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Preface

In the natural world, plants have long been known for their ability to withstand various

environmental challenges. These challenges, often manifesting as abiotic stress factors, evoke

responses at the molecular, biochemical, and physiological levels. Before a plant undertakes its

comprehensive response to such stressors, it initiates an intricate and multi-component signaling

system. This Special Issue, entitled “Abiotic Stress Signaling and Responses in Plants”, is a

compendium of 12 papers, both original research and review, exploring the vast realm of plant

signaling in the face of diverse abiotic stressors.

The articles included in this Special Issue provide insights into the world of plants’ resistance

against environmental factors. They uncover the complex mechanisms of signal transduction

cascades and offer potential strategies to enhance plant resilience, resource efficiency, and agricultural

productivity. We, as Guest Editors, extend our heartfelt gratitude to the authors who have chosen to

contribute their work to this Special Issue. Their efforts enrich our understanding of the remarkable

adaptability and response mechanisms of plants to stresses.

Małgorzata Nykiel, Mateusz Labudda, Beata Prabucka, Marta Gietler, and Justyna Fidler

Editors
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Abiotic Stress Signaling and Responses in Plants
Małgorzata Nykiel *, Marta Gietler , Justyna Fidler , Beata Prabucka and Mateusz Labudda

Department of Biochemistry and Microbiology, Institute of Biology, Warsaw University of Life Sciences-SGGW,
Nowoursynowska 159, 02-776 Warsaw, Poland; marta_gietler@sggw.edu.pl (M.G.);
justyna_fidler@sggw.edu.pl (J.F.); beata_prabucka@sggw.edu.pl (B.P.); mateusz_labudda@sggw.edu.pl (M.L.)
* Correspondence: malgorzata_nykiel@sggw.edu.pl; Tel.: +48-22-59326-74

1. Introduction

The responses of plants to stress factors are extremely elaborate. These responses
occur at multiple levels, ranging from alterations in the molecular processes to structural
changes in both the underground and aboveground parts of plants. The development of
a comprehensive response to stress by plants is preceded by the activation of an effective
system of signals. This Special Issue, under the title “Abiotic Stress Signaling and Responses
in Plants”, is a miscellany of twelve papers (both original research and reviews) related to
plant signaling under various abiotic stress factors.

2. Salt Stress

In the study of Wang et al. [1], the authors delved into the effects of salt stress on plant
reproductive structures. After subjecting plants to high salt concentrations, there was a
sharp decrease in water potential within these structures, leading to a notable increase
in seed abortion. The researchers suspected that this seed failure might be associated
with the accumulation of reactive oxygen species (ROS) in the plant’s ovules. Further
investigation revealed genes responsible for ROS scavenging. Mutations in certain genes,
such as iron-dependent superoxide dismutase (FSD2), ascorbate peroxidase (APX4), and
three peroxidases (POD) (PER17, PER28, and PER29), resulted in a significant increase in
seed failure under normal conditions. This study highlighted the complex relationship
between ROS and seed development.

Similarly, in the study by Lu et al. [2], in which the effect of salinity on selected bio-
chemical parameters in Robinia pseudoacacia seedlings was investigated, it was observed
that NaCl treatment resulted in increased ROS accumulation. At a relatively low NaCl con-
centration (50 mM), an increase in the activity of antioxidant enzymes was observed, as well
as an increase in the expression of genes related to the response to salinity, such as Na+/H+

exchanger 1 (NHX1) and salt overly sensitive 1 (SOS1). In turn, higher NaCl concentrations
(100–200 mM) resulted in a decrease in antioxidant activity and the downregulation of the
expression of the abovementioned genes, as well as a decrease in photosynthetic parameters
and damage to the chloroplast structure. The authors indicated that Robinia pseudoacacia
seedlings can tolerate low salt concentrations, while higher concentrations cause significant
damage and metabolic disorders, resulting in a reduction in plant biomass.

This Special Issue also includes a paper on the Arabidopsis ABSCISIC ACID INTEN-
SIVE 4 (ABI4) transcription factor (TF), which is involved in abscisic acid signaling and
the related response to abiotic stresses. Maymon et al. (2022) [3] studied the influence of
various factors on the stability of the ABI4 protein using transgenic Arabidopsis plants. It
was observed that the level of ABI4 increased significantly in seedlings under NaCl stress.
The obtained results indicate that ABAI4 is a highly unstable protein and is degraded by
the 26S proteasome. In turn, the phosphorylation of serine 114 catalyzed by MAP kinases
was responsible for the stabilization of the ABI4 protein. The authors suggested that the
regulation of both gene expression and ABI4 protein levels is essential for the regulation of
the activity of this key TF in abscisic acid signaling.
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3. Water Stress

The study of Kim and Sung (2023) [4] focused on rice, a crop known for its high water
consumption. To address this concern and enhance resource efficiency, the researchers exam-
ined the benefits of alternative wetting and drying (AWD) compared to continuous flooding
in rice cultivation. AWD proved effective in acquiring soil nitrate, and it led to an abundance
of amino acids in shoots, suggesting a rearrangement of amino acid pools to support protein
production during the shift from vegetative to reproductive growth. This research suggested
the potential advantages of AWD in rice production, emphasizing the need for the further
exploration of form-dependent nitrogen metabolism and root development.

In the study of Zhang et al. (2023) [5], the researchers investigated the response of
peach seedlings to drought stress and the role of lauric acid (LA). Their findings indicated
that LA pretreatment mitigated the negative effects of drought stress on peach seedlings. LA
played a role in preserving photosynthetic pigments, preventing the closing of pores, and
increasing the photosynthetic rate. Additionally, LA reduced the levels of superoxide anion,
hydrogen peroxide and malondialdehyde (MDA) by enhancing the activity of antioxidant
enzymes like catalase (CAT), POD, superoxide dismutase (SOD), and ascorbate peroxidase
(APX). RNA-Seq analysis revealed that LA affected the expression of genes associated
with plant–pathogen interactions, phenylpropanoid biosynthesis, and calcium signaling
pathways. These findings provided insights into the molecular mechanisms through which
LA enhances drought resistance in peach trees.

The study of Xiong et al. (2022) [6] in maize explored the role of a class-II LBD TF called
ZmLBD5 in response to drought stress. ZmLBD5 was found to regulate plant growth and
drought tolerance. The overexpression of ZmLBD5 in Arabidopsis increased susceptibility to
drought, which was characterized by higher rates of water loss and altered stomatal behavior.
Importantly, ZmLBD5 also influenced the level of ROS, with increased activities of antioxidant
enzymes like SOD and POD. This research highlighted the significance of ZmLBD5 in the
plant’s response to drought stress, shedding light on its molecular mechanisms.

Waterlogging is an additional abiotic stress which inhibits aerobic respiration, resulting
in the reduction of plant growth and significant yield losses in many plants. Waterlogging
causes hypoxic conditions due to the slow diffusion of molecular oxygen in water, leading to
various morphological and cellular acclimation responses. In the study of Li et al. (2023) [7]
it was shown that waterlogging treatment reduced the levels of chlorophyll, soluble protein,
soluble sugars, proline, and MDA in mulberry plants. Additionally, it decreased the activi-
ties of enzymes like APX, POD, and CAT. Waterlogging affected the rate of photosynthesis,
stomatal conductance, and transpiration rate. It has been shown that the expression of
10,394 genes in total was changed under waterlogging, and photosynthesis-related genes
such as cytochrome b6/f complex gene petC and photosynthetic electron transport gene
petE were significantly downregulated. The research was conducted on mulberry cultivars
with two propagation methods (cutting and grafting). Cutting groups were found to have
a better ability to recover from waterlogging stress than grafted mulberries. These find-
ings provide valuable insights into the underlying mechanisms of dual-method mulberry
propagation in response to waterlogging stress and highlight the potential for developing
waterlogging-tolerant mulberry cultivars.

4. Varia

Another important environmental stress is grazing, which significantly disturbs the
growth and metabolism of plants, both through mechanical damage caused by foraging
and trampling and the accumulation of feces. In the experiments conducted by Wang et al.
(2022) [8], the influence of different grazing intensities on the transcriptome of Taraxacum
mongolicum was examined. The greatest changes at the transcriptomic level of grazed plants
compared to untreated plants concerned genes related to cell signaling and phytohormones,
as well as those related to secondary metabolism and photosynthesis. Furthermore, it was
observed that heavy grazing resulted in a more intense response at the transcriptomic level
compared to light grazing. The authors indicated that the expression of genes related to

2
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secondary metabolism and photosynthesis may contribute to the increased stress tolerance
of the studied species, and the obtained results provide important data on the molecular
response to grazing.

Seed germination is a vigorous stage in the plant life cycle, and it begins with seed
rehydration and imbibition. Due to the resumption of respiratory activity following imbi-
bition, the oxygen content in the seed tissue is rapidly diminished. Therefore, the supply
of the oxygen through the seed coat to the embryo becomes limited, which generates the
hypoxic environment in the seed. The study of Jayawardhane et al. (2021) [9] on two
species, hypoxia-tolerant rice and hypoxia-sensitive barley, showed differences in their
metabolic activity, necessary for subsequent germination steps. It has been shown that
the embryos of rice seeds have higher alcohol dehydrogenase activity, indicating more
efficient anaerobic fermentation and an elevated nitric oxide (NO) level corresponding
to a higher NO turnover rate via the phytoglobin–NO cycle. Both fermentation and NO
turnover resulted in a higher ATP/ADP ratio in rice embryos prior to radicle protrusion,
as compared to barley. Additionally, the activities of antioxidant enzymes (SOD, APX,
monodehydroascorbate reductase, and dehydroascorbate reductase) in imbibed embryos
were higher in rice than in barley, which corresponded to the reduced levels of ROS, MDA,
and electrolyte leakage. In summary, the observation of metabolic changes in the embryos
of two cereal species differing in tolerance to hypoxia can explain the adaptation of rice to
low-oxygen environments.

This Special Issue also includes three review articles that analytically and critically
summarize contemporary research in the area of plant signaling and response to abiotic
stress. Each of them presents and analyzes research results from a different angle, the
primary goal of which is to understand the induction processes and mechanisms that allow
plants to survive unfavorable environmental and climatic conditions.

Thus, Jeyasri et al. [10] summarize the impact of important environmental factors caus-
ing abiotic stresses, such as atmosphere, soil, and water, on the growth and development of
the world’s most important cereal species: rice, wheat, sorghum, and maize. In their article,
they focus on the use of systems biology and advanced sequencing approaches in genomics
to explain the mechanism of the response to abiotic stresses in cereals. The authors present a
holistic approach, enabling an understanding the mechanism of response to abiotic stresses
(bioinformatics and functional omics, gene mining and agronomic traits, genome-wide
association studies, and TF family). In the article, they also highlight how progress in omics
studies facilitates the identification of genes responsive to abiotic stresses and influences
the understanding of the interactions between signaling pathways, molecular insights,
novel traits, and their importance in cereal crops. The authors emphasize the need for
further research to obtain information from integrated omics databases to understand the
mechanisms of abiotic stresses, which gives hope for the development of plant production
with a large spectrum of stress tolerance.

The review article by Nykiel et al. [11] focuses on the discussion of signal transduction
pathways in cereals under the influence of factors such as drought, salinity, heavy metals,
and attack by pathogens and pests, but also, which is especially worth emphasizing, the
crosstalk between reactions in response to double stress. This work summarizes the latest
discoveries regarding signal transduction pathways and integrates information available
in the contemporary literature, which is an important starting point not only for the precise
formulation of future research tasks that will lead to a full explanation of the mechanism
of plant response to stress factors, but also for further progress in the creative breeding of
stress-tolerant cultivars of cereals.

In turn, Radani et al. [12] focus in their article on the Helix–Loop–Helix (bHLH) plant
family TFs, involved in responses to abiotic stress, representing one of the most important
families of eukaryotic genes containing the highly conserved bHLH motif. These factors acti-
vate or repress the transcription of specific response genes and thus influence the response to
abiotic stresses such as drought, climate change, mineral deficiencies, excessive salinity, and
water stress, and the regulation of these factors is crucial in achieving a better control of their

3
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activity. With the use of figures, the authors present the structural features, classification,
functions, and regulatory mechanisms of the expression of bHLH TFs at the transcriptional
level by other pre- and post-translational components (ubiquitination, phosphorylation, and
glycosylation) during their response to various abiotic stress conditions.

5. Summary

Taken together, the contributions presented in this Special Issue contribute signif-
icantly to our understanding of plant responses to environmental stressors, including
signal transduction cascades, and indicates potential strategies to enhance the resilience,
resource efficiency, and overall agricultural productivity of plants. As Guest Editors, we
are thankful to all of the authors for choosing to publish their articles in our Special Issue.
We also recognize and appreciate the engagement of the reviewers who reviewed all of the
submitted manuscripts.

Author Contributions: Conceptualization, M.N.; formal analysis, M.L.; writing—original draft
preparation, M.N., M.G., J.F., B.P. and M.L.; writing—review and editing, M.L.; supervision, M.N. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Abiotic stresses (AbS), such as drought, salinity, and thermal stresses, could highly affect
the growth and development of plants. For decades, researchers have attempted to unravel the mech-
anisms of AbS for enhancing the corresponding tolerance of plants, especially for crop production in
agriculture. In the present communication, we summarized the significant factors (atmosphere, soil
and water) of AbS, their regulations, and integrated omics in the most important cereal crops in the
world, especially rice, wheat, sorghum, and maize. It has been suggested that using systems biology
and advanced sequencing approaches in genomics could help solve the AbS response in cereals. An
emphasis was given to holistic approaches such as, bioinformatics and functional omics, gene mining
and agronomic traits, genome-wide association studies (GWAS), and transcription factors (TFs)
family with respect to AbS. In addition, the development of omics studies has improved to address
the identification of AbS responsive genes and it enables the interaction between signaling pathways,
molecular insights, novel traits and their significance in cereal crops. This review compares AbS
mechanisms to omics and bioinformatics resources to provide a comprehensive view of the mech-
anisms. Moreover, further studies are needed to obtain the information from the integrated omics
databases to understand the AbS mechanisms for the development of large spectrum AbS-tolerant
crop production.

Keywords: abiotic stress; GWAS; Oryza sativa L.; plant omics; Triticum aestivum L.; Sorghum bicolor L.;
transcription factors; Zea mays L.

1. Introduction

Cereals are grasses (a monocot family Poaceae, also known as Gramineae) cultivated
for the edible components of the grain. The most important staple cereal crops are wheat,
rice, maize, sorghum, barley, oats, and millet. These cereals are cultivated for the edible
components of their caryopsis, composed of the endosperm, germ, and bran. These plants
have evolved to live in environments where they are often exposed to various stressors
such as high temperature (HT), drought, salinity and mineral toxicity, and the water
deficiency [1,2]. Cereals are widely utilized crops in world agriculture, with an overall
production of 2500 million tonnes being harvested globally in 2011. On a worldwide basis,
rice, wheat and maize are the three most important cereal crops, which together comprise
at least 75% of the world’s grain production. Also, in 2011 723, 704, and 883 million tonnes
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of rice, wheat, and maize were harvested, respectively. Cereals contain major nutritional
and energy sources such as proteins, carbohydrates, minerals, amino acids, fiber, and
micronutrients such as vitamins, magnesium, and zinc for the global population [3,4]. Asia,
America, and Europe produce 80% of the world’s cereal grains. Rice, sorghum, millet
and wheat are widely produced in Asia; likewise, corn and sorghum in America and
barley, rye, and oats in Europe. Cereals are a pivotal nutrient source in both developed
and developing countries, however, the utilization pattern of these cereal grains differs.
In developed countries, more than 70% of total cereal production is fed to the animals,
whereas in underdeveloped countries, 68 to 98% of the cereal production is used for human
consumption [5].

Abiotic stresses (AbS) (predominantly drought, cold, salinity, and heat), adversely
affect diverse plant developmental stages. They are highly complex and affect the various
plant dynamisms at the transcriptome, cellular, and physiological processes such as flower-
ing, grain filling, and maturation [6,7]. The ability of cereal crops to tolerate dominant AbS
comprises water deficit (drought), flood (anoxia), salinity, high/low temperature, and other
osmotic stresses is an essential aspect of yield resilience, and its improvement has long
been a target for plant breeders and researchers [8]. The rapidly changing global climate
is affecting crop productivity and food availability due to the ever-increasing population,
resulting in a demand for stress-tolerant crop varieties that have never been greater [9,10].
Understanding the molecular cross-talk of plant responses to various stresses is crucial in
providing opportunities for the development of broad-spectrum stress-tolerant crops. As a
result, it is crucial to understand the AbS tolerance dynamic while also devising a new and
improved approach for dealing with their detrimental influence on the agricultural sector.
The recent game-changing advances in bioinformatics and integrating omics technologies
could serve as the most immediate and prospective strategies for improving AbS tolerance
in cereal crops. Omics approaches lead to understanding the stress tolerance mechanisms
at the molecular level including genomics, functional genomics, genetic engineering, gene
expression, protein or metabolite profile(s), and their overall phenotypic effects. In crop
breeding techniques, the identification and characterization of the genes and the specific
genetic regions associated with both the quantitative and qualitative agronomic traits have
been a major challenge. In recent breeding programs, a high-throughput marker-assisted
system is extensively being used to enhance selection accuracy and efficiency.

2. Cereal Crops
2.1. Comparative Nutritive Values of Cereal Crops

Cereal grains have low protein content when compared to food legumes and oilseeds,
with rice being the lowest. Among the essential amino acids for humans, lysine is the
most limiting in all cereal grains. Most cereal proteins are rich in cysteine, methionine
and sulfur-containing amino acids. The biological value (BV) ranges from 55 to 77.7%,
protein digestibility (TD) 77 to 99.7%, and net protein utilization (NPU) 50 to 73.8% in
different cereal diets fed to growing rats. Barley contains relatively more amounts of lysine
compared with other cereal crops. The utilization of legumes is known to be affected
by the presence of several antinutrients, such as metal chelates, antivitamins, goitrogens,
cyanogens, inhibitors of proteases and amylases, toxic phenolic glycosides, and amino
acid derivatives [11]. Hence, proper processing of cereal-legume mixture is required to
minimize these antinutrients before consumption. Compared with animal foods cereal
grains products are inferior in both nutritional and sensory qualities. Physical, chemical,
biological, and/or physiological modifications can improve both the nutritional and evident
qualities of the grains [12]. Moreover, natural processes like fermentation and controlled
germination with natural microflora are highly beneficial in improving the quality of cereal-
based food. Important cereal crops and their comparative nutritive values are given in
Table 1.
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Table 1. Comparative nutritive value of cereal grains.

Factor Wheat Maize Rice Barley Sorghum Oat Millet Rye

Available CHO (%) 69.7 63.6 64.3 55.8 62.9 62.9 63.4 71.8
Energy (kJ/100 g) 1570 1660 1610 1630 1610 1640 1650 1570
Digestible energy (%) 86.4 87.2 96.3 81.0 79.9 70.6 87.2 85.0
Vitamins (mg/100 g)
Thiamin 0.45 0.32 0.29 0.10 0.33 0.60 0.63 0.66
Riboflavin 0.10 0.10 0.04 0.04 0.13 0.14 0.33 0.25
Niacin 3.7 1.9 4.0 2.7 3.4 1.3 2.0 1.3
Amino acids (g/16 g N)
Lysine 2.3 2.5 3.8 3.2 2.7 4.0 2.7 3.7
Threonine 2.8 3.2 3.6 2.9 3.3 3.6 3.2 3.3
Met. & Cys. 3.6 3.9 3.9 3.9 2.8 4.8 3.6 3.7
Tryptophan 1.0 0.6 1.1 1.7 1.0 0.9 1.3 1.0
Protein quality (%)
True digestibility 96.0 95.0 99.7 88.0 84.8 84.1 93.0 77.0
Biological value 55.0 61.0 74.0 70.0 59.2 70.4 60.0 77.7
Net protein utilization 53.0 58.0 73.8 62.0 50.0 59.1 56.0 59.0
Utilization protein 5.6 5.7 5.4 6.8 4.2 5.5 6.4 5.1

2.2. Rice (Oryza sativa L.)

Rice is the second most widely consumed cereal, serving as a staple food for more
than half of the world population and 90% of Asians. Rice, known as the grain of life,
contains 80% carbohydrates, 7–8% protein, 3% fat, and 3% fiber [13]. In most countries, rice
being the most dominant cereal crop can improve the health condition of millions of people
who consume it. It plays an important role in health benefits and Lifestyle-related disease
prevention such as high blood pressure, cancer prevention, Alzheimer’s diseases, skincare,
diabetes, heart disease, and dysentery [14–16]. However, rice plants are severely affected
by various AbS, major stressors such as drought, cold, salinity, and high temperature [17].

Excess salinity in the soil is one of the major abiotic stress factors that affect the growth
and productivity of a wide variety of crops including rice. Generally, rice can tolerate a
modest amount of saltwater without affecting its growth and yield. However, it highly
depends on the types and species of rice used as well as their growth stage [18]. According
to Lee et al. [19], indica has a higher tolerance level than japonica at the seedlings stage.
Rice is grouped as a salinity-sensitive cereal at an early stage of growth, which limits its
production efficiency at the mature stage [20–22].

2.3. Maize (Zea mays L.)

Maize or corn is an important cereal crop grown in diverse agro-ecological zones
and farming systems and socio-economic backgrounds in sub-Saharan Africa (SSA) [23].
After rice and wheat, maize is the world’s third most important crop, and it is known
as the “Queen of Cereals” because it has the highest production potential of all the cere-
als [24]. It is a predominant source of nutrition as well as phytochemical compounds such
as carotenoids, phenolic compounds, and phytosterols [25]. Phytochemicals are naturally
occurring bioactive compounds in plants that provide human health benefits while also
preventing the risk of major chronic diseases [25,26]. Maize is believed to have poten-
tial anti-HIV activity due to the presence of Galanthus nivalis agglutinin (GNA) lectin or
GNA-maize [25]. The studies revealed that phytochemicals in grains due to their potent
antioxidant activities demonstrate significantly reducing the risk of many diseases such as
cardiovascular disease, type 2 diabetes, Diet-related disorders, and cancers [27].

The growth and productivity of maize are severely affected by several abiotic stresses
such as salinity drought, waterlogging, cold, and nitrogen stress. Among them, salinity
stress causes several biochemical and physiological changes in maize, such as disruption
of cellular homeostasis, ionic imbalance, nitrogen fixation, respiration, inhibition of several
metabolic enzymes such as photosynthetic enzymes etc (enzyme toxicity) [28]. Drought is
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one of the most detrimental AbS which are seriously affecting the productivity of cereal
crops. However, while maize is known as the “Queen of Cereals” across the world, it
is susceptible to drought. Drought can affect kernel weight following silking stage up
to maturity. Severe drought can reduce the yields of maize during this period by 20 to
30%. During the grain filling stage because of reduced photosynthesis accelerated leaf
senescence takes place [29]. More recently, new biotechnological tools have emerged to
further accelerate the grain selection and improvement for enhancing the tolerance to
drought conditions.

2.4. Wheat (Triticum aestivum L.)

Wheat is a major staple crop for several countries, grown on around 10 million ha
in Africa and it comes from a type of grass (T. aestivum L.) that is grown in countless
varieties worldwide. As a result of a growing population, changing food preferences,
and socioeconomic change associated with urbanization and industrialization, wheat
consumption steadily increased during the past two decades in all African countries [30,31].
Wheat consumption provides up to 50% of daily calories and proteins. Wheat is often
considered to be a source of energy (carbohydrate) and also contains a significant amount
of other important nutrients including proteins, fiber, and minor components such as
lipids, vitamins, minerals, and phytochemicals that may significantly contribute to the
individual diet [32,33]. It reduces the risk of cardiovascular disease, type 2 diabetes, and
forms of cancer (notably colorectal cancer) [34,35]. Dietary fiber components also have
high heritability and are amenable to manipulation by breeding. Therefore, plant breeders
should be able to select plants with enhanced health benefits in addition to increased crop
productivity [36,37].

However, wheat plants are severely affected by different AbS, such as salinity, drought,
cold, and heat. Heat stress affects wheat growth and yield, particularly at grain develop-
mental stages. The effect of a 3-day heat shock on biomass production was less than the
pre- and post-treatment growing temperature [38]. Salinity stress also affects the growth
and productivity of wheat. The increasing salinity of irrigation water had a significant
adverse effect on the yield of wheat. Domestic wheat lines could be grown at salinity
concentrations ranging from 4 and 8 g/L with minimal reduction in biological and grain
yield. Moreover, many physiological and biochemical approaches have been developed in
plants to survive at high salt concentration. The most effective approach to solve the salt
problem is to improve wheat adaptation under salinity stress conditions and enhance its
grain yield. Various biotechnological approaches are required to understand the genetic
and physiological mechanisms of natural differences in salinity tolerance of wheat and to
obtain methods to explore the inherent genetic differences, to get new candidate genes for
improving salt tolerance in wheat [39,40].

2.5. Sorghum (Sorghum bicolor L.)

Sorghum is the fifth most important food and feed crop in the world. It is the main
cereal food for semi-arid tropical regions of Africa, Asia, and Latin America. Sorghum
species (S. vulgare and S. bicolor) are members of the grass family. Sorghum is resistant
to drought and water-logging and is grown in different soil conditions [41]. It is mainly
composed of starch, protein and unsaturated fatty acids and is an essential source of
some vitamins and minerals [42]. Sorghum is the most abundant and omnivorous cereal
secondary metabolites of plants, including up to 6% of 3-deoxyanthocyanidine, phenolic
acid, flavonoids, and tannins [43,44]. Phenolic and soluble compounds play an important
role in balancing or stabilizing the intestinal microbiota and the parameters associated
with obesity, oxidative stress, inflammation, diabetes, dyslipidemia, hypertension, and
cancer [45].

Among the various AbS, drought and temperature stress are of foremost important
that limits sorghum production. Severe drought causes considerable yield loss in sorghum,
and it has a greater impact on grain filling and flowering compared to vegetative stage.

8



Plants 2021, 10, 1472

Drought adversely affects various physiological functions, inflorescence development and
leaf growth of the sorghum [46,47]. Interestingly, genome and transcriptome sequencing,
annotation projects and recent literatures paved the way to identify the candidate genes
through omics databases, which are predicted to be involved in individual and combined
abiotic stress (CAbS) responses. This claim supports to understanding the stress tolerance
mechanism and environmental adaptation, as well as promoting the green revolution of all
other food crops [47,48].

3. Abiotic Stress (AbS) Dynamism on Cereal Crops

The atmosphere, soil, water and their associated factors are the major abiotic stressors
affecting modern agricultural systems [49].

3.1. Atmospheric Factors
3.1.1. Rainfall

In semiarid regions, rainfall is one of the primary AbS factors affecting soil erosion and
crop production in rain-fed agriculture. It controls soil salinity and acidic properties. Sulfur
dioxide (SO2) and nitrogen oxides (NOx) from fossil fuel burning merge with water and
oxygen in the atmosphere resulting in acid rain. It also reduces the soil pH and removes
nutrients and minerals from the soil that can be harmful to plants [50].

3.1.2. Temperature

The plant underwent a high temperature that caused certain mechanical damages
including expansion-induced-lysis, phase transitions and fracture lesions in membranes,
and physical damage [51]. Depending on the temperature plant species have been classified
into three groups: chilling-sensitive, freezing-sensitive, and freezing-resistant plants [52].
Freezing may alter the growth and can cause frost-hardening/cold hardening and also
induces the production of reactive oxygen species (ROS), which damages membrane
components, and results in protein denaturation [53,54]. Chilling stress including reduced
leaf expansion and wilting, affects the reproductive development of plants, chlorosis, and
may lead to necrosis.

3.1.3. Gases

An increase in the level of greenhouse gases in the atmosphere such as carbon dioxide
(CO2), methane (CH4), nitrous oxide (N2O), ozone (O3), water vapor (H2O), and some arti-
ficial chemicals such as chlorofluorocarbons (CFCs) increases the atmospheric temperature.
As CO2 levels increase in the atmosphere, nitrogen concentration is decreased in plants.
Thus, decreasing the protein levels and affects the growth ability of plants [55].

3.1.4. Radiation

Ultraviolet (UV) and ionizing radiations affect plant growth and development in
many ways. Radiations may disrupt stomatal resistance, damage plant cells, increases
cell mutations, prevents seed growth, and reduce plant fertility [56,57]. Photon irradiation
(such as H2O, CO2, CH4, N2O, and O3) generates cellular damages in root and leaf tissue.

3.1.5. Wind

Plant tissues can be damaged during hot, humid, hazy weather with little wind. Wind
decreases the phytohormonal content of roots and shoots in cereal crops. The direction and
velocity of the wind will affect plant growth and development [49].

3.2. Soil Factors
3.2.1. Soil Properties

Salt stress (salinity) causes multifarious effects in plants such as ionic effect, osmotic
effect, nutrient and hormonal imbalance, and production of ROS [58]. Plant growth and
productivity are severely affected by the accumulation of sodium (Na+) and chloride (Cl–)
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ions that leads to creating ionic, osmotic, and oxidative stresses [59–63]. Sodium-ion (Na+)
has been detected to intervene in multiple metabolic processes such as protein translation,
transcription, and enzyme activity that ultimately led to osmotic stress. Functional genomic
approaches provide new opportunities to unravel the functional roles of AbS responsive
genes, enabling the identification of genes and generation of stress-tolerant plants especially
on important cereal crops [64]. Plants can generally tolerate salinity stress mainly by three
mechanisms, which include ion exclusion, osmotic tolerance and tissue tolerance. Osmotic
tolerance is regulated by long-distance signaling waves that reduce cell expansion in root
tips, leaves, and stomatal conductance [65,66]. Ion exclusion mainly involves the transport
of Na+ and Cl− into roots which prevent the reduction of Na+ accumulation in shoots.
Tissue tolerance involves the exposure of tissues to the accumulated Na+ and Cl− at cellular
and intracellular levels, synthesis of compatible solutes, and production of the enzyme
catalyzing detoxification of ROS [67].

3.2.2. Pollution

Soil contamination was widespread as a result of the rapid application of some harmful
pesticide compounds which can infiltrate the natural environment in two ways depending
on their solubility. The pesticide-contaminated soil may affect the availability of nutrients
in plants. Rapid industrialization near agricultural lands may affect crop growth and
production. Heavy metals such as Fe, Mn, Zn, Cu, Mg, Mo, B, and Ni in the soil of a partic-
ular area significantly affect the morphological, metabolic, and physiological anomalies in
plants. It ranges from chlorosis of shoot to lipid peroxidation and protein degradation [68].
Among them, ‘B’ is an essential element for plant growth and simultaneously affects the
growth and yield at higher levels.

3.2.3. Degradation

Nutrient deficiency has been considered as the main cause of poor crop productivity.
Of the global land area of 13.5 billion ha, among that only 3.03 billion ha (22%) is cultivable
and about 2 billion ha is degraded. Disposal of oil shales, heavy metal contamination of
soil, and spillage of crude oils adversely affect the severe root damage that governs nutrient
irregularity [69].

3.3. Water Factor
3.3.1. Suboptimal

The most important constraints for agriculture are the water limitation, declining
rainfall, and increasing temperature which significantly affects the growth of crop plant
areas. A wide range of strategies such as genetical, physiological, biochemical, and molec-
ular levels are well defined in plants. However, recent advancements are also available
to obtain important drought-tolerant crops using conventional, marker-assisted breeding,
and genetic engineering [70,71].

3.3.2. Supraoptimal Salinity

High salinity can be toxic for many crops, but halophytes have adapted to the worse
salt conditions, which are found in several coastal areas, such as salt marshes, and inland
arid areas. These zones, having a high rate of evaporation tends to concentrate salts in the
mineral content of the soil. Those halophytes are morpho-physiologically and reproduc-
tively adapted to saline, waterlogged and anaerobic conditions. Nutrient deficiency or the
presence of toxic substances such as heavy metals in the soil can also result in the AbS [49].

3.3.3. Waterlogging

Flood water usually causes a water-logged situation in the field. In waterlogged soils,
within 24 h the oxygen concentration drops down to zero because water replaces most
of the air in the soil pore space. Roots need oxygen for their respiration and cell viability.
Water-logging limits oxygen supply to the roots, if any remaining oxygen is used up by
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the roots from flooded or waterlogged soils, then the normal function of the roots will
be arrested. Therefore, the leaves and stems are unable to obtain enough minerals and
nutrients hence the roots start to die off in water-logging conditions [72].

4. Bioinformatics and Functional Omics Approach to Explore the AbS
Tolerance Mechanism

The process of gene regulatory dynamism in various cellular, physiological and bio-
chemical mechanisms in plants was altered by environmental factors. Therefore, to analyze
the processes involved in this regulatory mechanism, several functional omics projects,
have been initiated across the world in recent years [49,73,74]. Moreover, multiple omics
and bioinformatics approaches have been used for developing crop plants that are tolerant
to AbS through molecular breeding and genetic engineering and also through advance-
ments and increasing knowledge in genetics, genomics, and molecular physiology [75,76].
Hence, the development of new functional omics and computational biology software and
tools paved the way to identify the AbS responsible candidate genes from gene pools. In
addition, the use of high-throughput techniques has been employed such as expression
reads by RNA-Seq, random and targeted mutagenesis, gene shifting, complementation,
and synthetic promoter trapping approaches make many avenues for functional analyses
of AbS responsive genes and tolerance mechanisms [77]. Transcription factors (TFs) are
crucially important in knowing the appropriate molecular processes and pathways that
are involved in plant growth and survival under AbS conditions [78–80]. AbS are the
quantitative and multiple genes associated in nature, these stress molecular cross-talks and
their pathway interconnections are found under AbS conditions. Again, understanding the
post-translational modifications (PTM) degradation of proteins and non-coding miRNA
interactions allow the modulation of the target proteins. Similarly, some of the siRNAs
play an important role as stress-inducers and affect protein synthesis including alternative
splicing. The genome-wide association studies (GWAS) have become popular to provide
novel strategies to identify and characterize the unique stress-responsive genes, which are
introduced into crop plants and used in building up the tolerance against various AbS
conditions [80]. In this record, the identification, and characterization of specific stress-
responsive genes along with their promoters are analyzed for specificity. Integrated omics
and bioinformatics approaches have been used to study the AbS responsible genes, their
corresponding growth regulations and their encoding global metabolic network. With the
advent of newly developed functional omics can be broadly categorized into two poten-
tial approaches used in manipulating gene-pool for enhancing the AbS tolerance, which
contains: (i) identification of stress-responsive genes followed by genetic engineering to
improve the stress tolerant cereals development and (ii) mining of marker associated with
agronomically important genes and their use in marker-assisted breeding programs.

Importance of Omics in Enhancing Nutritive Values
In the era of post-genomics, revealing the interconnected functional attributes between

genes transcripts, metabolites, proteins and nutritional biology remains a major challenge.
New advances in omics such as genomics, transcriptomics, proteomics and metabolomics
will have an essential advantage in the bio-fortification processes in plants.

5. Gene Mining

Functionally integrated omics and computational biology tools for AbS tolerance
include reconnaissance of novel AbS responsive genes and the expression levels, that may
induce the AbS response. These omics approaches are used to understand the functional
role of AbS -responsive genes and the generation of stress-tolerant transgenic lines. In
addition, they also pave the way for guiding genetic and metabolic engineering studies.
In cereals, large numbers of expressed sequence tags (ESTs) have been generated from
different cDNA libraries, collected from AbS treated tissues at different developmental
stages, and are considered as a significant functional genomic approach to impute the AbS
responsive genes. The expressed sequence tag database (dbEST) provides information
about the number and type of different AbS tolerant species. Genomics-based approaches
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were started in all the crop plants such as barley, rice, maize, wheat, and sorghum (stress-
genomics.org). A total of 13,022 AbS related ESTs were reported from Hordeum vulgare,
13,058 genes from O. sativa, 17,189 from S. bicolor, 2641 from Secale cereale, 20,846 from
T. aestivum and 5695 regulators from Z. mays using gene index of TIGR database (http:
//www.tigr.org/tdb/tgi/ accessed on 16 April 2021) [81]. However, publicly available
ESTs libraries with AbS data are few. For this reason, the sequence-specific approach that
is based on cDNA libraries from cereal stress resistant genotypes may be improved in
different developmental periods to encompass a larger range of tissue types and organs of
many species. Functional characterizations of the different AbS treated genes are studied
using BlastX [82] by comparing the Swissprot dataset (http://www.uniprot.org/ accessed
on 24 April 2021) [83]. Moreover, the EST clustering results provides consensus sequences
which are more informative than typical EST data. Drought-responsive genes have a
lot of features that include metallothionein-like proteins, late embryonic abundant (LEA)
proteins, heat-shock proteins, cytochrome P450 enzymes, catalases, peroxidases, kinases,
phosphatases, and TFs (DREB, MYB, MYC, AP2-EREBP, ZF-HD, NAC, WRKY, and bHLH
protein) that were abundantly expressed during drought stress [78,84]. Recent research
was carried out to identify ESTs in the NaCl-treated cDNA library of Thellungiella halophila
and also from monocots like barley, wheat, maize, and rice [85]. Furthermore, novel studies
are needed to be conducted on all food crops for future food security and production.

6. Transcript Signature Usage in Stress Responsive Gene Mining

Several computational approaches are employed to quantify the expression intensities
of EST on its programs in cereal crops such as rice [86], barley [87], and maize [88]. The
microarray technology is used for transcript expression profiling, Mission Planning and
Scheduling System (MPSS), Serial Analysis of Gene Expression (SAGE), and quantitative
real-time PCR (qRT-PCR) these are further modern approaches for the quantification un-
der the controlled and stressed tissues of large number of gene expression studies [89].
Microarray-based transcript profiling was carried out in Arabidopsis [90] as well as in
important cereal species [91,92] have comprehensively analyzed the gene expression signa-
ture in response to unique and multiple AbS. An EST-cDNA array technology provides a
pivotal tool to compare the relative expression levels between normal and treated plants
to unveil the functions of AbS responsive candidates. In addition to that, it is used to
identify and understand the genes involved in transcriptional reprogramming and signal
transduction pathways.

TFs, are the protein-containing domains that imply the DNA binding and transcript
regulatory activities. The TF families were classified into more than 50, based on the
presence of highly conserved motifs (Table 2). Computational omics studies were used
to identify and understand the molecular cross-talks of plant developmental stages, ex-
pression profiling, and physicochemical properties [84,93]. The TFs are mainly involved in
diverse stress tolerance and plant growth metabolisms such as cold, salinity, drought, metal,
submergence, heat, low/high temperature, light, UV, O3, osmotic, oxidative stress, and
signaling, tissues development, regulation of plant physiological metabolisms respectively.
It is the essential key factor to unravel the candidate gene functions and their dynamism.

Table 2. C3 and C4 crop species transcription factor families and their number of family members.
(Source: https://grassius.org/grasstfdb.php/ accessed on 19 May 2021) [94] (http://planttfdb.cbi.
pku.edu.cn/ accessed on 19 May 2021) [95]).

S. No Transcription Factors (TFs) Rice Sorghum Maize Wheat

1 ABI3-VP1 55 60 51 -
2 BBR/BPC 04 05 04 05
3 C2C2-GATA 23 27 36 -
4 CCAAT-HAP2 11 09 16 -
5 G2-like 44 41 59 100
6 HSF 25 24 29 53

12



Plants 2021, 10, 1472

Table 2. Cont.

S. No Transcription Factors (TFs) Rice Sorghum Maize Wheat
7 Orphans 185 177 339 -
8 WHIRLY 02 03 02 07
9 Alfin-like 09 13 19 -

10 bHLH 135 143 175 -
11 C2C2-YABBY 08 08 13 -
12 CCAAT-HAP3 12 - 04 -
13 GeBP 13 15 21 12
14 MADS 70 76 77 -
15 SBP 19 18 32 37

16 WRKY 103 94 125 171
17 AP2-EREBP 164 156 212 -
18 bZIP 92 91 128 186
19 C2H2 09 07 10 224
20 CCAAT-HAP5 22 - 18 -
21 GRAS 60 76 86 121
22 MYB 114 113 167 263
23 TCP 22 28 44 28
24 ZF-HD 15 15 21 20
25 ARF 27 27 38 45
26 BZR 06 08 10 -
27 C3H 46 44 54 100
28 CPP 11 08 13 24
29 GRF 12 10 15 16
30 MYB-related 71 80 116 227

31 Trihelix 17 19 43 46
32 ZIM 21 19 36 -
33 ARID 06 07 10 -
34 C2C2-CO-like 08 09 14 -
35 CAMTA 06 06 05 20
36 E2F-DP 09 10 19 24
37 Homeobox 95 83 133 -
38 NAC 144 123 134 263
39 TUB 15 13 15 -
40 ARR-B 06 10 08 22
41 C2C2-Dof 30 29 46 -
42 CCAAT-DR1 01 - 17 -
43 EIL 09 07 09 16
44 HRT 01 01 - -
45 NLP 13 13 17 -
46 VOZ 02 02 05 06
47 CCAAT - 32 - -
48 mTERF - - 30 -
49 OVATE - - 43 -
50 Sigma70-like - - 09 -
51 PLATZ - - 15 -
52 FAR1-like - - 15 -
53 Rcd1-like - - 10 -
54 FLO/ LFY - - 02 -
55 S1Fa-like - - 02 03
56 CSD - - 04 -
57 LBD - - 44 61
58 DBP - - 04 -
59 SHI/STY (SRS) - - 09 -
60 AP2 - - - 43
61 BES1 - - - 10
62 ERF - - - 181
63 HRT-like - - - 03
64 M-type-MADS - - - 77
65 NF-X1 - - - 02
66 RAV - - - 08
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Table 2. Cont.

S. No Transcription Factors (TFs) Rice Sorghum Maize Wheat

67 TALE - - - 52
68 DBB - - - 17
69 FAR1 - - - 201
70 MIKC_MADS - - - 51
71 NF-YA - - - 22
72 Dof - - - 52
73 HB-PHD - - - 06
74 NF-YB - - - 34
75 YABBY - - - 25
76 B3 - - - 140
77 GATA - - - 48
78 HB-other - - - 44
79 LFY - - - 02
80 NF-YC - - - 20
81 SRS - - - 05
82 CO-like - - - 07
83 HD-ZIP - - - 62
84 LSD - - - 13
85 Nin-like - - - 29
86 STAT - - - 02
87 WOX - - - 26

‘-’ indicates that TF family was absent in particular crop.

Diverse literary information revealed the importance of plant stress mechanisms
analyzed by gene expression signature. Two kinds of pathways involved in this type of
gene expression studies are (i) desiccation tolerance in an ABA-dependent manner by ABA-
responsive element binding factors (ABF), MYC and MYB TFs, and (ii) ABA-independent
and associated with drought-responsive element binding factors (DREB) [96]. Recent
studies are providing evidence, that other than the ABA-associated pathways, there exists
an interlinked relationship between cold and salinity stress signaling pathways.

In cereal crop species, microarray and RNA-Seq based stress-regulated transcripts
were used for large spectrum gene expression signature analysis in rice, up-regulation of
few candidates that encodes cell division, 40S ribosomal proteins, glycine-rich proteins,
elongation factor, and induce the phytohormone regulating genes. The genes which are
generally downregulated in the sensitive rice cultivators are glycine-rich proteins, ABA and
stress-induced proteins, metallothionein-like proteins, glutathione S-transferase, ascorbate
peroxidase, water channel protein isoforms, subtilisin inhibitor, tyrosine inhibitor, and so
on [97,98].

During long-term AbS treatments, protease inhibitors, stress proteins, aquaporins,
antioxidant components, and some unknown genes were induced and are expected to
impart tolerance. A few transcriptional expression signature analyses were conducted in
important cereal crops. In Arabidopsis, the multiple stress interactions were studied using
functional genomics approaches [10,85]. Multiple stress interactions of AbS treatments were
investigated to identify the key players having a pivotal role in multiple individual stresses
such as drought, cold, flood, salt, UV, and temperature responses [99]. Using 1300 full-
length clones, only 44 genes were identified, which are directly induced either by drought or
cold stress dynamisms were reported [100]. By using 7000 whole clone inserts, 213 salinity
responsible genes, 299 drought responsive genes, 245 ABA-regulating key genes, and
54 cold-regulating genes were identified [101]. Functional omics and bioinformatics tools
to identify gene expression patterns related to multiple stress interactions have been
considered as a significant aspect of modern plant stress biology research.

To study gene interaction and downstream elements, the analysis and characterization
of the transcriptional responses in knock-out mutants or transgenic plants under abiotic
stress tolerance are considered a differential method. Three members of the CBF/DREB1
family, CBF1, CBF2, and CBF3 (DREB1b, DREB1c, and DREB1a respectively) quantification
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of 41 downstream genes as CBF targets were identified by Fowler and Thomashow, [102].
Comparative genome analysis of the AbS responses among diverse tolerant species is exten-
sively considered as an important approach to reconnaissance of evolutionarily conserved
and unique stress defense mechanisms [103]. Various promoters of a group of the abiotic
stress-responsive genes from different species of maize, rice, and Arabidopsis harboring
DRE, GCC-box, ABF, and w-box cis-elements were reported [104]. Computational omics
gene mining and profiling led to the novel way to understand the huge number of genes
involved in AbS responses given in Table 3.

Table 3. Genes encoding enzymes/proteins associated with abiotic stress response in cereals.

Gene Category Gene Cellular Response Species Reference

Osmolyte compounds
Glycine betaine BADH Heave metal stress Rice [105]

CodA Salt, Cold and drought stress Rice [106]
bet A Cold, Drought stress Maize [107]

Proline P5CS Drought Wheat [108]
Regulatory genes
bZIP bZIP4 Salinity stress Maize [109]

HBP1b Drought, Salt, cold Rice [110]
bZIP16 Dehydration, salt and ABA Rice [111]

Transporters
Na+-H+-dependent K+
transporter ZmHKT1 Salt stress Maize [112]

Na+-K+-symporter HKT1 Salt stress Wheat [113]
HKT1 Salt stress Rice [114]

Stress-responsive genes
Transcription factors SAP7 Abiotic stress Rice [115]

DREB Abiotic stress Maize [116]
MYB6 Drought and Salt Rice [117]

WCS genes WCS19 Cold stress Wheat [118]
WCS120 Cold stress Wheat [118]

Thaumatin-like protein TLP14 Cold stress Barley [119]
Heat shock protein HSFA7 Salt and Droght Rice [120]

HSP20 Heat stress Wheat [121]
RAB genes RAB7 Drought and Heat stress Rice [122]

RAB11 Salt stress Rice [123]
LEA proteins HVA1 Drought stress Barley [124]

HVA1 Salt, Cold and dehydration stress Rice [125]
HVA1 Salt and Drought tolerance Barley [126]

Antioxidants
Ascorbate peroxidase APX Drought, Salt and Cold Rice [127]
Catalase CAT Drought stress Wheat [128]
Superoxide dismutase MnSOD Abiotic stress Rice [129]

ZnSOD Salt stress Rice [130]
FeSOD Drought stress Rice [131]

7. Identification of Genes and Their Agronomic Traits

A case study has been carried out on the evaluation of seven well-known candidate
genes for their effects on improving drought resistance of transgenic rice under field
conditions [132]. Several AbS affects the growth and yield of cereal crops such as drought,
extremely high temperature, low water availability, mineral deficiencies or toxicities, and
salinity [133,134]. In recent years, the initiative of developing drought-resistant cereal crops
has been well recognized as the most promising and effective strategy for food security
against drought and water deficit. In addition, over-expression of certain stress-responsive
genes or TFs regulating the multiple stress proteins were shown to confer the increased
tolerance to drought as well as in salinity and freezing stresses [117]. Poor management
of agricultural water resources, soil degradation, and community pressures are all the
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prominent stressors that play a pivotal role in the agriculture perspectives across the world.
Extensive genetic studies have indicated a huge variation for AbS tolerance but it has failed
to attain its maximum goal due to the relatively poor knowledge from the molecular basis
for stress-tolerant cereal crop plants. In this case, functional omics and bioinformatics
play a crucial role by providing several tools for dissecting AbS responses in cereal crops
especially in rice, barley, and wheat through interrogation of genes that may be useful for
improving resistance to AbS.

Xiao et al. [132] have selected seven genes (CBF3, SOS2, NCED2, NPK1, LOS5,
ZAT10, and NHX1) in drought resistance breeding and transformed them into rice cultivar
Zhonghua 11 (O. sativa L. ssp. Japonica) under the control of a constitutive promoter (from
rice Actin1 gene) and an inducible promoter (from a rice homologous gene of HVA22),
respectively. The developed transgenic rice was responsible for drought resistance under
natural field conditions. These traits (Table 4) are an example that can be a useful reference
for drought resistance engineering in cereal crops and also pave the way to address the
other stress-related issues.

Table 4. Transgenic crop plants developed for AbS tolerance details.

Gene Cellular Response Species Reference

Osmolyte compounds
Pyrroline carboxylate synthase
(p5cs) Drought tolerance Wheat [108]

Choline dehydrogenase Drought, Salt tolerance Rice [135]

Arginine decarboxylase Drought, Heat, Freezing,
Salinity tolerance Rice [136]

Glutamine synthetase Oxidative stress tolerance Rice [137]
Trehalose-6-P-synthase Salt, Drought, Cold tolerance Rice [138]
Mannitol dehydrogenase Drought, Salt tolerance Wheat [139]
Regulatory genes
Calcium dependent protein
kinase Drought tolerance Rice [140]

DREB1A Drought tolerance Rice [141]
Transporters/symporter
Na+/H+ antiporter Salt tolerance Rice [142]
Potassium transporter (HKT1) Salt tolerance Rice [143]
Stress-responsive genes
HVA1 Drought, Salt tolerance Rice [125]
Alcohol dehydrogenase Submergence tolerance Rice [144]
Ferritin Heat tolerance Wheat [145]
HVA1 Salt and Drought tolerance Barley [126]
Pyruvate decarboxylase1 Submergence tolerance Rice [146]
Antioxidants
Fe-superoxide dismutase Drought tolerance Rice [147]
Mn-superoxide dismutase Salt tolerance Rice [148]

8. Genome-Wide Association Studies (GWAS)

By the use of an ultra- high throughput genotyping technology, GWAS became avail-
able as a powerful alternative for dissecting quantitative traits in crop plants [149]. GWAS
provides an understanding of transcriptional regulation, metabolic response of rice and
other cereal crops to diverse environmental conditions and also in significant relation to
AbS [150]. Genome-wide association mapping identifies major QTL regions without the
need of constructing a mapping population.

Currently, GWAS was categorized into two types, population-based association stud-
ies and a family-based approach [151]. In population-based association studies, it was
revealed that unrelated individuals are used to examine genome-wide associations be-
tween single nucleotide polymorphisms (SNPs) and their associated phenotypic traits.
Family-based mapping studies can be applied to complex pedigrees derived from the
crosses among different genotypes. Both approaches have complementary pros and cons.
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Population-based GWAS takes advantage of more recombination events that have accumu-
lated over time of generations in historical populations, with the disadvantage of finding
false positives or false negatives results applied in Arabidopsis [152]. Family-based GWAS
can eliminate the effects of population structure and therefore escape the false- positives
and false-negatives, but recombination accumulated over a few generations during pedi-
gree development used in Z. mays NAM (nested association mapping) population was
developed to characterize flowering regulation [151]. The maize NAM population of 200
recombinant inbred lines from 25 parents were crossed to the fully sequenced genotype
(B73). Therefore, GWAS is an alternative and complementary approach for understanding
the trait and molecular level mechanisms in plants. This approach paves the un-paralleled
way for the history of plant stress and molecular biology.

9. Conclusions and Future Perspectives

Ever-increasing advances in multiple analytical stages are paving the way to address
the diverse omics scale outcomes, fortifying the researcher’s knowledge and long-standing
questions in plant biology. Plants are acclimatizing to the environment by altering their
genome, metabolome, transcriptome, lipidome, proteome, secretome and miRNAome.
Even in this post-genome era, the complete understanding of plant molecular responses to
the stress tolerance mechanism is not yet achieved, as the list of genes involved in stress
response is increasing rapidly. The identity of these proteins and their functions are close to
being determined. Post-transcriptional studies including splicing and RNA silencing and
posttranslational mechanisms such as SUMOylation, phosphorylation, and ubiquitination
lead to a prompt response in plants against stress. Thus, employing the developing omics
approaches and GWAS will contribute to better understanding the AbS response.

At the same time, we are majorly facing multiple global issues such as climate changes,
global warming, water, food, and energy security. Further, voluminous research is highly
needed to unravel the specific molecular function of the plants. AbS tolerance cross-
talks that are speculating in particular plant species, significantly in C3 and C4 grass
species, are also essential in identifying the candidates to improve the diverse molecular
and biochemical functions. In addition, these molecular studies are also subjected and
compared to advanced omics datasets from C3 and C4 genome species, which are helping
to improve the applied or translational research, to unveil the plant molecular systems
in response to stress biologist, molecular biologist, and plant physiologist, and also the
ever-increasing command of mankind. This eagle’s eye review can open the penstocks to
budding scientists.
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Abstract: Cereal plants under abiotic or biotic stressors to survive unfavourable conditions and
continue growth and development, rapidly and precisely identify external stimuli and activate
complex molecular, biochemical, and physiological responses. To elicit a response to the stress
factors, interactions between reactive oxygen and nitrogen species, calcium ions, mitogen-activated
protein kinases, calcium-dependent protein kinases, calcineurin B-like interacting protein kinase,
phytohormones and transcription factors occur. The integration of all these elements enables the
change of gene expression, and the release of the antioxidant defence and protein repair systems.
There are still numerous gaps in knowledge on these subjects in the literature caused by the multitude
of signalling cascade components, simultaneous activation of multiple pathways and the intersection
of their individual elements in response to both single and multiple stresses. Here, signal transduction
pathways in cereal plants under drought, salinity, heavy metal stress, pathogen, and pest attack, as
well as the crosstalk between the reactions during double stress responses are discussed. This article
is a summary of the latest discoveries on signal transduction pathways and it integrates the available
information to better outline the whole research problem for future research challenges as well as for
the creative breeding of stress-tolerant cultivars of cereals.

Keywords: abiotic stress; biotic stress; cereal; crosstalk; drought; heavy metal; phytohormone;
salinity; pathogen; pest

1. Introduction

The climatic conditions have changed many times during the history of Earth, but
now, these alterations are strongly intensified by heavy industrial activity. As agriculture is
a branch of the economy most dependent on climatic conditions, the progressing climate
changes create a completely new situation for agricultural activity, especially for plant
production [1]. The rate of temperature changes causes many extreme atmospheric phe-
nomena that have not occurred or have appeared very rarely so far. Noticeable changes
in the quantity and quality of rainfall (an increase in the number of storms followed by
periods without rainfall) increase the risk of both flooding and drought. In addition, the
increase in temperature may favour the overwintering of plant pathogens and pests, which
have not so far posed a threat to native crops [2]. Moreover, in the era of global warming,
the mobility of pollutants, including heavy metals in the environment increases [3].

24



Plants 2022, 11, 1009

Plant responses to environmental factors are extraordinarily complex. They can be
observed at various levels of plant organisation, ranging from changes at the cell level,
i.e., the changes in the activity of basic biochemical processes such as DNA replication,
respiration, and photosynthesis to morphological and anatomical changes in plant or-
gans [4–7]. However, mentioned biochemical changes are preceded by the activation of
an efficient signalling system that endures environmental fluctuations [8]. The presented
review highlights issues related to stress factor recognition/stress factor perception, in-
duction, and transmission of the signal, and subsequent signalling responses at molecular
and metabolic levels in cereals under the influence of various stress factors caused by
global warming. This work shows the latest research results in the context of the defence
mechanism induction of cereals to different abiotic stress and tolerance/existence under
stressful environments.

It is well known that there are four main common signal transduction pathways
in plants, which can interact with each other, i.e., reactive species signalling, calcium-
dependent signalling, plant hormone signalling and signalling based on phosphoryla-
tion/dephosphorylation of proteins by kinase cascades [9]. Plant hormones are important
regulators of the tailored responses to different stresses. The coordination of regulatory
mechanisms among different hormones, or the interaction of hormone signalling with other
molecules, such as reactive oxygen species (ROS), reactive nitrogen species (RNS), and
hydrogen sulphide (H2S), is flexible and changes over time [10–12].

Abiotic and biotic stressors can cause a state of excess excitation energy in plant
cells which leads to universal consequences: disturbances in electron transport, increased
reduction in plastoquinone and uncontrolled generation of ROS, mainly superoxide anion
(O2
−), hydrogen peroxide (H2O2), hydroxyl radical (HO−) and singlet oxygen (1O2). The

reaction of ROS with nitric oxide leads also to the formation of RNS, and potentially
the appearance of not only oxidative but also nitrosative stress [13]. As ROS and RNS
can act as a double-edged sword, they also play an important role in redox signalling
as secondary messengers or signalling molecules and take part in signal transmission to
the nucleus through redox reactions using the mitogen-activated protein kinases (MAPK)
pathway and control of the antioxidant system in the plant cell [10]. Emerging signals are
also facilitated by a series of phosphorylation/dephosphorylation events. This protein
modification can both activate or deactivate effective proteins, which adjust cell metabolism
to current environmental conditions with low energy costs. Phosphorylation cascade can
be calcium-dependent (calcium-dependent protein kinases; CDPKs, calcineurin B-like
interacting protein kinase; CIPK) or calcium-independent, for example, MAPK.

All signalling pathways can lead to the activation of appropriate transcription factors
(TFs), enabling the transcription of genes crucial for maintaining plant homeostasis under
stress. Additionally, the gene expression may be regulated by the presence of microRNA
(miRNAs)-key regulators of plant responses to abiotic and biotic stresses and plant devel-
opment [14]. The end result is the translation of proteins whose role is to reduce stress (e.g.,
by sequestration of salt ions or inactivation of heavy metals) or to eliminate its negative
consequences. The resulting metabolic adjustments are crucial for maintaining the balance
between simultaneously occurring processes of growth and development and stress de-
fence. In this review, we present, confront and discuss different recent views on signal
transduction in cereal plants under various stresses.

2. Drought

During drought, disturbances in the water management of plants occur, leading, inter
alia, to closing the stomata and limiting transpiration [15]. Overlapping structural and
functional changes, including oxidative stress, inhibition of photosynthesis and alterna-
tions in the distribution of assimilation products lead to disruption of plant growth and
development [5,16]. Under drought, assimilates move from leaves (donor organs) to the
roots (acceptor organs), which are responsible for water and nutrient uptake, at the expense
of the biomass of the aerial parts. Plants suffering from water deficit are usually smaller,
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light-coloured, lack turgor, and are more susceptible to disease and pest attacks. All of the
above result in lesser nutrients supplementation, which reduces the yield of a crop [1].

Plants initially identify water scarcity conditions by the roots, which results in the
initiation of several molecular signals that transfer from the roots to the shoots [17]. For
this reason, the root is a key organ that determines the effectiveness of the plant’s re-
sponse to the stress of water shortage. The root shows high plasticity of its features and
its reaction to drought can vary. There can be observed root elongation [18] or shorten-
ing [19], but also its length may not change [20]. The root system of cereals varies, e.g.,
wheat (Triticum aestivum L.) produces coarser, moderately branched roots, which allows for
more efficient water management, while rice (Oryza sativa L.) forms thin, more branched
underground organs which can better penetrate soil [21].

A special role in signalling is attributed to chloroplasts and mitochondria that are
considered sensors of changes occurring in the environment. Chloroplasts and mitochon-
dria generate ROS and transmit retrograde signals to the nucleus [22]. The direct signals
of drought are transduced in plants through ROS, such as singlet oxygen (1O2), super-
oxide anion radical (O2

·−), hydroxyl radical (HO·) and hydrogen peroxide (H2O2) [23].
Signalling by ROS can take place through pathways based on susceptible proteins contain-
ing thiol groups which are subject to reversible oxidation [24]. Thiol reducing molecules,
such as glutathione and specific isoforms of thiols reductases, thioredoxins (TRX) and
glutaredoxins (GRX), were found in diverse nuclear subcompartments, further supporting
the assumption that thiol-dependent systems are active in the nucleus [25]. Thioredoxins
and glutaredoxins are not only responsible for the reduction of thiol groups of numerous
metabolic enzymes and molecules belonging to ROS scavenging systems, but also regulate
thiol-based post-transcriptional redox modifications of proteins [26]. In T. aestivum, TRX
isoforms are accumulated in the nucleus upon oxidative stress. It is likely that the influence
of ROS on the expression of nuclear genes may be based on the regulation of redox-sensitive
TFs [27].

The MAPK cascade-mediated ROS removal is an important mechanism regulating
drought stress tolerance [28]. The MAPK cascade leads to the activation of antioxidant
enzymes such as superoxide dismutases (SOD), peroxidases (POX) and catalases (CAT) in
many cereal plants [29,30]. A proteomic study of T. aestivum plants revealed the abundance
of CAT and three isoforms of SOD (chloroplastic cytosolic Cu/Zn-SOD and mitochon-
drial Mn-SOD) in response to drought. These antioxidant enzymes were involved in the
survival strategy of wheat by avoiding the excess generation of ROS [31]. Moreover, sali-
cylic acid (SA), ethylene (ET), jasmonic acid (JA), cytokinins (CKs), gibberellins (GAs) and
brassinosteroids (BRs) play a vital function in regulating various phenomena in cereal accli-
matisation to drought stress [32]. For example, BR signalling regulates drought tolerance in
wheat, which is partially achieved through brassinazole-resistant 2 (TaBZR2) TF. TaBZR2
increased the glutathione S-transferase-1 (TaGST1) expression and a decrease in ROS level
was observed [33]. Furthermore, maize calcium/calmodulin-dependent protein kinase
(ZmCCaMK) was involved in BR signalling and it was required for BR-induced antioxidant
defence [34].

