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Genomics and Biotechnology Empower Plant Science Research
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Genomics and biotechnology play crucial roles in biological research, rapidly pro-
pelling the field of plant science. They provide the means to delve deeply into the under-
standing of plant genomics and functions, driving plant improvement and genetic studies,
as well as deciphering mechanisms of plant responses to environmental stress. Further-
more, they further our comprehension and application of plant evolution and diversity.
These advancements reported in this Special Issue, entitled “Genomic Analyses and New
Breeding Technologies for the Enhancement of Horticultural Plants”, contribute to the
better utilization of plant resources, enhancing crop yield and quality, stress adaptations, as
well as the preservation and conservation of plant species.

Genomics and Biotechnologies in Horticulture

Horticultural plants encompass a diverse range of botanical species characterized by
unique biological traits. They often necessitate controlled environments for optimal growth,
rely on grafting techniques for propagation, and possess the ability for asexual reproduction.
These plants hold immense economic and cultural significance for humankind. Currently,
more than 200 horticultural plant species, including fruit trees, vegetables, flowers, medici-
nal plants, and beverage crops, have been subjected to genomic sequencing [1]. Remarkable
strides have also been achieved in the fields of genome genotyping, pan-genomics, and the
assembly of telomere-to-telomere genomes [2], marking an unprecedented advancement in
our understanding of these plants.

Currently, the rapid development and application of multi-omics technologies, such
as phenomics, metabolomics, and hormone profiling, as well as various gene editing
technologies such as CRISPR-Cas, have greatly facilitated plant gene function research and
the molecular breeding of new cultivars.

The Molecular Mechanisms of Horticultural Plant Adaptation to the Environment

Environmental adaptation is a key characteristic of horticultural plants for their growth
and reproduction under various environmental conditions. However, the study of horti-
cultural plants lags behind model plants due to their diverse traits. With the decoding of
the genomes of many horticultural plants and breakthroughs in various biotechnological
approaches, significant progress has been made in the molecular genetics of horticultural
plants. Identifying important genes is crucial in the face of various stresses. In this Special
Issue, PebHLH56 in passion fruit was found to be involved in cold stress [3]; SOD in water
lilies is associated with temperature stress and heavy metal stress [4]; and lncRNA partici-
pates in plant–pathogen interactions in tomatoes [5]. Furthermore, in addressing various
disease and pest problems, Chae et al. identified key genomic loci and alleles that play
critical roles in pepper disease resistance through quantitative trait locus (QTL) analysis.
These research findings will provide references for the development of SNP markers asso-
ciated with pepper disease resistance QTLs and the breeding of disease-resistant pepper
cultivars [6]. Shao et al., exploring the duplication/loss of NLR genes in Asteraceae species,
discovered a unique evolutionary pattern of “expansion followed by contraction” in NLR
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genes, thus establishing the NLR gene repertoire in Asteraceae plants and revealing the
genetic basis of disease resistance in Asteraceae plants [7].

The Molecular Mechanisms Underlying the Formation of Quality Traits in Horticultural

Crops

The formation of quality traits in horticultural crops is a complex process involving
the regulation of multiple molecular mechanisms. These mechanisms directly or indirectly
influence the crop’s appearance, taste, aroma, and nutritional value, among other quality
features. The accumulation of sugars in fruits is crucial for quality formation, and sugar
accumulation is associated with several molecular mechanisms. Shui et al. [8] investigated
lychee fruit quality by applying excessive calcium fertilizer and found that downregulation
and expression of the CHS gene family may lead to the reduced accumulation of chalcones,
resulting in oxidative damage to fruit flesh and the inhibition of soluble sugar accumulation
in the tissue. Xu et al. utilized transcriptomic approaches to study the gene expression
profile underlying grape skin color formation and identified key MYB genes involved in
skin color transitions [9]. Sun et al. [10] performed cluster analyses on chrysanthemum
varieties, dividing them into five categories and summarizing the typical plant configura-
tions of each variety. Finally, they conducted genome-wide association studies (GWASs) to
identify potential functional genes. A comprehensive understanding of these mechanisms
contributes to optimizing the quality and yield of horticultural crops.

Big Data Tools for Horticulture Research

Genomics, through high-throughput sequencing technologies such as whole-genome
sequencing and transcriptome sequencing, enables us to rapidly and comprehensively
develop understanding of the composition, structure, and function of plant genomes. This
provides a powerful tool for uncovering the functions, genetic variations, and evolution
of plant genes. However, genomic data have not been effectively utilized. To address
this gap and efficiently utilize big data, Zhou et al. [11] established the first multi-omics
database focused on strawberries, storing all available genomic and transcriptomic data.
They developed a series of bioinformatics tools, creating an integrated platform that will
facilitate genetic and breeding research in strawberries. RNA-Seq analysis is a fundamental
transcriptomics research method; Shi et al. [12] proposed a clustering-based correlation
analysis method (C-CorA), which is an efficient approach for analyzing the correlation of
various types of data across different dimensions. This method can be applied to RNA-Seq
data for candidate gene detection in fruit quality research. Jin et al. [13] conducted genome
re-sequencing of Gypsophila paniculata, constructed a whole-genome InDel marker system,
and established the first genome-wide genetic map for Gypsophila paniculata, providing a
complete marker system for molecular studies. This technology enables us to study and
improve important traits in plants, such as disease resistance, stress tolerance, and yield.

Genomics and biotechnology have provided abundant data and tools for studying
genetic diversity and evolution in plants. By comparing the genome sequences and conduct-
ing functional genomics studies of different plant species, we can determine the patterns
and mechanisms of plant evolution, infer species relationships, and understand the genomic
bases of plant adaptations to different environments. Using biotechnological tools such as
gene knockout, gene expression regulation, and transgenic techniques, we can identify and
validate the functions of plant genes, thus revealing their roles in biological processes.
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Abstract: Plants in their natural habitat frequently face different biotic and abiotic stresses, which
lead to the production of reactive oxygen species (ROS) that can damage cell membranes, cause
peroxidation and deterioration of macromolecules, and ultimately result in cell death. Superoxide
dismutase (SOD), a class of metalloenzymes, is primarily found in living organisms and serves as the
principal line of defense against ROS. The SOD gene family has not yet been characterized in any
species of water lily from the genus Nymphaea. The present study aims to conduct a genome-wide
study to discover SOD genes in four representative water lily species. In our present comparative
study, we discovered 43 SOD genes in the genomes of four water lily species. The phylogenetic
investigation results revealed that SOD genes from water lily and closely related plant species formed
two distinct groups, as determined by their binding domains with high bootstrap values. Enzymatic
ion-binding classified the SOD gene family into three groups, FeSOD, Cu/ZnSOD, and MnSOD.
The analysis of gene structure indicated that the SOD gene family exhibited a relatively conserved
organization of exons and introns, as well as motif configuration. Moreover, we discovered that
the promoters of water lily SODs contained five phytohormones, four stress-responsive elements,
and numerous light-responsive cis-elements. The predicted 3D protein structures revealed water
lily SODs form conserved protein dimer signatures that were comparable to each other. Finally, the
RT-qPCR gene expression analysis of nine NcSOD genes revealed their responsiveness to heat, saline,
cold, cadmium chloride, and copper sulphate stress. These findings establish a basis for further
investigation into the role of the SOD gene family in Nymphaea colorata and offer potential avenues
for genetic enhancement of water lily aquaculture.

Keywords: NcSOD genes; sequence analysis; abiotic stresses; expression pattern

1. Introduction

Plants residing in their native environments often encounter a multitude of stress
factors, including elevated salinity levels, prolonged drought periods, high temperatures,
and the presence of heavy metals. These stressors exert notable influences on the plants’
overall growth, development, and productivity [1,2]. Under stress, plants adapt their
homeostatic mechanisms by generating an excess of reactive oxygen species (ROS) within
their cells. ROS are primarily generated in various parts of the plant cell, including the
plasma membrane, peroxisomes, apoplast, cell walls, endoplasmic reticulum, mitochondria,
and chloroplasts [3]. These ROS are toxic free radicals that can oxidize proteins, damage
cell membranes, and cause harm to DNA when formed in excessive amounts [4,5]. The
occurrence of stresses in plants inevitably leads to the production of ROS, such as peroxide
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radicals (HOO−), hydrogen peroxide (H2O2), and singlet oxygen (1O2). For instance, sev-
eral potent scavengers of active oxygen have the ability to mitigate environmental stresses
by regulating the expression of genes belonging to enzyme reaction families, such as super-
oxide dismutase (SOD), catalase (CAT), peroxidase (POD), glutathione peroxidase (GPX),
and peroxidase (PrxR) [6–9]. Plants have developed effective and intricate antioxidant
defense mechanisms comprising a variety of enzymatic and non-enzymatic antioxidants to
manage the harmful effects of ROS. Among various antioxidant enzymes, SOD, a group of
metalloenzymes, is predominantly present in living creatures. In managing environmental
cues, SODs show a vital part in the physio-biochemical processes of plants via acting as
the primary defense against ROS [3]. In plants, SOD enzymes are encoded by a family of
genes that are classified based on their metal cofactors: (FeSOD), (Cu/ZnSOD), (MnSOD),
and (NiSOD) [10–12]. Among them NiSOD is predominantly found in cyanobacteria, strep-
tomyces, and marine organisms, but has not yet been documented in plants [13,14]. Iron
and manganese superoxide dismutase are mainly present in lower plants, whereas copper
and zinc are found in higher plants [15]. Such SODs are usually dispersed in different
cell parts [16]. In the main, Cu/ZnSODs are localized in the cytosol, peroxisomes, and
chloroplasts. MnSODs are found inside mitochondria and FeSODs are usually found in the
peroxisomes and chloroplasts [17,18].

SODs have been demonstrated in recent studies to secure plants against abiotic stress
factors including cold, drought, heat, salinity, ethylene and abscisic acid [19–22]. Various
findings have demonstrated that SOD genes might be transcribed and induced in many
plants in different stress circumstances [23,24]. In recently published articles, the SOD gene
family under various abiotic and hormones stress situations in Brassica napus [25], Zostera
marina [26], Salvia miltiorrhiza [27], and Hordeum vulgare [28] were reported. Furthermore,
different stress conditions can result in varied expression patterns of diverse forms of SOD
genes. For example, tomatoes (Solanum lycopersicum) exhibit specific patterns of regulation
in their SOD genes; for instance, under salt stress, SlSOD1 is a single gene among the nine
SlSOD genes that shows significant upregulation, while SlSOD2, SlSOD5, SlSOD6, and
SlSOD8 are also regulated. However, in drought conditions, the expression levels of four
genes among the nine, namely “SlSOD2, SlSOD5, SlSOD6, and SlSOD8,” are observed to
be high [23]. Moreover, the expression profiles of the identical SOD gene type varied in
the presence of stress. For instance, the studies revealed that the expression of MnSODs
in Arabidopsis remained unchanged during oxidative stress, while scientists observed a
considerable alteration in the expression of MnSODs in Zostera marina, peas (Pisum sativum),
and wheat (Triticum aestivum) during salinity stress [26,29–31]. The findings imply that
diverse SOD genes unveil distinct expression patterns in reaction to varying environmental
stresses. In addition, scientists have revealed that the regulation of SOD expression may
involve various miRNAs and alternative splicing mechanisms [32,33].

Water lilies are the most significant ornamental waterscape plants in the world. It
is a perennial aquatic plant of the order Nymphaeales, genus Nymphaea in the family
Nymphaeaceae. Nymphaea (Nymphaeaceae), also called flowering plants, are angiosperms
with large and showy flowers. There are more than 60 species in the world, mostly
distributed in tropical, subtropical, and temperate regions. They have curved or rounded
and variously notched waxy-coated leaves on long stalks, usually grow on the water, and
surround flowers. Each plant can grow approximately 70 to 80 flowers. The aquaculture
of water lily, flowers can also be used as fresh cut flowers, in tea, in dried flower crafts,
and in textile production. Water lilies have garnered significant attention from scientists,
researchers, and entrepreneurs worldwide due to their immense economic, medicinal,
and cultural value. While these plants hold great importance in phylogenetic research,
the accessibility to comprehensive genetic and genomic information remains somewhat
limited [34]. Since we released the first water lily (Nymphaea colorata) genome sequence in
2020 [35], the SOD gene family has not yet been discovered in any species of water lily.

To fill in this gap, the present study aims to conduct a comparative genome-wide study
to discover SOD genes in representative water lily species genomes. Our analysis included

6
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the characterization of their phylogenetic connections, conserved motifs, cis-elements, gene
structure, expression analysis, protein-protein interaction and 3D structures, in order to
decode its structural characteristics and functions under stresses.

2. Materials and Methods

2.1. Retrieval of SOD Gene Family in Water Lily Species

To investigate the SOD gene family in water lilies, the Blastp search method was em-
ployed, utilizing the Arabidopsis SOD sequence as a query to examine the entire genome of
each water lily species individually [36]. In our study, we used two methodologies, protein
blast and the hidden Markov model (HMM), to detect SOD genes in four water lily species
in which the genome sequences of two species Nymphaea colorata, and Nymphaea thermarum,
are available online; while the other two, i.e., Nymphaea minuta, and Nymphaea mexicana,
have unpublished genome sequences. For BLASTP, we utilized eight A. thaliana SOD amino
acid sequences (AT1G08830.1/AtCSD1, AT2G28190.1/AtCSD2, AT5G18100.1/AtCSD3,
AT4G25100.1/AtFSD1, AT5G51100.1/AtFSD2, AT5G23310.1/AtFSD3, AT3G10920.1/AtMSD1,
and AT3G56350.1/At00MSD2) as the query, with an e-value set to 1 × 10−5. We obtained
these eight AtSODs amino acid sequences from the Arabidopsis genome database TAIR
(http://www.arabidopsis.org/ accessed on 5 January 2023). To identify conserved domains
SOD_Cu (PF00080), SOD_Fe_C (PF00081) and SOD _Mn (PF02777), we performed scans
of specific amino acid sequences using the web resources Pfam (Pfamv34.0-19178pSSMs)
protein domain database (http://pfam.xfam.org/ accessed on 8 January 2023), and SMART
(http://smart.embl-heidelberg.de/ accessed on 9 January 2023) [37].

2.2. Analysis of Physicochemical Features and Subcellular Localization

In order to anticipate the physicochemical characteristics of SOD proteins in water
lily species, such as amino acid count (A.A), theoretical isoelectric point (pI), molecular
weight (kDa), Pfam Domains, Functional annotations, and grand average of hydropathic-
ity (GRAVY), we employed the ProtParam website accessible at http://web.expasy.org/
protparam/ accessed on 13 January 2023 [38]. In order to predict the subcellular localization
of SOD proteins, we employed the WoLF PSORT (https://wolfpsort.hgc.jp/ accessed on
17 January 2023) [39] and ProtComp 9.0 server (http://linux1.softberry.com/ accessed on
18 January 2023) [27].

2.3. Phylogenetic Analysis and Conserved Motifs

We generated a phylogenetic tree to investigate the evolutionary connections of the
water lily SOD gene family. This was done using protein sequences from N. colorata,
N. mexicana, N. minuta, N. thermarum, and A. trichopoda (Amborella trichopoda). First, we
aligned the protein sequences using MUSCLE with default parameters [39]. Then, we used
the MEGA11 software (https://megasoftware.net/home accessed on 27 January 2023) to
make a phylogenetic tree using the Neighbor-Joining algorithms. We assigned confidence
levels to each branch of the tree using bootstrap tests (1000). We used the MEME server
(https://meme-suite.org/meme/db/motifs accessed on 2 February 2023) with default
settings to detect conserved motifs in the protein sequences of water lily SODs [40].

2.4. Prediction of the Cis-Regulatory Elements in the Promoter

To examine the potential cis-elements in the promoters of water lily SODs, we obtained
the 2 Kb sequence upstream of start codons from each species’ genome. Then we used
the PlantCARE website (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
accessed on 6 February 2023) [41], to examine the promoter sequence of each gene, and
then we created figure using TBtools (V 1.068).

2.5. Examination of the 3D Structures of Water Lily SOD Proteins

The comprehension of a protein’s functions requires a detailed understanding of its
3D structure. To this end, we analyzed the predicted 3D structures of four water lily species,
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using the online servers SOPMA and SWISS MODEL, both available through ExPASy at
https://www.expasy.org/ accessed on 15 February 2023. Finally, we applied the UCSF
Chimera visualization tool to visualize the 3D structures [42].

2.6. Analysis of SOD Gene Structure of Water Lily

The Gene Structure Display Server (GSDS; http://gsds.cbi.pku.edu.cn/index.php
accessed on 19 February 2023) program was used to visualize the organization of exons
and introns in the SOD genes of water lilies [27].

2.7. Analysis of Potential Protein Interaction

To make the SOD protein interaction network, we utilized STRING 11.0 (https://
string-db.org/cgi/input.pl accessed on 4 March 2023) tool for this purpose [43].

2.8. Expression Profiling of NcSOD Genes in Pollen and Ovule

The expression pattern of the NcSOD gene family was obtained from our own RNA-seq
raw data (unpublished). All 9 NcSOD genes’ expression levels were explored in 1 day mature
pollen, and 0, 1, 2, and 3 days mature ovule. The expression heatmap was constructed
using TBtools (V 1.068, https://github.com/CJ-Chen/TBtools/ accessed on 9 March 2023),
in which the color bar from light yellow to a dark red exhibited less to high levels of
expression, and light blue to dark blue shows less or no expression of NcSOD genes.

2.9. Plant Materials and Abiotic Stresses

To examine how NcSOD members respond to different abiotic stresses, we grew
N. colorata mature plants in water tub filled with tap water under an open environment.
The plants were then subjected to various stress treatments, including 250 mM NaCl,
200 μM CuSO4, and 2.5 mM CdCl2, as well as being treated with cold stress at 8 ◦C and
heat stress at 42 ◦C. Each treatment was performed with three independent biological
replicates, and each sample was collected from at least five individual plants. Leaves from
the plantlets were collected at 0, 2, 4, and 6 h for the salt, heat, cold, and heavy metal stress
experiments. After collection, all samples were instantly frozen in liquid nitrogen and
preserved at −80 ◦C until total RNA isolation.

2.10. RNA Isolation and Real-Time Quantitative PCR Expression Analysis

RNA extraction was performed using the RNAprep Pure Plant Kit (TIANGEN, Beijing,
China). The concentration of the samples was determined using a NanoDrop 2000 C
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The genomic DNA, was
removed by DNase I treatment, followed by cDNA synthesis using the QuantiTect Reverse
Transcription Kit (Qiagen, Shanghai, China). The RT-qPCR expression was performed
on the Roche LightCycler 96 PCR system, following the recommended guidelines for
the ChamQTM SYBR RT-qPCR Master Mix (Vazyme Biotech Co., Ltd., Sanya, China).
For each RT-qPCR, the expression level of the actin gene in N. colorata was employed to
standardize the RNA samples. Three biological replicates for each sample were employed
for RT-qPCR, analysis with actin as internal control. Gene-specific primers for NcSODs
and Nc-actin in the RT-qPCR system were designed using the online NCBI Primer-BLAST
Program and their specificity was confirmed using the Oligo Calculator online tool (http:
//mcb.berkeley.edu/labs/krantz/tools/oligocalc.html accessed on 5 April 2023). The
primers were synthesized by NANSHAN BIOTECH, (Sanya), and listed in (Table S1). The
2−ΔΔCT method was used to analyze the RT-qPCR gene expression data [44].

3. Results

3.1. Genome-Wide Analysis of SOD Gene Family in Four Water Lily Species

In this comparative study, we discovered 43 SOD genes in the genomes of four water
lily species. Protein sequences of eight A. thaliana (AtSODs) were used as queries and
removed the repetitive redundant sequences (Table S2), and 9–15 genes were obtained
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for each species, for example three diploid water lilies N. colorata (9 SODs), N. thermarum
(10 SODs), N. minuta (9 SODs), and a tetraploid water lily N. mexicana (15 SODs) (Table 1;
Table S3). After conducting domain scrutiny, we identified 15 proteins with a Cu/Zn-SODs
domain (Pfam; 00080), 19 with a Fe-SODs domain (Pfam; 00081), and 9 with a Mn-SODs
domain (Pfam; 02777) in water lily species. These results are consistent among all species
and contain all SOD genes and domains with sub-families.

Table 1. Characteristics of the SOD genes from four water lily species.

