50 (trypsin-to-protein mass ratio) for the first digestion at 37 ◦C overnight, and 1:100 for a
second 4 h-digestion.

5.5. TMT Labeling

The tryptic peptide was desalted by Strata X C18 column (Phenomenex, Torrance, CA, USA)
and vacuum freeze-dried. Peptide was reconstituted in 0.5 M TEAB and labeled by using TMT kit
according to the manufacturer’s protocol. In brief, one-unit TMT reagent was dissolved in acetonitrile,
and mixed with peptides, then incubated for 2 h at room temperature. The labeled peptide was pooled,
desalted and vacuum freeze-dried.

5.6. HPLC Fractionation

The labeled peptides were fractionated by high pH reverse-phase HPLC with Agilent 300Extend
C18 column (5 μm particles, 4.6 mm ID, 250 mm length). Briefly, peptides were firstly separated with a
gradient of 8–32% acetonitrile (pH 9.0) over 60 min into 60 fractions. The peptides were combined into
18 fractions (final fraction 1 = 1, 19, 37, 55; final fraction 2 = 2, 20, 38, 56; final fraction 3 = 3, 21, 39,
57, . . . . . . . . . ; final fraction 18 = 18, 36, 54); afterwards, they were dried by vacuum centrifuging.

5.7. LC-MS/MS Analysis

The peptides were dissolved in solvent A, separated through the EASY-nLC 1000 UPLC system.
The solvent A was composed of 0.1% formic acid and 2% acetonitrile, while solvent B contained 0.1%
formic acid and 90% acetonitrile. The gradient was comprised of an increase from 9% to 25% solvent B
over 26 min, 25% to 36% in 26–34 min, and climbing to 80% in 3 min and then holding at 80% for the
last 3 min, all at a constant flow rate of 700 nL/min. The peptides, separated by UPLC system, were
subjected into NSI ion source and analyzed with application of tandem mass spectrometry (MS/MS)
in Q ExactiveTM Plus (Thermo, Bremen, Germany). The electrospray voltage applied was 2.0 kV.
The m/z scan range was 350 to 1550 for full scan, and intact peptides were detected in the Orbitrap
at a resolution of 60,000. Peptides were then selected for MS/MS using NCE setting as 100 and the
fragments were detected in the Orbitrap at a resolution of 15,000. Data was collected by using a
data-dependent procedure (DDA) that alternated between one MS scan followed by 20 MS/MS scans
with 30s dynamic exclusion. The parameters of automatic gain control (AGC), signal threshold and
maximum time of injection were set as 5E4, 5000 ions/s and 200 ms, respectively.

5.8. Database Search

The MS/MS data were further processed by using Maxquant search engine (v.1.5.2.8). Tandem
mass spectra were searched against UniProt Oryza sativa_india database (37,383 sequences) coupled
with reverse decoy database. Trypsin/P was designated as the specific cleavage enzyme allowing up to
2 missing cleavages. In addition, the mass tolerance for precursor ions was set as 20 ppm in First search
and 5 ppm in Main search, and the mass error was set as 0.02 Da for fragment ions. Carbamidomethyl
on cysteine was designated as fixed modification, while oxidation on methionine was specified as
variable modifications. The quantitative method was set as TMT-6plex, and the false discovery rate
(FDR) for the identification of protein and propensity score matching (PSM) were both adjusted to <1%.

5.9. Bioinformatics Methods

The bioinformatics analysis methods were according to the detailed description in the previous
studies [76,77]. Totally, in this present study we performed the protein annotation, including Gene
Ontology (GO) annotation, domain annotation, Encyclopedia of Genes and Genomes (KEGG) pathway

470



Int. J. Mol. Sci. 2019, 20, 3674

annotation; functional enrichment analysis, including enrichment of GO analysis, pathway analysis
and protein domain analysis; as well as enrichment-based clustering analysis.

5.10. Parallel Reaction Monitoring (PRM) Validation of Differentially Expressed Proteins

To validate the reliability of the results produced by TMT labeling proteomic platform, parallel
reaction monitoring (PRM) analysis was carried out, which has emerged as an alternative method of
targeted proteins/peptides quantification [79,80]. A total of 16 differentially expressed proteins were
selected for the project of PRM, due to their functional significance concluded from proteome analysis,
and the ratio of protein abundance varied in a wide range. The experimental operation was as the
following: protein extraction and trypsin digestion were consistent with the above TMT-labelling
detection proteomics analysis. As for separation of peptide fragment by an EASY-nLC 1000 UPLC
system, the tryptic peptides were dissolved in 0.1% formic acid (solvent A). The gradient was comprised
of an increase from 4% to 16% solvent B (0.1% formic acid and 90% acetonitrile) over 38 min, 16% to
30% in 14 min and climbing to 80% in 4 min then holding at 80% for the last 4 min, with a constant
flow rate of 500 nL/min.

The peptides were subjected to NSI source followed by MS/MS in Q ExactiveTM Plus (Thermo,
Bremen, Germany). The electrospray voltage was set as 2.0 kV. The m/z scan range applied was 400 to
1100 for full scan, and intact peptides were detected in the Orbitrap at a resolution of 70,000. Peptides
were then selected for MS/MS with NCE setting as 27, and the fragments were detected in the Orbitrap
with resolution of 17,500. A data-independent procedure was applied that alternated between one MS
scan followed by 20 MS/MS scans. Automatic gain control (AGC) was set at 3E6 and 1E5 for full MS
and MS/MS, respectively, while the maxumum IT was set at 50 ms for full MS and 300 ms for MS/MS.
The isolation window for MS/MS was set at 1.6 m/z.

The resulting MS data was processed by using Skyline (v.3.6, Seattle, WA, USA). Parameters for
peptide: enzyme was set as Trypsin [KR/P], and max missed cleavage set as 0. The peptide length
was set as 7–25, and alkylation on cysteine was specified as fixed modification. Transition settings:
precursor charges were set as 2 and 3; ion charges were set as 1; ion types were set as b, y. The fragment
ions were selected from ion 3 to the last one, and the ion match tolerance was set as 0.02 Da.

5.11. Statistical Analysis

All experiments performed in this study were repeated three times. For analysis of agronomic
characters, the values were shown as mean ± SD of three replicates, and statistical analyses were
conducted by one-way analysis of variance (ANOVA) concatenated with independent-samples t test.
For enrichments of GO analysis and KEGG pathway analysis, a two-tailed Fisher’s exact test was
employed to test the enrichment of the differentially expressed protein against all identified proteins.
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Abstract: Micro-exons are a kind of exons with lengths no more than 51 nucleotides. They are
generally ignored in genome annotation due to the short length, whereas recent studies indicate
that they have special splicing properties and important functions. Considering that there has
been no genome-wide study of micro-exons in plants up to now, we screened and analyzed genes
containing micro-exons in two indica rice varieties in this study. According to the annotation of
Zhenshan 97 (ZS97) and Minghui 63 (MH63), ~23% of genes possess micro-exons. We then identified
micro-exons from RNA-seq data and found that >65% micro-exons had been annotated and most
of novel micro-exons were located in gene regions. About 60% micro-exons were constitutively
spliced, and the others were alternatively spliced in different tissues. Besides, we observed that
approximately 54% of genes harboring micro-exons tended to be ancient genes, and 13% were Oryza
genus-specific. Micro-exon genes were highly conserved in Oryza genus with consistent domains.
In particular, the predicted protein structures showed that alternative splicing of in-frame micro-exons
led to a local structural recombination, which might affect some core structure of domains, and
alternative splicing of frame-shifting micro-exons usually resulted in premature termination of
translation by introducing a stop codon or missing functional domains. Overall, our study provided
the genome-wide distribution, evolutionary conservation, and potential functions of micro-exons
in rice.

Keywords: micro-exons; constitutive splicing; alternative splicing; ancient genes; domain

1. Introduction

Micro-exons are a set of small exons with lengths no more than 51 nucleotides. Previous studies
identified some micro-exon genes from mammals, insects, and plants [1–3]. Although micro-exon
genes distribute widely in various species, systematic recognition of them has not been performed in a
long period. In initial studies, the identification of micro-exons was not simple due to its mismatch
until canonical and noncanonical splice sites were considered in alignment corrections [4]. After that,
many alignment tools were improved to be more sensitive to micro-exons, and some pipelines were
developed specially for micro-exons identification [1,5].

Alternative splicing is a process in which precursor mRNA adopts different splice sites and
contributes to the expansion of sequence diversity and function [6,7]. In general, micro-exons whose
lengths are not multiples of three nucleotides could cause frame-shifting in splicing, which may trigger
nonsense-mediated decay [8]. Therefore, some alternative isoforms appear to be unstable or have no
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function. In addition, several studies have revealed that the level of micro-exon splicing is related
to physiological disease in human; for example, mis-regulation of alternative splicing for neural
micro-exons mediated by nSR100 is associated with autism [1,9]. Micro-exons are also good objects to
investigate mechanism of splicing. Some studies have revealed there are sets of regulatory sequences
in micro-exons and flanking introns, which are called exonic and intronic splicing enhancers (ESE
and ISE). These motifs are recognized and bound by RNA-binding proteins (RBP) and contribute to
splicing efficiency, consistent with the fact that most micro-exons are included in transcripts [5,10,11].

Micro-exons could function in various ways, including alternative splicing, such as degradation
of the transcripts via nonsense-mediated decay (NMD), altering protein domain architecture, and
introducing novel post-translational modification sites [12]. There have been several studies revealing
that mis-regulation of splicing level could relate to several diseases in humans, such as autism spectrum
disorders and schizophrenia [1,13], while few comprehensive studies have been performed in plants.
However, we have observed that quite a few micro-exons were located in protein domains of some rice
genes affecting foundational functions, such as OsHAP3 and RSR1, which can regulate chloroplast
biogenesis and starch biosynthesis, respectively [14,15]. Thus, it is crucial to determine detailed
properties and roles of micro-exons in rice.

Nowadays, two important indica rice lines, ZS97 and MH63, have been assembled and annotated,
providing a good basis for genome-wide micro-exon detection [16]. We extracted micro-exons from the
genome annotations and compared micro-exons identified from alignments between RNA-seq data and
genomes. Based on transcriptome data in different tissues and conditions, we aimed to explore different
splicing types of micro-exons and the conservation of micro-exon genes in related species, and revealed
the changes of protein structures caused by micro-exon splicing. We found that micro-exons accounted
for 6.3% of all exons annotated by genomic information, and the lengths of 40.7% micro-exons were
multiples of three nucleotides. In addition, more than half of micro-exon genes were evolutionarily
ancient genes, and less than one-sixth were evolutionarily young genes, which only occurred in Oryza
species. Gene ontology (GO) analysis showed that micro-exon genes varied in multiple metabolic
and biosynthetic processes and enriched ribonucleotide binding. Further studies illustrated that
micro-exons tended to be located in protein domains, such as protein kinase domain, RNA binding
domains, etc. Alternative splicing of micro-exons could result in local structural recombination,
while frame-shifting micro-exons might lead to premature termination of translation. Our study
systematically analyzed the distribution, evolution, and functional information of micro-exons in
rice genome.

2. Results

2.1. Identification and Inclusion Ratio of Micro-Exons in ZS97 and MH63

There were 16,508 and 17,517 micro-exons in the genome annotation of ZS97 and MH63,
respectively, which accounted for ~6.3% of all the annotated exons. About 23% of the annotated
genes contained micro-exons, implying that micro-exons were widely distributed in rice genomes.
Among these annotated micro-exons, more than half (8816 in ZS97 and 9399 in MH63) were internal
micro-exons, and the first or last micro-exons tended to be shorter than internal micro-exons (Figure 1A).
Next, we employed RNA-seq data from four tissues (seedling shoot, root, flag leaf, and young panicle)
of ZS97 and MH63 in four grown conditions (high/low temperature and long/short daytime) to
identify micro-exons. In total, 7645 and 8137 internal micro-exons were identified in ZS97 and MH63,
respectively. Compared with the above internal micro-exons identified in genome annotation, 2517
and 2824 were newly identified micro-exons in ZS97 and MH63, respectively (Figure 1B). Among
these newly identified micro-exons, 1861 and 2079 were located in annotated gene regions, indicating
that they might be un-annotated alternative splicing micro-exons. In total, the lengths of 40.7%
micro-exons were multiples of three nucleotides, which were beneficial for the stability of open reading
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frames (ORFs) [1,5], whereas the others, which were not multiples of three nucleotides, could result in
frame-shifting and encode different amino acid sequences.

Figure 1. The length distribution of micro-exons in MH63. (A) The length distribution of external
and internal micro-exons based on MH63 genome annotation. (B) The distribution of lengths for the
annotated and unannotated micro-exons, which were identified from RNA-seq data in four tissues.

2.2. Evolutionary Age of Genes Containing Micro-Exons

We investigated the evolutionary age of genes containing micro-exons by a previously reported
approach [17,18]. The protein sequences of micro-exon genes were aligned to the non-redundant (NR)
protein database in 13 taxonomic levels (details in the methods section). Then 5123 micro-exons of 3565
genes in MH63 were employed to construct their phylostratigraphic profiles (Figure 2A). We assigned
a phylostratum (PS) value for each gene and defined the genes from PS1 to PS3 as “old genes”, while
genes from PS11 to PS13 were defined as “young genes”. In total, 54.2% and 13.2% micro-exon genes
were divided into old and young genes, respectively. After that, we compared the coding sequence
lengths between young and old genes and observed that the average coding length of young genes
was longer than that of old genes (Figure 2B, Wilcoxon rank-sum test, p-value < 0.001), but the lengths
of their micro-exons were similar (Figure 2C). The average gene expression level of old micro-exon
genes was much higher than that of young micro-exon genes in all the flag leaf, panicle, and shoot and
root tissues (Figure 2D, Wilcoxon rank-sum test, p-value < 0.001), indicating that old micro-exon genes
might perform more fundamental or essential functions than young micro-exon genes.
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Figure 2. The evolutionary ages of micro-exons genes. (A) The phylogenetic tree shows the genes
containing micro-exons in different evolutionary times, from phylostratum (PS)1 (single-cell organisms)
to PS13 (O. sativa). There are two numbers on each branch: the numbers of genes corresponding to each
level are outside the brackets, while the numbers of identified micro-exons are in brackets. The genes of
PS1–3 are assigned as “old genes” while the genes of PS11–13 are “young genes”. (B) The comparison
of coding sequence (CDS) lengths between the young genes and old genes. (C) The comparison of
micro-exon lengths between the young genes and old genes. (D) The comparison of gene expression in
four tissues between the young genes and old genes. FPKM represents pair-end fragments per kilobase
of exon model per million mapped fragments. The blue color represents young genes and the orange
color represents old genes.

2.3. Conservation of Domains and Micro-Exons

In order to study the characteristics of micro-exons, we explored the conservation of micro-exons
in angiosperm. McScanX [19] was employed to gain the collinear gene pairs among MH63 and ZS97,
seven other representative Oryza species, Zea mays, and Arabidopsis thaliana. It was revealed that most
micro-exons were highly conserved in Oryza species, owning the same open read frames in coding
sequence and encoding the same amino acids. When we compared micro-exons in MH63 with those
in Zea mays, there were 2509 micro-exons conserved in the open read frame and length, and about
half of them had nucleotide substitutions, implying that micro-exons were relatively conserved in
monocotyledons. However, when comparing MH63 with dicotyledon (Arabidopsis thaliana), only 197
micro-exons were conserved (Table 1), indicating that the micro-exon genes were highly divergent in
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monocotyledon and dicotyledon. Based on the above evolutionary age analyses, we speculated that
micro-exon genes might originate from evolutionary old genes, and had independent differentiation
and function in monocotyledon and dicotyledon.