The key step in cereals’ response to drought is increased concentrations of abscisic
acid (ABA) in the root, which may contribute to increased root hydraulic conductivity. By
this mechanism, cereals adjust their cellular processes by triggering a network of long-
distance signalling events that start with the perception of stress signals and lead through
transduction of those signals to switch on acclimation cellular responses, such as changes
in gene expression [35]. ABA regulates the expression of different stress-responsive genes
involved in the accumulation of compatible osmolytes, synthesis of late embryogenesis
abundant (LEA) proteins, dehydrins, chitinases, glucanases, as well as other protective
proteins, such as the heat shock protein (HSP) [36]. The resulting osmotic adjustment helped
to maintain higher leaf relative water content at low leaf water potential under drought. It
enabled sustained growth while under reduced leaf water potential [37]. Recent evidence
indicates that H2S is actively involved in the regulation of ethylene-induced stomatal
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closure and also interacts with H2O2 by impacting the activities of the inward K+ ion and
anion channels [38]. Wheat can adapt to osmotic stress by H2S production and activation of
the antioxidant system [12]. It was proven that H2S induced the ABA-triggered ascorbate–
glutathione (AsA-GSH) cycle under osmotic stress. Obviously, H2S was involved in the
ABA-related closing of stomata in response to various environmental stresses, however,
the interaction between them is still unclear and requires further research [11].

In response to osmotic stress occurring often with drought, levels of growth-stimulating
hormones: GAs, CKs, sometimes indole acetic acid (IAA) decrease, while there is an ob-
served increase in the level of hormones that usually inhibit cell elongation growth or
accelerate maturation and/or aging of tissues: ABA, ET, JA, methyl jasmonate (MeJA)
and BRs [39]. Here, ABA acts as the hub of the hormonal crosstalk between several
stress signalling cascades [40]. Osmotic stress-responsive gene expression is regulated by
ABA-dependent and ABA-independent pathways [41]. In the ABA-dependent pathway,
numerous types of TFs, such as MYeloBlastosis (MYB), a basic helix–loop–helix (bHLH),
the basic region leucine zipper (bZIP), ethylene response factor (ERF) and homeodomain
TF are involved [42]. It was proven that overexpression of JERF1 (ERF gene) significantly
enhanced drought tolerance of transgenic rice [43]. According to Zhang et al. [43], the
JERF1 activated the expression of stress-responsive genes and increased the synthesis of
the osmolyte proline by regulating the expression of OsP5CS, encoding deltal-pyrroline-
5-carboxylate synthetase (proline biosynthesis enzyme) [43]. JERF1 also triggered the
expression of two rice genes encoding ABA biosynthesis enzymes, zeaxanthin epoxidase 2
(OsABA2) and xanthoxin dehydrogenase (Os03g0810800) [43].

Signal transduction of osmotic stress also depends on Ca2+, nitric oxide (NO), reactive
sulphur species which induce MAPK [28], calcium-dependent protein kinase [44], and
calcineurin B-like interacting protein kinase families of protein kinases [45], or phospholipid
signalling [13]. The MAPK cascade plays an important role in the drought stress response
mainly by responding to ABA and regulating ROS production. Numerous components of
MAPK cascades were described as responding to water deficiency in cereals. For example in
rice, the transcripts of OsMKK4, OsMKK1, OsMPK8, OsMPK7, OsMPK5 and OsMPK4 were
accumulated under drought stress [46–48]. In wheat, the expression levels of TaMKKK16,
TaMKK1 and TaMPK8 changed in response to drought stress [49]. Ma et al. [50] found that
OsMKK10.2–OsMPK3 were responsible for conferring drought stress tolerance in rice via
ABA signalling [50]. However, the exact relationship of the MAPK cascade with ABA has
not yet been described [28]. In rice, MAPK5, MAPK7, MAPK8 and MAPK12 were induced
by drought and MAPK4 was repressed under water shortage [51]. In rice, MAPK kinases
regulated the activity of transcription factors such as OsWRKY30 and increased drought
tolerance [52].

The CDPKs and CIPK are families of protein kinases. In rice, a Ca2+ dependent
kinase such as OsCIPK12 increased the concentration of proline and soluble sugars, which
may improve drought tolerance. Additionally, OsCDPK7 enhanced the expression of the
gene whose product is the rab16A protein, potentially involved in drought tolerance [53].
In addition to the mentioned protein kinases, rice has a total of 74 heat shock proteins
classified into four categories: sHSP, HSP70, HSP90 and HSP100 [54]. These HSPs are
activated by ABA-dependent heat shock transcription factors (HSFs), but only some of
them are activated by drought [55]. Furthermore, in wheat and barley, the expression of
several dehydrins (Dhn) belonging to group two of LEA proteins was observed under
drought [56]. Karami et al. [57] reported induction of several genes of Dhn, such as Dhn1,
Dhn3, Dhn5, Dhn7, and Dhn9, in barley flag leaf under drought. Relative expression levels
of Dhn3 and Dhn9 revealed positive correlations with chlorophyll a and b contents, osmotic
adjustment, plant biomass and grain yield, and negative correlations with malondialdehyde
(MDA), a marker of membrane oxidative lipids damage, and electrolyte leakage levels.

The majority of LEA proteins display a preponderance of hydrophilic and charged
amino acid residues. On the basis of the literature, their function as antioxidants, mem-
branes and protein stabilisers, and indirect participants as molecular shields in cell pro-
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tection are considered [58]. HVA1 gene encoding group three of LEA protein from barley
(Hordeum vulgare L.) was transformed into rice and the tolerance to water deficit of the
transgenic rice was improved under the greenhouse conditions [59]. The overexpression of
the HVA1 gene in the roots and leaves of wheat also tended to retain tolerance to drought
stress. In wheat, in response to drought, the size of LEA proteins reached up to 200 kDa,
therefore, these proteins were resistant to denaturation [60]. It was observed that overex-
pression of OsLEA6 and OsLEA3-1 led to enhanced drought tolerance of rice plants in the
field [61].

As an important metabolic pathway, phosphatidylinositol metabolism generates sig-
nalling molecules that are essential for survival under drought [46]. Phospholipid molecules
are involved in signalling processes leading to adjustments in root growth, pollen and
vascular development, hormone effects and cell responses to environmental stimuli in
plants [46]. Wang et al. [62] showed that the expression of maize ZmPLC1, encoding phos-
pholipase C, was up-regulated under dehydration and it improved the drought tolerance
of maize through the interaction with other signalling pathways in guard cells [62].

It is well known that the NO performs the signalling function in plant cells. Signal
transduction by NO is mediated by cyclic guanosine monophosphate (cGMP) and activation
of guanylate cyclase [63]. NO regulates the levels of cellular ROS content and toxicity
through the activation of antioxidant enzymes [64]. Gan et al. [64] showed that NO
(applied exogenously) increased drought resistance in barley. The application of NO not
only increased the activity of antioxidant enzymes but also increased the content of proline.
NO was also found to crosstalk with ABA, JA, SA and CKs to mitigate the adverse effect of
drought stress [65]. There are also many studies showing the cooperation of H2S and NO
in response to drought [11].

3. Salinity

Salinity is one of the most important abiotic stress that negatively influences plant
growth and productivity, especially rice, wheat and barley, which are the main food crops
worldwide [66,67]. Soil salinity caused 25–30% of the irrigated area worldwide to be
commercially unproductive and it is estimated that progressive salinity, expanding at a rate
of 10% per year, will lead to nearly 50% of agricultural land by 2050 being unproductive [68].
The high concentration of salts in the soil may cause a reduction in water and nutrient
uptake due to salt accumulation in the root zone (physiological drought), therefore inducing
ion and nutrient imbalance, and water stress in plants. Salinity, due to the presence of
NaCl in the soil, is the most common, hence the most harmful effect of salinity is the
accumulation of Na+ and Cl– [69]. Excess Na+ in the plant inhibits the uptake of essential
micronutrients such as K+ and Ca2+ from the soil, a shortage of the second one is especially
crucial because it participates in the maintenance of cell membrane integrity, as well as
in the synthesis of new cell walls [70]. Thus, overaccumulation of Na+ leads to damage
and enhanced permeability of membranes. Loss of membrane integrity can also lead to K+

leakage from cells, which can affect enzymatic reactions since many enzymes require K+ as
a cofactor. Additionally, these enzymes are sensitive to high cytosolic Na+ content. The
accumulation of Na+ also alters the activity of photosynthetic enzymes and it is harmful to
other photosynthesis compounds, such as chlorophylls, and carotenoids [71]. What is more,
it is assumed that disturbed ion homeostasis (excess of Na+ and shortage of Ca2+ and K+)
might contribute to oxidative stress which is resulting in the overproduction of ROS and an
inefficient ROS detoxification system. The following consequences are oxidative damage of
various plant cellular components such as nucleic acids, proteins, sugars and lipids, and
hence the inhibition of proper plant development and growth [72].

The response of plants to salinity occurs through the perception and transduction of
a signal associated with the disruption of ion and osmotic homeostasis. It is considered
that plant cells sense the increase in cytosol Na+ levels through a sensor or a receptor.
Nonetheless, no specific sensor or receptor was identified in plants so far. Therefore, it
is not known how an excess of Na+ is detected by plants, so it can be assumed that the
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perception of salt stress signal remains unrevealed [73]. However, the most common
salt stress signalling pathways—the salt overly sensitive (SOS)—are well characterised in
plants, including cereals. Additionally, the MAPK cascade, which transduces stress signals
to a variety of transcription factors that further activate salt-responsive genes, plays an
important role in salt stress signalling in plants [74].

SOS pathway genes encode proteins that are engaged in the active efflux of excess
Na+ from the cytosol (Figure 1). SOS1 is a plasma membrane Na+/H+ antiporter, activated
through phosphorylation catalysed by the SOS2–SOS3 kinase complex. SOS3 is a Ca2+

sensor, which belongs to the calcineurin B-like signal protein family [75]. It perceives the
cytosolic Ca2+ signal, which is triggered by a salt-induced excess of Na+. ABA plays a
key role in increasing Ca2+ content, which is released from intracellular storage compart-
ments [76]. Then, SOS3 interacts with SOS2, which is a CIPK serine-threonine protein
kinase. The SOS3/SOS2 kinase complex regulates the expression of SOS1 genes therefore
it can stimulate SOS1 Na+/H+ antiporter activity [77]. In seedlings of three bread wheat
genotypes, which were characterised as highly tolerant, moderately tolerant and sensitive
to salinity stress, the expression of SOS1, SOS2 and SOS3 genes was observed at a sig-
nificantly higher level in the salt-tolerant genotype. What is more, both constitutive and
salt-induced expression of SOS1 was 2-fold higher in the leaf of this genotype. This was
correlated with low Na+ levels in tissue and better leaf K+/Na+ ratio in leaves, which was
probably a result of the facilitated exclusion of toxic Na+ into root apoplast [75]. Similarly
in experiments by Jiang et al. [77], the expression of several genes belonging to the TaSOS1
gene family was up-regulated in response to salinity in the wheat-tolerant genotype after 1
day of salt treatment. What is more, overexpression of the wheat genes encoding TaSOS1
and TaSOS1-974 (with a deletion on the C-terminus) in tobacco resulted in improved Na+

efflux and K+ influx rates in the roots of the transgenic plant compared to wild-type (WT)
tobacco upon salt stress. Among these three types of plants, the lowest content of MDA
and electrolyte leakage was observed in TaSOS1-974 transgenic plants while the highest
was observed in WT tobacco. This indicates that the overexpression of TaSOS1-974 might
alleviate oxidative damage of the plasma membrane generated upon salinity [78]. Compa-
rable results were obtained in Arabidopsis SOS1 mutant plants with the overexpression of
durum wheat (Triticum durum Desf.) gene TdSOS1∆972 (with a deletion on the C-terminus).
These plants showed greater water retention capacity and maintained a better K+/Na+

ratio in their shoots and roots, as well as their seeds, had a better germination rate upon
salinity than in Arabidopsis SOS1 mutant transformed with empty binary vector or TdSOS1
(full-length) [79]. These results confirmed that in proteins belonging to the SOS1 family,
the C-terminus function as an auto-inhibitory domain. Autoinhibition of SOS1 is released
when the C-terminus domain is phosphorylated by activated SOS2 [80]. Additionally, in
rice and barley, the involvement of SOS genes in response to salinity was observed. Fu
et al. [81] showed that rice OsSOS3 was significantly up-regulated in roots under salt stress.
Additionally, the expression of OsSOS2 and OsSOS1 was markedly up-regulated and a
high transcript level of these genes was maintained. In turn, barley HvSOS3 was only
slightly up-regulated in roots under stress. Other barley SOS genes, HvSOS1 and HvSOS3,
showed slight changes in roots during salt treatment. All tested rice genes showed higher
absolute expression than barley genes. However, rice was more sensitive to salt stress than
barley. In rice, a higher excess of Na+ was observed in the shoots, which was harmful for
physiological processes, e.g., protein degradation. On the other hand, in rice, the level of
Na+ in the roots was lower than in barley, which might be the result of Na+ efflux through
the SOS pathway. Despite this phenomenon, barley maintains normal metabolism. These
results show the differences in salt tolerance between these two species [81].
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SOS2–SOS3 kinase complex, SOS3 is a Ca2+ sensor. Compartmentation of Na+ into vacuoles occurs
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K+ transport (HKT) proteins, are Na+ transporters (class 1) or Na+/K+ symporters (class 2). HKT1
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Salinity paragraph.

Besides the exclusion of Na+ from the cytosol, compartmentation of Na+ into vacuoles
by tonoplast Na+/H+ antiporter (NHX) is also another essential mechanism in salt stress
response (Figure 1). The necessary proton gradient required for NHX activity is derived
from vacuolar H+-pyrophosphatase and H+-ATPase. The SOS3/SOS2 kinase complex reg-
ulates both NHX and H+-ATPase activity under salt stress. In wheat, the expression of the
NHX1 gene was markedly increased under saline conditions compared to the control [82].
Additionally, overexpression of the wheat TaNHX2 gene in eggplant (Solanum melongena L.)
and sunflower (Helianthus annuus L.) increased salinity tolerance in comparison to WT
plants. Both transgenic species showed improved growth as well as reduced ROS and
MDA contents, which correlated with the high activity of antioxidant enzymes such as
SOD and ascorbate peroxidase (APX) [83,84]. A comparison of salt stress response in barley
and rice showed that the expression of one of the NHX genes was significantly higher
in barley (HvNHX5) than in rice (OsNHX5) in the roots treated with salt. However, the
expression of rice OsNHX1, OsNHX2 and OsNHX4 in shoots was higher than in barley
HvNHXs. This may indicate that a higher concentration of Na+ in rice shoots is a result
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of the up-regulated expression of NHX genes [81]. Moreover, the overexpression of bar-
ley HvNHX2 in Arabidopsis showed that, under salt conditions, transgenic plants grew
normally, while WT plants were not able to. Additionally, transgenic plants had a higher
concentration of Na+ in the shoots and had longer roots than WT plants [85]. Similarly, the
overexpression of OsNHX1 in transgenic rice showed increased salt tolerance in transgenic
plants and delayed appearance of negative effects connected with damage or death [86].
These results suggest that the vacuolar Na+ compartmentalisation plays a beneficial role in
improving cereals’ salt tolerance.

Another element involved in the response to salinity is the family of high-affinity K+

transport (HKT) proteins, which, contrary to their name, are Na+ transporters (class 1) or
Na+/K+ symporters (class 2) (Figure 1). HKT1 proteins remove Na+ from xylem sap and
sequestrate Na+ into xylem parenchyma cells. The function of this mechanism is to confine
toxic Na+ to the roots, therefore, it prevents the accumulation of Na+ in shoots and leaves,
protecting the photosynthetic tissues from damage [58,87]. By contrast, SOS1 plays a role in
the protection of the root since it exports Na+ out of the root and facilitates its loading into
the xylem. These two mechanisms function antagonistically, and it is not fully understood
how they are activated and regulated to avoid Na+ loading and unloading. The role of HKT
proteins differs between species in response to salinity. For most species, Na+ exclusion
from the leaf blade is correlated with enhanced salinity tolerance and is due to HKT1. The
comparison of two rice varieties with different sensitivity to salinity showed that, under
salinity stress, the Na+ concentration in the leaf blades was much lower in Ouukan383
(salinity tolerant) than in Kanniho (salinity sensitive). It is the result of a high expression
level of OsHKT1;4 in the leaf sheaths of in Ouukan383 cultivar, corresponding to higher
Na+ accumulation in the leaf sheaths and lower Na+ accumulation in the leaf blades. What
is more, under salinity conditions, the expression of the OsHKT1;5 gene was induced in
the roots of Ouukan383 but was repressed in the roots of Kanniho. These findings indicate
that the expression of OsHTS1s might be correlated with better tolerance to salt stress [88].
In addition, a mutation in OsHKT1;5 in rice showed that lack of OsHKT1;5 protein in
roots leads to excess Na+ accumulation in leaves in response to salt stress [89]. On the
other hand, the expression of ZmHKT1;5 in two maize genotypes (Zea mays L.), SC131
(more tolerant) and SC132 (less tolerant), was not significantly affected under salt stress.
However, the expression of ZmHKT2 was highly induced in SC132 while its transcripts
were absent in SC131. It can be concluded that differences in the salinity tolerance in these
maize genotypes might be the result of weaker Na+ and K+ translocation to the shoots due
to high expression of ZmHKT2 in the roots of SC132 since it is responsible for reduced leaf
K+ concentration, enhanced Na+ uptake in the roots and later more translocation to the
shoots [90].

Signalling through the MAPK cascade leads to cellular responses against various
stresses. This pathway relies on successive phosphorylation reactions, thus maintaining
proper cell phosphorus (P) content is crucial. During salt stress, Cl– may reduce plant
P content due to ionic competition. Therefore, salinity may negatively affect the MAPK
pathway. However, activation of the components of this signalling cascade does not always
function as a positive regulator in the stress response. Hao et al. [91] showed that wheat
TaMPK4, one of the members of MAPK, was a positive regulator in salt stress response.
Sense- and antisense-expressing of TaMPK4 in tobacco strongly modified plant growth
under salinity. TaMPK4-overexpressing plants were much larger and showed a larger dry
mass, leaf number and leaf areas, while TaMPK4-knockout plants were much smaller and
showed a lower dry mass, leaf number and leaf areas, compared to WT plants. What is
more, under salinity, plants with overexpression of TaMPK4 had higher K+ and osmolyte
contents and lower Na+ content than the WT plants, unlike TaMPK4-knockout plants [91].
Similarly, Arabidopsis plants with overexpression of ZmSIMK1, maize MAPK member, had
increased tolerance to salt stress. Seeds of transgenic lines germinated better on medium
containing NaCl, as well as at seedling stage, their growth was not inhibited, as was
observed in WT plants [92]. On the other hand, the overexpression of wheat TMKP1,
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mitogen-activated protein kinase phosphatase (MKP), which is a negative regulator in the
MAPK signalling pathways in Arabidopsis, resulted in improved tolerance to NaCl. Seeds
of transgenic plants had a better germination rate and seedlings had lower content of MDA
and ROS compared to WT. Improved resistance to salt stress in TMKP1-overexpressing
plants was correlated with increased antioxidant enzyme activities, which resulted in less
damage to cell components [93]. Additionally, Seong-Kon et al. [94] showed that rice
OsMAPK33 could play a negative role in salt tolerance. The expression of OsMAPK33
was down-regulated until 8 h after the induction of salt stress, indicating that this is a
negative regulator in response to salinity. Moreover, the overexpression of OsMAPK33
in rice enhanced sensitivity to salt stress. It was assumed that it was a consequence of
disrupted ion homeostasis since transgenic plants had reduced expression of ion transporter
genes, such as the K+/H+ antiporter [94].

It was also reported that H2S might be an important player in plants’ response to
salinity. It was shown that exogenous application of H2S improved salt tolerance in some
cereals such as rice [95], wheat [96] and barley [97]. The protective role of H2S was the
result of maintaining ion homeostasis, as well as reducing oxidative stress, which was
reflected in decreased ROS and MDA contents under salt stress. In addition, antioxidant
enzyme activity was increased with H2S application. Exogenous H2S might also enhance
photosynthetic capacity as well as improve primary and energy metabolism. As it was
shown in rice under influence of exogenous H2S, proteins related to glycolysis, tricarboxylic
acid cycle and ATP synthesis were up-regulated in salt-treated plants [95]. Moreover,
exogenous H2S up-regulated transcript level of genes encoding proteins involved in the
SOS pathway and the MAPK pathway, as was recently shown in wheat [96].

4. Heavy Metals

The impact of heavy metals (HMs) on plants depends not only on the concentration
and type of xenobiotic elements but also on their availability to plants, which is related to
such soil factors as pH, cation exchange capacity, organic matter content and adsorption by
clays. HMs in high concentration affect membrane permeability, inhibit enzymes activity,
inactivate photosystems and disturb mineral metabolism [98]. Furthermore, HMs cause
secondary oxidative stress, which results in the oxidation of plant membranes, damage
of nucleic acid, leading to mutations, oxidative modifications of proteins resulting in
loss of their activity, disruption of pigment function, and finally, cell death [99]. The
toxicity of a specific substance, including HMs, depends on a variety of factors, e.g., how
much of the substance organisms are exposed to, how they are exposed and for how
long. Understanding the mechanisms underlying plant resistance or tolerance of plants
to abiotic and biotic stress factors is extremely important in the era of global warming,
where the mobility of pollutants in the environment increases [3]. However, some HMs
are necessary (in non-toxic concentrations) for the proper development and growth of
cereals. This category includes, among others, copper (Cu), iron (Fe), cobalt (Co), zinc (Zn),
molybdenum (Mo), manganese (Mn), boron (B) and nickel (Ni), the presence of which
is required for the proper functioning of the plant. However, excessive concentrations
of even these essential micronutrients can also stress the plants. There is also a group of
particularly highly toxic HMs including Pb, Hg, As and Cd that are ranked as the first,
second, third and sixth, respectively, in the list of the US Agency for Toxic Substances and
Disease Registry (ATSDR) [100].

HMs negatively affect the plant cell on many levels. They can directly inhibit enzymes
and cause an oxidative burst, leading to the overproduction of ROS and RNS, which
changes the oxidative potential in the cell [101]. ROS and RNS not only damage proteins,
which can lead to their degradation but also alter membrane permeability, which puts the
integrity of the cell at risk. In addition, HMs can induce chloroplasts and mitochondria
damage, which inhibits basic metabolic processes in the cell, such as photosynthesis and
the respiration chain. What is more, HMs also influence the stomatal movements and
subsequently affect the transpiration rate [102]. HM also caused damage to DNA and
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inhibition of transcription and translation, which hinders the synthesis of proteins that
may be of fundamental importance in the survival of the cell. All these changes lead to the
failure of cell division, which prevents the correct growth and development of crops [98].
However, it should be observed that each of the HMs can affect the plant in a slightly
separate way. Cd causes a strong inhibition of cereal growth, browning of the roots and
chlorotic changes in leaves. Cd particularly affects photosynthetic enzymes such as Fe (III)
reductase. In turn, Hg blocks the flow of water in the plant by interacting with the water
channels, thereby blocking them. The action of Pb focuses on changing the permeability of
the cell membrane, disturbing the hormonal balance of the plant and inhibiting the activity
of selected enzymes due to the interaction of Pb with their sulfhydryl groups. As has a
similar effect on enzymes, as it also reacts with sulfhydryl-containing proteins, disrupting
their function. As also binds to vicinal thiols present in dehydrogenases, which not only
inhibits cellular respiration but also leads to overproduction of ROS [103].

Due to the different effects of individual HMs on cereals, the response of the plant
to HM stress is multifaceted and is associated with the activation of several signalling
pathways causing a change in the expression of the relevant TFs and/or genes: (a) calcium-
dependent signalling; (b) signalling mediated by MAPK; (c) signalling via ROS; (d) hor-
mone signalling [9]. Calcium signalling occurs through several sensors which include
calmodulins (CaM), calmodulin-like proteins, calcineurin B-like proteins and CDPK. The
activation of individual sensors depends on the concentration of Ca2+. It was observed that
both the recurrent and long-term Cr (VI) stress in rice increased the activity of CDPK [104].
The signalling cascade based on MPAK caused the phosphorylation of selected transcrip-
tion factors (ABA-responsive element; ABRE, dehydration-responsive element binding;
DREB, bZIP, MYB, MYC, NAC and WRKY-containing a conserved WRKYGQK domain
and a zinc finger-like motif) resulting in the altered expression of genes related to the HM
stress response [9]. Induction of OsMAPK2 and myelin basic protein kinase was recorded
in Cd-treated rice. In response to the increased production of ROS, cereals improve the
activity of their antioxidant system by increasing both enzymatic (SOD, CAT, APX, dehy-
droascorbate reductase) and non-enzymatic (betaines, proline and ascorbate) activities,
which allows them to avoid or reduce oxidative damage to the plant cell, however, some
redox imbalance is necessary for the induction of a proper stress response [105]. ROS and
kinase-related pathways may cross with each other. In rice, the activation of MPAK by ex-
cessive accumulation of ROS was reported as a result of secondary oxidative stress induced
by HM stress. What is more, ROS also influence changes in the plant’s hormonal system,
in particular, auxin (AUX), ET and JA and ABA signalling. Treatment of rice with JA was
shown to increase the antioxidant response of rice to Cd [106]. Treatment of rice plants with
As resulted in a change in ABA metabolism, which influenced the modulation of signal
transduction and the plant defence stress response [107]. Besides those signal transduction
pathways, miRNAs also play a crucial role in the response to HM stress. miRNAs are 20–24
nucleotide non-coding RNAs that regulate gene expression at the post-transcriptional level
by targeting mRNA degradation or by translation repression [108]. Due to the different
properties of individual HMs, their uptake pathways, as well as signal induction and
transmission, differ from each other.

As (V), being the main form of As in the soil, is similar in structure to P ions and thus
its uptake into the plant is possible via phosphate transporters. Under anaerobic conditions,
As also reaches the cell via aquaporins (AQPs). AQPs include various family subclasses
of proteins that can uptake As, including tonoplast intrinsic proteins, cell membrane
intrinsic proteins, and nodulin-like proteins. In rice, As (III) ions can be taken up by silicon
pathways and methylene forms of low silicon transporter proteins (Lsi1 and Lsi2), which
have the ability to transport As (III) ions both from and into the cell [109]. Due to the
similarity of As (V) to P ions, ATP synthesis in plant cells is disturbed. As (III) in turn
reacts with thiol groups of proteins, including enzymes, leading to the disturbance of cell
homeostasis. In rice, As caused the production of ROS and the activation of the MAPK-
inducing phosphorylation cascade including MKK4, MPK3, MPK4 [110] and calcium-
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dependent signalling by CaM, CaM kinase and CaM-like protein [107,111]. Moreover, rice
induces down-regulation of miR172 (miRNA) and up-regulation of miR393, miR397 and
miR408. The last one (miR408) has a direct role in targeting Cu-containing proteins or
SOD [112]. On the other hand, ROS down-regulated miR397 targeted laccase, which led
to increased activity of the lignin biosynthesis pathway by the accumulation of laccase
enzymes [113]. Additionally, one of the miRNAs, miR528, was crucial for As tolerance in
rice [114].

Cd in the environment occurs in an ionic form (Cd2+) and is bound into chelates.
Cd2+ is taken up into the plant by non-specific HM transporters, whose levels depend
on transpiration. The most important uptake routes for both Cd forms include Zn-
regulated transporters, Fe-regulated transporters, hyperpolarisation-activated Ca2+ chan-
nels, depolarisation-activated Ca2+ channels, voltage-insensitive cation channels, yellow-
stripe 1-like proteins (YSL) and the natural resistance-associated macrophage protein
(NRAMP). Transport to the xylem occurs via apoplastic ATP-binding cassette (ABC) trans-
ports and P1B ATPase and H+/Cd2+ antiports. During defence responses, cereals activate
TFs such as DREB, APETALA2 (AP2) and bZIP [103]. Cd accumulation activated the
MAPK pathway: MAPK2, MPK3, MPK6, MSRMK3, WJUMK in rice [110,115,116] and
MPK3 [49] in maize. It also activated components of the hormonal pathway, mainly by
auxins: MAPK3/6/7, YUCCA, PIN proteins, ARF (auxin response factors) and IAA [117].
Exposing rice to Cd stress led to the up-regulation of miR441, and down-regulation of
12 other miRNAs, including miR192, which targeted ABC transporters. Increased activity
of ABC transporters enables Cd sequestration and stress alleviation [118]. Cd up-regulated
the transcription factors belonging to MYB, AP2, DREB, WRKY and NAC at different time
intervals in rice [119]. As for MYB, OsMYB45 was especially related to Cd toxicity, as
its mutation increased H2O2 content in the leaves of mutant and decreased CAT activity
compared to the WT plants [120], and OsARM1 (arsenite-responsive MYB1) regulated
As-associated transporters genes OsLsi1, OsLsi2 and OsLsi6 [121].

In most plants, the occurrence of aluminium (Al) is limited to the roots, although
the presence of Al-citrate in the xylem and Al-oxalate in the leaves of buckwheat was
reported [122]. Al is excluded into the soil by organic acids aided secretion through
transporters such as the Al-activated malate transporter (ALMT) family, ABC transporters
family (STAR1 and STAR2), multidrug and toxic compound extrusion (MATE) family
and aluminium transporter 1 (NRAMP/NRAT1) family [123]. In wheat, Al accumulation
enabled pathways dependent on MAPK: 48 kDa MAPK, 42 kDa protein kinase [124],
Ca: myosin, calpain, phospholipase C, phospholipase A2 [125], and ethylene: ALMT1,
1-aminocyclopropane-1-carboxylic acid (ACC) synthase (ACS), ACC oxidase (ACO) [126].
Similar to previously described HMs, Al also down-regulated most of the miRNAs in
rice such as miR156, miR395, miR398, miR159 and only miR399, miR166, miR168 were
up-regulated in response to Al [127]. This however is not true for all crops, as maize
showed mostly miRNAs up-regulation with the exception of miR171 and miR396 [128].
MiR395 targets genes of ATP sulfurylase (APS) and SULTR2:1, which are crucial for GSH
and phytochelatin (PCs) synthesis [129].

Another important HM is Hg. The bioavailable Hg compounds in the soil are Hg2+ and
methylmercury. Hg with a hydrophilic character is easily trapped by the roots, transported
to the shoots, and then released back into the atmosphere in gaseous form. Hg tends to
accumulate in the roots and cannot be transferred to plant shoots. Transport of Hg in the
plant is possible due to ABC transporters. They can pump Hg2+ conjugates to or from the
vacuole of higher eukaryotes [130]. It was shown that an accumulation of Hg led to the
activation of MAPK proteins in rice, especially MSRMK2, MSRMK3, WJUMK [115], and
the ET pathway via OsACS2, OsACO1, OsACO2, OsACO5 and OsACO6, 5 MAPKKK,
1 MAPKK and 2 MAPK [131].

Pb in the form of a dipositive cation is passively aborted by root hairs. Its further trans-
port is severely limited by its low solubility. Pb transport in the plant is accomplished by the
apoplast of xylem tissues but is blocked in the Kasparian bands of the endoderm. It can then
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be sequestered via ABC transporters, P-type pumps, pleiotropic drug resistance (PDR1),
inner membrane proteins of mitochondria, ATM1, leucine-rice repeat proteins (LRR), Ca2+

gated channels, cyclic nucleotide ion gated channels and K+ gated channels [132]. In rice,
Pb activates 34 kDa, 40 kDa and 42 kDa MAPK, and a calcium-dependent pathway via
CDPK-like kinase [133].

In order to limit the negative effects of HMs, the signal cascade causes adaptive
changes in the plant cell, relying on detoxification to prevent the involvement of HMs
in undesirable toxic reactions. Defence strategies include preventing or reducing the
uptake by limiting the transport of metal ions to the apoplast by binding them to the
cell wall or cell exudate, or by inhibiting long-distance transport [134]. To achieve that,
activation of appropriate TFs and induction of the transcription of particular genes related
to the HMs response is necessary. Some of the up-regulated genes are associated with
the activation or amplification of selected signal transduction pathways. For example, As
treatment of rice increased the expression of the ABA biosynthesis genes: OsNCED2 and
OsNCED3 [135], while chromium treatment of rice increased the expression of four ET
biosynthesis-related genes (ACS1, ACS2, ACO4 and ACO5) [136,137], two genes associated
with MAP cascades (OsMPK3, OsCML31), three protein kinase-related genes (OsWAKL-Os,
OsLRK10L-2, OsDUF26-If ) and two TF-related genes (OsWRKY26, OsAP2/ERF-130) [137].
Another group of genes expressed by the action of HMs are genes encoding phosphatases.
Phosphorylation/dephosphorylation is the most common post-translational modification,
whose role is to activate and deactivate selected proteins, which results in the adaptation of
the metabolism to the plants’ needs. In rice treated with chromium, increased expression
of five families of genes encoding phosphatases (OsLMWP, OsDSP, OsPP2A, OsPTP and
OsPP2C) was observed [137]. Due to the fact that one of the strategies for reducing the
negative impact of HMs is their translocation, another group of genes up-regulated as a
result of stress are those related to the transport of HMs. In rice, Cr strongly induced a
number of genes involved in the vesicle trafficking pathway, including five OsExo70 genes
(Os01g0763700, Os06g0255900, Os01g0905300, Os01g0905200 and Os11g0649900) and one
Tom1 gene (Os05g0475300) [137]. In durum wheat, the exposure to Cd induced several
vacuolar HM transporter genes, especially ZIF1, ZIF-like genes [138].

When HMs are present at elevated concentrations, cells activate a complex network of
storage and detoxification strategies, such as chelating metal ions with phytochelatins (PC)
and metallothioneins (MTs) in the cytosol, as well as transport and sequestration into the
vacuole via vacuole transporters [139]. HMs activate the synthesis of phytochelatin synthase
(PCS) and metallothionein, and then HM–PC and HM–MTs complexes of low molecular
weight (LMW) are formed in the cytosol. LMW HM–PCs complexes are consistently
transported across the tonoplast into the vacuole via the ATP binding cassette and the V-
ATPase transporter (ABCC1/2). After compartmentalisation, the LMW complexes further
integrate HMs and are generated by chloroplasts sulfide (S2−) to eventually form HM–PC
complexes of high molecular weight (HMW). MTs regulate cellular redox homeostasis
independently and by stimulating the antioxidant system and stabilising high cellular GSH
concentrations. It was well documented that the biosynthesis of PCs can be regulated at
the post-translational level by metals in many plant species. However, the overexpression
of the phytochelatin synthase (PCS) gene in plants does not always result in enhanced
tolerance to HM stress [140]. Moreover, MTs not only bind HM but also partake in the
elevation of oxidative stress by acting as ROS scavengers, thus, integrating those two
pathways [141]. MTs are tissue-specific. For example, the OsMT2c gene encoding for type
2 MT was expressed in the roots, leaf sheathes and leaves of rice, but was almost absent
in seeds [142]. Moreover, to protect proteins against HM stress, HSP proteins are also
synthesised, belonging to HSPs70, HSPs60, HSPs90, HSPs100 and HSPs classes. HSPs70
were induced in rice by As, Ag, Cu, Cd and Cr (HSP70, BiP), HSPs60s by Hg (cpn602),
HSPs90 by Cu, As and Cd (HSP81-2, HSP82, HSP81-1), HSPs100 by As, Cu and Co (HSP101,
ClpB-C), and HSPs by Cu, Cd, Fe, Al and Zn (HSP17.4, HSP23.9, HSP78.3) [140].
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5. Biotic Stress

Plants are exposed to a wide variety of pathogens and pests, the life cycle of which
and the impact on plants differ significantly. Therefore, it is difficult to identify one
common signalling pathway associated with the biotic stress response. The plant–parasite
relationship is quite specific and depends on both the defence mechanisms and the structure
of the plant itself, as well as those of pathogen, therefore the signal transduction pathway
is multifaceted and quite strongly individualised. Research on the subject is fairly limited,
but in this review, we attempted to describe its known elements.

Plants have an innate immune system able to recognise evolutionarily conserved
microbe/pathogen-associated molecular patterns or herbivore-associated molecular pat-
terns [143,144]. The presence of transmembrane pattern recognition receptors and intra-
cellular proteins of the nucleotide-binding domain and leucine-rich repeat superfamily
enables the identification of pathogens/herbivores by plant cells which leads to induction
of defence reactions including the synthesis of signalling molecules such as SA, ABA, JA,
ET, H2O2 and NO [145]. The activation of those signalling patterns can cause alterations in
gene expression, leading to specific defence responses. Both pathogens and insects can act
locally and systematically [145].

Plants launch defence responses to shield themselves against pathogens and pests.
Those responses are regulated by the infestation-induced production of hormones. SA,
JA, ET and ABA are vital players in induced mechanisms against biotic stresses [146].
SA-dependent responses are usually efficacious against biotrophs, while JA-dependent
responses are successful against necrotrophs and phytophagous insects [147]. Defence sig-
nalling of SA depends on the transcriptional co-factor called non-expresser of pathogenesis-
related gene 1 (NPR1), ultimately leading to the activation of anti-microbial pathogenesis-
related (PR) genes [148]. Following pathogen infection/insect infestation, molecules such as
ABA, JA, SA, ET, H2O2 and NO are accumulated at different time points and convergence
of signalling pathways can occur in a plant [149,150].

The biotrophic barley powdery mildew Blumeria graminis and the hemibiotrophic
Bipolaris sorokiniana are economically significant pathogens of H. vulgare. To assess the
barley defence responses to these pathogens, alternations in SA and genes of SA-dependent
responses (PR1, PR2, PR3 and PR5) were studied, which revealed that the level of SA was
significantly enhanced in infected barley plants (both resistant and susceptible) at 24 h post-
inoculation compared to control plants. Furthermore, time-course experiments showed a
clear contradiction in patterns of expression of SA-dependent genes upon barley inoculation
with B. graminis and B. sorokiniana. These studies also showed that the expression of PR1
and PR2 genes was induced in resistant barley inoculated with B. sorokiniana contrary to B.
graminis infestation, indicating different SA-dependent responses in barley plants infested
with fungal pathogens with different lifestyles [2].

MYB transcription factors play a vital role in cereal plant defence including responses
to fungal pathogens. Wei et al. [151] presented results on characterisation of the TaPIMP2
gene encoding a pathogen-activated MYB protein in T. aestivum. The expression of TaPIMP2
was altered to a different extent and speed upon inoculation with B. sorokiniana or Rhi-
zoctonia cerealis. In addition, different expression patterns of TaPIMP2 were observed
after T. aestivum plants were sprayed with ABA, 1-aminocyclopropane-1-carboxylic acid
(ACC, precursor of ethylene) or SA. Silencing of TaPIMP2 decreased the resistance of
B. sorokiniana-resistant wheat to B. sorokiniana infection but did not change the resistance of
R. cerealis-resistant wheat to R. cerealis infection. On the other hand, the overexpression of
TaPIMP2 remarkably increased resistance to B. sorokiniana rather than R. cerealis in trans-
genic wheat. Moreover, it was observed that TaPIMP2 is engaged in wheat resistance to
B. sorokiniana due to stimulation of the expression of PR1a, PR2, PR5 and PR10.

After the plant is mechanically injured or infested with necrotrophic pathogens
or insects, the accumulation of JA and its derivatives—oxylipins (called jasmonates)—
occurs [152]. For example, infestation of maize with a lepidopteran pest, the beet armyworm
caterpillars (Spodoptera exigua) induced synthesis of JA, MeJA and jasmonoyl-L-isoleucine in
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infested-maize leaves [153]. There are two separate branches of the JA signalling that have
a negative influence on each other: the ERF branch and the MYC branch [154]. The ERF
branch is induced upon infestation with necrotrophs and is controlled by the AP2/ERF-
domain transcription factors such as ERF1 and octadecanoid-responsive AP2/ERF 59
(ORA59). Furthermore, the ERF branch is co-regulated by ET and triggers the expres-
sion of many ERF-branch genes including the marker gene encoding plant defensin 1.2
(PDF1.2) [155]. Dong et al. [156] identified and characterised B. sorokiniana-induced defence
gene (TaPIEP1) from the ERF branch (B-3c subgroup) of wheat. The mRNA level of TaPIEP1
was induced upon both inoculations with B. sorokiniana and treatments with ET, JA, and
ABA. Transgenic T. aestivum plants overexpressing TaPIEP1 showed enhanced resistance to
B. sorokiniana. The increased resistance of transgenic wheat lines showed also increased
transcript levels of defence-associated genes from the ET/JA pathways. Wheat is one of
the main cereals crucial for food production worldwide, therefore its pathogens should be
one of the main focuses in biotic stress studies. Besides B. sorokiniana, Puccinia striiformis,
which also causes stripe rust, is an important wheat pathogen. In response to P. striiformis
reactive oxygen species burst is observed. Early accumulation of ROS leads to an increase in
chlorophyll a and b levels, as well as to activation of antioxidative enzymes. It contributes
to plant resistance to this pathogen [157].

Jisha et al. [158] proposed a model for the role of the AP2/ERF transcription factor,
OsEREBP1, during the response of rice plants to infection with the bacterium Xanthomonas
oryzae pv. oryzae. The authors suggested that enhanced expression of OsEREBP1 can lead
to accumulation of JA, which mediates activation of the helix–loop–helix transcription
regulator RERJ1 and induces linalool synthase activity so that volatile monoterpene linalool
molecules are accumulated resulting in improved tolerance to X. oryzae pv. oryzae infection.

The brown planthopper (Nilaparvata lugens) is a hemipteran pest infesting rice plants.
This insect injures plants through feeding, and it also transmits rice grassy stunt virus and
rice ragged stunt virus [159]. Xylanase inhibitors were described as players participating
in plant defence. Zhan et al. [160] presented that infestation with imagines of N. lugens,
wounding or MeJA treatment increased transcript and protein levels of OsXIP (an XIP-
type rice xylanase inhibitor). By studying 5′ deletion in OsXIP promoter in rice mutant
plants invaded by N. lugens, a 562 bp region was shown as crucial for the response to stress
induced by pest feeding. Furthermore, a basic helix–loop–helix protein (OsbHLH59) and an
AP2/ERF-transcription factor OsERF71 directly reacted with 562 bp sequence to induce the
expression of OsXIP. The expression of genes OsbHLH59 and OsERF71 was also stimulated
in rice roots and shoots by wounding and submerging in MeJA.

Fusarium head blight induced by Fusarium species such as F. graminearum is a globally
important fungal disease of wheat. Transcriptional profiling of moderately resistant and sus-
ceptible to F. graminearum winter wheat cultivars have shown 2169 differentially expressed
genes, induced by jasmonate and ethylene, e.g., encoding thionin, lipid-transfer protein,
defensin and GDSL-like lipase. Moreover, defence-activated genes encoding jasmonate-
dependent proteins were up-regulated in response to infection with F. graminearum, such as,
for example, the subfamily of mannose-specific jacalin-like lectin-containing proteins [161].

During an infestation, pathogens and pests secrete effectors into host plant tissues.
These effectors interact with plant defence systems, which may lead to effective colonisation
and the spread of the infection [162]. Darino et al. [163] performed functional character-
isation of the biotrophic fungus Ustilago maydis (causing smut disease on maize plants)
effector jasmonate/ethylene signalling inducer 1 (Jsi1). Jsi1 reacts with members of the
plant corepressor protein family Topless/Topless-related (TPL/TPR). It was shown that
the increased expression of Jsi1 in maize led to activation of the ERF-branch pathway by
an ET-responsive element-binding factor-associated amphiphilic repression (EAR) mo-
tif, which takes after EAR motifs from plant ERF transcription factors interacting with
TPL/TPR proteins. Interestingly, phytopathogen effector candidates with EAR motifs were
also found to be secreted by an ascomycete fungus Magnaporthe oryzae (affecting rice) and a
Basidiomycota fungus Sporisorium reilianum (affecting maize and sorghum) [163].
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In winter wheat field studies, it was shown that JA application induced resistance
to cereal aphids (Metopolophium dirhodum, Sitobion avenae, Rhopalosiphum padi) and thrips
(Limothrips denticornis and Thrips angusticeps). JA at first caused a significant decrease in the
number of pests, which, even though it increased in time, remained lower on wheat treated
with JA [164].

The MYC branch is induced upon mechanical injury or feeding by insects. This branch
is controlled by basic helix–loop–helix leucine zipper transcription factors MYC2, MYC3
and MYC4, and it is also coordinated by ABA [165]. The MYC-branch activation results in
the induction of JA-responsive gene expression including marker genes of the MYC-branch
such as vegetative storage protein 1 and 2 (VSP1 and VSP2) [166].

The rice water weevil (Lissorhoptrus oryzophilus) is the most harmful coleopteran pest
of O. sativa plants. It was proven that the treatment of rice seeds with jasmonates led to
resistance against L. oryzophilus but rice growth and fitness were reduced. Jasmonates
caused delayed emergence and heading, and after full development of plants, lower yield
in comparison to plants grown from untreated seeds [167,168]. Therefore, it can be stated
that plant fitness is decreased upon activation of JA-dependent defence responses, however,
other hormones including ABA, SA, GAs, AUX and BRs are also substantial regulators of
the immune–fitness balance caused by phytopathogens [169,170]. In addition, the decrease
in plant growth elicited by JA is most probably regulated via signalling crosstalk with AUX,
SA, BRs, GAs and CKs [171].

The crosstalk between hormonal pathways promotes the induction of efficient re-
sponses against pathogens and pests [172]. Many observations of the mutual interaction
between the SA and JA pathways were made [173]. Pharmacological studies showed that
the expression of PDF1.2 and VSP2 is sensitive to SA treatment. The opposed influence
of SA on JA-depended responses was observed. It was shown that exogenous treatment
with SA decreased the expression of the JA-responsive genes (PDF1.2 and VSP2) activated
by MeJA, the necrotrophic fungi Alternaria brassicicola and Botrytis cinerea, and the west-
ern flower thrips (Frankliniella occidentalis) and P. rapae. However, infestation with the
biotrophic oomycete Hyaloperonospora parasitica leading to SA-activation defence antago-
nised MeJA-dependent expression of PDF1.2 and VSP2 and infection with H. parasitica
diminished P. rapae-activated expression of VSP2 [174]. Moreover, it was documented
that this effect (induced by SA exogenous exposition) persists in the next plant genera-
tion [175]. The antagonism between SA and JA pathways can change resistance to biotic
stressors. It was observed that activation of the SA signalling by exogenous exposition
to SA or infestation with the hemibiotrophic bacterium Pseudomonas syringae, made the
plants more susceptible to A. brassicicola [176,177]. Moreover, decreased SA responses in
transgenic plants expressing a bacterial salicylate hydroxylase gene (nahG) and npr1 mutant
plants were interdependent with attenuated feeding by the cabbage looper (Trichoplusia ni)
caterpillars [178].

Similar antagonism is present in the ERF and the MYC branch. For example, it
was proved that inducing the MYC2 branch in plants inhibits the ERF branch activated
by P. rapae feeding, hence they are less alluring to the herbivore. Moreover, caterpillars
of P. rapae preferred to feed on jin1 (MYC2 transcription factor) mutants and ORA59-
overexpressing ones more than on WT plants, showing that the ERF and the MYC branch
crosstalk changes host–insect herbivore interactions [154]. This antagonism between the
ERF and the MYC branch can also change resistance to necrotrophic pathogens. The ERF
branch was elevated in plants with MYC2-mutated jin1 and ABA biosynthesis mutant
(aba2-1), leading to increased resistance to necrotrophs (B. cinerea, Plectosphaerella cucumerina,
Fusarium oxysporum) [166,179–182].

Vast crosstalk between hormonal signalling pathways permits the plant under biotic
stress for precise regulation of defence responses at various levels of plant organisation [183].
As elicitation of parasite-inducible responses is not without metabolic cost, trade-offs
between immune defence and growth and development are clearly noticeable in plant
organisms [146,184–186]. Hormonal crosstalk is sometimes discussed as an evolutionary
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cost-limiting strategy. Some researchers argue that this crosstalk may have evolved as
a countermeasure to lessen energy costs by retardation of ineffective defence responses
against specific invaders [187,188]. This hypothesis also seems to be confirmed by Vos
et al. [189]. The authors analysed the effect of hormonal crosstalk on biotic stress resistance
and host fitness upon multi-species infestation. Activation of SA- or JA/ABA-mediated
responses by the biotrophs Hyaloperonospora arabidopsidis or P. rapae, respectively, decreased
the level of induced JA/ET-response against the following infestation with B. cinerea.
Notwithstanding, although there was increased susceptibility to this second invader, no
long-term negative consequences were observed on host fitness when plants had been
infected by multiple parasites. The authors concluded that host hormonal crosstalk during
multi-parasite interactions gives the plants an opportunity to put their defence in order
of importance while decreasing the energy fitness costs linked to activation of immune
responses. This issue is extremely interesting and requires further research, especially in
the context of crop plants including cereals.

6. Crosstalk Signalling between Abiotic and Biotic Stress

Current research on biotic and abiotic stress response pathways in plants suggests that
there are significant similarities between them. The responses of cereals plants to biotic
and abiotic stress are a complex web of interactions between secondary messengers, ROS,
phytohormones, antioxidants, photosynthetic pigments, secondary metabolites, protein
kinases, TFs, photosynthesis efficiency and chlorophyll a fluorescence parameters and ultra-
structural adjustments [190–192]. Plants subjected to abiotic stress, e.g., high temperature,
drought, salinity, are often more sensitive to subsequent attacks by pathogens [193]. There
are reports about the decrease in the disease resistance of crops due to high humidity and
high temperature [194]. Both types of stress factors cause the increase in such parameters as
Ca2+, ROS, and pH levels in the apoplast. MAPK kinases are activated, which is a common
response to both stresses [195]. For example, OsMPK5 kinase in rice is an ortholog of
AtMPK3 in Arabidopsis and NtWIPK in tobacco, which are well known to be activated
by both different pathogens and abiotic environmental stimuli [195]. ABA triggered a
signal and it negatively imposed on the signalling of defence hormones, e.g., SA. ABA/SA
interaction is two-sided, as activation of SA signalling by pathogens lowers ABA concen-
tration [194]. On the other hand, positive interactions were observed for JA/ET signalling
in response to double stress. ABA can act as a molecular switch between both responses
and plays a dominant role in the response to stress [196]. It can take place through the
ABA-inducible genes ERD15 and ATAF1, which may activate ABA-dependent biotic stress
responses at the expense of abiotic responses [197]. A scheme for the interaction interface
and overlapping signalling pathways of abiotic and biotic stress at the cellular level is
presented in Figure 2.

CDPK families are also involved in crosstalk between biotic and abiotic stresses [198].
They are involved in various processes such as osmotic homeostasis, cell protection and
root growth [44]. Some studies have reported that the CDPK genes not only behaved as
positive regulators of abiotic or biotic stress signalling but also as negative regulators [44].
Overexpression of OsCDPK12 in rice led to positive regulation of salt tolerance and negative
regulation of blast resistance [199].

Phytohormones regulate the activity of transcription factors such as WRKY, MYB, ERF,
NAC and the HSF family, which respond to both biotic and abiotic stress and play a vital
role in the plant’s response to simultaneously occurring stresses. WRKY30 and WRKY13
have a dualistic function in response to drought, salinity, cold and pathogen attack in
rice [200]. Some WRKY such as OsWRKY76 antagonistically regulated the response of rice
to blast disease and cold stress [201] but OsWRKY82 improved resistance against pathogens
and tolerance against abiotic stress via the JA and ET pathways [202]. The rice OsWRKY45
is induced in response to ABA in various abiotic stress and also by infection with Pyricularia
oryzae Cav. and Xanthomonas oryzae pv. oryzae. In a study by Qiu and Yu [203], it was
shown that constitutive overexpression of the OsWRKY45 led to a significant increase in
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the expression of PR genes, resistance to bacterial pathogens, as well as tolerance to salt
and drought stresses.
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Figure 2. Scheme for the crosstalk signalling between abiotic and biotic stress. Both stress factors are
first recognised by plant cells and then information is transduced through chemical signals such as
Ca2+, reactive oxygen species (ROS), as well as mitogen-activated protein kinases (MAPK) cascades.
Abscisic acid (ABA) is mostly involved in abiotic stress acclimation, while salicylic acid (SA) and
jasmonate/ethylene (JA/ET) are responsible for the reaction to abiotic as well as biotic stresses.
Finally, phytohormones up-regulate transcription factors (TFs), which then contribute to expression
of genes related to stress response, e.g., late embryogenesis abundant proteins (LEA), heat shock
proteins (HSP), phytochelatins (PC), metallothioneins (MT), defensis (DF).

MYB transcription factors also may be common element of the response to various
stresses. The MYB factor TaPIMP1 from wheat confers tolerance to drought and salt and
pathogens stress when overexpressed in tobacco [204]. Another one of the candidates for
common TF for multiple stresses response is JAmyb. JAmyb expression in response to
salinity and osmotic stress was observed in rice seedlings. Microarray analysis showed that
JAmyb overexpression stimulated the induction of several defence-related genes, some of
which are predicted to be involved in osmosis regulation, ROS removal and ion homeosta-
sis [205]. Additionally, transgenic rice plants overexpressing JAmyb exhibited improved
resistance to blast [206]. A study by Yokotani et al. [205], showed that JAmyb expression
was induced by H2O2 and paraquat. However, it is known that ROS overproduction is a
common response to biotic and abiotic stress and could overlap with other stress responses.
It is suggested that JAmyb might play a role in the crosstalk between JA and ROS-signal
transduction pathways in dual stresses [205].

Another important TF is NAC. NAC are plant-specific TFs induced in various de-
velopmental stages and under abiotic and biotic stress [207]. The enhanced expression
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of the TaNAC4 gene in wheat was observed under the fungus, salinity, wounding and
cold stress [208]. Expression of OsNAC6 in rice was induced by abiotic stresses, including
cold, drought and high salinity, as well as by biotic stresses, such as wounding and blast
disease [207]. OsNAC6, among others, increases the activity of peroxidase, which elevates
oxidative stress.

It was shown that genes encoding cold-responsive/late embryogenesis abundant
(COR/LEA) proteins, participate in improving cold resistance and protection of cells
from dehydration and low-temperature [209]. It is known that the ABA participates in
the regulation of COR gene (WRAB15 and WRAB18) expression in wheat. Studies by
Talanova et al. [210] showed enhanced expression of WRAB15 and WRAB18 genes in
wheat leaves caused by the Cd, hardening or their combination. This may indicate the
participation of these genes in the protective and adaptive responses of plants to different
stress factors [210].

As mentioned above, the effect of one stress can make plants more sensitive to the
next stress. On the other hand, exposure of plants to one stress affects their response during
the next stress leading to enhanced defence mechanisms to later stress. This phenomenon
called “priming” results in a faster and stronger induction of basal defence mechanisms
upon subsequent biotic stress factors [3]. “Metabolic memory” in higher plants requires
less energy expenditure than defence directly induced by insect feeding or infection caused
by pathogens.

A list of genes that may be crucial in signalling the response to biotic and abiotic
stresses is given in Tables 1 and 2.

Table 1. The list of genes with a potential role under abiotic and biotic stress signalling pathways.

Gene Plant Changes in Expression Level/Physiological Effect References

Drought stress

JERF1 Oryza sativa L. activates the expression of stress-responsive genes and
increases the synthesis of the proline [43]

OsABA2 Oryza sativa L. increases ABA synthesis [43]

Os03g0810800 Oryza sativa L. increases ABA synthesis [43]

TaGST1 Triticum aestivum L. decreases ROSs [33]

ZmCCaMK Zea mays L. participates in BR-induced antioxidant defence [34]

OsMKK1
OsMKK4 Oryza sativa L. increases under drought [48]

OsMPK4
OsMPK5
OsMPK7
OsMPK8

Oryza sativa L. increases under drought [48]

TaMKK1
TaMKKK16 Triticum aestivum L. increases under drought [49]

TaMPK8 Triticum aestivum L. increases under drought [49]

OsMKK10.2
OsMPK3 Oryza sativa L. increases drought stress tolerance in rice via

ABA signalling [50]

Dhn1
Dhn3
Dhn5
Dhn7
Dhn9

Hordeum vulgare L.

increases under drought; show positive correlations
with chlorophyll a and b contents; participates in
osmotic adjustment; increases plant biomass and

grain yield

[57]
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Table 1. Cont.

Gene Plant Changes in Expression Level/Physiological Effect References

OsLEA3-1
OsLEA6 Oryza sativa L. enhances drought tolerance [61]

ZmPLC1 Zea mays L. partakes in interaction with other signalling pathways
in guard cell; improves the drought tolerance [62]

Salinity stress

SOS1
SOS2
SOS3

Triticum aestivum L. facilitates exclusion of toxic Na+ into root apoplast;
significantly higher level in salt-tolerant genotype [77]

OsSOS1
OsSOS2
OsSOS3

Oryza sativa L. increases under salinity [81]

HvSOS1 Hordeum vulgare L. increases under salinity [81]

NHX1 Triticum aestivum L. increases under salinity [82]

HvNHX5 Hordeum vulgare L. increases under salinity in roots [81]

OsNHX1
OsNHX2
OsNHX4
OsNHX5

Oryza sativa L. increases under salinity in roots [81,85,86]

OsHKT1;4
OsHKT1;5 Oryza sativa L. increases salinity tolerance; decreases Na+

accumulation [88,89]

ZmHKT1;5
ZmHKT2 Zea mays L.

increases under salinity; reduces leaf K+ concentration;
enhances Na+ uptake in the root; increases its

translocation to the shoot
[90]

OsMAPK33 Oryza sativa L. decreases under salt stress-negative regulator in
salinity response [94]

Heavy metals

OsMYB45 Oryza sativa L. decreases H2O2 content in the leaves; increases CAT
activity [120]

OsLsi1
OsLsi2
OsLsi6

Oryza sativa L. participates in As transport [121]

OsNCED2
OsNCED3 Oryza sativa L. increases ABA biosynthesis [135]

ACS1
ACS2
ACO4
ACO5

Oryza sativa L. increases ET biosynthesis [136,137]

OsMPK3
OsCML31

OsWAKL-Os
OsLRK10L-2
OsDUF26-If
OsWRKY26

OsAP2/ERF-130
OsLMWP

OsDSP
OsPP2A
OsPTP

OsPP2C

Oryza sativa L. increases under Cr toxicity [137]
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Table 1. Cont.

Gene Plant Changes in Expression Level/Physiological Effect References

OsExo70
(Os01g0763700
Os06g0255900
Os01g0905300
Os01g0905200
Os11g0649900)

Oryza sativa L. increases under Cr toxicity; participates in vesicle
trafficking pathway [137]

Tom1
(Os05g0475300) Oryza sativa L. increases under Cr toxicity; participates in vesicle

trafficking pathway [137]

ZIF1
ZIF-like Triticum durum Desf. increases to Cd toxicity; participates in metal transport [138]

YSL2 Triticum durum Desf. increases to Cd toxicity; participates in metal transport [138]

Biotic stress

PR1
PR2 Hordeum vulgare L. increases expression under B. sorokiniana and

decreases under B. graminis infestation [2]

Jsi1 Zea mays L.
led to activation of the ERF-branch pathway by an
ET-responsive element binding-factor-associated

amphiphilic repression (EAR) motif
[163]

OsEREBP1 Oryza sativa L. cause accumulation of JA [158]

OsERF71 Oryza sativa L. increases in roots and shoots as a result of wounding
and submerging in MeJA [160]

Multi-stress

OsWRKY76
OSWRKY82 Oryza sativa L.

antagonistically regulates the response of rice to blast
disease and cold stress; increases resistance against

pathogens and tolerance against abiotic stress via the
jasmonic acid and ethylene pathways

[201,202]

OsNAC6 Oryza sativa L. activates the expression peroxidase [207]

WRAB15
WRAB18 Triticum aestivum L. increases under cadmium, hardening temperature, or

their combination; protective and adaptive functions [210]

Table 2. The list of mutants and transgenic plants with changed stress tolerance under abiotic and
biotic stress.

Gene Species Type of Manipulation Effect Reference

HVA1 Barley Overexpresion of HVA1 in
rice and wheat Improves tolerance to water deficit [59,60]

TaSOS1-974 Wheat Overexpresion of
TaSOS1-974 in tobacco

Improves Na+ efflux and K+ influx rates
in the roots, decreases oxidative damage
of plasma membrane generated upon

salinity

[78]

TdSOS1∆972 Durum wheat Overexpresion of
TdSOS1∆972 in Arabidopsis

Increases water retention capacity and
germination rate upon salinity [79]

TaNHX2 Wheat
Overexpression of TaNHX2
in Solanum melongena L. and

Helianthus annuus L.

Increases salinity tolerance, improves
growth, reduces ROS and MDA content [83,84]

HvNHX2 Barley Overexpression of HvNHX2
in Arabidopsis Improves growth under salinity [85]
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Table 2. Cont.