Plant
Species

Transcript ID Gene Name
Pfam

Domains

Protein
Length
(A.A)

Functional
Annotations

MW
(kDa)

pI
Subcellular-
Localization

GRAVY

Nymphaea
colorata

Nycol.F01435 NcCSD1 PF00080 161 Cu/Zn-SOD 16.337 7.19 Cytoplasmic −0.121
Nycol.E01211 NcCSD2 PF00080 170 Cu/Zn-SOD 17.134 5.72 Cytoplasmic −0.108
Nycol.L00920 NcCSD3 PF00080 223 Cu/Zn-SOD 22.902 5.96 Chloroplast 0.025
Nycol.A03620 NcFSD1 PF00081 198 Fe-SOD 23.178 6.23 Mitochondrial −0.409
Nycol.B01638 NcFSD2 PF00081 275 Fe-SOD 31.321 9.27 Chloroplast −0.328
Nycol.D01220 NcFSD3 PF00081 239 Fe-SOD 26.823 5.66 Chloroplast −0.437
Nycol.D01221 NcFSD4 PF00081 308 Fe-SOD 35.007 5.31 Chloroplast −0.618
Nycol.J01291 NcFSD5 PF00081 249 Fe-SOD 27.667 7.86 Chloroplast −0.335
Nycol.L00218 NcMnSD1 PF02777 260 Mn-SOD 29.073 7.71 Mitochondrial −0.332

Nymphaea
mexicana

NM3G27.30 NMCSD1 PF00080 135 Cu/Zn-SOD 13.478 5.45 Cytoplasmic −0.246
NM27G140.23 NMCSD2 PF00080 177 Cu/Zn-SOD 18.221 6.82 Cytoplasmic −0.071
NM26G14.21 NMCSD3 PF00080 117 Cu/Zn-SOD 12.166 6.41 Cytoplasmic 0.156
NM16G174.41 NMCSD4 PF00080 135 Cu/Zn-SOD 13.478 5.45 Cytoplasmic −0.246
NM15G96.16 NMCSD5 PF00080 253 Cu/Zn-SOD 26.721 4.68 Cytoplasmic −0.091
NM15G40.65 NMFSD1 PF00081 231 Fe-SOD 25.785 6.8 Mitochondrial −0.298
NM9G74.16 NMFSD2 PF00081 259 Fe-SOD 29.11 6.39 Chloroplast −0.324
NM5G64.29 NMFSD3 PF00081 259 Fe-SOD 29.12 7.02 Chloroplast −0.306
NM6G47.44 NMFSD4 PF00081 306 Fe-SOD 34.951 5.39 Chloroplast −0.588
NM5G249.61 NMFSD5 PF00081 297 Fe-SOD 33.521 5.34 Chloroplast −0.607

NM14G120.45 NMMnSD1 PF02777 259 Mn-SOD 28.748 8.7 Mitochondrial −0.284
NM8G53.44 NMMnSD2 PF02777 271 Mn-SOD 31.044 9.05 Chloroplast −0.302
NM7G151.45 NMMnSD3 PF02777 247 Mn-SOD 28.178 7.09 Chloroplast −0.323
NM5G249.14 NMMnSD4 PF02777 236 Mn-SOD 26.48 5.38 Cytoplasmic −0.408
NM6G47.40 NMMnSD5 PF02777 240 Mn-SOD 26.914 5.39 Cytoplasmic −0.414

Nymphaea
minuta

Nmin13g00218 NminCSD1 PF00080 160 Cu/Zn-SOD 16.397 6.86 Cytoplasmic −0.15
Nmin06g00456 NminCSD2 PF00080 122 Cu/Zn-SOD 12.78 8.88 Cytoplasmic −0.115
Nmin08g00862 NminCSD3 PF00080 320 Cu/Zn-SOD 33.427 5.13 Cytoplasmic 0.104
Nmin08g01659 NminFSD1 PF00081 231 Fe-SOD 25.827 6.8 Mitochondrial −0.348
Nmin00g05403 NminFSD2 PF00081 237 Fe-SOD 26.373 7.17 Cytoplasmic −0.278
Nmin02g01006 NminFSD3 PF00081 259 Fe-SOD 29.041 7.71 Mitochondrial −0.303
Nmin05g01512 NminFSD4 PF00081 362 Fe-SOD 40.905 5.15 Cytoplasmic −0.552
Nmin01g00323 NminMnSD1 PF00081 230 Mn-SOD 24.608 7.96 Cytoplasmic −0.155
Nmin05g01511 NminMnSD2 PF02777 238 Mn-SOD 26.783 5.51 Cytoplasmic −0.421

Nymphaea
thermarum

KAF3774564.1 NtCSD1 PF00080 161 Cu/Zn-SOD 16.75 5.36 Cytoplasmic 0.05
KAF3777549.1 NtCSD2 PF00080 267 Cu/Zn-SOD 28.061 9.47 Mitochondrial −0.023
KAF3779999.1 NtCSD3 PF00080 267 Cu/Zn-SOD 28.053 4.86 Cytoplasmic −0.122
KAF3781552.1 NtCSD4 PF00080 158 Cu/Zn-SOD 17.099 5.51 Cytoplasmic −0.124
KAF3786936.1 NtMnSD1 PF02777 248 Mn-SOD 27.721 7.86 Mitochondrial −0.352
KAF3791217.1 NtFSD1 PF00081 274 Fe-SOD 31.403 9.3 Mitochondrial −0.343
KAF3782520.1 NtFSD2 PF00081 259 Fe-SOD 28.995 7.71 Mitochondrial −0.285
KAF3793027.1 NtFSD3 PF00081 306 Fe-SOD 34.987 5.39 Mitochondrial −0.635
KAF3793028.1 NtFSD4 PF00081 238 Fe-SOD 26.841 5.66 Cytoplasmic −0.415
KAF3779312.1 NtFSD5 PF00081 351 Fe-SOD 39.341 10.15 Cytoplasmic −0.468

The biochemical and physiological characteristics of all SODs were investigated by
calculating various parameters (Table 1). Protein length in the four representative water lily
species ranged from 117 to 362 amino acids. Consequently, the molecular weight was found
to be from 12.166 to 40.905 kDa. Most of the species investigated in this study displayed
acidic properties, exhibiting pI values among 4.68 to 10.15. Furthermore, the predicted
GRAVY values of SOD proteins were negative, showing that they are hydrophilic.

According to the subcellular localization prediction, the majority of water lily CSDs
were found in the cytoplasm, while only a few localized in the chloroplast. Water lily FSDs
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and MnSDs were specifically located in the chloroplast and mitochondria, respectively
(Table 1).

Furthermore, an NCBI domain search was conducted to perform domain-based anal-
ysis on all SOD proteins to acquire data and TBtools was then used to make the domain
structures. As a result of this analysis, the presence of the SOD family was verified on all
chosen protein sequences (Figure 1).

Figure 1. Symbolic SOD domain structures of four water lily species: (a) Nymphaea colorata;
(b) Nymphaea minuta; (c) Nymphaea mexicana; and (d) Nymphaea thermarum. Among four species
only Nymphaea minuta contains Mn and Cu/Zn, while others constitute all three subfamilies of SOD.

3.2. Phylogenetic Relationships and Conserved Motif Analysis in Representative Water Lily Species

To uncover the evolutionary relations among SODs in various plant species, a phyloge-
netic tree was created using the complete protein sequences. The present research investigated
the evolutionary relationships among genes of NcSODs, NtSODs, NminSODs, NMSODs,
and AmtSODs. By considering the domains (Fe-SODs, Cu/Zn-SODs, and Mn-SODs) and
analyzing a phylogenetic tree, a total of 50 SODs were classified into two main groups
(Figure 2a). To assess the structural diversity of water lily SOD proteins and predict their
functions, we utilized the MEME software to analyze their full-length protein sequences
and identify conserved motifs. By examining conserved motifs in the SOD family, this anal-
ysis confirmed the categorization and evolutionary connections among SOD genes within
the water lily species. The investigation revealed that 10 conserved motifs were present
in all species (Figure 2b). The detailed information about the identified motifs, including
their names, sequences, and widths is displayed in Table S4. The number of conserved
motifs in SOD proteins ranged from two to six, and their distribution aligned with the
groups. The Cu-SOD and Fe-SOD groups had only one motif in two genes (Figure 2b).
Furthermore, MnSODs and FeSODs were classified in the similar group and subcluster,
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whereas Cu/ZnSODs were placed in a distinct group. Interestingly, motifs 1, 2, 4, and 9
were estimated to be particular to Cu/Zn-SOD whereas motifs 3, 5, 6, and 10 were exclusive
to the MnSODs and FeSODs groups. In conclusion, the reliability of group arrangements
was strongly supported by analyzing conserved motif patterns and phylogenetic relation-
ships between water lily species. This suggests that water lily SODs proteins possess highly
conserved amino acid residues within groups. Consequently, it is reasonable to infer that
proteins with analogous structures and motifs may have similar efficient roles.

Figure 2. Classification of SOD genes according to their subfamilies: (a) A neighbor-joining phy-
logenetic tree; (b) Conserved motif analysis. The motifs supported the two subfamilies which are
mentioned in tree. Reliability of group arrangements was strongly supported by analyzing conserved
motif patterns and phylogenetic relationships between water lily species. Different types of motifs
represented by differently colored boxes.

3.3. Analyses of Cis-Elements in Water Lily SOD Gene Promoters

Retrieving cis-regulatory elements from the promoter regions of water lily SODs
enabled the differentiation of gene functions and regulatory roles. By using the PlantCARE
database, an analysis was conducted on the 2 kb upstream region from the start codon of
individual SOD gene. Based on current findings, the cis-elements were classified into three
categories: light related, stress related, and hormone response elements (Figure 3).
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Figure 3. Exploration of abiotic-stress related cis-regulatory components in the water lily SOD
promoter regions. (a) Various hormone-associated and stress-responsive elements are explored.
(b) The size of pie chart corresponds to the ratio of the respective promoter element. Cis-elements
that share functional similarity are represented by the same colors.

In this study, five phytohormone-associated elements (Salicylic acid (SA), Gibberellin,
Auxin, Abscisic acid (ABA), and Methyl jasmonate (MeJA), were detected, including
ABRE, TCA-components, TGACG-and CGTCA-motif, TATC-box, P-box, etc. Moreover,
four stress-responsive components (drought, low-temperature, light, and anaerobic) were
recognized, such as LTR, ARE, TCT-motif, LAMP-element, MBS, etc (Figure 3). Generally
many light reactive components were detected to be extensively dispersed in same group
species, and demonstrating the important part of water lily SODs in response to light
stress. Comparative analysis of the findings revealed that the SOD promoter cis-elements
in water lily species can exhibit a significant response to abiotic stresses and can play a role
in regulating plant growth and development and stress response.

12



Horticulturae 2023, 9, 781

3.4. 3D Structure Analysis of Water Lily SOD Proteins

The examination of a protein’s structure holds a great importance in understanding
its function. We used SWISS MODEL and SOPMA online tools with the default search
options, to predict the 3D structures of proteins. This study involved the prediction of three-
dimensional models for four water lily proteins. The generated models were downloaded
for the purpose of visualizing the 3D structures. The helices are represented by yellow,
while the sheets or strands are represented by green (Figure 4). Proteins that fall under
specific groups exhibit related structural evenness. The MnSD and FSD subfamilies share a
nearly identical structure, with an equal amount of helices and sheets. Similarly, proteins
in the CSD subfamily also possess an analogous structure.

Figure 4. The 3D structures of four water lilies’ (Nymphaea colorata, Nymphaea thermarum, Nymphaea
minuta, and Nymphaea mexicana) SOD proteins categorized based on their sub families. (a) Represents
the 3D structures of FSD subfamily; (b) Represents the 3D structures of MnSD subfamily; (c) Repre-
sents the 3D structures of CSD subfamily in all species. The final models are displayed, with diverse
colors representing various sheets, domains, and helices. Note: In group (a) the Nymphaea minuta has
no FSD subfamily.
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3.5. Analysis of Exon-Intron Structure of NcSOD

The analysis of exon-intron structure of NcSOD genes was performed to elucidate the
structural characteristics of species (Figure 5). NcSOD genes displayed varied exon-intron
organizational patterns, with introns ranging from 5 (NcFSD5) to 9 (NcFSD4). The number
of exons in NcSOD differs from 1 (NcFSD1) to 9 (NcFSD2). In one NcFSD1 gene, introns are
absent, and there is only one exon. The gene structure investigation revealed that the SOD
gene family displayed a relatively conserved exon/intron organization.

Figure 5. Gene structure of NcSOD shows conserved exon/intron organization.

3.6. Expression Examination of NcSOD Genes in Reproductive Organs

The SOD gene family has a crucial role in plant growth, development, and response to
stress. In order to investigate their specific biological functions in N. colorata, we observed
the expression patterns of the 9 NcSOD genes in pollen and ovules using our own unpub-
lished RNA-seq raw data. Under normal growth conditions, not all predicted genes in
the N. colorata SOD family were expressed. Our analysis revealed that NcFSD3, NcFSD5,
and NcMnSD1 were highly expressed in ovules at 0, 1, 2, and 3 days, while showing
relatively lower expression in pollen on day 1 (Figure 6; Table S5). NcCSD1 and NcCSD2
were moderately expressed in ovules and pollen throughout all days. NcFSD2 and NcFSD4
showed a moderate expression in ovule but exhibited no expression in pollen. Both NcFSD1
and NcCSD3 showed no expression levels in both ovules and pollen. Generally, results
exhibited that genes from all three subfamilies, i.e., Fe, Mn and Cu, play essential roles in
N. colorata reproduction, growth, and development.

Figure 6. Expression of the NcSOD genes was analyzed in pollen and ovule samples at four different
time-points: 0 d, 1 d, 2 d, and 3 d. The expression bar from light blue to dark blue shows less or
no expression of NcSOD genes. The light yellow to a dark red color exhibited less to high level of
expression of these genes.
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3.7. Potential NcSOD Protein–Protein Interaction

The potential NcSOD protein–protein interaction was analyzed via “STRING”11.0
(https://string-db.org/cgi/input.pl accessed on 25 April 2023). As shown in Figure 7,
among nine NcSOD genes, seven SOD proteins participate in strong interaction networks.
Interestingly, we observed that different proteins co-regulate each other to respond to
stress conditions. For example, NcCSD3, NcFSD1 and NcFSD4 are upregulated after 2 h
under cold stress (Figure 8c). In water lilies, they potentially exert a regulatory function by
forming protein complexes to improve cold tolerance and cope with various stresses.

Figure 7. Protein interaction linkage among the seven SOD genes from Nymphaea colorata. Different
colored lines show the interaction of the genes.

3.8. Real-Time Quantitative PCR (RT-qPCR) Analysis of NcSOD Genes under Abiotic Stresses

In order to know the function of SODs, we employed RT-qPCR to examine the ex-
pression patterns of the SOD gene under various stress conditions like salinity, heat, cold,
and heavy metals (copper sulphate and cadmium chloride). Substantial variations were
perceived in the expression levels of the NcSOD genes across various treatments, indicating
a complex and dynamic nature of their expression patterns.

Salt treatment strongly induced the expression of all NcCSDs, peaking at 2 and 4 h. Our
study found high expression of NcCSDs at 6 h, suggesting its involvement in salt response
in N. colorata. Additionally, NcMnSD1, NcFSD1, NcFSD2, and NcFSD5 were strongly
induced and highly expressed under salt stress, implying their potential participation in
the salt stress response (Figure 8a).

During the heat stress condition, the levels of expression of all NcSOD genes were
upregulated at both 2 h and 4 h, with the exception of NcFSD4, which initially showed a
decrease at 2 h and then an increase at 4 h. Following the 6 h treatment, the expression
levels of the various genes showed variation (Figure 8b).

Under the cold treatment, distinct expression profiles were observed among all NcSODs.
NcCSD3, NcFSD1, and NcFSD4 exhibited upregulated expression at almost all time points,
and reached their maximum expression at 2 and at 4 h, while NcCSD1 and NcCSD2
expression was slightly low. On the other hand, the remaining members showed down-
regulated expression (Figure 8c).
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NcSOD genes showed a positive response against heavy metals. In response to
the copper sulphate treatment, the expressions of NcSOD genes exhibited variations at
different time points. NcCSD3 and NcFSD1 displayed high expression at 2, 4 and 6 h,
while other genes were low-expressed and different levels of expression were recorded.
Furthermore, the highest expression levels for all genes were observed at the 6 h treatment
(Figure 8d). During the cadmium chloride treatment, all NcSOD genes were upregulated at
2 h. Notably; NcCSD3 exhibited consistently high expression levels across all time points, as
shown in the figure. At the 4 h and 6 h treatment, all genes experienced a gradual increase
and demonstrated robust expression levels (Figure 8e). These findings can enhance our
comprehension of NcSOD genes across various environmental conditions.

Figure 8. RT-qPCR analysis of the expression patterns of NcSOD genes in the leaves under various
abiotic stresses: (a) salt; (b) heat; (c) cold; (d) CuSO4; and (e) CdCl2 stress (0 (CK), 2, 4, and 6 h).
Data presented as means, ± standard error, n = 3; statistically significant differences are exhibited by
asterisks (p ≤ 0.05), according to the LSD test.

4. Discussion

Water lilies, with their significant ornamental, economic, medicinal, and cultural value,
face challenges stemming from various abiotic stressors. However, through a combination
of scientific research, technological innovations, and sustainable practices, we can optimize
the growth and production of water lilies while preserving their aesthetic and functional
benefits [45]. SODs have been demonstrated in recent studies to secure plants against abiotic
stress factors including cold, drought, heat, salinity, ethylene, and abscisic acid [20–25].
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In last several years, various plant species have been found to contain SOD family genes.
For example, the aquatic sea grass (Zostera marina) has five SOD genes [26], Medicago
truncatula [17] and barley (Hordeum vulgare) contain seven genes [28], sorghum (Sorghum
bicolor) has eight genes [9], tomato (Solanum lycopersicum) has nine genes, and grapevine
(Vitis vinifera) has ten genes [46]. Thus, we explored this family in four representative water
lily species and checked the expression analysis in Nymphaea colorata.

In the present study, 43 SOD genes were identified in four water lily species, including
19 Fe-SODs, 15 Cu/Zn-SODs, and 9 Mn-SODs in all species (Table 1). The genes were
classified into three major groups according to their binding domain (Figure 1). The
number of genes in various water lily species was similar to that in cucumbers (Cucumis
sativus) (9) and grapes (Vitis vinifera) (10), but fewer genes than the polyploidy crops cotton
(Gossypium hirustum) (18) and wheat (Triticum aestivum) (26). However, the number of
genes that encode Fe, Cu/Zn, and Mn-SOD differ among various species. For instance,
N. colorata has three Cu/Zn-SODs, five Fe-SODs, and one Mn-SOD. The variation in SOD
family member number could be due to the changes in genome sizes among species.

Previous research has shown that Cu/ZnSODs are consistently acidic, while Fe-MnSODs
can be acidic or basic [42]. Most of the species investigated in this study displayed
acidic properties. The results of subcellular localization of SOD proteins revealed that
Cu/Zn-SODs are likely to be expressed in the cytoplasm, but Mn-SODs and Fe-SODs are ex-
pressed in mitochondria and chloroplasts, respectively, consistent with previous studies on
SODs [18]. These distinct cellular locations enable Fe-SODs, Cu/Zn-SODs, and Mn-SODs to
collaborate with one another to maintain the balance of free radicals in cells by functioning
in different cellular parts.

Previous studies have indicated that the majority of cytoplasmic and chloroplast SODs
comprise seven introns [13]. However, in our study it was revealed that NcSOD had a
variable amount of exons ranging from 1 to 9. Furthermore, the number of introns in
NcSOD varied from 5 to 9 (Figure 5). Notably, Figure 5 indicates that NcFSD1 comprises
only one exon and lacks introns. The variability in the gene structure of SODs may arise
from the mechanisms involving the insertion or deletion of exons and introns [47].

Various research studies have demonstrated that SOD genes from distinct species
are divided into three subfamilies [12]. In our study, we examined the evolutionary
connections of SOD proteins in N. colorata, N. thermarum, N. minuta, N. mexicana, and
A. trichopoda which categorized within three subfamilies (Figure 2a): Fe, Cu/Zn, and Mn-
SOD. Within the phylogenetic tree, the three subfamilies were classified into two distinct
groups: Cu/ZnSODs and Fe-MnSODs. FeSODs and MnSODs were clustered together, and
a high bootstrap value separated them. The water lily SODs exhibited a strong clustering
relationship with closely related species, while showing less affinity with outgroup. This
suggests that this gene family has undergone relatively conserved evolution. The presence
of specific domains suggests a basis for classifying these genes and the possibility of
shared ancestral genes. In cotton (Gossypium hirustum), the MSD and FSD families were
found to have originated from a common ancestor, while the CSD subfamily developed
independently. As a result, the two major groups expanded separately, as reported by
Wang [48].

The analysis of promoters unveiled the existence of three main kinds of cis-components
related to light, abiotic stress, and hormones response. Additionally, there were cis-elements
associated with tissue-specific expression and developmental processes. Significant quan-
tities of light-responsive cis-components were identified within SOD gene promoters,
indicating the potential involvement of SODs in the abiotic stress response. Numerous
investigations indicated the participation of SOD genes in the abiotic stress response across
diverse plant species, including maize (Zea mays), Pennisetum glaucum, Dendrobium catena-
tum, and Arabidopsis [36,49–51]. Moreover, SOD gene promoters were found to contain a
range of cis-elements linked to abiotic stress responses, including ARE, ABRE, MBS, ERE,
Box-4, and TC-rich repeats. These cis-elements potentially contribute to the regulation
of gene expression under diverse stress conditions. Among plant species like Arabidopsis,
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banana (Musa paradisiaca), rice (Oryza sativa), tomato (Solanum lycopersicum), poplar (Pop-
ulus angusti-folia), and cotton (Gossypium herbaceum), the majority of SOD genes exhibit
inducibility in response to various abiotic stresses [4,36,52–55]. Under various abiotic
and hormones stress situations the SOD gene family were recently identified by many
researchers in various different types of plants like in Brassica napus [25], Zostera marina [26],
Salvia miltiorrhiza [27], and Hordeum vulgare [28].

The 3D structures of water lily SOD proteins remain relatively conserved, similar
to conserved domains, gene structure, and phylogeny. The findings indicate that water
lily SODs genes potentially perform diverse functions across various tissues and geno-
types. These results supported earlier anticipated three dimensional structures of SODs in
G. arboretum [54], sorghum (Sorghum bicolor) [9], rice (Oryza sative) [52], and in Gossypium
raimondii. The preceding investigation demonstrated that metal ion binding active sites
and the formation of conserved disulfide bonds within individual subunits contribute to
protein stability, specificity, and dimerization [56].

To determine the specific expression profiles of NcSOD genes during various stages
of development, we utilized RNA-seq data from ovules and pollen at various develop-
mental stages. By analyzing the RNA-sequencing data from N. colorata, and examined the
expressions of the 9 NcSOD genes in pollen and ovules at different days post-anthesis. Our
analysis revealed that NcFSD3, NcFSD5, and NcMnSD1 were highly expressed in ovules at
0, 1, 2, and 3 days, while showing relatively lower expression in pollen on day 1 (Figure 6).
While NcFSD1 and NcCSD3 showed no expression levels in both ovules and pollen that are
in agreement with earlier findings [46].