Table 1. Conservation of genes containing micro-exons.

Species (Paired with MH63) Total Gene Pairs
Gene Pairs with

Micro-Exons
Gene Pairs with

Conserved Micro-Exons

Arabidopsis thaliana 1828 253 214 (197)
Oryza barthii 27,306 3821 3183 (3470)

Oryza glaberrima 25,755 3559 2949 (3571)
Oryza glumipatula 27,314 3731 3111 (3434)
Oryza meridionalis 21,571 3156 2691 (2975)

Oryza nivara 27,192 3638 3089 (3422)
Oryza rufipogon 29,323 3864 3208 (3523)

Oryza sativa 26,237 3875 3217 (3561)
Zea mays 21,953 3524 2386 (2509)

ZS97 38,649 3747 3161 (4251)

To further investigate the protein functions related to micro-exons, we detected phosphorylation
sites and domains in the micro-exon genes. Only 44 phosphorylation sites were identified in 30
micro-exons, indicating that only a few micro-exons may be involved in the function of cell signal
transduction. On the other hand, about 58% micro-exons were located in domains. We then compared
the enriched domains containing whole/part of micro-exons and their upstream/downstream domains,
which did not include micro-exons. Table 2 showed the top ten domains containing micro-exons
and the neighboring domains not containing micro-exons. Protein kinase domain (PF00069), RNA
recognition motif (PF00076) and WD domain, and G-beta repeat (PF00400) were commonly enriched
in micro-exon containing domains and their upstream/downstream domains. AP2 domain (PF00847),
K-box region (PF01486), glycosyl hydrolase family 1 (PF00232), and protein tyrosine kinase (PF07714)
were only enriched in domains containing micro-exons. The above results indicated that micro-exons
might be related with functions of protein kinase and RNA recognition. Additionally, we found that
the proportions of consistent domains (>95%) in gene pairs with conserved micro-exons in different
species were higher than the ratios of non-conserved micro-exons (Figure 3A). Figure 3B–E showed
four types of micro-exon related domains in collinear gene pairs between ZS97 and MH63. The first
type was that micro-exons in collinear gene pairs had the same gene structure and were located in the
same protein domain (Figure 3B); the second type was that the gene structures of collinear gene pairs
were different, and only the micro-exon in one genome was located in the protein domain and the
other genome was not (Figure 3C); and the third and fourth types were that the homolog sequences
of micro-exons in one genome were contained in a longer exon in the other genomes, which formed
similar or different protein domains (Figure 3D–E).
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Figure 3. The proportion of conservation for micro-exons and domains in gene pairs. (A) The percentage
of consistent domains between the conserved and non-conserved micro-exons. (B–E) Several examples
of consistent and inconsistent domains with conserved and non-conserved micro-exons in ZS97
and MH63.

Table 2. The top10 domains including and excluding micro-exons.

Rank Domains Including Micro-Exons Domains Excluding Micro-Exons

1 Protein kinase domain (PF00069, 66) WD domain, G-beta repeat (PF00400, 163)
2 RNA recognition motif (PF00076, 42) RNA recognition motif (PF00076, 78)
3 AP2 domain (PF00847, 36) Protein kinase domain (PF00069, 60)
4 K-box region (PF01486, 28) IQ calmodulin-binding motif (PF00612, 46)
5 Glycosyl hydrolase family 1 (PF00232, 24) PPR repeat family (PF13041, 44)
6 Protein tyrosine kinase (PF07714, 23) PPR repeat (PF01535, 39)
7 Myb-like DNA-binding domain (PF00249, 20) SRF-type transcription factor (PF00319, 32)
8 Serine carboxypeptidase (PF00450, 20) C2 domain (PF00168, 28)
9 WD domain, G-beta repeat (PF00400, 17) Helicase conserved C-terminal domain (PF00271, 28)
10 Major facilitator superfamily (PF07690, 16) Gelsolin repeat (PF00626, 25)

2.4. Quantification of Micro-Exon Usage and Gene Ontology Enrichment Analysis

To measure the constitutive or alternative splicing ratio of micro-exons, percent spliced-in (PSI)
values in all samples were calculated by using the reads mapped to splicing junctions. In total, 4921 and
5162 micro-exons in ZS97 and MH63, respectively, had PSI values > 0.1 in at least one RNA-seq dataset.
More than 70% of micro-exons tended to be constitutively spliced (CS; PSI ≥ 0.9) in all samples, which
was consistent with the results in humans [5], and the other micro-exons were alternatively spliced
(AS) in different tissues (Figure 4A). The PSI values in the same tissue (flag leaf/root/panicle/shoot)
under different conditions were similar, suggesting that temperature and light had little effect on
gene splicing.

Hundreds of micro-exons had various splicing types in different tissues, but only one micro-exon
was AS across all samples in MH63. As seen in Figure 4B, 3679 micro-exons were expressed in the
four tissues, and 838 micro-exons were expressed in two or three tissues. In addition, 41, 110, 47,
and 296 micro-exons were specifically expressed in flag leaf, root, shoot, and panicle, respectively.
Then we performed GO analysis of these tissue-specific micro-exon genes and observed that the
enriched functions were highly divergent in different tissues (Figure 4C). The common functions in the
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four tissues mainly enriched in the ‘cellular aromatic compound metabolic process’ and ‘heterocycle
metabolic process’. Furthermore, the ‘organic substance metabolic process’ was enriched in flag leaf
and shoot, while the ‘cellular nitrogen compound metabolic/biosynthetic process’ and ‘aromatics
compound/heterocycle/nucleobase-containing compound biosynthetic process’ were enriched in the
panicle, root, and shoot. However, the ‘macromolecule metabolic process’, ‘protein metabolic process’,
and ‘phosphorus metabolic process’ were only enriched in the flag leaf; the ‘reproductive process’,
‘RNA biosynthetic process’, and ‘regulation of RNA metabolic process’ were merely enriched in the
panicle; the ‘regulation of (cellular) biosynthetic process’, ‘multicellular organismal process’, and
‘developmental process’ were only enriched in the root, indicating that these specifically expressed
micro-exon genes played different roles in the four tissues.

Figure 4. The percent spliced-in (PSI) values and gene ontology (GO) enrichment analyses in four
MH63 tissues. (A) PSI of 5162 micro-exons in 16 samples. 1–4: flag leaf, 5–8: panicle, 9–12: root, 13–16:
shoot in order of high temperature long daytime, high temperature short daytime, low temperature
long daytime, and low temperature short daytime. (B) Micro-exons with PSI ≥10% in the four tissues.
(C) GO analysis of tissue-specific micro-exon genes.
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2.5. Structure and Functional Analyses of Alternative Spliced Micro-Exons

To explore the influence of AS micro-exons in protein structure and function, we predicted and
analyzed the three-dimensional (3D) structures of some representative micro-exon genes. Generally,
AS micro-exons with a multiple of three nucleotides only changed the local sequence and structure, and
the global protein structure changed little, whereas AS micro-exons with lengths that were not multiple
of three could cause frame-shifting and great changes in amino acid sequences and 3D structures [20].
Figure 5A–D showed four examples of 3D structures containing AS micro-exons. As seen in Figure 5A,
the MH05t0027800-01 protein (rice starch regulator 1, RSR1) contained two Apetala 2 (AP2) domains;
one AP2 domain included a 45-nt micro-exon with three DNA binding sites [15,21], and another
downstream AP2 domain had a similar 3D structure. Kim et al. reported that the AP2 domain had an
18 amino acid core region that formed an amphipathic α-helix, which was completely overlapped with
the micro-exon [21]. It was interesting that the 45-nt micro-exon was CS in flag leave and shoot but AS
in panicle and root. Considering that RSR1 acts as a transcription factor in starch synthesis [21], this
variation might have different effects on starch synthesis in different tissues. Figure 5B showed the
structure of the MH01t0092800-26 protein (OsGI) with or without a micro-exon. When the micro-exon
was not included, it only affected the local structure but did not change the overall structure of the
protein. A previous study revealed that OsGI was expressed in the biological clock and had different
effects on flowering time in long days or short days [22]. The micro-exon was AS in flag leaf and CS in
root and shoot, indicating its dynamic effect in different tissues and conditions. Besides, the OsGI gene
had another micro-exon and various isoforms. Figure 5C showed the structures of MH03t0653800-01
protein (OsSUV3) containing or not containing a 46-nt AS micro-exon, whose function is related
to high salt resistance [23]. The exclusion of the micro-exon led to the conformation change of the
OsSUV3 protein C-terminal due to the 46-nt micro-exon located at the back end of the gene. Figure 5D
illustrated the structure of the rice heterochronic gene MH07t0148200-01 (SUPERNUMERARY BRACT,
SNB), whose conformation is much different from the structure not containing a 31-nt AS micro-exon.
It was interesting that SNB genes also had two AP2 containing micro-exons. Previous studies reported
that mutants of the rice SNB gene with an insertion in the terminal region could cause significant
sterility [24]. Taken together, most micro-exons with lengths that were not multiples of three nucleotides
could change the open reading frame and cause overall structure changes after missing micro-exons.
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Figure 5. Structure comparison of proteins harboring micro-exons. (A) Structure of MH05t0027800-01
(RSR1). Two AP2 domains are presented in cyan and micro-exon is in pink. (B–D) Structural comparison
of the proteins containing micro-exon (tan) or excluding micro-exon (cyan). (B) is MH01t0092800-26
(OsGI) with a 42-nt micro-exon, (C) is MH03t0653800-01 (OsSUV3) with a 46-nt micro-exon, and (D) is
MH07t0148200-01 (SNB) with a 31-nt micro-exon. Micro-exons are highlighted in magenta.

3. Discussion

Previous studies have reported some micro-exons and their roles in various species, but there is
no systematic study of micro-exons in plants. In this study, we used RNA-seq data from various rice
tissues to identify thousands of micro-exons. About one third of them were not annotated but located
in the region of the annotated genes. While more than half of the micro-exon genes were ancient genes,
the other micro-exons were conserved in Oryza species and other monocotyledons while not conserved
in dicotyledons, implying that these genes might have an ancient origin but differ in later evolutionary
processes. Moreover, most micro-exons were located in protein domains and generally tended to be
CS. All these results suggested that the micro-exon genes may play crucial roles in primary functions
of the organism, and stable splicing of micro-exons was essential for maintaining their functions.

The results of GO analysis indicated that the micro-exon genes were enriched in many biological
processes, and they were enriched in ribonucleotide binding in molecular function. We found that a
large number of domains containing micro-exons were related to DNA or RNA binding, such as AP2
and RNA recognition motif, which may be a key role of micro-exons in molecular functions. It has been
reported that splicing mis-regulation of brain-expressed micro-exons led to brain-related diseases [1];
therefore, many micro-exon genes have important functions. Furthermore, the tissue-specific protein
contained disordered regions and conserved binding motifs [25]. Although most micro-exons were
widely expressed in the four tissues, genes containing tissue-specific micro-exons also had distinctive
functions in ZS97 and MH63.

Previous studies reported three effects of micro-exons: leading to premature stop codons,
changing the protein structure, and creating sites for post-translational modification [12]. Only a few
phosphorylation sites were found in the micro-exons of ZS97 and MH63, implying that phosphorylation
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only represented a few cases of post-translational modification. On the other hand, most micro-exons
were contained in domains, and some of them harbored functional sites. Besides, the secondary
structure of micro-exons usually consisted of several types, including α-helix, β-strand, and coil. There
were two AP2 domains in RSR1 [21], and a 45-nt AS micro-exon lied in one of the domains, harboring
three DNA binding sites. There is no doubt that micro-exon exclusion will affect gene function. As RSR1
is a transcription factor, the splicing level of this micro-exon may affect the expression of downstream
genes. Additionally, inclusion or exclusion of the micro-exon could easily cause premature terminal of
translation, especially for the lengths that were not multiples of three nucleotides. In some cases, we
observed many shortened sequences by alternative splicing, and the encoded protein functions can be
influenced distinctly.

This study provided an overview on micro-exons in ZS97 and MH63, and demonstrated the
relationship of protein structure, function, and micro-exon splicing. The splicing mis-regulation of
micro-exons leads to disease in human [1,5]. In this case, a high proportion of micro-exons were CS,
and they had precise and stable splicing process and conserved domains, providing a guarantee of
regular metabolic process. In addition, the predicted domains and structures in this study illustrated
that the changes among proteins were caused by AS micro-exon inclusion and exclusion to some extent.
However, the predicted structures cannot completely explain the variation, and for many genes, their
3D structures were hard to predict. Despite the lack of software and structure data, the exact splicing of
micro-exons in transcripts and proteins cannot be obtained only by RNA-seq data. Generally, the genes
with micro-exons have various isoforms in the expression process. For instance, a 34-nt micro-exon
located in OsTrx1 is a histone H3K9 methyltransferase gene, but the micro-exon is not annotated in the
annotation information. With advanced techniques, complete sequences and structures of the isoforms
can be obtained through full-length transcript data and protein data, and then the precise roles of
micro-exons in proteins revealed.

4. Materials and Methods

4.1. Materials and Data Preparation

To identify micro-exons in ZS97 and MH63, RNA-sequencing was performed from four tissues
(flag leaf, panicles, seedling shoot, and roots) in four different conditions (high temperature and long
day, high temperature and short day, low temperature and long day, and low temperature and short
day. High temperature: 28–32 ◦C; low temperature: 22–25 ◦C; long day: 14 h light and 10 h dark;
short day: 10 h light and 14 h dark). Besides, each sample had two biological replicates (Illumina
HiSeq2000 platform). Finally, a total of 948 and 988 million strand-specific paired-end 101-nt reads
were obtained from ZS97 and MH63 (an average of 29.6 and 30.9 million per sample), respectively.
Genome data and annotation information of ZS97 and MH63 were downloaded from the website
(http://rice.hzau.edu.cn;versionRS1; accessed on 4 July 2016). Genome and annotation information
of other plant species were retrieved from Ensembl Plants (http://plants.ensembl.org/; accessed on
12 April 2018).

4.2. Identification of Micro-Exons

Firstly, we extracted all micro-exons whose lengths were in the range of 3 to 51 nt from genome
annotations. The micro-exon, as the first or last exon in genes, was examined as to whether it was
coding sequences or untranslated regions. Then to identify the micro-exons in ZS97 and MH63
based on RNA-seq data, all the reads were mapped to their reference genomes using HISAT2 [26].
A strand-specific parameter was set in the alignments (–rna-strandness RF) and unique mapping reads
with less than 2 mismatches were retained. For each mapping, we reserved at least 6-nt on both sides
to completely align the micro-exons. In order to detect as many micro-exons as possible, the insertions
supported by more than 10 reads in all samples were identified as candidate internal micro-exons.
The candidate micro-exons were divided into annotated micro-exons and novel micro-exons according
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to the annotation. Compared with annotated genes, we detected the locations of the novel micro-exons.
The distribution of length of novel and annotated micro-exons were measured and displayed, and the
whole identification process is showed in Figure S1A.