Gene Species Type of Manipulation Effect Reference

OsNHX1 Rice Overexpression of OsNHX1
in rice

Increases salt tolerance, delays
appearance of negative effects

connected with damages or death
[86]

OsHKT1;5 Rice Mutation in OsHKT1;5 in rice Excesses Na+ accumulation in leaves
under salinity [89]

TaMPK4 Wheat Overexpression of TaMPK4
in wheat

Improves salinity tolerance,
increases K+ and osmolyte contents and

decreases Na+ content
[91]

ZmSIMK1 Maize Overexpression of ZmSIMK1
in Arabidopsis Increases tolerance to salt stress [92]

TMKP1 Wheat Overexpression of TMKP1 in
Arabidopsis

Improves salinity tolerance, increases
seeds germination rate, decreases ROS

and MDA content under stress
[93]

OsMAPK33 Rice Overexpression of
OsMAPK33 in rice

Enhances sensitivity to salt stress,
disturbs ion homeostasis [94]

OsMYB45 Rice Mutation in OsMYB45 in rice
Reduces resistance to Cd stress,

increases H2O2 content, decreases CAT
activity

[120]

TaPIMP2 Wheat Overexpression of TaPIMP2
in wheat

Increased resistance to Bipolaris
sorokiniana [151]

TaPIEP1 Wheat Overexpression of TaPIEP1
in wheat

Increased resistance to Bipolaris
sorokiniana [156]

TaPIMP1 Wheat Overexpression of TaPIMP1
in tobacco

Confers tolerance to drought, salt and
pathogens stresses [204]

OsXIP Rice Mutation in OsXIP in rice Decreases response to stress induced by
Nilaparvata lugens [160]

OsCDPK12 Rice Overexpression of
OsCDPK12 in rice

Increases salt tolerance, decreases blast
resistance [199]

JAmyb Rice Overexpression of JAmyb in
rice Improves resistance to blast [205]

OsWRKY45 Rice Overexpression of
OsWRKY45 in Arabidopsis

Increases resistance against pathogens
and tolerance against abiotic stress [203]

7. Conclusions

Different stresses affect plants in various ways, therefore proper plant acclimation
enabling plant survival is dependent on the crop’s ability to recognise the stress factor and
its intensity, as well as on the ability to transmit the signal to the appropriate parts of both
the cell and the plant in order to trigger an adequate response. While some plant defence
mechanisms (such as ROS signalling) are not specific and occur under most stresses, others
are strictly dependent on the specific stress factor (e.g., SOS). When cereals struggle to
survive only with drought or with the presence of HMs, the situation is quite simple and
well recognised in the literature. The problem appears when the same plant is affected
by various stress factors at the same time or in short time intervals. In this case, the
triggered defence mechanisms can be opposed to each other, which makes resistance to
stress difficult. Therefore, learning about the signalling pathways and, more importantly,
the interactions between them is crucial in plant cultivation, where multi-stress is common.
It should be emphasised that these signal transduction pathways not only intersect with
each other but are often opposed (ABA and SA), especially when both abiotic and biotic
stress are present in the environment at the same time, which is of paramount importance
for plant survival. By activating only selected response elements, and silencing others, it

44



Plants 2022, 11, 1009

is possible to limit cereals’ energy expenditure on ineffective acclimatisation mechanisms.
Reducing unnecessary energy consumption allows the plant to continue to develop and
grow despite the presence of the stress factor, however, the same mechanism may lead
to increase susceptibility to one stress when others occur. Therefore, in the near future,
research should focus on signalling pathways crosstalk and multi-stress response.
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Abstract: Over the past decades, extensive research has been conducted to identify and characterize
various plant transcription factors involved in abiotic stress responses. Therefore, numerous efforts
have been made to improve plant stress tolerance by engineering these transcription factor genes.
The plant basic Helix–Loop–Helix (bHLH) transcription factor family represents one of the most
prominent gene families and contains a bHLH motif that is highly conserved in eukaryotic organisms.
By binding to specific positions in promoters, they activate or repress the transcription of specific
response genes and thus affect multiple variables in plant physiology such as the response to abiotic
stresses, which include drought, climatic variations, mineral deficiencies, excessive salinity, and water
stress. The regulation of bHLH transcription factors is crucial to better control their activity. On the
one hand, they are regulated at the transcriptional level by other upstream components; on the other
hand, they undergo various modifications such as ubiquitination, phosphorylation, and glycosylation
at the post-translational level. Modified bHLH transcription factors can form a complex regulatory
network to regulate the expression of stress response genes and thus determine the activation of
physiological and metabolic reactions. This review article focuses on the structural characteristics,
classification, function, and regulatory mechanism of bHLH transcription factor expression at the
transcriptional and post-translational levels during their responses to various abiotic stress conditions.

Keywords: bHLH transcription factors; abiotic stress; transcriptional regulation; post-translational
regulation

1. Introduction

The basic Helix–Loop–Helix (bHLH) Transcription Factors (TF) are a large and diverse
family of transcription factors characterized by a highly conserved bHLH domain [1].
The bHLH transcription factor conservatively contains two connected subregions, namely
the basic region (b), which is an essential DNA-binding region, and the HLH region,
which consists of 40–50 amino acid residues and participates in homodimerization or
heterodimerization [2] (Figure 1A,B). The amino acid sequences outside the bHLH region
are divergent, even in closely related proteins from the same species. These short conserved
amino acid motifs are commonly present in related plant bHLH proteins and are generally
conserved within each subfamily [3,4].

The bHLH motif was first discovered in the murine transcription factors E12 and
E4 [5]. Since then, several bHLH genes have been discovered, providing an initial classi-
fication of animals that divided bHLH transcription factors into six subgroups (A to F)
based on their protein sequences, differences in bHLH domains, and comparisons of the
functions of different family members [6,7]. Furthermore, outside of mammals, multiple
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classifications of 15 to 25 subfamilies based on bHLH and non-bHLH motifs have been
obtained [3,4,8]. As more species were included, the most recent classification allows them
to be divided into 26 subgroups [1], reflecting a deep evolutionary relationship in plants.
In addition, phylogenetic analysis of several atypical bHLH proteins extended the number
of subfamilies to 32 [8].
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Figure 1. (A) The crystal structure of bHLH domain heterodimer bound to the DNA. (B) The
sequence logo of the bHLH domain. The overall height of each stack represents the conservation
of the sequence at that position. Each color of the letters represents a type of amino acid residue.
(C) The phylogenetic tree analysis of bHLH gene family in Oryza sativa [monocot]; Arabidopsis
thaliana [eudicot]; Selaginella moellendorffii [lycophyte]; Physcomitrella patens [moss]; Volvox carteri;
Chlamydomonas reinhardtii; Chlorella vulgaris; Ostreococcus tauri; and Cyanidioschyzon merolae was
constructed using MEGA7.0 with the JTT method and 1000 replicates. Then, the trees were visualized
using Figtree. Group names were marked outside the circle. The protein sequences were downloaded
from the report in 2010 [1].

Maize (Zea mays L.) was the first plant species in which the bHLH superfamily was
first identified. Subsequently, 162 bHLH genes were identified in the model plant Ara-
bidopsis thaliana [9], 167 in rice (Oryza sativa L.) [4] and 202 bHLH genes in Poplar [10]. The
number of characterized and identified bHLH genes in plants has increased, showing their
extensive and diverse functional involvement; 100 PmbHLH genes were identified in Prunus
mume [11], 102 bHLH genes in walnut (Juglans regia L.) [12], 212 MibHLH genes in mango
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(Mangifera indica L.) [13], 37 SsbHLH genes in sugarcane (Saccharum spontaneum) [14], 110
IbbHLHs in sweetpotato (Ipomoea batatas (L.) Lam.) [15], 118 bHLH genes were identified in
melon [16], 107 CabHLHs were identified in Capsicum annuum [17], and 85 bHLH proteins
(GbbHLH) were obtained from Ginkgo biloba [18]. bHLH gene families are widespread in
plants and have demonstrated their essential roles in various biological processes involved
in normal plant growth and development [1], flowering [19], and metabolic biosynthesis,
including anthocyanin [20]. Therefore, many of them have a role and regulatory function
in signal transduction [21,22] and gene expression in response to abiotic stresses such as
salinity, drought, low temperature, and nutrient deficiency [23,24].

Many research studies have paid close attention to regulatory genes, including bHLH
TFs, which play essential roles in multiple abiotic stress responses by regulating the expres-
sion of a wide range of downstream stress-responsive genes by interacting with the specific
cis-elements in their promoter region [25]. Therefore, genetically modifying the expression
of TFs can strongly affect plant stress tolerance as it mimics or enhances stress signals
to simultaneously regulate many downstream stress-responsive genes. In recent years,
several mechanisms of regulation and tolerance of bHLH TF to abiotic stress in model and
non-model plants have been revealed, providing a better and more detailed explanation of
their intervention under specific stress conditions. bHLHs are involved in various functional
gene approaches to significantly enhance stress tolerance in plants. They can be activated
under multiple stresses and play an essential role in abiotic stress responses by regulating a
wide range of downstream stress-responsive genes [26]. Meanwhile, bHLH TFs themselves
undergo various modifications at the post-translational level, such as ubiquitination [27],
phosphorylation [28], and sumoylation [29], thereby forming a regulatory complex network
to modulate the expression of bHLH stress-responsive genes.

Both transcriptional and post-translational modifications contribute to this plant stress
response regulatory function. In this review, we focused on the structure and gene clas-
sification of bHLH TFs, as well as recent studies on their expression and the different
mechanisms of transcriptional and post-translational regulation under different abiotic
stress conditions.

2. Structure and Gene Family of bHLH TFs

The bHLH TF family, known for its conserved bHLH domain [30], is considered the
second largest gene family after the MYB family gene and is found in the majority of
eukaryotes. With a total of ~60 amino acids, the bHLH transcription factor is divided into
two functionally distinct regions. On the one hand, there is the primary region, which is
located in the N-terminal domain and contains a total of 15 to 20 amino acids, including
basic amino acid residues, and is responsible for DNA binding, with certain conserved
amino acids responsible for recognition of the E-box, a hexanucleotide consensus sequence
in DNA (5-CANNTG-3). Other residues, on the contrary, are specific for a different E-box
region in DNA (e.g., the G-box [5-CACGTG-3]) in target genes [25,31]. According to Toledo-
Ortiz et al., bHLH genes can be divided into E-box or non-E-box binders and DNA-binding
or non-DNA-binding proteins. The Helix–Loop–Helix (HLH) region, on the other hand,
is found in the C-terminal domain and is composed of hydrophobic residues rearranged
into two amphipathic regions connected to a loop region forming a hydrophobic ring
(Figure 1B). They are involved in homo- or heterodimerization, as shown in Figure 1A,
and thus participate in protein–protein interaction and gene expression control [2]. The
dimer structure is stabilized by the hydrophobic amino acids Isoleucine (I), Leucine (L),
and Valine (V) in conserved positions in the bHLH domain [30].

Outside of the bHLH domain, bHLH proteins show little to nonexistent conserva-
tion [3]. However, some groups of bHLH show some conserved domains outside of bHLH,
most of which have been previously characterized in animals. For example, there is the
highly conserved Leucine Zipper (LZ) motif adjacent to the second helix of the bHLH
domain, which is predicted to adopt a coiled-coil structure, allowing protein dimerization.
The PAS domain, the orange domain, the WRPW motif, and the COE domain are other do-
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mains also found in bHLH proteins [6,32]. The bHLH motif was first identified by Massari
and Murre in 1989. Then, with more identified bHLH proteins, the first classification of
different family members of animal bHLH TFs was performed using only the bHLH motif.
This classification led to the selection of four distinct groups based on amino-acid patterns
and E-box-binding specificity [7]. This classification separated bHLH proteins into classes
A, B, C, and D [7].

Using the entire protein sequence and not just the bHLH domain allowed the inclusion
of additional domains associated with many other proteins (e.g., Zip, Orange, and PAS) that
may play important roles in protein dimerization and DNA binding. Therefore, the classifi-
cation was extended to include two additional groups (E and F) [6,33]. The characterized
bHLH proteins have been restricted to animals. It has been suggested that the ancestral
plant bHLH sequence was a group B protein present in early eukaryote evolution, from
which bHLHs of different lineages independently evolved [6,7] and function in transcrip-
tional regulation associated with various diverse functions in plants including anthocyanin
biosynthesis, phytochrome signaling, globulin expression, fruit dehiscence, and carpel
and epidermal development [3]. Furthermore, some studies have aimed to divide the
large bHLH family into smaller subgroups based on their sequence homology [1,3,8]. In
2003, Heim et al. compared the genetic structure, number of introns, and conservative
motifs of 133 bHLH isolates from Arabidopsis and rearranged them into 12 subgroups. Since
then, Pires and Dolan have divided bHLH into 26 subgroups by phylogenetic analysis,
using a total of 544 bHLH genes from 9 land plants and algae [1] (Figure 1C). Meanwhile,
Carretero-Paulet et al. added 29 to the original 133 Arabidopsis bHLH and classified them
into 32 subfamilies by phylogenetic analysis, intron pattern, and conservative protein motif
structure using 9 plant species [8].

Mainly, members of the same bHLH subfamily generally share similar gene structure
and the same non-bHLH conserved motifs, such as a Leucine Zipper (LZ) domain (shared
between IVb subfamilies and between IVc subfamilies) [7]. There is also an ACT domain,
which is a ligand-binding regulatory domain found in a diverse group of proteins, mainly
metabolic enzymes. The occurrence of the ACT domain in some proteins from different
bHLH subfamilies suggests that the ACT bHLH association occurred multiple times,
possibly through domain shuffling processes, suggesting that domain shuffling processes
may play a small role in the evolution of bHLH genes in plants [1]. Members of the
same plant bHLH subfamily are also often involved in the same biological processes,
such as subgroup Va, which is involved in brassinosteroid signaling [34], and the Active
Phytochrome Binding (APB) motif, encoded in several proteins of subfamily VII (a + b),
which mediate the binding of multiple A. thaliana bHLH proteins to phytochrome B [1,35].

Plant bHLH diversity was already present in the early land plants before the moss
and vascular plant lineages separated over 440 million years ago. Many current bHLH
interactions also occurred in early land plants and were essentially conserved in the major
plant groups [1]. The expansion of this family is closely related to plant evolution and
diversity, not only in higher plants but also in lower plants such as algae, lichens, and
mosses or non-plants such as mycobacteria [1]. The availability of a large number of land
plants and algal genomes allowed further analysis of the conserved motifs of the bHLH
gene family throughout the photosynthetic plant spectrum (Figure 2). Different numbers of
members of the bHLH gene family have been identified in different species by searching
for proteins containing the bHLH domain. The bHLH gene family was found to originate
from Rhodophyta. The conservation of the bHLH conservative domain in different species
was further predicted by MEME (Figure 2). According to the conservative motif, the bHLH
domain will evolve to be more complete as species evolve. The evolution of the bHLH gene
family also provides insights regarding the evolution of green algae into flowering plants
through their adaptation to environmental changes [8]. Specifically, the genome-wide
analysis of bHLH gene families from different species will help us to better understand the
biological function, evolutionary origin, and expansion outcome of bHLH genes.
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3. Regulation of bHLH TFs in Plant Stress Response

Previous research has revealed that the bHLH TF family can participate in the reg-
ulation of abiotic stresses such as drought, high salinity, low temperature, and nutrient
deficiencies through transcriptional and post-translational modifications [36–41]. Tran-
scriptome is commonly used in abiotic stress studies. Transcriptome technology can be
used to identify key nodes or genes for stress resistance at the transcriptional regulatory
level for subsequent research. In order to reveal the potential roles of bHLH members in
various stress responses in different species, most functional signaling pathways of bHLH
TF regulations were identified (Table 1 and Figure 3).

Table 1. bHLH transcription factors involved in plant response to abiotic stress.

Original Plant Nomenclature Stress Response Regulation Type Refs.

Ipomoea batatas (L.) Lam. IbbHLH79 Cold Positive regulation [15]
Arabidopsis thaliana L. rd22BP1/AtMYC2/ Drought Positive regulation [21]

AtbHLH006
Arachis hypogaea L. AhbHLH112 Drought/salt Positive regulation [42]
Oryza sativa OsWIH2/OsbHLH130 Drought Positive regulation [43]
Fagopyrum tataricum FtbHLH3 Drought/oxidative Unknown [44]
Solanum lycopersicum SlbHLH22 Drought Positive regulation [45]
Zea mays L. ZmPIF1 Drought Positive regulation [46]
Malus × domestica Borkh. MdCIB1 Drought Positive regulation [47]
Arabidopsis thaliana L. AtbHLH68 Drought Unknown [48]
Populus euphratica PebHLH35 Drought Positive regulation [49]
Arabidopsis thaliana L. AtbHLH122 Drought/salt Positive regulation [50]
Oryza sativa OsbHLH148 Drought Positive regulation [51]
Oriza rufipogon OrbHLH001 Salt/cold Positive regulation [52]
Oryza sativa BEAR1/OsbHLH014 Salt Positive regulation [53]
Oryza sativa OsbHLH062 Salt Unknown [54]
Eleusine coracana L. EcbHLH57 Salt/oxidative/drought Positive regulation [55]
Beta vulgaris L. BvbHLH93 Salt Positive regulation [56]
Selaginella lepidophylla SlbHLHopt Salt Positive regulation [57]
Arabidopsis thaliana L. AtbHLH112 Drought/salt Positive regulation [58]
Oryza sativa OsbHLH035 Salt Unknown [59]
Oriza rufipogon OrbHLH2 Salt/osmotic Positive regulation [60]
Panax ginseng C.A. Meyer PgbHLH102 Salt Unknown [61]
Arabidopsis thaliana L. AtICE1/AtbHLH116 Cold Positive regulation [62]
Arabidopsis thaliana L. ICE2 Cold Positive regulation [63]
Malus × domestica Borkh. MdCIbHLH1 Cold Positive regulation [64]
Pyrus ussuriensis PuICE1 Cold Positive regulation [65]
Oryza sativa OsbHLH1 Cold Positive regulation [66]
Nicotiana tabacum L. NtbHLH123 Cold/salt Positive regulation [67]
Zoysia japonica ZjbHLH76/ZjICE1 Cold Positive regulation [68,69]
Vitis amurensis VaICE1/VaICE2 Cold Positive regulation [70]
Dimocarpus longan Lour. DlICE1 Cold Positive regulation [71]
Citrus sinensis CsbHLH18 Cold/salt Positive regulation [72]
Poncirus trifoliate PtrbHLH Cold/oxidative Positive regulation [73,74]
Rosa multiflora RmICE1 Cold/salt Positive regulation [75]
Prunus avium L. PavbHLHs Cold Unknown [76]
Arabidopsis thaliana L. FIT/AtbHLH29 Fe deficiency Unknown [77]
Arabidopsis thaliana L. AtbHLH38 Fe deficiency Positive regulation [78]
Arabidopsis thaliana L. AtbHLH39 Fe deficiency Positive regulation [78]
Arabidopsis thaliana L. AtbHLH100 Fe deficiency Positive regulation [79]
Arabidopsis thaliana L. AtbHLH101 Fe deficiency Positive regulation [79]
Arabidopsis thaliana L. PYE/AtbHLH47 Fe deficiency Unknown [80]
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Table 1. Cont.

Original Plant Nomenclature Stress Response Regulation Type Refs.

Arabidopsis thaliana L. ILR3/AtbHLH105 Fe deficiency
Positive
regulation/Negative
regulation

[81]

Arabidopsis thaliana L. AtbHLH104 Fe deficiency Positive regulation [82]
Arabidopsis thaliana L. AtbHLH18 Fe deficiency Negative regulation [83]
Arabidopsis thaliana L. AtbHLH19 Fe deficiency Negative regulation [83]
Arabidopsis thaliana L. AtbHLH20 Fe deficiency Negative regulation [83]
Arabidopsis thaliana L. AtbHLH25 Fe deficiency Negative regulation [83]
Chrysanthemum morifolium CmbHLH1 Fe deficiency Unknown [84]
Oryza sativa OsIRO3/OsbHLH2 Fe deficiency Positive regulation [85]
Oryza sativa OsIRO2/OsbHLH056 Fe deficiency Positive regulation [86]
Oryza sativa OsbHLH156 Fe deficiency Positive regulation [87]
Triticum aestivum L. TabHLH1 Pi and N deficiency Positive regulation [88]
Chlamydomonas reinhardtii NRI1 N starvation Positive regulation [89]
Oryza sativa OsPTF1 Pi starvation Positive regulation [90]
Nicotiana tabacum L. NtbHLH1 Fe deficiency Positive regulation [91]
Zea mays L. ZmICE1 Cold Positive regulation [92]
Oryza sativa OsPRI2/OsbHLH058 Fe deficiency Positive regulation [93]

OsPRI3/OsbHLH059
Solanum lycopersicum SlICE1 Cold/salinity Positive regulation [94]
Cucumis sativus L. CsbHLH041 Salt Positive regulation [95]
Nicotiana tabacum L. NtbHLH86 Drought Positive regulation [96]
Malus × domestica Borkh. MdbHLH3 Cold Positive regulation [97]
Malus × domestica Borkh. MdbHLH106L Salt Positive regulation [98]
Malus × domestica Borkh. MdbHLH130 Salt Positive regulation [99]
Pyrus ussuriensis PubHLH1 Cold Positive regulation [100]
Arabidopsis thaliana L. AtbHLH92 Salt/osmotic stress Unknown [101]
Arabidopsis thaliana L. AtAIB/AtbHLH17 Drought/salt Positive regulation [102]
Fagopyrum tataricum FtbHLH2 Cold Positive regulation [103]
Solanum tuberosum StbHLH45 Drought Unknown [104]
Eucalyptus camaldulensis EcaICE1 Cold Positive regulation [105]
Triticum aestivum L. TabHLH39 Osmotic Unknown [106]
Arabidopsis thaliana L. AtNIG1/AtbHLH028 Salt Positive regulation [107]
Glycine Max (L.) Merrill GmbHLH57 Fe deficiency Unknown [108]
Glycine Max (L.) Merrill GmbHLH300 Fe deficiency Unknown [108]
Zea mays L. ZmPIF3 Drought Positive regulation [109]
Oryza sativa OsbHLH133 Fe deficiency Negative regulation [110]
Oryza sativa OsPRI1/OsbHLH115 Fe deficiency Positive regulation [111]
Arabidopsis thaliana L. AtbHLH121 Fe deficiency Unknown [112]

Arabidopsis thaliana L. AtbHLH106 Salt
Positive
regulation/Negative
regulation

[113]

Arabidopsis thaliana L. AtbHLH11 Fe deficiency Negative regulation [114]
Oryza sativa OsbHLH006 Drought Unknown [115]
Oryza sativa OsbHLH068 Salt Positive regulation [116]
Vitis vinifera VvbHLH1 Drought/salt/cold Positive regulation [117]
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4. Drought Stress Response

One of the major environmental issues that reduces plant growth and development
is drought. Drought-induced yield declines have been reported for many crop species,
which depend on the severity and duration of the stress period and are associated with a
decline in crop yield productivity [118]. Abscisic acid (ABA) is an important phytohormone
that plays an important role in abiotic stress tolerance, whose main function appears
to be the regulation of plant water balance and osmotic stress tolerance. Plant bHLH
transcription factors generally respond to drought stress through both ABA-dependent
and ABA-independent regulatory systems [119–121].

In peanuts (Arachis hypogaea), AhbHLH112 responds to drought stress by regulating
antioxidant gene-mediated reactive oxidative species (ROS) scavenging or ABA-dependent
pathways as, under drought stress, ABA accumulates, and blocks Ca2+ influx and mem-
brane proton pumps, resulting in plasma membrane depolarization and stomatal closure,
which is required to reduce water loss and maintain high water potential. Under drought
stress, AhbHLH112 is induced and could activate antioxidant genes and promote ROS scav-
enging (POD) [42]. MfbHLH38 also acts positively on plant defenses via the ABA-dependent
signaling pathway and enhances the ROS scavenging system, thereby reducing oxidative
damage under stress [40]. Drought stress can also induce the accumulation of OsbHLH130,
which activates OsWIH2 expression, and the latter improves rice drought tolerance by
reducing the water loss rate and ROS accumulation [43]. FtbHLH3 responds to drought
stress by increasing photosynthetic efficiency and upregulating the expression of critical
genes in the ABA signaling pathway, the proline biosynthetic pathway, the ROS scavenging
system, and the drought-responsive pathway [44]. SlbHLH22 also improved tomato plant
stress resistance by inducing the expression of genes involved in flavonoid biosynthesis.
Flavonoids can enhance plant tolerance to drought and salt stress due to their ability to
scavenge superoxides, peroxides, and free radicals generated during stress through ABA
biosynthesis and the ROS scavenging pathway, leading to stomatal closure, increased
proline content, and enhanced CAT, POD, and SOD activities with reduced ROS accumu-
lation, resulting in an improved tolerance under abiotic stress [45]. ZmPIF1 is a positive
regulator of root development, ABA synthesis, signaling pathways, and drought tolerance.
It was found that ZmPIF1 binds to the G-box element in the promoters of NCED, CBF4,
ATAF2/NAC081, NAC30, and other transcription factors and positively regulates their
expression [46]. Cryptochrome-interacting bHLH1 (MdCIB1), through ABA-dependent
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and ABA-independent signaling pathways, regulates ABA signal transduction, antioxidant
system, osmotic balance, and expression levels of stress-related genes [47]. AtbHLH68 may
positively respond to drought stress through ABA signaling and by regulating ABA home-
ostasis in Arabidopsis [48]. PebHLH35 in transgenic Arabidopsis confers drought tolerance
by reducing stomatal density, opening, transpiration rate, and water loss, and increasing
the chlorophyll content and photosynthesis rate [49]. AtMYC2 (AtbHLH006) is a tran-
scriptional activator in ABA-inducible gene expression under drought stress in plants as it
regulates the expression of rd22 [21]. The rd22 gene is a dehydration-responsive gene that
is activated in Arabidopsis plants by exogenous ABA [122]. AtbHLH122 responds to drought
stress via an ABA-independent pathway as it represses CYP707A3, an important ABA
8′-hydroxylase [123], increasing ABA content, and then expressing ABA-inducible genes. It
functions as a positive regulator in drought, salt and osmotic signaling [50]. OsbHLH148
also responds to drought stress via a jasmonate signaling pathway. Jasmonates (JAs) are a
class of oxygen-containing lipid derivatives (oxylipins) that are considered plant hormones
necessary for plant growth and environmental adaptation [124]. In the absence of stress
and JA, OsbHLH148 is repressed through its interaction with OsJAZ. Upon exposure to
drought stress, JA increases, leading to the degradation of OsJAZ proteins. The released
OsbHLH148 activates drought tolerance genes, including OsDREB1s, leading to drought
tolerance [51] (Figure 4A).
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Under drought and salt stress, the overexpression of CgbHLH001 can confer stress
tolerance. Regulated by phosphorylation by a protein kinase such as calcium-dependent
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protein kinase (CDPK), CgbHLH001 acts as a positive regulator in controlling downstream
relevant genes, thereby reducing ROS production and enhancing ROS scavenging ability
and improving physiological performance [18] (Figure 5D).
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gene expression level of the salt response signaling cascade. On the other hand, it regu-
lates the Na+ /K+ balance and membrane stabilization genes and thus induces salt stress 
tolerance [53]. OsbHLH062 is involved in a jasmonate-dependent transcription regulatory 
module complex: Osbhlh062-JAZ9-OsNINJA. OsJAZ9 represents a transcriptional regu-
lator and an essential element that modulates salt stress tolerance by binding OsbHLH062, 
a transcriptional activator, to OsNINJA, an essential repressor of basal jasmonate (JA) sig-
naling. Under salt stress, JA levels increase. The JAZ protein OsJAZ9 is recruited by 
SCFCOI1 for ubiquitination by the 26S proteasome, leading to its degradation, releasing 
OsNINJA, and allowing OsbHLH062 to bind to the E-box and activate target genes. 
OsbHLH062 can bind to the E-box cis-element and the promoter of OsHAK21, including 
some of the ion transporters, thereby conferring salt stress tolerance [54]. AtbHLH122 in-
hibits CYP707A3 gene expression under NaCl stress [50]. In addition, Krishnamurthy et 
al. (2019) identified AtMYC2 and AtbHLH122 as upstream regulators of ABA-mediated 

Figure 5. Post-translational regulations of bHLH TF under abiotic stresses. (A) For drought stress;
(B) for salt stress; (C) for cold stress; and (D) for nutrient deficiency stress.

5. Salt Stress Response

Salinity has two main effects on plants. It either induces osmotic stress or induces
the instability of ions. Several bHLH transcription factors have been characterized in
rice. There is OrbHLH001, a homologue of ICE1 (AtbHLH116), which activates OsAKT1,
which enhances Na+ efflux and K+ uptake, thus controlling the Na+/K+ ratio in salt
stress to confer salt stress tolerance [52]. BEAR1 (OsbHLH014), a bHLH transcription
factor, plays a vital role in rice salt stress response. After receiving the salt stress signal,
the BEAR1 protein as a transcriptional activator induces two pathways. On the one
hand, it controls the gene expression level of the salt response signaling cascade. On
the other hand, it regulates the Na+ /K+ balance and membrane stabilization genes and
thus induces salt stress tolerance [53]. OsbHLH062 is involved in a jasmonate-dependent
transcription regulatory module complex: Osbhlh062-JAZ9-OsNINJA. OsJAZ9 represents
a transcriptional regulator and an essential element that modulates salt stress tolerance by
binding OsbHLH062, a transcriptional activator, to OsNINJA, an essential repressor of basal
jasmonate (JA) signaling. Under salt stress, JA levels increase. The JAZ protein OsJAZ9 is
recruited by SCFCOI1 for ubiquitination by the 26S proteasome, leading to its degradation,
releasing OsNINJA, and allowing OsbHLH062 to bind to the E-box and activate target genes.
OsbHLH062 can bind to the E-box cis-element and the promoter of OsHAK21, including
some of the ion transporters, thereby conferring salt stress tolerance [54]. AtbHLH122
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inhibits CYP707A3 gene expression under NaCl stress [50]. In addition, Krishnamurthy
et al. (2019) identified AtMYC2 and AtbHLH122 as upstream regulators of ABA-mediated
AtNHX1 and AtNHX6, both Na+/H+ exchangers. In addition, the overexpression of
EcbHLH57 enhanced tobacco resistance to salt stress by increasing the expression of stress-
responsive genes such as LEA14, rd29A, rd29B, SOD, APX, ADH1, HSP70, and PP2C [55].
BvbHLH93 regulates salt stress tolerance by enhancing antioxidant activity and reducing
ROS production, thereby maintaining ion homeostasis, but it needs further investigation
at the transcriptional level [56]. SlbHLHopt is an essential regulator of water deficit
and NaCl stress in transgenic Arabidopsis since it increases flavonoid content [57]. In
Arabidopsis, AtbHLH112 regulates the expression of genes involved in abiotic stress tolerance
by increasing proline levels and reducing ROS accumulation and water loss through the
expression of Proline Dehydrogenase 1 (ProDH) [58]. OsbHLH035 responds to salt stress
through an ABA-independent pathway by indirectly mediating the expression of OsHKT1s
such as OsHKT1;3 and OsHKT1;5, which are sodium transporters that transfer Na+ from
the xylem into xylem parenchyma cells, thus preventing the accumulation of Na+ in aerial
tissues, since a higher concentration of Na+ in the roots causes osmotic stress [59]. OrbHLH2
in transgenic Arabidopsis improved salt tolerance through an ABA-independent pathway
by increasing expression levels of DREB1A/CBF to confer improved plant tolerance to salt
stress; however, more research is needed to determine its mode of action [60]. PgbHLH102
could respond to salt stress and higher salt concentrations, but its mode of action needs
further investigation [61] (Figure 4B). Through an MKK3-MPK6-MYC2 cascade, AtMYC2
(AtbHLH006) also functions as a negative regulator of salt tolerance in A. thaliana. In brief,
the MKK3-MPK6 module phosphorylates and hence activates AtMYC2 in response to salt
stress. AtMYC2 binds to P5CS1, which is the main contributor to proline accumulation
induced by stress [125], and regulates salt tolerance in Arabidopsis thaliana by inhibiting the
synthesis of P5CS1 and proline [126] (Figure 5C).

6. Cold Stress Response

Cold stress, including chilling, adversely affects plant growth and development, limits
the geographical distribution of plant species, and reduces crop yields worldwide [127]. For
acclimation to cold stress, cold tolerance requires a downstream cascade of transcriptional
regulation of target genes. Cold-responsive genes contain DRE/CRT cis-elements with a
core sequence CCGAC [25,128]. C-repeat Binding Factors (CBFs) (CBF1, CBF2, and CBF3;
also known as DREB1b, DREB1c, and DREB1a, respectively) are known genes that bind to
these elements, triggering transcription of cold-responsive genes [129]. Since CBFs are only
induced after 15 min of cold exposure, the intervention of another TF present in the cell
is required [130]. In Arabidopsis, the most well-defined pathway is the ICE 1 (AtbHLH116)
transcription factor, an ABA-independent pathway that binds to the CBF promoter and
activates transcription of CBF1/3, which in turn induces the CRT/BRE genes responsible
for cold tolerance [62]. ICE2 (BAC42644), a homologue of ICE1 (AtbHLH116), mediates the
same ABA-independent pathway in cold tolerance [63]. MdCIbHLH1 also interferes with
the CBF pathway by activating the transcription of CBF 1 and 2 [64]. PuICE1 demonstrates a
CBF/DREB pathway that requires cold-induced protein-protein interactions with the Hepta-
helical protein 1 (PuHHP1), which acts as a positive regulator of ABA-mediated stomatal
closure in response to cold stress, thus increasing the levels of PuDREBa transcripts and
positively regulating cold stress; however, more research is needed to experimentally clarify
the physiological mechanism between PuHHP1 and PuICE1. [65,131]. In rice, OsbHLH1
expression is significant for cold tolerance as it might also regulate CBF/DREB1 gene ex-
pression [66]. The IbbHLH79 protein, an ICE1-like gene, can activate the CBF pathway
and IbbHLH79-overexpressing transgenic plants show enhanced cold tolerance [15]. Using
the NtCBFs signaling pathways, cold-activated NtbHLH123 and ZjbHLH76/ZjICE1 regu-
late the expression of their target genes or regulate stress-responsive genes such as CBFs
associated with ROS scavenging, resulting in improved tolerance to cold stress [67–69].
VaICE1 and VaICE2 ICE-like TF play a positive role in freezing tolerance and influence
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cold stress-related factors such as electrolyte leakage and proline and malondialdehyde
(MDA) levels, thereby reducing ROS damage and improving osmotic protection [70]. The
overexpression of DlICE1 in transgenic Arabidopsis thaliana enhances cold tolerance by
increasing proline content, reducing ion leakage and accumulation of MDA and ROS [71].
CsbHLH18 mediates a cold response by regulating antioxidant genes by binding to and
activating the CsPOD promoter, thereby inducing ROS scavenging [72]. PtrbHLH also
responds to cold stress by modulating POD and CAT [73,74]. RmICE1 also responds to
cold stress by regulating antioxidant genes [75]. Several PavbHLH also demonstrated a
cold response regulatory mechanism, but the molecular details require further studies [76]
(Figure 4C). HOS1 encodes a ring finger protein with E3 ligase activity that reduces ICE1
(AtbHLH116) activity via the ubiquitination/proteasome pathway [132,133]. In addition,
OST1 phosphorylates ICE1 (AtbHLH116) and inhibits HOS1-mediated degradation of ICE1,
since the OST1 protein competes with HOS1 for binding to ICE1, thereby releasing ICE1
from the HOS1–ICE1 complex. The dual role of OST1 helps enhance ICE1 stability to
increase CBF expression and freeze tolerance [134]. MKK2 is also activated by cold stress
in plants and consequently activates MPK4 and MPK6 [135]. In brief, MPK3/6-mediated
phosphorylation promotes ICE1 (AtbHLH116) degradation, with Ser94, Thr366, and Ser403
being important sites for phosphorylation-dependent degradation [28]. Subsequently,
when ICE1 (AtbHLH116) levels accumulate, it is phosphorylated by MPK3/MPK6 and
consequently cleared via the 26S proteasome pathway, which inhibits CBF-dependent
cold signaling [136]. Another positive regulation is found in SUMO conjugation, which
enhances ICE1 (AtbHLH116) activity. SIZ1 (SAP and Miz) encodes a SUMO-E3 ligase
that is necessary for freezing tolerance, facilitates sumoylation of ICE1 (AtbHLH116), and
recognizes K393 as the SUMO conjugation residue in the protein. SIZ-mediated SUMO1
conjugation to K393 affects the activity of ICE1 (AtbHLH116) to control CBF3/DREB1A
expression and prevents access to the ubiquitination complex. A K393R mutation blocks
ICE1 (AtbHLH116) sumoylation, represses expression of CBF3/DREB1A and its regulon
genes, and reduces cold tolerance [29]. Under cold stress, active OsMAPK3 phosphorylates
OsbHLH002, accumulating phospho-OsbHLH002, promoting trehalose-6-phosphate phos-
phatase 1 (OsTPP1) expression, and increasing trehalose content and resistance to chilling
damage [137] (Figure 5B).

7. Iron Deficiency Response

Iron (Fe) is an essential element for plant survival and development as it is involved
in several vital processes: photosynthesis, DNA synthesis, respiration, and chlorophyll
synthesis. In Arabidopsis, FIT (AtbHLH029) is a well-known TF that plays a crucial role in Fe
uptake via the first strategy [77], which consists of the acidification of the external environ-
ment mediated by membrane proton pumps, the Autoinhibited Plasma Membrane H+/ATPases
(AHA2) [138], to release and solubilize the iron. It is then reduced from ferric iron to ferrous
iron by Ferric Reduction Oxidase 2 (FRO2) [139] and transported through specific channels
within the Iron-Regulated Transporter 1 (IRT1) in the plant [140]. It binds to the fer uptake
genes FRO2 and IRT1. Since it cannot function alone, it forms heterodimers with the four
bHLH TFs AtbHLH38, AtbHLH39, AtbHLH100, and AtbHLH101 [78,79,141,142]. There is
also another protein, POPEYE (PYE) (AtbHLH47), that responds to Fe deficiency by using
a network independent of FIT [80]. The dimers of ILR3 (AtbHLH105) and AtbHLH104 or
ILR3 (AtbHLH105) and AtbHLH34 regulate PYE (AtbHLH47), which interacts with two
bHLH transcription factors, ILR3 (AtbHLH105) and AtbHLH115 [81,82,143]. Four other
bHLH partners of FIT (AtbHLH029) (AtbHLH18, AtbHLH19, AtbHLH20, and AtbHLH25)
promote its degradation in response to JA induction, thereby antagonizing the activity of
AtbHLH38, AtbHLH39, AtbHLH100, and AtbHLH101 and limiting Fe uptake [83]. At the
transcriptional level, the active and inactive states are distinguished by specific covalent
modifications. Suppose the transition from the inactive state to the active state is bottle-
necked. In that case, this could be achieved by limiting the enzymes that can confer or
remove covalent modifications to “activate” FIT (AtbHLH029). FIT (AtbHLH029) could
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be in a negative feedback loop, limiting its abundance. In the context of Fe regulation, the
rapid switching off of FIT (AtbHLH029) could be to prevent Fe toxicity symptoms [39]. A
study by Zhao et al. showed that chrysanthemum CmbHLH1 promoted iron absorption
through H+-ATPase-mediated rhizosphere acidification. The second strategy is not based
on the reduction of iron [84]. Nonetheless, it is chelated by phytosiderophores (PS) [144]
and then transported by a specific transporter, the oligopeptide transporter YS1. This
strategy led to the discovery of the transcription factors IDEF1 and IDEF2 in rice, which
control the expression of phytosiderophore biosynthesis and YSL2 [145,146]. IRO2 in rice is
a close homologue of bHLH39 and positively regulates phytosiderophore biosynthesis and
YSL15 [41]. In rice, the iron-related transcription factor 3 (OsIRO3) (OsbHLH063), which
belongs to the bHLH gene family, plays a critical role in maintaining iron homeostasis in
an iron-deficient environment, as it negatively controls transcript levels of OsIRO2 (Os-
bHLH056) [85–87]. Ogo et al. (2007) found that the overexpression of OsIRO2/OsbHLH056
promotes iron uptake in rice following the 2nd strategy; however, its mode of action still
needs further studies. Wang et al. studied the role of a new rice bHLH-type transcription
factor, OsbHLH156, in iron homeostasis and found that OsbHLH156 greatly increased iron
deficiency. They concluded that OsbHLH156 is required for a strategy II uptake mechanism
in rice (Figure 4D). Ethylene (ET) and Nitric Oxide (NO) are required for complete upregu-
lation of Fe-deficiency gene expression and FIT (AtbHLH029) protein abundance as they
increase the accumulation of FIT by inhibiting proteasomal FIT (AtbHLH029) and thereby
prevent its degradation. Therefore, they stabilize FIT (AtbHLH029) expression by nitrosyla-
tion of Cys residues present in FIT [147]. Therefore, this finding requires further elucidation.
To limit Fe accumulation in plants, a RING-type E3 ubiquitin ligase called Degradation
Factor 1 (IDF1) (AT4G30370) is directly involved in the degradation of IRT1 through ubiq-
uitination [148,149]. To limit the excess of Fe, which can be toxic to plants, there is BRUTUS
(BTS) (AT3G18290), a RING-type E3 ubiquitin ligase that plays a role as a negative regulator
since it is induced in Fe deficiency and has been shown to target the bHLH transcription
factors ILR3 (AtbHLH105) and bHLH115/104 for degradation via the 26S proteasome by
its RING domain (E3 ligase), thus inhibiting the formation of heterodimer complexes of
PYE/PYEL (AtbHLH47). This includes disrupting the activation of Fe-deficiency genes
regulated by PYE (AtbHLH47). BTS (AT3G18290) contains a hemerythrin-like domain
that can bind Fe. Fe binding to the hemerythrin-like domain of BTS is involved in its
destabilization and subsequent degradation [27,150]. On the one hand, it has been shown
that the phosphorylation of Ser 221 and Ser 272 in FIT (AtbHLH029) positively regulates
FIT accumulation in the nucleus, enabling its dimerization to AtbHLH039 and its activation
of IRT1 promoters [39]. On the other hand, phosphorylation of Tyr238 and Tyr278 reduces
and inhibits heterodimerization of FIT (AtbHLH029) with AtbHLH039 and expression of
IRT1 promoters, rendering FIT (AtbHLH029) inactive [41] (Figure 5A).

8. Phosphorus and Nitrogen Deprivation Stress Response

Phosphorus (P) and Nitrogen (N) are both indispensable macronutrients for plant
growth and crop productivity. TabHLH1 is sensitive to external Pi and N deficiency stress.
It confers enhanced tolerance to both Pi and N deficiency through the transcriptional mod-
ulation of a panel of genes encoding Phosphate Transporter (PT), Nitrate Transporter (NRT),
and antioxidant enzymes [88]. NRI1, previously named Nitrogen Starvation-Induced Gene 17
(NSG17) (BAD44756.1), a basic Helix–Loop–Helix (bHLH) TF, represses the transcriptional
activators of N starvation-induced genes to regulate N starvation-specific responses when
sufficient N is supplied to C. reinhardtii [89]. OsPTF1 (AAO73566), responsible for tolerance
to Pi starvation in rice, controls the Pi transport system in plants. OsPTF1 is an essential
element involved in higher root growth and consequently higher uptake rates of Pi, and
it is also involved in the efficient use of Pi in plants. Therefore, OsPTF1 has potential in
engineering plants with higher Pi utilization efficiency [90] (Figure 4D).
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9. Conclusions and Future Perspectives

To withstand environmental stresses, plants have evolved interdependent regulatory
pathways that allow them to respond and adapt to the environment in a timely manner.
Abiotic stress conditions affect many aspects of plant physiology and cause widespread
changes in cellular processes. Research into plant defense mechanisms after abiotic stress is
of great importance for subsequent breeding. As one of the most abundant transcription
factor families in eukaryotes, members of the bHLH family have complex structures, large
numbers, and diverse functions. Many studies have shown that bHLHs can regulate
plant resistance to a variety of abiotic stresses. This review summarized the roles of the
bHLH transcription factor family in the corresponding abiotic stresses in plants from two
aspects. First, bHLH transcription factors show evolutionary differences in the conservative
domain. Previous studies have shown that members of the same subfamily may regulate
the synthesis of the same plant hormones [151]. Thus, there is reasonable speculation that
members of the same subfamily may have evolved through genetic replication from the
same ancestor. However, these assumptions still need to be verified. Second, we discussed
how the bHLH transcription factor specifically regulates plant tolerance to abiotic stresses
through transcriptional and post-translational modification pathways. Furthermore, with
the development of transcriptome sequencing, transcriptome technology has been widely
used in the study of plant stress tolerance. RNA-seq can quickly screen important functional
genes by looking for genes with significant differences through samples, in order to find
key nodes or genes for stress resistance at the transcriptional level for subsequent research.
This naturally raises an interesting question: can bHLHs regulate plant tolerance to stress
by controlling the synthesis of plant hormones or compounds via transcriptional or post-
translational modification pathways?
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bHLH; CIL, CIB1-LIKE PROTEIN; HOS1, high expression of osmotically responsive gene 1; NCED,
9-cis-epoxycarotenoid dioxygenase; CBF4, C-repeat-binding factor; GA, gibberellin; HBI1, HOMO-
LOGUE OF BEE2 INTERACTING WITH IBH1; HFR1, LONG HYPOCOTYL IN FAR-RED 1; IBH1,
ILI1 BINDING BHLH 1; IBL1, IBH1-LIKE 1; KDR, KIDARI; PAR, PHYTOCHROME RAPIDLY REGU-
LATED; phy, phytochrome; PIF, PHYTOCHROME INTERACTING FACTOR; PIL1, PIF3-LIKE 1; PRE,
PACLOBUTRAZOL RESISTANCE; YSL, an iron-phytosiderophore transporter; ABA, abscisic acid;
JA, jasmonic acid; P5CS1, pyrroline-5-carboxylate synthetase 1; FIT, FER-LIKE IRON DEFICIENCY-
INDUCED TRANSCRIPTION FACTOR.
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Abstract: Hours after watering plants with 75 mM NaCl, the water potential of reproductive struc-
tures precipitously decreases. In flowers with mature gametes, this change in water potential did not
alter the rate of fertilization but caused 37% of the fertilized ovules to abort. We hypothesize that
the accumulation of reactive oxygen species (ROS) in ovules is an early physiological manifestation
associated with seed failure. In this study, we characterize ROS scavengers that were differentially
expressed in stressed ovules to determine whether any of these genes regulate ROS accumulation
and/or associate with seed failure. Mutants in an iron-dependent superoxide dismutase (FSD2),
ascorbate peroxidase (APX4), and three peroxidases (PER17, PER28, and PER29) were evaluated for
changes in fertility. Fertility was unchanged in apx4 mutants, but the other mutants grown under
normal conditions averaged a 140% increase in seed failure. In pistils, PER17 expression increases
three-fold after stress, while the other genes decreased two-fold or more following stress; this change
in expression accounts for differences in fertility between healthy and stressed conditions for different
genotypes. In pistils, H2O2 levels rose in per mutants, but only in the triple mutant was there a
significant increase, indicating that other ROS or their scavengers be involved in seed failure.

Keywords: ovules; plant stress; fertility; seed formation; reactive oxygen

1. Introduction

Reactive oxygen species (ROS), such as superoxide (O2
−), hydroxyl radicals (•OH),

and hydrogen peroxide (H2O2), are a group of highly active small molecules that can be
naturally produced during cellular metabolism. In plants, ROS are mainly produced in
chloroplasts, mitochondria, and peroxisomes during photosynthesis, respiration, or other
metabolic processes [1,2]. Low to moderate amounts of ROS signal different responses
and regulate many biological processes, e.g., development and defense responses [3,4].
Excessive ROS, however, change the redox homeostasis and leads to oxidative stress [5–7].
A classic example of redox signaling is the activation of lumen enzymes after illumina-
tion. Recently, mutants affecting thioredoxin and glutathione reduction changed auxin
transport, which interfered with floral initiation, showed vasculature defects, and altered
root morphology [8]. Furthermore, the specific isoforms that interact to form an active
auxin receptor show differential responses to osmotic and salt stress and can lead to dif-
ferent ROS levels [9]. Among various ROS in plants, H2O2 is generally considered to be
the main molecule that serves as a long-range signaling molecule because it is relatively
stable and can diffuse relatively rapidly crossing membranes. ROS can damage proteins,
break down fatty acids, damage DNA, and induce programmed cell death (PCD) [6,10,11].
Understanding how plants regulate ROS levels can permit hypotheses of mechanisms to
prevent excessive ROS production.

In plant cells, there are several ROS-scavenging enzymes to maintain redox homeosta-
sis. Superoxide dismutases (SOD) convert superoxide to H2O2 and oxygen [12]. Catalases
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(CAT) break down H2O2 into water and oxygen [13]. Glutathione peroxidases (GPX) re-
duce H2O2 by oxidizing glutathione (GSH), and glutathione reductases (GR) regenerate
GSH utilizing NAD(P)H [14]. Ascorbate peroxidases (APX), which are members of class
I peroxidases, reduce H2O2 by oxidizing ascorbate [15]. Each of these ROS scavengers is
found in different cell compartments and locations [1,5,16]. The class III heme-containing
peroxidases (PER or PRX) are unique to plants and make up a large gene family. In Ara-
bidopsis, there are 73 of these annotated peroxidases [17,18]. Many of these peroxidases are
predicted to localize to the cell wall or vacuole and affect lignification, defense responses,
hormone metabolism, salt tolerance, and development [19,20]. Horseradish peroxidase
(HRP) is the best-known class III peroxidase. The radical products generated after this
catalytic process trigger pathogen defense responses [21]. The functions of most of these
class III peroxidases, however, remain unknown.

ROS are recognized as key modulators of PCD [22,23]. Many environmental stresses,
such as heat shock, chilling, salt, high light, and pathogen attack, cause ROS accumula-
tion [7,13,24–27]. ROS accumulation was observed in salt-stressed ovules and was hypoth-
esized to cause high abortion rates in Arabidopsis [26,28]; fertility is reduced because seeds
arise from ovules.

Research into stress effects on plant reproduction usually attributes decreases in seed
set to pollen defects or pollen tube growth, but few studies evaluated the effects of stress
on ovules or embryos. In natural populations, pollen limitation reduces fertility for 60%
of plant species. Pollen becomes limiting when plant stress induces pollen abortion or the
development of low-quality pollen where the pollen tube fails to transmit the sperm nuclei
to the ovule. Pollen is particularly sensitive to stress, especially in monocots. In this work,
plants were stressed after male and female gametophyte development was complete, and
the effect on subsequent reproduction was evaluated. Pollination and fertilization rates
were examined to determine the effect that the male gametophyte had on fertility.

Previous work showed that the expression of a group of ROS-scavenging genes was
significantly altered in Arabidopsis ovules following salt stress [28]. Here we analyze ROS-
scavenging mutants that were differentially expressed in stressed ovules at a critical stage
of ovule development. We hypothesize that these ROS-scavenging genes may regulate the
ROS levels during ovule abortion. In this study, we characterized the role of three PER
genes in regulating ROS levels in Arabidopsis ovules, and we tested whether mutants of
these loci affect ROS accumulation in ovules or seed failure.

2. Results
2.1. Salt Stress Lowers Floral Water Potential

After male and female gametophyte development was complete, plants were stressed
to determine the downstream effects on reproduction. Since flowers and gametophytes de-
velop synchronously, the gametophyte stage can be inferred from the floral phenotype [29].
Flowering plants were watered once with 75 mM NaCl, the solution was absorbed until
the soil reached 100% soil moisture content, and the excess salt solution was discarded.
To determine how this osmotic stress affected flowers, inflorescence water potential was
measured. Within 6 h, the water potential in flowers dropped significantly and fell to
maximal levels within 3 days (Figure 1). Plants were watered every other day, so the water
potential data oscillated as the soil dried and rehydrated (Figure 1). These measurements
showed that watering with salt increases the number of solutes in the soil and lowers
inflorescence water potential for days. Water potential could drop as a result of increased
ion transport and accumulation in flowers or a drop in cell turgor in this region. Previous
analyses showed that salt stress caused sodium ions to increase by 25% in flowers, but this
increase was offset by a decrease in potassium ions [26], resulting in little change in flower
osmotic potential. In flowers, salt stress primarily affected water potential and cell turgor.
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mutants (per17, per28, per29) and a superoxide dismutase mutant (fsd2) caused significant 
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the p values for the main effects (genotype and treatment) are ignored and assumed to be 
statistically significant. The double and triple mutants of PER genes were created, and the 
ovule abortion rates of these mutants also rose significantly. Ovule abortion rates were 
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and per17per28per29 triple mutants (Table 1).  

  
(a) (b) 

Figure 1. Using a pressure chamber, the water potential of inflorescences was measured periodically
after plants were watered once with 75 mM NaCl. The initial point shows the water potential in
healthy plants. Following stress, water potential decreases and plateaus after a day. Plants were
watered on day 2, 4, and 6, so a slight rise in water potential was observed on those days. Five or
more inflorescences were measured at each time point. The best-fit line through the average at each
time is plotted. Average ±1 standard deviation shown.

2.2. Increased Ovule Abortion Rate in Peroxidase Mutants

Fitness was evaluated in five ROS-scavenging genes (per17, 28, 29, apx4, and fsd2).
RT-PCR showed that no full-length transcripts were present in the RNA population of
leaves and flowers (Figure 2). Previous work identified these genes as differential during
ovule abortion [28]. Since the mutation lesion in each of these mutant lines occurs within or
upstream of the peroxidase or SOD domain, these are all loss-of-function mutants (Figure 2).
Previous research showed that stage 12 flowers are especially susceptible to environmental
stress [26]. Therefore, stage 12 flowers were marked, and the fertility was measured after
plants were either salt-stressed treated with 75 mM NaCl for 48 h or under healthy growth
conditions. Under normal growth conditions, three class III peroxidase mutants (per17,
per28, per29) and a superoxide dismutase mutant (fsd2) caused significant increases in the
ovule abortion rates (Table 1). The apx4 mutant did not significantly affect fertility. Except
for fsd2, the stress treatment significantly altered the fertility of all genotypes. There was a
highly significant interaction between the treatment and genotype when comparing the
fertility of fsd2 with wild-type plants so, according to Seltman [30], the p values for the main
effects (genotype and treatment) are ignored and assumed to be statistically significant.
The double and triple mutants of PER genes were created, and the ovule abortion rates of
these mutants also rose significantly. Ovule abortion rates were also scored for Arabidopsis
under 75 mM NaCl salt stress for 48 h. The ovule abortion rates increased significantly
in per17 mutant, per17per28 and per17per29 double mutants, and per17per28per29 triple
mutants (Table 1).

In order to compare the fertility and abortion rates in different experimental replicates,
the fertility of each mutant was normalized with wild-type controls that were grown in
the same trays as the experimental plants. For the wild-type controls, 95% of the ovules
successfully set seed under healthy growth conditions; for the salt-stressed controls, 55% of
the ovules set seed. When compared to reproduction rates in the respective single mutants,
relative fertility decreased even more in salt-stressed per17, per17per28 and per17per29
double mutants, and the per17per28per29 triple mutant (Table 1). Notably, the ovule abortion
rates of these mutants significantly varied from those of wild-type fruits following salt stress
(Table 1), indicating that their mutants responded more sensitively to salt stress. These
results concur with the differential expression data reported by Sun et al. [28]: mutation
of genes that were induced by environmental stress led to larger fertility effects when the
plants were exposed to salt stress. Conversely, the fitness of mutants in genes that were
most abundant in unstressed plants showed greater effects in healthy plants.
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Figure 2. Analysis of ROS scavenger mutants. (a) Molecular models of APX4, FSD2, PER17, PER28,
and PER29, including the T-DNA insertion sites, are shown. Genes are shown 5′ (left) to 3′ (right).
Solid boxes denote exons, lines represent introns, and open boxes indicate untranslated regions.
(b) RT-PCR analysis revealed that per17, per28, per29, and apx4 homozygous mutant alleles contain no
detectable full-length transcripts. per17, per28, per29, and apx4 are null alleles. ACTIN2 (ACT2) served
as a positive control.

Table 1. Mutation of ROS-scavenging genes significantly reduced fertility. Prior to stress, stage 12
flowers were marked, and the subsequent ovule abortion rates for these fruits determined. Stressed
plants were treated with 75 mM NaCl for 48 h. For each genotype, 30 pistils were scored. After
arcsine transformation, ANOVA tests compared fertility between mutant genotypes and grouped
controls: differences of less than 0.05 a, 0.01 b, 0.001 c, and 0.0001 e indicated.

Abortion Rate (%)

Genotype Healthy 1 Stressed 1

Wild type 12.9 ± 2.0 26.9 ± 4.6
per17 29.6 ± 5.8 b 44.6 ± 6.0 a

per28 23.2 ± 3.3 b 34.6 ± 4.4
fsd2 35.2 ± 6.8 c 29.0 ± 4.2
apx4 21.4 ± 4.2 23.2 ± 4.0

Wild type 18.0 ± 1.7 33.4 ± 3.3
per29 50.8 ± 3.5 e 41.6 ± 4.8

Wild type 14.9 ± 1.3 33.1 ± 2.7
per17 per28 39.7 ± 6.3 c 64.0 ± 6.6 e

Wild type 23.9 ± 3.1 49.5 ± 4.5
per17 per29 35.6 ± 6.0 67.7 ± 6.9 b

Wild type 21.6 ± 1.5 39.5 ± 3.6
per28 per29 33.7 ± 4.0 b 40.0 ± 2.9

Wild type 5.4 ± 0.7 25.4 ± 4.6
per17 per28 per29 31.5 ± 5.2 e 66.3 ± 5.6 e

1 The ovule abortion rate is the average ± one standard error.

2.3. Fertilization Rates and Seed Failure

Images of aborting ovules are shown (Figure 3). After salt stress, Sun et al. [28]
reported that ROS were first detected in the gametophyte. As ovule abortion progressed,
ROS were found throughout the ovule [28]. To determine whether or not salt stress
correlates with the formation of ROS in ovules, samples from stressed plants were stained
with CH2DCFDA, a ROS-sensitive dye. As opposed to traditional histochemical stains,
nitroblue tetrazolium or cerium chloride that specifically measure superoxide or peroxide
levels, CH2DCFDA interacts with a wide variety of ROS molecules with different affinities
so fluorescence of this dye yields a qualitative summation of ROS. In each per mutant
genotype, ROS accumulation was evaluated in ovules 48 h after salt stress (Figure 4). We
observed significantly higher levels of ROS accumulation in the ovules of per17, 28, and
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29 single mutants than in wild-type controls (p <0.0001). Even greater ROS levels were
detected in the double and triple mutants.
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Figure 4. Following salt stress, peroxidase mutants accumulated ROS in ovules. Prior to stress, stage 
12 flowers were marked. CH2DCFDA fluorescence intensity in ovules was evaluated: level 0 had no 
detectable ROS; level 1 had detectable ROS in the embryo sac or gametophyte (g); level 2 had ROS 
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2.4. H2O2 Levels in Pistils 
Peroxidases neutralize H2O2 so the amount of this metabolite was measured in pistils. 

Pistils were used because this was the smallest segment of the plant that could be dissected 
from without producing wound-induced ROS. ROS levels increase in ovules (Figure 5), 

Figure 3. Representative images of dissected pistils of (a) healthy and (b) salt-stressed plants. Two
aborting/aborted ovules were indicated (arrowheads). Globular embryos from (c) stressed and
(d) healthy ovules are shown. In the stressed ovule, most of the endothelium cells were necrotic and
had degenerated (arrowheads). In the healthy control, endothelial cells were cytoplasmically dense,
indicative of high metabolic activity associated with the movement of nutrients and metabolites from
the maternal plant into the embryo sac. Size bars are 100 µm (a,b) and 10 µm (c,d).

Plants 2023, 12, x FOR PEER REVIEW 5 of 14 
 

 

levels, CH2DCFDA interacts with a wide variety of ROS molecules with different affinities 
so fluorescence of this dye yields a qualitative summation of ROS. In each per mutant gen-
otype, ROS accumulation was evaluated in ovules 48 h after salt stress (Figure 4). We ob-
served significantly higher levels of ROS accumulation in the ovules of per17, 28, and 29 
single mutants than in wild-type controls (p <0.0001). Even greater ROS levels were de-
tected in the double and triple mutants. 

 
(a) (b) (c) (d) 

Figure 3. Representative images of dissected pistils of (a) healthy and (b) salt-stressed plants. Two 
aborting/aborted ovules were indicated (arrowheads). Globular embryos from (c) stressed and (d) 
healthy ovules are shown. In the stressed ovule, most of the endothelium cells were necrotic and 
had degenerated (arrowheads). In the healthy control, endothelial cells were cytoplasmically dense, 
indicative of high metabolic activity associated with the movement of nutrients and metabolites 
from the maternal plant into the embryo sac. Size bars are 100 µm (a,b) and 10 µm (c,d). 

 
Figure 4. Following salt stress, peroxidase mutants accumulated ROS in ovules. Prior to stress, stage 
12 flowers were marked. CH2DCFDA fluorescence intensity in ovules was evaluated: level 0 had no 
detectable ROS; level 1 had detectable ROS in the embryo sac or gametophyte (g); level 2 had ROS 
accumulation in the chalaza (c); and level 3 had copious ROS accumulation throughout the ovule. 
All per mutants had significantly more ROS than controls (p < 0.01). ANOVA analyses were done 
using JMP8 (unequal variances and two-tailed distributions). Size bar is 10 µm. 