The RT-qPCR analyses offer valuable insights into the potential role of NcSODs in
reaction to diverse stresses. Our research revealed significant changes in the expression
levels of nine NcSODs in varied stress environments, suggesting their crucial regulatory role
in response to stress and possible functional interconnections. Overexpressing Cu/ZnSODs
improved salinity stress resistance in Triticum aestivum, Oryza sativa, Puccinellia tenuiflora,
and Arabidopsis [57,58]. Salt treatment strongly induced the expression of all NcCSDs,
peaking at 2 h and 4 h. Our study found high expression of NcCSD at 6 h, suggesting
its involvement in salt response in Nymphaea colorata. Additionally, NcMnSD1, NcFSD1,
NcFSD2, and NcFSD5 were strongly induced and highly expressed under salt stress, im-
plying their potential participation in the salt stress response, similar to NcCSDs, in N.
colorata (Figure 8a). Particularly, most NcSOD genes exhibited upregulation throughout
heat treatment, with some displaying analogous expression patterns (Figure 8b). During
cold treatment, distinct expression profiles were observed among all NcSODs. NcCSD3,
NcFSD1, and NcFSD4 exhibited upregulated expression at almost all time points, and
reached their maximum expression at 2 h and at 4 h, while NcCSD1 and NcCSD2 were
slightly expressed. On the other hand, the remaining members showed down-regulated
expression (Figure 8c). These conclusions are consistent with previous findings, which
reported a notable increase in SOD activity in rapeseed (Brassica napus) under cold stress
conditions [59]. NcSOD genes showed a positive response against heavy metals. In response
to the copper sulphate treatment, the expressions of NcSOD genes exhibited variations at
different time points (Figure 8d). During the cadmium chloride treatment, all NcSOD genes
were upregulated at 2 h. Notably, NcCSD3 exhibited consistently high expression levels
across all time points, as showed in the (Figure 8e). Nevertheless, certain genes within
the nine NcSODs exhibited a pattern of initially increasing and subsequently decreasing
expressions in response to both heavy metal treatments. Similar results were also reported
in reaction to heavy metals treatment in several plants [27]. However, experimental verifi-
cation is still needed to fully elucidate the roles of NcSODs regulatory networks, and their
interaction mechanism, under different abiotic stresses.
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5. Conclusions

In conclusion, this study conducted a comprehensive genome-wide analysis of the
SOD gene family in four representative water lily species, resulting in the identification
of 43 water lily SODs. The gathered information, encompassing exon-intron structure,
cis-components, protein features, phylogenetic relations, and expression profiles of N.
colorata, has shed light on the significant roles played by NcSOD genes in responding to salt,
heat, cold, and heavy metal stresses. Findings of this systematic investigation provide a
valuable resource for future functional research on NcSOD proteins in biological processes
and lay a solid foundation for stress-resistant breeding of N. colorata. To further deepen
our understanding of NcSODs’ functions, our future studies will focus on gene engineer-
ing and comprehensive analysis, integrating genomics, transcriptomics, proteomics, and
metabolomics.
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Abstract: Abiotic stress is the focus of research on passion fruit characters because of its damage to
the industry. Basic helix-loop-helix (bHLH) is one of the Transcription factors (TFs) which can act
in an anti-abiotic stress role through diverse biological processes. However, no systemic analysis of
the passion fruit bHLH (PebHLH) family was reported. In this study, 117 PebHLH members were
identified from the genome of passion fruit, related to plant stress resistance and development by
prediction of protein interaction. Furthermore, the transcriptome sequencing results showed that
the PebHLHs responded to different abiotic stresses. At different ripening stages of passion fruit, the
expression level of most PebHLHs in the immature stage (T1) was higher than that in the mature
stage (T2 and T3). Eight PebHLHs with differentially expressed under different stress treatments and
different ripening stages were selected and verified by qRT-PCR. In this research, the expression
of one member, PebHLH56, was induced under cold stress. Further, the promoter of PebHLH56
was fused to β-Galactosidase (GUS) to generate the expression vector that was transformed into
Arabidopsis. It showed that PebHLH56 could significantly respond to cold stress. This study provided
new insights into the regulatory functions of PebHLH genes during fruit maturity stages and abiotic
stress, thereby improving the understanding of the characteristics and evolution of the PebHLH
gene family.

Keywords: bHLH; passion fruit; abiotic stress; cold; genome-wide analysis

1. Introduction

Transcription factors (TFs) play important roles in regulating growth and responding
to external environmental stress in plants [1,2], which can regulate gene expression by
binding to cis-promoter elements, thereby exerting regulatory roles in morphogenesis
and so on [3,4]. TF genes, such as bHLH and Myeloblastosis (MYB), account for a large
proportion of almost all plant genomes and are widely involved in plant development,
stress response, and other physiological processes by regulating their target gene [5,6].

Basic/helix-loop-helix (bHLH) is a ubiquitous transcription factor family [7], which
forms the second largest TF superfamily in plants [8]. The bHLHs have highly conserved
alkaline/helix-loop-helix domains with approximately 50–60 amino acid residues [9]. This
domain contains two functional regions: the basic region and the helix-loop-helix (HLH)
region. The basic region contains approximately 15 amino acids and is located at the N-
terminus, which is a critical region for binding to the cis-acting element E-box (5′-CANNTG-
3′) and determining whether the bHLH transcription factor binds to the promoter region
of genes [10,11]. The HLH region contains two α-helices connected by a relatively poorly
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conserved loop distributed at the C-terminus, and this structure is essential for bHLH
transcription factors to form homologous or heterodimers [10,12,13].

With the release of more high-quality genomes, many bHLH families in plants have
been identified, such as Carthamus tinctorius (41) [14], Chinese jujube (92) [15], pineapple
(121) [16], pepper (122) [17], potato (124) [18], peanut (132) [19], Jilin ginseng (137) [20],
Brachypodium distachyon (146) [21], common bean (155) [22], tomato (159) [23], rice
(167) [24], apple (188) [25], maize (208) [26], Chinese cabbage (230) [27], MOSO bamboo
(448) [28], wheat (571) [29].

In current research, bHLHs are involved in responding to light [30], hormone sig-
nals [31], regulating anthocyanin biosynthesis [32], epidermal cell fate determination [33],
and seed germination [34]. At present, the relationship between the bHLH gene and abiotic
stress has attracted more and more attention. The bHLH has been shown to play a crucial
role in plant resistance to abiotic stresses, such as abnormal temperature, drought, and
high salinity. FtbHLH3 of Tartary buckwheat participates in abiotic stress in response to
changes in the polyethylene glycol (PEG) and the abscisic acid (ABA) [35], FtbHLH2 can
improve cold tolerance in plants [36]. TabHLH39 augments the tolerance of transgenic
Arabidopsis seedlings to drought, high salt, and low-temperature stress [37]. Overexpression
of AtbHLH92 can significantly improve salt and drought tolerance [38]. The AtICE1/2
in Arabidopsis and their homologs PtrbHLH in Poncirus trifoliata can adjust plant cold
tolerance and regulate peroxidase to break down hydrogen peroxide [39].

In addition, some studies have reported that bHLH genes are related to fruit develop-
ment. In transgenic tomatoes, SlbHLH22 is highly induced with the fruit color changed from
green to orange, which is achieved by promoting the production of ethylene. Meanwhile,
SlbHLH22 was upregulated by using the exogenous ACC, IAA, ABA, and ethephon [40]. The
research from Tan [41] showed that CmbHLH32 was highly expressed in early developmental
fruits. Overexpression of CmbHLH32 can promote the early ripening of melon fruits, and
the transgenic melons ripened earlier than the wild type. Papaya CpbHLH1 and CpbHLH2
promote fruit development by regulating genes related to carotenoid biosynthesis [42].

Passion fruit is a rare tropical fruit of the Passiflora genus (Passifloraceae), native to
South America [43]. Passiflora has fresh and ornamental types [44]. Passiflora is nutritious
and contains more than 100 different fruits in the pulp. At present, the planting area of
East Asian countries such as Vietnam and China is growing rapidly, with a growth cycle of
4–6 months [45]. Because of its rich flavor, it has become more and more popular. Similar
to other fruit, drought, high salinity, and cold and high-temperature stress seriously affect
the development of passion fruit, resulting in a decline in fruit quality and yield. Due
to the unpredictability of global climate change in recent years, passion fruit growing
areas have been frequently affected by cold injury, which has also caused huge economic
losses, resulting in more than 30% yield reduction and fruit stunting. Chilling injury is the
most difficult to predict and control among the four abiotic stresses (drought, salt, cold
and high temperature). Therefore, the identification of functional genes related to stress
resistance and their utilization for variety improvement is of great importance for passion
fruit cultivation.

Here, we identified the PebHLH family members in the genome of passion fruit
and analyzed the members’ biological information. Moreover, the expression patterns
of PebHLH members were obtained by transcriptome sequencing and qRT-PCR at fruit
developmental stages and under typical abiotic stress. More importantly, the PebHLH genes
that were highly expressed and significantly induced by abiotic stress (drought, high salt,
cold, and high temperature) were selected and overexpressed in Arabidopsis for functional
validation. This provided a good foundation and reserved important information for
studying the resistance mechanism in passion fruit and utilizing it for genetic improvement.

24



Horticulturae 2023, 9, 272

2. Materials and Methods

2.1. Identification of bHLH Members in Passion Fruit

The genome sequences of passion fruit were obtained from Phytozome V12.1. The
HMM file of the NAM domain (PF00011) was downloaded from the PFAM database. In
addition, analysis was performed using the bHLH with the highest comparison value
to identify credible PebHLHs. The identification of PebHLH proteins used two methods
described above were integrated and resolved to remove redundancy. AtbHLH protein
sequences were obtained from Plant TFDB software (http://planttfdb.gao-lab.org/ ac-
cessed on 15 June 2022). The full-length protein sequences of PebHLHs and AtbHLHs were
aligned by online ClustalX2. Moreover, the phylogenetic tree was constructed using MEGA
(Version 7.0) [46]. A bootstrap test of 1000 repetitions was performed. Finally, PebHLH
protein motifs were achieved using the MEME tool to compare the common domain of
PebHLHs. Through the above procedures, the PebHLH members were finally obtained.

2.2. Gene Structure, and Chromosomal Locations of PebHLHs

The molecular weight (MW), protein isoelectric point (PI), and molecular formulas of
all PebHLH members were reckoned using the online ProtParam. NetPhos (Version 3.1
Server) was used to predict the protein of PebHLH phosphate sites. The WoLF PSORT was
used to perform Subcellular localization prediction. The gene structure maps, phylogenetic
trees, combinations of motifs and gene structures, visualization of chromosomal localization,
and collinearity relationships were obtained using TBtools [47].

2.3. Cis-Acting Elements, Protein Interaction Network and Gene Collinearity of PebHLHs

All PebHLH gene transcription start site DNA sequences of the genomes of 2000 bp
upstream were imported to PlantCARE and used to analyze the sequence of the promoter
region [48]. The Orthovenn2 was used to analyze the orthologous pairs between PebHLHs
and AtbHLHs. The regulatory networks of PebHLHs and other proteins were identified
using the AraNet (Version 2.0). The STRING database and the predicted regulatory network
were evinced by Cytoscape software. The PebHLH gene duplication events between
different species were analyzed by Multicollinearity Scanning Toolkit (MCScanX) [47].

2.4. Plant Materials, Transcriptome Sequencing, RNA Isolation and Reverse Transcription, Heat
Map and qRT-PCR

Healthy passion fruit seedlings about two months old (30 cm in height) in the soil were
chosen. The seedlings were planted in incubators and treated with cold, high temperature,
high salt, and drought stresses. The control was placed in incubators (28 ◦C, 70% relative
humidity, 12 h light/12 h dark cycle, 200 μmol m−2 s−1 light intensity). In addition,
after fruit ripening, the pericarp turns purplish red. The three stages (T1, T2, and T3)
are the time of 7d before ripening, ripening, and 7d after ripening, respectively [45]. The
experimental material consisted of three biological replicated samples. The plant materials
were used for transcriptome sequencing. The expression data of PebHLHs at four stress
and three fruit ripening stages are shown in Tables S2 and S4. TBtools software was used
for transcriptional analysis of PebHLHs, whose Z-score normalized FPKM values were
used to produce heat maps [47]. The plant RNA isolation kit was used in Arabidopsis
transformed with pCAMBIA1304-PebHLH56. The Biomic Biotechnology company (Beijing,
China) was entrusted with sequencing services. The Primer sequences of PebHLHs were
designed using the Primer5 software. The expression of PebHLHs was detected by qRT-
PCR analysis. Relative expression levels were calculated using the 2−ΔΔCt method and
normalized to the PebHLHs.

2.5. Cloning the Promoter of PebHLH56 and Vector Construction

A 2000 bp DNA sequence before the start codon of the PebHLH56 was amplified by PCR
and cloned into the pMD19-T vector. The promoter of PebHLH56 was assessed by DNA-MAN.
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Expression vectors were constructed to examine whether PebHLH56 responds to cold
stress. The PebHLH56 promoter PCR fragment was cloned into the pCAMBIA1304 vector
digested with NcoI/HinIII, which was called pCAMBIA1304-PebHLH56p. The vector was
transferred into the EHA105 strain (Agrobacterium).

2.6. Cold Stress Treatment of Transgenic Lines

The Agrobacterium transformed with pCAMBIA1304-PebHLH56p were shaken at
28 ◦C in YEB medium containing Kan and Rif antibiotics, respectively, and added to an
Arabidopsis transgenic infiltration solution (1/2 MS, 50 g/L) to OD 600 = 0.8–1.0. Inflores-
cence impregnation was used to transform Arabidopsis thaliana. Eight transgenic lines have
been obtained. Then three plants from each of the two lines in the T2 generation were
cultured for cold stress treatment [8]. The 14-day-old transgenic Arabidopsis was treated in
an incubator at 4 ◦C for 0, 24, and 36 h, respectively [3].

2.7. Detection of GUS Activity

The transgenic Arabidopsis with pCAMBIA1304-PebHLH56p under normal and cold
stress were GUS stained. For GUS staining, seedlings of two lines were incubated in X-Gluc
solution for 24 h at 37 ◦C [45,49]. GUS enzyme activity was determined by 4-methylumbel
ureylglucuronide fluorometry [50].

3. Data Analysis and Results

3.1. Identification of bHLH Family of Passion Fruit

There were 117 PebHLH members identified from the passion fruit genome by the
methods of HMM, protein BLAST, and MEME analyses. The characteristics of the PebHLH
(Table S1) were analyzed, and the length of the PebHLH CDS ranged from 276 bp of
PebHLH3 to 3006 bp of PebHLH73. The identified PebHLHs encoded proteins ranged
from 91 amino acids of PebHLH3 to 1001 amino acids of PebHLH73. In addition, all
the PebHLHs were showed containing three phosphorylation sites (Tyr, Thr, and Ser).
The subcellular location prediction showed that the PebHLHs were distributed in the
periplasmic, cytoplasmic, extracellular, and outer membranes. The molecular weight
ranged from 10.43 Da to 114.67 Da.

3.2. Evolutionary Analysis of the bHLH Genes

The phylogenetic tree was constructed using the full-length sequences of the PebHLH
and AtbHLH proteins (Figure 1). The PebHLHs could be divided into eighteen groups
according to the evolutionary relationship. In groups 1 to 18, the largest number of PebHLHs
was in group 1, with 11 members, and the smallest number was two in group 9. The number
of PebHLH members in the remaining groups was between 4–10. The known AtbHLHs were
then used to infer the hypothetical homologous members of PebHLHs. Among group 1–6,
PebHLH11/101/80/31/42/88/98/41/18/108/54/46/13/66/44/14 exhibited the closest relationship
with At3G50330.1, At3G19500.1, At2G31730.1, At2G43010.5, At1G73830.1, At1G05805.1,
At1G51140.1, At4G29100.1, At2G43140.2, At1G27660.1, At1G29950.2, At5G65320.1, respec-
tively. Among groups 7–12, PebHLH85/112/62/102/38/97/92/100/47/61/19/52/45 was the most
homogeneous gene of At4G30980.1, At4G00480.2, At5G51790.2, At2G22760.1, At2G31280,
1At3G23210.1, At2G16910.1, At5G57150.2, At1G32640.1, At2G24260.2, At4G36060.2,
At3G19860.3, At5G56960.2, respectively. Among group 13–18, PebHLH57/43/91/5/12/69/99/
26/114/84/22/95, was the best orthologous match of At1G18400.1, At4G21340.1, At5G08130.3,
At3G24140.1, At1G71200.1, At4G30410.1, At1G25330.1, At5G62610.1, At2G46510.1,
At5G50915.1, At5G61270.2, respectively.
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Figure 1. Phylogenetic relationship of bHLHs between passion fruit and Arabidopsis. The different
colors of the outer circles represented groups 1–18. Pe and At are abbreviations of passion fruit and
Arabidopsis, respectively.

3.3. Analysis of Gene Structure and Conserved Motifs

A total of 10 conserved motifs in PebHLHs were predicted (Figure 2). Although
most members have two to four motifs, few members have only one motif; for example,
PebHLH26/48/91 only has motif one. PebHLH30/38/41/43/52 only has motif two. Specifi-
cally, most members contain motifs 1 and 2, such as 111 members contain motif 1, and
114 members contain motif 2. In addition, 30 members contain motif 3, 38 members con-
tain motif 4, 14 members contain motif 5, 17 members contain motif 6, and 4 members
contain motif 7.

The exon and intron organization of PebHLH gene DNAs were analyzed. The bulk of
members had the structure of 5′ and 3′UTR (untranslated region), and 18 only had exons
and introns. Among them, nine members (PebHLH14/27/31/48/55/81/95/98/111) only had
5′UTR, and 23 members only had 3′UTR. The number of exons was between 2–11(Figure 2).

3.4. Chromosome Distribution of the PebHLHs

The chromosome distribution of each PebHLH was obtained, as shown in Figure 3.
The total 117 PebHLHs were located on nine chromosomes. Seven members were located at
unknown chromosomal positions. Among them, Chr1 contained the largest distribution
of 41 PebHLH genes (~37.27%), followed by Chr6 (24 genes, ~21.82%). Meanwhile, Chr9
distributed the least number of PebHLH genes (3 genes, ~2.73%). Chr2, Chr3, Chr4, Chr5,
Chr7, and Chr8 presented 7, 6, 10, 5, 4, and 10 PebHLH genes, respectively.
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Figure 2. Phylogenetic clustering, conserved motifs, and exon/intron organization of PebHLHs. Ten
color boxes indicate different motifs, green color represents 5′ and 3′UTR, and yellow color and black
lines represent exons and introns, respectively.
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Figure 3. Locations of the 117 identified PebHLHs in 9 chromosomes of Passion fruit. The PebHLHs
were located on No. 1, 2, 3, 4, 5, 6, 7, 8, and 9 chromosomes.

3.5. Promoter Analysis of PebHLH Genes

The TATA and CAAT boxes were the key cis-regulatory elements, which were found
in all 117 PebHLHs (Figure 4). Additionally, the promoter region of the PebHLH family con-
tains a large number of action elements related to abiotic stress, such as the cold-responsive
element (CCGAAA) and the salicylic acid-responsive element (CCATCTTTTT and TCAGAA-
GAGG). Some cis-acting elements are associated with stress response, such as the wound-
responsive element (AAATTTCCT). In addition, there are some hormone-related elements,
such as the abscisic acid responsiveness element (ABRE, GACACGTGGC, and ACGTG), the
MeJA-responsive motifs (TGACG and CGTCA), the gibberellin-responsive motifs (CCTTTTG,
TATCCCA, and TCTGTTG), and the auxin-responsive element (AACGAC).

3.6. Interaction Networks Analysis of PebHLHs

The protein interactions of PebHLHs were predicted using an orthogonal approach
to further understand their biological functions. The results showed that 45 PebHLHs
had an orthologous relationship with Arabidopsis, and 24 interacting proteins had been
found. Most of the proteins that interacted with PebHLHs were WAKY, JAZ (Jasmonate
ZIM-domain), COl (CONSTANS-Like), NINJA (Novel interactor of JA ZIM-domain), EPF
(Early Pregnancy Factor), AOS (Allene Oxide Synthase), PFT (Pore-forming Toxin-like),
CRY (Crystal protein gene), RBR (Retinoblastoma-related gene), ARF (Auxin response
factor) TRY (Tryptophan) and so on (Figure 5). The function of the interacting proteins
was related to the stress resistance and development of plants, which indicated that the
function of PebHLH was also related to these aspects.

3.7. Collinearity Analysis of PebHLHs

All PebHLH genes were found to be displayed on chromosomes except for PebHLH111-
117. There are 68 collinearity pairs that can be found. Most PebHLHs were found with one
paralogous gene (Figure 6A).

The collinearity analysis among species was performed, and respectively, there were
12,406, 3118, and 25,224 genes in Arabidopsis, rice, and poplar, having a collinearity rela-
tionship with passion fruit. Among them, members of the PebHLH family had 91, 31,
and 170 connections with Arabidopsis, rice, and poplar, respectively (Figure 6B). This result
indicates that the homologous relationship between passion fruit and poplar is the closest,
followed by Arabidopsis and rice.

Out of the 117 members, 27 and 22 genes had two and one homologous genes with
the other three species, respectively. Other members have three to eight homologous genes.
Among them, PebHLH56 has 9 homologous genes (At1G01260.3, At1G63650.3, At2G46510.1,
At4G00870.1, PNT03691, PNT03984, PNT45271, PNT50177, PNT53769) in collinear connec-
tions with Arabidopsis and poplar. In addition, 18 genes (PebHLH27/28/33/35/36/40/46/58/61/
67/78/91/97/98/99/109/110/115) had one orthologous gene in rice.
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Figure 4. The cis-acting element analysis of 2000 bp promoter upstream of PebHLH genes. Functional
descriptions of cis-acting elements were labeled by different colors.
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Figure 5. Protein interaction networks prediction of PebHLH. The outer blue circles indicate PebHLH
proteins, and the inner red circles indicate other proteins in the reciprocal relationship. Interacting
relationships are indicated by straight gray lines.