4.3. Evolutionary Age of Genes Containing Micro-Exons

Previous methods described that the protein sequences from the NR protein database were
attributed to 13 taxonomic levels (PS1: Cellular organisms; PS2: Eukaryota; PS3: Viridiplantae;
PS4: Streptophyta, Streptophytina; PS5: Embryophyta; PS6: Tracheophyta, Euphyllophyta; PS7:
Spermatophyta; PS8: Magnoliophyta, Mesangiospermae; PS9: Liliopsida, Petrosaviidae, Commelinids,
Poales; PS10: Poaceae; PS11: BOP clade; PS12: Oryzoideae, Oryzeae, Oryza; and PS13: O. sativa) [17].
The protein sequences containing micro-exons from MH63 were aligned to the 13 levels of
non-redundant databases using BLASTP with e-values ≤ 1 × 10–5, identity ≥ 0.3, and coverage
≥ 0.8. The age of a gene was assigned the taxonomic level of its alignment, and the gene that failed to
be aligned with all databases was categorized to PS13 (O. sativa). Then the micro-exons were divided
as their corresponding types of genes. The genes of PS1–3 were assigned as “old genes”, while the
genes of PS11–13 were “young genes”. Next, the length of CDS and micro-exons of the old and young
genes were calculated and compared. Furthermore, the gene expression levels of the old and young
genes in four tissues were displayed.

4.4. Conservation of Micro-Exons and Domains

The protein sequences of MH63 were aligned to the other species by BLASTP [27] with default
parameters, and the collinear gene pairs were obtained using MCScanX [19]. Then the alignments of
micro-exon regions were applied to measure the conservation of micro-exons. The micro-exons in the
alignments, which had the same phase and length of CDS in both MH63 and another species, were
considered as conserved ones. In addition, Interproscan [28] was used to predict domains in all the
sequences. For each micro-exon, we compared the domains of micro-exons in MH63 with the ones in
other species. At last, we also examined phosphorylation sites in the micro-exons via the Plant Protein
Phosphorylation DataBase (P3DB, http://www.p3db.org/).

4.5. Percent Splice-In (PSI) Index of Micro-Exons

To measure the usages of micro-exons, the results of HISAT2 were used to establish a non-redundant
transcript annotation with StringTie [29]. For each micro-exon gene, the longest transcript containing
micro-exons was searched by the annotation information. Then we constructed transcripts that
contained micro-exons and flanked 100-nt to measure PSI for each micro-exon. We also constructed a
dataset without micro-exons but flanked 100-nt. The transcripts would be combined into one in the
cases where the distance among multiple micro-exons were within 100-nt. After that, the RNA-seq
data was mapped onto the constructed transcripts using BWA [30] (single-end; options mem) with
no more than 2 mismatches. As shown in Figure S1B, RL and RR represented the number of reads
supporting the left and right junction for each micro-exon, respectively, while Rskipped was the number
of reads spanning the junction where micro-exons were skipped. The counted reads should span the
junction at least 3-nt. With these quantities, the number of reads supporting micro-exon inclusion, Rtot,
was computed as follows:

Rtot = 2 min{RL, RR} (1)

Previous studies demonstrated that Equation (1) can avoid cases in which alternative 5′ or 3′
splice site biases the estimated micro-exon usage [5]. In addition, the sum of RL and RR (or Rskipped)
should be no less than 10, otherwise the PSI value should be considered missing. The PSI value was
computed as follows:

PSI = Rtot / (Rtot + Rskipped) (2)
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We combined the PSI values of two biological replicates by the following rules: if a micro-exon
had PSI value only in one biological replicate, the value was used; otherwise, if both replicates had PSI
values and their difference was less than 10%, we used the mean; other cases were assigned to missing.

Generally, micro-exons with PSI values in the range of 10–90% were categorized as AS micro-exons,
and >90% of PSI were assigned as CS. For each tissue, micro-exons with PSI ≥ 10% in at least two
samples were collected, and then the micro-exons and relevant genes were compared and displayed in
four tissues.

4.6. Functional Annotation of Micro-Exon Genes

To detect the function of micro-exon genes, micro-exons with PSI ≥ 10% in at least two samples
were collected and the genes containing tissue-specific micro-exons were retained. Then AgriGO [31]
was performed to do GO enrichment analysis with the reference Oryza sativa subsp. indica. Furthermore,
the genes containing AS micro-exons in each tissue were also analyzed.

4.7. Structures and Domains of Micro-Exons

To investigate the structure of micro-exons, the protein sequences of micro-exon genes were
extracted from annotation information. The longest sequences were selected if micro-exon genes
had several transcripts. Then the sequences with inclusion and exclusion of micro-exons were
constructed. In addition, the unannotated sequences from transcript assembly and prediction were
used as supplementary data. After that, the protein structure of some genes were predicted using
RaptorX [32], and the domains were predicted with Interproscan [28]. Chimera [33] was employed to
display and compare the protein structures including and excluding micro-exons.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/11/
2685/s1.
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Abstract: Polyamines play an important role in plant growth and development, and response to abiotic
stresses. Previously, differentially expressed proteins in sugar beet M14 (BvM14) under salt stress were
identified by iTRAQ-based quantitative proteomics. One of the proteins was an S-adenosylmethionine
decarboxylase (SAMDC), a key rate-limiting enzyme involved in the biosynthesis of polyamines.
In this study, the BvM14-SAMDC gene was cloned from the sugar beet M14. The full-length
BvM14-SAMDC was 1960 bp, and its ORF contained 1119 bp encoding the SAMDC of 372 amino
acids. In addition, we expressed the coding sequence of BvM14-SAMDC in Escherichia coli and
purified the ~40 kD BvM14-SAMDC with high enzymatic activity. Quantitative real-time PCR
analysis revealed that the BvM14-SAMDC was up-regulated in the BvM14 roots and leaves under
salt stress. To investigate the functions of the BvM14-SAMDC, it was constitutively expressed in
Arabidopsis thaliana. The transgenic plants exhibited greater salt stress tolerance, as evidenced by
longer root length and higher fresh weight and chlorophyll content than wild type (WT) under salt
treatment. The levels of spermidine (Spd) and spermin (Spm) concentrations were increased in
the transgenic plants as compared with the WT. Furthermore, the overexpression plants showed
higher activities of antioxidant enzymes and decreased cell membrane damage. Compared with WT,
they also had low expression levels of RbohD and RbohF, which are involved in reactive oxygen species
(ROS) production. Together, these results suggest that the BvM14-SAMDC mediated biosynthesis of
Spm and Spd contributes to plant salt stress tolerance through enhancing antioxidant enzymes and
decreasing ROS generation.

Keywords: sugar beet; salt stress; S-adenosylmethionine decarboxylase; ROS; antioxidant enzyme
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1. Introduction

Plant growth and development was frequently affected by adverse environment factors (e.g., cold,
salt, alkali and drought), and salt stress is a major factor limiting crop production [1]. When plants
are exposed to salinity environment, the processes of protein synthesis and photosynthesis can be
inhibited by excessive accumulation of salt in plants [2]. Furthermore, under salt stress conditions,
excessive reactive oxygen species (ROS) were accumulated in the plant, and high levels of ROS can
cause membrane lipid peroxidation and metabolic perturbation [3]. In order to survive the salinity,
plants have evolved a series of complex tolerance mechanisms to prevent damage caused by salt stress
from morphological, physiological and biochemical levels [4–6].

Polyamines (PAs) play an important role in regulating plant morphology, growth, embryonic
development and response to stress conditions [7–9]. In higher plants, putrescine (Put), spermine
(Spm) and spermidine (Spd) are the main types of polyamines. In the process of PA synthesis, Put is
firstly synthesized from arginine catalyzed by arginine decarboxylase, agmatine iminohydrolase
and N-carbamoylputrescine amidohydrolase. Then through spermidine synthase and spermine
synthase, Put is converted to Spm and Spd with decarboxylated S-adenosylmethionine (dcSAM) as a
donor [10,11]. dcSAM is synthesized from the decarboxylation of S-adenosylmethionine (SAM) in a
reaction catalyzed by SAM decarboxylase (SAMDC) [12].

Previous studies reported that polyamines were involved in plant responses to abiotic stresses
such as cold, drought and salinity [13,14]. Several enzymes involved in polyamine synthesis were
shown to be important in plant stress tolerance [15,16]. For example, transgenic plants overexpression
of SAM synthase (SAMS) from tomato showed enhanced alkali stress tolerance and maintained
nutrient acquisition under the alkali stress [17]. Similarly, overexpressing a sugar beet BvM14-SAMS2
in Arabidopsis increased salt and H2O2 tolerance of the plants [18]. SAMDC is a key enzyme in the
synthesis of Spm and Spd. Down-regulation of SAMDC expression could decrease the Spm and Spd
contents and lead to sensitivity to biotic and abiotic stresses [19,20]. In addition, overexpression of
SAMDC was shown to play an important role in improving plant stress tolerance [21]. However,
the mechanisms underlying the SAMDC regulation of plant tolerance to biotic and abiotic stresses are
still to be investigated.

Sugar beet monosomic addition line M14 was obtained through hybridization between sugar
beet (Beta vulgaris L.) and wild sugar beet (Beta corolliflora Zoss.) [22,23]. The M14 line exhibits several
interesting characteristics, such as salt and cold tolerance, as well as apomixes. These traits may be
attributed to the retention of the 9th wild sugar beet chromosome in the M14 [24]. Previously, we used
iTRAQ-based proteomics to profile protein changes in the M14 line under salt stress [25] and found a
BvM14-SAMDC was strongly induced by salt stress. In the present study, we aim to gain insight into the
mechanisms of BvM14-SAMDC mediated salt stress tolerance by overexpressing the BvM14-SAMDC
in Arabidopsis. To understand the BvM14-SAMDC functions, polyamine contents, antioxidant enzyme
activities and expression levels of antioxidant and ROS related genes were analyzed in the transgenic
plants. Our results demonstrated that BvM14-SAMDC enhances salt stress tolerance through elevating
the antioxidant system and suppressing ROS generation.

2. Results

2.1. Isolation of BvM14- SAMDC and Sequence Analysis

In order to acquire the sequence information of BvM14-SAMDC, a unigene with significant
homology to plant SAMDC was found in our sugar beet transcriptome data set. Based on the
unigene sequence and a RACE method, a full-length cDNA of BvM14-SAMDC were amplified by
RT-PCR. The full-length BvM14-SAMDC is comprised of 1,960 bp with an open reading frame of
1119 bp nucleotides (Figure S1). The putative BvM14-SAMDC protein contains 372 amino acids with a
predicted molecular mass of 40.7 kDa and a pI of 4.65. A large number of plant SAMDC homologs are
present in the NCBI non-redundant database by BLASTP search using the BvM14-SAMDC sequence
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as a query. The BvM14-SAMDC protein shared 69–85% amino acid sequence identity with other
plant SAMDCs.

2.2. Prokaryotic Expression and Enzymatic Activity Assay of Recombinant BvM14-SAMDC

To test whether the isolated BvM14-SAMDC codes for a functional protein, the open reading
frame was cloned under the control of the T7 promoter in a pET28a vector, and transformed into
E.coli cells. Following induction with 0.1 mM IPTG, a ~40 kDa protein band could be observed
on an SDS gel of protein extracts from the E.coli cells transformed with BvM14-SAMDC, but not
with the empty vector (Figure 1a). After purification of the protein extract through a nickel column,
the ~40 kDa BvM14-SAMDC could be identified on Western with an anti-His-tag antibody (Figure 1b).
The purified protein is active with a specific activity of 2.11 units/mg. This result demonstrates that the
BvM14-SAMDC gene encodes the right protein with SAMDC enzymatic activity.

Figure 1. Ecoli expression of the recombinant sugar beet M14 S-adenosylmethionine decarboxylase
(BvM14-SAMDC) protein. (a) Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
analysis of bacterial expression of BvM14-SAMDC. Total soluble protein fractions with the empty
vector after 4 h isopropyl β-d-thiogalactoside (IPTG) induction (lanes 1 and 2); and total soluble protein
fractions with pET28a-BvM14-SAMDC after 4 h IPTG induction (lanes 3 and 4). (b) Immunoblot
identification of the purified recombinant BvM14-SAMDC using anti-His antibody. Arrows indicate
the BvM14-SAMDC position.

2.3. Expression Patterns of BvM14-SAMDC under Salt Stress

To analyze tissue expression patterns of BvM14-SAMDC, real-time quantitative PCR was conducted
using RNA extracted from in roots, stems, flowers and leaves of the M14 line. As shown in Figure 2a,
BvM14-SAMDC was ubiquitously expressed in different organs, with roots showing higher levels
than other organs (Figure 2a). Furthermore, to determine the response of BvM14-SAMDC to salt
stress, the expression patterns of BvM14-SAMDC were analyzed in roots and leaves under 400 mM
NaCl treatment and sampled at different time points. After salt stress, the increasing BvM14-SAMDC
transcript level appeared much earlier in the M14 roots than in leaves (Figure 2b,c). The maximum
levels of BvM14-SAMDC expression were observed at 6 and 12 h in roots and leaves, respectively,
under salt stress. The results showed that BvM14-SAMDC transcription was significantly induced in
roots and leaves by salt stress. Therefore, it is reasonable to speculate that BvM14-SAMDC participates
in regulating plant salt stress tolerance.

2.4. Overexpression of BvM14-SAMDC Increased Salt Stress Tolerance in Arabidopsis

To study the functions of BvM14-SAMDC under salinity stress, we used Agrobacterium tumefaciens
mediated transformation to produce transgenic Arabidopsis plants over-expressing the BvM14-SAMDC
gene (Figure S2a). BLASTp analysis of BvM14-SAMDC protein sequences in the Arabidopsis thaliana
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database showed that the BvM14-SAMDC had the highest sequence similarity (77%) to an Arabidopsis
SAMDC1 protein (AtSAMDC1). Therefore, a T-DNA insertion mutant of AtSAMDC1 was selected and
verified (Figure S2b,c). The expression level of AtSAMDC1 was decreased by 72.5% in the atsamdc1
mutant (KD) compared with WT, which was caused by the T-DNA insertion in the promoter region
(Figure S2d,e). Furthermore, we transformed the atsamdc1 mutant line with the BvM14-SAMDC
overexpression construct to generate homozygous T3 complementation transgenic lines (CO1 and
CO2) (Figure S2f).

Figure 2. BvM14-SAMDC expression patterns in different organs and in response to salt stress treatments.
(a) BvM14-SAMDC expression profiles in different organs. (b) leaves and (c) roots of the M14 plants
treated with 400 mM NaCl for different time periods. Data are the means of three biological replicates
with standard deviation (SD) bars.
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Following salt stress, plant growth was significantly affected in WT and all transgenic lines
(Figure 3a). However, the root length, fresh weight and chlorophyll content were higher in transgenic
plants overexpressing BvM14-SAMDC under salt stress compared with WT or atsamdc1 (Figure 3b–e).
Furthermore, we found atsamdc1 were more sensitive to salt stress than the complementation lines (CO1
and CO2) or WT. Moreover, relative electrical conductivity was found to be much higher in the KD lines
than the WT, complementation lines (CO1 and CO2) under salt stress conditions (Figure 3e). The relative
electrical conductivity of KD was 1.44-fold higher than that of the WT under salt stress. Usually,
the relative conductivity is an important index to evaluate cell membrane permeability. The lower
value in the OX lines under salinity stress indicated that overexpressing BvM14-SAMDC could alleviate
cell membrane damage in the plants. Collectively, these results demonstrated that BvM14-SAMDC is
involved in regulating plants salt stress response, and plants overexpressing BvM14-SAMDC are more
tolerant to salt stress.