2.4. H2O2 Levels in Pistils 
Peroxidases neutralize H2O2 so the amount of this metabolite was measured in pistils. 

Pistils were used because this was the smallest segment of the plant that could be dissected 
from without producing wound-induced ROS. ROS levels increase in ovules (Figure 5), 

Figure 4. Following salt stress, peroxidase mutants accumulated ROS in ovules. Prior to stress, stage
12 flowers were marked. CH2DCFDA fluorescence intensity in ovules was evaluated: level 0 had no
detectable ROS; level 1 had detectable ROS in the embryo sac or gametophyte (g); level 2 had ROS
accumulation in the chalaza (c); and level 3 had copious ROS accumulation throughout the ovule. All
per mutants had significantly more ROS than controls (p < 0.01). ANOVA analyses were done using
JMP8 (unequal variances and two-tailed distributions). Size bar is 10 µm.

2.4. H2O2 Levels in Pistils

Peroxidases neutralize H2O2 so the amount of this metabolite was measured in pistils.
Pistils were used because this was the smallest segment of the plant that could be dissected
from without producing wound-induced ROS. ROS levels increase in ovules (Figure 5),
but low levels are detected in the carpel walls, stigma, and style. Measuring the level
of H2O2 in per mutants will help determine whether or not the accumulation of ROS in
ovules is a result of the production of H2O2 due to a reduction in peroxidase activity. A
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coupled enzyme assay using a fluorescent indicator was used to detect H2O2 levels in
pistils. Results show H2O2 accumulated in the pistils of peroxidase triple mutants was
significantly higher than in those of wild-type controls in both unstressed and salt-stressed
conditions (Figure 5a). While H2O2 levels in per single and double mutants increased, they
were not significantly higher than controls. Plant tissues contain many peroxidase isoforms,
so the removal of one is likely to have an incremental effect.
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Figure 5. Peroxidase activity and H2O2 accumulation in per mutants. (a) The amount of hydrogen
peroxide was compared between wild-type pistils and peroxidase mutant pistils. Healthy and
stressed stage 12 Arabidopsis flowers were marked. Plants were treated with either 75 mM NaCl
(stressed) or water (healthy). After 48 h, H2O2 was measured in five or more pistils from each
genotype and treatment. Asterisks indicated significant differences between the mutant genotypes
and the wild-type (Col-0) controls (* p < 0.05 and ** p < 0.01) (b) Peroxidase activity from myc-PER17,
myc-PER28, and myc-PER29 transformants was measured. Each well of an ELISA plate was coated
with a myc-tag antibody so that myc-tagged proteins could be fished from total protein extracts
isolated from plants. Amplex Red substrate was used to determine the activity of these peroxidases.
Peroxidase activity from these transformants was significantly greater than the wild-type controls
(* p < 0.05 and ** p < 0.01). ANOVA analysis was done using JMP8 (unequal variances and two-tailed
distributions).

2.5. Myc-Tagged Peroxidases Exhibited Peroxidase Activity

Peroxidases that have an N-terminal myc-tag were ectopically expressed in Arabidop-
sis. Myc-tagged PER17, 28, and 29 were fished from total protein extracts using an anti-myc
antibody that coated the ELISA plate wells. The peroxidase activity of the tagged pro-
teins was examined. Results showed that myc-tagged PER17, PER28, and PER29 showed
significantly more peroxidase activity than the control that contained no myc-tagged pro-
tein (Figure 5). This indicates that myc-tagged proteins contain active peroxidases that
neutralize H2O2.

2.6. Expression and Sub-Cellular Localization of Peroxidases

While PER17, PER28, and PER29 mRNA were detected in many plant tissues, quanti-
tative PCR results revealed that they were most abundant in pistils (Figure 6). The fact that
these three PER mRNA levels are low in leaves may explain why there was no apparent
mutant phenotype in vegetative tissues. To check whether other class III peroxidases might
compensate for the loss of functions in mutant alleles, RNA levels for these genes abundant
in stage 12 pistils were evaluated. The expression of each class III peroxidase was evaluated
using the eFP browser [29]; PER9, PER39, and PER68 transcripts are relatively abundant in
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stage 12 pistils, the organ evaluated in this study. In the stressed per17, per28, and per29
single mutants, quantitative RT-PCR showed that the expression of the other five genes
remained steady—none of the genes significantly differed from controls.
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Figure 6. The expression of three PER proteins. Merged confocal images show GFP (green) and
cell wall (blue) fluorescence in (a) wild type, (b) PER17-GFP, (c) PER28-GFP, and (d) PER29-GFP
cells. GUS histochemical staining of PER17::GUS (e,f), PER28::GUS (g,h), and PER29::GUS (i–k)
plants is shown. PER17 promoter was active in flowers (e) and the chalaza region of ovules (f) and
leaves. PER28 was initially expressed in the transmitting tract of stage 12 pistils (g) and increased in
abundance in the stigma of stage 13 pistils (h). PER29 promoter was active in ovules (i) and sepal
guard cells (k). A higher magnification of panel i shows staining in the gametophyte (j). (a–d,f,j,k),
bar = 10 µm; (e), bar = 1 mm; (g–i), bar =100 µm.

Many peroxidases are active in peroxisomes, so the PTS1 predictor [31] was used to
evaluate the putative PER17, PER28, and PER29 protein sequences. This bioinformatics
analysis revealed a low probability that these proteins target peroxisomes. Constructs con-
taining GFP translational fusion protein were created to infer the sub-cellular localization
of each peroxidase. Transgenic plants containing peroxidase-GFP proteins were examined
by confocal microscopy. Results showed that three peroxidase proteins were present in the
cell wall or apoplast (Figure 6).

2.7. Promoter Activity of Peroxidases in Reproductive Tissues

To investigate the spatial expression of three PERs, Arabidopsis plants that were
transformed with PER::GUS constructs were analyzed. Results revealed that the PER17
promoter was active in sepals, stamen, nectaries, style, and the chalaza region of ovules
(Figure 6e,f). In some ovules, GUS staining also appeared near the synergids and filiform
apparatus of the PER17::GUS plants (Figure 6f). In the PER28::GUS plants, this gene was
first expressed in the transmitting track of stage 12 flowers (Figure 6g). In stage 13 flowers,
when the stigma is most receptive to pollination, PER28 displayed maximal expression
(Figure 6h). Plants that carried the PER29::GUS construct showed GUS staining in ovules,
especially around the gametophyte (Figure 6i,j). In the siliques, PER29::GUS staining was
only found in ovules but not developing seeds, indicating that the PER29 promoter is
active in gametophytes but not embryos. In addition, PER29 was expressed in guard cells
(Figure 6k). For each of these constructs, stems, rosette leaves, and cauline leaves were
stained, but no signal was observed when floral parts were fully stained. Evaluation of eFP
expression data for these constructs [32] indicates that these genes are expressed in other
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regions of the plant but at much lower levels, so the GUS signal appeared absent when the
signal from reproductive tissues was observed.

3. Discussion
3.1. Peroxidase Mutants and Fertility

The genes in this study were chosen for analysis because they exhibited significant
changes in expression at the initiation of ovule abortion. These ROS-scavenging genes
were PER17, PER28, PER29, APX4, and FSD2. While PER17 expression increased, the
levels for the other four genes were significantly lower following salt stress [26]. Previous
investigation correlated ROS accumulation in ovules with the rate of ovule abortion [33].
Results show that mature gametophytes or developing ovules tolerate up to 8 h of 75 mM
salt stress with minimal disruption to reproduction, but treatment with 200 mM NaCl for
12 h causes more than 90% of the ovules to abort [26]. From a global microarray study [28],
five ROS scavengers that exhibited significant changes in gene expression at the critical
developmental stage were selected for further analysis.

Wide-scale mutational analysis revealed that organisms contain a small fraction of
essential genes, but most genes were genetically redundant or exhibited distributed robust-
ness [34,35]. Recent analysis indicates that the vast majority of genes serve a function, but
these include chromatin effects, RNA interference, DNA modification, and components
altering the genetic landscape (Encode Consortium, 2012). Partial redundancy and dis-
tributed robustness both lead to incremental phenotypes instead of lethality. While APX4
transcripts are abundant in leaves and developing embryos [32], mutation of the APX4
locus had no effect on ovule development or plant fertility (Table 1). The absence of an
ovule or seed phenotype in apx4 mutants may be due to genetic redundancy with another
ROS scavenger. ROS scavengers that are expressed in developing seeds can limit oxidative
stress during seed desiccation and germination, thereby reducing seed deterioration [36].
Mutation of the APX4 locus primarily affects seedling growth and establishment [37].

3.2. Stress, Photosynthesis, and ROS Scavengers

The rate at which stress is applied to plants affects the physiological outcome. When
water stress slowly increases, plants activate different regulatory networks, permitting
acclimation and tolerance to water stress [38]. Once plants in this study were stressed, the
rapid change in floral water potential allowed little time for this type of acclimation. Weeks
after the imposition of stress, we observed a higher fraction of ovules formed seeds. This
observation indicates plants acclimated to these soil conditions.

Myouga et al. [39] reported that FSD2 is active in chloroplasts. When plants were
grown at five-fold higher fluence rates than those described here, fsd2 leaves were chlorotic.
At lower fluence rates, the other two Arabidopsis SOD loci were sufficient to protect
chloroplasts from photo-oxidation. Reproductive analyses of fsd2 mutants revealed a
significant reduction in fertility for actively photosynthesizing plants but had minimal
effect on stressed plants (Table 1). The rather small effect of this mutation on fertility
after stress demonstrates the reduction in photosynthetic rates creates less superoxide
production in the chloroplasts. The absence of a fertility phenotype indicates that the other
two SODs work redundantly and scavenge the residual superoxide generated.

3.3. Peroxidases Affecting Fertility

In this study, we measured how three class III peroxidase loci affected ROS metabolism
and ovule abortion. The nomenclature of class III peroxidases in Arabidopsis varies, where
both PER or PRX have been used. In earlier studies, PER17 was reported to modulate
lignification and pod shatter [19], and PER28 was hypothesized to affect pollen-pistil
interactions [40]. We found that PER17, PER28, and PER29 affected H2O2 production in
ovules. Mutation of individual loci showed modest increases in peroxide accumulation
(Figure 5). The significant increase in ROS shown in Figure 4 indicates these pistil-specific
peroxidases work together to cause this increase in activity.
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The level of PER17 mRNA increased after 24 h of stress, while the expression of PER28
and PER29 was repressed under these conditions (Figure 3C). Following salt stress, per17,
per17per28, per17per28, and per17per28per29 mutants exhibited significantly lower fertility
(Figure 3B) than unstressed counterparts (Figure 3A). One simple explanation for this
is that increased PER17 activity after salt stress limits ovule failure. Conversely, per28,
per29, and per28per29 mutants showed significant ovule abortion rates in healthy plants,
but not after environmental stress (Table 1), indicating that PER28 and PER29 scavenge
peroxides in healthy plants but have negligible activity in those that are salt-stressed.
These data suggest that under normal conditions, all three PER genes scavenge ROS in
ovules or nearby areas to which this molecule can diffuse, thereby protecting ovules from
abortion. When encountering salt stress, PER17 remains an influential peroxide scavenger
that removes ROS.

We observed ROS accumulation after salt stress in ovules of three peroxidase mutants
(Figure 4), which indicated that either the rate of ROS removal decreased or its synthe-
sis accelerated. ROS accumulation further increased in per double and triple mutants
(Figure 4). However, the ovule abortion rates in some of the peroxidase mutants were not
affected. We cannot distinguish which types of ROS accumulated in these tissues because
CH2DCFDA stains many ROS. One or more types of ROS may reach a critical threshold,
signaling the described physiological changes. Data reported here show that the induction
of ROS accumulation by the mutation of peroxidases was sufficient to increase the rate of
seed abortion.

It is believed that H2O2 may be a better signaling molecule than other types of ROS
because it can cross the plasma membrane and move into neighboring cells. In plants, class
III peroxidases can reduce peroxides by using various donor molecules, such as auxin or
secondary metabolites (e.g., lignin precursors and phenolic compounds) [19]. Some cell
wall peroxidases modulate ROS levels, which affect plant defense or development, but
this reaction is strongly pH-dependent [24,41–43]. Therefore, we quantified H2O2 levels
in our peroxidase mutants. The H2O2 levels in peroxidase single and double mutants
were higher than the wild-type controls but were not significantly higher as a result of the
high variance. For given genotypes, this variance can be explained by variability in the
activity in the family of 70+ peroxidases present in Arabidopsis, which might or might not
be due to differences in ovule abortion rates among pistils. Purification of H2O2 is labor
intensive, and samples cannot be stored frozen, so the sample size for each genotype was
limited. The hydrogen peroxide levels were significantly higher in triple mutants under
both unstressed (p < 0.05) and salt-stressed (p < 0.01) conditions (Figure 5). These data
correlated with low fertility (Table 1 and Figure 3), indicating H2O2 may be the molecule
that causes ovule abortion.

According to the expression patterns from GUS staining results, three Class III per-
oxidases may modulate ROS signaling and/or affect the fertilization process, nutrient
transport, and/or pistil growth. PER29::GUS revealed that this gene is active in ovules,
especially around the gametophyte (Figure 6j). Sun et al. [28] reported that after salt stress,
ROS initially accumulated in the gametophyte and then spread throughout the ovule. Thus,
PER29 may be responsible for regulating ROS in the gametophyte prior to fertilization. To-
gether with the fact that PER29 has high levels of expression in healthy controls (Figure 3C),
these results explain why the per29 mutants exhibited the lowest relative fertility among
the genotypes tested (Figure 3A).

The tip growth of pollen tubes requires ROS buildup and the presence of an antioxi-
dant that alters pollen growth in vitro [44]. Before fertilization, a pollen grain adheres to
the stigma, and the pollen tube emerges and grows along the transmitting tract, which
contains nutrients and signaling molecules that affect pollen tube guidance. Therefore,
the fertilization of per17, 28, and 29 mutants was examined. Flowers were emasculated,
and pollen tubes were stained 24 h after manual pollination [45]. After 24 h, pollen tubes
entered 90% of the wild-type, per28, and per29 ovules, but only 50% of the per17 pollen
tubes reached an ovule. Since per17 had 70% fertility (Table 1), we conclude that pollen tube
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growth occurs more slowly or pollen tube guidance is disrupted in this genotype. Wild-type
pollen fertilized significantly fewer per17 ovules, which is consistent with a pollen guidance
problem. Future experiments are necessary to discriminate between these possibilities.

PER28::GUS was expressed in the transmitting track (Figure 6g). When the stigma
is most receptive to pollination, PER28 displayed maximal expression in the stigma
(Figure 6H). The expression of these genes is consistent with a role in pollen-stigma
interaction or pollen tube growth/tracking. However, the pollination and pollen tube
growth appeared normal in the per28 mutant. During manual pollination of the pistil, it
was noted that the pollen did not adhere as well to the stigma, which suggests the PER28
locus may affect pollen adhesion to the stigma.

3.4. ROS, Fertility, and PCD

In a variety of plant cell types and plant species, PCD is induced with a pulse of
ROS. Images in this paper show necrosis of the endothelium of stressed ovules, which
coincides with ROS accumulation (Figures 3–6). Seed abortion is preceded by changes in
mitochondrial potential [33]. Previous work shows that similar peroxidases can regulate
apoplastic oxidative burst and then PCD in response to fungal infection [46]. When pollen
nuclei are delivered to the synergids by the pollen tube, ROS induce PCD in these two
cells [47]. This is mediated by the activity of a kinase MAP kinase cascade, which effects
synergid PCD and immunity-associated PCD [48]. In tomatoes, disruption of fertilization
leads to altered endothelium development and ectopic ROS spikes. This can produce
parthenogenic seeds or altered developmental fates [49,50]. In wheat, drought stress
increases ROS production and increases yield over a shortened fertility window [51]. In a
number of different plants, ROS affect reproductive development by modulating PCD and
changing cell fate.

4. Materials and Methods
4.1. Plant Growth and Fertility Measurements

Arabidopsis thaliana wild-type (Col-0) and ROS scavenger T-DNA insertion mutants
(SALK_003180 for per17, SALK_076194 for per28, SALK_133065 for per29, SAIL_519_E04
for apx4, and SALK_080457 for fsd2) were identified from ABRC stocks (Columbus, OH).
After backcrossing these mutant alleles with wild-type Arabidopsis (Col-0), homozygous
mutants were isolated by a polymerase chain reaction (PCR). Two gene-specific primers
from upstream and downstream coding sequences were used to verify the presence of wild-
type alleles. One gene-specific primer and one primer from the T-DNA border sequence
were used to confirm the presence of the mutant allele (Table S1). All mutants are null
mutants since none encode a full-length transcript (Figure 2).

Plants were grown in 2 × 2 pots in a Percival plant growth chamber (Perry, IA) at
24 ◦C, 50% relative humidity, and continuous fluorescent light (100 µmol photon m−2 s−1).
To stress plants, the pots were soaked in irrigated water containing 75 mM NaCl for 6 h,
drained, then not irrigated with plain water for an additional 42 h.

Healthy seeds and aborted ovules in each silique (developed from pistil) were recorded.
From these data, ovule abortion rates and fertility with standard errors were calculated.
Before performing ANOVA analysis using JMP8 software (Cary, NC, USA), ovule abortion
rates were root arcsine transformed to generate a normal distribution. A normality test was
done in JMP8 for all other ANOVA analyses.

4.2. RNA Extraction and PCR

Total RNA was isolated from 10-day-old seedlings and tissues from 30-day-old hydro-
ponic plants using RNeasy mini kit (Qiagen, Valencia, CA, USA). Hydroponic propagation
was described by Gibeaut et al. [52]. Complementary DNA (cDNA) was synthesized
using SuperScript III reverse transcriptase (Invitrogen, Grand Island, NY, USA) from
1 µg of total RNA as suggested by the manufacturer. Quantitative PCR (qPCR) was
performed in optical 96-well plates using an ABI StepOnePlus machine (Applied Biosys-
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tems, Grand Island, NY, USA). Each 10-µL reaction consisted of GoTaq qPCR Master Mix
(Promega, Madison, WI, USA), 2 µL of 1:50 diluted cDNA, and 0.2 mM each of gene-
specific primer pairs (see Table S1). The following thermal profile was used for qPCR:
95 ◦C for 2 min; 30 cycles of 95 ◦C for 15 s and 60 ◦C for 1 min; and a melt curve anal-
ysis at 95 ◦C for 15 s, 60 ◦C for 15 s, and 95 ◦C for 15 s. CT and standard curve were
extracted using ABI StepOne v2.2 software (Grand Island, NY, USA). The fold change
of gene expression and standard deviations were calculated according to the guide from
ABI (http://www.appliedbiosystems.com/absite/us/en/home/support/tutorials.html,
accessed on 6 April 2023). Melt curve analyses were used to verify that a single product
was produced from each qPCR.

4.3. Metabolite Assays

Pistils were dissected lengthwise and incubated in 10 µM 5-(and 6-) carboxy-2′, 7′-
dichlorodihydrofluorescein diacetate (CH2DCFDA, Molecular Probes, Grand Island, NY,
USA) for 30 min, then samples were washed twice in 10 mM of phosphate buffer pH 7.0.
In the presence of ROS, CH2DCFDA was oxidized to form carboxy-dichloro-fluorescein
(CDCF), which is highly fluorescent. The CDCF was visualized by excitation between 490
and 510 nm, and the fluorescent emissions were detected using a 520 nm long-pass filter.
This filter set detects both CDCF emission (green) and plant cell auto-fluorescence (red).

Flowers were frozen in N2(l). Using a steel block immersed in N2(l) and frozen forceps,
pistils were dissected from flowers, and pistil length was measured with a dissecting
microscope. After the pistils were ground to powder, 0.1 mL of 0.2 M HClO4 was added to
stop all protein activity. To ensure that wound-induced H2O2 was not produced, samples
were kept frozen until they were dissolved in HClO4. Samples were kept in this buffer
at 0 ◦C for 5 min and then centrifuged at 20,800× g for 10 min at 4 ◦C. The supernatant
was neutralized with 110 µL of 0.2 M NH4OH and was centrifuged again at 3000× g. The
supernatant was passed through a column of AG resin (Bio-Rad, Hercules, CA, USA) and
then eluted with 0.1 mL deionized water.

Amplex Red Peroxidase Assay Kit (Invitrogen, A22188) was used to quantify H2O2
levels in the extracts, as recommended by the manufacturer. Fluorescence was measured
using Synergy HT fluorescence plate reader (Bio-Tek, Highland Park, IL, USA) with ex-
citation/emission at 540/590 nm. Fluorescence intensity was measured every 10 min to
ensure that fluorescence detection of the standards and unknown samples exhibited a linear
relationship between accumulation and time. The concentration of H2O2 in the samples
was calculated using a standard curve with HRP of known activity, which was included
with the kit as a standard.

4.4. Constructs and Plant Transformants

The pEW201ML plasmid was created to contain the PER17 coding sequence (upstream)
that is translationally fused to the GFP coding sequence (downstream) and is driven by the
CAMV 35S promoter. Similarly, the pEW202ML and pEW203ML binary plasmids were
created to contain PER28 and PER29 with translationally fused GFP, respectively. Plants
were transformed with this A. tumefaciens containing the plasmid, according to Clough
and Bent [53]. Transformants were selected by spraying 1000-fold diluted BASTA (Finale,
AgrEvo, Pikeville, NC, USA).

To synthesize proteins for the assay, PER17, 28, and 29 genes were ectopically expressed
using CaMV 35S promoter. The pEW401ML plasmid (35S::myc-PER17) contains the PER17
coding sequence and an upstream in-frame myc tag (MEQKLISEEDL). The pEW402ML
and pEW403ML plasmids contain, respectively, PER28 and PER29, each with a myc tag.
Transformants containing each construct were generated as described above. Myc-tagged
protein expression was confirmed in these transformants (Figure S1). Total soluble proteins
were extracted from 12-day-old seedlings. The extraction buffer contained 50 mM Tris-HCl
pH 8.5, 1X protease inhibitor cocktail VI (RPI Corp), and 0.2 M β-mercaptoethanol. Prior to
binding, each well of the FLUOTRAC 600 immunology plate (Greiner Bio-One, Monroe,
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NC, USA) was coated with a 0.5 µg myc-tag antibody (Millipore, Billerica, MA) at 4 ◦C
overnight as described by Pratt et al. [54]. After washing and blocking, myc-tagged proteins
were fished from total protein extracts (1 mg of myc-PER17; 0.9 mg of myc-PER28; and
0.8 mg of myc-PER29). Following additional washes, Amplex Red was applied to determine
the activity of myc-peroxidases as recommended by the manufacturer. Fluorescence was
measured with excitation/emission at 540/590 nm. The relative fluorescence of each
myc-peroxidase was normalized with wild-type controls in each experimental replicate.

To construct PER17::GUS, 1.9 kbp of PER17 upstream sequence was PCR amplified
and transcriptionally fused to the upstream of the uidA gene start codon [55]. PER28::GUS
and PER29::GUS constructs were created similarly. GUS assays were done as previously
described [56].

5. Conclusions

Here we report three loss-of-function peroxidase mutants (per17, per28, and per29)
were found to accumulate more ROS and H2O2 in ovules, and the ovule abortion rates sig-
nificantly increased in these mutants. A simple hypothesis explaining the results reported
here is that PER17 and PER29 proteins, which are predominantly expressed in ovules, cause
oxidative bursts in ovules, inducing ovule abortion.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants12112182/s1, Figure S1: SDS PAGE of Myc-PER fusion
proteins; Table S1: Primers used for genotyping and cloning.
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Abstract: Soil salinization is an important factor limiting food security and ecological stability. As
a commonly used greening tree species, Robinia pseudoacacia often suffers from salt stress that can
manifest as leaf yellowing, decreased photosynthesis, disintegrated chloroplasts, growth stagnation,
and even death. To elucidate how salt stress decreases photosynthesis and damages photosynthetic
structures, we treated R. pseudoacacia seedlings with different concentrations of NaCl (0, 50, 100,
150, and 200 mM) for 2 weeks and then measured their biomass, ion content, organic soluble
substance content, reactive oxygen species (ROS) content, antioxidant enzyme activity, photosynthetic
parameters, chloroplast ultrastructure, and chloroplast development-related gene expression. NaCl
treatment significantly decreased biomass and photosynthetic parameters, but increased ion content,
organic soluble substances, and ROS content. High NaCl concentrations (100–200 mM) also led to
distorted chloroplasts, scattered and deformed grana lamellae, disintegrated thylakoid structures,
irregularly swollen starch granules, and larger, more numerous lipid spheres. Compared to control
(0 mM NaCl), the 50 mM NaCl treatment significantly increased antioxidant enzyme activity while
upregulating the expression of the ion transport-related genes Na+/H+ exchanger 1(NHX 1) and salt
overly sensitive 1 (SOS 1) and the chloroplast development-related genes psaA, psbA, psaB, psbD, psaC,
psbC, ndhH, ndhE, rps7, and ropA. Additionally, high concentrations of NaCl (100–200 mM) decreased
antioxidant enzyme activity and downregulated the expression of ion transport- and chloroplast
development-related genes. These results showed that although R. pseudoacacia can tolerate low
concentrations of NaCl, high concentrations (100–200 mM) can damage chloroplast structure and
disturb metabolic processes by downregulating gene expression.

Keywords: Robinia pseudoacacia seedlings; photosynthesis; chloroplast; salt stress

1. Introduction

Soil salinization is already a global problem that climate change, inappropriate irriga-
tion methods, and natural disasters, such as hurricanes and tsunamis, threaten to exacer-
bate [1,2]. It is estimated that about 70% of the world’s agricultural drylands (5.2 billion
hectares) are affected by erosion, soil degradation, and salinization [3]. Saline environments
account for nearly 10% of the world’s total land area (950 Mha), and 50% of irrigated land
(230 Mha), which seriously impedes agricultural development [4,5]. It is therefore urgent
that we develop and utilize saline areas to solve the problem of land shortages and ensure
food security [6,7].

High concentrations of salt ions in soil cause osmotic stress, ion toxicity, and nutrient
imbalance in plants, which can seriously disrupt normal growth [8,9]. Salt ions in plants can
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also damage organelle structure; affect cellular processes including photosynthesis; alter
mRNA and protein synthesis; and disrupt energy metabolism, amino acid biosynthesis,
and lipid metabolism [10,11]. In addition, salt stress causes reactive oxygen species (ROS)
accumulation, causing oxidative stress in plants. Some halophytes and salt-tolerant plants
can eliminate ROS by increasing the content and activity of antioxidant enzymes under salt
stress, thus reducing damage to the plant. However, most crop plants cannot remove ROS
effectively, leading to metabolic disorders and inhibited plant growth [12–14].

Photosynthesis, as the source of energy for plant growth and development, is the
most basic and critical physiological process in green plants [15–17]. Salt stress seriously
affects photosynthesis in plants [18,19]. Large amounts of Na+ and Cl− in the leaves
leads to water loss from guard cells and therefore to changes in guard cell and stomata
morphology, activity, and/or density numbers, which can reduce or prevent CO2 entry
and limit normal photosynthesis [20–22]. Moreover, salt stress leads to ion toxicity and
oxidative stress, particularly in chloroplasts, the main sites of ROS production. Salt stress
affects the electron transport chain (ETC) from the photosynthetic complex photosystem II
(PSII) to PSI, resulting in the copious production of ROS that causes oxidative damage to
nucleic acids, proteins, lipids, membranes, and some photosynthetic enzymes, reducing
CO2 oxidation and crop yield [23,24]. Salt stress can also damage the structural integrity of
chloroplasts, which is essential to the photosynthetic light reactions and carbon assimilation
processes [25]. Under salt stress, salt-tolerant plants can maintain the normal morphology of
photosynthetic structures to sustain their functions [26]. However, when salt stress intensity
exceeds the tolerance capacity of the plants, various organelles are damaged, accompanied
by changed ultrastructure. Studies showed that under salt stress, the chloroplast membrane
system was damaged, with the shape of the chloroplasts changing from ovoid to spherical,
the inner lamellae becoming slightly swollen, the number of basal lamellae decreasing, and
the number of starch grains, lipid droplets, and osmiophilic globules in the chloroplasts
increasing [27]. Many genes involved in the development and maintenance of the normal
chloroplast structure that is integral to photosynthesis are known, and salt stress has been
shown to affect the expression of such genes, leading to aberrant chloroplast structure.
Huang et al. (2019) found that the expression of Ndhf genes related to light response, Rbcl
genes related to dark response, and Matk genes related to chloroplastic intron splicing
were downregulated under 150 mM NaCl in Eucalyptus robusta chloroplasts, which led to
decreased photosynthesis and deformed chloroplasts [28–30].

Robinia pseudoacacia L. also known as black locust or false acacia, is native to the United
States and belongs to the Faboideae subfamily of the Fabaceae. R. pseudoacacia is often used
as an afforestation species in saline areas because it reproduces easily and grows rapidly,
while also having a high tolerance for salinity, drought, soot, and dust. Therefore, it plays
an important role in improving saline environments, preventing soil erosion, and regulating
hydrology [31,32]. However, Lu et al. (2021) found the severe degradation of black locust
forests in the Yellow River Delta, manifested by yellowing leaves and dead tree tips [33].
This suggests that salt stress can affect photosynthesis in black locusts, but there is no report
on how salt stress affects chloroplast structure or how chloroplasts adapt to changes during
salt stress. In this study, we treated R. pseudoacacia seedlings with different concentrations
of NaCl to elucidate these mechanisms by measuring photosynthetic indicators, chloroplast
structure, and changes in gene expression.

2. Materials and Methods
2.1. Plant Material and Seed Germination

The R. pseudoacacia seeds were Luci 103 (provided by Daqingshan forest farm in Feixian
County, Shandong Province). Seeds were sterilized in 75% ethanol for 15 min, then in
NaClO (3%) solution for 15 min, and washed with sterile water 3 times. Sterilized, washed
seeds were placed in a culture bottle with sterile water, which was put into an 85 ◦C water
bath for 15 min followed by a 45 ◦C water bath for 12 h.
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Seeds were evenly sown in nutrient soil in a greenhouse (25 ± 3 ◦C/22 ± 3 ◦C,
day/night) at a light intensity of 600 mol/m2/s (with a 15 h photoperiod) and a relative
humidity of 60/80% (day/night). The seedlings were irrigated with water, and germinated
for 3–5 days, and NaCl treatment was started when the seedlings had grown to 13–15 cm
in length. Five NaCl concentrations of 0, 50, 100, 150, and 200 mM were used, with
five replicates per treatment. Plants were watered regularly with 200 mL per pot at 8:30 am
daily. To avoid salt shock, salt treatments were increased gradually (increasing by 50 mM
per day) until the final desired concentration was reached (the fourth day). Measurements
were taken after 2 weeks at that concentration.

2.2. Measurement of Plant Height, Root Length, Dry Weight, Fresh Weight and Water Content

Plant height and root length of R. pseudoacacia seedlings were measured to the nearest
millimeter. Fresh weights of the shoots and the roots (FW1 and FW2, respectively) were
taken, and then the samples were heated to 105 ◦C for 20 min. Samples were then kept
in an 80 ◦C oven until weights remained constant (about two days), and then their dry
weights (DW1, DW2) were measured.

Water content of shoot = (FW1 − DW1)/FW1 × 100%

Water content of root = (FW2 − DW2)/FW2 × 100%

2.3. Extraction and Quantification of Ion Contents

Leaf samples (0.3 g) were weighed, boiled in water for 3.5 h, and then filtered to
a constant volume of 25 mL. Na+ and K+ contents were measured using a flame spectropho-
tometer (Model 2655-00 Digital Flame Analyzer; Cole-Parmer Instrument Co. Vernon
Hills, IL, USA). Cl− content was measured using an ICS-1100 ion chromatography system
(Dionex Corporation, Sunnyvale, CA, USA).

2.4. Determination of Soluble Organic Matter

A 0.3 g subsample of fresh leaves was ground together with 2.4 mL of prepared
phosphate-buffered saline (PBS) solution (pH 7.8) and then centrifuged at 10,000× g for
10 min at 4 ◦C.

The concentration of total soluble sugars was measured using the anthracene-sulfur
colorimetric method [26]. Soluble protein content was determined using Coomassie Brilliant
Blue G250 and BSA [34]. Proline content was determined using ninhydrin [35]. Fresh leaves
from the same plants were also ground with 5 mL dH2O, heated in a water bath at 85 ◦C
for 30 min, allowed to cool, and filtered, and the solution volumes were standardized to
0.1 L. Six drops of phenolphthalein solution (1%) were added to 0.05 L of the extract and
titrated with NaOH solution (10 mM) until it turned pink. The volume of NaOH required
was recorded and used to calculate the content of organic acids.

2.5. Determination of MDA, O2
−, H2O2

The fully expanded leaves of the third branches of R. pseudoacacia seedlings subjected
to different NaCl treatments were used to measure H2O2, O2

–, and malondialdehyde
(MDA). Detailed experimental procedures were described below.

Leaves of 0.3 g FW were cut into pieces and ground with 2 mL 1% trichloroacetic acid
solution and placed in a test tube containing 0.5% thiobarbituric acid solution. The test
tube was boiled for 10 min and then the solution was filtered. OD values of the filtrate were
measured at 532 nm and 600 nm to determine malondialdehyde content [36].

Leaves of 0.5 g FW were cut into pieces and ground with 5 mL 50 mM PBS (pH 7.8) at
4 ◦C. The solution was filtered, and the filtrate was placed in a test tube containing 5 mL
reaction solution (17 mM aminobenzenesulfonic acid: 7 mM α-naphthylamine, 1:2 (v/v)).
This was allowed to stand for 30 min after mixing and then the OD value at 530 nm was
measured to determine O2

− content [37,38].
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Leaves of 0.5 g FW were cut into pieces and ground with 5 mL acetone at 4 ◦C. The
solution was centrifugated at 5000× g for 8 min. A 2 mL supernatant was placed in a test
tube containing 0.1 mL 20% TiCl4 and 0.4 mL strong ammonia solution and then mixed
and centrifugated at 8000× g for 7 min. After being washed 3–5 times with acetone, the
precipitate was dissolved with 5 mL 2 M H2SO4 and the OD value 415 nm was measured
to determine the H2O2 content [39,40].

2.6. Determination of Electrical Conductance

The relative electric conductivity (REC) was operated according to Guo et al. (2015) [41].
Leaves were cleaned and punched into leaf discs. The leaf discs were soaked in dH2O
for 2 h, which was called solution 1. The initial conductance of solution 1 was measured
with a conductivity measuring instrument (DDG-5205A, Leici, Shanghai, China) and the
conductance value is represented by L1. Solution 1 then was placed in a boiling water bath
for 15–20 min and was then called solution 2. Solution 2 was cooled to room temperature
and the leaf discs were removed. The conductance of solution 2 was represented by L2.
The REC was calculated using the following formula:

REC = (L1/L2) × 100%

2.7. Antioxidant Enzyme Activity Assays

Fresh leaves (0.3 g) were ground in PBS solution (2.4 mL) and then centrifuged at
10,000 rpm for 10 min at 4 ◦C; the supernatant was then used as the enzyme solution
for testing.

The superoxide dismutase (SOD) activity of the enzyme solution was measured
by the nitro blue tetrazolium (NBT) photochemical reduction method [42,43], and was
detected using an Total Superoxide Dismutase Assay Kit (S0109, Biyuntian, Shanghai,
China) according to the manufacturer’s protocols. Peroxidase (POD) activity was measured
using guaiacol [44]. With guaiacol as a substrate, the changes of absorbance at 470 nm
were measured after an enzymatic reaction, the amount of enzyme required for each 1 min
absorbance change of 0.01 is one unit of activity. Catalase (CAT) activity was measured in
0.2 mL enzyme solution by adding 6 mL of reaction solution, which consisted of 200 mL
PBS with 0.3092 mL of 30% H2O2 [43]. Ascorbate peroxidase (APX) activity was determined
using 0.1 mL enzyme solution by adding 1.7 mL of PBS containing EDTA-Na2 (0.1 mM),
followed by 5 mM ascorbate (ASA) (0.1 mL), adding 20 mM H2O2 (0.1 mL), and immediately
(within 40 s) measuring the light absorption at 290 nm wavelengths [45].

2.8. Measurement of Gas Exchange Parameters

After exposure to different NaCl concentrations for 15 days, photosynthetic parameters
were measured from 14:00 h to 17:00 h using a Li-6000 portable photosynthesis system
(Li-Cor, Lincoln, NE, USA). Five replicates were used for each treatment.

2.9. Preparation of Temporary Mount on the Leaf Surface of R. pseudoacacia

The leaves of R. pseudoacacia were put into Carnot fixative fluid (3:1 (v/v) ethanol:glacial
acetic acid) for 1 h, and the temporary mount was prepared by adding Hoyers solution
(40 mL lactic acid with chloral hydrate until saturation) for more than 30 min, which
was observed under a differential interference (DIC) microscope (ECLIPSE80i Differential
Interference Fluorescence Microscope, Nikon, Japan).

2.10. Ultrastructure of Chloroplasts in Seedlings of R. pseudoacacia

A 1 cm2 sample of leaf tissue was placed in 2.5% glutaraldehyde (pH = 6.8) fixative
fluid. The samples were immersed in the fixative by evacuating the air and left for 2 h at
4 ◦C. The fixed samples were removed and rinsed with 0.1 mol/L phosphoric acid buffer
(pH = 6.8) at 2 h intervals (4 ◦C). This was followed by sequential dehydration with 50%,
70%, 95%, and 100% ethanol. Dehydrated samples were transferred to 100% acetone for
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displacement, then epoxy-impregnated, encapsulated, and polymerized. Sections were
made with an ultrathin sectioning machine (Leica EM UC7, Weztlar, Germany). The
sections were then double stained with uranyl acetate dioxide; lemon leaf was used and
examined under a transmission electron microscope (Hitachi HT7800, Tokyo, Japan).

2.11. qRT-PCR Analysis

After NaCl treatment, the leaves of R. pseudoacacia seedlings were collected at varying
time points (0 h, 24 h, 48 h, 72 h) for measuring gene expression and then immediately
frozen in liquid nitrogen and stored at −80 ◦C. Samples for each time point were taken from
the same plant and five biological replicates at a time. The chloroplast development-related
gene sequences (RppsbA, RppsbD, RppsaA, RppsaB, RpndhE, RpndhH, RppsaC, RppsbC, Rprps7,
and RpropA) and ion transporter genes (NHX1, SOS1) of R. pseudoacacia were obtained from
the NCBI website, and primers were designed using primer 5.0 (Supplementary Table S1).
Total RNA was extracted using the Rapid Universal Plant RNA Extraction Kit 3.0 (Hua
Yueyang, Beijing, China). cDNA synthesis was performed using the Evo M-MLV RT Mix
Kit with gDNA Clean for qPCR (Code No. AG11728). Real-time quantitative reverse-
transcription PCR (qRT-PCR) was performed using the SYBR Green Premix Pro Taq HS
qPCR Kit (Accurate Biology, Changsha, China). The relative expression of each gene was
calculated using the 2−∆∆Ct method to calculate the relative expression of each gene [46].
The housekeeping gene TUBULIN was used as a control.

2.12. Statistical Analysis

Statistical analyses were made using SPSS software (version 19.0; IBM, Armonk, New
York, NY, USA). Significance (p < 0.05) was determined using a Duncan’s multiple range
test [47,48].

3. Results
3.1. Effect of Nacl Stress on the Growth, Ions Content and Organic Soluble Substances Contents of
R. pseudoacacia Seedlings

NaCl stress significantly inhibited the growth of R. pseudoacacia seedlings. Although
we did not detect significant differences from the 0 mM NaCl control at 50 mM NaCl, at
higher NaCl concentrations (100, 150, and 200 mM), plant height, root length, shoot fresh
weight, shoot dry weight, root fresh weight, and root dry weight all significantly decreased
with increasing NaCl (Figure 1).

Compared with those in the control, the Na+ content, Cl− content, and Na+/K+

ratio significantly rose with increasing NaCl concentrations, while the K+ content fell
significantly (Figure 2A–D).

Compared with the control values, soluble protein, soluble sugar, and proline contents
significantly increased with increasing NaCl concentration (Figure 3). Organic acid content
showed no significant difference at 50 mM NaCl compared to the control, but rose at
higher salt concentrations (100 mM, 150 mM, 200 mM). The increase in proline content was
significantly greater than the increases for other osmotic regulators. At 50 mM, 100 mM,
150 mM, and 200 mM treatments, the proline contents were 1.31 times, 2.17 times, 3.36 times,
and 3.68 times those of the control, respectively.

3.2. Effect of NaCl Stress on MDA, H2O2, and O−
2 Contents and Electrical Conductance and

Antioxidant Enzyme Activities of R. pseudoacacia Seedlings

Compared with those in the control, the MDA, H2O2, and O2
− contents and the

electrical conductivity significantly increased along with increasing salt concentrations
(Figure 4), indicating that a large amount of ROS was produced and suggesting the plasma
membrane may have suffered damage.
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Figure 1. Effect of NaCl stress on the growth of R. pseudoacacia seedlings. (A) Seedlings under dif-
ferent NaCl concentrations (0 mM, 50 mM, 100 mM, 150 mM, 200 mM); (B) plant height; (C) root 
Figure 1. Effect of NaCl stress on the growth of R. pseudoacacia seedlings. (A) Seedlings under
different NaCl concentrations (0 mM, 50 mM, 100 mM, 150 mM, 200 mM); (B) plant height; (C) root

94



Plants 2023, 12, 1283

length; (D) shoot fresh weight; (E) shoot dry weight; (F) root fresh weight; (G) root dry weight. Values
are mean ± SD of five biological replicates. Bars with different letters are significantly different at
p < 0.05 according to Duncan’s multiple range tests.
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With increasing salt concentrations, the activities of the antioxidant enzymes CAT, APX,
SOD, and POD first increased and then decreased compared with the control (Figure 5).
All four enzymes showed their highest activities at 50 mM NaCl. The activities of CAT and
APX were also elevated at 100 mM NaCl, but reduced under higher-salt conditions (150 mM
NaCl and 200 mM NaCl), while the activity of SOD increased at 100 and 150 mM NaCl
and then decreased at 200 mM NaCl. Notably, the activity of POD showed the sharpest
drop-off under high-salt conditions, being decreased at 100, 150, and 200 mM NaCl.

3.3. Effect of Nacl Stress on Photosynthesis, Chlorophyll Content and Leaf Grease Content and
Chloroplast Structure of R. pseudoacacia Seedlings

Compared with those in the control, the net photosynthetic rate (Pn), transpiration
rate (Tr), and stomatal conductance (Gs) significantly decreased with increasing NaCl
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concentrations. When treated with 200 mM NaCl, Tr, Pn, and Gs were 43.2%, 40.1%,
and 41.1% of those of the control group, respectively. It can be seen that the inhibition
effect of salt stress on photosynthetic parameters is obvious. However, intercellular CO2
concentration (Ci) increased with increasing NaCl concentration. When treated with
200 mM NaCl, Ci was 1.61 times higher than that of the control group. This indicates that
the ability of gas exchange between plants and the outside world is inhibited under salt
stress. Ci significantly increased, suggesting that NaCl stress inhibited the reduction of
CO2 (Figure 6).

With increasing salt concentrations, total chlorophyll, chlorophyll a, and chlorophyll b
contents significantly decreased compared to the control (Figure 7). At 200 mM NaCl, the
total chlorophyll, chlorophyll a, and chlorophyll b contents were 55.2%, 47.1%, and 48.7%
of the control group abundances, respectively.
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Figure 3. Effect of NaCl stress on the contents of soluble protein (A), soluble sugar (B), organic acids (C),
and proline (D) of R. pseudoacacia seedlings. Values are mean ± SD of five biological replicates. Bars
with different letters are significantly different at p < 0.05 according to Duncan’s multiple range tests.

With increasing salt concentrations, both the grease content and the degree of chloro-
plast structural damage increased compared to the control (Figure 8A,B). After 0 mM,
100 mM, and 200 mM NaCl treatment, there was grease content in the leaves of R. pseu-
doacacia seedlings. Under the control condition, the leaves of black locust seedlings had
a small amount of grease content. However, with the increase in NaCl concentration, the
grease content increased significantly. Further observation showed that the chloroplast
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structure changed with the increase in salt concentration. At 100 mM NaCl, the chloro-
plasts began to distort, the grana lamellae scattered and deformed, the structure of the
thylakoids began to disintegrate, the starch granules started to become larger, swollen, and
irregular, and the number and volume of lipid spheres increased. At 200 mM NaCl, the
chloroplast structure further swelled and deformed, the thylakoids continued to expand
and became disorderly, distorted, and deformed, filamentous lamellae appeared, starch
granules continued to become larger and more irregular, and the number and volume of
lipid spheres increased further.
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O2
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3.4. Effect of NaCl Stress on the Expression of Key Genes in Chloroplast Development and Ions
Transporter of R. pseudoacacia Seedlings

The relative expression of key genes (RppsbA, RppsbD, RppsaA, RppsaB, RpndhE, Rp-
ndhH, RppsaC, RppsbC, Rprps7, and RpropA) during the chloroplast development of R. pseu-
doacacia seedlings were significantly upregulated under 50 mM NaCl treatment for 24, 48,
and 72 h, but was significantly downregulated at higher NaCl levels (100 mM, 150 mM,
200 mM) (Figure 9). At 50 mM NaCl, the relative expression of NHX1 and SOS1 was signif-
icantly upregulated compared to the control, whereas it was significantly downregulated
at higher NaCl concentrations (100 mM, 150 mM, and 200 mM) (Figure 9).
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Figure 9. Effect of NaCl stress on the expression of key genes in chloroplast development (RppsaA,
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4. Discussion

Salt stress is an important environmental factor that restricts plant growth and de-
velopment and reduces crop yield [49]. Under salt stress, plants exhibit slow growth and
development, metabolic inhibition, and, in severe cases, wilting and even death. Here, we
showed that NaCl treatment significantly inhibited the growth of R. pseudoacacia seedlings
(Figure 1). Plant height and root length decreased, dry and fresh weight also decreased
with the increase of salt concentration.

Salt stress has a broad range of effects on plant metabolism, including the contents
of other ions and organic soluble substances, various aspects of cell metabolism, and the
expression of corresponding genes [50]. For example, in this experiment, with increased
NaCl concentrations, Na+ and Cl− accumulated in large quantities in plants, while K+

decreased, resulting in a high Na+/K+ ratio (Figure 2A–D). K+ is a key ion to ensure the
normal metabolism of plants. Because of Na+, K+ competing K+/Na+ transporters are at the
same binding site and the accumulation of too much Na+ inhibits K+/Na+ exchange, thus
significantly reducing the K+ content in the seedlings [51]. Previous studies have shown that
under NaCl stress, and more Na+ was retained in the roots, the K+/Na+ ratio in the above-
ground part of R. pseudoacacia was lower, while less Na+ is distributed in the leaves, thus
reducing the damage of Na+ to the leaves [52]. Under salt stress, plants tend to upregulate
Na+/H+ antiporter genes to maintain Na+/K+ homeostasis and avoid Na+ accumulation
in the cytoplasm. SOS1, one Na+/H+ antiporter located on the plasma membrane, can be
activated by phosphorylation to transport Na+ to the extracellular matrix. Similarly, NHX1,
located on the tonoplast, can be activated by phosphorylation to pump excess intracellular
Na+ into the vacuole [53–55]. An increasing number of experiments have demonstrated
the role of Na+/H+ antiporters in salt resistance: for example, heterologous expression of
AoNHX1 (from Avicennia officinalis L.) increases salt tolerance in rice and Arabidopsis [56],
RtNHX1 (from Reaumuria trigyna) enhances salt tolerance in transgenic Arabidopsis plants
by sequestering Na+ into the vacuole and decreasing the Na+/K+ ratio in the cytoplasm [57].
In this experiment, the relative expression of RpNHXl and RpSOS1 was higher than in the
control under 50 mM NaCl treatment, but lower at higher NaCl concentrations (100 mM,
150 mM, and 200 mM) (Figure 9). This indicates that R. pseudoacacia seedlings under
50 mM NaCl treatment can effectively maintain ion homeostasis in the cytoplasm by either
compartmentalizing Na+ into the vacuole or transporting Na+ to the extracellular matrix,
thereby reducing damage caused by salt stress, but this mechanism becomes insufficient at
higher salt concentrations. This is consistent with past findings [56,57].

Salt ions in soil can cause osmotic stress in plants, which prompts them to accumulate
various organic substances in their roots to reduce osmotic potential, improve cellular water
retention capacity, and mitigate the damage caused by osmotic stress. These substances
are either small molecules such as proline and betaine, or structural substances such as
sucrose and starch [51]. Organic osmoregulatory substances play an important role in plant
tolerance to salt stress. Under salt stress, the P5CS1 (Delta1-pyrroline-5-carboxylate synthase
1) gene in the Arabidopsis myc2 mutant is upregulated to synthesize proline, thereby
enhancing salt tolerance [58]. The enrichment of soluble sugars in rice can also effectively
relieve osmoregulatory effects and enhance salt tolerance [59,60]. In this experiment,
concentrations of organic substances increased under salt stress in R. pseudoacacia seedlings
(Figure 3). The most significant increase was in the proline content, suggesting that proline
plays a major role in osmotic adjustment [58,59].

Salt stress is a complex process, and almost all physiological and biochemical pathways
in plants will be affected [8,61]. It not only causes direct primary damage to plants, but
also causes secondary damage, such as peroxide stress [62]. In R. pseudoacacia seedlings
subjected to salt stress, the O2

−, H2O2, and MDA contents increased, as did electrical
conductivity (Figure 4), which are signs of oxidative stress [63,64]. However, salt-tolerant
plants tend to adapt to salt stress by increasing ROS scavenging capacity using enzymatic
antioxidants (SOD, POD, APX, CAT, etc.) and non-enzymatic antioxidants (AsA, GSH,
etc.) [65]. Among them, SOD is the key enzyme for O2

− scavenging, and CAT, APX,
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and POD are the key enzymes for H2O2 scavenging [10,66]. Under salt stress, cucumber
responded by adjusting CAT and APX antioxidant enzyme activities [67], whereas the
CAT and SOD activities in sweet sorghum increased and then decreased under NaCl
stress [68]. In our experiments, the activities of SOD, POD, CAT, and APX increased
at low concentrations of NaCl, but decreased at high concentrations of NaCl (Figure 5).
This indicates that R. pseudoacacia seedlings can tolerate low concentrations of NaCl and
effectively scavenge ROS by increasing antioxidant enzyme activity. However, at high
concentrations of NaCl, the ROS scavenging ability of seedlings decreased, resulting in
ROS accumulation and subsequent damage to the plants’ growth and development [67–69].

Photosynthesis is sensitive to salt stress [16]. Pn, Ci, and Gs are important for under-
standing physiological processes of leaves in nature; changes in photosynthetic parameters
are direct reflections of photosynthetic function [70]. In this experiment, Pn, Tr, and Gs of R.
pseudoacacia seedlings decreased under NaCl treatment, indicating that photosynthesis was
inhibited (Figure 6). When plants are exposed to salt stress, the first reaction is stomatal
closure caused by osmotic stress, the decrease of stomatal conductance Gs causes the de-
crease of stomatal factor and Ci, thus limiting Pn [71]. Furthermore, chlorophyll content is
an important indicator of leaf senescence. Our study showed that chlorophyll content was
significantly reduced under NaCl treatment (Figure 7), which likely contributed to reduced
photosynthesis. Under salt stress, there is a large amount of Na+ uptake, chlorophyll loss,
and stomatal closure in R. pseudoacacia seedlings. The resulting restriction of CO2 entry
and salt accumulation led to the inhibition of CO2 assimilation. Because chloroplasts serve
as the main site of photosynthesis, the structural and functional integrity of chloroplasts
is another prerequisite for photosynthesis [72]. Chloroplasts are also the organelles most
sensitive to salt stress, which often damages the chloroplast membrane system and deforms
the chloroplast structure. In Cornus hongkongensis subsp. elegans, Vitis amurensis Rupr, and
Podocarpus macrophyllus, salt stress led to disorganized cystoid, basidiome, and stroma
lamellae structures, which seriously damaged the integrity of the chloroplast ultrastruc-
ture [17,27,73]. The results of our experiments showed that the grease content increased as
the salt concentration increased. Additionally, the chloroplast ultrastructure in R. pseudoa-
cacia seedlings was clearly damaged by salt stress, with the chloroplasts being distorted
and deformed, and the starch granules swollen and irregular (Figure 8). Previous reports
showed that Atriplex halimus may form lipid deposition to resist the harmful effects of
salt-induced toxicity [74,75]. The chloroplast ultrastructure was consistent with previous
reports of salt-treated diploid black locust [71].

The photosynthetic complex PSII is an important site for the absorption, transmission,
and conversion of light energy in the light reactions, and the core proteins D1, V2, and D2 are
encoded by the chloroplast genes psbA, psbC, and psbD. In this experiment, the expression of
psbA, psbC, and psbD was significantly upregulated under 50 mM NaCl treatment (Figure 9),
indicating that R. pseudoacacia seedlings tolerated low concentration NaCl stress. However,
these genes were downregulated at elevated salt concentrations, suggesting that these
core PSII proteins are important factors affecting photosynthetic efficiency during salt
stress. psaA has a light-induced regulatory function during the transition from proplastid
to chloroplast in C4 plants (such as sorghum) [76]. In the present study, the expression
of psaA, psaB, and psaC was also significantly upregulated under low-concentration NaCl
treatment but was significantly downregulated under high-concentration NaCl treatment
(Figure 9). We speculate that the upregulation of these genes at lower NaCl concentrations
can compensate for the damage to chloroplasts caused by salt stress, but this compensatory
mechanism becomes insufficient at higher NaCl concentrations.

We also found that the expression of rps7, which encodes a chloroplast ribosomal
protein that plays an important role in maintaining chloroplast function, was significantly
upregulated under low-concentration NaCl treatment but significantly downregulated
under high-concentration NaCl treatment (Figure 9), indicating that excess NaCl severely
affected the synthesis of chloroplast ribosomal proteins. The NADH dehydrogenase-like
(NDH) complex is involved in photosynthetic electron transport chains and catalyzes the
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transfer of electrons to drive the production of adenosine triphosphate [77]. It is encoded by
the chloroplast genome and contributes to the adaptation of chloroplasts to environmental
stresses and plays an important role in photosynthetic efficiency and response to stress [28].
The expression of ndhE and ndhH, encoding an NADH subunit and the PSI psaC subunit,
respectively [78], was significantly downregulated under high concentrations of NaCl
(Figure 9). We presume that these high NaCl concentrations severely disrupted signaling
processes regulated by ndhE and ndhH, preventing the synthesis of the NDH complex.
Several studies have demonstrated a strong relationship between ropA expression and
abiotic stresses. In Arabidopsis, low levels of oxidative stress activate ropA, leading to
the production of H2O2 and ethanol dehydrogenase to resist hypoxic stress [79,80]. In
the present experiment, the expression of ropA was upregulated at low concentrations
of NaCl, indicating that R. pseudoacacia seedlings are tolerant of low-concentration NaCl
treatment (Figure 9), which is consistent with the antioxidant results. However, at high
concentrations of NaCl (100 mM, 150 mM, and 200 mM), the above genes regulating
chloroplast development were significantly downregulated, affecting the development and
structure of chloroplasts and leading to structural abnormalities and functional damage.

5. Conclusions

In all, our results showed that R. pseudoacacia seedlings can tolerate low levels of
NaCl. Although biomass decreased, photosynthetic structures were not damaged, and
the plants continued to grow in the presence of low concentrations of NaCl. However,
the high-concentration NaCl treatment downregulated ion transport- and chloroplast
development-related gene expression, leading to ion accumulation and damage to pho-
tosynthetic structures, and thus resulting in growth arrest and sometimes death. These
results will provide theoretical guidance for planting R. pseudoacacia on saline-alkali land.
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Abstract: The Arabidopsis transcription factor ABSCISIC ACID INSENSITIVE 4 (ABI4) is a key
player in the plant hormone abscisic acid (ABA) signaling pathway and is involved in plant response
to abiotic stress and development. Expression of the ABI4 gene is tightly regulated, with low basal
expression. Maximal transcript levels occur during the seed maturation and early seed germination
stages. Moreover, ABI4 is an unstable, lowly expressed protein. Here, we studied factors affecting the
stability of the ABI4 protein using transgenic Arabidopsis plants expressing 35S::HA-FLAG-ABI4-
eGFP. Despite the expression of eGFP-tagged ABI4 being driven by the highly active 35S CaMV
promoter, low steady-state levels of ABI4 were detected in the roots of seedlings grown under optimal
conditions. These levels were markedly enhanced upon exposure of the seedlings to abiotic stress and
ABA. ABI4 is degraded rapidly by the 26S proteasome, and we report on the role of phosphorylation
of ABI4-serine 114 in regulating ABI4 stability. Our results indicate that ABI4 is tightly regulated
both post-transcriptionally and post-translationally. Moreover, abiotic factors and plant hormones
have similar effects on ABI4 transcripts and ABI4 protein levels. This double-check mechanism for
controlling ABI4 reflects its central role in plant development and cellular metabolism.

Keywords: Arabidopsis thaliana; ABI4; MAPK; salinity; ABA; proteasome; transcription factor

1. Introduction

Plant development and response to environmental cues involve signaling pathways
in which the last components are often transcription factors (reviewed by [1]). As a result,
these signaling pathways affect the transcription of a large number of genes, the expression
of which is affected by the respective transcription factors.

The Arabidopsis ABSCISIC ACID INSENSITIVE 4 (ABI4) gene encodes an APETALA 2
(AP2) family transcription factor [2]. APETALA 2 is a plant-specific DNA-binding domain
with a length of ~60 amino acids first characterized in the Arabidopsis APETALA2 homeotic
gene [3,4]. The ABI4 gene was identified by screening gamma-irradiated Arabidopsis
seeds for mutants capable of germination in the presence of inhibitory concentrations of
the plant hormone abscisic acid (ABA) [5]. ABI4 alleles were isolated by screening for
germination in the presence of high concentrations of salt and sugar [6–10]. ABI4 also plays
a central role in other plant signaling pathways, including lipid mobilization, lateral root
development, regulation of light-modulated genes, redox signaling, pathogen response,
and mitochondrial retrograde signaling (reviewed in [11]). Its role in chloroplast retrograde
signaling is disputed [12,13].

ABI4 expression is tightly developmentally regulated; the highest steady-state lev-
els of the ABI4 transcript are found in embryos, maturing pollen, and early germination
stages [14–16]. The transcript levels of ABI4 are significantly reduced in other develop-
mental stages; its expression is restricted to root phloem companion cells and parenchyma
and, to some extent, to the vascular system of the shoot [17–19]. In addition, steady-state

107



Plants 2022, 11, 2179

levels of the ABI4 transcript are enhanced by ABA, NaCl, and glucose and repressed by
auxin [17,18,20].

ABI4 is a highly unstable protein [21,22]. Several protein motifs, such as PEST and
AP2-associated [21,22], destabilize ABI4 via degradation by the proteasome. Other regions
of the protein destabilize it in a proteasome-independent manner [21]. ABI4 is stabilized by
high concentrations of salt and sugar [21,22] and by preventing light exposure [23]. COP1
is involved in the light-mediated degradation of ABI4 [23]; levels of ABI4 were enhanced
in light-exposed cop1 mutant seedlings and further increased by treating cop1 mutants with
the MG132 proteasome inhibitor, suggesting that COP1, as well as additional E3s, modulate
ABI4 stability [23].

Being downstream of the signaling pathway cascades, transcription factors are fre-
quently modulated by phosphorylation, resulting in their activation or inhibition. ABI4
was phosphorylated in vitro by MPK3, MPK4, and MPK6 [24–27]. Phosphorylation of ABI4
by MAPKs repressed the expression of the LHCB gene [25] and inhibited the emergence
of adventitious roots [26]. In addition, the phosphorylation of S114 is essential for the
biological activity of ABI4, as shown in studies of the complementation of the abi4 mutant
phenotype [27].

Here, we studied factors affecting the stability of the ABI4 protein in Arabidopsis
plants by expressing HA-FLAG-ABI4-eGFP driven by the constitutive highly active 35S
promoter. The tagged ABI4 was detected in embryos rescued from imbibed seeds but not
in seedlings. Treatment of the seedlings with NaCl resulted in a transient stabilization of
ABI4, peaking at 2–4 h. ABA and high glucose also stabilized ABI4-eGFP but with slower
kinetics, reaching lower levels than with NaCl treatment. The phosphomimetic ABI4
(S114E) protein was more stable than the wild-type ABI4 and the phosphorylation-null
ABI4 (S114A) mutant in salt-treated plants, suggesting that phosphorylation of ABI4 by
MAPKs results in stabilization of ABI4. Interestingly, NaCl, ABA, and glucose are known
to similarly affect the steady-state levels of ABI4 transcripts [17,18,20]. We thus propose
that the MAPK signaling cascade also activates ABI4 transcription via the phosphorylation
of MYB, WRKY, and ABI4 transcription factors known to transactivate the transcription
of the ABI4 gene. As a result, similar cues regulate ABI4 in terms of transcriptional and
post-transcriptional levels, resulting in a very tight regulation of this key factor.