Figure 6. The synteny analysis of bHLHs of passion fruit genomes (A) and with other species (B).
The red line represents the PebHLH gene pair, and the blue lines represent homologous gene pairs.
Pe, Os, At, and Pt represent passion fruit, rice, Arabidopsis, and poplar, respectively.

3.8. Expression Analysis of PebHLHs

Transcriptome analyses showed that the PebHLH genes were differentially expressed
under four abiotic stresses (Figure 7). PebHLH10/11/25/35/36/43/46/68/69/80/117 were in-
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duced by drought stress, while PebHLH6/8/55/63/64/70/83 were suppressed. For the salt
treatment, the expression of most genes was highest when treated with salt stress for 3 days.
Especially, PebHLH4 and PebHLH56 were significantly upregulated under salt stress (NaCl
10d). However, the expression of PebHLH8/55/63/64/70/83 was suppressed. Under high-
temperature stress, some PebHLHs were upregulated, such as PebHLH1/2/5/73/74/92/104,
and some genes were suppressed, such as PebHLH8/55/63/64/70/83. Under cold stress, the ex-
pression of the most gene had been induced, such as PebHLH28/29/34/56/57/65/67/85/91/96/
107/106/112. We performed qRT-PCR validation analysis on some of the PebHLH genes
(Figure 8). The result showed that the gene expression patterns were the same as heatmaps.
The PebHLHs could respond to various abiotic stresses.

The expression levels of PebHLHs were obtained based on transcriptional sequencing
results [51] at three different fruit ripening stages (T1, T2, and T3) (Figure 9). Most genes had
the highest expression levels in the first period (T1) and regularly decreased in T2 and T3.
And the expression of some genes was highest in T2, such as PebHLH5/6/28/34/41/42/65/68/81/
91/95/100/105/106/107. A few reached the maximum expression in T3, such as PebHLH13/
17/52/62/69/73/74/76/85/101/103/104/109. This result indicated that the expression of most
PebHLH genes was negatively correlated with fruit ripening. Some genes were chosen to do
the qRT-PCR verification (Figure 10), which showed that the expression trends of PebHLHs
were consistent with the transcriptome.

3.9. Response of Transgenic Arabidopsis to Cold Stress

In A, GUS staining of the pCAMBIA1304-PebHLH56p transgenic seedlings was mainly
observed in the leaf, and under the cold stress, GUS staining was enhanced and distributed
throughout the transgenic plants. With the increase of cold time, GUS staining gradually
deepened, and the GUS enzyme activity also increased (Figure 11).
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Figure 7. Differential expression of PebHLHs responding to different levels of drought, high salt, cold,
and high temperature (Table S2). CK is normal growth condition, drought 50% and 10% are soil water
content indexes, NaCl 3 d and 10 d are the treatment time under 300 mM concentration, cold 20 h,
and 48 h are the treatment under 8 ◦C, and high temperature 2 h, 4 h, and 24 h are the treatment time
under 42 ◦C, respectively.
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Figure 8. qRT-PCR analysis of 8 PebHLHs under 4 different abiotic stresses (Table S3). Horizontal
coordinates indicate different stress treatments (the different processing methods are described above),
and vertical coordinates represent relative expression values. The different letters mean significance,
which was examined by Duncan’s range test (p < 0.05).

Figure 9. Differential expression of PebHLHs during 3 fruit ripening periods (Table S4).
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Figure 10. qRT-PCR analysis of 8 PebHLHs during 3 fruit ripening periods (Table S5). Horizontal
coordinates indicate different stress treatments, and vertical coordinates represent relative expression
values. Biological replicates, tests, and p values are described above. The different letters mean
significance, which was examined by Duncan’s range test (p < 0.05).

Figure 11. Induction and expression pattern of PebHLH56 under cold stress. (A) GUS staining
of overexpressing Arabidopsis strains. (B) GUS activity quantitative analysis of overexpressing
Arabidopsis. Horizontal coordinates indicate different stress treatments, and vertical coordinates
represent relative expression values. The different letters mean significance, which was examined by
Duncan’s range test (p < 0.05).

4. Discussion and Analysis

Numerous studies have shown that bHLH transcription factors are involved in diverse
biological processes and the whole growth cycle [2]. At present, however, the systematic
characterization of the bHLH genes in passion fruit is lacking, although bHLHs have been
identified in many plants. The first plant bHLH gene was identified in maize (Zea mays
L.) [52]. Furthermore, in this study, 117 bHLH genes were identified and characterized in
passion fruit. This number is similar to some reported species, for example, the pineapple
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(121) [53], the pepper (122) [28], the potato (124) [54], the Jilin ginseng (137) [55], and the
tomato (159) [56]. The numbers were quite different from some species. For example,
the MOSO bamboo was 448 [57], and the wheat was 571 [18]. This shows that the bHLH
gene family is diverse in different species. Based on phylogenetic analysis, we classified
117 PebHLH genes into 18 subfamilies, which is the same number reported in maize [26].
Previous studies in other species reported six subfamilies in the animal genomes [55],
while in plants, the bHLH family genes were divided into 21 in Arabidopsis, tomato, and
pear [21,23]; 22 in rice [24] and 31 subfamilies in B. napus [53]. Compared with the classifica-
tion of other plant species, our results show similarities and differences, which also indicate
that the classification of bHLH transcription factors in plants is more complex than that in
animals, so the classification of plant bHLH families is still needed for more research [58].

The gene structure of the PebHLH family was further analyzed. Most family genes
contain two or more introns. Among them, PebHLH12/29/99 have no intron, while seven
members (PebHLH3/45/48/53/65/70/94) have only one intron. It is generally believed that
genes with few or no introns in plants show lower expression levels [59]. The compact gene
structure may facilitate the induction of gene expression in response to exogenous stress [60].
For example, intron-less genes, PebHLH57, were upregulated under drought, salt, cold,
and heat stresses. Genome duplication events have occurred during plant evolution [61].
The evolution of the genome and the expansion of gene families depend primarily on
gene duplication events [62]. We have performed the collinearity analysis on passion fruit,
rice, and Populus trichocarpa, and the results showed that the PebHLH gene had the most
tandem duplication relationship with the bHLH gene in Populus trichocarpa. Therefore, it is
speculated that the relationship between passion fruit and Populus trichocarpa is the closest.
In the same way, PebHLH31 was found to be an ortholog of AtPIF4 (AT2G43010.5). The
AtPIF gene is a central signaling hub regulating plant growth and development [63].

The functions of bHLH genes in plants are diverse, including plant perception of
the growth and development processes such as fruit development [24,64]. AtCIB1, to-
gether with AtCRY, promotes flower opening by stimulating the expression of flowering
genes [65,66]. In our results, PebHLH109 has the highest expression level in fruit, and it is
predicted to play a key role in fruit development. It also shows the highest expression level
at the T3 stage of fruit ripening. In pepper, CabHLH33, a homolog of AtbHLH31, was highly
expressed in flower buds and petals. Previous studies suggest that AtbHLH31 regulates
petal growth by controlling cell expansion [67].

Recent studies have increasingly focused on the relationship between bHLH genes and
abiotic stress. Under stress conditions, certain bHLH TFs are activated, and they combine
with the promoters of key genes to regulate the transcription level of the target gene.
Several studies have found that OsbHLH068 of rice and AtbHLH112 of Arabidopsis play an
active role in response to salt stress [68]. MfbHLH38 of the Myrothamnus flabellifolia was
transformed into Arabidopsis, and the drought tolerance of transgenic lines was enhanced by
the increase of gene expression [69]. ZmbHLH55 of Maize can increase salt stress tolerance by
regulating the expression of ascorbic acid biosynthesis-related genes [70]. Overexpression
of Ntbhlh123 and IbbHLH79 can improve the cold tolerance of tobacco [71] and sweet
potato, respectively [72]. ZjbHLH076/ZjICE1 of Zoysia japonica can enhance the tolerance
of transgenic lines to cold stress [73]. The activity of gene expression is quantitatively
efficiently regulated by specific or functional promoters that contain multiple cis-acting
elements. These acting elements can respond to a variety of stress responses [52,74].
Plant bHLH responds to various stress responses through the activation of long terminal
repeat (LTR) reverse transcription transposons [75,76], with activation factors including
drought [77], heat [78], and salt [79]. In this work, the cis-element analysis indicated that
PebHLHs contained elements (such as cold-responsive element, salicylic acid-responsive
element, ABRE) that could be responsive to various stresses, which was consistent with
previous studies on potato [18], lotus [80], and Pepper [56] bHLHs.

In this experiment, we focused on the function of the bHLH gene under cold stress.
Here, we identified one of the PebHLHs (PebHLH56), which can respond to cold stress in
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transgenic Arabidopsis. This study provides experimental evidence that bHLH family genes
in passion fruit respond to cold stress, and we will further study the resistance mechanism
of bHLH genes.

5. Conclusions

The bHLH gene family plays an important role in improving plant response to stress
and plant development. In this study, we identified 117 PebHLHs from the genome of the
passion fruit, and the genomic information about PebHLH family members was analyzed.
PebHLHs could respond to abiotic stresses, including drought, high salinity, cold and high-
temperature stresses, and they were differentially expressed in different fruit developmental
stages. We were concerned about a gene PebHLH56 that was induced under cold stress.
The pCAMBIA1304-PebHLH56p transgenic Arabidopsis had a significantly deeper GUS
staining than the control under cold stress, and the GUS enzyme activity also increased.
The RT-qPCR result showed that the expression of PebHLH56 was induced by cold stress.
This study provides new insights into the regulatory functions of PebHLHs during abiotic
stress and fruit ripening and screens a stress-resistance gene as a candidate member to
improve the understanding of PebHLH gene family characteristics and evolution.
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Abstract: The importance of long noncoding RNAs (lncRNAs) in plant development has been
established, but a systematic analysis of the lncRNAs expressed during plant allelopathy has not
been carried out. We performed RNA-seq experiments on S. lycopersicum subjected to different levels
of para-hydroxybenzoic acid (PHBA) stress during plant allelopathy and identified 61,729 putative
lncRNAs. Of these, 7765 lncRNAs cis-regulated 5314 protein-coding genes (PGs). Among these
genes, 1116 lncRNAs and 2239 PGs were involved in a complex web of transcriptome regulation,
and we divided these genes into 12 modules. Within these modules, 458 lncRNAs and 975 target
genes were found to be highly correlated. Additionally, 989 lncRNAs trans-regulated 1765 PGs, and
we classified them into 11 modules, within which 335 lncRNAs were highly correlated with their
633 corresponding target genes. Only 98 lncRNAs in S. lycopersicum had homologs in the lncRNA
database of Arabidopsis thaliana, all of which were affected by the PHBA treatments. MiRNAs that
interacted with both mRNAs and lncRNAs were selected on the basis of weighted correlation network
analysis (WGCNA) results to make lncRNA-miRNA-mRNA triplets. Our study presents a systematic
identification of lncRNAs involved in plant allelopathy in S. lycopersicum and provides research
references for future studies.

Keywords: S. lycopersicum; long noncoding RNAs; allelopathy; cis-regulatory; trans-regulatory;
endogenous target mimics; transcriptome

1. Introduction

Since the proposal of the central dogma of molecular biology in 1961, RNA has been
considered an intermediate that translates genetic information from DNA to protein [1,2].
However, with the discovery of noncoding RNAs (ncRNAs), we found that intermediate
RNAs represent a fraction of all RNAs [2,3]. As the main products of the eukaryotic
transcriptome, ncRNAs function as structural, catalytic, or regulatory RNAs rather than as
protein encoders [2,4–6]. Based on RNA length, regulatory ncRNAs can be further classified
as small ncRNAs (<200 bp, e.g., miRNAs, siRNAs, and piRNAs) or long ncRNAs (lncRNAs)
(>200 bp, e.g., lincRNAs and macroRNAs) [2,7]. In the early 1990s, with the appearance of
the X-chromosome-silencing phenomenon, long ncRNAs (lncRNAs) were first discovered,
having once been considered the ‘dark matter’ of transcriptomes [8]. Recently, lncRNAs
have been discovered to have strong and universal regulatory effects on gene expression at
the post-transcriptional, transcriptional, and epigenetic levels [9–13].

lncRNAs play important roles in many biological processes in plants, especially in de-
velopmental regulation and stress responses [14–16]. A total of 1832 lncRNAs in Arabidop-
sis were changed after cold, drought, high-salt, and abscisic acid (ABA) treatments [17].
Several lncRNAs, such as COLDAIR and COOLAIR, positively respond to cold and func-
tion in flowering induction [18,19]. IPS1 and At4, induced by phosphate starvation, regulate
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the shoot dynamic balance of phosphate through the blockage of the repression of miR399
on its target gene, PHO2 [20–23]. Further exploration of the function of lncRNAs in plant
responses to stress would provide approaches to discover the stress response networks [24].

As an important factor affecting agricultural production, allelopathy has become a hot
topic in ecology, horticulture, agronomy, and other research areas [25–29]. Allelochemicals
have been proven to be responsible for numerous biochemical and physiological changes
that cause plant allelopathy [30,31]. The plant growth regulatory system, respiration,
photosynthesis, the antioxidant system, and water and nutrient uptake are the key physio-
logical and biochemical systems and processes in plants in which changes are induced by
allelochemicals [32,33].

Transcription factors, DNA methylation events, chromatin modifications, and mi-
croRNAs have been discovered in the gene regulatory processes described above [34–37].
LncRNAs are critical in plant gene expression regulation in response to stress [38–40],
which indicates that lncRNAs might also function in plant response to allelopathy. The
involvement of lncRNAs in gene transcription regulation progress have not been explored.
The expression of most lncRNAs is tissue-specific, which allows them to be discovered by
transcriptome sequencing (RNA-seq). By examining RNA-seq data of leaves under salt
stress, long noncoding RNAs were identified and characterized in Medicago truncatula [41].

However, plant allelopathy is a complex process. To explore the allelopathy network
in plants, it is necessary to study the dynamic changes in gene expression under different
degrees of stress. The roles of lncRNAs in plant allelopathy in S. lycopersicum were explored
in this study. Firstly, lncRNAs expressed in S. lycopersicum leaves under different PHBA
treatments were identified with RNA-seq. Next, cis- and trans-regulated target PGs (TTPGs)
for lncRNAs were predicted, and the coexpressions between lncRNAs and their targets were
analyzed. Third, the conservation of lncRNAs in S. lycopersicum and Ahrabidopsis thaliana
was compared. Lastly, we explored the possibility that these lncRNAs might be endogenous
pseudotarget mimics (eTMs) of known S. lycopersicum miRNAs. Overall, this study helps
to understand the role of lncRNAs in the molecular network of plant allelopathy and gives
new clues about plant response to stress.

2. Materials and Methods

2.1. Plant Materials and Growth Conditions

The S. lycopersicum cultivar ‘Diana’ was grown at the experimental farm of the Shan-
dong Facility Horticultural Laboratory, Weifang, Shandong Province, China. Tomato seeds
were planted in plug plates (Wei Nong Company, Taizhou, China). One month later,
we treated the S. lycopersicum plants with different concentrations of PHBA (0 mmol/L,
15 mmol/L, and 30 mmol/L) for 2 days. Then, the leaves from the middles of the plants
were collected as samples. Specifically, the samples for the CK, T1, and T2 treatments
corresponded to the 0 mmol/L, 15 mmol/L, and 30 mmol/L concentrations of PHBA, re-
spectively (Figure 1A). We collected leaf samples from 60 individual tomato seedlings and
stored them at −75 ◦C in an ultra-low temperature freezer for the following experiments.

2.2. RNA Sequencing and Identification of lncRNAs

Total RNA was extracted from the leaf samples for the different PHBA treatments
described above using the MagMAX Plant RNA Isolation Kit (Thermo Fisher Scientific,
Carlsbad, CA, USA). RNA quality was measured with a Thermo Scientific NanoDrop
2000 system (Thermo Fisher Scientific, USA), and RNA integrity was examined with an
Agilent 2100 Bioanalyzer System (Agilent Technologies, Santa Clara, CA, USA) [42]. RNAs
with integrity numbers greater than 7 were selected for strand-specific RNA-seq library
construction. First, ribosomal RNAs were removed from the total RNAs using the plant
Ribo-Zero rRNA Removal Kit (Illumina, San Diego, CA, USA). A strand-specific RNA-seq
library was constructed with the Ribo-Zero RNA fraction via the Illumina TruSeq RNA
Library Preparation Kit v2 and sequencing on an Illumina HiSeq 4000 instrument.
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Figure 1. Characteristics of lncRNAs identified in S. lycopersicum leaves. (A) ‘Diana’ of S. lycopersicum
under different treatments of PHBA (scale bar represents 5 cm). (B) Length distribution of lncR-
NAs. (C) LncRNA expression levels. (D) The numbers of lncRNAs and PGs expressed in differ-
ent treatments.

After removing adaptors and low-quality reads from raw reads using Trimmomatic [43],
1,003,711,588 paired-end clean reads were produced (111,523,510 on average for each sam-
ple). They were subjected to de novo transcript assembly using Trinity (v2.8.4, Manfred
G. Grabherr, Cambridge MA, USA), with strand-specific RNA-Seq read orientation [44].
Duplicates were then removed from the assembled transcripts using CD-HIT (v4.7, Limin
Fu, La Jolla CA, USA) with default parameters [45]. Finally, we obtained 82,126 unigenes
longer than 200 bp for lncRNA screening. The lncRNA identification process is shown
in Figure S1. To improve the accuracy of lncRNA detection, three software programs,
RNAplonc (v1.0, Tatianne da Costa Negri, São Paulo, Brazil) [46], PLncPRO (v1.1, Urmin-
der Singh, New Delhi, India) [47], and FEELnc (v0.1.1, Valentin Wucher, Rennes, Cedex,
France) [48], with default parameters, were employed to identify lncRNAs. The lncRNAs
obtained with these three tools were compared to obtain the shared pre-lncRNA candi-
dates. To further rule out the possibility that the pre-lncRNAs were from coding genes,
these pre-lncRNAs were blasted against coding DNA sequences of S. lycopersicum (SL.3.0)
using BLAT v36 × 2 software [49] with an E-value of 10−5. The filtered lncRNA candidates
were then localized to the S. lycopersicum reference genome using BLAT to remove repeat
sequences, so we could eliminate ones that had more than nine positions and which were
considered to be repeats in the genome. Eventually, we identified highly reliable putative
lncRNAs in S. lycopersicum.
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2.3. Expression Analysis of Putative lncRNAs and Quantitative Reverse Transcription PCR
(qRT-PCR) Validation

RSEM (v1.3.3, Bo Li, Madison, WI, USA) was used to compare the sequenced reads
with the transcripts to calculate the gene expression amounts and carry out a differential
gene expression analysis. The levels of gene expression were reflected by FPKM values,
and a threshold of FPKM > 0.1 was used for the expressed genes. The DESeq package in R
software (v3.6.1, R Core Team, Vienna, Austria) was used for pairwise differential expres-
sion analysis. The website http://bioinformatics.psb.ugent.be/webtools/Venn/ (accessed
on 14 June 2019) was used for Venn diagram drawing [50]. qRT-PCR was performed to
validate the expressions of the putative lncRNAs with the same RNA samples as those
used for the RNA-seq [51]. The primers are listed in Table S1. GAPDH was chosen as the
reference gene. The DDCt method was used to calculate the results [52].

2.4. Target Gene Prediction and Coexpression Analysis of lncRNAs with PGs

WGCNA was used to explore the cis-regulatory relationships between lncRNAs and
PGs by calculating the correlations with chromosomal neighboring genes within 100 kb
from the middle of a given lncRNA [50,53]. RNAplex software was used to predict the
trans-acting lncRNAs and their target PGs (TPGs) [54]. Their coexpression was analyzed
using WGCNA (cis-analysis: soft threshold = 21; trans-analysis: soft threshold = 22). R was
used to calculate the Spearman correlations for the expression of lncRNAs and their target
gene pairs.

The GO Analysis Toolkit and the Database for the Agricultural Community (agriGO;
http://bioinfo.cau.edu.cn/agriGO/analysis.php) (accessed on 19 July 2019) were used for
the GO analysis of the TPGs. The hypergeometric test was used as the statistical method,
while Yekutieli (FDR under dependency) was employed as the multi-test adjustment
method [50].

2.5. Similarity Analysis of lncRNAs from S. lycopersicum and Arabidopsis thaliana

The Plant Long noncoding RNA Database (PLncDB, http://chualab.rockefeller.edu/
gbrowse2/homepage.html) (accessed on 16 July 2019) was used to download the lncRNA
data for Arabidopsis thaliana [50]. BLAST software (E-value set to 10−5) was used to
compare the conservation and similarity levels of lncRNAs between S. lycopersicum and
Arabidopsis thaliana [50].

2.6. Prediction of Endogenous Target Mimics for miRNAs

MicroRNA data for S. lycopersicum were obtained from miRbase (http://www.mirbase.
org/) (accessed on 26 July 2019). WGCNA was used to predict the relationships between
mRNAs, lncRNAs, and miRNAs. A threshold weight value of >0.15 was used for the
selection of lncRNA-miRNA-mRNA triplets. Cytoscape (https://cytoscape.org/) (accessed
on 26 July 2019) was used to plot the networks of lncRNAs, miRNAs, and mRNAs.

2.7. GenBank Accession Numbers

CK_1: GSM4238348; CK_2: GSM4238349; CK_3: GSM4238350; T1_1: GSM4238351;
T1_2: GSM4238352; T1_3: GSM4238353; T2_1: GSM4238354; T2_2: GSM4238355; T2_3:
GSM4238356. The RNA sequencing read data have been deposited in the Short Read
Archive (SRA) data library (accession number: SRP239079).