Figure 3. Effect of salt stress on seedling growth phenotype, root length, fresh weight, chlorophyll and
electrical conductivity in wild type (WT), BvM14-SAMDC-overexpressed in wild type Arabidopsis (OX),
atsamdc1 mutant (KD) and transgenic BvM14-SAMDC in the mutant seedlings (CO) leaves. (a) 8-day-old
WT and transgenic seedlings, grown on MS medium, were transferred to new MS solid agar plates
supplemented with 0 or 100 mM NaCl, followed by growth for 10 days; (b) root length; (c) fresh weight;
(d) chlorophyll level; and (e) electrical conductivity in control and 100 mM NaCl treated seedlings.
Different letters indicate significantly different at P < 0.05. Three biological replicates were performed.
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2.5. Overexpression of BvM14-SAMDC Enhanced Antioxidative Activities in Arabidopsis

To determine how overexpression of BvM14-SAMDC affects the plant salt stress tolerance,
malondialdehyde (MDA) content and antioxidant enzyme activities were determined in WT and the
transgenic lines (Figure 4). Under stress conditions, MDA content was increased in all the genotypes
(Figure 4a). However, the MDA level was dramatically higher in the KD mutant plants than transgenic
or WT plants. In addition, BvM14-SAMDC overexpression plants (OX) showed lower MDA content
than the WT and KD line under salt stress. Our results indicate that overexpressing BvM14-SAMDC
could reduce the level of lipid peroxidation, which is tightly regulated by enzymes involved in
ROS-detoxifying pathways. Therefore, we examined the activities of superoxide dismutase (SOD),
catalase (CAT) and peroxidase (POD) (Figure 4b–d). After salt stress, the activities of SOD increased
by 23.9%, 5.2% and 30.9% in WT, KD and OX1 lines, respectively. Moreover, the activities of SOD,
CAT and POD in the leaves or roots of OX lines were significantly higher than WT or the mutant
under control and salt stress conditions (Figure 4b–d and Figure S3). Overall, these results suggest
that reduction of MDA can be attributed to the increased activities of ROS-detoxifying enzymes in the
transgenic plants.

 
Figure 4. Effects of salt stress on antioxidant enzyme system in the leaves of wild type (WT),
BvM14-SAMDC-overexpression in WT Arabidopsis (OX), atsamdc1 mutant (KD) and transgenic BvM14-
SAMDC in the mutant seedlings (CO). (a) leaf malondialdehyde (MDA) content; (b–d) antioxidant
enzyme activities under control and salt stress (100 mM NaCl) conditions. One unit of CAT activity was
defined as the amount of enzyme required for l μmol of H2O2 decomposed within 1 min. One unit of
SOD activity was defined as the amount of enzyme required for inhibition of photochemical reduction
of r-nitro blue tetrazolium chloride (NBT) by 50%. One unit of POD activity was defined as the
amount of enzyme required for oxidation of 5 μmol of guaiacol within 1 min. Different letters indicate
significantly different at P < 0.05. Three biological replicates were performed.

2.6. Overexpression of BvM14-SAMDC Enhanced PA Levels and PAO Activity in Arabidopsis

As to the overall SAMDC activities in Arabidopsis, the SAMDC activity of mutant line (KD)
was 21.2% and 18.1% lower than that of WT under control and salt stress conditions, respectively.
In contrast, the complementation line (CO) exhibited higher SAMDC activity than the wild type
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(Figure 5a). As expected, the SAMDC activity in OX1 line was 1.46 times higher than that of WT under
control conditions. Since SAMDC plays an important role in PA synthesis, polyamines were measured
in the transgenic plants in comparison with WT and the mutant lines (Figure 5b–d). Our result indicates
that the Put level showed no difference between the WT and transgenic plants, but the Spd and Spm
levels were significantly elevated in the transgenic plants. Furthermore, Spd and Spm contents in the
mutant line were dramatically lower than the transgenic or WT plants. Clearly, the synthesis of Spd
and Spm was improved by overexpressing the BvM14-SAMDC.

 
Figure 5. Effects of salt stress on polyamine metabolism in the leaves of wild type (WT),
BvM14-SAMDC-overexpression in WT Arabidopsis (OX), atsamdc1 mutant (KD) and transgenic
BvM14-SAMDC in the mutant seedlings (CO). (a) SAMDC activity; (b) levels of putrescine (Put);
(c) levels of spermine (Spm); and (d) levels of spermidine (Spd) under control and salt stress (100 mM
NaCl) conditions. One unit of SAMDC activity was defined as the amount of enzyme required for
catalyzing 2 μmol SAM within 1 min. Different letters indicate significantly different at P < 0.05.
Three biological replicates were performed.

Previously, it is reported that PA played a key role in regulating H2O2 homeostasis through Spd
and Spm catabolized by polyamine oxidase (PAO) to generate H2O2 in plants [11]. H2O2 is also an
important signaling molecule to induce stress/defense responses. In the present study, higher activity
of PAO was found in the transgenic plants than WT (Figure 6a and Figure S4a), and the H2O2 content
was lower in the overexpression transgenic seedlings than in WT (Figure 6b). The generation of ROS
may be attributed to the expressions of respiratory burst oxidase homolog genes (RbohD and RbohF),
which were significantly enhanced in the leaves or roots of WT under salt stress (Figure 6c,d and
Figure S4b,c). Salt stress-enhanced the expression of RbohD and RbohF transcription was notably
inhibited in the leaves and roots of two transgenic lines compared to WT plant (Figure 6c,d and Figure
S4b,c). Therefore, these results indicate that PA could alleviate ROS damage in the transgenic plants by
decreasing the expression of RbohD and RbohF.
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Figure 6. Effects of salt stress on polyamine oxidase (PAO) activity, H2O2 content and mRNA levels of
RbohD and RbohF in the leaves of wild type (WT) and BvM14-SAMDC-overexpression in WT Arabidopsis
(OX). (a) PAO activity; (b) H2O2 content; (c) mRNA levels of RbohD; and (d) mRNA levels of RbohF
under control and salt stress (100 mM NaCl) conditions. One unit of PAO activity was defined as the
amount of enzyme required for catalyzing 1 mmol of Spd or Spm oxidation within 1 min. Different
letters indicate significantly different at P < 0.05. Three biological replicates were performed.

3. Discussion

Plant PAs, namely spm, spd and put, play essential roles in many different developmental and
physiological processes. In particular, plant PAs are involved in regulating plant resistance to various
stresses [26,27]. As the key enzyme in the synthesis of Spm and Spd biosynthesis, SAMDCs play an
important role in plant stress tolerance [28,29]. In our study, BvM14-SAMDC expression varied in
different organs of sugar beet, and it might be associated with growth and developmental processes
in the sugar beet M14. In addition, BvM14-SAMDC expression was significantly induced by salt
stresses in roots and leaves. The increasing expression of BvM14-SAMDC appeared much earlier in
the M14 roots than in leaves, suggesting that the response of PA metabolism to salt stress is rapid
in roots compared with leaves. Usually, the photosynthetic pigment is closely associated with plant
salinity tolerance [30]. The OX lines showed increases in the total chlorophyll content compared to
WT and mutant plants under salt stress (Figure 3d). These results predict salt stress tolerance of the
BvM14-SAMDC overexpression plant and the sensitivity of the mutant line to salt stress.

Other studies have demonstrated the functions of PAs as free radical scavengers under various
stress conditions, and they inhibit lipid peroxidation [31,32]. Here the levels of diamine (Put) and
triamine (Spd and Spm) were increased under salt stress conditions in wild type and the transgenic
plants (Figure 5). This result is consistent with a previous report [33]. Treatment of Solanum chilense
plants with 125 mM NaCl increased the production of Spm, involving in salt resistance in S. chilense [33].
Therefore, PAs play an important role in regulating plant salt stress tolerance. Moreover, the levels
of Spd and Spm were much higher in the BvM14-SAMDC overexpression lines under both control
and salt stress conditions, and there was no significant difference in put content between WT and the
transgenic plants (Figure 5b). This situation will lead to a high ratio of (Spd+ Spm)/Put in OX transgenic
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plans. It is reported that Spd and Spm play a key role in regulating the thylakoid membrane integrity,
and a major function of put is to regulate cell membrane depolarization [34]. In addition, another
study also showed that overexpression of a SAMS in tomato (another key enzyme in PA biosynthesis)
caused a high ratio of (Spd + Spm)/Put and alkali stress tolerance through up-regulating SlSAMDC
and SlSPDS [17]. They speculated that the high levels of SlSAMDC and SlSPDS could increase the
conversion of Put to Spm and Spd. Therefore, the increased BvM14-SAMDC level in the transgenic
plants may be involved in increasing the Spd and Spm levels for enhanced salt stress tolerance.

Previous studies proposed that SAMDC regulates the plant response to multiple abiotic stresses
such as salinity, drought, cold and high temperature. These studies suggest that overexpression of
SAMDC lead to polyamine accumulation, which can confer tolerance to both biotic and abiotic stresses
in plants [35–38]. However, the mechanism of SAMDC gene improving plant stress resistance is not
very clear. In the present study, compared to WT, higher activities of antioxidant enzymes were detected
in the BvM14-SAMDC overexpression lines under both salt stress and control conditions. Furthermore,
the MDA and H2O2 levels in the transgenic plants were significantly lower than in WT (Figures 4a and
6b). It is reported that tobacco plants with decreased SAMDC expression showed low PA biosynthesis,
and accumulated significantly more H2O2 [19]. In our study, although the elevated PAO activity
was observed in the transgenic plants, H2O2 content was reduced (Figure 6b). We speculated that
ROS production induced by PAO activity was effectively cleared by the ROS-detoxifying enzymes
in the BvM14-SAMDC OX lines. In addition, the expression of the two plasma membrane localized
NADPH-oxidases, RbohD and RbohF is often associated with ROS generation [39,40]. Therefore,
our study showed that expression of RbohD and RbohF was dramatically enhanced in the WT under
salt stress, and the increased expression was blocked by overexpressing the BvM14-SAMDC in the
transgenic plants (Figure 6c,d and Figure S4b,c). These results show that BvM14-SAMDC regulates salt
stress tolerance by improving antioxidant activity and reducing ROS production (Figure 7). Similarly,
our previous study also found the activities of CAT and POD were higher in the sugar beet SAMS2
overexpression plants than in WT, and the SAMS2 plants had a low accumulation of H2O2 [18].
Whether SAMS2, like SAMDC, and improve plant stress resistance through reducing ROS production
remains to be further studied.

 
Figure 7. Overview diagram showing how the BvM14-SAMDC functions in mediating plant salt stress
tolerance. Salt stress can turn on the expression of BvM14-SAMDC, which plays an important role in
the biosynthesis of PAs. PAs may inhibit the expression of ROS-biosynthetic enzymes and activate
ROS-detoxifying enzymes, leading to reduced ROS levels and enhanced salt stress tolerance phenotype.
SAMDC, S-adenosylmethionine decarboxylase; SPDS, spermidine synthase; SPMS, spermine synthase;
tSPMS, thermospermine synthase; dcSAM, decarboxylated S-adenosylmethionine; Put, putrescine;
SAM, S-adenosylmethionine; Spd, spermidine; Spm, spermine.
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4. Materials and Methods

4.1. Plant Materials and Treatments

Sugar beet M14 was grown in a greenhouse of Heilongjiang University. After the M14 seeds
were sown in vermiculite for 7 day, the seedlings were transferred to Hoagland nutrient solution
with a 14 h light/10 h dark cycle, a 400 μmol m−2 s−1 light intensity, and 25 ◦C/21 ◦C day/night
temperature. The 14 day old seedlings were subjected to 400 mM NaCl treatment. Sugar beet seedlings
were also grown in pots with black soil from Heilongjiang University, and the organs of root, stem,
leaf and flower were harvested after 3 months [41]. The Arabidopsis seeds were surface sterilized with
the mixed solutions of NaClO (0.5%) and Triton X-100 (0.01%) for 8 min followed by washing with
sterilized distilled water three times. The sterilized seeds were first incubated on Petri dishes containing
Murashige and Skoog (MS) agar (0.8%) medium (containing 3% sucrose and 0.25% phyta-gel, pH 5.8)
at 4 ◦C for 3 day before germination, and Petri dishes were sealed using parafilm. Then the seeds
were germinated at 22 ◦C under 14 h at 300 μmol m−2 s−1 light intensity light and 10 h darkness,
and parafilm was removed from the dishes. The 8-day-old seedlings were transferred to MS medium
containing 100mM NaCl for salt treatment 10 day, and each Petri dish contained eight seedlings.

4.2. Cloning the Ful- Length cDNA of BvM14-SAMDC Gene

A unigene of BvM14-SAMDC was used for designing primers (sense primer: 5′-TCTGCTGCT
TACTCAAACTGCG- 3′ and antisense primer: 5′-TATTCCAACACGGGACACTGA- 3′) to amplify the
full-length cDNA sequence of the BvM14-SAMDC gene using reverse transcription (RT)-PCR through
a RACE method [41].

4.3. Real-time Quantitative PCR

Real-time quantitative PCR (qRT-PCR) was carried out to determine the gene expression in the
M14 line and Arabidopsis. Total RNA was extracted using a Trizol reagent (Invitrogen, Carlsbad,
CA, USA), and cDNAs were synthesized from 0.5 μg total RNA using SuperScript-RNase H-reverse
transcriptase (Clontech, Foster, CA, USA). With 18S rRNA as the internal control, samples from different
organs were amplified using a Bio-Rad Thermocycler system combined with SYBR-Green fluorescent
dye (TaKaRa, Dalian, China) according to the manufacturer’s instructions. PCR reaction was carried
out in 10 μL volumes using the following amplification protocol: 94 ◦C for 5 min; 94 ◦C for 35 s, 55 ◦C
for 30 s, and 72 ◦C for 90 s; and 72 ◦C for 5 min, 45 cycles. The primers used for qRT-PCR analysis are
listed in Table S1.

4.4. Heterologous Expression of BvM14-SAMDC in E.coli

The open reading frame (ORF) sequence of the BvM14-SAMDC gene was amplified with primers
(5′-ATGACGGTTCCCATGGTTGG-3′ and 5′-ATTCATTTCTTCTTCTTTTTT-3′) and ligated into a
pMD18-T vector. Then, the construction vector was cut with EcoR I and Sal I, the cut fragment was
ligated with a pET28a carrier cut with EcoR I and Sal I. The construct was introduced into E. coli BL21
(DE3) for protein expression after induction with 0.5 mM IPTG. Cells were harvested after 4 h for total
protein extracts from the induced E. coli transformed with pET28a-BvM14-SAMDC. The total protein
extracts from the induced E. coli transformed with pET28a-BvM14-SAMDC were analyzed using 12 %
SDS-PAGE and detected with anti-histidine monoclonal antibody linked to horseradish peroxidase
(1:10,000) according to the manufacturer’s instructions (Pierce, Carlsbad, CA, USA).