2. Results
2.1. The 35S::HA-FLAG-ABI4-eGFP Construct Encodes a Biologically Active Protein

To study ABI4 in planta, we used the enhanced green fluorescent protein (eGFP) [28]
fused to the carboxy terminus of ABI4 and transcription driven by the highly active
cauliflower mosaic virus constitutive 35S promoter (35S) [29]. We previously found that
overexpressing 35S::ABI4 in Arabidopsis resulted in seedling death within three days of
germination, whereas fusing the HA3-FLAG3 tag to the N terminus of ABI4 resulted in
viable plants [18]. Therefore, constructed 35S::HA-FLAG-ABI4-eGFP and used it for the
transformation of Arabidopsis. To determine whether HA-FLAG-ABI4-eGFP protein is
biologically active, we tested whether tagged ABI4 can complement the abi4-1 mutant.
abi4-1 is a frameshift mutant resulting from a single-bp deletion at codon 157 [2]; the
expressed protein has the AP2 DNA binding domain but lacks the transactivation domain.
The resulting transgenic plants did not have any visible phenotype when grown on agar
plates with 0.5×MS, 0.5% sucrose medium or in pots containing potting mix. To determine
whether the expressed HA-FLAG-ABI4-eGFP (ABI4-eGFP) protein retains the biological
activity of ABI4, we examined its ability to complement the phenotype of abi4 mutants by
assaying seed germination in the presence of ABA, the most extensively studied phenotype
of these mutants [30]. Figure 1 shows that expressing HA-FLAG-ABI4-eGFP in abi4-1
plants restored the ABA sensitivity, indicating that tagging ABI4 at neither its amino- nor
carboxy-termini impairs its biological activity.
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Figure 2. Fluorescence levels of 35S::HA3-FLAG3-ABI4-GFP seedling roots and embryosroots. The 
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Figure 1. Complementation of the abi4-1 mutant by 35S::HA3-FLAG3-ABI4-eGFP. Seeds of the ho-
mozygous plants of the indicated genotypes were plated on agar-solidified 0.5 ×MS, 0.5% sucrose
medium supplemented with the indicated concentrations of ABA. Germination was scored 7 days
later. abi4, abi4-1 mutant; abi4/ABI4-1, -5, -9, transgenic lines 1, 5, and 9 of abi4-1 plants transformed
with the 35S::HA3-FLAG3-ABI4-eGFP construct. Data represent means± SE; n = 3 biological replicates.

The 35S promoter is a commonly used strong constitutive promoter that is active
in most plant tissues [31]. We therefore expected to detect high eGFP fluorescence sig-
nals in seedlings of WT plants transformed with the 35S::HA-FLAG-ABI4-eGFP construct
(WT/ABI4-eGFP). Surprisingly, we did not detect significant fluorescent signals in these
plants (Figure 2A,B). To confirm the construct, we examined the fluorescence in em-
bryos prepared from imbibed seeds and detected a highly fluorescent signal in the entire
embryo (Figure 2C,D). These results suggest that ABI4 levels may be subject to post-
transcriptional regulation.
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Figure 2. Fluorescence levels of 35S::HA3-FLAG3-ABI4-GFP seedling roots and embryosroots. The
fluorescence of plants transformed with the 35S::HA3-FLAG3-ABI4-GFP construct was examined
by microscopy. (A,B) Ten-day-old root; (C,D) embryo extracted from a seed imbibed for 24 h;
(A,C) fluorescence images; (B,D) bright-field images. Scale bar = 100 µm.
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2.2. Accumulation of ABI4-eGFP Is NaCl-Dependent

Previous studies showed that environmental signals post-transcriptionally regulate
ABI4. To examine whether varying external and internal cues affect the steady-state levels
of ABI4, we tested cues known to affect the activity of the ABI4 promoter. The steady-state
levels of ABI4 mRNA driven by its endogenous promoter are enhanced by NaCl [17]. We
therefore examined whether NaCl also affects protein levels of ABI4 when transcription
is driven by the 35S promoter. Exposing WT plants expressing ABI4-eGFP to 0.3 M NaCl
resulted in a transient increase in the eGFP fluorescence signal, with the maximal signal
observed 2–3 h following seedling exposure to salt (Figure 3A). The signal was NaCl-dose-
dependent, with the maximum at 0.3 M NaCl (Figure 3B). No fluorescence was observed
in seedlings transferred to fresh 0.5 × MS, 0.5% sucrose medium, suggesting that the
transient increase in fluorescence observed in the NaCl-treated seedlings did not result from
transferring the seedlings from the agar plates to the buffer-soaked filter paper. To confirm
the observed fluorescence signals, protein extracts of the roots of salt-treated WT/ABI4-
eGFP seedlings were subjected to western blot analysis using an anti-GFP antibody. The
results confirmed that ABI4-eGFP was essentially undetectable in control untreated roots,
whereas a transient increase in ABI4-eGFP was observed following exposure to NaCl,
peaking 2 h after the application of NaCl (Figure 3C). The protein levels of ABI4-eGFP were
low, even at maximal values, and were detected with a high-sensitivity detection assay.
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Figure 3. NaCl treatment transiently enhances ABI4-eGFP protein levels. Ten-day-old Arabidopsis
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The NaCl-dependent increase in ABI4 protein levels may result from either a change in
the transcript levels of the encoding mRNA or regulation of the protein levels. To assess this
point, we quantified the ABI4-eGFP transcript and protein levels in roots of untreated and
NaCl-treated seedlings. ABI4-eGFP transcript levels were determined by RT-qPCR using
amplification primers from the sequence encoding the HA3-FLAG3 tag to avoid assaying
the expression of the endogenous ABI4 gene. The steady-state mRNA levels of ABI4-eGFP
were increased by 2.0-and 1.6-fold at 2.5 and 4 h, respectively, after seedling exposure to
high salt concentration. The ABI4-eGFP protein levels quantified using the fluorescence
intensity of the roots were 32.7 and 7.3 times higher for roots of plants exposed to 0.3 M
NaCl for 2.5 and 4 h, respectively, compared to control untreated roots (Figure 4). Control
fluorescence signals of plants expressing 35S::GFP were not affected by salt treatment
(Figure S1). These results indicate that the NaCl-dependent increase in ABI4-GFP protein
levels resulted from post-transcriptional regulation of ABI4 rather than from changes in the
transcript levels or the effect of salt on the GFP tag.
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Figure 4. Effect of NaCl treatment on steady-state levels of ABI4-eGFP transcript and protein in
the roots. Ten-day-old seedlings transformed with the 35S::HA3-FLAG3-ABI4-eGFP construct were
transferred onto a filter paper soaked with 0.5 ×MS salts, 0.5% sucrose with or without 0.3 M NaCl.
Roots were harvested at the indicated times, and the levels of HA3-FLAG3-ABI4-eGFP transcript
(blue) or protein (red) were determined by RT-qPCR and fluorescence microscopy, respectively. Data
represent mean ± SE. Bars with different letters indicate significant differences according to one-way
ANOVA and Tukey’s HSD post hoc test (p ≤ 0.01).

2.3. Subcellular Localization of ABI4-GFP following NaCl Treatment Is Cell-Type-Specific

Although NaCl treatment of plants expressing the 35S::HA-FLAG-ABI4-eGFP construct
resulted in enhanced protein levels in most root cells, the observed fluorescence pattern
of the ABI4-eGFP was diffusive in most cell types. In contrast, it was found in spherical
structures mostly in the root stele, suggesting nuclear localization (Figure 5A). Staining
nuclei of the roots of NaCl-treated ABI4-eGFP plants with the DNA fluorescence stain 4′,6-
diamidino-2-phenylindole (DAPI) (Figure 5B) shows that the DAPI and eGFP fluorescence
signals overlap, confirming that ABI4-eGFP is localized in the nuclei of root stele cells
(Figure 5C). This pattern is specific to ABI4, as it was not observed in the roots expressing
the eGFP tag alone (Figure S1).
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mulation of ABI4-eGFP, indicating that auxin negatively regulates the steady-state levels 
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Figure 5. The subcellular localization of ABI4-GFP in the roots is cell-type-dependent. Ten-day old
seedlings expressing the 35S::HA3-FLAG3-ABI4-GFP construct were treated with 0.3 M NaCl for 2.5 h.
Roots were stained with DAPI and examined by confocal microscopy. (A) GFP fluorescence; (B) DAPI
fluorescence; (C) merged images of (A,B). Arrows mark columns of cells expressing ABI4-eGFP in
the nuclei. Scale bar = 10 µm.

2.4. ABA and Glucose Treatment Enhance ABI4-eGFP Protein Levels

Transcript levels of endogenous ABI4 are also induced by treatment with ABA or
high concentrations of glucose [20]. To determine whether these treatments also affect the
levels of the ABI4-eGFP protein, ten-day-old 35S::HA-FLAG-ABI4-eGFP transgenic plants
were transferred to media containing ABA or glucose, and ABI4-eGFP accumulation was
followed by fluorescence microscopy. Enhanced ABI4-eGFP levels were detected in the
root stele of seedlings approximately 24 h after treatment with ABA or glucose (Figure 6).
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Figure 6. ABI4 expression is increased following glucose and ABA treatment. Ten-day-old 35S::HA3-
FLAG3-ABI4-eGFP-expressing plants were incubated for 24 h in 0.5 × MS, 0.5% sucrose growth
medium (A) or in the same medium supplemented with 7% glucose (B) or 30 µM ABA (C).
(D,E) Bright-field and merged image of the ABA treated root shown in (C). Scale bar = 100 µm.

2.5. Auxin Counteracts the NaCl-Induced Increase in ABI4-eGFP Levels

ABI4 mediates cytokinin inhibition of lateral root formation by reducing the polar
transport of auxin, a plant hormone known to induce the formation of lateral roots [18].
Exogenous auxin also reduced the steady-state levels of ABI4 transcripts in the roots [18].
To test whether auxin also post-transcriptionally regulates ABI4, we tested whether auxin
counteracts the NaCl-induced enhancement of ABI4-eGFP. Figure 7 shows that when added
together with NaCl, 3-indole acetic acid (IAA) prevented the NaCl-induced accumulation
of ABI4-eGFP, indicating that auxin negatively regulates the steady-state levels of the
ABI4 protein.
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Figure 7. Auxin prevents the NaCl-induced increase in ABI4. Ten-day-old seedlings were treated
with 0.5×MS 0.5% sucrose (A) supplemented with 0.3 M NaCl (B) or 0.3 M NaCl and 20 µM IAA (C).
Roots were examined 2.5 h later. Scale bar = 100 µm.

2.6. Steady-State Levels of ABI4-eGFP Are Controlled by De Novo Translation and Degradation by
the 26S Proteasome

We used the protein synthesis inhibitor cycloheximide (CHX) and the proteasome
inhibitor MG132 to further characterize the transient accumulation of ABI4-eGFP following
exposure to NaCl. As expected, CHX prevented the NaCl-dependent accumulation of ABI4-
eGFP protein (Figure 8A), suggesting that exposure to NaCl enhances de novo translation
of ABI4-eGFP. Treatment with a mix of NaCl and MG132 resulted in increased stabilization
of ABI4-eGFP, and a high signal was detected, even 6 h after the co-application of NaCl
and MG132 (Figure 8B) but not in the roots of plants treated with NaCl alone.
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Figure 8. The NaCl-dependent transient increase in the ABI4-eGFP levels is a result of de novo
protein synthesis and its degradation by the 26S proteasome. Ten-day-old ABI4-eGFP-expressing
seedlings were incubated in light for 2.5 h (A) or 6 h (B) on filter paper soaked with 0.5 ×MS, 0.5%
sucrose solution supplemented, as indicated, with 0.3 M NaCl, 20 µg/mL cycloheximide (CHX) or
20 µg/mL MG132. Roots were then examined by fluorescence microscopy. Scale bar = 100 µm.

2.7. The Phosphorylation State of Serine 114 Affects the Stability of the ABI4 Protein

We recently showed that phosphorylation of serine 114 of ABI4 by MPK3 or MPK6 is
essential for its biological activity [27]. Here, we tested whether the phosphorylation state
of S114 of ABI4 also affects its stability; WT Arabidopsis plants were transformed with
35S::HA-FLAG-ABI4-eGFP constructs encoding the ABI4 (S114A), phosphorylation-null
mutant or ABI4 (S114E), phosphomimetic mutated proteins. Ten-day-old NaCl-treated
seedlings were examined by fluorescent microscopy. Roots expressing WT (114S) ABI4-
eGFP showed very low levels of fluorescence (Figure 9A), as shown in Figure 3. Fluores-
cence levels in roots of plants transformed with the ABI4-eGFP (S114A) phosphorylation-
null mutant (Figure 9B) were similar to those of the WT ABI4-eGFP protein. In contrast, the
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S114E phosphomimetic mutation stabilized the ABI4-eGFP protein, and high levels were
observed, even 6 h following NaCl exposure (Figure 9C). The fluorescence signal was quan-
tified (Figure 9D), and the ABI4-eGFP protein levels were also confirmed by western blot
analysis using an anti-GFP antibody (Figure 9E). Our data indicate that the phosphorylation
of serine 114 by MAPKs stabilizes ABI4, the active form of this transcription factor.
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Figure 9. Phosphorylation of S114 stabilizes the ABI4 protein. Ten-day-old ABI4-eGFP expressing
seedlings (A) WT ABI4-eGFP, (B) the phosphorylation-null (S114A) mutant, or (C) the phospho-
mimetic (S114E) mutant, were incubated for 6 h with 0.5 ×MS, 0.5% sucrose and 0.3 M NaCl. The
roots were examined by fluorescence microscopy. Scale bar = 100 µm. (D) The fluorescent signals of
70 plants were quantified. Data are expressed as average ± SE. Bars with different letters represent
statistically significant differences according to Tukey’s HSD post hoc test (p < 0.05). (E) Western blot
analysis of seedling proteins using anti-GFP antibody showing the expression levels of the S114 ABI4-
eGFP phosphorylation state mutants following 6 h of NaCl treatment (upper panel). Ponceau-stained
RuBisCo large subunit was used as a loading control (lower panel).

3. Discussion

In this study, we showed that ABI4 protein is highly unstable and that it is degraded
by the 26S proteasome. In the roots, ABI4 is transiently stabilized by salt, ABA, and high
glucose. Phosphorylation of S114 of ABI4, a residue previously shown to be phosphorylated
by MAP kinase, increases its stability. ABI4 is a master transcription regulator, acting as
both activator and repressor in the regulation of developmental processes, such as seed
development, germination, root development, response to stress and hormones, disease
resistance, and lipid metabolism [11,32]. ABI4 is evolutionarily conserved and is a single
gene in Arabidopsis and in most plant genomes that encode ABI4 [11,33], suggesting that its
biological role is non-redundant. As a result, abi4 mutants display pronounced phenotypes,
such as insensitivity to ABA inhibition of seed germination and reduced sensitivity to high
glucose and salt [6,7,18,30].
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3.1. ABI4 Is a Lowly Expressed and Highly Regulated Gene

As expected, as a key regulator, ABI4 levels and activity are tightly regulated. Maximal
levels of ABI4 transcripts are detected in developed seeds and in early germination stages,
with very low levels present during other developmental stages [14–16,19] in which it is
expressed in the phloem and parenchyma of the roots [18,19]. ABI4 expression is regulated
by plant hormones: enhanced by ABA [14] and cytokinin [34] and reduced by auxin [18]. It
is also enhanced in response to high glucose [20], as well as osmotic [20] and salt [17] stresses.
Arabidopsis ABI4 is encoded by an intronless gene. Intronless genes are characteristic of
highly regulated TFs in both plants and animals [35,36]. Moreover, intronless genes are
differentially expressed in response to drought and salt treatment [36].

3.2. ABI4 Is a Post-Transcriptionally Regulated Low-Level Protein

Because the transcription of ABI4 is highly regulated, in order to study the post-
transcriptional regulation of ABI4, we expressed HA-FLAG-ABI4-eGFP driven by the con-
stitutive highly expressed CaMV 35S promoter (35S). eGFP is a GFP variant that is 35 times
brighter than the original GFP [37], allowing for the detection of lower concentrations
of tagged proteins than with the previously used ABI4-GFP [21]. This construct comple-
mented the phenotype of the abi4-1 mutant, indicating that tagging ABI4 at its N and C
termini does not eliminate its biological activity (Figure 1). We did not detect recombinant
ABI4 protein in ten-day-old seedlings grown on plates under control conditions (Figure 2).
In contrast, a high fluorescence signal was observed in imbibed embryos, confirming the
performance of the construct (Figure 2). Although we used the highly active constitutive
viral 35S CaMV promoter to express ABI4-eGFP, the resulting transgenic plants did not
show any significant fluorescence of the eGFP tag (Figure 2). GFP-ABI4 was not detected
in Arabidopsis plants transformed with 35S::GFP-ABI4 [21]. GUS activity staining iden-
tified the expression of ABI4-GUS recombinant protein driven by the same promoter. In
contrast, ABI4-GFP fluorescence was detected in Arabidopsis protoplasts transfected with
a 35S::ABI4-GFP construct [22]. This discrepancy may be explained by protoplasts being
under stress caused by enzymatic digestion of the cell wall [38].

3.3. ABI4 Is Stabilized by External Signals

Although the 35S promoter is active in most plant tissues, ABI4-GFP is expressed
primarily in the roots following stress (Figure 3), confirming observations by Finkelstein
et al., who expressed ABI4-GUS fusion protein [21]. ABI4-eGFP was observed mainly in
the vascular system of the roots following ABA and glucose treatments (Figure 6). ABI4-
eGFP accumulated in the cells in which the endogenous ABI4 promoter was active [18].
Although NaCl treatment resulted in the accumulation of ABI4-eGFP throughout the roots,
it was targeted to the nuclei only in the vascular cells (Figure 5), suggesting that both the
accumulation and subcellular localization of the ABI4 protein are regulated in a cell-specific
manner. This is similar to the transcription factor ABI5, which also accumulated following
NaCl and ABA treatments, although increased levels were observed only four days after
exposure to 200 mM NaCl [39]. Furthermore, ABA stabilization of ABI5 was restricted to a
narrow developmental window 2 days after germination [39]. The difference in kinetics
and responsive window suggests that although ABI5 and ABI4 proteins are stabilized by
similar agents (ABA and NaCl), each protein has different domains [2,40], and as such, they
are likely to be stabilized through other mechanisms. Transient expression of stress-induced
genes has been reported for many genes, whereby the steady-state levels of mRNA peak
at a given time after application of the stress agent, followed by a decrease. For example,
mRNA levels of the stress-induced Arabidopsis transcription factors DREB1A DREB2A and
rd29A are transiently induced following exposure to cold, drought, and salt stresses [41].

3.4. Phosphorylation of S114 Stabilizes ABI4

The phosphomimetic S114E form of ABI4 was more stable than the WT or the non-
phosphorylated S114A mutant (Figure 9), suggesting that phosphorylation of S114 may
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decrease its ubiquitylation by a yet unidentified ubiquitin ligase. The S114 residue is
included in the serine/threonine (S/T) region motif of ABI4 [2]. Several domains are
proposed to contribute to the instability of ABI4: the PEST domain located at the N terminus
of ABI4 (amino-acids 22–40) enhances the degradation of ABI4 [21,22]. Furthermore, the N-
terminal half of the ABI4 protein, including the PEST, APETALA2 (AP2), serine/threonine
rich domain (S/T); the glutamine-rich domain (Q); and the C-terminal half containing the
Q and proline-rich (P) domains, were shown to be highly unstable [21]. Degradation of
the N-terminal half but not the C-terminal half of ABI4 was suppressed by the MG132
proteasome inhibitor, suggesting that although highly unstable, the C-terminal half of ABI4
may not be degraded by the proteasome [21]. The AP2-associated motif was also shown to
destabilize ABI4 [22]. Although the S/T rich region was included in the labile N-terminal
half of ABI4 [21], the instability of this region was mainly attributed to the PEST motif.
Proteasomal degradation of ABI4 through the PEST motif is modulated by sugar levels [22].

Using the proteomic approach in human cell lines, Wu et al. [42] recently showed that
phosphorylation delays the turnover of many proteins in growing cells. Moreover, the phos-
phomimetic mutated proteins catenin beta-1 (CTNNB1) S191D and the transcriptional recep-
tor protein YY1 S118D were more stable than the WT proteins, and the phosphorylation-null
in which the respective serine residues were mutated to alanine were destabilized [42]. In
addition, phosphoserine residues had a larger stabilization effect than phosphothreonine,
and phosphotyrosine had only a marginal stabilization effect.

Phosphorylation of type-A response regulator 5 (ARR5) by SnRK2s enhanced its stabil-
ity [43]. Furthermore, overexpressing WT ARR5 but not the non-phosphorylatable mutated
protein enhanced ABA hypersensitivity, suggesting that the phosphorylated form of ARR5
is biologically active. ABA suppressed the degradation of ARR5 [43]. Phosphorylation
of the rate-limiting enzymes of ethylene biosynthesis, 1-aminocyclopropane-1-carboxylic
acid synthase2 and 6 (ACS2 and ACS6), by MPK6 stabilizes the respective ACS proteins.
Furthermore, the phosphomimetic ACS6 mutant was constitutively active, suggesting that
phosphorylation of ACS6 by MPK6 is essential for its activity [44]. The RNA-binding pro-
tein tandem zinc finger 9 (TZF9) is destabilized by MAPK-mediated phosphorylation [45].

3.5. MAPK Regulates ABI4 Both Transcriptionally and Post-Transcriptionally

We showed that phosphorylation of S114 stabilizes ABI4 (Figure 9). We recently
demonstrated that MPK3, MPK4, and MPK6 phosphorylate S114 of ABI4 and that this
phosphorylation is essential for the biological activity of ABI4 and the complementation
of abi4 mutant plants [27]. MPK3, MPK4, and MP6 are involved in the abiotic and biotic
stress response (reviewed in [46]). Treatments with NaCl, ABA, and high glucose, which
result in stabilization of ABI4 (Figures 3 and 6), also enhance the steady-state levels of the
ABI4 transcripts [17,18,20]. Our results indicate that MAPK signaling affects both ABI4
transcription and protein stability.

The kinetics we observed for the transient stabilization of ABI4 following salt treatment
(Figure 3) resemble the described transient activation of MKK5 following exposure of
Arabidopsis plants to high salt, whereby increased activity of MKK5 was detected within
30 min of the treatment, reaching maximal activity at 2–4 h and declining at 6 h after
exposure to NaCl to nearly basal activity levels [47]. MKK5 phosphorylates and activates
several MPKs, including MPK3, MPK4, and MPK6. Therefore, the activity of these MPKs
is also expected to be transient following salt treatment, resulting in a transient wave of
phosphorylation of ABI4. MPK4 and MPK6 are rapidly activated by treatments such as
high salt and osmotic stress but not by ABA treatment [48]. ABA activates the transcription
of many genes encoding components of the MAPK cascade [49], suggesting that the
slow kinetics leading to accumulation of ABI4-eGFP following ABA treatment may result
from slow de novo synthesis of the MAPKs rather than fast activation of pre-existing
latent enzymes.

MPK3, MPK4, and MPK6 also phosphorylate the transcription factors WRKY and
MYB [24,50]. Several WRKY and MYB transcription factors may regulate ABI4 expres-
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sion [51–60]. In addition, as ABI4 also activates the transcription of its own gene [61], its
phosphorylation by these MAPKs also enhances its transcript levels.

In summary, our results show that phosphorylation of ABI4 by MAPK results in the
stabilization of ABI4. Phosphorylation of S114 by MPKs may interfere with its binding to
a yet unidentified E3 for proteasomal degradation. Alternatively, the catalytic efficiency
of the E3 may be reduced toward phosphorylated ABI4. MAPK signaling also regulates
ABI4 transcription. Thus, we suggest that regulation of both the ABI4 transcript and ABI4
protein levels results in the tight regulation of the activity of this key transcription factor in
the ABA signaling pathway.

4. Materials and Methods
4.1. Plant Material and Growth Conditions

Arabidopsis thaliana (Col) seeds of the indicated genotypes were surface-sterilized,
cold-treated for 3 days, and plated in Petri dishes containing 0.5 ×Murashige and Skoog
medium (MS), 0.55% plant agar, and 0.5% (w/v) sucrose, as previously described [18].
Plates were incubated at 22–25 ◦C and 50% humidity under a circadian regime of 12 h
light/12 h dark.

4.2. Constructs and Plant Transformation

The pGA-eGFP2 vector was constructed by replacing the sequences of the MCS and
35S::mGFP5 (9640–1038) in the pCAMBIA1302 vector (www.cambia.org accessed on 1 April
2010) with the 2 × 35S-MCS-eGFP DNA sequence (405–2332) from the pSAT4-eGFP-N1
plasmid using Gibson assembly cloning [62]. The DNA sequence encoding HA3-FLAG3-
ABI4 was isolated by digesting the pJIM19-ABI4 plasmid [17] with restriction enzymes
NcoI and PstI and subcloning into the respective sites in pGA-eGFP2 to yield the pGA-HA3-
FLAG3-ABI4 plasmid. To construct plasmids encoding ABI4 (S114A) and ABI4 (S114E)
mutant proteins, the respective DNA sequences were amplified from the respective pRSET-
ABI4 plasmid [27] using gene-specific primers flanked by the SalI restriction sites and
digesting the amplified sequences with SalI. The DNA sequence encoding WT-ABI4 was
removed from the pGA-HA3-FLAG3-ABI4 plasmid by digestion with SalI, followed by
subcloning of the DNA sequences encoding mutated ABI4 protein. Primers used for the
construction of plasmids are shown in Table S1. The resulting plasmids were verified
by PCR and DNA sequencing and were introduced into Agrobacterium tumefaciens strain
GV3101. The transformed bacteria were used to transform WT Col or abi4-1 Arabidopsis
plants by the floral dip method [63]. Transgenic plants were selected on plates containing
hygromycin and transferred to pots. Plant were grown at 22–25 ◦C and 50% humidity with
16 h light/8 h dark. Homozygous T2 and T3 generation plants were used in this study.

4.3. Germination Assay

Sterilized cold-treated seeds were plated on agar-solidified 0.5 ×MS, 0.5% sucrose
medium supplemented with the indicated concentrations of the phytohormone ABA.
Germination was scored 7 days later.

4.4. Plant Treatment

For the various treatments, 10-day-old seedlings were transferred to Petri dishes
containing Whatman No.1 filter papers soaked with 0.5 × MS medium and 0.5% (w/v)
sucrose supplemented with the indicated stress agent, plant hormone, or inhibitors. Plants
were incubated at room temperature in under light for the indicated times.

4.5. Microscopy

The indicated tissues were examined using a fluorescent microscope (ECLIPSE Ci-
L; Nikon) with filters set for GFP. The images reflect GFP signals in all the cells of the
examined tissue, thus representing the expression levels in all cell types. All images
in each experimental repeat were taken using the same microscope, camera setup, and
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exposure times. Each experiment was repeated at least three times using at least four
independent lines of the transgenic plants. Fluorescent signals were quantified using
ImageJ software [64], with the black background set as zero for the measurement of the
fluorescent intensity of the image. Subcellular localization images were taken with a Zeiss
LSM-880 confocal microscope

4.6. Embryo Excision

Arabidopsis seeds imbibed for 24 h in water at room temperature were pressed gently
between two microscope slides. Embryos released from seed coats were collected and
rinsed briefly in water.

4.7. Protein Extraction, SDS-PAGE, and Western Blot Analysis

Ten-day-old seedlings were harvested into a 1.5 mL microcentrifuge tube, and their
fresh weight was determined. Next, 2:1 (v/w) 4× SDS-PAGE sample buffer [65] was added,
and the seedlings were homogenized with a microcentrifuge pestle. To ensure efficient
solubilization of plant proteins, homogenates were passed through 2 cycles of freezing
in liquid nitrogen andboiling for 5 min. Tubes were centrifuged for 10 min at 12,000× g
at room temperature, and supernatant samples were resolved by SDS PAGE. Proteins
were electroblotted onto nitrocellulose membranes. ABI4-eGFP and β-actin were detected
using the primary antibodies anti-GFP (Abcam, ab1218, Cambridge, UK) and anti-β-actin
(Sigma, A4700, Saint Louis, MO, USA), respectively, and secondary peroxidase-coupled
anti-mouse IgG antibody (Sera Care 5450–0011). Membranes were incubated in reaction
mixes prepared from with a highly sensitive SuperSignal West Dura extended substrate
kit (Thermo scientific, Waltham, MA, USA), and chemiluminescent signals were recorded
using ImageQuant RT ECL Imager (GE Healthcare, Chicago, IL, USA).

4.8. Quantitative RT-PCR Analysis

Total RNA was isolated from roots using a ZR Plant RNA MiniPrep kit (Zymo re-
search). The RNA concentration was estimated spectrally (Nano Drop ND-1000; Nano
Drop Technologies). cDNA was synthesized using a qScript cDNA synthesis kit (Quanta).
The reaction mixture contained 700 ng total RNA and random primers. Primer design and
RT-qPCR assays for determining relative steady-state transcript levels were as previously
described [17]. Primers are described in Table S1.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants11162179/s1, Figure S1: eGFP expression in roots of salt-
treated 35s::eGFP plants; Table S1: Primers used in this study.
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Abstract: The era of climate change strongly requires higher efficiency of energies, such as light, water,
nutrients, etc., during crop production. Rice is the world’s greatest water-consuming plant, and,
thus, water-saving practices such as alternative wetting and drying (AWD) are widely recommended
worldwide. However the AWD still has concerns such as lower tillering, shallow rooting, and an
unexpected water deficit. The AWD is a possibility to not only save water consumption but also
utilize various nitrogen forms from the soil. The current study tried to investigate the transcriptional
expression of genes in relation to the acquisition-transportation-assimilation process of nitrogen using
qRT-PCR at the tillering and heading stages and to profile tissue-specific primary metabolites. We
employed two water supply systems, continuous flooding (CF) and alternative wetting and drying
(AWD), during rice growth (seeding to heading). The AWD system is effective at acquiring soil nitrate;
however, nitrogen assimilation was predominant in the root during the shift from the vegetative
to the reproductive stage. In addition, as a result of the greater amino acids in the shoot, the AWD
was likely to rearrange amino acid pools to produce proteins in accordance with phase transition.
Accordingly, it is suggested that the AWD (1) actively acquired nitrate from soil and (2) resulted in an
abundance of amino acid pools, which are considered a rearrangement under limited N availability.
Based on the current study, further steps are necessary to evaluate form-dependent N metabolism and
root development under the AWD condition and a possible practice in the rice production system.

Keywords: rice; water management; nitrogen metabolism genes; primary metabolites

1. Introduction

The climate change is strongly raising the stakes for a paradigm shift in all industrial
structures, including agriculture, and, especially, the elevating temperature and green-
house gas emissions (GHG) are positioned as negative factors threatening sustainable
food security [1]. It is forecast that a yield loss of major crops, including rice, could be
an inevitable consequence, and to ensure sustainable crop production and an agricul-
tural ecosystem, experimental approaches are constantly being attempted via expanding
agricultural knowledge and practices.

Rice is one of the most important food crops, providing 20% of daily calories to more
than 3.5 billion people worldwide [1]. Rice is almost exclusively produced in Asia, account-
ing for 90.7% of global production, and is from East Asia, where it occupies approximately
33% [2]. Unlike other crops, rice can critically grow under the flooded field environment
due to the development of aerenchyma cells, which transport oxygen from the leaf to the
root [3]. However, limited water irrigation owing to climate change is forcing efforts to
enhance water use efficiency (WUE), and water-saving practices also lead to significant
reductions in greenhouse gas emissions (CO2) from the rhizosphere.

One practice that is considered to achieve effective water use in rice systems is an
irrigation management technique referred to as alternate wetting (saturated) and drying
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(unsaturated) (AWD) [4], and it was reported that an application of this practice could
save water input by 23% [5] compared to continuous flooding (CF). In addition to water
savings, the beneficial effect of AWD is to reduce the generation of greenhouse gases,
especially methane (a 45~90% reduction) [6]. Since ammonium is a preferential form
of nitrogen, adjusting water management in the rice production system may also affect
nitrogen availability.

Nitrogen (N) is an essential element requiring substantially for plant growth and
development, and all plant species preferentially absorb nitrogen in both inorganic and
organic forms, such as nitrate, ammonium, or amino acids, from the rhizosphere. Due to the
importance of nitrogen, nitrogen fertilizer has been widely used to attain better crop yields.
Despite the fact that ammonium is the prevailing form in rice paddy fields, oxygen moved
from the shoot via aerenchyma cells generates an aerobic environment in the rhizosphere,
and, in turn, ammonium is nitrified to nitrate by nitrifying bacteria, which accounts for
40% of the gross N taken up by rice [7]. Therefore, there is evidence that rice root takes up
both ammonium and nitrate, with findings as transporter genes: 84 NRTs and 12 AMTs [8].
Considering both N availability and water management in the rice production system,
it could be hypothesized how the rice plant acquires and assimilates N under different
water managements and, as a result, alters the primary metabolism. In addition, it remains
unclear how the AWD affects N metabolism at different rice growth stages (i.e., vegetative
and reproductive stages). The limited water supply perturbs the cell turgor, and, therefore,
plants preferentially promote the synthesis and transport of compatible solutes, which play
an essential role as osmotic protectants, such as soluble sugars and amino acids (i.e., proline
and glycine-betaine) [9,10]. Thus, primary metabolites, including sugars and amino acids,
are closely involved in coping with various environmental impacts.

To do this, we focused on understanding the transcriptional differences in key genes
directly involved in nitrogen metabolism like uptake, transportation, assimilation, and
remobilization in the CF and AWD at tillering and heading stages, and profiling targeted
primary metabolites from both water management systems at the heading stage.

2. Results

The growth of rice plants was significantly different between continuous flooding
(CF) and alternative wetting and drying (AWD), and the difference was obvious in root
development (Figure 1). The AWD resulted in limited root growth (less volume), which
triggered fewer tillers (17.7/plant, n = 3), compared to the CF (19.7/plant, n = 3), and
slightly promoted leaf senescence. By contrast, there was no difference in the heading
time. Therefore, we investigated nitrogen metabolism and metabolic alteration to see
how different water management practices affected physiological responses, which caused
distinct phenotypic differences.

2.1. Nitrogen Metabolism

The selected thirteen genes directly involved in the uptake and assimilation of nitrogen
were compared between CF and AWD from the leaf blade, leaf sheath, and root of rice plants
at both tillering and heading stages (Figure 2). The AWD greatly promoted the uptake
of nitrate (NO3-N) via activating the nitrate transporter (OsNRT2.1) at the tillering stage,
although other groups (OsNPF2.4, OsNPF8.20, and OsAMT1;1) were slightly expressed.
Whilst the expression of OsNPF genes was obvious at the heading stage. In the AWD,
an absorbed nitrate was not only quickly assimilated into ammonium in the root but
also transported toward the shoot. A glutamic acid in the root was finally assimilated
into glutamine by the gene expression OsGS1;2, encoding glutamine synthetase (GS),
while the reverse reaction by OsNADH-GOGAT1, encoding glutamate synthase (GOGAT),
was limited in the AWD compared to the CF. It was observed that nitrate-N from the
root to the shoot was better transported by NRT (OsNRT2.1 and OsNRT2.3a) and NPF
(OsNPF6.5) proteins in the AWD at tillering stage. In the leaf sheath, the assimilation of
nitrogen into amino acids was not significantly different between both treatments at the
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tillering stage; however, the expression of genes (OsGS1;1 and OsFd-GOGAT) encoding
GS-GOGAT metabolism was extremely reduced by the AWD treatment at the heading stage.
Moreover, the expression of genes OsNPF2.4 and OsNPF8.2, encoding nitrate transporter
enzymes regulating nitrate influx toward leaf blades, was greatly decreased in AWD
treatment at the heading stage. The gene expression encoding nitrate reductase (NR) in
leaf blades was significantly enhanced by AWD treatment, whereas nitrite reductase (NIR)
remained unchanged. In addition, based on the expression levels of OsGS1;1 and OsFd-
GOGAT, the reversibility of the GS-GOGAT pathway was higher in the AWD treatment
at the tillering stage. At the heading stage, however, their expression was similar at both
water managements.

2.2. Principle Component Analysis (PCA) of Polar Metabolites

To characterize primary metabolism in different tissues (i.e., leaf blades, leaf sheaths,
and roots) by different types of water management, the targeted primary metabolites were
measured using GC−TOFMS at the heading stage. The data was employed in PCA and
identified major differences between water management and plant parts (Figure 3). The
first two principal components explained 60.2 and 22.3% of the variability (Figure 3–top).
The PC1 and PC2 clearly revealed a strong difference between leaf blade and root, and
differential water management showed no effect on the PC1, indicating that the composition
of targeted primary metabolites was definitely affected by plant part rather than water
management. We also analyzed positive or negative effects between metabolites using
loading plots (Figure 3–bottom). A majority showed a positive correlation on an X–axis,
whereas a Y–axis generally separated soluble carbohydrates and organic acids from amino
acids. The results implied that carbon and nitrogen metabolisms in the tissues of rice plants
were greatly affected by water supply conditions.

2.3. Primary Metabolites

Metabolite profiles provide a much broader view of systematic adjustment in metabolic
processes compared to the conventional biochemical approaches and also abundant oppor-
tunities to reveal new insights on metabolism. The targeted polar metabolites (50 biomolecules)
were compared to investigate the difference between two water treatments, CF and AWD
(Figure 3). The level of soluble sugars was greatly affected by tissues and water treatments.
The AWD resulted in a lower level of soluble sugar pools except for xylose in leaf blades,
whereas levels were significantly higher in the leaf sheath and root. In contrast, glucose-6-P
and fructose-6-P in the root were significantly reduced by the AWD. A mannitol, of sugar
alcohol, was greatly accumulated in the AWD−grown root. Most amino acids showed a
tendency for accumulation by the AWD, and the significantly higher level of glutamine
and asparagine was notable, indicating 1.0- and 1.4-fold (log2 scale) greater in leaf blades
compared to CF and 4.2- and 6.8-fold higher in the leaf sheath, respectively. Especially, the
obviously accumulated amino acids in the leaf sheath were valine (2.3-fold), serine (2.3),
leucine (2.3), isoleucine (3.0), proline (2.5), glycine (2.5), threonine (2.3), β-alanine (3.4),
methionine (3.3), lysine (2.6), tryptophan (3.9), and putrescine (2.2), including glutamine
and asparagine in the AWD treatment. In AWD-treated roots, the level of putrescine was
markedly increased. A majority of organic acids, including the TCA intermediates, were
not significantly different from the water treatments, whereas pyruvic and fumaric acids
were greatly accumulated in leaf blades.
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Figure 1. Rice (O. sativa cv. Jinbongbyeo) growth at both tillering and heading stages. The expression 
of genes (relative level of AWD to CF) involved in nitrogen metabolism in leaf blade, leaf sheath, 
and root at both tillering and heading stages subjected to different water managements; CF, contin-
uous flooding; AWD, alternative wetting and drying (n = 3). The colors red and blue represent 

Figure 1. Rice (O. sativa cv. Jinbongbyeo) growth at both tillering and heading stages. The expression
of genes (relative level of AWD to CF) involved in nitrogen metabolism in leaf blade, leaf sheath, and
root at both tillering and heading stages subjected to different water managements; CF, continuous
flooding; AWD, alternative wetting and drying (n = 3). The colors red and blue represent positive
and negative expressions of genes, respectively. The qRT−PCR data was subjected to a t-test. *, **,
and *** indicate the significance at p < 0.05, 0.01, and 0.001, respectively.
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Figure 3. Primary metabolic changes (relative level of AWD to CF) in leaf blade, leaf sheath, and
root at heading stage subjected to different water managements; CF, continuous flooding; AWD,
alternative wetting and drying (n = 3).

3. Discussion

The current work has been studied to better understand a variation in nitrogen avail-
ability and primary metabolism under water−saving management (alternate wetting and
drying, AWD), and is discussed with an emphasis on the significant findings. It has been
widely verified that limited water supply contributed to the lower biomass production
as a result of the trade−off between growth and stress defense [11]. The observations
of root development under limited water supply differed from experimental conditions
such as pot and/or field. Root development tended to increase as a result of the water
stress response [12,13]. On the other hand, it was slightly affected by limited water [14] or
shallower [15]. Our results showed that the AWD led to a reduction in biomass, tillering,
and root development, which was partly in line with previous observations.

The transcriptional expression of selected genes functioning in the acquisition, trans-
portation, assimilation, and remobilization of nitrogen in the leaf blade, leaf sheath, and root
of the rice plant was compared between CF and AWD at both tillering and heading stages.
We found that the uptake of nitrate was obviously promoted by the AWD, and, especially,
it was dominant in high (OsNRT2.1) and low (OsNPF2.4, nitrate peptide family) affinity
transporters at the tillering stage. In contrast, the dual affinity transporter of nitrate, Os-
NPF6.5, was significantly upregulated at the heading stage. The upregulation of OsNRT2.1
enhanced nitrate uptake to increase assimilation efficiency in an AWD−employed rice
system [16]. By contrast, a drought significantly decreased the expression of OsNRT2.1 [16].
From our study, both NRT and NPF genes were positively promoted under moderate water
limitation (AWD). Thus, it is implied that AWD practice might contribute to enhanced
availability of nitrate and, finally, improved N use efficiency (NUE). Another very inter-

128



Plants 2023, 12, 1649

esting finding was that the difference in N assimilation strongly depended on the growth
stage, tillering vs. heading, in the AWD. At the tillering stage, soil N was preferentially
transported to the shoot to be assimilated into amino acids, whereas at the heading stage,
root N utilization was dominant.

Photosynthetic rate was not significantly affected under mild and/or moderate soil
drying due to enhanced N assimilation in the rice leaves [17], indicating a collaboration of
photosynthesis and N metabolism under limited watering. Matsunami et al. (2018) [18]
reported that the expression of N metabolism genes (OsAMT1;3, OsAMT2;1; OsGS1;2,
OsGOGAT2) was greater at heading than at tillering, probably reflecting long−term N
demand during the growth and development of the rice plant. Reduced osmotic potential
at reproductive stage resulted in a decrease in the expression of NR, NIR, and GS-GOGAT
genes in flag leaves of the rice plant [19] due to inhibition of water and nitrate movement
at root level [20,21]. Our results implied that the uptake and assimilation of nitrogen under
moderately limited water conditions (e.g., AWD) greatly differed depending on the growth
stage. At the vegetative stage, acquired nitrogen is primarily utilized to increase photo-
synthesis and leaf biomass, whereas at the reproductive stage, it is likely to be consumed
to promote root development as a countermeasure to extend the soil N−acquiring zone.
Further investigation is also required to clarify that an expansion of the rhizosphere via up-
regulated expression of nitrogen metabolism genes is closely involved in the development
of panicles under moderate water limitation (AWD).

Non-structural soluble carbohydrates (NSCs) are especially important within a group
of osmoprotectants. Soluble carbohydrates, including sucrose, glucose, and fructose, are
greatly accumulated in tissues during limited water conditions like drought [22–26]. An
abundance of soluble sugars measured at the heading stage greatly differed from tissues,
with a tendency to decrease in source (leaf blade) and increase in sink (leaf sheath and
root). In particular, the level of glucose and fructose was significantly accumulated in
the root in AWD. Our results suggested that the transportation from source to sink was
considered (1) a typical response to water stress, (2) a temporary retention in the leaf sheath
for transporting to grain (reproductive tissue), and/or (3) a promotion of root development
to extend the water-/nutrient-acquiring zone. The perturbation of soluble sugars by limited
water supply somewhat differed from plant species and a period of water limitation. Water
stress, like drought, resulted in an accumulation of soluble sugars, including sucrose, in
plant roots [27–29]. However, a short−term water limitation led to a decrease in glucose
and fructose in a leaf of a cereal crop, whereas an increase in xylose [25]. In contrast, an
accumulation of soluble sugars, including sucrose, remained unchanged under limited
water conditions [23,30]. Therefore, we carefully suggest further work to understand the
variation of carbohydrate metabolism during the vegetative to reproductive transition
under the AWD.

A higher level of amino acids reflects sensitivity due to the increased degradation and
decreased synthesis of proteins in a water−limited environment [31,32]. The significant
accumulation of amino acids from our study, especially in leaf blade and sheath, may be
closely associated with nitrogen storage for further metabolic remobilization [33] and was
clearly explained with down−regulation of transportation/assimilation−involved genes
(Figure 1). Indeed, the AWD resulted in higher ratios of glutamine (gln)/glutamate (glu)
and asparagine (asn)/aspartate (asp) in both the leaf blade and sheath. This agrees with
the findings that water limitation accumulated not only higher levels of glutamine and
asparagine but also other amino acids, including glycine, valine, and alanine [23,25,34–36].
Accordingly, the ratio of gln/glu and asn/asp could be a reliable biochemical marker
to evaluate N metabolism like the NUE in the AWD. Previous studies have highlighted
that plants experiencing water stress accumulate proline [37–39], an osmotic adjuster,
and γ−aminobutyric acid (GABA) [40], a stress marker. We also observed that proline
and GABA showed significantly higher increases in the AWD compared to CF. A higher
level of those amino acids in the roots indicates that the AWD−grown rice plants might
experience moderate water stress. Polyamines are closely linked with proline in terms of
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their biosynthetic and catabolic pathways [41] and play a role in mitigating abiotic stresses
such as drought [42]. The AWD showed a significant increase in the level of putrescine in
roots. Many reports showed the opposite behavior of putrescine. Accumulating putrescine
in rice [43] and maize [44] is a tolerant response to drought. On the other hand, its
level decreased in rice [45,46] and tomato [47] during the drought, helping those sensitive
organisms accumulate putrescine [48]. Therefore, it is carefully proposed that an abundance
of putrescine in our study is a collaborative tolerance mechanism with proline and GABA
under an intermittently water−limited environment such as the AWD.

4. Materials and Methods
4.1. Plant Material, Growth Condition, and Treatment

This study was conducted at an experimental greenhouse of Chungbuk National
University, Cheongju, South Korea (36◦37′48.6” N, 127◦27′05.3” E) from April to August
2021. The soil was sandy loam with 6.2 of pH, 0.28 dS/m of EC, 0.1 g kg−1 of total nitrogen,
106 mg kg−1 available P2O5, 0.61 cmol+ kg−1 of potassium (K), 2.7 cmol+ kg−1 of calcium
(Ca), 1.38 cmol+ kg−1 of magnesium (Mg), and 5.6 cmol+ kg−1 of CEC.

The seeds of rice (Oryza sativa cv. Jinbongbyeo) were sterilized for 48 h at 28 ◦C in 5 L
of water, including 2.5 mL of seed sterilizer (Kimaen, Farm Hannong), transferred to an
incubator (28 ◦C, darkness) for 5 days, then moved to a growth chamber (VS-91G09M-2600,
Vision Scientific, Korea) with a 12/12 h photoperiod, 60% (w/v) relative humidity (RH),
and 24/20 ◦C (day/night) after de-etiolation, in order to induce uniform germination.
Uniformly growing rice seedlings (3rd to 4th-leaf stage) were transplanted into plastic
containers (20 × 20 × 20 cm), including the soil.

N (urea), P (superphosphate), and K (KCl) were applied at a rate of 90-45-56 kg/ha (a
standard fertilization recommendation, Rural Development Administration, South Korea).
N and K were split into three stages (50-30-20% at basal−tillering−panicle differentiation)
and two stages (60-40% at basal−panicle differentiation), respectively. Two different types
of water management were employed for this study: (1) constant flooding (CF, 5 cm height
from the topsoil surface) as the control group, and (2) alternative wetting and drying
(AWD, 0~5 cm of water level by evapotranspiration). Water supply for all treatments
was temporarily ceased during the non−productive tillering stage (no panicle tiller). The
rice plants (n = 3, each treatment) were taken at tillering (approximately 30 days after
transplanting) and heading (panicle emergence) stages, immediately washed out with
ddH2O, divided into leaf blades, leaf sheaths, and roots, and stored at −80 ◦C for further
molecular and biological analysis.

4.2. RNA Extraction, cDNA Synthesis, and Relatively Quantitative Real−Time Polymerase Chain
Reaction (qRT−PCR)

Total RNA was extracted from leaf blades, leaf sheaths, and roots of rice at the tillering
and heading stages, using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), according to
the manufacturer’s instructions. The extracted RNA purity and concentration were mea-
sured by NanoDrop (Thermo Fisher Scientific, Madison, WI, USA) and double−checked
by electrophoresis on a 1% agarose gel. Complementary DNA (cDNA) was synthesized
by using a Maxime RT PreMix Kit with oligo (dT) primers and 1 µg of total RNA. Quan-
titative Real−Time PCR was performed using SYBR Green Q Master mix ROX (SYBR)
(LaboPass, Seoul, Republic of Korea) with a CFX Connect Optics Real−Time System (Bio-
Rad, Hercules, CA, USA) according to the manufacturer’s instructions. To analyze gene
expression, put 1 µL of cDNA, 2 µL of forward primer (FW), 2 µL of reverse primer (RV),
and 5 µL of SYBR in a PCR tube. Quantification method (2−∆∆Ct) was used, and rice
actin primer (OsACT-1, Os03g0718100, FW: 5′-TGTATGCCAGTGGTCGTACC-3′, RV: 5′-
CCAGCAAGGTCGAGACGAA-3′) was used for the control gene to normalize the data.
The expression of selected genes (Table S1) was validated using four biological replicates
and two technical replicates. The PCR program consisted of initial denaturation at 95 ◦C
for 10 min, followed by 40 cycles of denaturation at 95 ◦C for 20 s, annealing at 50–59 ◦C for
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30 s, and extension at 72 ◦C for 30 s. After the last extension step, perform the melt curve
step at 65 ◦C for 5 s and 95 ◦C for 0.5 s.

4.3. Extraction and Analysis of Polar Compounds

Polar compounds (e.g., sugars, sugar alcohols, amino acids, organic acids, and sec-
ondary metabolism intermediaries) were analyzed in accordance with a previously re-
ported method [16]. The powdered samples (100 mg) were placed in microtubes. 1 mL of
a methanol:water:chloroform (2.5:1:1, v/v/v) [17] solution was added to the tubes. Used
ribitol (60 µL, 0.2 mg mL−1) solution as an internal standard (IS). After vortexing it, the
mixture was incubated at 37 ◦C and subjected to 1200 rpm for 30 min in a thermomixer (Ep-
pendorf AG, Hamburg, Germany). was After centrifuging the mixture for 5 min at 4 ◦C and
16,000× g, 0.8 mL of the supernatant was transferred to new tubes, and 0.41 mL of deion-
ized water was added. Centrifuged the mixture at the same conditions (4 ◦C, 16,000× g for
5 min). After that, 0.9 mL of the supernatant was transferred to new tubes and dried in a
vacuum concentrator (VS-802F; Visionbionex, Gyeonggi, Republic of Korea) for at least 3 h,
and then freeze−dried for 16 h. For derivatization, add 80 µL of methoxyamine hydrochlo-
ride (20 mg mL−1) to pyridine and shake at 30 ◦C for 90 m. To execute trimethylsilylated
etherification, 80 µL of N-methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA) was added
to the tubes and incubated at 37 ◦C for 30 min. The samples were analyzed on a GC (Agilent
7890A, Agilent Technologies, Santa Ckara, CA, USA) equipped with a Pegasus TOF−MS
(LECO, St. Joseph, MI, USA). A Rtx-5MS column (30 cm × 0.25 mm, 0.25-µm i.d. film
thickness; Restek, Bellefonte, PA, USA) was used to separate the polar compounds. The
oven temperature was programmed as follows: 80 ◦C for 2 m, followed by ramping to
320 ◦C at 15 ◦C/min and holding at this temperature for 50 min. Helium gas (He) was
passed at a rate of 1 mL min−1, and 1 µL of sample was injected at a 1:25 ratio in split mode.
The inlet temperature was set at 230 ◦C, respectively, and spectral data were scanned over
an m/z mass range of 85 to 600. Data were analyzed using ChromaTOF software (v5.5;
LECO), and peaks were identified based on mass−spectral data compared to standards (i.e.,
NIST 11, Wiley 9, and in−house libraries). For quantification, the relative ratio of the peak
area of the compounds to the peak area of the IS was acquired based on the selected ions.

4.4. Statistical Analysis

Statistical analysis was performed by the RStudio (version R−4.1.3, RStudio Team,
2022). The qRT−PCR data was subjected to a t-test. Polar compounds were analyzed by
principal component analysis (PCA), subjected to a t-test, and visualized by a heatmap.

5. Conclusions

The current study aimed to extend our knowledge of carbon (primary metabolites) and
nitrogen (acquisition and assimilation) metabolism under limited water supply (alternative
wetting and drying, AWD) during rice growth and development. The AWD system
promoted not only the acquisition of nitrate but also its transportation and assimilation,
and, in particular, nitrogen assimilation was preferential in the root during the shift from
the vegetative to reproductive stage. Based on the significant increase in amino acids
in the shoot (leaf blade and sheath), the AWD was considered to rearrange amino acid
pools in order to synthesize proteins in accordance with phase transition. AWD acquired
more active nitrate from soil and resulted in an abundance of amino acid pools, which are
considered a rearrangement for reproduction−related proteins under limited N availability.
We have taken some fruitful information to provide directions for further study to clarify
form−dependent N metabolism and root development under the AWD condition and a
practical approach in the rice production system.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants12081649/s1, Table S1: Selected genes for this study and
primer sequences used for qRT−PCR.
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Abstract: Peach (Prunus persica (L.) Batsch) is a fruit tree of economic and nutritional importance,
but it is very sensitive to drought stress, which affects its growth to a great extent. Lauric acid
(LA) is a fatty acid produced in plants and associated with the response to abiotic stress, but the
underlying mechanism remains unclear. In this study, physiological analysis showed that 50 ppm
LA pretreatment under drought stress could alleviate the growth of peach seedlings. LA inhibits the
degradation of photosynthetic pigments and the closing of pores under drought stress, increasing the
photosynthetic rate. LA also reduces the content of O2

−, H2O2, and MDA under drought stress; our
results were confirmed by Evans Blue, nitroblue tetrazolium (NBT), and DAB(3,3-diaminobenzidine)
staining experiments. It may be that, by directly removing reactive oxygen species (ROS) and improv-
ing enzyme activity, i.e., catalase (CAT) activity, peroxidase (POD) activity, superoxide dismutase
(SOD) activity, and ascorbate peroxidase (APX) activity, the damage caused by reactive oxygen
species to peach seedlings is reduced. Peach seedlings treated with LA showed a significant increase
in osmoregulatory substances compared with those subjected to drought stress, thereby regulating
osmoregulatory balance and reducing damage. RNA-Seq analysis identified 1876 DEGs (differentially
expressed genes) in untreated and LA-pretreated plants under drought stress. In-depth analysis of
these DEGs showed that, under drought stress, LA regulates the expression of genes related to plant–
pathogen interaction, phenylpropanoid biosynthesis, the MAPK signaling pathway, cyanoamino
acid metabolism, and sesquiterpenoid and triterpenoid biosynthesis. In addition, LA may activate
the Ca2+ signaling pathway by increasing the expressions of CNGC, CAM/CML, and CPDK family
genes, thereby improving the drought resistance of peaches. In summary, via physiological and
transcriptome analyses, the mechanism of action of LA in drought resistance has been revealed. Our
research results provide new insights into the molecular regulatory mechanism of the LA-mediated
drought resistance of peach trees.

Keywords: Prunus persica (L.) Batsch; lauric acid; drought stress; physiological indicators; transcriptome

1. Introduction

In recent years, due to the increase in greenhouse gases around the world, global
drought damage and water deprivation are rising, particularly in extremely arid and
semi-arid regions [1–4]. Drought inhibits plants in various stages of normal growth and
development, not only affecting the respiration and light interface effect, but also affect-
ing osmotic regulation, protein interfaces, and material transportation, as well as some
physiological processes, thus seriously influencing the survival of crops and their growth
and yield [5–7]. Therefore, in order to promote plant growth, it is critical to investigate
effective drought tolerance solutions [8]. It has been demonstrated that using biological
modulators or organic acids to enhance plant growth and drought resistance is a successful
and environmentally advantageous approach [9,10].
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Many studies have confirmed that abiotic stress in plants is alleviated by the addition
of plant growth regulators or organic acids, such as strigolactone, dopamine, salicylic acid
(SA), jasmonic acid (JA), methyl jasmonate (MeJA), citric acid, and acetic acid, which can
regulate the resistance of plants to abiotic stress [11–14]. For instance, by encouraging
the production of JA and its signaling pathway in plants, exogenous acetic acid can en-
hance drought resistance in a range of plant species, including rice, maize, rapeseed, and
wheat [9]. Recent research has demonstrated that acetic acid-induced modifications in plant
physiology and metabolic composition increase the resistance of willow to drought [15].
Previous research has demonstrated that treating Arabidopsis with nicotinic acid (NA) in-
creases the plant’s tolerance to drought stress and encourages development [16]. In recent
years, studies have shown that β-amino butyric acid (BABA) can improve the drought
resistance of rice, cowpea, cherry, and other plants [17–19].

Fatty acids are a group of significant physiological chemicals that play a role in the
energy conversion, membrane structure, and many of the signaling pathways of cells [20].
The medium-chain fatty acid lauric acid (C12) is more active than caproic acid (C6), caprylic
acid (C8), and capric acid (C10) [21]. It was discovered to be the primary antibacterial
and antiviral component in human breast milk [22]. As a result, lauric acid (LA) research
primarily focuses on its antibacterial and bactericidal properties [23–25]. It has been demon-
strated that a medium treated with LA may enhance the development of zygotic coconut
(Cocos nucifera L.) embryos, while also greatly increasing plant growth. A radioactive LA
metabolism experiment demonstrated that LA serves as a source of carbon for long-chain
fatty acids, and that its principal byproduct is the phospholipid that comprises new cell
membranes [26]. LA improved zygotic Syagrus coronata embryos during in vitro growth.
Additionally, it was shown that plants treated with LA at the pre-acclimation stage had
improved drought resistance via the controlling of stomatal closure, the preservation of
leaf water content, and the maintenance of photosynthesis [27]. Through a study on the
effects of drought stress on the growth and metabolism of loquat, it was found that among
more than 100 leaf metabolites, 9 contributed to the metabolism of loquat under drought
conditions, including LA [28].

In recent years, the peach (Prunus persica) industry has grown in the global economic
market, and peach offers high economic, nutritional, and medicinal value [29]. How-
ever, drought seriously threatens peach yield and fruit quality during peach growth and
development [30]. Therefore, the drought resistance mechanism of peach is being paid
increasing attention. Exogenous LA has been applied to peaches in response to drought
stress in agricultural production. So far, no studies have comprehensively explored the
physiological and molecular mechanisms by which LA mediates peach drought resistance,
and our understanding is still limited.

In this study, peach seedlings were subjected to drought stress, and LA was added at
the same time to explore its alleviating effect. Additionally, a comparative transcriptome
study was carried out on peaches that had been treated with LA versus those that had not,
in order to further explore the molecular basis of LA-induced drought tolerance in peach
seedlings. Our research should provide information about how the molecular control of
peach drought resistance is mediated by LA, and should aid in the search for more potent
ways to reduce the negative impacts of drought stress on peach output.

2. Results
2.1. Effects of LA on Growth and Membrane Permeability of P. persica under Drought

Figure 1A,B show that peach seedling development was considerably hampered by
drought stress. Under drought conditions, peach seedlings’ fresh weight, dry weight,
and root activity declined by 38.55%, 55.37%, and 28.02%, respectively, in comparison
to CK. The application of exogenous LA at a specific dosage during drought treatment
was able to stimulate seedling growth, which increased by 21.99%, 23.94%, and 17.40%
in comparison to drought treatment stages, respectively. The findings demonstrate that
exogenous LA might reduce the impact of drought treatment on peach seedlings. Drought
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stress significantly decreased the leaf relative water content of peach seedlings. However,
after pretreatment with 50 ppm LA, the leaf water status was maintained, and the relative
water content of these leaves was higher than that of the control without LA (Figure 1C).
Relative electrical leakage is an important physiological index reflecting the damage degree
of plant leaves under stress, and the stability of the cell membrane. Here, the REL of
the leaves of peach seedlings increased significantly under drought conditions, reaching
35.59%. Compared with plants without LA, the REL (relative electrolyte leakage) of plants
treated with exogenous LA under drought stress conditions was lower, and the REL under
drought stress was 15.28% with exogenous LA (Figure 1D).
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Figure 1. The effects of LA on P. persica growth under drought stress. Determination of dry and
fresh weight of P. persica treated with LA under drought condition (A), determination of root activity
(B). The effects of LA treatments on relative water content (C) and relative electrolyte leakage (D)
in leaves under control and drought circumstances are shown in the graphs, while different small
letter superscripts mean significant difference (p < 0.05), and different capital letter superscripts mean
significant difference (p < 0.01). The same as below.