3. Results

3.1. Identification of lncRNAs in S. lycopersicum

Substantial numbers of novel transcripts could be discovered via the combination
of high-throughput RNA-seq and de novo assembly. In this study, the ‘Diana’ cultivar
of S. lycopersicum was used for RNA-seq. As a new cultivar of S. lycopersicum, ‘Diana’ is
widely cultivated in China. S. lycopersicum; an important crop species, it is also affected
by continuous cropping obstacles, which are mainly caused by allelopathy. PHBA, a
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common allelochemical, was studied in depth, and the results showed that photosynthesis,
respiratory effects, and gene expression in the leaves were affected by PHBA. Thus, the
‘Diana’ cultivar of S. lycopersicum was chosen to study gene expression in PHBA-induced
allelopathy. We built the unigene library with three samples, including leaves undergoing
three different treatments (CK: leaves of S. lycopersicum under 0 mmol/L PHBA treatment
for 2 days; T1: leaves of S. lycopersicum under 15 mmol/L PHBA treatment for 2 days; and
T2: leaves of S. lycopersicum under 30 mmol/L PHBA treatment for 2 days) (Figure 1A).

A total of 82,126 unigenes with an overall length greater than 200 bp and poly(A) tails
were identified after de novo assembly. Following the protocol represented in Figure S1,
65,178 unigenes were acquired as credible lncRNAs, among which 61,729 lncRNAs were
expressed during the plant allelopathy progression in S. lycopersicum in response to PHBA
(Table S2). Ten lncRNAs were randomly chosen, and their expression was verified by
qRT-PCR; all results were consensual (Figure S2).

The average length of the 61,729 assumed lncRNAs was 565 bp, the minimum length
was 201 bp, and the maximum length was 19,161 bp (Figure 1B and Table S2). Of these
lncRNAs, 80.68% were shorter than 600 bp, while 9.59% were longer than 1000 bp. About
two-thirds of them expressed at low levels, with FPKM values (log2) ranging from 0 to 3
(Figure 1C and Table S2). Interestingly, the trends in the data for the lncRNAs corresponded
to those for the PGs across all of the samples (Figure 1D and Table S3).

3.2. Expression of lncRNAs in S. lycopersicum Leaves under Different PHBA Treatments

As we knew, 61,729 lncRNAs were expressed in S. lycopersicum leaves during the
different PHBA treatments, among which 34,000 lncRNAs were expressed throughout all
three treatments. Almost half of the lncRNAs were expressed exclusively in two stages,
while a large number of lncRNAs were expressed in only one stage (Figure 2A).

Figure 2. Expression of lncRNAs in S. lycopersicum leaves under different PHBA treatments. (A) Venn
diagram detailing shared and distinct lncRNA expression patterns in S. lycopersicum leaves under
different treatments of PHBA. (B) Differential expressions of lncRNAs and PGs between the PHBA-
treated and untreated lines of S. lycopersicum.
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We compared the differences in expression between the lncRNAs and PGs in
S. lycopersicum leaves under different PHBA treatments (Table S4). The numbers of differen-
tially expressed PGs and lncRNAs between the treated and untreated S. lycopersicum leaves
increased gradually with increasing PHBA concentration and reached an apex under the
T2 treatment (Figure 2B).

3.3. Prediction of Cis-Regulated Target PGs (CTPGs) of Lncrnas

The expression of proximal and distal PGs has been found to be regulated by lncRNAs
through cis- and trans-acting mechanisms [55]. The regulation of genes located on the
same chromosome as lncRNAs can be ascribed to cis-regulation [56,57], the investigation
of which relies on well-annotated genomes.

The proximal PGs located in a 100 kb genomic window were searched as cis-regulated
target genes of lncRNAs [53]. A total of 7765 lncRNAs were found to have potential cis-
regulatory effects on 5314 PGs in 38,845 gene pairs altogether (Table S5), among which,
89% of lncRNAs targeted more than one gene, 71% targeted two to seven genes, while
only two lncRNAs targeted fourteen genes (Figure 3A). Approximately 5% of the PGs
corresponded to only one lncRNA, and only six PGs were cis-regulated by up to nineteen
lncRNAs (Figure 3A).

Figure 3. Numbers of target PGs regulated by lncRNAs and numbers of lncRNAs that have potential
cis-regulatory and trans-regulatory effects on PGs in S. lycopersicum leaves. (A) The numbers of TPGs
regulated by lncRNAs and the numbers of lncRNAs that have potential cis-regulatory effects on PGs.
(B) The numbers of TPGs regulated by lncRNAs and the numbers of lncRNAs that have potential
trans-regulatory effects on PGs.

Subsequently, the coexpression relationships between lncRNAs and protein-coding
gene pairs were studied using WGCNA. A total of 1116 lncRNAs and 2239 PGs were
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involved in transcriptome regulation, which formed a complex network (Data S1), including
12 modules (Figure 4A and Table S6). Different modules contained different proportions
of lncRNAs, ranging from 16.7% in Module 10 (M10) to 57.6% in M6, with an average of
38.2%. Gene expression patterns for each module were distinguished (Figure 5). Significant
GO terms were identified in each module, ranging from 11 in M11 to 133 in M1 (Table S7).
GO:0032957, which is associated with the inositol trisphosphate metabolic process, was
found in M7 and M11, while GO:0050789 (regulation of biological process) was found
in M1 and M6. Among these modules, the highly expressed genes in M2 were involved
in photosynthesis and cell wall organization and were annotated as being associated
with allelopathy (Figure 6A). The genes in M13 were also predicted to be involved in
photosynthesis and cell wall biogenesis (Figure 6B).

 
Figure 4. The weighted gene co-expression network analysis of lncRNAs and TPGs in S. lycopersicum.
(A) Modules of lncRNAs and CTPGs. (B) Modules of lncRNAs and TTPGs.

Figure 5. Expression patterns of lncRNAs and CTPGs in different modules.
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Figure 6. GO annotations of CTPGs in Module 2 (M2) (A) and Module 13 (M13) (B).
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In addition, we calculated the Spearman correlations (correlation coefficient
cutoff = 0.9) for the expression of each lncRNA and its CTPG pair. The expressions of
458 lncRNAs and their corresponding 975 CTPGs were found to be strongly correlated
(Table S8). A total of 1092 gene pairs were positively correlated, and 963 pairs were neg-
atively correlated. Among these target genes, 1348 were upregulated in S. lycopersicum
leaves in at least one treatment, and 892 were downregulated (Table S9).

3.4. Prediction of TTPGs of lncRNAs

Using RNAplex software, 989 lncRNAs and 1765 TPGs in 5659 gene pairs were
predicted to be trans-regulated (Table S10). Among the 989 lncRNAs, 30.9% of them
targeted only one gene, 0.4% of which targeted more than 100 genes (Figure 3B). Among
the 1765 targets, 697 (39.5%) were trans-regulated by one lncRNA; in contrast, 82 targets
(4.6%) were targeted by more than 10 lncRNAs (Figure 3B).

Using WGCNA, 989 lncRNAs and their 1765 TTPGs were divided into 11 modules
(Figure 4B). The proportions of lncRNAs ranged from 11.1% in M14 to 67.1% in M15,
with an average of 35.9% in these modules (Table S6). Except for M15, M19, M20, M21,
and M23, remarkable GO terms were verified in most modules, with a range from 106 in
M15 to 6 in M23 (Table S11). Distinguishable expression patterns were found in all of the
modules (Figure 7). For example, genes in M16 and M19 were extremely highly expressed
in plants undergoing the T2 treatment (Figure 7) and were annotated as being associated
with the following terms: reactive oxygen species metabolic process, antibiotic catabolic
process, and hydrogen peroxide catabolic process (Figure 8). Regulatory networks that
were widely interconnected between mRNAs and lncRNAs were found in all modules of
trans-regulatory activity (Data S1).

Figure 7. Expression patterns of lncRNAs and TTPGs in different modules.
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Figure 8. GO annotations of lncRNAs and TTPGs in Module 16 (A) and Module 19 (B).

A total of 335 trans-acting lncRNAs were highly correlated with their 633 targets
(Spearman coefficient rho (rs) > 0.9) (Table S12); 681 gene pairs were positively corre-
lated, while 554 pairs were negatively. The expression patterns of the targets indicated
that 1035 were upregulated and that 730 were downregulated in at least one treatment
(Table S13).
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3.5. Similarity Alignment and Conservation Analysis of lncRNAs in S. lycopersicum and
Arabidopsis thaliana

As a model plant and close species of S. lycopersicum, Arabidopsis thaliana was used
to analyze the lncRNA similarities between them. Although there were 65,178 lncRNAs
in S. lycopersicum, only 98 had homologs in Arabidopsis thaliana (Table S14). Expression
analysis revealed that these 98 lncRNAs were affected by the PHBA treatments (Figure 9).

Figure 9. Expression patterns of S. lycopersicum lncRNAs with homologs in Arabidopsis thaliana.

3.6. Prediction of lncRNAs as Endogenous Target Mimics of miRNAs

Recent research has indicated that lncRNAs interact with miRNAs as competitive
endogenous RNAs (ceRNAs) and participate in expression regulation of targets [58,59].
The potential lncRNAs were predicted to be eTM miRNAs using S. lycopersicum miRNAs
which were previously obtained from miRbase (http://www.mirbase.org/, accessed on
26 July 2019).

The miRNAs that interacted with both mRNAs and lncRNAs were selected from
the WGCNA results to make lncRNA-miRNA-mRNA triplets (Table S15). A weight
value greater than 0.15 was used to select the lncRNA-miRNA-mRNA triplets (Table S16).
Cytoscape was used to plot the interactions between lncRNAs, miRNAs, and mRNAs
(Figure 10).
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Figure 10. The interactions between lncRNAs, miRNAs, and mRNAs.

4. Discussion

Although genome-wide lncRNA searches and related studies have been carried out
in Arabidopsis thaliana [60], rice [61], maize [62], wheat [63], and Populus trichocarpa, identi-
fication of lncRNA functions in plant response to allelopathy is lacking. In this study, an
RNA-seq experiment was carried out on tomato plants treated with different concentrations
of PHBA, which systematically identified plant allelopathy-related lncRNAs. The tomato
material we used in this study is a new variety that is widely planted in North China
and thus has an important reference value for plant allelopathy in vegetable production.
In addition, the differentially expressed lncRNAs under different PHBA treatments were
valuable for studying plant allelopathy in S. lycopersicum. Moreover, as an important veg-
etable crop grown worldwide, S. lycopersicum is considered a reference species for Solanum
genomic studies [64]. The genome-wide characterization of lncRNAs in S. lycopersicum will
provide a unique annotation resource for the S. lycopersicum genome.

Gene expression can be cis- or trans-regulated by lncRNAs [65]. Cis-acting lncRNAs
control gene expression around their transcription sites, while trans-acting lncRNAs reg-
ulate the expression of genes at independent loci [66–68]. Additionally, the overlap of
some cis- and trans-acting lncRNAs increases the complexity of the molecular roles of lncR-
NAs [50,69]. Since lncRNAs are often coexpressed with their TPGs, a method for inferring
the putative biological functions of lncRNAs was developed based on the relationships
between the expressions of lncRNAs and TPGs [50,70]. The CTPGs and TTPGs of lncRNAs
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were predicted, and a coexpression analysis was performed [50]. Strong coexpression
between cis- or trans-acting lncRNAs and their TPGs was found in this study. To date, no
lncRNA has been characterized in plant allelopathy processes. Further investigation of
these lncRNAs that are highly coexpressed with TPGs with known functions may provide
some clues that will enable discovery of the functions of lncRNAs in gene expression
regulation of allelopathy.

Compared with the study of functionality, the study of evolution needs to be further
explored. For plant lncRNAs, a recent BLAST search of B. rapa lncRNAs against the
lncRNAs of Arabidopsis thaliana yielded few homologs (approximately 5%) [50], indicating
that evolutionary conservation is limited in plant lncRNAs [50]. In this study, we found that
only approximately 0.15% (98 out of 65,178) of lncRNAs in S. lycopersicum had homologs
in Arabidopsis thaliana. This result also suggested limited evolutionary conservation in
plant lncRNAs.

Recent studies have found lncRNAs involved in miRNA regulation mechanisms as
ceRNAs, which were initially studied in Arabidopsis thaliana and tobacco [71,72]. In this
study, we predicted the relationships between lncRNAs, miRNAs, and mRNAs using
the miRNAs that were previously identified in S. lycopersicum. We propose that certain
interactions between these lncRNAs, mRNAs, and miRNAs play fundamental roles in
plant allelopathy.

5. Conclusions

In conclusion, screening and functional analysis of the genome of S. lycopersicum
enabled the identification of a set of lncRNAs. The analysis of their functional links with
mRNAs and miRNAs and the similarity alignment and conservation analyses of lncRNAs
in S. lycopersicum and Arabidopsis thaliana may provide some molecular clues about plant
allelopathy due to PHBA in S. lycopersicum.
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Abstract: The problem of Feizixiao lychee fruit cracking is typically solved by the application of
calcium to the leaves. However, lychee trees are sensitive to excessive amounts of calcium, and
in practice, it is easy to spray excessive amounts that result in fertilizer burns. This paper intends
to explore the effects of excessive calcium fertilizer application on lychee fruit pulp quality and
the underlying molecular physiological mechanism. Adult Feizixiao lychee trees were used as test
materials; concerning treatment, a 54 μM anhydrous CaCl2 aqueous solution was sprayed onto the
leaves, and water was used as a control (CK). The levels of pulp sugar and the activities of key
enzymes involved in glucose metabolism were observed, and transcriptome analysis and genetic
screening were performed on the pulp. Spraying excessive amounts of calcium onto the leaf surfaces
caused the downregulation of trehalase-encoding genes and SUS-encoding genes, thus inhibiting the
activities of trehalase, SS-I and SS-II, and further inhibiting the accumulation of glucose, fructose, and
sucrose. Moreover, upregulation of VIN gene expression enhanced AI activity and inhibited sucrose
accumulation, thus inhibiting upregulation of NI gene expression during fruit growth and expansion;
in turn, this inhibited the increase in NI activity in the fruit pulp, which then decreased the glucose
and fructose accumulation in the pulp in the high-calcium treatment group compared with the CK
group. The downregulation and expression of CHS family genes may lead to a decrease in chalcone
accumulation, which may lead to damage caused by active oxygen production in the fruit pulp, thus
inhibiting the accumulation of soluble sugars in that tissue.

Keywords: calcium; fertilizer; Feizixiao lychee; sugar accumulation

1. Introduction

Litchi (Litchi chinensis Sonn.) is a widely cultivated specialty fruit tree in tropical and
subtropical areas of China and has high economic value [1]. The tender, juicy, and delicious
fruit of ”Concubine Xiao” litchi makes it one of the most popular litchi varieties in China,
occupying a large share in the litchi market. Therefore, good appearance and inner quality
are fundamental guarantees for “smile of princess” litchi fruit’s market competitiveness;
however, “smile of princess” litchi fruit experience dehiscent problems during the process
of growth and development, which seriously influence yield and quality [2], weaken market
competitiveness, and damage growers’ economic benefit. Many technical measures have
been explored to solve the problem of litchi fruit cracking, among which the simplest one
is foliar spraying of Ca fertilizer [3].

Foliar calcium fertilizer has a good effect that prevents the fruit cracking, not only
on a variety of fruits, but it also improves the intrinsic quality at the same time. Foliar
application of Ca fertilizer effectively reduces grape berry cracking [4], increases the content
of sugar in pulp, and promotes the degradation of citric acid in ripe grape pulp [5]. Foliar
application of Ca fertilizer reduces cracking [6] and sunburn damage of pomegranate
fruits, increases the content of total sugar and chlorophyll, and effectively accelerates the
vegetative growth process of the tree [5]. Foliar application of Ca fertilizer can increase

Horticulturae 2022, 8, 1044. https://doi.org/10.3390/horticulturae8111044 https://www.mdpi.com/journal/horticulturae
57



Horticulturae 2022, 8, 1044

the hardness of apple meat by acting on the cell wall [5]. Foliar application of Ca fertilizer
improved fruit quality and reduced cracking, increased fruit Ca levels and total phenolic
content, and reduced the percentage of dehydrated and rotten berries after storage [5].
Therefore, foliar spraying Ca to prevent fruit cracking has become an effective measure for
many fruits.

In actual production, owing to the difficulty in accurate control of operation, the
problem of spraying Ca fertilizer solution when the concentration is too high leads to
the fruit being damaged by Ca fertilizer, resulting in the deterioration of fruit quality,
ion toxicity, and salt stress reaction [7]. At the same time, we found that after spraying
0.6% calcium chloride to the canopy, the branches were unchanged but leaves and only a few
fruits were covered with some necrotic spots, and the common abnormal performance was
a decline in the soluble sugar content of the fruit. However, the physiological, biochemical,
and molecular mechanisms of excessive application of Ca fertilizer to fruit trees are rarely
studied. The excessive use of Ca fertilizer in pineapple causes a decrease in glucose,
fructose, and β-carotene content [8]. High Ca treatment of grapes results in a decrease in
sugar–acid ratio, an increase in tannin content, and a decrease in fruit taste quality [9]. In
other plants, excessive calcium also affects the normal growth and development of plants:
MICU gene inhibits root growth and reduces mRNA transcription levels in land plants
under high Ca conditions [10]. Under high Ca stress, the root volume of wheat plants
decreased, and the buds showed greening symptoms and shortened length [11]. Under
the influence of high Ca, the germination rate of herbage seeds decreased [12]. High Ca is
absorbed by cells and accumulated in mitochondria, which may cause cell death [10].

At present, in litchi production, foliar calcium injection is often used to prevent the
fruit from cracking [13], but at the same time, it is also found that the litchi tree body is
sensitive to calcin; even a little excessive use causes leaf necrosis and a decline in fruit
sugar content, similar to the harm to the fruits and other plants described above. Therefore,
it is necessary to explore the fertilizer damage caused by excessive Ca in litchi and its
mechanism. This paper intends to start from the mechanism of high leaf calcium inhibiting
sugar accumulation in “Feizixiao” litchi pulp, so as to provide a theoretical foundation for
the development of comprehensive and effective measures for foliar calcium spraying to
prevent litchi fruit from cracking.

2. Materials and Methods

2.1. Experimental Setup and Materials

The lychee orchard at the Yongfa Scientific Research Demonstration Station of the
Tropical Fruit Tree Research Institute of Hainan Academy of Agricultural Sciences served
as the experimental site (latitude and longitude of 19.9◦ and 109.8◦, respectively). The site is
located in the town of Yongfa in northern Chengmai County, Hainan Province. The terrain
is a plateau and lies in the tropical monsoon climate area. The annual average temperature
is 23.8 ◦C, the annual average number of sunshine hours is 2059 h, the annual average
rainfall is 1786.1 mm, and there is no frost year-round. Rain and heat occur in the same
season, and the soil is fertile and lateritic. At the time of this study, the soil organic matter
content was 23.37 ± 0.87 g/kg, the content of available K was 125.63 ± 2.38 mg/kg, the
content of available Ca was 600.51 ± 12.35 mg/kg, and the content of available Mg was
150.47 ± 3.86 mg/kg. Ten 20-year-old grafted Feizixiao lychee trees displaying the same
growth trend with no signs of poor growth were selected for sampling. Feizixiao lychee
plants mature quickly when grown in this area—nearly 3–4 weeks earlier than those grown
in the Guangdong production area. The main phenological periods of lychee in this region
are as follows: the fruit dropping period is in early April, the fruit expansion period is in
late April, maturity and harvest occur in early May, and the autumn shoot growth period
is from July to September.
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2.2. Field Experimental Design and Sampling Methods

The treatments involved spraying a 54 μM anhydrous CaCl2 aqueous solution onto
the leaf surfaces (high-Ca treatment hereafter; the CaCl2 used was chemically pure), and
a water treatment served as the control (CK). Five replications of single-tree plots were
established. The field experiment was initiated at the beginning of fruit expansion (the
aril completely covered the seeds). The foliar fertilizer was sprayed once every 7 d for a
total of 3 times. The high-Ca treatment was applied between 8 and 9 a.m. on 10, 18, and
25 April 2019 (corresponding to 35, 43, and 50 d after anthesis). The first sampling occurred
on 18 April 2019, and subsequent sampling was conducted every 7 d, i.e., at 43, 50, 57,
64, 71, and 77 d after anthesis. As references, five fruits of moderate size and shape were
taken from four sides of the tree around the middle of the crown. Thirty fruits similar to
the reference fruits were collected from each tree at each collection time. The fruits were
quickly frozen in liquid nitrogen and taken back to the laboratory. Then, they were put into
a −80 ◦C ultralow-temperature freezer for storage.

2.3. Measurement Methods of Observed Indicators

The soluble sugar content was determined by anthrone colorimetry. Then, 0.1 g of the
sample was ground in a boiling water bath, centrifuged, and placed in a second boiling
water bath. After cooling, the anthrone reacted with free hexose or hexosyl, pentosyl, and
hexuronic acid in the polysaccharide. After the reaction, the solution was blue-green and
had maximum absorption at 620 nm, and the specific content was obtained by comparison
with the standard curve [14]. The contents of sugars such as sucrose, fructose, and glucose
were determined by the use of a high-performance liquid chromatograph. Here, 0.5 g of
pulp was weighed, and 5 mL of 90% ethanol was added to fully grind the sample. Then,
the sample was centrifuged, the supernatant collected, and ethanol used for secondary
extraction. The two supernatants were combined, placed in a water bath, evaporated to
dryness, and brought up to 10 mL with deionized water. The sample was filtered through
a 0.45 μm filter membrane prior to testing. The sugar content was determined using a
Waters 2695 high-performance liquid chromatograph manufactured in the United States
and equipped with an evaporative light-scattering detector [15]. The fresh sample was
weighed and then dried to an ashed sample. The ashed sample was allowed to cool and
10 drops of deionized water followed by 3–4 mL of nitric acid were added to the sample.
Excess nitric acid was evaporated by placing the sample on a hot plate set at 100–120 ◦C. The
sample was returned to the furnace and ashed for an additional 1 h and after being cooled,
the ash was dissolved in 10 mL hydrochloric acid and transferred quantitatively to 50 mL
volumetric acid. Analysis for calcium was carried out using atomic absorption spectroscopy
set at different wavelengths for the optimum working conditions of the minerals.