4.5. Arabidopsis Thaliana Mutant Screening

Arabidopsis T-DNA insertion lines were identified for AtSAMDC1 mutation by genotyping
PCR. Specific primers for the left and right borders of the T-DNA and for AtSAMDC1 (F1: 5-ATT
GAAGACGTTCGTCCAAAC-3, R1: 5-CTCGCCTTGTTGTGTGAGCGACAG-3, T1: 5-TAGCATCTGA
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ATTTCATAACCAATCTCGATACAC-3) were used to identify the mutant lines. PCR reaction was
carried out in 30 μL volumes using the following amplification protocol: 94 ◦C for 5 min; 94 ◦C for 30 s,
60 ◦C for 30 s, and 72 ◦C for 90 s; and 72 ◦C for 5min, 30 cycles.

4.6. Generation of 35S:BvM14-SAMDC Construct and Transformation of Arabidopsis

The ORF sequence of the BvM14-SAMDC was amplified using primers (5′-GTT CTTTTAA
GCAATCTAG-3′ and 5′-ATTCATTTCTTCTTCTTTTTT-3′) and inserted into the pUCm-T vector.
Then the construct was digested with using EcoR I and BamH I and inserted into a pCAMBIA1305
vector. Agrobacterium tumefaciens strain EHA105 containing pCAMBIA1305-BvM14-SAMDC was
infiltrated into Arabidopsis using a floral dip method as previously described [42]. The presence of the
transgene was confirmed by PCR and quantitative PCR.

4.7. Determination of Physiological Indicators

Chlorophyll (chl) content was measured according to our previous reported by homogenizing
leaf samples (0.5 g) with 10 mL acetone (80% v/v) followed by centrifuging at 9000 g for 8 min.
Absorbance was measured with a UV-visspectro photometer at 663 and 645 nm for chl a and chl
b content, respectively. The activities of SOD and CAT were measured according to previously
reported methods [17,43,44]. For the extraction of antioxidant enzyme, 1 g of sugar beet tissues were
homogenised in 3 mL of chilled buffer containing 50 mM phosphate buffer (pH = 7.8), 2 mM EDTA,
1 mM DTT, 1 mM PMSF, 0.5% (v/v) Triton X-100 and 10% (w/v) PVP-40, and the homogenate was
centrifuged at 20,000 g for 30 min. For measurement of SOD, 1mL of reaction mixture was prepared in
50 mM K-P buffer (pH 7.8) containing 2 μM riboflavin, 75 μM nitrotetrazolium blue (NBT), 100 μM
EDTA, 13 mM DL-methionine and 60 μL of enzyme extract and the absorbance was taken at 560 nm.
CAT enzymatic activity was calculated using the system reported by Aebi. The decline of H2O2

absorbance was determined in 2 mL of reaction buffer containing 100 mM K-P buffer (pH 7.0), 20 mM
H2O2 and 20 μL enzyme extract. POD activity was measured by the increase in absorbance at 470 nm
due to guaiacol oxidation

For MDA extraction, fresh leaf samples (0.5 g) were homogenized with 0.1% trichloroacetic
acid (TCA). The homogenate was then centrifuged at 15,000 g for 10 min. An aliquot (1 mL) of the
supernatant was mixed to 4 mL of 20% TCA prepared in 0.5% thiobarbituric acid (TBA) and incubated
at 90 ◦C for 30 min in a shaking water bath. The reaction was stopped in an ice bath. The samples were
then centrifuged at 10,000 g for 5 min, and the absorbance of the supernatant was measured at 532 nm.

For measurement of H2O2, fresh leaves (0.3 g) were frozen in liquid nitrogen and ground to
powder in a mortar with a pestle, together with 5 mL of 5% TCA and 0.15 g activated charcoal.
The mixture was centrifuged at 10,000 g for 20 min at 4 ◦C. The supernatant was adjusted to pH 8.4
with 17 M ammonia solution and then filtered. The filtrate was divided into aliquots of 1 mL. To one of
these, the blank was added 8 μg of catalase and then kept at room temperatures for 10 min. To both
aliquots with and without catalase, 1 mL of colorimetric reagent was added. The reaction solution was
incubated for 10 min at 30 ◦C. Absorbance at 505 nm was determined spectrophotometrically.

Polyamine levels were measured according to the procedure of Guo et al [9]. Leaves (0.5 g) were
extracted in 5 mL of 5% (v/v) cold perchloric acid (PCA) and incubated on ice for 1 h. The homogenate
was centrifuged at 20,000 g for 30 min. Aliquots (0.5 mL) of supernatant were mixed with 1 mL of
2 M NaOH and 7 mL of benzoyl chloride and incubated at 37 ◦C for 20 min in dark for benzoylation.
The benzylated polyamines were extracted to diethyl ether and resuspended in 1 mL of mobile
phase solution before HPLC analysis. Polyamine levels were calculated based on standard curves in
combination with a recovery of the extraction procedure. The activity of SAMDC was assayed by
HPLC using an enzyme activity standard curve [9].

Polyamine oxidase was extracted in 0.1 M phosphate buffer (PH 7.0), and the reaction was initiated
and incubated at 30 ◦C for 30 min after addition of 20 mL of 20 mM Spd or Spd into the reaction
mixture (3 mL) that consisted of 2.5 mL of 0.1 M phosphate buffer, 0.1 mL of horseradish peroxidase,
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0.2 mL of coloring solution (25 mL N, N-dimethylaniline and 10 mg 4-aminoantipyrine were dissolved
in 100 mL of 0.1 M phosphate buffer, pH 7.0) and 0.2 mL enzyme extract or inactivated enzyme (by
heating the enzyme for 20 min in a boiling water bath). Absorbance at 550 nm was recorded.

5. Conclusions

In the present study, we discovered that overexpression of BvM14-SAMDC in Arabidopsis seedlings
conferred salt stress tolerance. Furthermore, the overexpression lines (OX) reduced ROS accumulation,
had decreased expression of RbohD and RbohF, and increased antioxidant enzyme activities. This work
clearly showed that a key enzyme SAMDC in the biosynthesis of PAs can enhance salt stress tolerance
through reducing ROS levels caused by inhibiting the expression of ROS-biosynthetic enzymes and
activation of ROS-detoxifying enzymes. How does salt stress turn on the expression of BvM14-SAMDC
is a very interesting question to be addressed in the near future.
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Abstract: Myo-inositol-1-phosphate synthase (MIPS, EC 5.5.1.4) plays important roles in plant
growth and development, stress responses, and cellular signal transduction. MIPS genes were
found preferably expressed during fiber cell initiation and early fast elongation in upland cotton
(Gossypium hirsutum), however, current understanding of the function and regulatory mechanism
of MIPS genes to involve in cotton fiber cell growth is limited. Here, by genome-wide analysis,
we identified four GhMIPS genes anchoring onto four chromosomes in G. hirsutum and analyzed
their phylogenetic relationship, evolutionary dynamics, gene structure and motif distribution, which
indicates that MIPS genes are highly conserved from prokaryotes to green plants, with further
exon-intron structure analysis showing more diverse in Brassicales plants. Of the four GhMIPS
members, based on the significant accumulated expression of GhMIPS1D at the early stage of fiber
fast elongating development, thereby, the GhMIPS1D was selected to investigate the function of
participating in plant development and cell growth, with ectopic expression in the loss-of-function
Arabidopsis mips1 mutants. The results showed that GhMIPS1D is a functional gene to fully compensate
the abnormal phenotypes of the deformed cotyledon, dwarfed plants, increased inflorescence
branches, and reduced primary root lengths in Arabidopsis mips1 mutants. Furthermore, shortened
root cells were recovered and normal root cells were significantly promoted by ectopic expression of
GhMIPS1D in Arabidopsis mips1 mutant and wild-type plants respectively. These results serve as a
foundation for understanding the MIPS family genes in cotton, and suggest that GhMIPS1D may
function as a positive regulator for plant cell elongation.

Keywords: MIPS; exon-intron structure diversity; Gossypium hirsutum; loss-of-function mutant;
root cell elongation

1. Introduction

Myo-inositol-1-phosphate synthase (MIPS; EC 5.5.1.4) is the rate-limiting enzyme to control
myo-inositol (Ins) biosynthesis by converting D-glucose 6-phosphate (G6P) to inositol phosphate,
followed by dephosphorylation reaction that is catalyzed by myo-inositol monophosphatase (IMP) [1].
The MIPS genes are widely spread in numerous organisms, from cyanobacteria to eubacteria and
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archaea, and ultimately to higher eukaryotes, such as higher plants and humans [2]. Numbers
of MIPS have been identified in higher plants, including Phaseolus vulgaris [3], Oryza sativa [4],
Citrus paradise [5], Arabidopsis thaliana [6], Zea mays [7], Brassica napus [8], Glycine max [9], and Sesamum
indicum [10]. Protein sequence analysis of MIPS indicated that the eukaryotic MIPS family is
homogenous, but different from the prokaryotic MIPS proteins [11]. This may be explained by
the monophyletic origin of the eukaryotic MIPS genes. All eukaryotic MIPS sequences (around 510
amino acids) have shown regions of high conservation even at the nucleotide level [12], indicating that
MIPS is very important for biological processes, such as embryogenesis and seed formation. There are
four highly conserved amino acid sequences in MIPS proteins: GWGGNNG (domain 1), LWTANTERY
(domain 2), NGSPQNTFVPGL (domain 3) and SYNHLGNNDG (domain 4) [1]. It is reported that
these domains are involved in MIPS protein binding for catalyzing enzyme reaction and are essential
for MIPS functions [2].

By catalyzing the biosynthesis of Ins and its derivates, including Ins polyphosphates
(IPs), phospholipid phosphatidylinositol (PtdIns) and phosphoinositide phosphates (PtdInsPs),
MIPS performs crucial diverse roles in biotic- and abiotic-stress responses, plant growth and organ
development, and cell division [13]. The first MIPS was reported from Archaeoglobus fulgidus and
might function under high temperatures [14]. In Arabidopsis, three genes encoding MIPS proteins
(MIPS1–3) have been identified and appeared to have undergone functional divergence to some
extent. Murphy et al. [15] found that loss-of-function Arabidopsis mips2 mutants showed enhanced
susceptibility to diverse viral, bacterial, and fungal pathogens, whereas mips1 mutants showed no
such effect. Furthermore, mips1 mutants exhibit spontaneous cell death and enhanced resistance to
the oomycete pathogen [16]. The misp1 mutants were also reported to be sensitive to strong light
stress [17]. The mips1 mips2 double mutant and mips1 mips2 mips3 triple mutant were embryo lethal,
whereas the single mips mutants showed no obvious phenotype [18]. Severe reduction of MIPS activity
inhibited plant growth significantly [19]. Lower IP6 generated by suppressing MIPS using RNA
interference (RNAi)-mediated approach in potato led to the alteration of leaf morphology, induction of
leaf senescence, and reduction of tuber yield [7].

Allotetraploid cotton Gossypium hirsutum is the most widely planted cotton species, which
provide more than 90% of natural fiber for the textile industry. The yield of cotton fiber is greatly
influenced by the fiber initiation and early stage of fiber elongation. Ins and its derivates also play
important role in cell growth by involving in cell wall synthesis, membrane trafficking, and signal
transduction. The oxidation product of Ins, D-glucuronic acid (GlcA), is used for cell wall pectic
noncellulosic compounds and, in some organisms, for the synthesis of ascorbic acid (AsA) [20–24].
Pectin precursors were reported to be essential for cotton fiber elongation in tetraploid cotton
G. hirsutum [25]. Our previous works presented that AsA and its oxidation metabolism catalyzed by
ascorbate peroxidase (GhAPX) were important for cotton fiber development in G. hirsutum [26,27].
PtdIns and PtdInsP were significantly accumulated in fast elongating fibers and promoted fiber cell
elongation in vitro [28]. GhMIPS genes were preferably expressed during fiber initiation and the early
stage of fiber elongation development. Nonetheless, current understanding of cotton MIPS family
genes and their functions involving in plant growth and development and fiber cell growth is limited.
In this work, we identified four MIPS gene family members in G. hirsutum through a genome-wide
investigation and characterized the detailed information of phylogenetic relationship, evolutionary
dynamics, exon-intron structure, and conserved motif distribution. Furthermore, after consideration of
the expression levels of the four GhMIPS genes during fiber development, we selected the GhMIPS1D
to further investigate its functional roles in participating in plant development and cell growth by
ectopic expression of GhMIPS1D in Arabidopsis mips1 mutants. The results indicated that GhMIPS1D
could rescue the mutant abnormal phenotypes and ectopic expression of GhMIPS1D in mips1 mutant
and wild-type (WT) Arabidopsis plants promoted the root cell elongation significantly.
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2. Results

2.1. Characterization, Phylogenetic Relationship and Motif Distribution Analyses of GhMIPS Gene Family
Members in G. hirsutum

Cotton MIPS family genes were characterized by submitting the Arabidopsis MIPS protein
sequences against G. hirsutum genome (allotetroploid, AADD) database derived from Phytozome
(v12.1.6), followed by conserved domain recognition using InterProScan. Four GhMIPS members were
determined: GhMIPS1A, GhMIPS2A, GhMIPS1D and GhMIPS2D (the sub-genomes were indicated
by A and D). The GhMIPS1A located in sub-genome A chromosome 2 while GhMIPS1D located in
sub-genome D chromosome 3, indicating homologous recombination events might occur during
the individual evolution of A and D sub-genomes (Supplementary Figure S1). Due to the highly
conserved gene sequences and structures, all GhMIPS homologues were considered as duplicates
and the duplication relationships were indicated by red lines in Supplementary Figure S1. The Ka/Ks
analysis showed that all GhMIPS members are under purifying selection (Supplementary Table S1).
Expression patterns of GhMIPS family genes showed that GhMIPS1A and GhMIPS1D were the most
highly expressed members in cotton fibers, with the highest expression level at 0 day post anthesis
(DPA) (no fiber growth) and 3 DPA (fiber initiation growth) (Supplementary Figure S2), implying that
GhMIPS1D may perform potential important role in fiber growth and development.

Phylogenetic tree of 70 MIPS homologues of 36 different species from prokaryotes to higher
plants was constructed to investigate the evolutionary characters of the MIPS gene family. In general,
seven prokaryotes, seven animal, six fungus and fifty plant MIPS proteins were included for the
phylogenic analysis. Detailed information of MIPS used in this study is provided (Supplementary
Table S2), containing organism names, accession numbers and sequences. The MIPS gene family is
a very small one, usually including one or two members in most plant species, except for Z. mays
(diploid, monocotyledons); Brassica rapa, Brassica oleracea and Glysine max (diploid, dicotyledons);
G. hirsutum and Gossypium barbadense (tetraploid, dicotyledons); which have four MIPS members each.
In addition to B. rapa and B. oleracea, the model plant A. thaliana has three MIPS members, indicating
that this protein family has expanded in most Brassicales plants (Figure 1).
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Figure 1. Phylogenetic tree of 70 MIPS homologues of 36 different species from prokaryotes to higher
plants. See Supplementary Table S2 for detailed information of organism and protein sequences.
The phylogenetic tree was constructed by MEGA5.0 using neighbor-joining method with bootstrap
tests 1000.