2.2. Characteristics of Photosynthetic Parameters and Photosynthetic Pigments of Leaves

As shown in Figure 2, drought stress significantly inhibited the net photosynthetic
rate (Pn) of peach leaves. However, the exogenous application of 50 ppm LA increased
the photosynthetic capacity of the plants (Figure 2A). The change trend of the stomatal
conductance (Gs) value was basically consistent with Pn, showing that Gs decreased
significantly under drought stress, while exogenous LA could maintain this at a relatively
high level (Figure 2B). Similarly, the intercellular carbon dioxide concentration (Ci) and
transpiration rate (Tr) were significantly decreased under drought stress, and exogenous
LA alleviated the effects of drought on peach seedlings (Figure 2C,D). As shown in Figure 2,
the contents of chlorophyll a (Chl a), chlorophyll b (Chl b), chlorophyll a + b (Chl a + b),
and carotenoids (Car) in peach seedlings under drought stress were significantly lower
than those under CK (p < 0.05), which values decreased by 22.37%, 16.22%, 20.85%, and
30.16% compared with CK treatment, respectively. These results indicate that drought
stress could inhibit the accumulation of photosynthetic pigments in peach seedlings. When
LA was applied in the drought treatment, the contents of Chl a, Chl b, Chl a + b, and
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Car were increased by 10.85%, 8.83%, 8.35%, and 20.55%, respectively, indicating that LA
significantly alleviated the inhibition of photosynthetic pigment synthesis or degradation
in peach seedlings under drought stress. Thus, the photosynthesis of peach seedlings was
effectively improved.
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Figure 2. The effects of LA pretreatment on photosynthesis and chlorophyll content in drought-
stressed P. persica. (A) net photosynthetic rate (Pn), (B) stomatal conductance (Gs), (C) intercellular
carbon dioxide concentration (Ci), (D) transpiration rate (Tr), (E) chlorophyll a content (Chl a),
(F) chlorophyll b content (Chl b), (G)total chlorophyll content (Chl a + b), (H) carotenoids (Car).
Values represent means ± SD of three replicates. Different letters indicate significant differences
according to Duncan’s multiple range tests.
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2.3. The Effects of LA on the Osmotic Regulation Substances of P. persica under Drought

The content of osmotic regulatory substances in plants reflects their stress resistance to
a certain extent. Under drought stress, peach seedlings had considerably higher amounts
of soluble sugar, soluble protein, proline, and free amino acids compared to normal circum-
stances (Figure 3). After drought treatment, the contents of soluble sugar, soluble protein,
proline, and free amino acids in peach seedlings increased by 22.43%, 27.03%, 16.36%, and
52.39%, respectively, compared with CK. Compared with drought treatment, the contents
of soluble sugar, soluble protein, proline, and free amino acids increased by 22.02%, 13.82%,
21.95%, and 9.46%, respectively, after applying 50 ppm LA.
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Figure 3. Effects of LA on osmotic regulation substances in P. persica under drought stress. (A) Soluble
sugar content, (B) soluble protein, (C) proline content, (D) free amino acid content. Values represent
means± SD of three replicates. Different letters indicate significant differences according to Duncan’s
multiple range tests.

2.4. Effects of Cell Damage and ROS (Reactive Oxygen Species) Accumulation on Leaves of P. persica

Drought can lead to oxidative stress and cell damage. As a result, under various
treatment settings, we found cell death and ROS buildup in peach seedling leaves. Cell
death and ROS accumulation in peach seedling leaves were compared using Evans Blue,
DAB(3,3-diaminobenzidine), and NBT (Nitroblue tetrazolium) staining. Figure 4A,C,E
show that under drought stress conditions, the leaves show a darker color and a larger
staining area, suggesting that the cells in the leaves are damaged, the number of dead cells
has increased, and the generation of ROS in the leaves has greatly increased. The stained
area of leaves treated with exogenous LA was minimal under drought stress, showing that
exogenous LA might mitigate drought damage. Stress can lead to the accumulation of
reactive oxygen species and the intensification of membrane lipid peroxidation in plant
leaves, and the content of MDA (malondialdehyde) in plant leaves’ cells can reflect the
degree of oxidative damage. We examined the levels of O2

− and H2O2 to investigate

139



Plants 2023, 12, 1492

the influence of LA pretreatment on oxidative alterations (Figure 4B,D). Compared with
control plants, drought stress significantly increased O2

− and H2O2 contents in peach
leaves by 45.33% and 32.47%, respectively. Compared with the drought-treated plants,
the O2

− and H2O2 contents in peach leaves after LA application decreased by 32.71% and
28.42%, respectively. According to Figure 4F, drought stress significantly increased the
MDA content in the leaves of peach seedlings. The MDA content in the leaves increased by
214.48% after drought treatment compared with CK. After exogenous LA application, the
MDA content decreased by 140.82% compared with under the drought treatment.
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Figure 4. Effects of exogenous LA on cell death and ROS accumulation in leaves of P. persica under
drought conditions. (A) Staining with Evans Blue, (B) effects of LA on O2

− contents in leaves under
drought, (C) staining with nitroblue tetrazolium (NBT), (D) effects of LA on hydrogen peroxide
(H2O2) content in leaves under drought, (E) staining with 3,3-diaminobenzidine (DAB), (F) MDA
content. Values represent means ± SD of three replicates. Different letters indicate significant
differences according to Duncan’s multiple range tests.
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2.5. Exogenous LA Enhanced the Antioxidant Capacity of P. persica under Drought Stress

Catalase (CAT), peroxidase (POD), superoxide dismutase (SOD), and ascorbate perox-
idase (APX) are key antioxidant enzymes related to a plant’s restoration ability, which act
by adjusting their activity to maintain the balance of active oxygen metabolism, thereby
slowing the accumulation of active oxygen free radicals and membrane lipid peroxidation
damage. As can be seen from Figure 5, compared with CK, the activities of CAT, POD,
and SOD in peach leaves increased by 37.7%, 23.12%, and 13.69% after drought treatment,
respectively. However, CAT activity decreased by 9.82%. Compared with the normal
treatment, the activities of CAT, POD, SOD, and APX were increased by 10.58%, 24.35%,
13.56%, and 31.54%, respectively, in the LA-pretreated peach seedlings under drought
stress. The results show that the exogenous application of LA increased the antioxidant
enzyme activity of peach seedling leaves under drought stress, thereby removing reactive
oxygen species and alleviating cell damage.
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Figure 5. Effects of LA on antioxidant enzyme activity P. persica leaves under drought stress.
(A) Catalase (CAT) activity, (B) peroxidase (POD) activity, (C) superoxide dismutase (SOD) ac-
tivity, (D) ascorbate peroxidase (APX) activity. Values represent means ± SD of three replicates.
Different letters indicate significant differences according to Duncan’s multiple range tests.

2.6. Sequencing of mRNA and Alignment to Reference Genome

We conducted transcriptional profiling on the leaves treated as above, using plants
subjected to drought or control circumstances for seven days in order to better understand
the impact of exogenous LA on the drought resistance of P. persica. Three duplicates of each
cDNA library were created, as indicated in Table 1. Three biological copies of each sample
yielded an average original reading of 40 to 47 million RNA sequences. We acquired an
average of 39–46 million clean reads after removing low-quality reads, with more than
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97% of these reads having Q30-grade sequences. More than 89% of them were unique
mappings, compared to fewer than 2.8% that were multiple mappings. Each sample’s
average GC content was almost 46%. Overall, the RNA sequence data quality justified
further investigation.

Table 1. Summary of RNA-Seq reads mapped to the peach genome.

Sample Raw Reads Total Reads Unique Mapped Multiple Mapped Reads Q30 (%) GC (%)

CK1 44,207,050 43,662,964 39,265,717 (89.93%) 1,162,481 (2.66%) 97.31 46.28
CK2 40,366,010 39,694,068 35,823,821 (90.25%) 1,078,507 (2.72%) 97.44 46.3
CK3 43,599,416 43,065,770 38,840,909 (90.19%) 1,131,967 (2.63%) 97.38 45.98

CK-D1 46,361,522 45,764,628 41,264,769 (90.17%) 1,158,338 (2.53%) 97.47 45.83
CK-D2 44,368,670 43,916,542 39,814,963 (90.66%) 1,093,090 (2.49%) 97.81 45.97
CK-D3 42,321,410 41,890,470 37,653,846 (89.89%) 1,073,290 (2.56%) 97.2 45.68

LA1 45,264,872 44,661,824 40,217,866 (90.05%) 1,225,178 (2.74%) 97.54 46.35
LA2 45,406,182 44,989,512 40,658,962 (90.37%) 1,144,441 (2.54%) 97.57 46.26
LA3 42,587,194 41,938,716 37,738,248 (89.98%) 1,135,371 (2.71%) 97.19 46.1

LA-D1 44,720,060 44,057,232 39,717,836 (90.15%) 1,150,437 (2.61%) 97.62 45.93
LA-D2 43,577,364 43,201,694 38,994,746 (90.26%) 1,077,302 (2.49%) 97.61 46.14
LA-D3 43,898,624 43,239,670 38,731,686 (89.57%) 1,136,746 (2.63%) 97.26 45.67

2.7. Correlation of Gene Expression Level between Samples and Gene Expression Status

For each treatment of the three biological duplications, a correlation analysis was
performed to determine the quality of the duplications (Pearson correlation coefficient was
calculated using R language). Figure 6A shows that the three biological duplications of each
treatment have strong correlation coefficients, which are all above 0.98, demonstrating that
the three biological duplications are good and fulfill the statistical requirements. Principal
component analysis (PCA) was performed using R software to assess sample repeatability
and correlation (Figure 6B). The repeatability of the three biological replicates of each
treatment is acceptable, and the differences between treatments are clear, indicating that
the transcript results from this test are reliable. The standard has a |log2 (FPKM) ratio|
≥ 1, and the q value is ≤0.05. By comparing the gene expression intensity (FPKM) values
between pairs of control (CK), drought stress treatment (CK-D), lauric acid treatment (LA),
and lauric acid + drought stress treatment (LA-D), differentially expressed genes were
identified. In CK-D vs. CK, LA-D vs. CK, LA-D vs. CK-D, LA-D vs. LA, LA-D vs. CK, and
LA vs. CK-D, 5745, 4430, 1876, 5390, 3340, and 6936 DEGs (differentially expressed genes)
were screened, including 2152, 1499, 1104, 1904, 2118, and 4135 up-regulated DEGs, while
2152, 2931, 772, 3486, 1222, and 2801 DEGs were down-regulated (Figure 6C,D).
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(A) Heat map of the correlation coefficient between samples. (B) Principal component analysis
(PCA) is also commonly used to assess inter-group differences and intra-group sample duplication.
(C) Number of DEGs among the six comparison groups. (D) Venn diagram of differential gene
expression analysis of DEGs.

2.8. GO Functional Analysis of DEGs

Functional enrichment analysis was carried out for DEGs in each group in order to
determine the overall roles of these genes in various treatments. According to their GO
annotations, the DEGs across the groups CK vs. CK-D, LA vs. CK, LA-D vs. CK-D, and
LA vs. LA-D were split into three categories: biological process, cellular component, and
molecular function.

The GO annotation results of DEGs between the CK and CK-D samples showed that
479 DEGs were annotated as biological processes (Figure 7A). In the biological process cate-
gory, the minor categories with higher gene frequency and more significant GO annotation
were carbohydrate metabolic process, response to oxidative stress, and photosynthesis.
In total, 258 DEGs were annotated as cell components. Among the cell components, the
minor categories with higher gene frequency and more significant GO annotations were
extracellular region and cell wall. In total, 995 DEGs were annotated for molecular func-
tion. Among the molecular function categories, the minor categories with more significant
gene frequencies than GO annotation were hydrolase activity, hydrolyzing O-glycosyl
compounds, acting on glycosyl bonds, etc.

The GO annotation results show that 187 DEGs between CK and LA were annotated
as biological processes (Figure 7B). Among the biological process categories, the minor
categories with higher gene frequency and more significant GO annotation were defense
response, response to biotic stimulus, and ion balance. In total, 117 DEGs were annotated
as cell components. Among the major categories of cell components, the significant minor
categories of GO annotation were extracellular region and cell periphery. In total, 487 DEGs
were annotated for molecular function. Among the molecular function categories, the
minor categories with higher gene frequency and more significant GO annotation were
ADP binding, ion binding, etc.
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The GO annotation results of differentially expressed genes between LA-D and CK-
D show that 75 DEGs were annotated as biological processes (Figure 7C). Among the
biological process categories, the minor categories with higher gene frequency and more
significant GO annotation were defense response, cell wall organization or biogenesis, and
response to oxidative stress. In total, 58 DEGs were annotated as cell components. Among
the major categories of cell components, the significant minor categories of GO annotation
were cell wall and external encapsulating structure. In total, 336 DEGs were annotated
for molecular function. Among the molecular function categories, the minor categories
with higher gene frequency and more significant GO annotation were ADP binding, heme
binding, etc.

The GO annotation results of differentially expressed genes between LA and LA-
D show that 535 DEGs were annotated as biological processes (Figure 7D). Among the
biological process categories, the minor categories with higher gene frequency and more
significant GO annotation were response to biotic stimulus, defense response, and response
to stress. In total, 213 DEGs were annotated as cell components. Among the major categories
of cell components, the significant minor categories of GO annotation were extracellular
region and apoplast. In total, 779 DEGs were annotated for molecular function. Among the
molecular function categories, the minor categories with higher gene frequency and more
significant GO annotation were heme binding, tetrapyrrole binding, etc.
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2.9. KEGG Enrichment Analysis of DEGs

The biological processes carried out by various genes in vivo are coordinated. The
pathways implicated in LA-mediated drought response in P. persica were further inves-
tigated using KEGG enrichment analysis, which was performed on the DEGs of each
experimental group. The enrichment results are displayed in scatterplots (Figure 8).
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The KEGG enrichment analysis results of DEGs in the CK vs. CK-D treatment group
are shown in Figure 8A. As can be seen, the DEGs between the CK and CK-D treatments
were mostly concentrated in the following areas: plant–pathogen interaction, plant hor-
mone signal transduction, phenylpropanoid biosynthesis, starch and sucrose metabolism,
amino sugar and nucleotide sugar metabolism, and cyanoamino acid metabolism.

The KEGG enrichment analysis of the DEGs between the LA and CK treatment
groups is illustrated in Figure 8B. It can be seen that the DEGs were mainly concen-
trated in plant–pathogen interaction; phenylpropanoid biosynthesis; MAPK signaling

145



Plants 2023, 12, 1492

pathway; glutathione metabolism; cyanoamino acid metabolism; and cutin, suberine, and
wax biosynthesis.

The KEGG enrichment analysis of the DEGs between the LA-D and CK-D treatment
groups is shown in Figure 8C. As shown on the map, the DEGs were mainly concentrated
in plant–pathogen interaction, phenylpropanoid biosynthesis, MAPK signaling pathway,
cyanoamino acid metabolism, and sesquiterpenoid and triterpenoid biosynthesis.

The KEGG enrichment analysis of the DEGs between the LA-D and LA treatment
groups is shown in Figure 8D. As shown on the map, the DEGs were mainly concentrated
in plant–pathogen interaction, phenylpropanoid biosynthesis, MAPK signaling pathway,
cyanoamino acid metabolism, and sesquiterpenoid and triterpenoid biosynthesis.

2.10. Hormone Signaling Pathway and Calcium (Ca2+) Signaling Pathway Gene Expression Analysis

It is generally understood that plant hormones play an important role in stress re-
sponses by coordinating many signaling pathways. Under drought stress, LA pretreatment
impacted the transcription levels of genes linked to auxin, ABA, and salicylic acid signal
transduction pathways, implying that LA may influence P. persica’s drought adaptation by
interacting with different hormones. LA induced changes in many genes related to drought
resistance in peach seedlings. A total of 76 hormone-related proteins and genes were
found in the transcriptome data of differentially expressed genes, including 29 ABA-related
proteins and genes (25 up-regulated and 4 down-regulated), 5 SA-responsive proteins and
genes (4 up-regulated and 1 down-regulated), and 6 ABA-related proteins and transcription
factors (3 up-regulated and 3 down-regulated) (Figure 9).
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Figure 9. Effects of exogenous LA on hormone signaling in drought-stressed P. persica. Transduction
of plant hormone signals in response to exogenous melatonin administration (A,C,E). Gene expression
profiles for the signaling pathway for plant hormones (B,D,F). The expression levels were assessed
by log2-transformed FPKM values.

Notably, 21 up- or down-regulated DEGs were associated with the calcium (Ca2+)
signaling pathway (Figure 10), indicating the integration of Ca2+ signaling mechanisms with
LA-regulated responses to drought stress in peach seedlings. More specifically, there were
seven, six and one DEGs belonging to the CNGC (cyclic nucleotide gated channel) family,
CaM/CML (calmodulin/calmodulin-like protein) family, and CDPK (Ca2+ dependent
protein kinase) family, respectively (Figure 10B). At the same time, a total of seven DEGS
were changed in the FLS22 signaling pathway, including five flagellin receptors (FLS2), one
promotor of mitogen-activated protein kinases (MEKK1), and one RBOH protein (RBOH).
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3. Discussion

Plants face a variety of stress conditions in their growth and development stages,
which will have different impacts and reduce crop yield [31,32]. Drought is the single most
destructive environmental stress, and it causes more serious crop yield losses than any
other stress [33]. Drought seriously affects the growth and development of plants, greatly
reducing the crop growth rate and biomass accumulation [34]. The main consequences of
drought are reductions in the rate of plant cell division and expansion, reduced leaf area,
inhibitions in the rate of stem elongation and root proliferation, disrupted stomatal behavior,
reductions in the nutrient relationship between water and crop yield, and reductions in
water use efficiency [35–37]. When faced with drought stress, plants often adjust through a
series of complex physiological and biochemical reactions [38].

Lauric acid (LA) is a kind of saturated fatty acid; the research on this compound
mainly focuses on its antibacterial properties in relation to animals and plants [39,40].
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It has also been found that LA exhibits certain biological activity, regulating nematode
avoidance [41] and actively regulating the growth of soybean (Glycine max L.) [23]. By
studying the changes in metabolic substances in loquat (Eriobotrya japonica Lindl.) under
drought stress, it was found that LA accumulated significantly. It was speculated that LA
might have similar functions to decanoic acid and abscisic acid (ABA) in loquat leaves,
regulating the opening and closing of stomata to enhance drought resistance [28]. In this
study, we treated P. persica subjected to drought stress with exogenous LA to investigate
how LA alleviated the consequential damage. In addition, we identified the potential
mitigation mechanism of exogenous LA in relation to drought stress through transcriptome
analysis and the comparison of treatment groups. It has been reported that drought stress
will also significantly reduce the growth of many important crops [42]. In this study,
drought stress also significantly inhibited the fresh and dry weights and root activities of
peach, as has been found in many studies of other plants, such as tomato [5], maize [35],
willow [15], apple [43], and peach [30]. In this study, the fresh and dry weights and root
activity following LA treatment were relatively higher than those following CK under
drought stress, implying the effective alleviation of the adverse factors caused by drought.

The relative water content (RWC) of leaves may be the most appropriate measure of
the physiological consequences of plant water status [44]. As shown in Figure 1, under
drought stress, the RWC of LA-treated leaves was higher than that of untreated plants.
This is consistent with the research results of [27], who reported that LA has the ability
to maintain leaf water content under water deficit stress. Under normal conditions, the
relative electrolyte leakage (REL) level of LA-treated plants did not change significantly
compared with that of untreated plants. Under the condition of water shortage, the REL of
LA-treated plants decreased by 15.32% compared with that of untreated plants (Figure 1).
REL is an indicator of membrane damage. From our results, we can clearly see that LA
plays an important role in preventing the cell membrane damage caused by water deficit
stress [43].

Photosynthetic pigments are crucial for the absorption, transmission, and conversion
of light energy during photosynthesis [17,43,45]. The content of photosynthetic pigment di-
rectly affects the photosynthesis of plants. Most studies have shown that the photosynthetic
pigment content decreases with the increase in drought stress [46], but we found that LA
treatment significantly inhibited this decline. Our results show that under certain drought
stress conditions, applying the appropriate concentration of LA could help maintain higher
chlorophyll and carotenoid contents in peach leaves. The increase in photosynthetic pig-
ment content will ensure better light energy absorption and conversion efficiency in peach
leaves. Photosynthesis is the basic function of plant growth, and it can be used to reflect the
growth potential and drought resistance of plants [12,27,47]. Previous studies have shown
that drought stress significantly reduces leaves’ photosynthetic rate, while LA treatment
increases the photosynthetic rate [27]. We found that the net photosynthetic rate (Pn), stom-
atal conductance (Gs), intercellular carbon dioxide concentration (Ci), and transpiration
rate (Tr) decreased to different degrees under drought stress. LA treatment can effectively
alleviate drought damage, such that the Pn, Gs, Tr, and Ci of peach leaves are maintained
at a higher level (Figure 2). These results indicate that LA could effectively maintain high
levels of photosynthesis under certain degrees of drought stress.

Plants display corresponding adjustments and regulation mechanisms when under
drought stress, which is of great significance in osmotic regulation [8,17,35]. Plants actively
accumulate osmotic-regulating substances, increase cell fluid concentration, reduce cell
water potential, and increase their water absorption capacity [48,49]. This study shows
that the contents of osmotic adjustment substances of plants under drought stress, such as
soluble sugar, soluble protein, proline, and free amino acids, increased to a certain extent,
which indicates that peach seedlings can increase their ability to resist drought in this way
(Figure 3). After applying LA at an appropriate concentration, this regulation mechanism
was increased, thus slowing the damage caused by drought stress in peach seedlings.
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When plants are subjected to stress, they produce a large amount of ROS, aggravate
the degree of membrane lipid peroxidation, produce MDA, and destroy the integrity of
cell membranes [50–52]. MDA content can reflect the degree of damage to cell membrane
integrity [53]. When plants suffer from drought stress, the contents of H2O2, O2

−, and
MDA increase significantly [15,54]. In this study, after drought stress, these contents in
the LA peach seedlings were slightly lower than in untreated plants, indicating that the
protoplasm membrane system of LA-treated plants was less damaged and had better
tolerance to drought (Figure 4). The leaves subjected to drought treatment were stained
with cell death and reactive oxygen species chemicals, and the degree of staining was
the greatest, indicating that the accumulation of H2O2 and O2

− in untreated plants was
significantly higher than that in LA-treated plants, and the untreated plants suffered the
most severe oxidative stress. Under drought stress, LA treatment can enhance the capacity
for scavenging reactive oxygen species in peach leaf cells, and promote the reduction in
H2O2 and O2

− accumulation, thus reducing cell damage or cell death, and enhancing plant
stress resistance. The contents of ROS that accumulate in plants are low, the degree of
oxidative damage to cells is light, and the integrity of cell membranes is good, which also
enables the plant to maintain good photosynthesis [55]. Plants eliminate excessive active
oxygen and reduce its toxicity by increasing the activity of their antioxidant enzymes. SOD,
POD, CAT, and APX are important antioxidant enzymes in plants [18,19,34]. Under drought
stress, the activities of SOD, POD, CAT, and APX in peach seedling leaves were significantly
higher than those in the control plants (Figure 5). This indicates that plants can improve
their drought resistance by increasing the activities of four of their antioxidant enzymes,
eliminating excess ROS in their bodies, alleviating drought damage, and improving drought
resistance [11,51]. After treatment with LA, the activities of four enzymes in the leaves of
peach seedlings were further improved, indicating that LA can enhance the activities of
antioxidant enzymes, thereby improving the antioxidant and anti-aging capacities of peach
seedlings, and alleviating the toxic effects of drought stress. It was found that exogenous LA
could reduce the oxidative damage of peach leaves and improve the activity of antioxidant
enzymes to alleviate the damage caused by drought stress.

The secondary effects of drought stress are complex. The combination of RNA-Seq
sequencing and DEG can be used to clarify the role of exogenous substances in directly
or indirectly regulating plant stress resistance [32,43]. In order to better understand the
mechanism of LA in drought-resistant plants, we used RNA-Seq technology to study the
molecular mechanism of exogenous LA in relation to regulating peach drought resistance.
This is the first study using transcriptome methods to explore LA and regulate plant stress
resistance. Because the aims of this study include exploring the effects of exogenous LA on
the molecular regulation mechanism of peach seedlings under drought stress, we focus on
LA-D vs. CK-D. We identified 1876 DEGs between LA-D and CK-D: 1104 up-regulated and
772 down-regulated. GO analysis shows that most genes are involved in biological process
categories, cell components, and molecular function.

As signaling molecules, plant endogenous hormones participate in the regulation of
plant growth and development, play an important role in plant response to abiotic stress,
and coordinate different signaling pathways [56,57]. In this study, the LA pretreatment af-
fected the transcription levels of genes related to auxin, JA (salicylic acid), and ABA (abscisic
acid) signal transduction pathways under drought stress, suggesting that LA may regulate
the drought adjustment of peach seedlings through interactions with various hormones.
After analysis, the majority of DEGs were allocated to the auxin pathway. Most of the
genes related to auxin signal transduction were up-regulated, including 3 AUX1 (Auxin1)
genes (2 up-regulated and 1 down-regulated), 12 AUX/IAA (Auxin/indole-3-acetic acid)
genes (11 up-regulated and 1 down-regulated), 1 ABF (ABA response element binding
factor) gene, 4 GH3 (Gretchen Hagen 3) genes (3 up-regulated and 1 down-regulated),
and all 10 SAUR (small auxin-up RNA) genes. The critical role of auxin signaling genes
in response to drought stress has also been demonstrated in other species. Auxin is a
regulator of plant drought resistance, acting by regulating the AUX/IAA affinity of the
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auxin co-receptor, and it activates the transcriptional regulation of ARF-mediated early
auxin response genes [58,59]. In addition to the ARF gene family, the auxin response genes
include AUX/IAA, GH3, and SAUR. These three gene families are collectively referred to
as auxin early response genes. Refs. [60,61] reported that the Aux/IAA protein OsIAA20,
which is up-regulated under abiotic stress conditions, has a positive effect on the resistance
to abiotic stress, enhances the growth of rice at different stages of development, reduces
water loss, and increases pore closure. The authors of [62] reported the GH3 gene in three
cotton varieties, and found it plays an important role in plants’ adjustment to drought and
salt stress conditions. Ref. [63] showed that the overexpression of TaSAUR75 enhanced
drought tolerance in Arabidopsis, and H2O2 accumulation in transgenic plants was lower
than that in control plants.

SA, as a plant hormone, is an immune signal that causes systemic acquired resistance
(SAR). The TGA (transcription factor TGA) and PR-1 (pathogenesis-related protein 1) gene
families play an important role in the metabolism of plants in response to biological and
abiotic stress [64–66]. It has been found that drought stress causes the up-regulation of all
SlPR-1 genes, by up to 50 times, and our results show that the SlPR-1 gene played an active
role in drought response. We found that under drought stress, LA treatment significantly
up-regulates the related PR-1 gene.

The ABA signaling pathway is activated and regulated under drought stress and
plays a key role in the regulation of plant resilience [67]. The four key genes of the ABA
receptor, PYR/PYL, PP2C (protein phosphatases type 2C), SnRK2 (SNF1-related protein
kinase 2), and downstream transport factor ABF (ABA-responsive element binding fac-
tors), are involved in the regulation of ABA signals [68]. They transmit ABA signals
under the induction of ABA and stress, abscisic acid binds to PYR/PYL/ABA recep-
tors, and the ABA receptor complex inhibits PP2C phosphatase activity, resulting in the
PP2C-mediated inhibition of the release of SnRK2. Activated SnRK2 can phosphorylate
downstream transcription factors and ion channels, and activate ABA signaling pathways
and stress response processes, inducing various reactions such as increased ROS and pore
closure [69,70]. In this study, LA caused changes in many genes associated with the ABA
signaling pathway (Figure 9E,F).

The second messenger Ca2+ is widely involved in many types of signal transduc-
tion in plants [43]. Plants respond to many stimuli, such as the external environment
and hormones, by starting gene expression through changes in the concentration of free
Ca2+ in the cytoplasm, and ultimately improving stress adjustment [71–73]. In the cur-
rent study, plant–pathogen interaction is one of the most significantly changed pathways
(Figure 8C), and DEGs mapped to this pathway are mainly concentrated in Ca2+ pathway
signals. Studies have shown that the Ca2+ signaling pathway is activated under drought
stress, and this can improve the drought resistance of plants [57,74,75]. In addition, it
has been found that osmotic stress induces an increase in exoplast Ca2+, which leads
to the activation of CNGC (cyclic nucleotide-gated channel), thus causing responses in
CaM/CML (Calmodulin/Calmodulin-like protein) and CDPK (calcium-dependent protein
kinases) [43,57]. Increasing numbers of CaMs/CML family members have been identified
and proven to be related to drought resistance [76]. The CGNCs in plants are a group of
non-selective cation channels, which can promote the uptake of Ca2+ and thus mediate the
acquisition of resistance [77]. Therefore, LA may improve the drought resistance of peach
seedlings by activating the expressions of CNGC, CAM/CML, and CDPK family genes. In
plants, oxidative stress has been proven to be related to CaM, which is a Ca2+-dependent
activator [43]. Previous studies have found that SOD is a CaM-dependent enzyme [78].
Therefore, LA may increase the expression of the CaM/CML gene, activate the Ca2+ signal-
ing pathway, and thus regulate antioxidant enzyme activity. The respiratory burst oxidase
homolog (RBOH, also known as NADPH oxidase) is one of the key enzymes by which
plants produce ROS. When cells are stimulated by external stress, they produce Ca2+, which
is activated by the combination of RBOH’s EF structure [79]. Therefore, LA may regulate
the activity of antioxidant enzymes through the regulation of the RBOH gene.
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Flagellin-sensitive 2 (FLS2) is an important immunokinase receptor, which can effec-
tively recognize the 22-amino acid peptide of plant–pathogen conserved peptide flg22 [80].
In recent years, important signal peptides and receptors that regulate plant response to
drought have been discovered [81,82]. Based on our results, we propose that under LA
treatment, FLS2 is involved in the perception of drought stress (Figure 10). Further verifi-
cation of this potential function of FLS2 will provide new insights into the mechanism by
which plants respond to drought stress.

In this study, using DEGs, multiple lncRNAs (long non-coding RNA) were predicted
to explore the drought response induced by LA treatment. However, due to the lack
of annotated information, it is difficult to determine the function of lncRNA in drought
adjustment. However, the study of lncRNA in drought stress has become a hot topic [83,84].
We believe that the expression profile of lncRNA in response to drought is useful and
valuable for the molecular breeding of peaches. At the same time, this study is the first to
describe the response of lncRNA to drought in peaches under LA treatment.

4. Materials and Methods
4.1. Experimental Materials

Experiments were carried out at the experimental base of Shandong Agricultural
University in 2022, located in Tai’an City, Shandong Province, China (36◦17′7459′′ N,
117◦16′7712′′ E). We selected uniform and plump peach seeds that had been steeped in
a 400 ppm gibberellin solution for 24 h, before being put in seedling trays. We selected
seedlings of comparable sizes that were free of disease and insect pests to plant in the
basin when they reached approximately 5 cm in height. Each pot was square in shape
(7 cm × 7 cm). The media in the pot comprised a 2:1 volume ratio blend of garden soil and
vermiculite. Each pot of culture media weighed 200 g. The seedlings were managed on a
regular basis.

4.2. Experimental Design

We selected 160 potted peach seedlings that had uniform development and were
around 10 cm high. Among them, 80 pots of peach seedlings received 10 days of irrigation
with 50 ppm LA (Shanghai macklin Biochemical Co., Ltd., Shanghai, China). Reagent
concentrations were determined from the results of earlier preparatory studies. The results
show that LA had no negative effect on the growth and development of peach seedlings.
Then, the seedlings in each group were divided into two groups: conventional watering
treatment (CK, LA) and natural drought treatment for 10 days (CK-D, LA-D), with 40 pots
in each group. After 10 days of treatment, the leaves were carefully washed with tap water,
frozen in liquid nitrogen, and stored at −80 ◦C for later use.

4.3. Determination of Plant Growth, RWC, and REL of Leaves

At the end of the drought treatment, peach seedlings were removed whole and cleaned,
and fresh (FW) and dry (DW) weights were determined after oven-drying at 60 ◦C to a
constant weight.

The phenyltetrazolium chloride (TTC) method was used for determination. The root
tips were cut and weighed at 0.5 g. The sample was mixed with 0.4% TTC and pH 7.0
phosphate buffer in equal amounts up to 10 mL, sealed, and reacted in the dark at 37 ◦C for
4 h. The reaction was terminated by adding 1 mol·L−1 sulfuric acid up to 2 mL. The sample
was blotted and 4 mL of ethyl acetate and quartz sand was added, before the sample was
ground well. The extract was transferred to a test tube and the residue was rinsed with
ethyl acetate, and finally fixed with ethyl acetate up to 10 mL. Colorimetric assessment was
undertaken at 485 nm. Three plants were chosen for each treatment, and two leaves were
removed from each plant and promptly placed in an aluminum box of known weight, and
the fresh weight (Wf) was determined. The leaves were submerged in distilled water for
approximately 1 h before being removed and weighed to determine the saturated fresh
weight (Wt) of the sample. The dry weight was then obtained by drying to constant weight
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(Wd). Relative water content (RWC) was determined using the following formula [84]:
(Wf −Wd)/(Wt −Wd) × 100%.

The relative electrolyte leakage (REL) was measured with reference to [85], whose
method was slightly modified. We punched 10 tiny discs from ripe leaves and placed them
in a 20 mL centrifuge tube with 10 mL of deionized water. After 4 h at room temperature, we
used a Raymag DDS-307 conductivity meter to test the solution’s conductivity, designated
as S1; at the same time, we measured the conductivity of deionized water, denoted as S0.
The centrifuge tube was then put in a 100 ◦C water bath for 20 min. After cooling, it was
shaken well and we measured the conductivity S2. To represent the relative permeability
of the plasma membrane, we calculated the relative electrolyte leakage using the following
formula: REL (%) = (S1 − S0)/(S2 − S0) × 100%.

4.4. Determination of Photosynthetic Parameters and Leaf Photosynthetic Pigments

On the 14th day after drought stress, photosynthesis was monitored from 10:00 to
11:30 am. We measured the following parameters with a CIRAS-3 portable photosyn-
thetic system (PP Systems, Massachusetts, USA): net photosynthetic rate (Pn), stomatal
conductance (Gs), intercellular CO2 concentration (Ci), and transpiration rate (Tr).

Samples (0.2 g) were taken from fresh, clean peach leaves, and extracted for 24 h in
95% ethanol solution. We then used a Pharma-Spec UC-2450 ultraviolet spectrophotometer
(Shimadzu, Kyoto, Japan) to measure the OD665, OD649, and OD470 of the extract. In
order to calculate leaf chlorophyll and carotenoid contents, we used the methods of [43].

4.5. Determination of Osmotic Regulation Substances

The soluble sugar content was determined via the anthrone colorimetric method [47],
and the absorbance at 620 nm was measured. The proline content was determined via the
ninhydrin method [86], and the absorbance value of the toluene layer was measured using
a spectrophotometer at 520 nm. Soluble protein content was determined via Coomassie
brilliant blue staining [46]; we recorded the absorbance at 595 nm, and assessed the soluble
protein concentration using the standard curve. The method for measuring the total amount
of free amino acids was based on [87], with slight modifications, and we added 60% ethanol
to 5 mL and tested the absorbance at 570 nm.

4.6. Histochemical Evaluation of Oxidative Damage and Cell Death

The peach leaves were stained with Evans Blue to measure cell death [55].
3,3-diaminobenzidine (DAB) and nitroblue tetrazolium (NBT) histochemical staining was
performed to observe the color development of superoxide anion and hydrogen peroxide,
as described in the method of [88] with a slight modification.

4.7. Determination of Leaf Reactive Oxygen and Lipid Peroxidation

We measured the hydrogen peroxide contents (H2O2) of leaves using the method
of [55]. Briefly, leaf samples (0.1 g) were placed in sterilized centrifuge tubes and then
ground with liquid nitrogen. After centrifugation at 6000 rpm for 150 s, the samples were
mixed with 1.5 mL of 0.1% trichloroacetic acid (TCA) and placed on ice. The samples were
then centrifuged again at 12,000 rpm for 15 min at 4 ◦C. A 0.5 mL sample of supernatant
was then collected and mixed with 0.5 mL of phosphate-buffered saline (PBS) and 1 mL
potassium iodide (KI). The resulting solution was shaken well and held at 28 ◦C for 1 h,
after which we measured the absorbance at 390 nm.

We measured the O2
− contents of leaves using the method of [55]. Briefly, we chopped

1 g samples of peach leaves and added 3 mL of phosphate buffer (pH = 7.8), placed them in
an ice bath and ground them, and then centrifuged the samples at 4000× g for 15 min. The
supernatant was collected and mixed with 0.1 mL of 10 mM hydroxylamine hydrochloride
solution and incubated at 25 ◦C for 20 min. We then added 1 mL of 17 mM p-aminobenzene
sulfonic acid and 1 mL of 7 mM a-naphthylamine solution and incubated the mixture at
25 ◦C for 20 min. After this, we added an equal volume of chloroform to extract the pigment
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and centrifuged the mixture at 10,000 rpm for 3 min. The pink extract was collected in
order to measure the OD530.

Malondialdehyde (MDA), a biomarker of lipid peroxidation caused by oxidative stress,
was measured using the method described by [46], with some modifications.

4.8. Determination of Leaf CAT, POD, SOD, and APX Activities

We weighed a mixed sample of 0.5 g, performed liquid nitrogen grinding, and added
4 mL of phosphate buffer at a concentration of 0.05 M pH 7.8 (0.3% EDTA with 0.1 mM,
Triton-X100 and 4% of polyvinylpyrrolidone); the sample was then ground. Next, the
sample was placed in a centrifugal tube, flushed twice with 6 mL buffer at 4 ◦C, then
centrifuged at 12,000 rpm for 20 min; we then collected the supernatant and stored it at
4 ◦C until use.

Superoxide dismutase (SOD) activity was determined according to the method of [47],
with some modifications. Peroxidase (POD) activity was determined according to the
method of [55], with some modifications. Catalase (CAT) activity was determined according
to the method of [47], with slight modifications.

4.9. RNA Preparation, Library Construction, and Sequencing

Total RNA was used as the input material for the RNA sample preparations. Briefly,
mRNA was purified from total RNA using poly-T oligo-attached magnetic beads. Frag-
mentation was carried out using divalent cations at an elevated temperature in First Strand
Synthesis Reaction Buffer (5X). First-strand cDNA was synthesized using random hexamer
primer and M-MuLV Reverse Transcriptase (RNase H-). Second-strand cDNA synthesis
was subsequently performed using DNA Polymerase I and RNase H. The remaining over-
hangs were converted into blunt ends via exonuclease/polymerase activities. After the
adenylation of the 3′ ends of DNA fragments, adaptors with a hairpin loop structure were
ligated to prepare the sample for hybridization. In order to preferentially select cDNA
fragments of 370~420 bp in length, the library fragments were purified with the AMPure
XP system (Beckman Coulter, Beverly, MA, USA). Then, PCR was performed with Phusion
High-Fidelity DNA polymerase, Universal PCR primers and Index (X) Primer. Lastly, the
PCR products were purified (AMPure XP system) and the library quality was assessed on
the Agilent Bioanalyzer 2100 system.

4.10. Differential Expression Analysis

The differential expression analysis of four conditions/groups (three biological repli-
cates per condition) was performed using the DESeq2 R package (1.20.0). DESeq2 provides
statistical routines for determining differential expressions in digital gene expression data
using a model based on the negative binomial distribution. The resulting p-values were
adjusted using Benjamini and Hochberg’s approach for controlling the false discovery rate.
Genes with an adjusted p-value ≤ 0.05 found by DESeq2 were assigned as differentially
expressed. Prior to differential gene expression analysis, for each sequenced library, the
read counts were adjusted using the edgeR program package through one scaling normal-
ized factor. Differential expression analysis of two conditions was performed using the
edgeR R package (3.22.5). The p-values were adjusted using the Benjamini and Hochberg
method. A corrected p-value of 0.05 and absolute fold change of 2 were set as the threshold
for significantly differential expression.

4.11. GO and KEGG Enrichment Analysis of Differentially Expressed Genes

The gene ontology (GO) enrichment analysis of differentially expressed genes was
implemented using the clusterProfiler R package, in which gene length bias was corrected.
GO terms with corrected p-values less than 0.05 were considered significantly enriched
by differentially expressed genes. KEGG is a database resource used for understanding
high-level functions and utilities of the biological system, such as the cell, the organism,
and the ecosystem, via molecular-level information, usually through large-scale molecu-
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lar datasets generated by genome sequencing and other high-throughput experimental
technologies (http://www.genome.jp/kegg/ (accessed on 1 June 2022)). We used the clus-
terProfiler R package to test the statistical enrichment of differentially expressed genes in the
KEGG pathway.

4.12. Statistical Analysis

SPSS 17.0 (IBM, New York, NY, USA) statistical analysis software was used to perform
one-way ANOVA and the Duncan multiple comparison test. Statistical significance, desig-
nated as the lettered results in the charts below, was determined at 5% (p < 0.05). All chart
data are shown as mean ± error bars’ deviation.

5. Conclusions

Through physiological and biochemical research and transcriptome data analysis, the
effects of exogenous LA treatment on peach tree seedlings under drought conditions were
studied. The results show the following: (i) LA treatment enhanced the growth of peach
tree seedlings under drought stress and the relative water contents of leaves. (ii) The LA
treatment of peach tree seedlings under drought stress improved the photosynthetic ability,
chlorophyll content, and antioxidant enzyme activity, and reduced the H2O2, O2

− and
MDA levels and conductivity, which may be related to the addition of LA. (iii) Compared
with the untreated drought stress seedlings, a total of 1876 significant DEGs were identified,
of which 1104 were up-regulated and 772 were down-regulated. In-depth analysis of
the DEGs has shown that the LA-mediated drought response may involve the complex
coordination of multiple plant hormone signals and synthesis pathways, as well as the
activation of Ca2+ signals. At the same time, the lncRNAs involved in LA treatment and
drought response were identified. This study provides a new method by which to reduce
the impact of drought stress on plants and increase plant yield.
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Abstract: Drought stress is known to significantly limit crop growth and productivity. Lateral organ
boundary domain (LBD) transcription factors—particularly class-I members—play essential roles
in plant development and biotic stress. However, little information is available on class-II LBD
genes related to abiotic stress in maize. Here, we cloned a maize class-II LBD transcription factor,
ZmLBD5, and identified its function in drought stress. Transient expression, transactivation, and
dimerization assays demonstrated that ZmLBD5 was localized in the nucleus, without transactivation,
and could form a homodimer or heterodimer. Promoter analysis demonstrated that multiple drought-
stress-related and ABA response cis-acting elements are present in the promoter region of ZmLBD5.
Overexpression of ZmLBD5 in Arabidopsis promotes plant growth under normal conditions, and
suppresses drought tolerance under drought conditions. Furthermore, the overexpression of ZmLBD5
increased the water loss rate, stomatal number, and stomatal apertures. DAB and NBT staining
demonstrated that the reactive oxygen species (ROS) decreased in ZmLBD5-overexpressed Arabidop-
sis. A physiological index assay also revealed that SOD and POD activities in ZmLBD5-overexpressed
Arabidopsis were higher than those in wild-type Arabidopsis. These results revealed the role of
ZmLBD5 in drought stress by regulating ROS levels.

Keywords: LBD; drought stress; ROS; stomata; maize

1. Introduction

Drought tolerance is a complex trait that involves a series of adaptive changes in the
molecular, cellular, physiological, and morphological levels [1]. Reactive oxygen species
(ROS) accumulated under drought stress are versatile in plant development and environ-
mental stress responses [2,3]. ROS act as secondary messengers in stress signaling pathways
by triggering defensive/adaptive responses to stress at low-to-moderate concentrations,
such as stomatal closure, deposition of lignin and cellulose, and modulation of protein
activity and gene expression [3,4]. In addition, ABA stimulates the production of H2O2
through NADPH oxidase in guard cells [4]. In rice, Abscisic acid, Stress and Ripening5
(ASR5) is known to potentiate ABA biosynthesis, the expression of peroxidase 24 precursor,
H2O2 accumulation, and stomatal closure, as well as the osmotic and drought tolerance
of the seedlings [5]. However, ROS causes growth retardation and eventual cell death
once a threshold of ROS concentration is reached [2]. Therefore, ROS detoxification is
essential for cell survival, metabolism, and development. Recent studies reveal that in-
creased expression of ROS-scavenging-related genes can improve plants’ drought tolerance.
Yang et al. found that drought-tolerant maize seedlings have higher antioxidant activities
and, consequently, accumulate fewer ROS than sensitive genotypes when exposed to water
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deficit [6]. Overexpression of OsLG3 significantly improves rice’s tolerance to drought
stress by triggering the ROS scavenging system, whereas suppression of OsLG3 results in
decreased ROS scavenging activity and increased drought susceptibility [7].

Lateral organ boundary domain (LBD) proteins, defined by a conserved lateral or-
gan boundary (LOB) domain, belong to the plant-specific transcription factor family [8].
The characteristic LOB domain comprises a C-block containing four cysteine residues
(CX2CX6CX3C) required for DNA binding, a Gly-Ala-Ser (GAS) block, and a leucine
zipper-like coiled-coil motif (LX6LX3LX6L) responsible for protein dimerization [8–10].
The variable C-terminal region of LBD confers transcriptional control of downstream gene
expression [10]. Based on the conserved regions, most LBD genes belong to class-I, which
is characterized by a complete leucine-zipper-like domain, while all members of class-II
have an incomplete or no leucine zipper-like coiled-coil motif [8]. Several LBD proteins
form homo-interactions and hetero-interactions, such as LBD10, LBD27, LBD18, and LBD33
in Arabidopsis [11,12], and RTCS (rootless concerning crown and seminal roots), RTCL
(RTCS-like), IG1, and RS2 in maize [9,13]. According to whole-genome sequencing, Ara-
bidopsis [8], rice [14], maize [15], barley [16], tomato [17], grape [18], Eucalyptus [19],
and potato [20] have been identified as harboring 43, 35, 44, 24, 46, 49, 47, and 43 LBD
genes, respectively, of which 7, 5, 7, 5, 6, 7, 8, and 8 are LBD class-II family members,
respectively. There were significantly fewer LBD class-II members than LBD class-I mem-
bers. The expression patterns of LBD genes were diverse, revealing the diversity of LBD
function [8,14].

Most studies have revealed the function of class-I members, including organ develop-
ment, plant regeneration, photomorphogenesis, and environmental cue responses. AtASL4
was first discovered to regulate leaf development in Arabidopsis [8]. AtASL4 interacts with
AtAS1 to bind the cis-element of the KNAT1 promoter, inhibits the expression of KNAT1,
and promotes the development of leaf primordia and inflorescence [21]. In maize, IG1
(indeterminate gametophyte1) interacts with RS (AtAS1 homolog) to regulate the development
of female gametophytes and the number of tassel branches [13,22]. AtLBD16, OsCRL1,
and ZmRTCS are involved in root development downstream of the auxin signal transduc-
tion pathway [9,23–25]. In trees, LBD genes also promote stem thickening by accelerating
the cell division activity of vascular cambium cells during secondary growth [26–28]. In
addition to participating in plant growth and development, LBD genes are involved in
plants’ responses to external biotic and abiotic stresses [10]. In Arabidopsis, the root-specific
LBD gene AtLBD20 inhibits the defense genes THI2 (thionin 2.1) and VSP2 (volatile storage
protein 2) via COI1 (coronatine-insensitive 1)/MYC2-mediated jasmonic acid (JA) signaling,
thereby preventing the damage of the root-invading fungal pathogen Fusarium oxysporum
in plants. AtLBD14 regulates the branching of lateral roots through the ABA signaling
pathway [29,30]. AtLBD15 directly binds to the promoter of AtABI4 (ABSCISIC ACID
INSENSITIVE4) to activate its expression, resulting in stomatal closure, reduced water
loss rate, and enhanced drought tolerance in AtLBD15-overexpressed plants [31]. In rice,
OsLBD12-1 directly interacts with the OsAGO10 promoter to inhibit its expression, resulting
in growth retardation, leaf distortion, anther abnormality, and SAM reduction, and LBD12-1
has a stronger effect on AGO10 under salt stress [32].

In contrast, reports about class-II members remain limited. The class-II LBD genes
characterized thus far are mainly involved in metabolism, such as anthocyanin biosynthesis
and nitrogen metabolism [33–35]. In this study, the role of ZmLBD5—a class-II member—in
drought response was investigated. Overexpression of ZmLBD5 in Arabidopsis caused the
drought-sensitive phenotype by suppressing ROS accumulation, increasing the stomatal
aperture and water loss. Our results suggest that ZmLBD5 mediates the response of
maize seedlings to drought by regulating H2O2 homeostasis, and is expected to be used in
genetically modified crops.
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2. Results
2.1. ZmLBD5 Was Induced by Osmotic Stress in Maize

In the present study, we cloned the class-II LBD gene ZmLBD5 from inbred B73 maize.
The full-length CDS of ZmLBD5 is 942 bp, and encodes a polypeptide of 313 amino acid
residues with a predicted molecular mass of 33.96 kD and a pI value of 6.61. Sequence
alignment revealed that ZmLBD5 contained a typical DNA-binding domain, CX2CX6CX3C,
whereas the GAS block and LX6LX3LX6L coiled-coil motif were incomplete, allowing for a
distinction between the class-I and class-II members of the LBD family (Figure 1A).
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Figure 1. Sequence and expression pattern analysis of ZmLBD5: (A) LOB domain sequence alignment
of ZmLBD5 and LBD members from other plant species. The class-I LBD members had typical
CX2CX6CX3C, GAS, and LX6LX3LX6L domains. The same position in class II is marked. (B,C) The
expression of ZmLBD5 upon ABA and drought treatment in maize. Total RNA was isolated from
3-leaf seedlings grown without (0 h) or with 10 µM ABA and 20% PEG6000 treatment. Transcript
levels of ZmLBD5 were determined by qPCR, using Zme1F1α and Zm18S as reference genes. Fold
change was calculated by 2−∆∆t. All bars represent means ± SD (n = 3).

Given that gene expression levels are regulated by promoters, we examined the
ZmLBD5 promoter region (approximately 2000 bp upstream of the first codon). Several
stress-response-related cis-acting elements were present in the ZmLBD5 promoter, including
seven ABREs (ABA-responsive elements), three DREs (dehydration-responsive elements),
two LTREs (low-temperature-responsive elements), one MBS (MYB-binding site, involved
in drought-inducibility), eight MYBRSs (MYB recognition sites), and other light-response
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elements (Table 1). Therefore, the response of ZmLBD5 to drought stress was investigated
by RT-qPCR using drought- and ABA- treated maize plants. The results showed that the
expression of ZmLBD5 was strongly induced by ABA and drought stress (Figure 1B,C).
These results suggest that ZmLBD5 plays a prominent role in the response to drought stress
in maize.

Table 1. Cis-elements in the promoter region (~2 kb) of ZmLBD5.

Site Name Sequence Position Strand Function

ABRE ACGTG −1984 - Abscisic acid responsiveness
ABRE CGTACGTGCA −1730 - Abscisic acid responsiveness
ABRE CACGTG −1596 + Abscisic acid responsiveness
ABRE ACGTG −1595 + Abscisic acid responsiveness
ABRE ACGTG −1528 + Abscisic acid responsiveness
ABRE ACGTG −71 - Abscisic acid responsiveness
ABRE CCACGTGG −1597 + Abscisic acid responsiveness
DRE GCCGAC −1896 - Dehydration-responsive element
DRE GCCGAC −1495 - Dehydration-responsive element
DRE ACCGAGA −38 + Dehydration-responsive element
LTR CCGAAA −1635 + Low-temperature responsiveness
LTR CCGAAA −262 + Low-temperature responsiveness
MBS CAACTG −597 - MYB-binding site involved in drought-inducibility

MYBRS CAACCA −1566 - MYB recognition site
MYBRS CAACTG −597 - MYB recognition site
MYBRS TAACCA −593 - MYB recognition site
MYBRS CAACCA −518 + MYB recognition site
MYBRS CAACCA −100 + MYB recognition site
MYBRS CAACCA −96 + MYB recognition site
MYBRS CCGTTG −1844 + MYB recognition site
MYBRS TAACCA −593 - MYB recognition site

CCAAT-box CAACGG −1844 - MYBHv1-binding site
ARE AAACCA −1631 + Anaerobic induction
ARE AAACCA −259 + Anaerobic induction

G-box CACGTC −1984 + Light responsiveness
G-box GCCACGTGGA −1598 + Light responsiveness
G-box CACGTG −1596 + Light responsiveness
G-Box CACGTG −1596 + Light responsiveness
G-Box CACGTT −1529 - Light responsiveness
G-box CACGTC −71 + Light responsiveness

“+” represents sense strand, and “-” represents the antisense strand.

2.2. ZmLBD5 Is Localized in the Nucleus, and Could Form Dimers

Understanding the subcellular localization of gene expression products is important
for the functional analysis of genes. To determine the subcellular localization of ZmLBD5,
ZmLBD5-GFP was transiently expressed in tobacco leaf cells and maize protoplasts un-
der the control of the cauliflower mosaic virus (CaMV) 35S promoter. The strong green
fluorescence signal of GFP was mainly distributed in the nucleus and the cytoplasm,
whereas the green fluorescence signal of ZmLBD5-GFP was observed in the nucleus, which
completely overlapped with the red fluorescence signal of the nuclear localization signal
(Figure 2A,B). In addition, GFP fluorescence was observed in the nuclei of the root cells in
ZmLBD5-GFP-overexpressed Arabidopsis (Figure 2C).
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Figure 2. Subcellular localization and dimer-forming ability of ZmLBD5: (A–C) Subcellular localiza-
tion of ZmLBD5 in tobacco leaves, maize protoplasts, and 35S::ZmLBD5-eGFP transgenic Arabidopsis,
respectively (bar = 50, 10, and 20 µm, respectively). (D) Three fragments of ZmLBD5 (A–C) were
divided and the red triangle indicated the position of truncation. (E) The ability of ZmLBD5 to form
dimers in the yeast strain Y2H Gold. The Y2H Gold strains containing target plasmids were diluted
and cultured on no-selection synthetic dropout (SD) media without tryptophan and leucine (SD/-T-L),
or on selection SD media without tryptophan, leucine, histidine, and adenine (SD/-T-L-H-A). Photos
were taken 3 days after inoculation for the plates. Fragments A, B, and C represent CX2CX6CX3C,
GAS, and LX6LX3LX6L, and various C-terminal domains, respectively.

Given that the GAS block and LX6LX3LX6L coiled-coil motif of class-I members are
essential for protein dimerization, and class-II members are characterized by a lack of or
an incomplete domain, the ability of ZmLBD5 to dimerize was tested. The full length of
ZmLBD5 and its five truncated peptide fragments (A, B, C, AB, and BC) were tested for
the interaction with ZmLBD5 itself and another LBD member, ZmLBD33. Fragments A,
B, and C represent the N-terminal C-block (CX2CX6CX3C), the GAS and LX6LX3LX6L
coiled-coil motifs, and the C-terminal domain, respectively (Figure 2D). Although it was
difficult to determine the essential region for the interaction, homo- and heterodimerization
were clearly detected through yeast two-hybrid screening (Figure 2E).

2.3. Overexpression of ZmLBD5 Decreased Drought Tolerance in Transgenic Arabidopsis

ZmLBD5 was overexpressed in Arabidopsis to observe its function. Eleven transgenic
lines were generated, and the three homozygous lines with the highest expression levels
(OE3, OE10, and OE19) were selected for subsequent experiments (Figure 3A). Transgenic
lines and the wild-type seeds were exposed to different concentrations of mannitol (0, 200,
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250, and 300 mM). The germination rates of ZmLBD5-overexpressed plants were compa-
rable to that of the wild type, and it was significantly delayed along with the increase in
mannitol concentration (Figure 3B–E). The cotyledon greening rate of the overexpressed
lines was significantly lower than that of the wild type under 250 mM and 300 mM mannitol
stresses 3 days after germination (Figure 3F,G).
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Figure 3. The germination and greening rate of ZmLBD5 transgenic Arabidopsis with mannitol
treatment: (A) RT-qPCR analysis of ZmLBD5 expression in the overexpression lines and wild type.
(B–E) Statistical analysis of ZmLBD5 transgenic lines’ and wild-type’s seed germination rates under
0 mM, 200 mM, 250 mM, and 300 mM mannitol, respectively. (F) The phenotypes of ZmLBD5
transgenic and wild-type Arabidopsis lines treated with 0 mM, 250 mM, and 300 mM mannitol.
(G) Greening rate of ZmLBD5 transgenic and wild-type Arabidopsis under 0 mM, 250 mM, and
300 mM mannitol stress. Significance was calculated by one-way ANOVA. * p < 0.05; ** p < 0.01;
*** p < 0.001. All bars represent means ± SD, (n ≥ 3).

To further characterize the responses of the wild-type and ZmLBD5-overexpressed
plants to osmotic stress, 5-day-old seedlings were exposed to different concentrations
of mannitol (0, 200, 250, and 300 mM) for 7 days. Unexpectedly, there was no signifi-
cant difference between the wild-type and the transgenic seedlings, except for line OE19
(Figure 4).
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Figure 4. The phenotype of ZmLBD5 transgenic Arabidopsis with mannitol treatment: (A) Seedlings
of wild-type and ZmLBD5 transgenic lines grown on 1/2 MS medium with 0 mM, 200 mM, 250 mM,
and 300 mM mannitol. (B–D) Statistical analysis of primary root length, total root length, and root
surface area of wild-type and ZmLBD5 transgenic seedlings grown on 1/2 MS medium with or
without mannitol treatment. Mean values and standard errors (bars) are shown from 12 independent
seedlings. Asterisks on bar represent the difference compared with wild type is significant (* p < 0.05).

To further understand the role of ZmLBD5 under drought stress, 7-day-old plants
were transplanted into the soil and grown for one month. Then, plants were exposed to
drought stress for 10 days. Three days after rewatering, ZmLBD5-overexpressed plants
displayed a higher survival rate than that of the wild type (Figure 5C,D). Under well-
watered conditions, the rosette leaf areas of ZmLBD5-overexpressed Arabidopsis were
significantly larger than those of the wild type (Figure 5A), and the fresh weight increased
in ZmLBD5-overexpressed seedlings (Figure 5B). These results indicated that ZmLBD5
promotes seedling growth under normal conditions, and increases drought sensitivity
under drought stress.
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Figure 5. Phenotype and survival rate of ZmLBD5 transgenic seedlings under normal or drought
conditions in soil: (A,B) Phenotype and fresh weight of ZmLBD5 transgenic seedlings under normal
conditions in soil. (C,D) Survival rate of ZmLBD5 transgenic seedlings under drought conditions in
soil. Significance was analyzed by one-way ANOVA. * p < 0.05; ** p < 0.01; *** p < 0.001. All bars
represent means ± SD (n ≥ 12).

2.4. ZmLBD5 Increased the Water Loss Rate by Enhancing the Stomatal Density and Aperture

We measured the rate of water loss from detached leaves to investigate why ZmLBD5-
overexpressed seedlings displayed drought sensitivity. The results showed that detached
leaves of ZmLBD5 transgenic seedlings lost water at a greater rate than that of the wild-
type plants after 1 h of dehydration (Figure 6A), indicating that ZmLBD5-overexpressed
seedlings ran out of soil water more rapidly than the wild-type seedlings, leading to
earlier wilting. Given that water evaporated mainly through the stomata, the stomatal
number and apertures on abaxial leaves were analyzed. The stomatal number and stomatal
aperture of ZmLBD5-overexpressed plants were both greater than those of the wild-type
plants (Figure 6B–D). Thus, the overexpression of ZmLBD5 enhanced drought sensitivity
by increasing the stomatal number and apertures in Arabidopsis under drought conditions.
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Figure 6. Water loss rate, stomatal number, and apertures of leaves in ZmLBD5 transgenic seedlings:
(A) Water loss rate of leaves in ZmLBD5 transgenic seedlings. (B) Stomatal number of the fourth
leaves in ZmLBD5 transgenic seedlings. Each sample had at least 12 seedlings. (C,D) Stomatal
aperture of fourth leaves after detachment for 1 h in ZmLBD5 transgenic seedlings (n > 30 for each
sample). Significance was analyzed by one-way ANOVA. * p < 0.05; ** p < 0.01; *** p < 0.001. All bars
represent means ± SD (n ≥ 12).

2.5. Overexpression of ZmLBD5 Improved Antioxidant Enzyme Activity and Blocked ROS
Accumulation in Arabidopsis

ROS are important molecular signaling and cytotoxic substances in plants’ response
to drought stress. The accumulation of H2O2 is important for stomatal closure [4,5,36].
Therefore, H2O2 and superoxide anions were investigated using DAB and NBT staining,
and H2O2 content was quantitatively measured by the potassium iodide method. The
accumulation of H2O2 and superoxide anions in the leaves of ZmLBD5-overexpressed
seedlings was significantly lower than that of the wild-type seedlings (Figure 7A,B,D).
Many antioxidant enzymes—such as POD, SOD, and catalase (CAT)—are associated with
ROS levels and the tolerance of plants to abiotic stress [3,37]. SOD activity was higher in
ZmLBD5-overexpressed seedlings than that of the wild-type seedlings under both normal
and drought conditions (Figure 7C). The activities of POD and CAT were not different
between the wild-type plants and the transgenic plants, except for OE3 (Figure 7E,F).
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Figure 7. Reactive oxygen species staining and physiological indices in ZmLBD5 transgenic Ara-
bidopsis: (A,D) NBT and DAB staining of leaves for H2O2 from ZmLBD5 transgenic seedlings and
wild-type plants under normal conditions and drought stress (3-week-old seedlings were subjected
to drought for 7 days). (B) H2O2 content in leaves from ZmLBD5 transgenic seedlings and wild-type
plants under normal conditions and drought stress (withholding water for 7 days). (C) SOD activity,
(E) POD activity, and (F) CAT activity in leaves from ZmLBD5 transgenic seedlings and wild-type
plants under normal and drought conditions (withholding water for 7 days). Significance was an-
alyzed by one-way ANOVA. * p < 0.05; ** p < 0.01; *** p < 0.001. All bars represent means ± SD
(n = 6).