Extraction of the acid invertase (AI), sucrose phosphate synthase (SPS), sucrose syn-
thase II (SS-II), neutral invertase (NI), and sucrose synthase I (SS-I) enzymes was performed
according to Nielsen’s method [16], and the enzyme activity was determined according
to the avidin biotin peroxidase complex enzyme-linked immunosorbent assay and ELISA
reagent test kit (Catalogue No.: KT8013-A, KT50452-A, KT5045-A, KT8107-A, KT5044-A;
Meimian, Yancheng, Jiangsu, China). For example: Take 2 g of pulp, add 2 mL of acetic
acid buffer, grind into a paste with a mortar in an ice bath, 12 000 r/min for 10 min, and
retain the supernatant for enzyme activity determination. Using 2 brace-plug graduated
tubes, add 0.8 mL of acetic acid buffer, 0.2 mL of 0.5 mmol/L sucrose solution, and 1 mL of
appropriately diluted enzyme solution to each tube, and use the same treatment but no
enzyme solution as a blank control, and place it at room temperature for 10 min. Then add
1 mL of Nelson reagent to each tube and place the tubes in a boiling water bath for 20 min.
Cool to room temperature, add 1 mL of arsenic–molybdic acid reagent to each tube, and
after 5 min, add 7 mL of distilled water to each tube, colorimetric at 510 nm, and determine
the optical density (OD) 510nm.

Several key time points were selected: 35 d after anthesis was the starting point and
64 or 71 d after anthesis was the end point. The samples were sent to Wuhan Metwell
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Biotechnology Co., Ltd., for transcriptome sequencing. Four unigene databases, namely,
NCBI nonredundant (NR) protein, SwissProt, Kyoto Encyclopedia of Genes and Genomes
(KEGG), and Clusters of Orthologous Groups of proteins, were used in conjunction with
alignment via BLASTX software to obtain protein sequences with high similarity; thus,
we obtained the protein functional annotation information corresponding to each unigene.
To analyze the differentially expressed genes and their clustering, RSEM software was
used for quantitative analysis of gene expression based on fragments per kilobase of exon
per million mapped fragment (FPKM) values [17], and DESeq2 was used for screening
differentially expressed genes [18] and for analyzing subsequent Gene Ontology (GO)
and KEGG functional enrichment. Eight differentially expressed genes were randomly
selected from the transcriptome results, and their expression was measured via real-time
quantitative PCR (qRT–PCR) [19]; the 2−ΔΔCT value was calculated and used to evaluate
whether the transcriptome sequencing results were reliable.

2.4. Statistical Analysis

The online version of SAS software was used for statistical analysis of the data.
ANOVA was used for variance analysis, and the Duncan method was used for multi-
ple comparison analysis. T tests were used to analyze the significance of the differences
between the high-Ca treatment and the CK treatment.

3. Data Analysis and Results

3.1. Effects of High-Ca Treatment on Sugar Content

As shown in Figure 1a,b, the glucose and fructose content in the fruit pulp exhibited
the same increasing trend; after 71 d, the contents in the high-Ca treatment group were
significantly lower than those in the CK group, so the accumulation of reducing sugars was
inhibited by the high-Ca treatment.

As shown in Figure 1c, the dynamic changes in the sucrose content showed a single-
peak curve, but the peak in the high-Ca treatment group occurred 57 d after anthesis, and
the peak in the CK occurred 50–64 d after anthesis. There was no significant difference
in the sucrose content between the high-Ca treatment and CK before 50 d after anthesis,
yet at 57 d after anthesis, the content in the high-Ca treatment group was significantly
higher than that in the CK group. Additionally, at 57 d after anthesis, the content in the
high-Ca treatment was significantly lower than that in the CK, so the inhibition of sucrose
accumulation in response to the high-Ca treatment occurred at this time.

Figure 1. Cont.
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Figure 1. Effects of high-Ca treatment on sugar accumulation and Ca content: (a) content of glucose;
(b) content of fructose; (c) content of sucrose; (d) content of soluble proportion; (e) content of Ca.
Note: The symbols with * in the figure indicate significant differences between the CK and high-Ca
treatments for the same data type; otherwise, there was no significant difference. The same scheme
applies to the figures below.

As shown in Figure 1d, the dynamic change trend of the soluble sugar content of
the high-Ca treatment and CK was different, and the phenomenon of “sugar withdrawal”
appeared in the flesh at the mature stage. The difference was that there was no significant
change from 43 to 57 d after anthesis, and at 64 d after anthesis, the value in the high-Ca
treatment was significantly lower than that in the CK. As a result, the accumulation of
soluble sugar was significantly inhibited by high-Ca treatment.

3.2. Ca Content

It can be seen from Figure 1e that the Ca content of treatment and CK shows a “W”
shaped trend of decreasing, rising, decreasing, and rising. There were two troughs, 57 and
71 d after flowering. Treatment was significantly higher than CK at 57 days after flowering;
there was no significant difference between treatment and CK on other dates. It shows that
pretreatment can increase the Ca content.

3.3. Effects of High-Ca Treatment on the Activities of Key Enzymes Involved in Glucose Metabolism
3.3.1. AI

The changes in AI activity are shown in Figure 2a. The AI activity of the CK group first
increased, then decreased and increased again. Finally, there was no significant difference
between the CK group and the high-Ca treatment group. The AI activity of the high-Ca
treatment group showed a single-peak curve, and the highest peak occurred at 64 d after
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anthesis; this peak was significantly lower and occurred earlier than that of the CK group.
There was no significant difference in AI activity between the high-Ca treatment group and
CK group at 64 d after anthesis. These results indicated that high-Ca treatment inhibited
AI activity in the early stage of sugar accumulation, thus inhibiting the accumulation of
reducing sugars.

Figure 2. Effects of high-Ca fertilizer on the activities of key enzymes involved in fructose metabolism:
(a) AI; (b) NI; (c) SS-I; (d) SS-II; (e) SPS. (f) The net activity of sucrose invertase in the synthetic
direction. Note: The symbols with * in the figure indicate significant differences between the CK and
high-Ca treatments for the same data type; otherwise, there was no significant difference.

3.3.2. NI

The changes in NI activity are shown in Figure 2b. The change trend of the enzyme
activity in the high-Ca treatment group decreased only at 71 d after anthesis, and the
enzyme activity in the CK group experienced two increases and decreases. However, the
NI activity in the high-Ca treatment group was significantly higher than that in the CK
group at 77 d after anthesis and was significantly lower than that in the CK group overall,
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indicating that the high-Ca treatment had an obvious inhibitory effect on the accumulation
of reducing sugars in the fruit pulp.

3.3.3. SS-I

The changes in SS-I activity are shown in Figure 2c. The dynamic changes in enzyme
activity in the high-Ca treatment group and CK group were different. The values in the
high-Ca treatment group were significantly lower than those in the CK group at 71 d after
anthesis. There was no significant difference at the other time points. Therefore, combined
with the results of the sugar content determination, the results here indicate that high-Ca
treatment may inhibit the conversion of sucrose to reducing sugars by reducing SS-I activity
and subsequently inhibiting the accumulation of reducing sugars in the fruit pulp.

3.3.4. SS-II

The changes in SS-II activity are shown in Figure 2d. The SS-II activity in the high-Ca
treatment group was significantly lower than that in the CK group before 64 d after anthesis
and vice versa after 64 d after anthesis, but there was no significant difference at 43 and
77 d after anthesis. These results indicated that high-Ca treatment inhibited SS-II activity
before 64 d after anthesis, resulting in the inhibition of sucrose accumulation.

3.3.5. SPS

The changes in SPS activity are shown in Figure 2e. The dynamic changes in enzyme
activity in the high-Ca treatment group and CK group showed a single-peak curve; the
peak value of the activity in the high-Ca treatment group occurred at 64 d after anthesis,
and the peak value in the CK group was at 50 d after anthesis. There was no significant
difference in SPS activity between the high-Ca treatment group and the CK group at 64 d
after anthesis, but the activity was significantly lower in the high-Ca treatment group than
in the CK group at 64-50 d after anthesis. High-Ca treatment inhibited SPS enzyme activity,
resulting in the inhibition of sucrose accumulation.

3.3.6. Synthesis Direction and Net Activity of the Sucrose Invertase System

The characteristics of net activity change in the synthesis direction of the sucrose
invertase system are shown in Figure 2f. The change trend of the net activity in the high-Ca
treatment group was “up, down, and up”, while that in the CK showed the opposite
trend. At 71 d after anthesis, the net activity of the sucrose invertase system in the high-Ca
treatment group was significantly higher than that in the CK treatment group. At this time,
a large amount of sucrose in the CK group was transformed into glucose and fructose,
while less sucrose in the high-Ca treatment group was converted. Overall, the sucrose in
the CK group decomposed into fructose and glucose, while the high-Ca treatment inhibited
the conversion of sucrose to reducing sugars, and the accumulation of reducing sugars was
inhibited relative to that in the CK group.

3.4. Transcriptome Analysis of Fruit Pulp
3.4.1. Assembly and Analysis of Transcriptome Sequencing Data

The sequencing yield of the lychee pulp transcriptome is shown in Table 1. The GC
content of each sample is greater than 44.86%, the percentage of Q30 bases is greater than
91.43%, and the error rate is only 0.02%, which indicates that the quality of the bases is
high and that the sequencing results are ideal, which ensures the accuracy and reliability of
subsequent analysis.

Figure 3a shows that the number of transcripts and unigenes with a length of more
than 200 to 2000 bp exceeds 1000, and the number of transcripts and unigenes with a length
ranging from 200 to 300, 300 to 400, and 400 to 500 bp exceeds 10,000. Table 2 shows that a
total of 306,396 transcripts with an N50 of 1913 bp, an N90 of 456 bp, and an average length
of 1119 bp were assembled. A total of 115,413 unigenes were obtained. The average length
of these sequences was 894 bp, the N50 was 1581 bp, and the N90 was 335. Taken together,
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these findings indicate that the sequencing results are ideal and that the analysis results
are reliable.

Table 1. Statistics of transcriptome sequencing data from the pulp of Feizixiao lychee fruit in the
high-Ca treatment and CK treatment groups.

Sample Raw Reads Clean Reads Clean Bases (Gb) Error Rate (%) Q30 (%) GC Content (%)

35d-CK 48,281,265 47,115,740.7 7.0 0.02 92.5 44.9
64d-CK 48,142,673 47,328,952 7.0 0.02 91.4 44.9
64d-Ca 49,977,736 49,345,295.3 7.4 0.02 92.3 44.8
71d-CK 47,102,587 46,452,051.3 6.9 0.02 91.6 44.9
71d-Ca 47,311,827 46,672,307.3 7.0 0.02 91.8 44.8

Notes: 35 d-CK, 64 d-CK, and 71 d-CK represent transcripts in the control Feizixiao lychee fruit pulp at 35, 64, and
71 d after anthesis, respectively; 35d-CK, 64d-Ca, and 71d-Ca represent transcripts of Ca-treated Feizixiao lychee
fruit pulp at 35, 64, and 71 d after anthesis, respectively.

Figure 3. Cont.
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Figure 3. Assembly and annotation of the transcriptome from the pulp of Feizixiao lychee: (a) se-
quence length distribution; (b) statistical chart of species with gene homology; (c) statistical chart of
KOG function classification.

Table 2. The statistics of assembly results.

Type Number Mean Length N50 N90 Total Bases

Transcript 306,396 1119 1913 456 342,893,342
Unigene 115,413 894 1581 335 103,163,097

3.4.2. Functional Annotation and Analysis of Unigenes

The unigenes were subjected to functional enrichment analysis, and the results are
shown in Table 3. By comparing the unigene sequences with sequences in the KEGG, NR,
GO, and other databases, we found that 55,352 unigenes were annotated in at least one
database, accounting for 47.96% of the total. Among these unigenes, the number of unigene
annotations obtained from the TrEMBL database was the largest at 51,397, accounting for
44.53%; this was followed by the annotations obtained from the NR and GO databases.
In addition, 36,242 unigenes were annotated in the SwissProt database, and 41,174 and
34,652 unigenes were annotated in the KEGG pathway and Pfam databases, respectively.

Table 3. Unigene annotation results.

Database Number of Genes Percentage (%)

KEGG 41,174 35.6
NR 51,132 44.3
SwissProt 36,242 31.4
TrEMBL 51,397 44.5
KOG 32,067 27.7
GO 43,328 37.5
Pfam 34,652 30.0
Annotated in at least one database 55,352 47.9

The results of our evolutionary analysis are shown in Figure 3b. The number of
homologous genes is ranked from large to small. The top ten species with homologous
genes were Citrus sinensis, Citrus clementina, Citrus unshiu, Vitis vinifera, Theobroma cacao,
Quercus suber, Populus trichocarpa, Hevea brasiliensis, Durio zibethinus, and Manihot regia.
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With 603 homologous genes, Dimocarpus longan, which is closest to lychee, ranks 19th.
Based on an in-depth study of citrus fruit growth and development, this study provides a
reference method and results.

As shown in Figure 3c, the obtained unigenes were compared with sequences in the
EuKaryotic Orthologous Groups (KOG) database to analyze their possible functions. The
results showed that these gene sequences were related to 25 biological processes.

Among these biological processes (in terms of general function prediction only), the
most abundant terms involved posttranslational modification, protein turnover, chaperones,
signal transduction mechanisms, translation, ribosomal structure, and biogenesis. Carbon
transport and metabolism; energy production and conversion; and secondary metabolite
biosynthesis, transport, and catabolism were the next most abundant terms.

3.4.3. Functional Annotation and Enrichment Analysis of Differentially Expressed Genes

Additionally, we examined the positive and negative regulatory processes related to
biological processes and the regulation of enzyme activity related to molecular function.
As shown in Figure 4a, there were differences in gene expression during the growth and
development of the pulp of the fruit in the high-Ca treatment group and the CK group. With
respect to sugar metabolism in the pulp, there were different degrees of gene upregulation
and downregulation in the CK group compared with the high-Ca treatment group. In total,
48 genes were upregulated in the high-Ca treatment group compared with the CK group
at 50 d after anthesis, and 83 genes were downregulated; at 64 d after anthesis, 92 genes
were upregulated, and 19 genes were downregulated. Moreover, at 71 d after anthesis,
49 genes were upregulated, and 38 genes were downregulated, which indicated that high-
Ca treatment significantly altered the expression of genes during fructose metabolism.

Figure 4b shows that at 64 d after anthesis, in the biological process category, the
differentially expressed genes in the high-Ca treatment and CK groups were involved
mostly in metabolic processes, cellular processes, and cellular component organization or
biogenesis. In the broad cellular components category, the genes in the high-Ca treatment
and CK groups were involved mostly in extracellular regions, cells, and cell parts. In
the broad molecular function category, the differentially expressed genes in the high-Ca
treatment and CK groups were mostly involved in catalytic activity.

Figure 4c shows that there are many subclasses of genes differentially expressed at
71 d after anthesis compared with those at 64 d after anthesis, but the number is similar
to that at 64 d after anthesis. At 71 d after anthesis, there were also a greater number of
genes involved in response to stimuli and a smaller number involved in cell components,
tissues, or biogenesis. In the cellular component category, the number of genes annotated
as extracellular regions was relatively small. In the molecular function category, binding
was also notably annotated.

Figure 4. Cont.
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Figure 4. Statistics and functional classification of differentially expressed genes: (a) statistical chart
of gene difference between treatment and control; (b) histogram of GO classification of DEGs in
CK and treatment at 64 days after flowering; (c) histogram of GO classification of DEGs in CK and
treatment at 71 days after flowering.

Pathway enrichment analysis was carried out on the genes differentially expressed
between the CK group and the high-Ca treatment group. The pathways that were signifi-
cantly enriched are shown in Figure 5a,b. The fructose content of the high-Ca treatment
and CK groups reached a maximum at 64 d after anthesis, and the fructose content of
the high-Ca treatment group was significantly lower than that of the CK group at that
time. The pathways most significantly enriched were pentose and glucuronic acid intercon-
version, flavonoid biosynthesis, and others. At 71 d after anthesis, the sugar withdrawal
phenomenon was detected in both the high-Ca treatment group and the CK group, and the
enriched pathways causing this difference were mainly involved in plant hormone signal
transduction and ABC transporters. This indicates that the inhibitory effect of high-Ca
treatment on sugar accumulation is mainly reflected in the effects on the above pathways.
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Figure 5. Enrichment statistics of metabolic pathways involving differentially expressed genes:
(a) KEGG pathway enrichment of DEGs in CK and treatment at 64 days after flowering; (b) KEGG
pathway enrichment of DEGs in CK and treatment at 71days after flowering.

Hierarchical cluster analysis was performed on the expression (FPKM values) after
analysis and standardization of the differentially expressed genes, and a cluster heatmap
of the groups of genes differentially expressed between the high-Ca treatment group and
the CK group at 64 and 71 d after anthesis was constructed, as shown in Figure 6a,b. The
results corresponding to the two time points and the CK are grouped into one category.
The differentially expressed genes could be divided into two categories: those with high
expression and those with low expression.
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Figure 6. Hierarchical clustering heatmap of differentially expressed genes: (a) hierarchical clustering
heatmap of differential genes between 509−CK and 509−T1; (b) hierarchical clustering heatmap of
differential genes between 516−CK and 516−T1. Note: The abscissa represents the sample name
and hierarchical clustering results, and the ordinate represents the differentially expressed gene
and hierarchical clustering results shown in Figure 6. Red indicates high expression, and green
indicates low expression; 509-CK and 509-T1 correspond to the control and high-Ca treatment groups,
respectively, at 64 d after anthesis; 516−CK and 516−T1 correspond to the control and high-Ca
treatment groups, respectively, at 71 d after anthesis.

69



Horticulturae 2022, 8, 1044

Figure 7a shows the metabolic pathway of starch and sucrose metabolism, which
mainly controls carbohydrate metabolism. In sucrose metabolism, there are three pathways
labeled 3.2.1.21 involving β-D-glucoside glucose hydrolase, which involves an enzyme
that promotes the conversion of other sugars to glucose. Pathway number 5.3.1.9 involves
α-D-glucose-6-phosphate aldose ketone isomerase, which is involved in the catalysis of α-
D-glucose 6-phosphate and the β-reversible conversion between D-fructose and furanose 6-
phosphate. The pathway number of the SUS-coding gene is 2.4.1.13; this pathway involves
sucrose synthase, which is an enzyme that catalyzes the reversible synthesis of sucrose.
Interestingly, the expression level of SUS was downregulated. In starch metabolism, the
gene expression in pathway number 3.2.1.28 (involving α-trehalose glucose hydrolase) was
downregulated; this enzyme is involved in the catalysis of α,α-trehalose. The hydrolysis of
the o-bond of glucoside releases the initial equimolar amount of α- and β-D-glucose, which
promotes the synthesis of D-glucose. Since the enzymes encoded by these genes directly
affect the conversion and accumulation of sucrose, glucose, and fructose, it is suggested
that the difference in the expression of these genes may be related to the inhibition of
sugar accumulation detected in the high-Ca treatment group. The enzyme encoded by
the sus gene is SS, which indicates that high-Ca treatment leads to downregulation of the
SS enzyme-encoding gene. In the analysis of differentially expressed genes involved in
glucose metabolism in this paper, no significant change was found in the expression of
SPS genes, indicating that there may be other physiological and biochemical mechanisms
involved in the regulation of SPS activity in the high-Ca treatment group.

Figure 7b shows the biosynthetic pathway of flavonoids, which compose a main cate-
gory of plant secondary metabolites. Flavonoids are synthesized from phenylpropanoid
derivatives by condensation with malonyl-CoA. The genes in pathway numbers 2.3.1.74
(involving 4-β-D-glucan glucose hydrolase) and 2.3.1.170 (involving malonyl-CoA) were
downregulated. Both belong to the chalcone synthase (CHS) superfamily. CHS is the first
key structural enzyme in flavonoid synthesis and is responsible for catalyzing the forma-
tion of chalcone, which, as a precursor of many flavonoids, participates in the formation
of downstream secondary metabolites. The downregulation of these genes inhibits the
formation of chalcone and may ultimately inhibit the accumulation of flavonoids.

Figure 7c shows a cluster heatmap of the expression levels of the invertase-related
genes CIN and VIN. According to the expression level, it can be concluded that the high-Ca
treatment affected the expression of the gene-encoding invertase. Moreover, the expression
level of the VIN gene in the CK group significantly decreased during sugar withdrawal,
while that in the high-Ca treatment group did not significantly decrease. The expression
of the CIN gene was significantly increased, but there was no significant change in the
high-Ca treatment group. Since the CIN gene encodes NI and the VIN gene encodes AI,
high-Ca treatment suppressed the activity of invertase by downregulating the expression of
the invertase-encoding gene, thereby inhibiting the accumulation of glucose and fructose.
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3.5. qRT–PCR Validation Analysis

qRT–PCR analysis was performed on eight unigenes. As shown in Figure 8, the
linear relationship between the RNA sequencing (RNA-seq) data and qRT–PCR data was
significantly positive, indicating that the results of the transcriptome analysis were accurate
and reliable.

Figure 8. Correlation analysis of gene expression levels obtained from RNA-seq data and qRT–PCR
data. Note: The y values represent log2(FPKM) from RNA-seq, and the x values represent −(ΔΔCt)
from qRT–PCR.

4. Discussion and Analysis

Soluble sugars are important quality indicators of fruits [20]. In lychee, the main sugars
are glucose, fructose, and sucrose [21]. Different kinds of lychees have different types of
sugars that accumulate as a result of sugar metabolism, and Feizixiao lychees accumulate
reducing sugars [15]. In addition, the sugar withdrawal phenomenon can occur [13], which
needs further attention. The results of the present study showed that the soluble sugars in
lychee pulp were mainly glucose and fructose, and the sucrose content was significantly
lower than that of the two monosaccharides, the results of which were consistent with
our previous results. The results also showed that the high-Ca treatment inhibited the
accumulation of soluble sugars, which was consistent with data from pineapple treated
with high Ca [8].