GhMIPS1D and other nine typical plant MIPS proteins were used to perform multiple sequence
alignment and conserved domain analysis, showing that MIPS proteins are quite conserved in plants
with amino acid identity over 80%. Similar with the other nine plant MIPS proteins, cotton GhMIPS1D
possessed two NAD(P)-binding domains distributing at the N and C terminus respectively, and one
myo-inositol-1-phosphate synthase domain locating at the middle region, as well as four conserved
domains that are responsible for MIPS protein binding and are essential for MIPS function exertion
(Figure 2). Note that in higher plants, all MIPS proteins have around 510 amino acids, while CmMIPS1
of simple single cell algae (Cyanidioschyzon merolae) has 530 amino acids (Figure 2). Motif distribution
analysis recognized ten conserved motifs that are organized similarly in all plant MIPS proteins
(Figure 3A and see Supplementary Figure S3 for detailed sequences for motifs). These data suggest
that MIPS is a highly conserved protein family in different plants, from ascosporarum to higher plants.
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Figure 2. Multiple sequence alignment of ten representative MIPS proteins. See Supplementary Table S2
for organism and sequence information. Conserved domains are indicated with double underline
(Domain 1–4).
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Figure 3. Conserved motif and exon-intron dynamic analyses of 48 plant MIPS genes. (A) Conserved
motifs of protein sequences of 48 plant MIPS proteins. Ten conserved motifs were recognized and
represented in different colors. All MIPS proteins are arranged according to their phylogenetic
relationships. (B) The exon-intron structures of 48 plant MIPS genes. Two frames represent Bryophytes
plants (Physcomitrella patens, seven and eight exons) and Brassicales plants (from seven to ten exons),
which possess usual exon-intron structures. The detailed information for organism names, protein
sequences and accession numbers are available in Supplementary Table S2.

2.2. Exon-Intron Structure Evolution Analysis of MIPS Gene Family

To further study the evolutionary relationship of MIPS family members, exon-intron structure
dynamic analysis of four cotton GhMIPS members and other 44 plant MIPS genes was performed. Only
one exon was found in single-cell algae C. merolae and Ostreococcus tauri. However, Physcomitrella patens
PpMIPS1 and PpMIPS2 possess eight and seven exons respectively, indicating that gene family
expansion and gene structure variation occurred after the terrestrial plant has been evolved (Figure 3B).
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For higher plants, all MIPS proteins have ten exons except B. rapa, B. oleracea and A. thaliana, suggesting
that Brassicales plants have undergone some special evolutionary events (Figure 3B, framed).

According to the phylogenetic tree and the exon-intron structures, an evolution model of the
exon-intron structures for plant MIPS gene family was illustrated. The single-exon structure had been
split into seven and eight exons shortly after the appearance of land plants. Then the last exon of
the seven-exon structure homologues split into four new exons (event I, Figure 4A), while the 3rd
and the last exons of the eight-exon structure members split into two new exons each (event II and
event III, Figure 4A). Red arrows in Figure 4A indicate the exon split sites and black arrows indicate
the amino acid sequences corresponding to the final exon-intron structures. Our data show that the
formation of the ten-exon structure of MIPS genes is no later than arise of ferns (Azolla filiculoides and
Salvinia cucullata).

Figure 4. Illustration of the evolution model of MIPS exon-intron structures. (A) The evolution
model of exon split events. MIPS possesses one entire exon in single cell algae. One evolution
event has been recognized in Bryophytes plants, leading to a seven-exon PpMIPS2 (up-arrow) and
an eight-exon PpMIPS1 (down-arrow). Then some of the exons have been split into more exons,
forming the predominant exon-intron structure in higher plants (events I, II and III). The exon split
sites are indicated by red arrows and amino acid numbers. (B) The evolution model of exon merge
events in Brassicales plants. Three exon merge events have been identified, indicating there were three
independent evolutionary events during the evolution of Brassicales plants. The exon-merge sites are
indicated by blue arrows.

Notably, three exons merge events were recognized in Brassicales plants, leading to the formation
of nine-exon (AtMIPS1), eight-exon (BoMIPS2 and BrMIPS1) and seven-exon (AtMIPS2, BoMIPS1,
BoMIPS3, BrMIPS3 and BrMIPS4) MIPS family members, respectively (Figure 4B, and Figure 3B).
Interestingly, the three exons merge events seem to occur in order (from event IV to event VI),
indicating the Brassicales plants MIPS might have undergone three special evolutionary events.
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2.3. Functional Complementary Analysis of GhMIPS1D in the Loss-of-Function Arabidopsis mips1 Mutant

In the light of Ins and its derivates important functions in plant development and cell growth [13],
as well as the accumulated expression of GhMIPS1D during cotton fiber development (Supplementary
Figure S2), thus, the overexpression vector 35S::GhMIPS1D-GFP generated by cloning the GhMIPS1D
into the modified pCAMBIA2300-GFP vector, was transformed into the loss-of-function mips1 mutant
and WT Arabidopsis plants, to investigate the GhMIPS1D in vivo functions. The 35S::GhMIPS1D-GFP
vector was introduced into onion epidermal cells to determine the subcellular localization of
GhMIPS1D. The results showed that GhMIPS1D located in the nucleus, plasma membrane and
endomembranes (Supplementary Figure S4), suggesting its likely functions in membrane trafficking
and signal transduction, and regulation of gene expression.

The loss-of-function Arabidopsis mips1 mutants were selected to perform genetic functional
analysis of GhMIPS1D. The expression levels of GhMIPS1D in the transgenic Arabidopsis lines were
examined (Supplementary Figure S5). As is reported, the T-DNA insertion Arabidopsis mutant
lines exhibit abnormal cotyledon development (Figure 5B), shorter plants (Figure 5F) and increased
inflorescence branch numbers (Figure 5G), and sensitivity to strong light stress (Supplementary
Figure S6). The transgenic mips1/GhMIPS1D lines, obtained by transforming 35S::GhMIPS1D-GFP
vector into Arabidopsis mips1 mutants, indicated stable expression levels of GhMIPS1D and rescued the
aberrant phenotypes of Arabidopsis mips1 mutants (Figure 5C–G). In addition, the Arabidopsis mutant
lines expressing GhMIPS1D also showed increased tolerance to light stress under 220 μmol·m−2s−1

(Supplementary Figure S6). These data suggest that GhMIPS1D is the predominantly expressed MIPS
gene in G. hirsutum and is an active gene effectively to rescue the abnormal defects of growth and
development in Arabidopsis mips1 mutants.
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Figure 5. Ectopic expression of GhMIPS1D in Arabidopsis rescues the abnormal defects of mips1 mutants.
(A) The mips1 mutant (mips1), transgenic (mips1/GhMIPS1D) and wild-type (WT) Arabidopsis plants
grew on 0.5 × Murashige and Skoog (MS) medium for two weeks. Bar = 1 cm. (B–D), the enlarged
image of indicated plants (red arrows in (A)). White arrows indicate the abnormal cotyledon in mips1
mutants. Bars = 1 mm. (E) Phenotypes of Arabidopsis plants grew for ten weeks. Significant shorter
plants and more inflorescence branches are observed in mips1 mutants, but not in mips1/GhMIPS1D
transgenic lines and WT plants. Bar = 1 cm. The plant height (F) and the number of inflorescence
branches (G) are measured (n = 30). ***, p < 0.001 compared to WT.

2.4. Ectopic Expression of GhMIPS1D Promotes Root Cell Elongation in Arabidopsis

Considering that the Ins derivates play essential roles in root development and root hair
formation [29,30], and GhMIPS1D gene highly expressed during the stages of fiber initiation and
early elongation (Supplementary Figure S2), which indicates its potential important function for plant
cell elongation. Thus, we further measured the length of primary roots and root cells in Arabidopsis
lines ectopically expressing GhMIPS1D. The transgenic mips1/GhMIPS1D plant lines exhibited normal
root length similar to that in WT, suggesting that GhMIPS1D is a functional gene to compensate the root
elongation development defect of Arabidopsis mips1 mutants (Figure 6A,B). In addition, the transgenic
plants ectopically expressing GhMIPS1D in WT Arabidopsis demonstrated significantly increased
primary root length (Figure 6A,B). Further confocal microscopy detection displayed that the primary
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root cell lengths are increased from 124.02 ± 10.01 μm (WT) to 152.14 ± 16.58 μm (35S::GhMIPS1D),
indicating that GhMIPS1D is essential for plant cell elongation (Figure 6C,D). Totally, the genetically
functional complementary analyses suggest that GhMIPS1D is a fully functional MIPS and plays as a
key positive regulator to involve in cell elongation.

Figure 6. Ectopic expression of GhMIPS1D promotes Arabidopsis root cell elongation. (A) The
primary root phenotypes of wild-type (WT), transgenic lines ectopically expressing GhMIPS1D
(35S::GhMIPS1D), mips1 mutants (mips1) and transgenic lines expressing GhMIPS1D in mips1 mutants
(mips1/35S::GhMIPS1D). Red bar = 0.5 cm. (B) The primary root lengths are measured (n = 10).
(C) Fluorescence images of Arabidopsis root cells under confocal microscopy. Bars = 50 μm. (D) The root
cell lengths are measured (n = 50). The results show that ectopic expression of GhMIPS1D significantly
induces the cell length in Arabidopsis roots. ***, p < 0.001 compared to WT.
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3. Discussion

Lots of MIPS genes have been identified in numerous living organisms, such as bacteria, fungi,
animals, and higher plants, etc. [31]. Generally, there are one or two MIPS members in most plant
species, with the exception of three members in A. thaliana, and of four members in Z. mays, B. rapa,
B. oleracea and G. max, respectively. In this study, by genome-wide analysis, we identified four
G. hirsutum MIPS family genes that are distributed across different chromosomes (Supplementary
Figure S1). Phylogenetic tree of 70 MIPS from 36 species was constructed and used for evolutionary
analysis, benefiting from the dramatically increased genome database. The protein sequences of
eukaryotic MIPS exhibit high conservation, supporting the explanation that eukaryotic MIPS genes
have a monophyletic origin (Figure 2). However, the single-cell algae C. merolae and Ostreococcus
tauri possess MIPS proteins of 533 and 535 amino acids, while all higher plants have MIPS proteins
of around 510 amino acids (from 509 to 511), displaying that sequence lost events had occurred after
plant landing. Only two higher plant MIPS proteins possess amino acids much longer than 510 amino
acids: S. cucullate MIPS1 (537 amino acids) and G. max MIPS2 (526 amino acids) (Supplementary
Table S2), indicating special evolutionary events in these two species. Many studies reported the
conservation of MIPS protein sequences, but few noticed the exon-intron structure evolution patterns
of MIPS genes [32,33]. The exon-intron structure analysis presented here suggested that the MIPS
gene structures were highly conserved in higher plants except for Brassicales, suggesting that MIPS
family genes underwent more complicated evolutionary events during the Brassicales plants evolution
(Figures 2 and 3). This may explain the fact that Arabidopsis MIPS family members show function
diversity [17,18,31,34].

MIPS is the key biosynthetic enzyme for the formation of Ins and its derivates, including PtdIns
and PtdInsP, which have been proven as a crucial regulator to control plant growth and organ
development. Of the four GhMIPS members, GhMIPS1D, showing the predominantly expression
during the early stages of fiber development (Supplementary Figure S2), was selected to further
investigate cotton MIPS functions of participating in plant growth and development. After ectopic
expression of GhMIPS1D in Arabidopsis loss-of-function mips1 mutants, the aberrant phenotypes of
cotyledon abnormality, shorter plants, increased inflorescence branches and sensitivity to light in
the mips1 mutants were rescued significantly (Figure 5 and Supplementary Figure S6), implying the
cotton MIPS important roles in the involvement of plant growth and development as the pivotal
enzyme to produce Ins and its derivates that are important signal molecules of the cell. Knockout of
the soybean GmMIPS1 affected the early development of the embryo and resulted in the termination
of seed mature that might be caused by the reduction of IP6 [35]. Arabidopsis MIPS1 is essential
for seed development, and the loss of MIPS1 leads to the reduction of AsA and PtdIns and thus
produces the irregular phenotypes of smaller plants, curly leaves and generation of lesions [18].
Ins produced by MIPS is crucial for Arabidopsis embryogenesis through regulating the synthesis of
PtdIns and phosphatidylinositides and thereby involving in endomembrane structure trafficking and
PIN1-mediated auxin singaling pathway [17]. The functions of the other GhMIPS genes should also be
verified in the future for a better understanding of the diverse roles of Ins pathway in cotton. Besides,
MIPS has also been reported to function in salt and drought tolerance, indicating that the MIPS gene
family play various roles in plant development [36,37]. However, there still are unsolved problems
should be addressed in the future, such as the mechanism leading to increased inflorescence branch
numbers in Arabidopsis misp1 mutants, as well as the possible phenotypes of loss-of-function cotton
mips1 and/or mips2 mutants.

Due to the highly conserved protein sequences of GhMIPS1D and AtMIPS1, it is not surprising
that GhMIPS1D could rescue the Arabidopsis mips1 mutant phenotypes. As is well known, MIPS
proteins from diverse species share highly conserved core catalytic domains, which endow the activity
to catalyze rate-limiting redox reaction to generate the Ins formation from G6P [31]. The G. hirsutum
MIPS possessed several typical domains that serve as binding and catalysis of MIPS proteins (Figure 2,
Supplementary Figure S3). Since the first MIPS was reported from Archaeoglobus fulgidus, many MIPS
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proteins have been investigated from different organisms. The MIPS in higher organisms usually
showed cytosolic or organellar location. In this study, subcellular distribution analysis indicated
the location of GhMIPS1D in the nucleus, plasma membrane and endomembranes (Supplementary
Figure S4), suggesting that cotton MIPS may perform a diverse role in different compartments to
participate in plant growth and development. By suppressing the spreading of heterochromatin,
MIPS can bind to its promoter to induce its own expression, providing the illustration of the regulatory
mechanism at the transcriptional level [38].

MIPS catalyzed Ins biosynthesis provides the important supply for synthetizing its derivates
containing PtdIns, PtdInsPs and InsPs that are vital signal molecules to affect cell growth by
participating in cellular signal transduction [39]. In this study, GhMIPS1D indicated preferential
expression during fiber initial growth stage (Supplementary Figure S2), and ectopic expression of
GhMIPS1D in Arabidopsis rescued the shorter primary root lengths in mips1 mutants and promoted
the root cell elongation in WT, respectively (Figure 6). Severe reduction of IP6 content in Arabidopsis
ipk1-1 mutants significantly inhibits the root hair elongation [40]. The decrease of PtdInsP2 content in
Arabidopsis results in suppression of pollen tube elongation by affecting apical pectin deposition and
membrane trafficking [41]. Although many Ins derivates have been reported to be involved in cell
growth, whereas, this is the first time to prove that MIPS family members could promote the root cell
elongation in Arabidopsis (Figure 6). This phenomenon is reasonable for that previous work showed
that pectin and AsA play important roles in cotton fiber elongation [25,26]. MIPS has been reported
to increase the synthesis of pectin precursor of UDP-D-glucuronic acid (UDP-GlcA) and AsA [42].
UDP-GlcA, PtdIns and PtdInsP that are important Ins derivates have been studied to involve in fiber
elongation growth as important components of the cell wall and cell membranes [25,28].