2.6. ZmLBD5 Negatively Regulates Drought-Related Genes’ Expression in Transgenic Arabidopsis

From the above findings, ZmLBD5 is a negative regulator of plant in drought tolerance.
Therefore, we analyzed the expression of several widely reported drought-related genes
(PP2CA, RD17, RD26, DREB2A, RD29A, and RD29B) in ZmLBD5-overexpressed plants
and wild-type plants. Under normal conditions, the expression levels of these genes
were similar between the transgenic plants and the wild-type plants, except for PP2CA
(Figure 8). Under drought conditions, the expression levels of these tested genes were
remarkably increased in both the transgenic plants and the wild-type plants. However, the
expression levels were lower in the transgenic plants than those in the wild-type plants
(Figure 8), indicating that ZmLBD5 suppressed drought-related genes’ expression under
drought stress.
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Figure 8. Expression levels of drought-stress-related genes in ZmLBD5 transgenic Arabidopsis: Total
RNA was isolated from 15-day-old seedlings grown without (CK) or with 250 mM mannitol treatment
for 7 days. Transcript levels of PP2CA, RD17, RD26, DREB2A, RD29A, and RD29B in the transgenic
lines and wild type were determined by qPCR, using AtACTIN8 and AtUBQ10 as reference genes.
Fold change was calculated by 2−∆∆t. Significance was analyzed by one-way ANOVA. * p < 0.05;
** p < 0.01; *** p < 0.001. All bars represent means ± SD (n = 3).

3. Discussion

The LBD genes are plant-specific transcription factors. According to their GAS and
leucine zipper domains, LBD genes are divided into class-I and class-II members. With
the publication of genomic data on different species, the distribution, gene structure, and
expression pattern of the LBD gene family involved in plants’ development and stress
response have been displayed [14,15,38–40]. Most class-I LBD genes are involved in root
growth, leaf extension, pollen development, plant regeneration, photomorphogenesis,
pathogen response, and secondary cell wall development [10,33,35]. However, studies of
class-II members are scarce, and these are involved in anthocyanin synthesis, nitrogen
metabolism, root development, auxin response, and GA response [33,34,41,42]. In this
study, ZmLBD5 was reported to negatively regulate drought tolerance by decreasing ROS
levels and suppressing stomatal closure.

LBD proteins generally function by forming homodimers or heterodimers with them-
selves or other proteins [43]. In Arabidopsis, the dimerization of AtLBD16 and AtLBD18
is critical for lateral root formation [44]. AtLBD10 interacts with AtLBD27 to regulate
pollen development [11]. In maize, RTCS and RTCL form heterodimers to affect the initial
crown root generation [9]. The difference between class-I and class-II LBD proteins is in the
GAS and leucine zipper domains, which are proposed to be necessary for protein–protein
dimerization [10,35]. In this study, ZmLBD5, without the complete GAS and leucine zipper
domains, could form homodimers and heterodimers in the same way as class-I members,
implying that the GAS and leucine zipper domains may be not essential for dimerization.

Previous studies have shown that the functions of the class-I LBDs are mainly re-
lated to organ determination, including embryo, root, leaf, and inflorescence develop-
ment [13,45–47]. In Arabidopsis, AtASL4 is expressed at the boundary between the de-
veloping leaf primordia and the shoot-tip meristem to regulate leaf development [45].
AtAS2 (At LBD6) represses cell proliferation in the adaxial domain, and is critical for the
development of properly expanded leaves [46,47]. IG1, an LBD gene, affects the formation
of the leaf’s ligular region by inhibiting the expression of KNOX while also inhibiting the
development of female gametophytes in ig1 mutants, and limiting the number of male
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ear branches in maize [13]. In addition, the class-I member AtLBD15 promotes drought
tolerance by increasing stomatal closure and reducing the water loss rate [31]. OsLBD12-1
reduces SAM size by directly binding to the promoter region, and strongly represses the ex-
pression of AGO10 under salt conditions [32]. ZmLBD5, a class-II LBD gene, also regulates
organ development and response to drought stress in transgenic Arabidopsis, indicating
the functional overlap between class-I and class-II members. The function of ZmLBD5 is
similar to that of the class-I members of the LBD gene family, thereby portraying substantial
evidence for the study of class-II members in plant growth and the regulation of drought.

Drought stress brings about the production of ROS. The excessive accumulation of
ROS causes damage to plant cells; however, they also act as signaling molecules that
participate in the regulation of stomatal number and apertures. Therefore, ROS have been
widely reported to regulate drought tolerance in various studies [5–7,48]. Many studies
have shown that ABA stimulates the production of H2O2 through NADPH oxidase in
guard cells, and H2O2 is an important signaling molecule that activates calcium channels
in the plasma membrane, thereby mediating ABA-induced stomatal closure [36,49,50]. In
rice, H2O2 accumulated in guard cells in dst (drought- and salt-tolerant transcription factor)
mutants was able to promote stomatal closure, reduce water loss, and improve drought
and salt tolerance. DST also inhibited stomatal closure by directly regulating the expression
of the H2O2 homeostasis-related gene peroxidase 24 predictor [5,48]. In this study, the
activities of SOD and POD were remarkably higher, and the ROS level was significantly
lower in ZmLBD5-overexpressed Arabidopsis than that in the wild type. This indicates that
ZmLBD5 regulates the response of the seedlings to drought through the regulation of H2O2
signal molecules on the stomatal aperture—not the antioxidant pathway. Accordingly,
ZmLBD5 overexpression increased water loss rate by suppressing stomatal closure, and
resulted in the drought-sensitive phenotype.

4. Conclusions

In summary, this study demonstrated ZmLBD5 as a negative regulator of drought
tolerance. Overexpression of ZmLBD5 increased the stomatal aperture and water loss
rate by suppressing ROS accumulation. Furthermore, the enhancement of SOD and POD
activities in ZmLBD5-overexpressed Arabidopsis revealed the role of ZmLBD5 in drought
stress by regulating ROS levels. The study of ZmLBD5 promoted our understanding of the
function of the class-II LBD genes in maize.

5. Materials and Methods
5.1. Plant Materials and Growth Conditions

ZmLBD5 transgenic lines and wild-type (ecotype: Col-0) seeds were surface-sterilized
with 3% NaClO3 for 8 min, and washed five times with sterile water. The sterilized
Arabidopsis seeds were plated on half of the Murashige and Skoog (1/2 MS) medium and
stored at 4 ◦C for 72 h in darkness. Then, they were transferred into a growth incubator
(22 ◦C, 16 h light/8 h dark) for germination and growth. Seven days later, the seedlings
were transplanted into soil and grown in a greenhouse (22 ◦C, 16 h light/8 h dark). Tissues
were harvested from the seedlings for further study.

For drought stress and ABA treatment, two-leaf-stage seedlings were transferred to
Hoagland nutrient solution in a greenhouse with a 14 h light/10 h dark photoperiod at
28 ◦C, and grown to the three-leaf stage. Then, seedlings were subjected to polyethylene
glycol 6000 (PEG6000) (20% w/v) and ABA (10 µM). The roots were collected after 0, 1, 3,
6, 12, and 24 h of treatment. The harvested samples were frozen immediately in liquid
nitrogen and used for RNA isolation.

5.2. Sequence Analysis

The ZmLBD5 cDNA was obtained from MaizeGDB (https://www.maizegdb.org/) (ac-
cessed on 16 February 2022). Homologous sequences of ZmLBD5 were retrieved from the
Phytozome database (https://phytozome-next.jgi.doe.gov/) (accessed on 16 February 2022),
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and sequence alignment was performed using ClustalX. Plant CARE (http://bioinformatics.
psb.ugent.be/webtools/plantcare/html/) (accessed on 1 March 2022) was used to analyze
the promoter sequences of different abiotic-stress-related cis-elements.

5.3. Subcellular Localization

The full-length CDS of ZmLBD5 was inserted into the binary vector pCAMBIA2300-
eGFP to generate the pCAMBIA2300-ZmLBD5-eGFP vector. The constructed vector was
introduced into Arabidopsis and tobacco leaves using agrobacterium-mediated methods. In
addition, the plasmid was transformed into maize protoplasts via PEG-mediated methods.
GFP fluorescence was investigated using a laser confocal microscope (LSM800, Zeiss,
Germany). The primers used here are listed in Supplementary Table S1.

5.4. RNA Extraction and Quantitative RT-qPCR Analysis

Total RNA was extracted from Arabidopsis or maize (inbred line: B73) seedlings
according to the manufacturer’s protocol of the Plant Total RNA Isolation Kit (FOREGENE,
Re-05014), and treated with DNase I (Trans, GD201-01) at 37 ◦C for 30 min to eliminate
genomic DNA contamination. The PrimeScript RT reagent kit with a gDNA eraser (Takara,
RR047A) was used to synthesize first-strand cDNA as real-time PCR templates with gene-
specific primers. Furthermore, we performed qPCR amplification on a Bio-Rad CFX96
PCR instrument according to the SYBR Green Fast qPCR Mix Kit instructions (ABclonal,
RM21203). AtACTIN8 and AtUBQ10 were used as internal reference genes for Arabidopsis.
ZmeF1α and Zm18S were used as internal reference genes for maize. The mean values and
standard deviations were estimated using 2−∆∆CT from the data of three biological experi-
ments. All of the primers used in the experiments are listed in Supplementary Table S1.

5.5. Generation of Transgenic Plants and Phenotypic Analysis

The coding sequence of ZmLBD5 was cloned into the pCAMBIA2300-eGFP vector
to generate the 35S::ZmLBD5-eGFP vector. The product was introduced into the wild-
type Col-0 using the agrobacterium-mediated floral-dip method. Homozygous plants
were screened under 10 µg/mL neomycin (G418) conditions, and three high-expression
lines were used for further study. All of the primers used in the experiments are listed in
Supplementary Table S1.

Seeds were sterilized and sowed on 1/2 MS medium containing 0 mM, 200 mM,
250 mM, and 300 mM mannitol and grown in a greenhouse. Germination rates were
recorded every 12 h. Seeds were recorded as germinated when the radicles protruded from
the seed coat. After germination for 5 d, the greening rate of the seedlings was recorded.
Each sample contained three biological replicates. Statistical analysis was performed
with one-way ANOVA, and the mean value each transgenic line was compared with the
wild type.

Five-day-old seedlings vertically grew on 1/2 MS medium containing 0 mM, 200 mM,
250 mM, and 300 mM mannitol for one week. Primary root length was measured using
ImageJ software. Root lengths and surface areas were collected and analyzed using an
Epson 11,000 × l root scanner and WinRHIZO pro2013. All experiments were performed
in triplicate. Each biological replicate contained at least 12 seedlings.

Seven-day-old plants were transplanted into the soil under short-day conditions to
grow for three weeks. Subsequently, water was withheld for approximately 10 days, and
photographs were taken. After re-watering for 3 days, the survival rates were investigated.

5.6. Water Loss Measurement

To assay the water loss rate, 12 one-month-old seedlings of each sample were detached
on the laboratory bench and weighed at different time points. The experiment was repli-
cated three times. ANOVA was used to assess the differences between the wild-type and
transgenic plants.

171



Plants 2022, 11, 1382

5.7. Stomatal Density and Stomatal Aperture

The fourth expanded rosette leaves of Arabidopsis were detached on a laboratory
bench for one hour. Leaves were placed into the Carnot fixed solution (absolute ethanol:
glacial acetic acid = 3:1) for 24 h, followed by dehydration with 30%, 50%, 70%, 80%,
85%, 90%, 95%, and 100% alcohol for 30 min, dehydration with 100% alcohol again, and
placement into a transparent solution (trichloroacetaldehyde: water: glycerol = 8:3:1).
Stomatal apertures were observed under microscopes, and the ratio of the stomatal length
to width was recorded using ImageJ software. At least 30 stomata of each sample per
replicate were measured, and three replicates were performed.

5.8. ROS Measurements

Histochemical assays for reactive oxygen species (ROS) accumulation were performed
using DAB and NBT staining. The detached leaves of Arabidopsis seedlings were treated
with DAB staining solution (0.1 g/mL DAB, PH 3.8) through a vacuum pump for 30 min,
and placed in the dark at room temperature for 10 h, soaked in decolorizing solution (acetic
acid: glycerol: ethanol = 1:1:3) in 95 ◦C boiling water for 5 min, stored in 95% ethanol, and
observed under a stereomicroscope. Superoxide anion accumulation was detected using
NBT staining. The detached leaves of Arabidopsis were immediately immersed in 50 mM
phosphate buffer (pH 7.5) containing 0.1 g/mL NBT at room temperature for 8 h in the
dark. The decolorization method was similar to that of DAB staining. Each line contained
at least 10 different seedlings, and representative images are shown.

Quantitative measurement of H2O2 concentration was performed using the potassium
iodide method [51]. Briefly, 100 mg leaf samples were placed in liquid nitrogen and ground
into powder. Furthermore, 1 mL of precooled 0.1% trichloroacetic acid (TCA) solution was
immediately added and mixed with the samples. After centrifugation (10,000× g, 4 ◦C,
10 min), equal volumes of PBS buffer were added to the 500 µL supernatant, and then 1 mL
of 1 M potassium iodide solution was added, and the mixture was shaken with 150 rpm at
30 ◦C for 1 h. Absorbance was measured at 390 nm. In addition, 300 µmol/L H2O2 was
used to obtain a standard curve. Each experiment was performed in six replicates.

The activities of antioxidant enzymes (SOD, POD, and CAT) were measured following
the aforementioned protocols [52–54]. The units of the antioxidant enzyme activities were
defined as follows: a unit of SOD activity is the quantity of enzyme required to cause 50%
inhibition of the photochemical reduction of NBT per minute at 560 nm [54]; a unit of POD
activity is the amount of enzyme required to cause a 0.01 increase in the absorbance of
H2O2 per minute at 470 nm [52,53]; and a unit of CAT activity is the amount of enzyme
required to cause a 0.01 decrease in the absorbance per minute at 240 nm [53].
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Abstract: Mulberry is a valuable woody plant with significant economic importance. It can be
propagated through two main methods: cutting and grafting. Waterlogging can have a major
impact on mulberry growth and can significantly reduce production. In this study, we examined
gene expression patterns and photosynthetic responses in three waterlogged mulberry cultivars
propagated through cutting and grafting. Compared to the control group, waterlogging treatments
reduced levels of chlorophyll, soluble protein, soluble sugars, proline, and malondialdehyde (MDA).
Additionally, the treatments significantly decreased the activities of ascorbate peroxidase (APX),
peroxidase (POD), and catalase (CAT) in all three cultivars, except for superoxide dismutase (SOD).
Waterlogging treatments also affected the rate of photosynthesis (Pn), stomatal conductance (Gs),
and transpiration rate (Tr) in all three cultivars. However, no significant difference in physiological
response was observed between the cutting and grafting groups. Gene expression patterns in the
mulberry changed dramatically after waterlogging stress and varied between the two propagation
methods. A total of 10,394 genes showed significant changes in expression levels, with the number
of differentially expressed genes (DEGs) varying between comparison groups. GO and KEGG
analysis revealed important DEGs, including photosynthesis-related genes that were significantly
downregulated after waterlogging treatment. Notably, these genes were upregulated at day 10 in the
cutting group compared to the grafting group. In particular, genes involved in carbon fixation were
significantly upregulated in the cutting group. Finally, cutting propagation methods displayed better
recovery capacity from waterlogging stress than grafting. This study provides valuable information
for improving mulberry genetics in breeding programs.

Keywords: mulberry; waterlogging; photosynthesis; gene regulation

1. Introduction

Waterlogging stress is a major hindrance to plant growth and can result in signifi-
cant yield losses in many plants [1–3]. Waterlogging creates hypoxic conditions due to
the slow diffusion of molecular oxygen in water, leading to various morphological and
cellular acclimation responses [4,5]. Studies on hypoxia in crops have shown that it causes
rapid changes in gene expression and cellular metabolism [6,7]. While hypoxia affects
energy metabolism and root zone hypoxia is a key component of waterlogging stress, field
observations have also shown reduced growth rates, photosynthesis rates, and stomatal
conductivity in waterlogged plants [8]. It has been established that waterlogging stress is
more complex than mere altered energy metabolism in plants. In response to waterlogging
stress, plants exhibit both short-term and long-term adaptations. In the short-term, plants al-
ter their physiological processes by reducing stomatal conductance and net photosynthetic
rate [9]. In the long-term, plants regulate the expression of hundreds of relevant genes,
consequently modifying individual phenotypes and some morphological and anatomical
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features [10–12]. One adaptation strategy is to change structural arrangement of stem cells
and cell organelles [13,14]. The hypertrophy of lenticels and formation of aerenchyma
facilitate plant oxygenation and contribute to maintaining root aerobic respiration and
water uptake under waterlogging conditions [15]. Waterlogging-adapted species are char-
acterized by higher density of xylem vessels, larger size of vessels, and a greater number of
secondary meristem cells compared with waterlogging-sensitive species [14].

As photosynthesis is affected by waterlogging stress, which in turn affects plant pro-
duction, it is crucial to understand the physiological and genetic regulation of waterlogged
plants [16–19]. In plants, genetically regulated hormones such as ethylene, abscisic acid,
and gibberellic acid play important roles in responding to environmental stress [20,21]. The
transcriptional and physiological interplay in response to waterlogging stress may provide
key insights into plant waterlogging tolerance [22,23]. However, the level and degree of
tolerance may vary by species or abiotic pressures and requires further study. Investigating
regulatory pathways and interactions in crops such as wheat, rice, soybeans, and mulberry
will provide valuable resources for enhancing economically and agriculturally important
traits in waterlogged areas.

Mulberry (Morus spp.) is a perennial woody plant with significant economic impor-
tance. Its nutritious fruits are widely used in pharmaceutical and traditional Chinese
medicine [24,25]. Notably, over 60% of the total cost of cocoon production is spent on
mulberry production alone [26]. The primary goal of improving mulberry germplasm is to
develop new cultivars with high leaf yield, fruit quality, pest resistance, and tolerance to
various abiotic stresses such as drought, waterlogging, and salt. In agricultural practice,
grafting and cutting are two important propagation methods for mulberry [27,28]. How-
ever, little information is available on the waterlogging tolerance of mulberry propagated
through these methods. While physiological responses at the cellular level have been
studied in many crops [24,29], the physiological and genetic regulation of photosynthe-
sis in response to waterlogging stress in mulberry remains unclear, particularly across
different cultivars. In order to investigate the differences in waterlogging tolerance and
response mechanisms among different mulberry cultivars and between different propaga-
tion methods (grafting and cutting) under waterlogging stress, and to provide scientific
recommendations for mulberry breeding, we conducted this study. In this study, we exam-
ined the photosynthetic responses to waterlogging stress in three widely grown mulberry
fruit cultivars (AY, SG, and ZZ) from the Yangtze River basin and used RNA-seq to analyze
gene expression patterns under waterlogging stress. We also compared the waterlogging
stress tolerance of mulberry propagated through cutting and grafting methods to identify
the ideal propagation method for waterlogging tolerance. This study provides valuable
information for improving mulberry varieties in waterlogged areas.

2. Results
2.1. Comparisons of Osmotic Regulatory Substances between Cutting and Grafting Groups in
Three Cultivars

After waterlogging treatments, the levels of chlorophyll, soluble protein, soluble
sugars, proline, and MDA in the waterlogged groups were significantly lower than those
in the control groups in all three mulberry cultivars (Figure 1). Overall, levels of soluble
protein, soluble sugar, proline, and MDA gradually decreased over 20 days. Notably,
waterlogging stress reduced the levels of these osmotic regulatory substances. Levels
of osmotically-regulating substances also differed significantly between the cutting and
grafting groups in the ZZ and SG cultivars. In the AY cultivar, significant differences were
observed between the cutting and grafting groups for MDA, proline, and chlorophyll levels,
suggesting that different propagation methods may affect waterlogging stress tolerance
through regulation of osmotic substances. Similar trends were observed in the other
two cultivars.
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Figure 1. The contents of osmotic regulation substances in three cultivars between waterlogging and
control groups, including chlorophyll (A), MDA (B), proline (C), soluble protein (D), and soluble
sugar (E) in three mulberry cultivars (AY, SG and ZZ) between waterlogging and control groups. CC,
CT, GC, and GT in the legend indicate cut mulberry under control and waterlogging treatment, and
grafted mulberry under control and waterlogging treatment, respectively.

2.2. Dynamics of Enzyme Activities after Waterlogging Treatments

We found that waterlogging treatments significantly reduced APX, POD, and CAT
activities (Figure 2). Interestingly, SOD activities in the waterlogged treatment groups were
significantly higher than those in the control groups in all three cultivars. SOD activities
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also gradually increased within 20 days after waterlogging treatments. No significant
difference in enzyme activities was observed between the cutting and grafting groups in
any of the three mulberry cultivars. A smaller difference between propagation methods
was observed for the AY cultivar compared to the other two cultivars (SG and ZZ).
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Figure 2. The changes of enzyme activities in three cultivars after waterlogging treatments, including
APX (A), CAT (B), POD (C), and SOD (D) in three mulberry cultivars (AY, SG and ZZ) between
waterlogging and control groups. CC, CT, GC, and GT in the legend indicate cut mulberry un-
der control and waterlogging treatment, and grafted mulberry under control and waterlogging
treatment, respectively.

2.3. Dynamic Changes of Photosynthetic Characters in Three Mulberry Cultivars after
Waterlogging Treatment

The rates of photosynthesis (Pn) for the three mulberry cultivars from 6:00 a.m. to
6:00 p.m. are shown in Figure 3. In all three cultivars, the Pn values for the waterlogged
treatment groups were significantly lower than those for the control groups, indicating
that waterlogging stress can impair photosynthesis in mulberry (Figure 3A). In the control
groups for the AY cultivar, the grafted groups showed significantly higher Pn values
than the cutting groups, suggesting that the cutting method may cause physiological
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damage to this cultivar (Figure 3A). Exposure to waterlogging resulted in a decrease in
Pn, and no apparent peak was observed. No difference was observed between the cutting
and grafting methods in the waterlogged treatment groups. The dynamics of stomatal
conductance (Gs) showed that waterlogging treatment affected stomatal conductivity in all
three mulberry cultivars (Figure 3B). In the AY cultivar, the grafted groups showed higher
Gs values than the cutting groups, but a completely different trend was observed for the
ZZ cultivar (Figure 3B). Interestingly, waterlogging stress appeared to decrease intercellular
CO2 concentration (Ci) in the early stages, but no significant difference was observed after
10:00 a.m. (Figure 3C). The transpiration rate (Tr) curves for all three cultivars showed
that waterlogging produced a strong effect on leaf transpiration (Figure 3D). The grafting
and cutting methods also affected the transpiration rate in the AY and SG cultivars under
waterlogging stress, with grafted groups showing higher Tr values in these two cultivars.
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Figure 3. The dynamics of photosynthetic indexes, including Pn (A), Gs (B), Ci (C), and Tr (D) in
three mulberry cultivars (AY, SG and ZZ) between waterlogging and control groups. CC, CT, GC,
and GT in the legend indicate cut mulberry under control and waterlogging treatment, and grafted
mulberry under control and waterlogging treatment, respectively.

To further understand the dynamics of photosynthetic properties in the three mulberry
cultivars after waterlogging, we measured the indices of Pn, Gs, Ci, and Tr over 20 days
following waterlogging treatments. The curves for these indices are shown in Figure S1.
Overall, Pn gradually increased as the mulberry plants recovered from waterlogging stress,
although there was a slight decrease during the first three days. Waterlogging treatments
lowered Pn in all three cultivars, and no significant difference was observed between the
grafting and cutting groups (Figure S3A). Similar results were obtained for Gs and Tr
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(Figure S3B,D). Interestingly, the Ci curves showed that waterlogging stress produced only
a minor effect on Ci in mulberry and on the propagation methods (Figure S3C).

2.4. The Number of DEGs in Cut and Grafted Mulberry Responding to Waterlogging Stress

To understand the gene expression patterns and molecular basis of waterlogging
tolerance in mulberry propagated through cutting and grafting, we performed RNA-seq
on 36 samples from both propagation methods at 0-day recovery (D0), 3-day recovery
(D3), and 10-day recovery (D10) after waterlogging. After quality control of the raw reads,
a total of 233.37 Gb of clean reads were mapped to the reference genome with mapping
ratios ranging from 71.37% to 76.99%. The FPKM values of the genes were calculated, and
the pairwise Pearson correlation coefficients between the three biological replicates were
above 0.9 (Figure S2A). Principal component analysis (PCA) clearly showed clustering
patterns for the three biological replicates (Figure S2B), indicating high variability between
biological replicates. All samples were divided into two groups according to control and
waterlogging (Figure S2B).

To identify differentially expressed genes (DEGs) between waterlogged and control
groups and between cutting and grafting groups, we performed nine pairwise comparisons.
The total number of up- and down-regulated genes varied between comparisons (Figure S3).
For both cutting and grafting groups, the number of DEGs was over 4000 at D0, then quickly
decreased at D3 before increasing again at D10. The number of DEGs between cutting and
grafting groups at D0, D3, and D10 under waterlogging treatment was small and did not
change significantly (Figure 4 and Figure S3). At D0, D3, and D10, 202 common DEGs
were identified between grafted and cut mulberry after waterlogging stress (Figure 4A),
while in the control group, 741 and 280 common DEGs were identified after waterlogging
in grafted (Figure 4B) and cut (Figure 4C) mulberry, respectively. The largest number of
unique DEGs from cut and grafted mulberry was observed at D0 with 1103 and 594 DEGs,
respectively (Figure 4D). To understand the dynamic changes in mulberry, we performed
another eight pairwise comparisons and found that the number of DEGs varied between
D0 vs. D3 and D3 vs. D10 under the same conditions (Figures S3 and S4). A total of 108 and
83 common DEGs were identified in cut and grafted mulberry under waterlogging and
control conditions, respectively (Figure S4A,B). Under waterlogging stress, we identified
164 and 76 DEGs in cut and grafted mulberry, respectively, while under control conditions
only 42 and 31 DEGs were identified in cut and grafted mulberry, respectively (Figure S4C).
In total, we identified 10,394 common DEGs in all 17 pairwise comparisons. These results
indicate that waterlogging stress produces a major impact on mulberry growth and that
cutting, grafting, and waterlogging all continuously affect the genetic processes in mulberry.
Furthermore, cutting and grafting can enhance the waterlogging tolerance of mulberry.

2.5. Dynamics of Photosynthesis-Related Gene Expression in Mulberry with Waterlogging Stress

We performed GO enrichment analysis on the DEGs and found that several GO
terms, including thylakoid, photosynthesis, chloroplast, photosystem, photosynthetic mem-
brane, and chloroplast thylakoid, were significantly enriched in the pairwise comparisons
(Table S1). Several key metabolic pathways, including photosynthesis, carbon metabolism,
sesquiterpenoid and triterpenoid biosynthesis, carbon fixation in photosynthetic organ-
isms, and porphyrin and chlorophyll metabolism were also significantly enriched for the
DEGs (Table S1).

We selected DEGs identified between the waterlogged treatment and control groups
to clarify mulberry’s genetic response to waterlogging stress. Most DEGs were related to
energy metabolism, carbohydrate metabolism, and lipid metabolism (Figure 5A). Most
importantly, waterlogging stress directly or indirectly caused the downregulation of key
genes related to photosynthesis, such as photosystem II genes (PsbA, PsbB, PsbC, etc.),
photosystem I genes (PsaA, PsaB, PsaD, etc.), cytochrome b6/f complex genes (PetB, PetD,
PetA, PetC, etc.), and photosynthetic electron transport genes (PetE, PetF, PetJ). These DEGs
were detected at time points D0, D3, and D10 (Figure 5B). The gene expression patterns
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showed that most photosynthesis-related genes were downregulated after waterlogging
treatment, particularly at D0 (Figure 5C). As the plants recovered from waterlogging stress
at D3 and D10, some photosynthesis-related genes were expressed at levels similar to those
in the control groups (Figure 5D,E).
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2.6. Propagation Methods Affect Photosynthesis-Related Gene Expression Responding to
Waterlogging Stress

To focus on differences in gene regulation between grafted and cut groups, we selected
DEGs identified between these groups. According to KEGG pathway enrichment analysis,
several key pathways were identified at both D3 and D10 time points, including flavonoid
biosynthesis, circadian rhythm, and cutin, suberin, and wax biosynthesis. For example,
chalcone synthase genes (CHS1, CHS2, CHS3), HD3A, and HD3B showed higher expression
levels in the cutting groups. Additionally, genes enriched in the MAPK pathway (MPK3,
MPK14, MKK9, CML45) were upregulated in the cutting groups at the D3 time point
(Figure 6A). Interestingly, the photosynthetic pathway was enriched with DEGs at the D10
time point but not at the D3 time point (Figure 6B). All photosynthesis-related genes were
found to be upregulated in the cutting groups compared to the grafted groups, suggesting
that the cutting groups had better photosynthetic recovery ability after waterlogging
treatments. Similarly, genes associated with carbon fixation were also upregulated in the
cutting groups compared to the grafted groups.
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2.7. Validation of Photosynthesis-Related Genes Expression with qPCR Method

We selected ten photosynthesis-related genes from the DEGs for qPCR analysis. Com-
pared to the control, our result showed that all genes were down-regulated after the water-
logging stress except for FEDA, which was consistent with the RNA-seq data (Figure 7).
Lhca and Lhcb belong to light-harvesting chlorophyll a/b binding (LHC) superfamily,
which plays critical roles in photosynthesis [30]. The expression change of Lhcb gene
family normally influenced plant growth and development under abiotic stress [31]. The
down-regulation of AtLhcb4, AtLhcb5, and AtLhcb6 expression leads to the accumulation
of higher levels of superoxide and more severe oxidative stress, which further disrupts
photoprotection [32,33]. Overexpression of the tomato Lhcb2 gene in tobacco alleviated
photo-oxidation of PSII and enhanced tobacco tolerance to chilling stress [34]. We hy-
pothesize that down-regulation of these genes also may affect the photo-oxidation in
photosynthesis to alter waterlogging tolerance in mulberry. FEDA was a ferredoxin and
reduced expression of the FEDA gene in Arabidopsis leaves destroyed by redox-regulated
adaptations in the photosynthetic system [35]. FEDA was extremely up-regulated after wa-
terlogging recovery at D3 in our study (Figure 7). Therefore, we hypothesize that the FEDA
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gene may regulate the oxidative adaptation of the mulberry photosystem by increasing its
expression in response to waterlogging stress.
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3. Discussion

Waterlogging is an important water-related stress that can damage plants by rapidly
reducing the rate of photosynthesis and stomatal conductivity [36]. Photosynthesis is
highly sensitive to water stress, and limitations in photosynthetic carbon metabolism have
been analyzed in crops [37–39]. Photosynthetic cells are highly sensitive to oxidative stress
and have robust antioxidant systems to protect plants from oxidative damage [36]. At
the genetic level, the negative effects of waterlogging stress on leaves may result from
oxidative damage to important molecules due to an imbalance between the production of
activated oxygen and its metabolism in plants [40,41]. Previous studies have documented
the effects of water-related stress on various crops, including mulberry [28,42,43]. However,
the mechanisms by which waterlogging stress inhibits photosynthesis in mulberry have not
been extensively investigated. A better understanding of the mechanisms that allow plants
to adapt to waterlogging stress and maintain growth and productivity during periods
of waterlogging will ultimately aid in the selection of waterlogging-tolerant cultivars.
Efficient approaches to identifying waterlogging-resistant genotypes and understanding
the key periods during which plants can tolerate waterlogging has been a key goal for
plant researchers.

3.1. Dynamic Changes in Physiological Indices of Mulberry under Waterlogging Stress

Under waterlogging conditions, plants produce antioxidants, flavonoids, and sec-
ondary metabolites that play a role in protecting the plant by detoxifying reactive oxygen
species (ROS) and stabilizing proteins and amino acids. These compounds help the plant
to cope with abnormal conditions caused by waterlogging [44]. Superoxide dismutase
(SOD), peroxidase (POD), catalase (CAT), and ascorbate peroxidase (APX) are key enzymes
involved in the detoxification of reactive oxygen species (ROS) in plants. These enzymes
work together to remove toxic oxygen species and protect the plant from oxidative damage
under stress conditions. SOD catalyzes the conversion of superoxide radicals into hydrogen
peroxide and oxygen, while CAT, POD, and APX work to remove hydrogen peroxide by
converting it into water and oxygen. This coordinated action helps to maintain the redox
balance within the cell and prevent oxidative damage to cellular components such as lipids,
proteins, and nucleic acids. The activity of these enzymes can be modulated by various
factors, including changes in environmental conditions, developmental stages, and the
presence of other stressors. Understanding the regulation of these enzymes and their role
in plant stress responses can provide valuable insights into the mechanisms underlying
plant adaptation to changing environments.

In this study, we found that after waterlogging treatment in mulberry, the activities
of APX, CAT, and POD decreased, except for SOD. Additionally, chlorophyll content was
also reduced by waterlogging (Figure 2). Chlorophyll plays a crucial role in capturing
light energy and converting it into chemical energy through photosynthesis. As such,
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a reduction in chlorophyll content can directly lead to a decrease in the rate of photosyn-
thesis in plants [45]. Furthermore, waterlogging resulted in significant decreases in leaf
malondialdehyde, soluble protein, soluble sugars, and proline production in mulberry.
Additionally, there was a reduction in leaf photosynthetic rate, stomata conductance, and
transpiration rate. These results are largely consistent with previous studies [46,47] that
reported a reduction in leaf protective enzymes and photosynthetic rate when plants were
subjected to waterlogging stress. Notably, we found that unlike other protective enzymes,
SOD activities gradually increased after waterlogging treatment. This finding suggests
that SOD plays a crucial role in responding to active oxygen activities caused by water-
logging in mulberry. It is possible that the increase in SOD activity stimulates the cellular
protective mechanism to mitigate damage. Meanwhile, we found that the early reduction
in photosynthetic efficiency after waterlogging treatment in mulberry could last for 7 days
and recover after that time.

The observed decrease of the content of these enzymes may indicate an alteration in
the plant’s ability to cope with oxidative stress caused by waterlogging. Previous studies
have shown that waterlogging can lead to an increase in ROS production, due to changes
in cellular metabolism and energy production [48]. Under normal conditions, plants have
a range of antioxidant defense mechanisms to cope with ROS, including the enzymes
APX, POD, and CAT [49]. However, under stress conditions such as waterlogging, these
defense mechanisms may be overwhelmed, leading to oxidative damage and changes in
enzyme activity [50]. In addition to changes in ROS production and antioxidant defense
mechanisms, waterlogging can also affect other aspects of plant physiology. For example,
waterlogging can lead to changes in nutrient uptake and transport, as well as alterations in
hormone signaling and gene expression [51]. These changes can affect plant growth and
development, as well as their ability to cope with stress.

In conclusion, our results suggest that waterlogging can alter the antioxidant defense
mechanisms of mulberry trees, as indicated by the decrease in the content of APX, POD,
and CAT. Further studies are needed to elucidate the mechanisms underlying this response
and to determine its impact on plant growth and productivity.

3.2. Cutting Propagation Methods Displayed Better Recovery Capacity from Waterlogging Stress
than Grafting

Grafting and cutting are widely used methods of plant propagation and play a crucial
role in improving the yield and quality of crop trees and vegetables. Grafting can typically
alter several physiological and biochemical reactions between the rootstock and scion,
affecting the growth, development, and resilience of plants [52,53]. Previous studies
have reported that grafting improves photosynthetic capacity [54] and antioxidant system
activity of crops under salt stress [55].

However, in this study, we found that the mulberry grafting method showed no advan-
tage in reducing the inhibitory effect of waterlogging stress on photosynthesis compared to
the cutting method (Figure 3). Waterlogging stress occurs when the soil becomes saturated
with water, depriving the roots of oxygen and making it difficult for the plant to take up
nutrients. This condition can inhibit photosynthesis and reduce plant growth. It seems that
in this case, the cutting method was more effective in helping mulberry trees recover from
waterlogging stress.

At the genetic level, photosynthesis in the early phase after waterlogging treatment
showed no difference between grafting and cutting groups. However, after 10 days of
waterlogging treatment, photosynthesis-related genes were up-regulated in the cutting
groups (Figure 4). Photosynthesis, carbon metabolism, sesquiterpenoid and triterpenoid
biosynthesis, carbon fixation in photosynthetic organisms, and porphyrin and chlorophyll
metabolism were significantly enriched for the DEGs under waterlogging stress (Table S1).

Waterlogging stress directly or indirectly caused the downregulation of key genes re-
lated to photosynthesis, such as photosystem II genes (PsbA, PsbB, PsbC, etc.), photosystem
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I genes (PsaA, PsaB, PsaD, etc.), cytochrome b6/f complex genes (PetB, PetD, PetA, PetC,
etc.), and photosynthetic electron transport genes (PetE, PetF, PetJ) (Figure 5).

Interestingly, the cutting groups showed higher expression levels of chalcone syn-
thase genes (CHS1, CHS2, CHS3), HD3A, HD3B and the MAPK pathway (MPK3, MPK14,
MKK9, CML45) than the grafting group (Figure 6). Chalcone synthase (CHS) is a crucial
rate-limiting enzyme in the flavonoid biosynthetic pathway that plays an important role
in regulating plant growth, development, and abiotic stress tolerance [56]. The MAPK
pathway is also involved in stress responses in plants. It is a signaling pathway that can
be activated by various stimuli, including abiotic stresses such as drought, cold, and salt
stress. Activation of the MAPK pathway can lead to changes in gene expression that help
the plant cope with the stress. Abiotic stress can cause damage to plants at the cellular level
and disrupt their normal growth and development. In response to stress, plants activate
various defense mechanisms to protect themselves. One such mechanism is the production
of secondary metabolites such as flavonoids, which can help protect the plant against
stress-induced damage [57,58]. The increased expression of chalcone synthase genes under
stress may be part of this defense mechanism. The HD3A and HD3B genes are involved
in the regulation of flowering time in plants [59]. Abiotic stress can affect the timing of
flowering and disrupt the normal reproductive cycle of plants. The increased expression of
HD3A and HD3B genes under stress may be part of the plant’s response to ensure proper
flowering and reproduction despite the stressful conditions.

In addition to the fact that the expression of some key genes in the cutting group
was higher than the grafting group, we also found that cutting groups had better recov-
ery capacity from waterlogging stress than grafted mulberry. It should be noted that
the genetic trait of different rootstocks leading to varying waterlogging tolerance may
result in different recovery abilities of grafted mulberry trees in response to waterlogging
or other environmental stresses, and the more combinations should be investigated in
further studies.

4. Materials and Methods
4.1. Plants and Sample Preparation

The experiment was conducted at the Industrial Crops Institute of the Hubei Academy
of Agricultural Sciences. In this study, three representative mulberry fruit cultivars (AY,
SG, and ZZ) were selected for propagation by grafting and cutting. Grafting and cutting
trials were carried out in March 2019 using two-year-old healthy mulberry plants. Af-
ter grafting and cutting, the mulberry seedlings were planted in freshly prepared pots
(28 × 20 × 20 cm) containing well-dried, pulverized garden soil, decomposed sand, and
well-rotted manure in a ratio of 5:3:2. The seedlings were cared for consistently. The
experiment was carried out with 10 replicates per variety.

Waterlogging treatments were carried out in June 2019. Before the treatments, each
pot was placed in a 150 cm diameter trough. Waterlogging treatments were performed by
filling the outer tank with water up to 5 cm above the sand surface. The control groups
were watered normally. The waterlogging treatment was carried out with 10 repetitions.
Mulberry samples were collected in the morning after 0, 3, 7, 12, and 18 days.

4.2. Measurements of Osmotic Regulation Substances and Chlorophyll Content

To measure the dynamics of osmotically regulating substances in mulberry, we an-
alyzed the levels of soluble protein, sugar, proline, and malondialdehyde (MDA) in
mulberry leaves.

The soluble protein content was measured using the Coomassie brilliant blue method.
The amount of 0.1 mL of sample extract was taken into a test tube and 5 mL of G250
reagent was added. After mixing well for 2 min, distilled water was used as the blank, and
absorbance was measured at 595 nm. The absorbance value was recorded, and the protein
concentration was obtained through the standard curve. The soluble protein content (ng/g)
was further calculated.
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The soluble sugar content was measured using the anthrone colorimetric method. The
amount of 0.5 mL of extract was taken into a 10 mL test tube, with distilled water as the
control. Subsequently, 0.5 mL of distilled water and 5 mL of anthrone reagent were added
and mixed well. Absorbance was then measured at a wavelength of 620 nm. The optical
density value was recorded, and the corresponding sugar content (µg/g) was obtained
through the standard curve.

Proline content was measured using the sulfosalicylic acid method. Next, 2 mL of
supernatant was taken, and 2 mL of ice acetic acid plus 3 mL of coloring solution were
added. The mixture was boiled in a water bath for 40 min and cooled. The amount of
5 mL of toluene was then added to the solution, which was shaken well. After standing for
layering, the toluene layer of absorbance was measured at 520 nm, with toluene as the zero
adjustment to calculate the proline content (ng/g).

Malondialdehyde (MDA) content was measured using the thiobarbituric acid method.
The absorbance of the supernatant extract at 450 nm, 532 nm, and 600 nm was measured.
The MDA content in the tissue (nmol/g) was then calculated.

Chlorophyll content was measured using the acetone extraction method. Fresh mul-
berry leaves in the amount of 0.5 g were weighed and placed in a mortar. Some quartz
sand and 80% acetone were added and ground into a homogenate. The homogenate was
filtered into a volumetric flask. The mortar, glass rod, funnel, and filter paper were rinsed
with 80% acetone until all the chlorophyll was rinsed into the volumetric flask and finally
diluted to 10 mL. The mixture was mixed well, and the absorbance was measured at 645 nm
and 663 nm to calculate the chlorophyll content (ng/g).

4.3. Measurements of Enzyme Activities

Fresh leaves with three replicates were collected from the upper shoots to measure the
activities of four enzymes (SOD, CAT, POD, APX).

Superoxide dismutase (SOD) activity was measured using the nitroblue tetrazolium
(NBT) method. The amount of 0.1 mL of crude enzyme extract was taken for enzyme
activity measurement. Phosphate buffer solution replaced enzyme solution as the control,
with one light control and one dark control. Each reaction solution was added to a 10 mL
test tube to a final volume of 3.3 mL. The test tube and control test tube were placed under
a 4000 lx daylight lamp at a temperature of 25–35 ◦C for 20–30 min. The dark control
reacted for the same length of time in the dark. The reaction was immediately terminated
by covering the test tube after it was over. During measurement, the solution was diluted
appropriately, and the dark control was used as the blank. The absorbance value was
measured with a UV-visible spectrophotometer at a wavelength of 550 nm and recorded to
calculate SOD enzyme activity (U/g).

Catalase (CAT) activity was measured using the UV absorption method. Phosphate
buffer in the amount of 0.1 mL of 2% H2O2 and 2 mL was taken into a 1 cm quartz
cuvette, and 0.1 mL of crude enzyme extract was added. The mixture was mixed well at
room temperature and immediately measured for changes in optical density within 5 min
using a UV-visible spectrophotometer at a wavelength of 240 nm until the optical density
reduction per minute reached stability. CAT activity (U/g) was then calculated.

Peroxidase (POD) activity was measured using the guaiacol method [60]. Enzyme
activity was measured with 0.1 mL of crude enzyme extract. According to the reaction
system, 2.9 mL of 0.05 mol/L phosphate buffer solution, 0.5 mL of 2% H2O2, 0.1 mL
of 2% guaiacol solution, and 0.1 mL of enzyme solution were added respectively. The
mixture was mixed well at room temperature, and absorbance was measured at 420 nm
until the optical density reduction per minute reached stability. POD activity (U/g) was
then calculated.

Ascorbic acid peroxidase (APX) activity was measured using an Elisa kit. The ab-
sorbance was measured at a wavelength of 290 nm using an enzyme-linked immunosorbent
assay instrument. The plant ascorbic acid peroxidase activity (U/g) in the sample was
calculated through the standard curve.
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4.4. Measurements of Photosynthetic Characters

The net photosynthesis rate (Pn), stroma conductance (Gs), intercellular CO2 concen-
tration (Ci), and transpiration rate (Tr) of mulberry leaves were measured simultaneously
from 6:00 a.m. to 6:00 p.m. using a LI-6400XT portable photosynthetic analyzer manu-
factured by LI-COR (Lincoln, NE, USA). The measurements were carried out with three
repetitions. The diurnal fluctuations in photosynthesis were measured from 12 May to
13 May. Leaves were selected from three well-lit top shoots of mulberry trees. A leaf with
normal function was selected from each shoot. Measurements were taken once every 2 h
and repeated three times each time.

4.5. Statistical Analysis

Means and standard deviation of replicates were calculated using Microsoft (Redmond,
WA, USA) Office Excel 2010. Statistical analysis was performed using SPSS19.0 software
(SPSS, Inc., Chicago, IL, USA) with p-value < 0.05 as significant difference in this study.

4.6. RNA-Seq of Mulberry Leaves

After waterlogging treatment, mulberry leaves from two groups (cutting and grafting)
were collected at 0, 3, and 10 days, with corresponding controls set for each time point.
Total RNA was extracted using RNAiso (TaKaRa, Dalian, China). Three biological replicates
were performed for RNA-seq. The concentration and quality were checked with NanoDrop
2000 (Life Technology, Waltham, MA, USA) and Agilent 2100 Bioanalyzer System (Agilent,
Santa Clara, CA, USA). After quality control of the RNA samples, a total of 36 libraries
were constructed using the NEB library kit, according to the instructions. Sequencing was
performed using the BGI MGIseq 2000 system. The raw reads generated by the MGIseq
platform were filtered using fastp [61] with default parameters.

The HISAT2 was used to align the clean data to the mulberry reference genome [62],
then RSEM software was used to calculate gene expression levels based the alignment file.
Based on Fragments Per Kilobase of exon model per million mapped fragments (FPKM)
files, the R function cor and prcomp were used to perform Pairwise Pearson correlation
coefficient and principal component analysis (PCA), respectively. Gene expression patterns
were evaluated using the TCseq package (https://github.com/MengjunWu/TCseq, ac-
cessed on 10 December 2022). The differentially expressed genes (DEGs) were identified
using the DEseq2 program [63] with the criterion of |Fold Change| > 2 and FDR < 0.05.
The Venn Diagram and UpSetR R package were used to draw the Venn diagram for
these DEGs. Gene ontology (GO), and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis of DEGs were performed using OmicShare tools
(https://www.omicshare.com, accessed on 10 December 2022).

4.7. Validation of RNA-Seq Data

First strand cDNA was synthesized using PrimeScript RT reagent kit (TaKaRa, China).
RT-qPCR was performed with Light Cycler 480 (Roche, Basel, Switzerland) in 20 L with
SYBR Premix Ex Taq Kit (TakaRa, China). Reaction conditions were 95 for 3 min followed
by 40 cycles of 94 for 10 s, 55 for 10 s, and 72 for 30 s. Gene expression levels were calculated
relative to the expression levels of -actin and GADPH using the 2-Ct method. Primers were
designed using the NCBI primer design program. The sequences of the primers are shown
in Table S2.

5. Conclusions

In conclusion, our study revealed that the osmotically regulating substances and
enzyme activities in three cultivars showed little difference between the cutting and grafting
groups, with the exception of the AY cultivar which showed a clear difference from the
ZZ and SG cultivars. Our results also demonstrated that waterlogging can affect the
photosynthetic rate in mulberry, with a gradual increase in photosynthetic rate observed
as mulberry recovered from waterlogging stress over a 20-day period. At the genetic
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level, waterlogging stress was found to directly or indirectly cause the down-regulation
of key genes associated with photosynthesis, such as petC and petE. Interestingly, cutting
groups were found to have a better ability to recover from waterlogging stress than grafted
mulberries. These findings provide valuable insights into the underlying mechanisms of
dual-method mulberry propagation in responding to waterlogging stress and highlight the
potential for developing waterlogging-tolerant mulberry cultivars.

Our study contributes to the understanding of the physiological and genetic responses
of mulberry to waterlogging stress and provides a foundation for future research on
improving waterlogging tolerance in this economically important crop. The striking finding
that cutting groups can better recover from waterlogging stress than grafted mulberries
offers a promising avenue for further investigation and may have important implications
for mulberry cultivation in waterlogged areas.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants12112066/s1, Figure S1: Dynamics of the photosynthetic
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Pairwise Pearson correlation coefficient (A) and PCA analysis for 36 sample with FPKM (B); Figure
S4: Venn diagram and UpSet indicated the number of differentially expressed genes (DEGs) per
contrast; Table S2: The primer sequences used for RT-qPCR.
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Abstract: Grazing, as an important land use method in grassland, has a significant impact on the
morphological and physiological traits of plants. However, little is known about how the molecular
mechanism of plant responds to different grazing intensities. Here, we investigated the response
of Taraxacum mongolicum to light grazing and heavy grazing intensities in comparison with a non-
grazing control. Using de novo transcriptome assembly, T. mongolicum leaves were compared for
the expression of the different genes under different grazing intensities in natural grassland. In
total, 194,253 transcripts were de novo assembled and comprised in nine leaf tissues. Among them,
11,134 and 9058 genes were differentially expressed in light grazing and heavy grazing grassland
separately, with 5867 genes that were identified as co-expression genes in two grazing treatments.
The Nr, SwissProt, String, GO, KEGG, and COG analyses by BLASTx searches were performed to
determine and further understand the biological functions of those differentially expressed genes
(DEGs). Analysis of the expression patterns of 10 DEGs by quantitative real-time RT-PCR (qRT-PCR)
confirmed the accuracy of the RNA-Seq results. Based on a comparative transcriptome analysis, the
most significant transcriptomic changes that were observed under grazing intensity were related
to plant hormone and signal transduction pathways, carbohydrate and secondary metabolism, and
photosynthesis. In addition, heavy grazing resulted in a stronger transcriptomic response compared
with light grazing through increasing the of the secondary metabolism- and photosynthesis-related
genes. These changes in key pathways and related genes suggest that they may synergistically
respond to grazing to increase the resilience and stress tolerance of T. mongolicum. Our findings
provide important clues for improving grassland use and protection and understanding the molecular
mechanisms of plant response to grazing.

Keywords: transcriptional memory; grazing; T. mongolicum

1. Introduction

Grassland is a major part of the terrestrial ecosystem, covering 40% of the global land
area [1]. It plays an irreplaceable role in human living by regulating the climate, conserving soil
and water resources, maintaining biodiversity, and providing biological products [2,3]. The
quality of herbage decides the safe production and efficiency of animal husbandry through
growth rate, nutritional value, and yield [4,5]. However, herbage has to tolerate several
damages in nature, including adverse natural factors, inappropriate use, and human activities,
leading to the imbalance of the grassland ecosystem. In particular, herbage needs to tolerate
several biotic and abiotic stresses, such as salt [6], drought [7], wounding [8], and foraging [9],
because of the geographical distribution and growth characteristics. These factors seriously
threaten the survival, growth, production, and value of the grassland vegetation.
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In recent years, studies on the response of herbage to external stress (biotic or abiotic
stress) and extreme environments have gradually increased, and the point involves many
aspects, such as morphological, physiological, and molecular levels [10–12]. The research
with the emergence of genomic tools and high-throughput phenotyping technologies fo-
cuses on investigating the genetic and molecular mechanisms of phenotypic plasticity after
different kinds or degrees of stress [13,14]. Phenotype is an important reflection of plant
response to plant structure, function, and interactions with the environment, which is
influenced by individual traits and the diversity of environmental conditions [15]. Under
stress, plants usually exhibit a series of transcriptional responses. For example, a study
indicated that cold-stress was related to plant hormone and signal transduction pathways,
primary and secondary metabolism, photosynthesis, and members of transcription factors
in Magnolia wufengensis [16]. Meanwhile, another research identified the metabolic path-
ways, such as carbohydrate metabolism, photosynthesis, and lipid metabolism, for distinct
genotypes in chickpea response to drought and salinity [11]. Plants can acquire the ability to
adaptive environmental changes through learning processes, which can be defined as stress
memory [17]. Stress memory is influenced by stress times, stress degrees, and different
phenological periods of plants [18,19]. A common theme about plant response to a range
of biotic and abiotic stresses is the phenomenon of priming whereby previous exposure
makes a plant more resistant to future exposure [20]. After priming, plants display a faster
or stronger defense response through rapid change in the gene expression if the stress
recurs [21]. It also would be reserved for a period of time by the information storage and
signal expression in case the harming happens again [22]. The memory span may often
be in the range of days to weeks in the acclimated plants, and sometimes may extend to
the offspring [21]. The study that concentrated on clonal Leymus Chinensis response to
long-term overgrazing-induced memory showed that livestock grazing induces a trans-
generational effect on growth inhibition through altered gene expression of defense and
immune responses, pathogenic resistance, and cell development [23].

Grazing, which is a crucial environmental stress factor, influences plants by repeatedly
altering the essentially availability of resources for plant growth [24,25]. The growth
conditions, including soil nutrients [2], water [26], and light, are frequently changed
by the interaction of foraging, trampling, and fecal accumulation, which further affects
herbage growth time [9], productivity [5], palatability [27], and many other aspects. After
grazing, leaves were fed to animals with trampling, thus restricting normal growth, which
also decreases photosynthesis [28], but increases antioxidant capacity [29] and secondary
metabolites synthesis [30]. Long-time grazing plants also perform different resistance
strategies to avoid or reduce damage through morphological or biochemical changes, or
rapid regrowth/reproduction [31,32]. Meanwhile, herbage usually exhibits dwarfing [23],
adjusting the proportion of aboveground and underground [33], and some herbage have
low palatability after grazing [27]. The research about transcriptome-wide gene expression
plasticity conducted long-term different grazing intensities resulted in gene expression
plasticity in the recovery stage of Stipa grandis, affecting diverse biological processes and
metabolic pathways that were involved in the Calvin–Benson cycle and photorespiration
metabolic pathways [13]. Wang et al. researched alfalfa with different grazing tolerance
and showed that the DEGs were related to the ribosome and translation-related activities,
cell wall processes, and oxygen levels [30]. Although these studies show the transcription
process of herbage after grazing, the complex transcription changes that were decided in
species were unclear in stress memory during the recovery period of herbage. Therefore, to
better understand the transcription changes with different grazing intensities in nature, we
focus on the DEGs and metabolism pathways at grazing recovery periods under different
grazing conditions.

T. mongolicum, one of the main associated species in the alpine meadow, is an edible
medicinal herb that is primarily used as an anti-inflammatory, antibacterial, anti-allergy, and
antioxidant owing to its bioactive metabolites such as phenolic compounds, polysaccharides,
and flavonoids [34]. As a medicinal plant, it has been regarded as a potential substitute
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for traditional antibiotics in the raising dairy diet in recent years. Li et al. found the sup-
plementation impacts, the kind of ruminal microorganisms, and metabolites that rumen
fermentation was enhanced in cows [35]. Therefore, we chose it as the objective to study how
transcriptomes respond in natural grazing grassland. We set up three treatments, including
light-grazing, heavy-grazing, and non-grazing, and sequenced, assembled, and compared the
transcriptomes of T. mongolicum to identify gene expression dynamics and DEGs in different
grazing intensities. The present study will facilitate further functional genomics studies in
T. mongolicum and aid in the understanding of the molecular mechanisms that are behind the
long-term grazing response in plants and the associated morphological changes.

2. Materials and Methods
2.1. Plant materials and Treatments

The grazing experiment was performed at the Haibei Alpine Meadow Ecosystem
Research Station that is managed by the Northwest Institute of Plateau Biology, Chinese
Academy of Sciences. The station is located in the northeastern portion of the Qinghai–Tibet
Plateau, China (N37◦29′, E 101◦12′; 3220 m). This region has a typical continental climate
for plateaus, with a short, cool summer and a long, cold winter, and its annual average
temperature is −1.7 ◦C (the maximum and minimum temperatures are 9.9 ◦C in July and
−15.2 ◦C in January, respectively). The annual mean precipitation is 500 mm, and more
than 80% of precipitation occurs during the growing seasons (from May to September). The
vegetation in this region mainly consists of Kobresia humilis Sergiev., Elymus nutans Griseb.,
Poa pratensis L., Carex scabrirostris Kukenth., Gentiana straminea Maxim., and Potentilla nivea L.
The soil has been identified as alpine meadow soil [36].

There were two grazing treatments and fenced treatments that were launched in
2009. The grazing treatments, light-grazing (utilization 30%) and heavy-grazing (utilization
60%), were grazed by sheep for 2 days per month during the vegetation growing season
(June-September) every year. The three plots are adjacent to each other, and the terrain and
soil conditions are the same, and other influencing factors can be ignored. The vegetation
type of the plot is the same as that of natural grassland. In order to identify gene expression
responses of T. mongolicum in the recovery growth stage after grazing, we chose mid-August
for grazing, which was the period of maximum plant biomass in herbage. The new leaves
of T. mongolicum were randomly collected from three individual plants from 9:00 a.m. to
11:00 a.m. after two weeks of grazing at the beginning of September, and fresh leaves were
immediately frozen in liquid nitrogen and then stored at −80 °C. Meanwhile, we collected
three biological replicates in the fenced plot as the non-grazing sample.

2.2. RNA-Seq Library Preparation and ILLUMNA sequencing

A total of 0.1 g leaves were taken from each plant for total RNA extraction using Trizol
reagent (Invitrogen, Carlsbad, CA, USA). The quality and quantity were evaluated using
Nanodrop 2000 (NanoDrop, Wilmington, DE, USA), Agilent 2100 Bioanalyzer (Agilent
Technologies, Inc, Santa Clara, CA, USA). The RNA samples with a ratio of 260/280 nm
greater than 1.8 and RNA integrity number (RIN) > 7 were selected for subsequent process-
ing. The poly(A) mRNA was isolated using Oligo (dT) Beads. The mRNA fragmentation
and subsequent RNA-Seq library conversion were carried out using a TruseqTM RNA
sample prep Kit (Illumina, San Diego, CA, USA) in accordance with the manufacturer’s
instructions. There were nine cDNA libraries that were constructed and each cDNA library
was sequenced using the Illumina HiSeq 2000 platform (Shanghai Origingene Bio-pharm
Technology Co., Ltd., Shanghai, China).

2.3. Quality and De Novo Assembled

The total RNA was extracted from the fresh leaves from 3 treated groups with 3 biological
replicates, designated non-grazing (NG1, NG2, NG3), light grazing (LG1, LG2, LG3), and
heavy grazing (HG1, HG2 and HG3). Cutadapt (Version 1.16) was used to filter the raw
reads, including removing the reads containing adaptor sequences, “N” percentages that were
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greater than 5%, and low-quality reads (<20% low-quality nucleotides). FastQC (Version 0.11.4)
analysis was further performed to estimate the quality of raw reads (www.bioinformatics.
babraham.ac.uk/bugzilla/; accessed on 4 December 2019). Then, clean and high-quality reads
were do novo assembled into a transcriptome using Trinity software (Version 2.6.6) with three
steps (Inchworm, Chrysalis, and Butterfly) [37]. Finally, the results were evaluated by different
quality metrics including N50 length of the transcriptome assemblies, the total number of bps
in the assembly, and percent of GC.

2.4. Functional Annotation and Identification of DEGs

Functional annotation of all the unigenes was conducted by several approaches. First,
using the open reading frames (ORFs) process to predict all the assembled transcripts.
Then, functional annotation of the transcripts was performed using BLASTX between the
unigenes and various protein databases (E-value < 10−5) [38], such as the non-redundant
protein (NR) database (http://www.ncbi.nlm.nih.gov; accessed on 4 December 2019), the
Swiss-Prot protein database (http://www.expasy.ch/sprot; accessed on 4 December 2019),
the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database (http://www.
genome.jp/kegg/; accessed on 4 December 2019), and the Cluster of Orthologous Groups
(COG) database (http://www.ncbi.nlm.nih.gov/COG/; accessed on 4 December 2019).
The GO distribution for all the unigenes whose expression was significantly altered in the
T. mongolicum transcriptome were classified using the Blast2GO program [39].

The FPKM (fragments per kilo base of exon per million) method was used to determine
the expression levels of the unigenes. The DEGs between grazing and non-grazing groups
were identified using the edgeR package (FDR < 0.05 and |log2FC| ≥ 1) [40]. Correlation
analysis was carried out to assess the correlation between the replicates and treatments.
For the functional and pathway enrichment analysis, the DEGs were then mapped into GO
terms (p-value ≤ 0.05) and the KEGG database (p-value ≤ 0.05).

2.5. RNA-Seq Result Validation by qRT-PCR

A total 10 DEGs were selected to verify our RNA sequencing expression data by
qRT-PCR. The primer sequences are listed in Table S1. The Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) gene was used as an internal control to normalize the measured
gene expression levels. The total RNA was reverse transcribed into cDNA using the
HiScript 1st Strand cDNA Synthesis Kit (Takara, Nanjing, China). Real-time PCR was
performed in a real-time PCR platform (CFX96, Bio-Rad, USA) using the AceQ qPCR
SYBR Green Master Mix (Takara, Shanghai, China). The cycling conditions were as initial
denaturation at 95 ◦C for 5 min followed by 40 cycles of 95 ◦C for 10 s and 60 ◦C for 30 s.
For each qPCR analysis, three technical replicates were performed. The 2−∆∆CT method
was used to verify the relative quantity of 10 DEGs in the transcription profile.