AI, NI, SS-I, SS-II, and SPS [22–25] play an important role in sugar metabolism. The
results showed that the high-Ca treatment obviously inhibited the activities of AI and NI
during the sugar accumulation period, inhibited the conversion of sucrose to glucose and
fructose, and reduced the accumulation of reducing sugars in the fruit pulp. The high-Ca
treatment increased SS-I activity and decreased SS-II activity in the early stage of sugar
accumulation, and it also decreased SS-I activity and enhanced SS-II activity after sugar
withdrawal; that is, at the early stage of sugar accumulation, SS mainly catalyzed the
decomposition of sucrose into fructose, and at the time of sugar withdrawal, SS mainly
catalyzed the synthesis of sucrose from fructose. At the same time, SPS activity was
inhibited, resulting in a decrease in overall sugar accumulation in the pulp. The Feizixiao
lychee fruit pulp industry is mainly controlled by the use of these key enzymes. This result
is the same as those in previous reports that sugar metabolism of Feizixiao lychee fruit is
mainly regulated by AI and SS [26].

Transcriptome analysis showed that high-Ca treatment did not cause changes in
the expression of SPS-encoding genes, indicating that the inhibition of the activities of
these two enzymes may occur posttranscriptionally, during translation and posttranslation;
nonetheless, the underlying molecular mechanism needs further study.

Among the differentially expressed genes encoding α- and β-D-glucose-6-phosphate
aldose ketone isomerase [27], the upregulation of D-glucoside glucohydrolase gene ex-
pression [28] suggests that the content of reducing sugars in the fruit pulp under high-Ca
treatment remains relatively stable. α-Trehalose and glucose hydrolase can catalyze the
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decomposition of trehalose to produce glucose, and the downregulation of related genes
directly causes a reduction in glucose synthesis. SUS-encoding genes control SS enzyme
synthesis, which catalyzes the NDP-α-D-glucose + D-fructose to ribonucleoside 5′- diphos-
phate + H+ + sucrose (reversible) conversion reaction [29]. The expression of the SUS gene
was downregulated in the high-Ca treatment group, which was consistent with the change
trend of SS-I and SS-II activities in the high-Ca treatment group, the findings of which were
opposite those of the CK group. In the forward direction, SS-II led to a decrease in the
synthesis of sucrose in the pulp, and in the reverse direction, SS-I led to a decrease in the
amount of sucrose converted to fructose; thus, the accumulation of soluble sugars in the
pulp was inhibited.

High-Ca treatment upregulated VIN gene expression and downregulated CIN gene ex-
pression. Combined with the measurements of the sugar components, the sugar withdrawal
phenomenon occurred after the sugar content peaked. At that time, the VIN expression
in the CK group was significantly decreased, while the VIN expression in the high-Ca
treatment group was not significantly decreased. VIN gene expression positively regulated
AI activity [30], which was consistent with the AI activity trend. Moreover, AI promoted
sucrose decomposition to provide a carbon source for growth; that is, by inhibiting the
downregulation of VIN expression, high-Ca treatment may cause AI activity to remain at a
high level, thus reducing sucrose accumulation. The expression of the CIN gene in the CK
group significantly increased when sugar withdrawal occurred; the CIN gene positively
regulated NI activity, but there was no change in CIN activity in the high-Ca treatment
group. Among them, the upregulation of the CIN gene promoted the accumulation of
reducing sugars [25], while the high-Ca treatment in this experiment inhibited the upregu-
lation of NI expression, thus inhibiting the accumulation of reducing sugars. The results of
this paper also confirm that invertase plays an important role in fruit sugar metabolism [31].

By analyzing the transcriptome results at the critical stage of fructose accumulation,
we found that the genes of the CHS family involved in the flavonoid biosynthesis pathway
were downregulated [32]. CHS is mainly responsible for catalyzing the conversion of
coumaroyl-CoA to synthesize naringenin chalcone, which, as a precursor, participates in
the formation of flavonoids. According to the results of a test analysis, the downregulation
of related genes caused a reduction in chalcone synthesis, which indirectly inhibited the
accumulation of flavonoids. High-Ca treatment inhibited the accumulation of glucose,
fructose, sucrose, and soluble sugars. It can thus be inferred that the content of flavonoids
was reduced [32], and the pulp was damaged by reactive oxygen species, thus inhibiting
the accumulation of sugars. However, this needs to be further confirmed.

5. Conclusions

The physiological mechanism that occurs in response to excessive Ca fertilizer being
sprayed onto leaves to inhibit sugar accumulation is as follows: First, Ca causes the
expression of trehalase-encoding genes and SUS genes to be downregulated and inhibits
the activities of trehalase, SS-I, and SS-II, thus inhibiting the accumulation of glucose,
fructose, and sucrose. It does not cause the expression of SPS-related genes to change but
does inhibit the accumulation of this sugar by inhibiting SPS activity. There may be other
mechanisms involved in inhibiting the activity of this kind of enzyme, which needs further
study (glucose metabolism). High-Ca fertilizer also causes decreased expression of the
VIN gene, thus inhibiting AI activity and inhibiting glucose and fructose accumulation.
In turn, these phenomena inhibit the upregulation of CIN gene expression in the fruit
during the fruit growth and expansion period, thereby inhibiting the increase in NI activity
in the pulp and causing a decrease in glucose and fructose accumulation in the treated
pulp relative to that in the fruit in the CK group. Inhibition of CIN expression possibly
causes a downregulation of CHS family gene expression, causing a decrease in chalcone
accumulation, which may lead to damage caused by active oxygen production in the
pulp, thus inhibiting the accumulation of fructose. However, these phenomena need
further confirmation.
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Abstract: Gypsophila paniculata is the only species in the genus Gypsophila that has been used as cut
flowers, and the sequencing of its genome has just been completed, opening a new chapter in its
molecular genetic breeding. The molecular marker system is the basis for genetic molecular research
in the era of genomics, whereas it is still a gap for G. paniculata. In this study, we constructed a
genome-wide InDel marker system of G. paniculata after genome resequencing of another wild-type
accession with white flowers. Consequently, 407 InDel markers at a distance of ~2 Mb were designed
for all 17 chromosomes. Later, the validation of these markers by PCR revealed that 289 markers could
distinguish alleles of the two wild-type alleles clearly. The predicted polymorphisms of two wild-type
alleles were then transferred to the commercial cultivars, which displayed a rich polymorphism
among four commercial cultivars. Our research established the first genome-level genetic map in
G. paniculata, providing a comprehensive set of marker systems for its molecular research.

Keywords: Gypsophila paniculata; InDel marker; genetic map; polymorphism

1. Introduction

Gypsophila paniculata is a perennial herbaceous shrub from the genus Gypsophila, which
comprises about 150 species of annual, biennial and perennial plants [1,2]. It is usually used
as a filler in flower arrangements, making it an important cut flower in the global market.
Differing from crops, flower type and colour as well as its inner quality and biotic or abiotic
stress resistance are the main goals for ornamental breeding [3]. Although breeding efforts
have been invested in the creation of new varieties and the improvement of desirable
traits, conventional crosses and subsequent phenotypic selection for specific traits remain
the dominant breeding methods used in the breeding of G. paniculata, which has severely
hindered its breeding efficiency [4]. As a consequence, there are currently fewer commercial
varieties on the world floricultural market, such as ‘Million Stars’, ‘Perfect’, ‘Dream Pink’
and ‘Huixing 1′ [5]. In contrast to its important position in the floricultural industry, the
molecular genetics research of G. paniculata is limited, which hinders the improvement of
the cultivars to some extent.

Molecular markers have been widely used in genetic and evolutionary research of
various ornamental species including Rosa, Paeonia, Dendrobium, etc., in their germplasm
characterization, genetic mapping, diversity analysis and molecular marked-assisted se-
lection in breeding [6–11]. In the development history of molecular markers, DNA-based
marker systems such as RFLP (restriction fragment length polymorphism) have been re-
placed progressively by PCR-based markers such as RAPD (random amplified polymorphic
DNA), SSR (simple sequence repeat), SNPs (single-nucleotide polymorphisms) and InDels
(insertions/deletions) [12]. A few pieces of research about the assessment of genetic diver-
sity among wild species and commercial hybrids from Gypsophila using RAPD markers and
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chloroplast simple sequence repeat (cpSSR) markers have been reported [13,14], but the
genetic map or marker system covering the whole genome of G. paniculata lacks. Benefiting
from the recent progress in genome sequencing technology, reference genomes with high
quality have been accessed in various ornamental plants, bringing floral research to a
genome-wide level [15,16]. In addition, the SNP and InDel markers have become the most
used molecular markers for plant research due to their abundant polymorphisms, genome-
wide distribution and co-dominance [17–19]. For instance, high-density genetic maps based
on SNPs facilitate the identification the genetic regulators of key ornamental traits such as
flower type as well as the resistance gene in roses, carnation and chrysanthemum [20–23].
Although powerful, the genotyping of SNPs relies on the KASP assay, which requires a
special machine and is expensive. In contrast, InDel makers are easy to use, low in cost
and efficient, as the InDel marker-based mapping system relies on simple PCR and gel
electrophoresis procedures [24].

This study aims to construct a genome-wide InDel marker system of G. paniculata, pro-
viding a useful tool to facilitate its breeding. Recently, the genome sequence of G. paniculata
has been assembled and released to the public [25], meeting our goal to develop markers
through genome resequencing. Thus, a wild-type accession of G. paniculata with white
flower (WT-W) was re-sequenced using next-generation sequencing technology, and a se-
ries of molecular markers distributed genome-wide were identified, including SNP, InDel,
SV (structure variation) and CNV (copy number variations by comparing with the reference
genome of a wild-type accession with pink flower (WT-P)). As hypothesized, a set of InDel
markers with a high level of polymorphism was developed using the information gener-
ated by genome resequencing. Moreover, the InDel markers also displayed polymorphism
among four commercial cultivars. Our work provides the first genome-wide genetic map of
G. paniculata, supporting the further genetic study and molecular breeding of this species.

2. Materials and Methods

2.1. Plant Materials

Two G. paniculata wild-type accessions with pink (WT-P) and white flowers (WT-W)
were used in this study (Figure 1). The WT-P plant was used for the de novo genome
sequenced previously, providing the reference genome data thereby. The WT-W plant
was used for genome resequencing to generate InDel markers. Meanwhile, we selected
four commercial cultivars of G. paniculata (‘YX1′, ‘YX2′, ‘YX3′ and ‘YX4′) to identify and
validate the polymorphic InDel markers. ‘YX1′, ‘YX2′ and ‘YX4′ are three representative
commercial varieties of G. paniculata with white petals, and the difference is the flower size
(‘YX1′>‘YX4′>‘YX2′, from large to small’), whereas the flower colour of ‘YX3′ is pink with
a similar size as ‘YX2′ (Figure 1). All of the above plant materials were provided by Yuxi
Yunxing Biological Technology Co., Ltd. (Yuxi, China).

2.2. Variation Detection by Genome Resequencing

The fresh young leaves of G. paniculata WT-W were used for genome resequencing. The
MGISEQ-2000 PE150 sequencer was applied to conduct genome sequencing, after which
the original reads (8.66 Gb) were filtered to generate clean reads (8.05 Gb) for subsequent
analysis. Using in-house scripts, we filtered any sequencing reads with the following:
reads with adapter sequences, consecutive bases on the ends with base quality < Q20,
read length < 50 bp and singletons. The clean reads were then aligned to the G. paniculata
reference genome using BWA mem (v0.7.17) with default settings [26]. The alignment
results were sorted using Samtools (v1.9) [27].

SNP and InDel were called using GATK HaplotypeCaller (v4.1.4.1, Broad Institute,
Cambridge, MA, USA) with default settings [28]. We further filtered the calls using
GATK VariantFiltration with the following parameters: SNP filtering (QD < 2.0, FS > 60.0,
MQ < 40.0, MQRankSum< −12.5, ReadPosRankSum < −8.0); InDel filtering (QD < 2.0,
FS > 200.0, ReadPosRankSum < −20.0). CNV were detected using CNVnator (v0.3.2) with
default settings [29]. SV were identified using Manta (v1.6.0) [30]. Mutational positions,
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genomic regions and potential amino acid changes were assessed using ANNOVAR (v2019,
Wang Kai, PA, USA) [31]. Circos (v0.69, Martin Krzywinski, Vancouver, BC, Canada) was
used to plot the genome-wide distribution of variation [32].

 

Figure 1. The phenotype of G. paniculata wild-type accessions and commercial cultivars used in this
study. (A). The pink flower wild type of G. paniculata (WT-P). (B). The white flower wild type of
G. paniculata (WT-W). (C). The flower phenotype of four commercial cultivars (‘YX1′, ‘YX2′, ‘YX3′

and ‘YX4′, from left to right). Bar = 1 cm.

2.3. Development of InDel Markers

We selected the InDels that were over 10 bp long and distributed ~2 Mb. The positions
with excess InDels which might interfere with the PCR verification were excluded. After
selecting the suitable InDels, a ~400 bp genome sequence covering each InDel was used as
the template for primer design. The primers were designed on NCBI and named after the
chromosome number and the physical position (N-XX.XX, Table S1).

81



Horticulturae 2022, 8, 921

2.4. PCR Analyses of InDel Markers

The total DNA of two wild-type plants and four commercial cultivars was extracted
from fresh leaves using the CTAB method [33]. Template DNA was amplified with the
designed primers in a 10 μL system (7.3 μL ddH2O; 1 μL 10× Taq buffer; 0.8 μL dNTPs;
0.2 μL primers; 0.1 μL Taq enzyme; 0.4 μL DNA template) using the following PCR program:
5 min of full denaturation at 95 ◦C; 29 cycles (95 ◦C, 30 s; 56 ◦C, 30 s; 72◦C, 30 s); 72 ◦C
extension for 7 min. After the standard PCR, 3 μL DNA loading buffer was added to the
PCR product. Then, the mixture was separated in 3.5% agarose gel.

3. Results

3.1. Genome Resequencing and Sequence Polymorphism Identification

The successful mapping of QTLs relies on the genetic maps with high-density molecu-
lar markers between the accessions. Previously, the genome sequence data of G. paniculata,
a wild-type accession with pink flowers (WT-P), was assembled onto 17 chromosomes [25].
To develop sufficient molecular markers for G. paniculata genetic research, we detected
sequence polymorphisms between WT-P and another wild-type accession with white flow-
ers (WT-W) through genome resequencing by the high-throughput sequencing platform
MGISEQ-2000 PE150. After filtering, a total of 8.05 Gb of clean reads was generated, 82.23%
of which were mapped to the reference genome, displaying an average sequencing depth
of 5.70 (Figure 2B). Different kinds of natural genetic variations were detected between the
reference and resequencing genome, including 2,377,499 SNPs, 1,366,056 InDels, 1403 SVs,
and 28 CNVs, whose densities were shown on the circus map (Figure 2A). Interestingly, the
InDels preferred to distribute at the end of the chromosomes rather than the centromeric
region, as shown by the circus map. Meanwhile, the length of most InDels (>80%) was less
than 5 bp, and the InDels between 5 and 10 bp accounted for 10% of this variation. There
were about ~5% (68,302/1,366,056) InDels over 10 bp which are suitable for genome-wide
marker construction (Figure 2C).

3.2. Construction of InDel Markers for Polymorphism Analysis

To develop InDel markers that can discriminate alleles between WT-P and WT-W,
insertions or deletions over 10 bp were chosen as candidates with the interval of the neigh-
bouring markers set as ~2 Mb. Sequence fragments about 400 bp long that contained either
the insertions or deletions were used as templates to design primers. In total, 407 pairs
of primers were designed for 17 chromosomes (Figure 3). To validate the newly designed
markers, PCR analysis was conducted and the products were analysed by gel electrophore-
sis. Of the 407 markers, 289 markers distinguished the alleles of WT-P and WT-W clearly.
Another 34 markers produced close bands on the 3.5% gel, but could still discriminate the
alleles of WT-P and WT-W. These markers can be used when the chromosome region has
limited markers, probably separated by gel with higher concentration. The success rates of
the designed primers varied across the chromosomes from 40% to 92.9%, and the average
success rate was as high as 71.0% (Table 1). Our data provided the successful establishment
of genome-wide InDel markers based on a genetic map for G. paniculata. Nevertheless,
it has to be acknowledged that for some chromosomes, such as Chr.4, Chr.7, Chr.12 and
Chr.14, there were obvious gaps between two available markers, which was probably due
to the low density of InDels on the centromeric region of these chromosomes. Thus, it
might be essential to develop other molecular markers such as SNPs to compensate for
these empties in the future.
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Figure 2. Resequencing of WT-W based on the WT-P genome sequence. (A) Genomic structure
variation distribution between the two G. paniculata wild-type accessions. a: reference sequence.
b: SNP density distribution. c: InDel distribution density. d: CNV duplication. e: CNV deletion. f: SV
insertion. g: SV deletion. h: SV inversion. i: SV translocation. Abbreviations include SNP: Single
Nucleotide Polymorphism; InDel: Insertion/Deletion; CNV: Copy Number Variations; SV: Structure
Variation. (B) The sequencing coverage depth distribution map of each chromosome of G. paniculata.
The mean of read depth was calculated using the coverage depth (10,000 bp as the statistical window)
by logarithm (log2). (C) The distribution of the InDel length between WT-P and WT-W.
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Figure 3. The physical map of 407 InDel markers distributed across all 17 chromosomes of
G. paniculata genome. The name code of the InDel marker was presented as a chromosome num-
ber with the physical distance. Green markers discriminate alleles between WT-P and WT-W. Red
markers amplified close bands on gel, and black markers were unavailable.

Table 1. The successful rates of InDel markers for all 17 chromosomes.

Chromosome
Number of

Markers
Number of

Green Markers
Number of Red

Markers
Successful Rate

(%)

Chr.1 20 14 70.0
Chr.2 18 12 66.7
Chr.3 26 18 3 69.2
Chr.4 26 17 3 65.4
Chr.5 23 12 52.2
Chr.6 25 10 6 40.0
Chr.7 23 12 6 52.2
Chr.8 38 24 1 63.2
Chr.9 27 20 2 74.1

Chr.10 21 18 1 85.7
Chr.11 28 26 92.9
Chr.12 22 18 3 81.8
Chr.13 21 13 4 61.9
Chr.14 24 21 1 87.5
Chr.15 23 21 91.3
Chr.16 19 16 1 84.2
Chr.17 23 17 73.9
Total 407 289 31 71.0

Note: Green markers discriminate alleles between WT-P and WT-W. Red markers amplified close bands on gel.

3.3. InDel Marker Polymorphisms among Commercial Cultivars

The wild and commercial cultivars possess excellent agronomic traits, for example,
wild types are generally more resistant, while the commercial varieties display larger
flowers and more petals. However, limited research focuses on the genetic regulators
underlying these traits, causing the relative mechanisms to remain unknown. To explore
the applicability of the InDel markers designed in distinguishing the alleles between wild-
type and commercial varieties, PCR amplification was conducted using the genomic DNA
of WT-P and four commercial varieties (YX1-4) as templates. Out of the 407 pairs of
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primers, 191 were able to discriminate alleles between WT-P and commercial cultivars. The
polymorphism of the InDel markers between WT-P and commercial cultivars was then
analysed by pairwise comparisons (Table 2). In total, the number of available markers
for each pair of accessions ranged from 31 (YX1 vs. YX4) to 173 (YX1 vs. WT-P), with
an average of 92. The InDel markers were suitable to discriminate alleles between WT-
P and commercial cultivars (an average of 171 markers available) since a high degree
of polymorphism was observed (Figure 4), whereas the markers available between the
commercial cultivars were no more than 50. This implies that the commercial cultivars are
closely related, which is consistent with the observation that all four commercial cultivars
bloom white flowers but differ only in flower size.

 

Figure 4. Matrix of the polymorphisms using the InDel markers among the five accessions of
G. paniculata. Blue squares are WT-P bands, green, yellow and orange squares represent bands
different from WT-P, and grey squares mean no bands detected.
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Table 2. Number of InDel markers that were polymorphic in pairwise comparison of five
G. paniculata accessions.

Cultivars WT-P YX1 YX2 YX3

YX1 173
YX2 172 49
YX3 170 43 45
YX4 171 31 33 38

4. Discussion

The elaboration of the key regulatory mechanism underlying one or several traits as
well as the fast selection of elite progenies is crucial for plant breeding. When obtaining
a certain mutant, the identification of the allele(s) related to the phenotype is usually
performed by the forward genetics, in which F2 rough mapping provides an approximate
location of the mutation causative allele(s) on chromosomes without the requirement
of a large amount of samples and high-throughput sequencing, narrowing down the
targets for further fine mapping. In the last decades, the development of PCR-based
markers such as RAPD, SSR and amplified fragment length polymorphisms (AFLPs) have
fulfilled the shortage of map-based cloning [34]. In the field of ornamental breeding, these
sequence-related amplified polymorphisms (SRAP) markers have been applied to the vase
life-associated or disease-resistant QTL mapping and analyse chrysanthemum, carnation
and lily, to cite a few [35].

Nevertheless, the development of such markers is labour intensive, and their appli-
cation is limited in certain situations, since they are usually not genome-wide. Earlier,
benefiting from the availability of an annotated reference genome and sequenced acces-
sions, genetic markers based on InDels have been developed in Arabidopsis, accelerating
the identification of the mutated allele(s) [36]. With the booming of sequencing technology
and the following drop in sequencing expense, plentiful plant genomes were released for
crops and horticultural plants [37–40]. The resequencing-based InDel makers were then
developed in cotton [41], rice [42], Brassica [43], buckwheat [44], jute [45], melon [46], chick-
pea [47], cucumber [48], etc., used for research such as disease-related gene identification
or accession discrimination. However, the systematic development of such markers has
not been reported in ornamental species.