De novo synthesis of Ins is required for the correct transport and localization of auxin during
embryo pattern formation in Arabidopsis [17,18]. The functions of MIPS during cotton fiber
development has not been well studied before. Many studies have reported that auxin signaling is
essential for the initiation and early elongation of cotton fiber [43,44]. In the present study, GhMIPS1D
was highly expressed at the early stage of cotton fiber development (Supplementary Figure S2),
providing the potential possible direct or indirect link between MIPS catalyzed synthesis of Ins
and its derivates and auxin signal transduction. Arabidopsis mips1 mutants exhibit a significant
reduction of PtdIns content and decrease of auxin polar transport rate that regulates the cellular auxin
distribution [45]. Further investigation on MIPS and phytohormone crosstalk will provide a better
understanding of functions of MIPS during cotton fiber development in the future.

In conclusion, we identified four MIPS family gene members in G. hirsutum, the phylogenic
relationship, multiple sequence alignment, and motif distribution analyses showed that the MIPS
gene family is highly conserved. Further genetically functional complementary analysis showed that
GhMIPS1D is the predominantly expressed MIPS gene in cotton fibers, and ectopic expression of
GhMIPS1D in Arabidopsis mips1 mutant rescues the phenotypes of abnormal cotyledon development,
increased inflorescence branch numbers and light stress sensitivity. Moreover, ectopic expression
of GhMIPS1D in WT Arabidopsis promotes root cell elongation significantly. Our results provide a
genome-wide analysis of the MIPS gene family in G. hirsutum and suggest that the GhMIPS1D is a
positive regulator involving in plant cell elongation.

4. Materials and Methods

4.1. Sequence Acquirement and Chromosomal Distribution of GhMIPS Genes

The prokaryotic MIPS protein sequences were retrieved from NCBI (database downloaded on
31 December 2018) by online BLASTP. The eukaryotic MIPS protein sequences were determined using
local BLASTP program by submitting Arabidopsis MIPS to the genome database for each organism.
The genome data were downloaded from the online database Phytozome (v12.1.6). The candidate
MIPS proteins were confirmed by screening the conserved domains using InterProScan. The genomic
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location of GhMIPS genes was performed using local BLASTN against the G. hirsutum genome database.
Mapinspect was used to draw the location of MIPS genes in different chromosomes.

4.2. Phylogenic and Evolutionary Analyses

Multiple sequence alignment was performed using ClustalW and the phylogenetic tree
was constructed by MEGA5.0 [46] using the neighbor-joining method with bootstrap tests 1000.
The evolutionary analyses were performed as previously described [47,48]. Briefly, the exon-intron
distribution analysis was performed using the gene structure display server (GSDS, http://gsds.
cbi.pku.edu.cn/index.php). Conserved motifs were recognized by MEME online software (http:
//meme-suite.org/tools/meme). The Ka/Ks was calculated by Dnasp (v6) software [49].

4.3. Plant Materials

The Arabidopsis mips1 mutant (SALK_023626) was obtained from Lijia Qu, State Key Laboratory
of Protein and Plant Gene Research, College of Life Sciences, Peking University. All Arabidopsis plants
were grown on 0.5 × MS medium as previously described [17].

4.4. Construction of Vectors, Subcellular Localization Analysis and Ectopic Expression of GhMIPS1D in Arabidopsis

The full-length of the coding sequences of GhMIPS1D gene was amplified using primers in
Supplementary Table S3, and then cloned into the modified pCAMBIA2300-GFP vector using KpnI and
XbaI to generate 35S::GhMIPS1D-GFP, which was used for further ectopic expression and subcellular
localization analyses. The successfully constructed vectors were then transformed into Agrobacterium
tumefaciens stain GV3101.

The subcellular localization analysis was performed using onion epidermal cells and A. tumefaciens
containing 35S::GhMIPS1D-GFP vector. Briefly, the inside epidermal layer of the onion was separated.
After soaking in 75% ethanol for 10 min and washing 3–4 times with sterile water, the inside epidermis
was cut and co-cultivated with A. tumefaciens containing 35S::GhMIPS1D-GFP vector on 1/2 MS at
28 ◦C under darkness. After a sub-culturing for 24 h, a confocal laser-scanning microscope (Zeiss
LSM510, Oberkochen, Germany) was used to detect the GFP signals with an activation wavelength of
488 nm.

Wild-type (WT) and mips1 mutant Arabidopsis plants were transformed using A. tumefaciens stain
GV3101 containing 35S::GhMIPS1D-GFP vector. The functional analysis of transgenic Arabidopsis was
performed as reported before [50].

4.5. Statistical Analysis

All statistics were performed by One-way ANOVA followed by Bonferroni test using SigmaStat
software (Version 4.0) (Starcom Information Technology Ltd, Bangalore, India). *** represents
significant difference at p < 0.001 level.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/5/
1224/s1.
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Ins Myo-inositol
IP Myo-inositol polyphosphate
MEGA Molecular evolutionary genetics analysis
MIPS Myo-inositol-1-phosphate synthase
MS Murashige and Skoog
PtdIns phospholipid phosphatidylinositol
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RNAi RNA interference
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Abstract: Inositol signaling is believed to play a crucial role in various aspects of plant growth and
adaptation. As an important component in biosynthesis and degradation of myo-inositol and its
derivatives, inositol phosphatases could hydrolyze the phosphate of the inositol ring, thus affecting
inositol signaling. Until now, more than 30 members of inositol phosphatases have been identified
in plants, which are classified intofive families, including inositol polyphosphate 5-phosphatases
(5PTases), suppressor of actin (SAC) phosphatases, SAL1 phosphatases, inositol monophosphatase
(IMP), and phosphatase and tensin homologue deleted on chromosome 10 (PTEN)-related
phosphatases. The current knowledge was revised here in relation to their substrates and function in
response to abiotic stress. The potential mechanisms were also concluded with the focus on their
activities of inositol phosphatases. The general working model might be that inositol phosphatases
would degrade the Ins(1,4,5)P3 or phosphoinositides, subsequently resulting in altering Ca2+ release,
abscisic acid (ABA) signaling, vesicle trafficking or other cellular processes.

Keywords: inositol; phosphatidylinositol; phosphatase; stress; signaling pathway

1. Introduction

Myo-inositol (Inositol, Ins) and its derivative metabolites are ubiquitous in all eukaryotes as both
lipids and soluble compounds playing important roles in stress responses, development, and many
other processes [1,2]. Upon environmental stresses, some of them are vital in various signal transduction
in plants, especially inositol(1,4,5)triphosphate (Ins(1,4,5)P3) and phosphatidylinositol(4,5)bisphosphate
(PtdIns(4,5)P2) [3–7]. They pass the cellular messages via addition or removal of lipids or phosphates
to Ins and its derivatives, which could be mediated by synthases, kinases, phospholipases,
and phosphatases [8,9]. Thus, those related enzymes are crucial in the regulation of these signaling
pathways. In comparison to the other well-studied enzymes, limited information has been reviewed for
the phosphatases in the Ins and phosphatidylinositol (PtdIns) signaling in plants. Here, we focus on
these phosphatases and their function in abiotic tolerance.

2. The Biosynthesis and Degradation of Inositol and Its Derivatives

Inositol could be synthesized from glycolytic glucose-6-phosphate (Glc6P) or be regenerated
from various phosphate forms of inositol, which is produced during the metabolism of
phosphoinositides. As shown in Figure 1, Glc6P is catalyzed to myo-inositol-3-phosphate (Ins3P)
by myo-inositol-3-phosphate synthase (MIPS). Subsequently, Ins3P is dephosphorylated by inositol
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monophosphatase (IMP) to form inositol. IMP is also responsible for the dephosphorylation of
myo-inositol-4-phosphate (Ins4P) [10,11]. Free inositol could be linked to glycerophospholipid to generate
the basic inositol containing phospholipid, phosphatidylinositol (PtdIns), by phosphatidylinositol
synthase (PIS) [5]. The hydroxyl groups of PtdIns could be phosphorylated at the positions 3, 4, and 5
of the lipid head group sequentially by a series of PtdIns kinases. Unlike the animals, plants have
evolved only five phosphorylated isomers, including three PtdIns monophosphates (PtdIns3P, PtdIns4P,
PtdIns5P) and two PtdIns bisphosphates (PtdIns(3,5)P2, PtdIns(4,5)P2). The other two, PtdIns(3,4)P2

and PtdIns(3,4,5)P3, identified in animals, have not been found in plants [4,12].

Figure 1. Schematic representation of inositol phosphatases in the plant inositol (Ins) signaling
pathways under stress. It illustrated the network of the inositol phosphate (IP) and phosphoinositide
(PI) signaling pathway, together with the stress responding processes, such as the ABA
pathway, Ca2+ release, and ROS generation. The dashed arrows indicated the putative
pathways. Ins is soluble, whereas phosphatidylinositol (PtdIns) is bound to the membrane.
In the Ins signaling pathways, inositol(1,4,5)trisphosphate (Ins(1,4,5)P3, IP3), phytic acid (InsP6),
diacylglycerol (DAG), and phosphatidic acid (PA) are all signaling molecules. ABA—abscisic acid,
DGPP—diacylglycerolpyrophosphate, Glc6P—glucose-6-phosphate, IMP—inositol monophosphatase,
IPK—inositol polyphosphate multi kinase, MIPS—myo-inositol-3-phosphate synthase, P—phosphate,
PIP5K—PtIns4P 5-kinase, PI4K—phosphatidylinositol 4-kinase, PIS—phosphatidylinositol synthase,
PKC—protein kinase C, PLC—phospholipase C, PPx-InsPs—pyrophosphates, PTEN—phosphatase and
tensin homologue deleted on chromosome 10, PtdIns—phosphatidylinositol, ROS—reactive oxygen
species, SAC—suppressor of actin, 5PTases—inositol polyphosphate 5-phosphatases.

On the other hand, PtdIns4P and PtdIns(4,5)P2 can be hydrolyzed into diacylglycerol (DAG) and
the corresponding phosphoinositide phosphates (PtdInsPs) by phospholipase C (PLC) (Figure 1) [13].
DAG and inositol-1,4,5-trisphosphate (Ins(1,4,5)P3, also abbreviated as IP3 in this article) are believed
as second messages for various signal transduction. In brief, the membrane-localized DAG activates
the protein kinase C (PKC) and the soluble InsP3 diffuses in cytosol to release Ca2+ from intracellular
stores via a ligand-gated Ca2+ channel [5,14]. DAG can also be used to generate phosphatidic
acid (PA), which is also an important signaling molecule [6]. Those inositol polyphosphates can be
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further phosphorylated by inositol polyphosphate multi kinases (IPKs) and stored as phytic acid
(inositol-1,2,3,4,5,6-hexakisphosphate, InsP6) in seeds and other storage tissues [4,15]. InsP6 has been
identified as a signaling molecular to regulate Ca2+ release as well [6]. Moreover, InsP6 could be
converted to pyrophosphates, denoted as PPx-InsPs [16]. Notably under abiotic stress, there are
crosstalks between the Ins signaling pathway and phytohormones, especially abscisic acid (ABA) [4,6].

3. Phosphatases in Inositol Signaling Pathways

Among the processes of inositol phosphate (IP) and the phosphoinositide (PI) signaling pathway,
dephosphorylation is catalyzed by specific inositol phosphatases on various substrates (Figure 1).
Until now, dozens of enzymes have been identified, including inositol polyphosphate 5-phosphatases
(5PTases), suppressor of actin (SAC) phosphatases, SAL1 phosphatase/FIERY1 (FRY1) and its homologs,
inositol monophosphatase (IMP), and phosphatase and tensin homologue deleted on chromosome
10 (PTEN)-related phosphatases (Figure 2). Most knowledge of them was obtained from the studies
in the model plant Arabidopsis thaliana. These plant inositol phosphatases have a broad function in
development and adaptation by altering the IP or PI signaling pathways. The general information of
those Arabidopsis proteins was listed in Table 1. Interestingly, one certain inositol phosphatase could
hydrolyze several substrates, even both inositol phosphate and phosphoinositide. One substrate could
be degraded by more than one enzyme as well, suggesting their redundant roles in multiple aspects of
life processes.

The 5PTases family is the biggest family of the mentioned inositol phosphatases, containing
15 members in Arabidopsis, 21 in rice, and 39 in soybean [17]. 5PTases hydrolyze the phosphate bond
on the 5-position of the inositol ring from both inositol phosphate and phosphoinositide with the
conserved inositol polyphosphate phosphatase catalytic (IPPc) domain. Due to the substrate specificity,
mammalian 5PTases have been classified into four groups [18]. Group I, 5PTases hydrolyze only the
water-soluble inositol polyphosphates (Ins(1,4,5)P3 and Ins(1,3,4,5)P4); group II the water-soluble
inositol polyphosphates and the membrane-bound phosphoinositide; group III, Ins(1,3,4,5)P4 and
PtdIns(3,4,5)P3 with a 3-position phosphate group; and group IV only phosphoinositide. Similar as the
mammalian counterparts, plant 5PTases also have various substrate specificities. The substrates have
been identified by biochemical evidences for twelve of the fifteen Arabidopsis 5PTases, including Group
I, Group II, and Group IV 5PTases (Table 1). Since several 5PTases could hydrolyze Ins(1,4,5)P3 to
prevent its accumulation, it is believed to terminate the corresponding Ins(1,4,5)P3 pathway and alter
abscisic acid (ABA) signaling, Ca2+ release, and reactive oxygen species (ROS) production [19–21].

The SAC phosphatases are polyphosphoinositide phosphatases, containing the enzymatic SAC
domain [22]. There are nine members in Arabidopsis [23]. Most Arabidopsis SAC phosphatases have
a ubiquitous expression pattern, except for AtSAC6 which is only expressed in flowers under normal
growth condition. Their expression was not altered by treatment with phytohormones (auxin, cytokinin,
GA, and ABA) [23]. When two-week-old seedlings were treated with various stresses (dark, cold, salt,
and wounding), only AtSAC6 has been identified to be induced by salt stress, indicating it would be
involved in salt response [23]. Besides, the sac9 mutants exhibit a constitutive stress response with
highly up-regulated stress-induced genes and over-accumulation of ROS [24]. Though there is limited
knowledge on their substrate specificity, SAC phosphatases have been found to affect the accumulation
of some certain phosphatidylinositol phosphates, such as PtdIns(4,5)P2, PtdIns(3,5)P2, and PtdIns4P,
in addition to having a possible role in vesicle trafficking [24–26].
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Figure 2. Inositol phosphatases and their inositol-related substrates overviewed in this study.
IMP—inositol monophosphatase, PTEN—phosphatase and tensin homologue deleted on chromosome
10, SAC—suppressor of actin, 5PTases—inositol polyphosphate 5-phosphatases.

Comparing to 5PTases and SAC phosphatases, there are fewer members in the SAL, IMP,
and PTEN families and most of them behave as bifunctional enzymes (Table 1). AtSAL1 and AtSAL2
exhibit the activities of not only inositol polyphosphate 1-phosphatase but also 3’(2’),5’-bisphosphate
nucleotidase [47,56]. The other SAL1 homologues without inositol phosphatases are not listed here.
AtSAL1 has been identified as an important player in response to various stresses, probably through
both enzyme activities [48,49,51,53,63–65]. Three IMP members have been identified in Arabidopsis [11].
IMP and inositol monophosphatase-like 1 (IMPL1) exhibit bifunctional activities affecting both inositol
and ascorbate synthesis pathways, whereas IMPL2 is a histidinol-phosphate phosphatase affecting
histone biosynthesis pathways [57,66]. The IMPs from other plants have been shown to play a role
in stress tolerance [67–69], which we will discuss later. PTEN members are also dual phosphatases
for protein and phosphoinositide phosphates [62]. The transcript and protein analyses showed that
AtPTEN2a and AtPTEN2b were up-regulated at transcriptional level, but not at protein level under salt
and osmotic stress [62], suggesting their potential roles in plant adaptation to stress. But no further
evidence has been reported yet.