2.6. Statistical Analysis

The tables in this study were performed using Excel 2020, and the graphs were drawn
by GraphPad Prism 8.

3. Results
3.1. Illumina Sequencing and Reads Assembly

The total raw reads of 377,827,065 from the grazing and non-grazing samples with
three biological replicates were obtained by pair-end RNA-Seq sequencing (Table 1). After
filtering, 99.8% of the raw reads were retained as clean reads for subsequent transcriptome
analysis. All the samples performed high quality results as reflected by all Q20 that were
larger than 96.0%. The GC content was approximately 46% in the nine samples. High
correlation coefficients were obtained for each treatment, indicating that the data were
reliable for further analysis (Figure 1).
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Table 1. Sequencing the T. mongolicum transcriptome in nine samples from plants that were
light grazing treated (LG−1, LG−2, LG−3), heavy grazing treated (HG−1, HG−2, HG−3), and
non−grazing−treated (NG−1, NG−2, NG−3).

Sample Raw Reads Clean Reads Clean Assembled Bases Q20 (%) GC (%)

LG−1 34,877,558 34,826,890 5,179,996,953 96.94 46.51
LG−2 37,462,782 37,404,946 5,562,407,266 96.81 46.48
LG−3 42,165,774 42,080,700 6,247,968,369 96.94 46.02
HG−1 50,461,110 50,385,728 7,483,079,145 97.13 48.55
HG−2 41,660,330 41,560,876 6,177,856,152 96.56 47.49
HG−3 44,534,628 44,395,988 6,593,904,050 96.9 48.35
NG−1 38,969,368 38,908,870 5,795,654,929 97.06 48.16
NG−2 39,309,852 39,241,864 5,835,824,125 96.91 46.58
NG−3 48,385,668 48,308,606 7,164,002,702 97.24 46.76

All−unigene 377,827,065 377,114,472 56,040,693,687 96.94 47.21
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light grazing; HG: heavy grazing.

A total of 194,253 transcripts were de novo assembled from all paired clean reads in
Trinity, with a contig N50 of 1341 bp and average length of 869.48 bp (Table 2). The size
distribution of the assembled transcripts showed that 91.52% (177,762) of sequence length
ranged from 201 to 2000 bp and the percentage of sequences that were >2000 bp was 8.48%
(16,476) (Figure 2). The total number of unigenes of 88,598 was generated. The N50 of
the unigenes was 1118 bp, and the average length was 659.36 bp (Table 2). There were
83,558 unigenes with 94.30% in total were <2000 bp in length (Figure 2).
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Table 2. Statistics of sequencing and assembly results.

Type Unigene Transcript

Total sequence number 88,598 194,253
Total sequence base 58,417,702 168,900,058
Largest length (bp) 10,562 10,562
Smallest length (bp) 201 186
Average length (bp) 659.36 869.48

N50 length (bp) 1118 1341
N90 length (bp) 259 371
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3.2. Annotation and Classification of T. mongolicum Unigenes

To identify the putative function of the T. mongolicum unigenes, six complementary
methods were utilized. The assembled unigenes were searched against the NCBI non-
redundant (Nr), SwissProt, String, GO, KEGG, and Pfam databases using the BLASTX
algorithm, with an E-value < 10−5. Among these unigenes, 24,825 exhibited significant
hits in the Nr database and 16,215 in the SwissProt database. In the other four databases
(String GO, KEGG and Pfam), 14,402, 16,039, 10,437, and 10,761 unigenes, respectively,
were successfully aligned to known proteins in the nine databases (Table 3). According
to the Nr database, the unigene sequences exhibited the most similar BLASTx matches to
gene sequences from Helianthus annuus (8297), followed by Cynara cardunculus var. scolymus
(6880) and Oryza sativa Japonica Group (1094) (Figure 3).

Table 3. Annotation statistics of T. mongolicum unigenes.

Type Unigene Transcript

Nr 24,825 69,093
SwissProt 16,215 43,153

String 14,402 35,730
GO 16,039 42,629

KEGG 10,437 28,358
Pfam 10,761 33,095

The functions of the T. mongolicum unigenes were classified via GO analysis. In total,
16,039 unigenes were successfully categorized into 67 functional groups, and these groups
were classified into the following three major GO categories using BLAST2GO (Figure 4,
only show the unigenes >1000): ‘biological processes’, ‘cell component’, and ‘molecular
function’. In the dominant subcategories of the ‘biological processes’ category, ‘cellular
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process’ (14,083), ‘metabolic process’ (12,536), ‘response to stimulus’ (9991), ‘biological
regulation’ (9255), ‘regulation of biological process’ (8546) were the top five groups. ‘Cell’
(14,991), ‘cell part’ (14,984), ‘organelle’ (13,261), ‘membrane’ (9399), ‘organelle part’ (9303)
were categorized in the ‘cell component’ category; ‘binding’ (11,972), ‘catalytic activity’
(9553), ‘transporter activity’ (1573), ‘transcription regulator activity’ (1324), and ‘structural
molecule activity’ (1170) in the ‘molecular function’ category.
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The functions of T. mongolicum unigenes were predicted and classified by searching the
COG database (Figure 5). Assuming that each protein in the COG database independently
evolved from an ancestral protein, we classified the 8168 unigenes based on String annota-
tion into 25 groups of COG classifications. Among these classifications, ‘General function
prediction only’ (873, 16.86%) accounted for the largest proportion, followed by ‘Translation,
ribosomal structure and biogenesis’ (833, 10.20%), ‘Signal transduction mechanisms’ (734,
8.99%), ‘Posttranslational modification, protein turnover, chaperones’ (721, 8.83%), and
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‘Carbohydrate transport and metabolism’ (666, 8.15%). However, few genes were clustered
as ‘Nuclear structure’ (10, 0.12%) or ‘Extracellular structures’ (1, 0.01%).
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To identify the active biological pathways in T. mongolicum, pathway annotations of the
unigenes were performed using the KEGG pathway tool. The KEGG annotated unigenes
(12,180) were distributed into five groups with 36 sub-categories (Figure 6). The main
groups that were found were ‘Metabolism’ (A, 7010), followed by ‘Genetic Information
Processing’ (B, 2501), ‘Environmental Information Processing’ (C, 1655), ‘Cellular Processes’
(D, 1498), and ‘Organismal Systems’ (E, 3246). In these five groups, the most abundant was
‘metabolism’ with 13 sub-groups. ‘Global and overview maps’ (2554) was the highest in
these sub-groups, followed by ‘Carbohydrate metabolism’ (987), ‘Energy metabolism’ (653),
‘Amino acid metabolism’ (596), and ‘Lipid metabolism’ (512). ‘Signal transduction’ (1576)
and ‘Translation’ (1262) were the largest class in ‘Environmental Information Processing’
and ‘Genetic Information Processing’.
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3.3. DEGs in Different Grazing Intensity

The DEGs were analyzed relative to non-grazing treatments. A total of 11,134 and
9058 DEGs (p-value≤ 0.05 and |log2 (fold change)| > 1) were identified and analyzed for the LG
and HG treatments in our results (Figure 7). In the two treatments, 5867 unigenes were identified
that were commonly with induced/repressed, 5266 and 3190 unigenes were induced/repressed
exclusively at light grazing intensity and at heavy grazing intensity, respectively.
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3.4. Pathways Enrichment Analysis of DEGs

Using the KEGG database, pathways displaying significant changes (p-value ≤ 0.05)
in response to grazing treatment were identified in the two treatments (Table 4). Com-
pared with non-grazing samples, 9 and 15 KEGG pathways were significantly enriched
in LG and HG treatments, respectively. The pathways, including ‘Plant–pathogen inter-
action’, ‘Glycolysis/Gluconeogenesis’, ‘Pentose phosphate pathway’, ‘MAPK signaling
pathway-plant’, ‘Starch and sucrose metabolism’, and ‘Circadian rhythm-plant’, were signif-
icantly enriched in both grazing treatments, suggesting that plant carbohydrate metabolism
and signaling transduction play significant roles in resistance to grazing stress in T. mon-
golicum. The ‘Vasopressin-regulated water reabsorption’ was only enriched in LG treatment;
‘Photosynthesis-antenna proteins’, ‘Calcium signaling pathway’, ‘Biosynthesis of secondary
metabolites’, ‘Carbon fixation in photosynthetic organisms’, and ‘Plant hormone signal
transduction’ were only significantly enriched in the HG treatment, meaning that the pro-
cess of resistance to grazing in T. mongolicum was complex. The pathway of ‘Biosynthesis
of secondary metabolites’ exhibited the most DEGs, suggesting that the HG treatment
resulted in more secondary metabolites compared with LG treatment in T. mongolicum.

Table 4. Significantly enriched gene pathways involving differentially expressed genes (DEGs)
following the grazing treatment.

ID Pathways Q-Value No. of Genes

LG vs. NG
ko04626 Plant–pathogen interaction 0.001 20
ko04962 Vasopressin-regulated water reabsorption 0.003 6
ko00010 Glycolysis/Gluconeogenesis 0.008 19
ko00030 Pentose phosphate pathway 0.010 11
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Table 4. Cont.

ID Pathways Q-Value No. of Genes

ko04016 MAPK signaling pathway-plant 0.019 23
ko03018 RNA degradation 0.022 21
ko00511 Other glycan degradation 0.033 6
ko00500 Starch and sucrose metabolism 0.034 16
ko04712 Circadian rhythm-plant 0.050 11

HG vs. NG
ko00196 Photosynthesis-antenna proteins 0.000 10
ko00500 Starch and sucrose metabolism 0.003 17
ko00010 Glycolysis/Gluconeogenesis 0.004 18
ko04016 MAPK signaling pathway-plant 0.008 22
ko04020 Calcium signaling pathway 0.017 7
ko04712 Circadian rhythm-plant 0.019 11
ko04626 Plant–pathogen interaction 0.021 16
ko00680 Methane metabolism 0.022 10
ko04922 Glucagon signaling pathway 0.022 10
ko01110 Biosynthesis of secondary metabolites 0.030 128
ko04391 Hippo signaling pathway-fly 0.041 5
ko04915 Estrogen signaling pathway 0.041 5
ko00030 Pentose phosphate pathway 0.042 9
ko00710 Carbon fixation in photosynthetic organisms 0.047 13
ko04075 Plant hormone signal transduction 0.051 18

3.5. Validation of Gene Expression Profiles by qRT-PCR

To confirm the accuracy and reproducibility of this RNA-Seq data, 10 DEGs were
chosen randomly for qRT-PCR with two grazing treatments, including seven up-regulated
genes and three down-regulated genes in the unigene dataset (Figure 8). All but one of the
10 genes in the two treatments had similar trends in expression patterns in the qRT-PCR
assays as in the RNA-Seq data, confirmed the reliability of our RNA-Seq data.
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3.6. Identification of Signal Transduction-Related Unigenes

According to KEGG enrichment analyses of the DEGs, signal transduction in plants
was evidently influenced by grazing stress. In the pathway of ‘MAPK signaling pathway-
plant’, we found four mitogen-activated protein kinase (MAPKs) genes were up-regulated
in two treatments, which play important roles in signal transduction that is induced
by abiotic stress. Meanwhile, we found more than 240 genes were predicted to encode
protein kinases with varying expression levels in plants under grazing-treatment conditions
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(Table S1). There are 110 genes that were common in the two treatments compared with NG.
A total of 32 genes and 28 genes were concluded in the group of serine/threonine-protein
kinases and receptor-like protein kinase (RLKs) with most being up-regulated, and 11 genes
belonging to RLKs in the group of serine/threonine-protein kinases. We also found two
wall-associated receptor kinases and two cysteine-rich receptor-like protein kinases in the
RLKs group. There are further three Ca2+-related protein kinases, seven ATP binding-
related kinases, and three pyruvate kinases in all the protein kinases.

Calcium, a metal ion, is a secondary messenger in plant cells and plays essential roles
in many signaling pathways. The calcium binding proteins of the EF-hand super-family
are associated with the regulation of all aspects of cell function. In our data, in total
42 genes were predicted to encode Ca2+-related proteins with most of the genes being
up-regulated compared with NG in different treatments (Table S1). We identified five
calcium-binding EF-hand proteins (CBL), five calcium-dependent protein kinases (CDPKs)
and their related proteins, and two sodium/calcium exchanger-related proteins in two
treatments. Meanwhile, we found three CBL-interacting protein kinases (CIPKs) were
unique in the LG treatments.

The DEGs that were related to reactive oxygen species (ROS) metabolism were found
in 39 genes in two treatments. It included peroxidase (POD), catalase (CAT), glutathione
S-transferase (GST), glutaredoxin, and thioredoxin, which play important roles in ROS
scavenging. A total of 16 co-expressing DEGs were found in two treatments with 13 up-
regulated, while 16 DEGs were only in the LG treatment with 12 up-regulated and 7 DEGs
were only in the HG treatment with 4 down-regulated, which means that the LG treatment
had more activated scavenging (Table S1).

3.7. Identification of Plant Hormone-Related Unigene

Plant hormones play a major role in plant growth and development and regulate various
metabolic processes. EREBP, the most downstream element in the ethylene signal transduction,
was from AP2/ERF transcription factor superfamily. We found 14 genes about EREBP in two
treatments with five genes down-regulated and nine genes that were up-regulated, while
interestingly four genes only in LG were all up-regulated and five genes were down-regulated
with five out of six in HG, exhibiting ethylene may express in different ways in the two
treatments (Table S2). Auxin closely interacts with ethylene, thus jointly regulating many
biological processes in plants. We found 30 genes in two treatments. There were 13 genes that
were discovered in two treatments with four genes that were down-regulated and nine genes
that were up-regulated. There were five SAUR and one IAA and one auxin response factor
(ARF) that were included in the 13 genes, which were important proteins in the regulatory
process of auxin. In addition, LG and HG treatments also included several genes that were
involved in auxin-related genes, and most of the genes were up-regulated, meaning that the
expression of auxin had increasing trends after grazing.

The genes, which are associated with the biosynthesis of the defense-type hormone
jasmonic acid (JA), were found in two treatments with 13 genes, including one lipoxygenase
(LOX), one 12-oxophytodienoate reductase, two allene oxide cyclase (AOC), eight Acyl-
CoA-related proteins, and one fatty acid desaturase (FAD), and generally interacted in
JA biosynthesis (Table S2). In these genes, the majority of these genes were up-regulated,
except the 12-oxophytodienoate reductase and three Acyl-CoA-related genes. We also
found three LOX and one allene oxide synthase (AOS) with high expression exclusively in
HG, which may mean that high intensity grazing had a significant effect on plant growth
and defense.

3.8. DEGs Involved in Metabolism and Biosynthesis

Based on the KEGG pathway enrichment analyses, many DEGs are associated with
metabolism and biosynthesis. We found that most of the enriched pathways were included
in carbohydrate metabolism. Compared with NG treatments, the crucial enriched pathways
in LG and HG were “Starch and sucrose metabolism”, “Pentose phosphate pathway”, and
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“Glycolysis/Gluconeogenesis” (Table S3). In the “Starch and sucrose metabolism” pathway,
we found a total of 16 co-expressing DEGs in LG and HG treatments with 13 up-regulated
genes, exhibiting a trend that converting to sucrose and other forms of sugar. We found a
starch synthase gene (TRINITY_DN17902_c0_g1) was decreased by 6.9-fold, while an alpha-
amylase gene (TRINITY_DN4625_c0_g1) was up-regulated compared with NG by 6.6-fold.
Meanwhile, genes that were involved in the monosaccharide conversion and hydrolysis
process were obviously up-regulated, meaning that glucose metabolism was activated
after two weeks of grazing. In the “Glycolysis/Gluconeogenesis” pathway, we found a
total of 20 co-expressing DEGs with 18 up-regulated genes. One pyruvate dehydrogenase,
3 pyruvate kinase, and 4 alcohol dehydrogenase had higher expression compared with NG,
which means the “Glycolysis/Gluconeogenesis” process in our results mainly carried out
the glycolysis process after grazing. Meanwhile, three phosphoglycerate-related proteins
were found, which also confirmed the occurrence of glycolysis in T. mongolicum. “Pentose
phosphate pathway” was found in 11 co-expressing genes that were up-regulated. One
transketolase gene, which plays an important catalytic role in pentose biosynthesis, had a
high expression compared with NG by 10.1-fold. One carbohydrate kinase and one glucose-
6-phosphate 1-dehydrogenase were also noted in this pathway which was up-regulated
by 7.4-fold and 6.1-fold, respectively. There were four fructose phosphate-related proteins
with up-regulated expression that were common in the “Pentose phosphate pathway” and
“Glycolysis/Gluconeogenesis” pathway. One phosphoglucomutase and one glucose-6-
phosphate isomerase, the principal enzymes of glucose metabolism were present in all
three pathways and were up-regulated 9.9-fold and 4.4-fold, respectively.

The “Biosynthesis of secondary metabolites” pathways were significantly enriched
in the HG treatment without LG treatment. High intensity grazing resulted in secondary-
related genes rapidly rising and total 188 genes that were found to be involved in a number
of pathways, which means that high intensity grazing may have an important effect on plant
resistance against outside stress (Table S3). The main concerned pathways of secondary
metabolism were phenylpropanoid biosynthesis. The phenylpropanoid-related protein,
including three phenylalanine ammonia-lyase, one 4-coumarate—CoA ligase, and three
polyphenol oxidase, which are key enzymes of phenylpropanoid pathways, had high ex-
pression compared with NG, were down-regulated. We also found several genes that were
involved in shikimate pathways, which are the precursor to synthesize phenylalanine. The
numbers of secondary metabolism-related proteins, including peroxidase, pyruvate kinase,
alcohol dehydrogenase, isopentenyl diphosphate isomerase, glyoxylate/hydroxypyruvate
reductase, and linoleate 13S-lipoxygenase, were also up-regulated with high expression.
The protein family of cytochrome P450 was found in a total of 42 genes with the most of
up-regulation, which not only acted on secondary metabolism but also played an important
role in multiple metabolic processes of the plant.

3.9. Identification of Photosynthesis Involved in the Response to Grazing Stress

Grazing caused a serious loss of plant leaves, which was bound to affect photosynthe-
sis. Depending on our results, we identified many DEGs that were related to photosynthesis
and chloroplast. KEGG analysis also showed the pathways of photosynthesis were en-
riched in the HG treatments, including “Photosynthesis-antenna proteins” and “Carbon
fixation in photosynthetic organisms”. The “Photosynthesis-antenna proteins” pathway
was the top enriched pathway in HG, which means the photosynthesis-related process had
an intense change in the HG treatments of T. mongolicum. We found a total of 24 DEGs
that were related to the photosynthesis pathway, including photosystem I (PSI), photosys-
tem II (PSII), ferredoxin, oxygen-evolving enhancer protein, and cytochrome b6-f protein.
There were also 10 genes jointly in LG and HG that were all up-regulated with high ex-
pression (Table S4). Interestingly, five out of six genes that were related to PSI and PSII
were down-regulated in the LG treatment, while the related genes in HG treatment had
an opposite trend and were up-regulated. A total of 22 genes that were involved in the
“Photosynthesis-antenna proteins” pathway were found in our result with 4 and 12 genes
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that were only classified in LG and HG, respectively (Figure 9). The main protein of this
pathway, chlorophyll A-B binding protein, had a similar tendency to be down-regulated
in LG compared with NG, while nearly all the proteins were up-regulated with high ex-
pression in the HG treatment, which may mean the different responses of plant resistance
to different grazing intensities. Most photosynthesis-related proteins and photosynthetic
pigment genes were up-regulated compared with NG, which may mean that T. mongolicum
significantly increased the capacity of photosynthesis to balance plant growth after two
weeks of grazing.
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Figure 9. The DEGs about photosynthesis pathway and photosynthesis-antenna proteins in two grazing
treatments. Blue blocks mean down-regulated genes in light grazing treatment vs. non-grazing treatment,
dark blue blocks represent down-regulated genes in heavy grazing treatment vs. non-grazing treatment,
dark red blocks indicate up-regulated genes in heavy grazing treatment vs non-grazing treatment, red
blocks mean up-regulated co-expression genes in light grazing treatment vs. non-grazing treatment and
heavy grazing treatment vs non-grazing treatment.

4. Discussion

The Qinghai-Tibet Plateau was famous for its special geographical location and highly
vulnerable climate. Over the last decades, most of the areas have been grazed by Tibetan
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sheep and yaks at different intensities. Grazing is the major factors affecting the ecosystem
through long-term changes including vegetation loss. Many studies were focused on the in-
fluence of vegetation through different grazing intensities [41,42], but, as the transcriptome
RNA-Seq analysis developed, some had concern about the RNA-level effects on vegetation
by grazing [23,43]. While, prior to this study, grazing was a complex stress for plants with
biotic and abiotic effects resulting in the mechanisms of grazing that are not clear yet, most
scholars have paid attention to the effect of stress with design and treatment in the lab
but not in herbage/plants in natural habitat. The research on wild conditions about how
grazing influences plant transcriptomes was lacking, so we chose T. mongolicum, a typical
species that is found in the grassland of the Tibet Plateau, as our research object, and using
transcriptomic RNA-Seq analysis, to probe the molecular mechanisms that were influ-
enced by different grazing intensity. This report obtained new insights into the molecular
mechanisms of the grazing stress response in T. mongolicum.

For all the samples from the treatment plants, more than 37 million high-quality reads
were obtained, which were de novo assembled into 88,598 unigenes with an N50 of 1118 bp
and the average length of the assembled unigenes was 659 bp, indicating that the assembly
was of high quality. Among the functional annotations, 24,825, 16,039, and 10,437 genes
were annotated with the NR GO, and KEGG databases, respectively. We found a total
of more than 14 thousand DEGs in LG and HG traits, but only 5867 genes existed in the
two treatments. Most of the genes were especially distributed in LG or HG traits, which
indicated the molecular mechanisms of T. mongolicum to respond to stress by grazing were
complex and discrepant.

4.1. Signal Mediate Responses under Different Grazing Intensities

Under stress, plants can trigger the expression of genes that are involved in multiple
signal transduction pathways and further activate downstream regulatory pathways that
are associated with physiological adaptation. Ca2+, as an important second messenger
in plants, which is changed by nearly all signals about developmental, hormonal, and
stresses [44,45], was activated in T. mongolicum in response to the leaf loss due to grazing.
In our results, we found several genes relating to Ca2+-related proteins. The expression of
the main proteins, such as calcium exchanger-related protein, calcium-binding EF-hand
proteins (CBLs), calcium-dependent protein kinases (CDPKs), and CBL-interacting protein
kinases (CIPKs), were all up-regulated after grazing. Both CBLs and CIPKs, as the key step
of Ca2+ signal transduction, belonged to the group of serine/threonine protein kinases,
that interact and regulate plant responses to various environmental stress [46,47]. After
being stimulated by biotic and abiotic stress, plants form specific Ca2+ signals in the cells
that directly binds to the EF-hand domain to change the conformation of CDPKs with
kinase active sites that are exposed and kinase activity is activated, which play a key role
in decoding Ca2+ signatures and transducing signals [44]. CDPKs also can interact with
different kinds of pathways to control plant growth and development, hormone signal
transduction, and adaptation to stress [45]. A previous study also found that CDPKs
and MARKs could interact to mediate signal transduction in wound-induced ethylene
production [48]. In our results, we found four MAPKs in two treatments that were enriched
to the “MAPK signaling pathway”. The MAPK signaling pathway is considered to act on a
variety of biological processes in plants, including the transcriptional activation of defense
genes, the synthesis of plant resistance-related hormones, and the outbreak of ROS that is
induced by pathogens and the thickening of cell walls [49,50].

Besides, we also found other kinds of protein kinases, more than 250, which may
play an important role in the perception of grazing in T. mongolicum. RLKs, one kind of
important plant protein kinase that is located in the cell membrane, could receive stimulus
signal and participated in intracellular signal transduction processes as the receptor of
signaling molecules [51]. In our result, we mainly found LRR-RLKs, wall-associated
receptor kinase, and cysteine-rich receptor-like protein kinase to participate in the signal
transduction to defend the effect of grazing. We also found several ATP binding-related

205



Plants 2022, 11, 2251

kinases, carbohydrate kinases, and pyruvate kinases, which may act on the energy transfer
and secondary metabolism process of T. mongolicum during adaption of grazing.

ROS are not only normal byproducts of plant cellular oxidative metabolism, but also
well-known secondary messengers in various cellular processes in plants. Studies have
found that ROS had a dual function in plants, and the transformation depends on its
concentration: it could participate in the regulation of plant growth and development and
response to adversity stress, as the important signal molecule, in low concentrations; it
could become a cell killer when the concentration exceeds the limit that the cell can with-
stand [52]. Genes encoding POD, GST, GPX, and PPO were identified with up-regulated
expression in our results, which means T. mongolicum activated the ROS system to defend
against damage after grazing.

4.2. Phytohormone Signals under Different Grazing Intensities

Plant hormones play key roles during stress through the interaction of multiple hor-
mones and coordination with various signal transduction pathways [53]. We found that
grazing mainly regulated three hormones, auxin, JAs, and ethylene, to adapt to the stress
and sustain growth in T. mongolicum. Ethylene plays a major role in plant growth and
development and response to biotic or abiotic stresses [54]. In our results, we found several
genes relating to EREBP and ERF. As one of the plant-specific transcription factors, the ERF
subfamily transcription factors are key regulators downstream of the ethylene-mediated
stress response signal pathway [8]. But interestingly, most of the genes that were only
involved ERF in HG were up-regulated, while in LG they were down-regulated, which
may mean different grazing intensities changed the ethylene expression level to adapt to
the environment. Ethylene could also interact with auxin to regulate plant growth and de-
velopment. Auxin affects plant development, coordinates leaf senescence, and participates
in multiple signaling pathways with other hormones [55]. The ARF is considered to be a
key protein that directly affects auxin downstream response genes. Studies have shown
that ARF19 is a positive auxin signal regulating factor, and its expression increases with leaf
senescence [56]. We found one ARF19 gene (TRINITY_DN12575_c0_g1) in two treatments
had up-regulated expression by 4.86-fold, which may mean that after grazing T. mongolicum
decreased senescence and increased leaf growth. We also found two IAA proteins and five
SAUR proteins with up-regulated transcripts, which jointly participated in the regulation
of synthesis and transport to affect the plant growth and signal transduction.

JA signal pathways were the other essential pathways in our results to defend against
stress. The response of jasmonic acid to plant defense is very rapid after being injured or
eaten by herbivores. It immediately activates the biosynthesis of jasmonic acid and initiates
downstream genes through signal transduction, such as inhibiting the digestion process
of the eaten leaves by producing defensive molecules [57,58]. We found several genes in
Acyl-CoA protein, FAD, AOC, and LOX, which were key enzymes in JA signal pathways.
Meanwhile, JAs also could regulate the secondary metabolic process and synthesize the
secondary metabolites to resist the harm that is caused by external pressure [59]. However,
more and more studies have shown that activating the JA pathway in plants can reduce
the activity of plant cell cycle proteins and block the cell cycle, thereby weakening the
cell division and elongation of plants, and slowing plant vegetative growth [60]. Some
studies have also shown that the resources that are available to the plant and its ecological
environment are limited, and growth and defense will consume these limited resources by
competing and promoting each other [61]. While the resources that are accumulated by
plant growth can be used for defense, and the resources that are recovered by the defense
can be used for plant growth [61]. Therefore, under natural conditions, in order to better
adjust to the external environment, plants must “balance” between growth and defense to
keep the two in a balanced state [28]. As the most typical hormone of growth and defense,
ethylene, auxin, and JAs showed different expression levels in our results after different
grazing treatments, which adjusted the T. mongolicum growth and defense to adapt to
external stress.
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4.3. Metabolism and Biosynthesis under Different Grazing Intensities

In the process of plant growth and metabolism, carbohydrates are not simply a product
of plant photosynthesis, but also a substrate for respiration, providing carbon framework
and energy for plant growth and development, and enhancing plant resistance to stress [62].
Carbohydrate metabolism is the center of the entire biological metabolism, connecting the
metabolism of proteins, lipids, nucleic acids, and secondary substances [63]. Especially,
when plants lose lots of leaves after grazing, which both source and sink of carbohydrates,
carbohydrate metabolism became a crucial process to maintain biological functions and
adapt to environmental stress. In our result, we found several pathways of carbohydrates
metabolism, including “Starch and sucrose metabolism” “Pentose phosphate pathway”,
and “Glycolysis/Gluconeogenesis”, were all enriched in LG and HG based on KEGG
analysis. In the “Starch and sucrose metabolism” process, we found carbohydrates tended
to convert to sucrose and other monosaccharides, increasing the content of soluble sugars
in T. mongolicum. Studies have shown that soluble sugars could increase plant stress resis-
tance and regeneration rate to regulate growth [64]. In the “Glycolysis/Gluconeogenesis”
pathways, we found several genes that were involved in glycolysis with up-regulated
expression, such as glyceraldehyde-3-phosphate dehydrogenase, pyruvate kinase, phos-
phoglycerate kinase, enolase, aldolase, and hexokinase, participating in the important
process of glycolysis. The pyruvate kinase and hexokinase were two of the three irre-
versible enzymes in the glycolysis process that significantly affect the direction of sugar
metabolism [65]. We also found several alcohol dehydrogenases were enriched in this path-
way which were up-regulated, which was the key enzymes of anaerobic respiration [66].
This means that T. mongolicum had an anaerobic process in sugar metabolism. Meanwhile,
alcohol dehydrogenase is also regulated by mechanical injury and disease resistance, and it
has an obvious connection with secondary metabolism in plant resistance [67,68]. In “Pen-
tose phosphate pathway”, all genes that are enriched in these pathways were up-regulated,
and few of genes were the same as “Glycolysis/Gluconeogenesis” and “Starch and sucrose
metabolism”. There were three pathways that interacted and regulated the carbohydrate
metabolism of T. mongolicum to adapt to external environment change.

The secondary metabolism plays a significant role in defense against external adversity
and increases defense ability after plant injury [69]. Facing feeding or injury of animals
and humans, plants increase the secondary metabolites by changing the physiological and
biochemical metabolic pathways, forming a large number of compounds such as terpenes,
phenols, and alkaloids, increasing their own chemical defense capabilities [70]. Meanwhile,
damage is also caused phenylalanine ammonia lyase (PAL), peroxidase, glucanase, ubiqui-
tin protease system, and transcription factor response [59]. In our results, we found several
genes in the phenylalanine metabolic pathway with significantly up-regulated expression.
The increased activity of PAL is conducive to the synthesis of lignin, flavonoids, and other
secondary metabolites, and it improves plant resistance in terms of disease resistance
and stress resistance [71]. Glucosinolates that were produced in the metabolic pathway
of phenylalanine are also markedly induced in mechanical damage and can resist the
destruction of herbivores [72]. Early studies also have found that the total phenol content
in the leaves of damaged plants has increased dramatically [71]. In our results, we found a
number of the genes of polyphenol oxidase in HG treatment, which may mean that heavy
grazing will result in high defense ability. Previous research has suggested that after the
wound-induced damage, plants could form a sterile wound skin to protect the underlying
tissue from drying out and resist the invasion of pathogens, and the cell wall matrix at the
wound site needs polyphenols and fatty compounds for nitrosation to make the wound
heal [73]. In total, T. mongolicum was increasing defense ability through phenylalanine
metabolism and increasing healing speed through polyphenols synthesis.

4.4. Photosynthesis under Different Grazing Intensities

Photosynthesis is the basic physiological process underlying plant growth and devel-
opment, but grazing can significantly affect this process. Previous research showed that
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after grazing, photosynthesis was inhibited for a few days, subsequently, it would increase
by compensatory photosynthesis [74]. Genes of porphyrin and chlorophyll metabolism,
participating in chlorophyll synthesis, were up-regulated in two treatments, implying that
the photosynthesis increased after two weeks of grazing. In our research, however, we
found the gene expression level that was related to photosynthesis was different. For in-
stance, the HG treatment had more significantly increased expression than the LG treatment
with almost all single genes being up-regulated in HG while down-regulated in LG. This
mainly includes the expression of genes that are involved in PSI, PSII, and light-harvesting
chlorophyll proteins. The efficiency of photosynthesis is closely connected with the activi-
ties of PSI and PSII, converting light energy to chemical energy via electron transport [75].
Light-harvesting chlorophyll protein is the main photoreceptor in the plant photosynthe-
sis process [76]. A total of 10 co-expressing genes in two treatments were up-regulated,
while eight genes in HG were up-regulated and six genes in LG were down-regulated,
which means that the photosystem functions were increased after two weeks of grazing
and the compensatory photosynthesis process was more activated in the HG treatment.
Furthermore, the photosynthesis process could adjust the generation of ROS, and thus
affect the efficiency of photosynthesis [77]. In our research, the scavenging oxidase was
up-regulated, which means that after two weeks of grazing, the plant photosynthesis
system recovered gradually.

5. Conclusions

After grazing, various metabolic and regulatory processes are altered to adapt to graz-
ing injuries, and these processes often do not disappear immediately but are accompanied
by a long stage of plant growth. In this study, we provide a comprehensive description of
the transcriptomic responses of plants under natural grazing conditions, and found the
genes that were related to the changes in signal and hormone transduction mechanism,
carbohydrate metabolism, and photosynthesis in plants after grazing for 2 weeks at max-
imum biomass. Based on the transcriptomic data, grazing may first stimulate induced
signal transduction, including Ca2+, phytohormone, and ROS signaling. All signaling
pathways act on protein kinases that can switch on numerous proteins. Then, several
metabolism pathways were activated to reduce the damage from leaf loss after grazing
through accelerating carbohydrate metabolism and increasing the synthesis of secondary
metabolites. The photosynthesis process was also significantly improved to accumulate
photosynthetic products and scavenge excess ROS. Meanwhile, the T. mongolicum had a
stronger response in the photosynthesis process and secondary metabolism, which may
mean a compensatory growth in high intensity grazing than light intensity grazing. The
proposed model may facilitate future studies on the molecular mechanisms underlying
grazing stress responses in plants.
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Abstract: Rice (Oryza sativa L.) and barley (Hordeum vulgare L.) are the cereal species differing in
tolerance to oxygen deficiency. To understand metabolic differences determining the sensitivity
to low oxygen, we germinated rice and barley seeds and studied changes in the levels of reactive
oxygen species (ROS) and reactive nitrogen species (RNS), activities of the enzymes involved in their
scavenging, and measured cell damage parameters. The results show that alcohol dehydrogenase
activity was higher in rice than in barley embryos providing efficient anaerobic fermentation. Nitric
oxide (NO) levels were also higher in rice embryos indicating higher NO turnover. Both fermentation
and NO turnover can explain higher ATP/ADP ratio values in rice embryos as compared to barley.
Rice embryos were characterized by higher activity of S-nitrosoglutathione reductase than in barley
and a higher level of free thiols in proteins. The activities of antioxidant enzymes (superoxide
dismutase, ascorbate peroxidase, monodehydroascorbate reductase, dehydroascorbate reductase) in
imbibed embryos were higher in rice than in barley, which corresponded to the reduced levels of
ROS, malonic dialdehyde and electrolyte leakage. The observed differences in metabolic changes in
embryos of the two cereal species differing in tolerance to hypoxia can partly explain the adaptation
of rice to low oxygen environments.

Keywords: Oryza sativa; Hordeum vulgare; hypoxia tolerance; nitric oxide; imbibition; reactive oxygen
species; ATP/ADP ratio

1. Introduction

Rice (Oryza sativa L.) and barley (Hordeum vulgare L.) are economically important
cereal crops. Apart from being the staple foods in many countries, rice and barley are
also ideal plant models for studying monocot seed germination because of the availability
of genomic resources with annotated reference genomes and well-studied physiological,
morphological and metabolic traits [1,2]. Rice is an anoxia/hypoxia tolerant species,
while barley is hypoxia/anoxia intolerant [3], which makes these species important for
elucidating the genetic, physiological and biochemical background of hypoxia tolerance.
Since the germinating seeds of all cereals and many other plants are highly hypoxic upon
imbibition and before radicle protrusion [4], we used rice and barley as contrasting plant
species to study the differences in their metabolism in order to explain the metabolic basis
of coping with hypoxia tolerance at the early stages of germination.

Seed germination is a vital stage in the plant life cycle, and it begins with seed
rehydration and imbibition [5]. In general, the germination process can be distinguished
by three major phases, which include rapid water uptake by a dry seed upon imbibition
(phase I), reactivation of metabolism (phase II), and radicle protrusion (phase III) [4]. The
second phase is the most critical stage where important physiological and biochemical
processes that initiate the germination process reactivate [6]. Due to imbibition, the cell
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wall enlarges, the seed coat becomes softened [7], and the water availability directs the
enzymatic hydrolysis of proteins, lipids and carbohydrates, and the transportation of
metabolites [8].

Seed germination and dormancy are under the control of both genetic and biochemical
processes [9]. Weakening of the endosperm during germination via by α-xylosidase
activity, biosynthesis of xyloglucan in the endosperm, arrangement of cutin coat in the
endosperm-testa interface play critical roles in determining dormancy and germination [9].
Some structures of the seed, such as seed coat (or testa), act as a physical barrier for gas
exchange [10]. Due to the resumption of respiratory activity following imbibition, the
oxygen content in the seed tissue is rapidly diminished (reviewed in [11]). Therefore,
the supply of the oxygen through the seed coat to the embryo becomes limited, which
generates the hypoxic environment in the seed [12]. Consequently, aerobic respiration in
the seed is suppressed and anaerobic respiration is developed to maintain the energy status
in cells [13]. Initiation of the fermentation process under hypoxic condition is considered
as an adaptive mechanism for ATP synthesis [14,15]. The increased ethanol fermentation in
seeds is linked with oxygen deprivation and is catalyzed primarily with the participation
of alcohol dehydrogenase (ADH) [14,16]. Consequently, the ATP level and energy charge
inside seeds remain high during early germination [17,18].

Moreover, the balance between reactive nitrogen species (RNS) that include nitric
oxide (NO) and reactive oxygen species (ROS), acting as the important signaling sub-
stances under stress, plays a crucial role in breaking dormancy of seeds and induction of
germination [19–23]. Imbibition induces the formation of ROS and RNS [21,24] and leads
to the changes in thiol redox-sensitive seed proteome [25,26]. Hypoxic environment within
the seed triggers the production of NO under the seed coat [27]. ROS are formed during
the restarting of metabolism by the increased oxidative processes leading to the activation
of electron transport, in particular at the levels of mitochondrial electron transport chain,
of the plasma membrane NADPH oxidase, xanthine oxidase and peroxidases as part of an
oxidative burst during rehydration [28]. Antioxidant systems and proteins that scavenge
reactive radicals and NO reduce oxidative stress damage in seeds to prevent loss of ger-
mination capacity [29,30] and these biochemical events are activated immediately upon
rehydration [31–35].

In this study, we evaluated metabolic differences that control the sensitivity to oxygen
deficiency in germinating rice and barley seeds. Changes in the levels of ROS and RNS, in
activities of the enzymes involved in their generation and scavenging were determined,
and parameters measuring cell damage such as malonic dialdehyde and electrolyte leakage
were assessed. The observed differences in metabolic responses in embryos of the cultivars
of two cereal species differing in tolerance to hypoxia are discussed in relation to the
development of mechanisms of metabolic adjustments to low oxygen conditions occurring
in germinating seeds.

2. Results
2.1. Germination Rates of Rice and Barley Seeds

Barley seeds started radicle protrusion at 15 h while in rice the protrusion of radicle
was delayed until 48 h of post-imbibition. Both species showed a similar germination
percentage at the end of five days after imbibition (barley 97%, rice 93%). However, the
rate of germination in rice at the initial stage was lower than in barley. After three days, a
similar germination percentage was reached in both species, and was comparable until the
end of five days of germination assay (Figure 1).

2.2. Alcohol Dehydrogenase Activity and the Level of Adenylates during Germination

Embryonic ATP content exhibited the initial fluctuation in both species (Figure 2A). In
barley, the peak of ATP level was observed at 9 h from the start of imbibition while in rice
at 15 h. The following decline was sharp in barley and smoother in rice. Further increase of
ATP content by 48 h was pronounced in barley but was not observed in rice (Figure 2A).
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The ATP/ADP ratio generally followed a similar pattern to the ATP content in rice,
but in barley seed embryos it gradually declined upon imbibition and then stabilized. In
rice embryos, the ATP/ADP ratio increased from the values of ~0.2 lower than in barley at
3 h peaking at ~0.25 higher than in barley at 15 h, and then slightly decreased (Figure 2B).

ADH activity in the embryos was significantly higher in rice than barley. In rice,
it markedly increased at 9 h after imbibition followed by a drop at 15 h, after which it
continued to increase significantly. On the contrary, ADH activity in barley remained
constant for 15 h and then increased by 24 h (Figure 2C).

2.3. Nitric Oxide, Free Thiols, S-Nitrosoglutathione Reductase and S-Nitrosylation

NO content in embryos during germination remained higher in rice than in barley
throughout the whole time of observation, the difference was not significant only at 15 h.
It decreased until 15 h of imbibition in rice and until 9 h in barley, and then continuously
increased (Figure 3A).

Plants 2021, 10, x FOR PEER REVIEW 5 of 14 
 

 

 
Figure 3. Levels of NO (A), free thiols (R-SH) (B), S-nitrosylation (RSNO) (C) and S-nitrosoglutathione (GSNOR) activity 
(D) in barley and rice embryos following imbibition. Vertical bars represent standard deviations (n = 3). Different letters 
indicate significant differences between the two species and the time points at p < 0.05, (one-way ANOVA test, Tukey 
comparison). 

2.4. Reactive Oxygen Species, Lipid Peroxidation and Electrolyte Leakage in Rice and Barley 
Seeds 

The level of hydrogen peroxide (H2O2) in embryo was significantly higher in barley 
than in rice during all periods of observation, except the 15 h point. In barley, apart from 
the steep decrease from 9 to 15 h corresponding to the time before radicle protrusion, the 
level remained constant and exceeded H2O2 level in rice by 2–4 times. Rice embryo 
showed a generally stable H2O2 level until 24 h, followed by the increase to 48 h (Figure 
4A). 

Embryonic superoxide anion content in rice was slightly higher than in barley at 9 h 
after imbibition, then decreased by 15 h and did not change significantly in the subsequent 
hours. In barley, superoxide levels increased by 15 h peaking at 24 h at the levels threefold 
higher than at the beginning of imbibition, followed by further decline to 48 h (Figure 4B). 

Malondialdehyde (MDA) levels in the embryos remained significantly (2–3 times) 
higher in barley than in rice after imbibition being the highest at 3 and 9 h of imbibition 
(before radicle protrusion). MDA levels in rice did not exhibit significant changes over the 
whole period (Figure 4C). 

Electrolyte leakage of germinating barley seeds was also significantly higher in bar-
ley than in rice during almost all period of observation (except the 15 h point). The levels 
slightly declined in barley until 15 h and then slightly increased to 48 h. In rice seeds, the 
changes in the level of electrolyte leakage were statistically insignificant over the germi-
nation period tested except the initial slight increase (Figure 4D). 

Figure 3. Levels of NO (A), free thiols (R-SH) (B), S-nitrosylation (RSNO) (C) and S-nitrosoglutathione (GSNOR) activity
(D) in barley and rice embryos following imbibition. Vertical bars represent standard deviations (n = 3). Different
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Free thiol (RSH) content of embryos was essentially higher in rice embryos than in
barley embryos. In rice, the content of thiols exhibited an increase at 9 h after imbibition
followed by a decrease at 15 h and further increase to 24 h. In barley, only a slight increase
was observed from 15 to 24 h. Between 24 to 48 h of imbibition, the measured R-SH content
remained stable in barley and slightly increased in rice (Figure 3B).

The content of S-nitrosylated (RSNO) groups exhibited significant fluctuations over
time points in both species. It increased sharply in rice and more moderately in barley
at 9 h, and then decreased by 15 h of imbibition. A further increase was observed at one
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day of imbibition, after which RSNO level remained stable in rice and decreased in barley
(Figure 3C).

S-nitrosoglutathione reductase (GSNOR) activity of seed embryo was higher in rice
than in barley in the first 9 h and by 48 h after imbibition. The activity level was stable in
barley during the entire period of observation, while in rice it decreased by 15 h and then
increased sharply from 24 to 48 h (Figure 3D).

2.4. Reactive Oxygen Species, Lipid Peroxidation and Electrolyte Leakage in Rice and Barley Seeds

The level of hydrogen peroxide (H2O2) in embryo was significantly higher in barley
than in rice during all periods of observation, except the 15 h point. In barley, apart from
the steep decrease from 9 to 15 h corresponding to the time before radicle protrusion, the
level remained constant and exceeded H2O2 level in rice by 2–4 times. Rice embryo showed
a generally stable H2O2 level until 24 h, followed by the increase to 48 h (Figure 4A).
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test, Tukey comparison).

Embryonic superoxide anion content in rice was slightly higher than in barley at 9 h
after imbibition, then decreased by 15 h and did not change significantly in the subsequent
hours. In barley, superoxide levels increased by 15 h peaking at 24 h at the levels threefold
higher than at the beginning of imbibition, followed by further decline to 48 h (Figure 4B).

Malondialdehyde (MDA) levels in the embryos remained significantly (2–3 times)
higher in barley than in rice after imbibition being the highest at 3 and 9 h of imbibition
(before radicle protrusion). MDA levels in rice did not exhibit significant changes over the
whole period (Figure 4C).

Electrolyte leakage of germinating barley seeds was also significantly higher in barley
than in rice during almost all period of observation (except the 15 h point). The levels
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slightly declined in barley until 15 h and then slightly increased to 48 h. In rice seeds,
the changes in the level of electrolyte leakage were statistically insignificant over the
germination period tested except the initial slight increase (Figure 4D).

2.5. Antioxidant Enzyme Activities in Rice and Barley Seeds

All studied antioxidant enzymes except catalase exhibited higher activity in rice than
in barley (Figure 5). SOD activity increased sharply in rice embryo during germination
reaching 5–10 times higher values than in barley where it changed only slightly with the
two-fold increase by 24 h (after radicle protrusion) (Figure 5A). Catalase activity strongly
increased in barley embryos at the onset of germination, while in rice embryos it was
always lower and increased only at 24 h of imbibition (Figure 5B).
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seed coat [8]. Germination of cereals is controlled by complex signalling networks includ-
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Figure 5. Embryonic antioxidant enzyme activities of barley and rice seeds following imbibition: superoxide dismutase
(SOD) (A), catalase (CAT) (B), ascorbate peroxidase (APX) (C), dehydroascorbate reductase (DHAR) (D), monodehy-
droascorbate reductase (MDHAR) (E). Vertical bars represent standard deviations (n = 3). Different letters indicate
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APX, MDHAR and DHAR activities were consistently higher in rice than in barley
exhibiting an increase at 9 h and decrease at 15 h. In barley embryos, they were lower with
a smooth increase of APX and DHAR by 24 h (upon radicle protrusion) and the earlier
continuous increase of MDHAR (Figure 5C–E).

3. Discussion
3.1. Seed Germination Phases and Hypoxic Conditions under Seed Coat

Seed imbibition triggers many biochemical and cellular processes associated with
germination [6,36]. As water is taken up by the dry seed, it triggers the transition of seed
to germination which completes with the emergence of embryonic radicle tissues from the
seed coat [8]. Germination of cereals is controlled by complex signalling networks including
both internal and external cues [23]. Phytohormones such as ABA and GA act as the hubs
that connect internal and external signals, controlling germination antagonistically, whereas
other phytohormones, carbohydrates, ROS, NO, microRNAs, light, and temperature also
affect germination at the transcriptional, translational, and post-translational levels [23].
Bewley [4] observed radicle protrusion in rice at 50 h of imbibition and Ma et al. [35]
observed radicle protrusion in barley at 12–15 h of imbibition. Our results demonstrate that
barley seeds started radicle protrusion at 15 h of imbibition, while in rice it only happened
between 24 and 48 h after onset of imbibition (Figure 1).

According to Gruwel et al. [37], barley seeds hydrate rapidly during very early im-
bibition and the absorbed water is mainly confined to the embryo tissue. A triphasic
model was introduced to reflect the increase of total water content during germination [4].
During the first 20 h of imbibition (Phase I), rice seeds increased in weight rapidly without
significant morphological changes [4]. Phase II showed a stable plateau until 50 h where
the coleoptiles elongated [4]. Another rapid water uptake stage and radicle protrusion
were shown to take place in Phase III [38].

While Phase I is characterized by the dramatic increase in respiration rates in seeds,
the internal oxygen concentration due to the low permeability of seed coat is rapidly
depleted [4,11]. The seed becomes hypoxic at Phase II for a prolonged period of time in
rice, while in barley this phase is significantly shorter. A longer duration of the hypoxic
phase in rice means the persistence of efficient anaerobic metabolism in this plant, while
in barley, lower resistance to oxygen deficiency requires a fast completion of this phase
and accelerated transition to Phase III initiated by radicle protrusion. From this point
of view, the comparison of metabolism in rice and barley during seed germination can
reveal essential metabolic differences at this stage related to hypoxia sensitivity in plants.
Below we discuss these differences in relation to fermentation, nitric oxide metabolism,
production and scavenging of ROS and RNS in the overall context of energy metabolism of
the germinating seeds.

3.2. Respiration and Energy Availability in the Embryos of Imbibed Seeds

Due to a rapid depletion of oxygen in seed tissues upon imbibition, oxidative res-
piration becomes limited, resulting in the depleted energy status of early germinating
seeds [39–41]. According to He et al. [42], aerobic respiration in rice seeds is quite low
during the first 48 h of imbibition due to the lack of functional mitochondria. However,
seed ATP levels and energy charge remain elevated because of the glycolytic fermentation
and/or other adaptive and alternative mechanisms for energy generation [17,18,43]. Anaer-
obic respiration pathways, such as fermentation, might be the main source of energy at the
early stage of germination of rice seeds [38,44]. Fermentation in terms of ADH activity was
higher in rice than in barley and it increased continuously in the first nine hours and then
from 15 h towards 48 h when all rice seeds become germinated (Figure 2C). This indicates
more efficient anaerobic metabolism in rice than in barley and explains the observed fact
that the germination of rice seeds can take more time, during which oxygen becomes
almost fully depleted. During this time (starting from 15 h), rice seeds can maintain higher
ATP/ADP ratio than barley seeds despite of the delayed radicle protrusion. At 24 h of
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imbibition, when most barley seeds are germinated and rice seeds are not, the ATP/ADP
ratio remains higher in rice. In addition to the glycolytic fermentation, alternative path-
ways such as the phytoglobin-NO cycle, can contribute to the maintenance of high energy
state under the conditions of hypoxia [45]. Further, phytoglobin (Pgb1) gene expression
is essential to maintain redox and energy balance before radicle protrusion, when seeds
experience low internal oxygen concentration [46].

3.3. Nitric Oxide and ROS Scavengers in Embryo of Imbibed Seeds

Seeds produce ROS such as H2O2, O2
−, and hydroxyl radicals, and RNS, such as NO,

during imbibition [21,24,47–49]. ATP production under the conditions of oxygen deficiency
can be associated not only with the glycolytic fermentation but also with the phytoglobin-
NO cycle [50]. NO is scavenged by class 1 phytoglobin that is expressed within 2 h after
imbibition of seeds [17,45,51–53]. Our results revealed that the NO level was higher in rice
than in barley embryo (Figure 3A), suggesting that the phytoglobin-NO cycle could be
more active in rice, and a higher ATP/ADP ratio in rice than in barley at 15–24 h might be
related to the activity of this cycle. For rice, it has been shown that the phytoglobin-NO
cycle and the mitochondrial alternative oxidase play a vital role in anaerobic germination
and growth of deep-water rice [54]. A sharper decrease of RSNO (which mostly refers to
S-nitrosoglutathione) in rice than in barley (Figure 3C) after 9 h may be associated with
the direction of NO towards nitrate formation in the phytoglobin-NO cycle instead of
S-nitrosylation of glutathione and proteins. S-nitrosoglutathione is scavenged by GSNOR,
which is the class III alcohol dehydrogenase having also the activity of formaldehyde
dehydrogenase [55]. From the obtained values of RSNO levels, it can be concluded that
a part of the produced NO goes to S-nitrosylation, and this process decreases in barley
after radicle protrusion, while in rice seeds that protrude radicles later, S-nitrosylation
remains stable at 24–48 h due to the increased GSNOR activity (Figure 3D). More efficient
NO scavenging in rice may explain the observation that free SH groups are present at a
higher level than in barley (Figure 3B).

3.4. Reactive Oxygen Species and Antioxidant System in Seed Embryo during Germination

Imbibition processes that induce ROS formation (mostly H2O2) facilitate dormancy
decay and promote germination [56,57]. The balance between ROS-producing and ROS-
scavenging systems plays a key role in seed germination and dormancy alleviation [21].
The ability of seeds to germinate is linked with the accumulation of a critical level of
H2O2 [26]. Our results show higher H2O2 levels in barley seed embryo than in rice
(equaling only at 15 h) and higher superoxide levels at 15–24 h, which correlates to the
earlier onset of germination in barley seeds (Figure 4A,B). A lower NO level in barley
embryo may be associated with the involvement of ROS in NO scavenging [22]. Higher
ROS levels in barley embryos can also explain the increased values of cell damages in
terms of lipid peroxidation and electrolyte leakages (Figure 4C,D). ROS are scavenged
by the efficient antioxidant systems [29,30,33], which are activated immediately upon
rehydration [31,32]. Lower ROS levels in rice embryos can be explained by higher activities
of most antioxidant enzymes (except catalase) (Figure 5). Our results demonstrate that in
rice embryos, APX, having higher affinity to H2O2 [58], is more involved in its scavenging
than catalase as compared to barley. While in our study generally lower ROS levels
correspond to a slower germination in rice than in barley, this correlation is comparable
to the postulation of “oxidative window” for dry seeds resulting in seed dormancy decay
and aging [20,59]. Germinating rice seeds are characterized by a lower level of cell damage,
higher fermentation and NO turnover rates and higher ATP/ADP ratios. This results in the
germination process in rice being less susceptible to stress factors as compared to barley,
including the ability to germinate anaerobically.
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4. Materials and Methods
4.1. Seed Germination and Isolation of Embryos

Barley (Hordeum vulgare L. cv. Harrington) and rice (Oryza sativa L. ssp. indica, cv.
FR13A) seeds were surface sterilized with 10% NaOCl and washed three times with
autoclaved distilled water. Seeds were soaked in sterile deionized water on filter papers in
Petri dishes at 25 ◦C in darkness. The germination rate (total seeds germinated at end of
trial/number of initial seeds ×100%) was calculated according to Al-Mudaris [60].

We isolated fresh embryos of imbibed seeds at different hours following imbibition
(3, 9, 15, 24, 48 h), froze them in liquid nitrogen and stored at −80 ◦C for further analysis to
investigate the biochemical changes during germination within an extensive time course,
from dry seeds to radicle protrusion.

All chemicals, unless indicated otherwise, were obtained from Sigma–Aldrich, St. Louis,
MO, USA.

4.2. Alcohol Dehydrogenase and Adenylate Ratios

Alcohol dehydrogenase (ADH; EC 1.1.1.1) was measured according to Blandino et al. [61]
in the direction of ethanol to acetaldehyde in 50 mM Tris-HCl buffer, pH 8.0, 150 mM
ethanol and 2 mM NAD+ at 340 nm (ε = 6.22 mM−1 cm−1).

ATP and ADP were extracted according to Joshi et al. [62] and Yuroff et al. [63] with
minor modifications. The tissue powder was lysed on ice in 2.4 M perchloric acid for 60 min
and centrifuged for 5 min at 20,000× g at 4 ◦C. The supernatant was neutralized with 4 M
KOH, and the ratio ATP/ADP in the neutralized solution was determined according to
the manufacturer’s instructions using the EnzyLightTM ADP/ATP Ratio Bioluminescent
Assay Kit (ELDT-100) (BioAssay Systems, Hayward, CA, USA). The content of ATP and
ADP was determined using ATP and ADP standards.

4.3. Nitric Oxide, Free Thiols, S-Nitrosylation and S-Nitrosoglutathione Reductase

NO levels in seed embryos were measured by the hemoglobin (Hb) method at 415 nm
(ε = 131 mM−1 cm−1), as described by Murphy and Noack [64] and Ma et al. [35]. R-SH and
RSNO were measured spectrophotometrically by reducing RSNO to R-SH in the presence
of ascorbate and then assaying free thiol groups using 5,5′-dithio-bis (2-nitrobenzoic acid)
(DTNB) at 412 nm [35,65]. S-nitrosoglutatione reductase (GSNOR) activity was measured
at 340 nm according to Sakamoto et al. [66]. Total soluble protein content was determined
according to Bradford [67] using Bradford reagent (Sigma–Aldrich, St. Louis, MO, USA)
and Bovine Serum Albumin (BSA) standard at 595 nm.

4.4. Hydrogen Peroxide, Electrolyte Leakage and Lipid Peroxidation

H2O2 content was estimated according to Velikova et al. [68] with modifications. Fresh
plant biomass (600 mg) was homogenized in 3 mL 0.1% (w/v) TCA and centrifuged at
12,000× g for 20 min at 4 ◦C. Supernatant (300 µL) was mixed with 500 µL of 2 M KI and
200 µL of 10 mM potassium phosphate buffer (pH 7.0). The reaction mixture was incubated
for 1 h in the dark at room temperature and the absorbance was recorded at 390 nm. A
standard curve was prepared to quantify the H2O2 content.

Electrolyte leakage from seeds at different hours of post-imbibition was measured
according to Tammela et al. [69] with few modifications as described by Agarie et al. [70].
The seed coat was separated and 0.2 g seeds at different hours of post-imbibition was placed
in 10 mL of deionized water. The electrical conductivity of the liquid phase was measured
by using a handheld portable EC and TDS meter (E-1 TDS and EC meter, Aquasana Inc.,
Austin, TX, USA) after keeping the tubes with seeds for 24 h in dark conditions [70].

Lipid peroxidation was measured by tracing malondialdehyde (MDA, ε = 156 mM−1

cm−1) content using thiobarbituric acid (TBA) method as described by Heath and Parker [71].
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4.5. Superoxide Dismutase, Catalase and Ascorbate-Glutathione Cycle Enzymes

Superoxide dismutase (SOD; EC 1.15.1.1) activity was assayed according to Beauchamp
and Fridovich [72] by the inhibition of the photochemical reduction of nitroblue tetrazolium
(NBT) at 560 nm. The amount of enzyme causing 50% inhibition of NBT reduction was
used to calculate SOD activity. Catalase (EC 1.11.1.6) activity was measured according to
the Guilbault [73] using the molar extinction coefficient (ε) for H2O2 of 43.1 M−1 cm−1.

The enzymes of ascorbate-glutathione cycle were extracted and assayed as described
by Ma et al. [35]. Ascorbate peroxidase (APX; EC 1.11.1.11) was estimated in 50 mM
potassium phosphate buffer (pH 7.0) containing 0.5 mM sodium ascorbate and sample
extract. The reaction was started by adding H2O2 (final concentration 1 mM) at 290 nm
(ε = 2.8 mM−1 cm−1). Monodehydroascorbate reductase (MDHAR; EC 1.6.5.4) activity was
measured in 50 mM HEPES-KOH buffer (pH 7.6) containing 2.5 mM ascorbate, 0.25 mM
NADH, and the extract. The assay was initiated by adding 0.4 U mL−1 of ascorbate
oxidase and the reaction was monitored at 340 nm for 3 min (ε = 6.22 mM−1 cm−1).
Dehydroascorbate reductase (DHAR; EC 1.8.5.1) activity was measured in 50 mM HEPES-
KOH buffer (pH 7.0) containing 0.1 mM EDTA, 2.5 mM GSH, and the extract. The reaction
was initiated by adding freshly prepared dehydroascorbate (final concentration 0.8 mM)
(ε = 14 mM−1 cm−1).

4.6. Statistical Analysis

All data were subjected to one-way ANOVA and Tukey’s multiple comparison test by
using the Minitab statistical software package (Penn State University Park, State College,
PA, USA, 2017). The data in the figures represent the means of three biological repeats and
three technical replicates ±SD. Different letters indicate significant differences between the
two species and the time points at p < 0.05.

5. Conclusions

Rice and barley belong to the same plant family but significantly differ in their
metabolic processes activity, driving the subsequent germination steps. The embryos
of rice seeds possess higher alcohol dehydrogenase activity, indicating more efficient anaer-
obic fermentation and elevated NO levels corresponding to higher NO turnover rates
via the phytoglobin-NO cycle. Both fermentation and NO turnover result in a higher
ATP/ADP ratio value in rice embryos prior to radicle protrusion, as compared to barley.
The observed changes in seed metabolism following imbibition are due, in particular, to
the differences in tolerance to the oxygen deficiency occurring under the seed coat. Radicle
protrusion governs the subsequent transition to aerobic metabolism in the embryonic tissue.
The balance and the crosstalk between NO, ROS and their scavengers determine the whole
germination process under the oxygen depleted conditions of the imbibed seeds and upon
aeration after radicle protrusion at the stage of seedling development.
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