4. Function of Inositol Phosphatases under Abiotic Stress

4.1. 5PTases and Plant Responses to Abiotic Stress

The capacity of 5PTases hydrolyzing IP3 is believed to be vital in the termination of IP3, consequently
altering Ca2+ oscillations, ABA signaling, and other stress-related pathways. The transgenic Arabidopsis
plants overexpressing mammalian type I (group I) inositol polyphosphate 5-phosphatase (InsP 5-ptase)
exhibited increased drought tolerance with less water loss [70]. The contents of IP3 and IP6 were
decreased in the transgenic lines as expected, thus attenuating ABA induction and Ca2+ signal
transduction. The stomata were less responsive to the inhibition of opening by ABA and more
sensitive to ABA-induced closure. Furthermore, the microarray data showed that dehydration-responsive
element-binding protein 2A (DREB2A), encoding a drought-inducible ABA-independent transcription
factor, and the DREB2A-regulated genes were induced in the InsP 5-ptase transgenic plants, suggesting
the drought tolerance is mediated via the DREB2A-dependent pathway [70].

For plant 5PTases, it is common to take a role in the degradation process of inositol phosphate
or phosphoinositide, terminating the IP3 signaling, thus altering of ABA pathway and Ca2+ release,
which is believed to be vital in stress tolerance [19,21,34,39]. However, only three of the 15 At5PTases
have been identified to play important roles in abiotic stress with genetic and biochemical evidences
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until now. At5PTase7 and At5PTase9 function in salt tolerance, and At5PTase13 in low nutrient and
sugar stress [35,36,41].

The T-DNA insertion mutants of At5PTase7 or At5PTase9 increased salt sensitivity and the
overexpression plants increased salt tolerance [35,36]. Mutation in either At5PTase7 or At5PTase9
reduced ROS production in the Arabidopsis roots after 10 to 15 min after salt treatment. Additionally,
the expression of salt-responsive genes, such as RD29A and RD22, was not induced highly in both
mutants as in the wild-type under salt stress [35,36]. It suggested that the defect in At5PTase7 or
At5PTase9 would disturb ROS production and salt-responsive gene expression, probably hampering
the subsequent rescue signal transduction. Interestingly, the At5PTase9 mutants appeared to have
a better ability to resistant osmotic stress. Meanwhile, the At5PTase9 mutants decreased Ca2+ influx
and fluid-phase endocytosis [36]. Though the At5PTase7 and At5PTase9 isomers take non-redundant
roles in regulating plant responses to salt stress, they share the same substrates, membrane-bound
phosphoinositide, indicating that phosphoinositide would be important in salt tolerance [36].

At5TPase13 is one of the four At5TPases (At5TPase12-15), which contain the plant specific WD40
repeats [38,44]. The T-DNA insertion mutants of At5TPase13 showed a reduction of root growth
under limited nutrient conditions and germination rates in response to sugar stress, along with ABA
insensitivity [41]. The yeast two-hybrid analyses suggested that its WD40 repeat domain interacts
with the sucrose nonfermenting-1-related kinase (SnRK1.1), which is an energy/stress sensor [41].
The genetic and biochemical evidences indicated that At5TPase13 acts as a positive regulator of
SnRK1.1 under low-nutrient or low-sugar conditions, as a negative regulator under severe starvation
conditions through affecting the proteasomal degradation of SnRK1.1. Strangely, the At5ptase13 mutants
accumulate less IP3 in response to sugar stress [41]. Again, At5PTase13 could alter cytosolic Ca2+ to
regulate PHOYOTROPIN1 signaling under blue light [40].

Besides, several transcriptional analyses showed that the expression of multiple At5PTases is
greatly up- or down-regulated in response to a series of abiotic stresses, such as cold, osmotic, salt,
drought, oxidative, and heat [35,36,71]. Considering the general function of the known 5PTases in the
inositol pathway, Ca2+ signaling, ABA responses, ROS generation, vesicle trafficking, and possible
connection with other phytohormones [43,71], it could imply their potential roles in plant responses to
abiotic stress.

4.2. SAL1 and Plant Responses to Abiotic Stress

AtSAL1, identified as a homologue of the yeast HAL2 in Arabidopsis and also well-known as
FIERY1 (FRY1), has dual enzymatic activity of inositol phosphatase and nucleotidase, which play a role
in both inositol signaling and nucleotide metabolite [47,48]. AtSAL1 functions broadly in responses to
abiotic stresses, including salt, cold, lithium, drought, cadmium, high light, and oxidative, probably
with the contributions of both enzymatic activity [48,49,51–53,63,72,73]. Here we will focus on its
activity of inositol polyphosphate 1-phosphatase. Remarkably, it can hydrolyze the signaling molecular
IP3, thus affecting the subsequent steps in a similar pattern of 5PTases, which we have discussed above.

It seems the effects of AtSAL1 on stress responses are controversial. Ectopic expression of AtSAL1
could increase lithium tolerance in yeast by modifying Na+ and Li+ effluxes [47]. Ectopic expression of
its homologue in soybean, GmSAL1, could alleviate salinity stress in tobacco BY-2 cells [74]. Mutation
in AtSAL1 would cause more sensitivity to salt, osmotic, and cold stress in Arabidopsis [48,72]. However,
another Atsal1 mutant, hos2 with a single amino acid substitution exhibited as more resistant to lithium
and salt stress [72]. Moreover, overexpression of AtSAL1 or ectopic expression of GmSAL1 could not
enhance salt tolerance in Arabidopsis [49,74]. Loss function in AtSAL1 would enhance drought and
cadmium resistance in Arabidopsis, suggesting it would be a negative regulator of stress tolerance [51,63].
Expressing the modified SAL1, by inserting the META motif from black yeast Aureobasidium pullulans,
ApHal2, improved salt and drought tolerance in Arabidopsis [73]. It seems the presence of the META
motif should be responsible for its ability on the stress tolerance, but the mechanism is still obscure.
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The molecular mechanism of AtSAL1 in stress responses seems to be complicated for its multiple
effects in various cellular processes. First, AtSAL1 would regulate stress tolerance and ABA responses
via IP3 signaling. The Atsal1 mutants increase IP3 accumulation and the expression levels of ABA
and stress genes, including RD29A, cold-specific CRT-binding factor 2 (CBF2), and CBF3 [48]. On the
contrary, ectopic expression of GmSAL1 leads to a reduction of IP3 accumulation and suppression of
the ABA-induced stomatal closure [74]. Furthermore, it also showed AtSAL1 could regulate Ca2+

release and modulate the auxin pathway by IP3 signaling in plant development [54,55]. It seems
a similar consequence of AtSAL1 in the IP3 signaling as for 5PTases. Maybe further investigation
will supply evidence that AtSAL1 takes a role in Ca2+ release and its downstream signaling in
response to abiotic stress as well. Secondly, AtSAL1 also regulates the ion homeostasis via the IP3

pathway. Ectopic expression of AtSAL1 could modify Na+ and Li+ effluxes in yeast for lithium and
salt tolerance [47]. GmSAL1-transgenic BY-2 cells could compartmentalize more Na+ in vacuolar for
protection from salt stress [74]. Additionally, AtSAL1 takes a role more likely as a phosphoadenosine
phosphatase under drought, high light, and oxidative stress, for only 3′-phosphoadenosine 5′-phosphate
(PAP), not IP3, accumulated in the Atsal1 mutants, when suffering stresses [49,52,53,65]. The genetic
evidences indicated that PAP accumulation could also affect the ABA pathway, relying on, rather,
the negative regulator ABH1 in the branched ABA pathway, than ABI1 in the core ABA pathway [49].
AtSAL1 could protect 5′ to 3′ exoribonucleases (XRNs) by degrading PAP and subsequently
modulate the expression of the corresponding nuclear genes, supposed as the chloroplast retrograde
pathway [52,53,65]. Besides, the AtSAL1-deficient mutants have been found to attenuate endoplasmic
reticulum (ER) stress under cadmium stress [63]. But no exploration has been made to determine its
connection with the IP3 signaling or SAL1-PAP pathway. This would provide a new insight on the
mechanism of AtSAL1 in various stress tolerance [63].

4.3. IMPs and Plant Responses to Abiotic Stress

IMPs were first identified in tomato to play a role in inositol synthesis with high sensitivity to
lithium [10]. Their homologues in Arabidopsis have also been characterized as multi-functional enzymes
involved in inositol, ascorbate, and histone biosynthesis [57,59,66], so do their homologues in other
plants, such as rice (Oryza sativa L.), chickpea (Cicer arietinum L.), soybean (Glycine max), barley (Hordeum
vulgare), and Medicago truncatula [68,69,75]. The genetic studies showed that IMPs play a role in seed
development in Arabidopsis [11]. Chickpea IMP could also influence seed size/weight [76]. But few
explorations have been made with Arabidopsis IMP on stress tolerance yet. Only some authors have
tried assays in chickpea and rice suggesting that IMPs also function in response to abiotic stress [67–69].
But it is still unclear how IMPs influence the inositol pathway to confer stress.

Biochemical evidence demonstrated that CaIMP contains the same enzyme activity as Arabidopsis
IMP and IMP activity is increased in chickpea seedlings under abiotic stresses, including salt, cold,
heat, dehydration, and paraquat. It is consistent with the results of the transcript analyses by qRT-PCR,
which showed that CaIMP is induced under abiotic stress and ABA treatment [69]. The CaIMP-transgenic
Arabidopsis plants exhibited enhanced tolerance to abiotic stress, whereas the IMP-deficient Arabidopsis
mutants increased the sensitivity to stress during seed germination and seedling growth. The inositol
content and ascorbate content of the CaIMP-overexpressing lines are higher than the wild-type and the
vector control, suggesting CaIMP would improve the plant tolerance to stress through both metabolic
pathways [69]. Association analyses performed with 60 chickpea germplasm accessions showed that
NCPGR90, a simple sequence repeat marker for phytic acid content and drought tolerance, is located
to the 5’UTR of CaIMP [68]. The transcript lengths of CaIMP are different between the drought-tolerant
and drought-susceptible accessions, suggesting this variation might regulate phytic acid contents in
plants, thus conferring drought tolerance in chickpea [68]. In another study, this variation also causes
the differential protein level and enzymatic activity of CaIMP [76].

Rice OsIMP is significantly upregulated by cold and ABA treatment by transcript
analyses [67]. The promoter analyses on sequence also identified several important stress-responding
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cis-acting elements, including ABRE-element (abscisic acid responsiveness), LTR (low-temperature
responsiveness), TCA-element (salicylic acid responsiveness), GARE-motif (gibberellins responsive),
and MBS (MYB binding site). Ectopic expression of OsIMP in tobacco improved cold tolerance.
The transgenic plants contained more inositol content, less hydrogen peroxide (H2O2), and less
malondialdehyde (MDA), with increased antioxidant enzyme activities under normal and cold stress
conditions [67]. It suggested that the accumulation of inositol by expressing OsIMP would modulate
the antioxidant enzymes’ activities to conquer cold stress.

5. Conclusions

Substantial evidences demonstrate inositol phosphates, phosphoinositides, and the related inositol
signaling play a crucial role in various life processes of development and environmental adaptation
in plants [1,4,6,7,12]. When plants suffer abiotic stress from the environment, a membrane receptor
would accept the stimulus and the membrane-associated phosphoinositides would pass the cellular
message by producing second messages, lipid-bound DAG, and soluble IP3. Components involved in
the inositol pathways have been noted for their general roles in stress tolerance. This article focused
on the knowledge about inositol phosphatases, which are considered to be more important in the
degradation pathway of IP3 signaling, and their function in plant responses to abiotic stress.

Around 30 members of inositol phosphatases from five families have been identified.
Their functions and mechanisms are still largely unknown. Biochemical and physiological data,
especially those from analytical techniques, have delineated their substrates and the affecting signals.
Moreover, the genetic evidences elucidate the genes’ function and how to pass the signals. In general,
loss-in-function of inositol phosphatases usually cause the accumulation of IP3 or phosphoinositides,
thus facilitating Ca2+ release from cellular stores and affecting ABA or other phytohormones’ pathways.
For their effects on lipid-bound phosphoinositides, several enzymes have been proved to be involved
in vesicle trafficking. For most of the inositol phosphatases, the existed evidences could only support
part of the model. There are also some other puzzles. Since phytic acid (InsP6) could also serve as a
signaling molecule to regulate Ca2+ release [6], what is the role of inositol phosphatases in this process?
There are multiple genes in the same family, especially 5PTases and SAC phosphatases. How do
plants coordinate their function? Most of the knowledge about these enzymes is obtained from the
mode plant Arabidopsis. Study from other plants is relatively rare. Do these inositol phosphatases
take a universal role in all plants under abiotic stress? Hopefully, more exploration will expand our
understanding about inositol phosphatases.
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Abbreviations

ABA abscisic acid
ABRE abscisic acid responsiveness
BST1 BRISTLED1
CBF CRT-binding factor
CVL1 CVP2-like1
CVP2 cotyledon vascular pattern2
DAG diacylglycerol
DGPP diacylglycerol pyrophosphate
DREB2A dehydration-responsive element-binding protein 2A
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ER endoplasmic reticulum
FRA3 fragile fiber 3
FRA7 fragile fiber 7
FRY1 FIERY1
Glc6P glucose-6-phosphate
GARE gibberellins responsive
HOS2 high expression of osmotic stress-regulated gene expression 2
IMP myo-inositol monophosphatase
IMPL inositol monophosphatase-like
Ins inositol
InsP 5-ptase inositol polyphosphate 5-phosphatase
IP inositol phosphate
IP3 Inositol(1,4,5)trisphosphate
IPK inositol polyphosphate multi kinase
IPPc inositol polyphosphate phosphatase catalytic
LTR low-temperature responsiveness
MBS MYB binding site
MDA malondialdehyde
MRH3 root hair morphogenesis 3
MIPS myo-inositol-3-phosphate synthase
P phosphate
PA phosphatidic acid
PAP 3′-phosphoadenosine 5’-phosphate
PAPS 2’-PAP and 3’-phosphoadenosine 5’-phosphosulfate
PI phosphoinositide
PIP5K PtIns4P 5-kinase
PIP4K PtIns4P 4-kinase
PIS phosphatidylinositol synthase
PKC protein kinase C
PLC phospholipase C
PPx-InsPs pyrophosphates
PTEN phosphatase and tensin homologue deleted on chromosome 10
PtdIns phosphatidylinositol
RHD4 root hair defective 4
RON1 rotunda 1
ROS reactive oxygen species
SAC suppressor of actin
SnRK1.1 sucrose nonfermenting-1-related kinase
TCA salicylic acid responsiveness
VTC4 vitamin C 4
XRN 5′ to 3′ exoribonuclease
5PTases inositol polyphosphate 5-phosphatases
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