In this study, we constructed a genome-wide InDel marker system for G. paniculata
through genome resequencing. Similar to the early report in jute [45], InDels detected
in the G. paniculata genome are quite abundant, but most of them are shorter than 5 bp,
which makes them hard to use as markers. Regardless, the number of the ~5% InDels that
are longer than 10 bp is as large as 68302, equivalent to 91 InDels per Mb, which is more
than needed. To meet the demand for mapping (1 maker/2 Mb), 409 InDels distributed
on 17 chromosomes were selected, and the relative primers were then designed. Of these,
289 can discriminate alleles from 2 wild types donating the genome sequence data, coming
to a success rate of 70.6%. Although we expected to obtain an available marker every 2 Mb,
the outcome was barely satisfactory. There were usually missing available InDel markers
in the middle (calculated by physical distance) of the chromosome, such as Chr. 4, 7 and
14 (Figure 3). The same situation happened during the development of InDel markers in
rice [42] and Capsicum spp. [49]. It might be dissolved by adding other molecular markers
when mapping a certain QTL, or the InDels shorter than 10 bp can also be developed as
markers based on a high-resolution melting curve, as reported [50]. Since the discrimination
of genetic resources and extension of the application of markers are crucial in the breeding
process [44], we then detected the polymorphisms of the designed InDel markers in four
best-selling cultivars. Over 170 makers were available to differentiate each commercial
cultivar and WT-P, whereas only less than 50 markers worked for discrimination between
the 4 commercial cultivars. It makes sense, since all the commercial cultivars bloom with
white flowers and may share more common genetic information rather than WT-P.
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Used not only as the filler flower but also as a preserved flower which decorates
the environment after colourful staining, the status of cut flower G. paniculata is rising,
leading to a massive demand for the innovation of this species. Molecular genetics play
a more and more important role in floricultural breeding, in which a molecular marker
system covering the whole genome is the basis for genetic molecular research in the era
of genomics. However, it is still a gap for G. paniculata. Here, we provide the first genetic
map of G. paniculata in this study, consisting of a comprehensive set of InDel markers
for the molecular research of G. paniculata. The success in our case also implies that the
development of InDel markers covering the whole genome is cost- and labour-effective
with a high success rate, deserving to be applied in other ornamental species for which
cross-breeding is the main method for cultivar innovation.
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Abstract: The architecture of spray cut chrysanthemum is crucial for the quality and quantity of cut
flower production. However, the mechanism underlying plant architecture still needs to be clarified.
In this study, we measured nine architecture-related traits of 195 spray cut chrysanthemum varieties
during a two-year period. The results showed that the number of upper primary branches, number
of lateral flower buds and primary branch length widely varied. Additionally, plant height had a
significant positive correlation with number of leaf nodes and total number of lateral buds. Number
of upper primary branches had a significant negative correlation with primary branch diameter,
primary branch angle and primary branch length. Plant height, total number of lateral buds, number
of upper primary branches, stem diameter, primary branch diameter and primary branch length were
vulnerable to environmental impacts. All varieties could be divided into five categories according
to cluster analysis, and the typical plant architecture of the varieties was summarized. Finally, a
genome-wide association study (GWAS) was performed to find potential functional genes.

Keywords: spray cut chrysanthemum; GWAS; plant architecture; statistical analysis

1. Introduction

Chrysanthemum (Chrysanthemum morifolium Ramat.) is one of the four most popular
cut flowers worldwide and is an important component in the floral industry [1]. Branching
is one of the most important agricultural traits of chrysanthemum, playing an important
role in morphological formation, and affecting ornamental quality and economic value.
Operations involving decapitation and/or removal of lateral buds constitute nearly 1/3 of
production costs [2]. The growth and development of chrysanthemum are largely affected
by various environmental factors. As a quantitative trait controlled by multiple genes,
branching is affected by both the environment and the genetic background [3,4], and the
underlying molecular mechanism that governs branching still needs to be elucidated.

Shoot branching is controlled by various hormone signaling pathways, including
auxin, strigolactones (SLs), cytokinins (CKs) and brassinosteroids (BRs) [5]. Apical domi-
nance is a universal phenomenon in plants and is mainly maintained by auxin. According
to the auxin canalization model, auxin can act as a second messenger to regulate down-
stream signals or functions [6]. Moreover, auxin acts upstream of SLs and CKs, which
promote and inhibit shoot branching, respectively. The biosynthesis of CKs is repressed by
auxin, as the key CK biosynthesis-related enzyme Isopentenyltransferase (IPT) is down-
regulated by auxin [7,8]. The biosynthesis of SLs is activated by auxin, as the key SL
biosynthesis-related genes carotenoid cleavage dioxygenase7 (CCD7) and carotenoid cleavage
dioxygenase8 (CCD8) are upregulated by auxin [9]. Through the BR signaling component
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brassinazole-resistant1 (BZR1), BRs can promote increased tillering in rice [10] and bud
outgrowth of tomato [11]. Sugars are a major source of carbon and energy in plants. A
recent study indicated that sugars can promote initial bud outgrowth and downregulate
the expression levels of BRANCHED1 (BRC1) [12]. However, the gene regulatory network
governing plant architecture still needs to be elucidated, and new key genes and pathways
need to be identified for continued research.

The environment also plays an important role in determining plant architecture [13].
Treatments involving drought, heat and drought plus heat were shown to reduce the
shoot outgrowth of Pinus edulis [14]. Leaf distribution, branch distribution and canopy
photosynthetic rate were also influenced by temperature in potato [15]. Light is a pivotal
environmental factor that influences the growth of shoots, and increasing light intensity
can promote the growth of branches in herbaceous and tree species [16–18]. Nitrogen is an
important nutrient element in the soil and can alter the amino acid content and influence
the branch growth of plants [19]. TaNAC2-5A is a nitrate-inducible gene and can increase
tiller numbers and spikelet numbers of wheat [20]. Various environmental factors influence
the architecture of plants, which reflects their adaptation and evolution.

Genome-wide association studies (GWASs) are efficient tools to exploit complex
genetic mechanisms through associations of agronomic traits with single-nucleotide poly-
morphisms (SNPs) within a group of individuals or natural inbred lines [21,22]. For
chrysanthemum, GWASs have been used to identify genes related to waterlogging resis-
tance and flower color [23–25], providing a reference for transgenic breeding. GWASs
have also been used to identify key regulatory genes controlling plant architecture. In
Brassica napus, plant height, branch initiation height and branch number have been used
to identify functional loci [26–29]. In rice, plant height, tillering, and panicle morphology
were examined, and the gibberellic acid (GA) signaling-related gene OsSPY was found to
be associated with semidwarfism and small panicles [30]. However, no architecture-related
research has been conducted in spray cut chrysanthemum, and the molecular mechanism
controlling architecture still needs to be elucidated.

In this study, we performed phenotypic measurements and a statistical analysis on
nine architectural traits of 195 spray cut chrysanthemum varieties in two continuous years
(2019 and 2020). Because the environments of these two years were different, we defined
the environment in 2019 as EN2019 and the environment in 2020 as EN2020. The effect of
different environmental factors, variation and relationships of different traits and cluster
analysis of all spray cut chrysanthemum were analyzed. GWAS was also performed to find
latent functional genes controlling architectural traits in chrysanthemums.

2. Materials and Methods

2.1. Plant Materials

A total of 195 spray cut chrysanthemum varieties were used in this study, including
varieties developed by Nanjing Agricultural University and those collected from around
the world. These varieties were maintained at the Chrysanthemum Germplasm Resource
Preserving Centre of Nanjing Agricultural University, China (E118◦85′, N31◦95′). The
195 varieties evaluated during the two years are listed in Table S1.

2.2. Phenotypic Evaluation of Architectural Traits

Seedlings were planted in seedbeds in June 2019 and June 2020. Vigorously growing
and similarly appearing rooted seedlings were selected and transplanted into a greenhouse
in July of the same year. Fifty seedlings of each variety were planted in accordance with
a row spacing of 10 cm × 10 cm, and conventional field management practices were
performed. Flowering occurred from late October to late November. The monthly average
temperature, monthly precipitation and monthly average relative humidity of EN2019 and
EN2020 in planting location, Jiangning District, Nanjing, China (E118◦85′, N31◦95′) were
shown in Table S2.
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Nine phenotypic traits were measured. 1. For plant height, the height of the above-
ground part of the plant was measured with a ruler, with a precision of 0.1 cm; 2. for
number of leaf nodes, the number of leaf nodes on the trunk of the aboveground part of
the plant was counted visually; 3. for total number of lateral buds, the number of nodes of
all germinating buds or sprouted branches on the stem of the plant was counted visually;
4. for number of upper lateral branches, the number of all primary branches within 15 cm
from the top of the plant was counted visually; 5. for number of lateral flower buds, the
total number of flower buds on all primary branches was counted visually; 6. for stem
diameter, the diameter at 40 cm below the top of the plant was measured with a digital
Vernier caliper with precision of 0.01 mm; 7. for branch diameter, the diameter at 1/2 of the
three nearest primary branches around the main bud was measured with a digital Vernier
caliper with a precision of 0.01 mm; 8. for branch angle, the angle of the three nearest
primary branches around the main bud was measured with a protractor; 9. for branch
length, the length of all primary branches was measured with a ruler, with a precision of
0.1 cm. At the full-flowering stage, the measurement was performed on six plants for each
variety, and the mean values were taken.

2.3. Phenotypic Data Analysis

Microsoft Excel 2019 was used for basic descriptive statistical analysis of the 9 architecture-
related phenotypic traits of the 195 cut chrysanthemum varieties in EN2019 and EN2020
environments, and IBM SPSS 25.0 statistical software was used for correlation analysis of the
EN2019 and EN2020 data. Significant differences (paired-sample t tests) were assessed and
violin mapping and cluster analysis of two environmental data were conducted by R 4.0.4
(https://www.r-project.org/, accessed on 7 December 2021).

2.4. GWAS and Candidate Gene Annotation

In our previous study [31], 199 chrysanthemum accessions were sequenced, of which
forty-four spray cut chrysanthemum varieties were also measured in our study and the list
is shown in Table S3. In order to obtain more meaningful information, we performed GWAS
using these raw sequencing data. SLAF-seq raw reads whose quality scores were <30 and
separated by barcodes were discarded. The highest depth tag in each SLAF was chosen
as a reference due to the lack of a reference genome sequence. The qualified sequencing
data of the samples were aligned to the genome reference sequence of chrysanthemum
using Burrow–Wheeler Aligner (BWA) V0.7 (http://bio-bwa.sourceforge.net/, accessed
on 7 December 2021) [32], and then SNP sites were detected by SAMtools V1.4 (http:
//samtools.sourceforge.net/, accessed on 7 December 2021) [33]. After removing the SNPs
with a sequencing depth less than 3, a data loss percentage greater than 20%, and a minor
allele frequency (MAF) less than 5%, 191,417 high-quality SNPs were ultimately identified
for further analysis.

GCTA software V1.93 (https://yanglab.westlake.edu.cn/software/gcta/#Overview,
accessed on 7 December 2021) [34] was used for principal component analysis (PCA)
and construction of a kinship matrix, yielding an eigenvector principal component (PC)
matrix of all the individuals and a kinship matrix comprising data between every pair of
individuals. Combining the data of the nine phenotypic traits and the SNP sequencing
data, a GWAS was conducted via the compressed mixed linear model (cMLM) of GAPIT
software V3 (https://www.zzlab.net/GAPIT/, accessed on 7 December 2021) [35] and
via the cMLM and mixed linear model (MLM) of TASSEL software V5.0 (https://www.
maizegenetics.net/tassel, accessed on 7 December 2021) [36]. The mean values were used
for the GWAS, and the significance threshold was set at p ≤ 0.001. As a result, the SNPs
found to be significantly associated with the phenotypic data and the phenotypic variance
explained (PVE) were identified for gene mining.

According to the significant SNP sites detected by cMLM model of TASSEL, candidate
genes within 300 k of SNP sites were found. The function of genes was annotated via
The Arabidopsis Information Resource (TAIR) website (https://www.arabidopsis.org/,
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accessed on 7 May 2022) by BLASTX [37]. Through the functional annotations of Ara-
bidopsis and other function reported in other plants, the genes related to plant architecture,
hormone signaling pathways or plant development regulation were further selected as
final candidate functional genes.

3. Results

3.1. Analysis of Significantly Different Architectural Traits of Spray Cut Chrysanthemum between
EN2019 and EN2020

To explore the effects of different years on architectural traits, nine architectural traits
in EN2019 and EN2020 were compared, and their significance was assessed (paired-sample
t tests). As shown in Figure 1, there were significant differences in plant height, total
number of lateral buds, number of upper primary branches, stem diameter, primary branch
diameter and primary branch length between EN2019 and EN2020, while there were no
significant differences in number of leaf nodes, number of lateral flower buds or primary
branch angle. Among these traits, the median plant height, stem diameter, primary branch
diameter and primary branch length in EN2019 were larger than those in EN2020. The
median total number of lateral buds in EN2019 was similar to that in EN2020, while the
median number of upper primary branches in EN2019 was smaller than that in EN2020.

Figure 1. Violin plots indicating variation in architectural traits of 195 spray cut chrysanthemum
varieties in EN2019 and EN2020. (a) Plant height; (b) Number of leaf nodes; (c) Total number of
lateral buds; (d) Number of upper primary branches; (e) Number of lateral flower buds; (f) Stem
diameter; (g) Primary branch diameter; (h) Primary branch angle; (i) Primary branch length. Note:
***, ** and * indicate significant differences at the 0.001, 0.01 and 0.05 probability levels, respectively.

3.2. Descriptive Statistics of the Architectural Characteristics of Spray Cut Chrysanthemum in
EN2019 and EN2020

The basic statistical analysis results of the data of the nine phenotypic traits of the
195 spray cut chrysanthemum species in EN2019 and EN2020 are shown in Table 1.
Although there were different coefficients of variation (CVs) for all the traits, the same traits
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in both years showed a significant positive correlation. In EN2019, the CV varied from
12.67% to 85.84%, among which the CV of stem diameter was the smallest and the CV of
number of lateral flower buds was the largest. In EN2020, the CV varied from 13.30% to
73.81%, and traits with extreme values were the same as those in EN2019. These results
showed that stem diameter trait was rather stable, while number of lateral flower buds
varied among the different spray cut chrysanthemum varieties. In addition, compared with
the other traits, primary branch length and number of upper primary branches also was
associated with larger CVs, which were more than 30%.

Table 1. Phenotypic characteristics of the architectural traits of 195 spray cut chrysanthemum
varieties.

Trait Environment Max Min Rang Mean SD CV/% Skewness Kurtosis r

Plant height/cm EN2019 153.67 36.10 117.57 101.84 21.20 20.82 −0.22 −0.16
0.794 **EN2020 141.42 42.98 98.43 94.67 19.89 21.01 −0.15 −0.55

Number of leaf nodes
EN2019 73.33 19.17 54.17 46.51 8.62 18.52 0.24 0.93

0.701 **EN2020 79.50 27.17 52.33 47.32 9.82 20.75 0.63 0.41

Total number of lateral buds
EN2019 73.33 19.17 54.17 45.40 8.94 19.68 0.20 0.81

0.649 **EN2020 79.17 26.33 52.83 46.60 9.77 20.96 0.57 0.43
Number of upper primary

branches
EN2019 13.00 2.00 11.00 5.04 1.60 31.75 1.56 4.16

0.593 **EN2020 15.33 2.67 12.67 5.95 2.13 35.82 1.26 2.16
Number of lateral flower

buds
EN2019 52.67 2.83 49.83 10.83 9.30 85.84 2.45 6.69

0.738 **EN2020 56.50 2.67 53.83 11.25 8.30 73.81 2.71 9.85

Stem diameter/mm
EN2019 7.87 3.62 4.24 5.54 0.70 12.67 0.25 0.58

0.618 **EN2020 7.21 2.77 4.44 5.07 0.67 13.30 −0.07 0.86
Primary branch
diameter/mm

EN2019 4.40 1.24 3.16 2.18 0.46 20.90 1.34 3.35
0.712 **EN2020 3.88 1.25 2.62 2.09 0.45 21.40 1.14 2.26

Primary branch angle/◦ EN2019 45.00 16.22 28.78 31.49 4.72 14.99 0.22 0.28
0.718 **EN2020 53.38 20.11 33.17 31.03 4.30 13.85 0.80 3.11

Primary branch length/cm EN2019 78.08 2.22 75.86 16.47 8.75 53.11 3.15 15.82
0.521 **EN2020 54.96 1.63 53.33 13.39 7.77 58.06 3.04 11.42

Note: r refers to the Pearson correlation coefficient between the two environments (EN2019 and EN2020).
** indicates a significant difference at the 0.01 probability level.

3.3. Correlation Analysis of Architectural Traits in EN2019 and EN2020

Table 2 shows the Pearson correlations between the nine phenotypic traits in EN2019
and EN2020. In total, there were 72 pairs of architecture correlations in EN2019 and EN2020.
Among all the architectural traits, the positive correlation between the number of leaf nodes
and total number of lateral buds was the strongest, whose correlation coefficients in EN2019
and EN2020 were 0.913 and 0.986, respectively, followed by the positive correlation between
primary branch length and primary branch diameter, whose correlation coefficients were
0.639 and 0.661, respectively. Similarly, the negative correlation between primary branch
length and number of upper primary branches in EN2019 was the strongest, with a corre-
lation coefficient of −0.317; in EN2020, the negative correlation between primary branch
diameter and number of upper primary branches was the strongest, with a correlation
coefficient of −0.466.

3.4. Cluster Analysis of the Architectural Traits of 195 Spray Cut Chrysanthemum Species

Cluster analysis was performed using both the K-means clustering algorithm and
the Pedigree clustering algorithm based on the nine architectural traits during the two-
year period (Figure 2). The best preset number of K calculated by K-means in EN2019
and EN2020 was 5 (Figure 2a,b), which was verified by pedigree clustering (Figure 2c,d).
However, in EN2019, the 195 spray cut chrysanthemum varieties were divided into six
categories according to the pedigree clustering diagram, which was inconsistent with the
results of the K-means clustering; in EN2020, the distribution of varieties in the pedigree
clustering diagram was nearly the same as that in the K-means clustering diagram.

95



Horticulturae 2022, 8, 458

T
a

b
le

2
.

Pe
ar

so
n

co
rr

el
at

io
ns

be
tw

ee
n

th
e

ar
ch

it
ec

tu
ra

lt
ra

it
s

of
19

5
sp

ra
y

cu
tc

hr
ys

an
th

em
um

va
ri

et
ie

s.

E
N

2
0

1
9

E
N

2
0

2
0

P
la

n
t

H
e

ig
h

t
N

u
m

b
e

r
o

f
L

e
a

f
N

o
d

e
s

T
o

ta
l

N
u

m
b

e
r

o
f

L
a

te
ra

l
B

u
d

s

N
u

m
b

e
r

o
f

U
p

p
e

r
P

ri
m

a
ry

B
ra

n
ch

e
s

N
u

m
b

e
r

o
f

L
a

te
ra

l
F

lo
w

e
r

B
u

d
s

S
te

m
D

ia
m

e
te

r
P

ri
m

a
ry

B
ra

n
ch

D
ia

m
e

te
r

P
ri

m
a

ry
B

ra
n

ch
A

n
g

le
P

ri
m

a
ry

B
ra

n
ch

L
e

n
g

th

Pl
an

th
ei

gh
t

1
0.

19
6

**
0.

18
8

**
−0

.2
98

**
−0

.1
95

**
0.

15
3

*
0.

02
7

0.
11

2
0.

14
2

*
N

um
be

r
of

le
af

no
de

s
0.

25
0

**
1

0.
91

3
**

0.
19

7
**

0.
07

9
0.

38
8

**
0.

01
2

−0
.1

54
*

−0
.0

59
To

ta
ln

um
be

r
of

la
te

ra
lb

ud
s

0.
25

3
**

0.
98

6
**

1
0.

13
3

0.
04

1
0.

33
4

**
−0

.0
16

−0
.1

60
*

−0
.1

38
N

um
be

r
of

up
pe

r
pr

im
ar

y
br

an
ch

es
−0

.3
69

**
0.

13
4

0.
12

6
1

0.
23

1
**

0.
11

0
−0

.2
00

**
−0

.2
93

**
−0

.3
17

**
N

um
be

r
of

la
te

ra
lfl

ow
er

bu
ds

−0
.2

32
**

0.
35

1
**

0.
34

1
**

0.
24

0
**

1
0.

10
9

0.
57

9
**

−0
.0

74
0.

53
4

**
St

em
di

am
et

er
0.

32
2

**
0.

25
0

**
0.

25
7

**
−0

.0
19

−0
.1

91
**

1
0.

39
4

**
−0

.0
41

0.
04

4
Pr

im
ar

y
br

an
ch

di
am

et
er

0.
09

6
0.

02
8

0.
02

6
−0

.4
66

**
0.

36
8

**
0.

14
7

*
1

0.
14

7
*

0.
63

9
**

Pr
im

ar
y

br
an

ch
an

gl
e

0.
06

3
−0

.2
15

**
−0

.2
42

**
−0

.2
53

**
−0

.1
08

−0
.0

31
0.

26
4

**
1

0.
14

8
*

Pr
im

ar
y

br
an

ch
le

ng
th

0.
11

3
0.

06
3

0.
05

7
−0

.4
02

**
0.

51
3

**
−0

.2
79

**
0.

66
1

**
0.

16
0

*
1

N
ot

e:
**

an
d

*
in

di
ca

te
si

gn
ifi

ca
nt

di
ff

er
en

ce
s

at
th

e
0.

01
an

d
0.

05
pr

ob
ab

ili
ty

le
ve

ls
,r

es
pe

ct
iv

el
y.

96



Horticulturae 2022, 8, 458

Figure 2. Cluster analysis map of 195 spray cut chrysanthemum varieties in EN2019 and EN2020.
(a) K-means cluster of 195 spray cut chrysanthemum varieties in EN2019; (b) K-means cluster of
195 spray cut chrysanthemum varieties in EN2020; (c) Pedigree cluster of 195 spray cut chrysanthe-
mum varieties in EN2019; (d) Pedigree cluster of 195 spray cut chrysanthemum varieties in EN2020.
Different colors in every figure refer to different clusters.

Therefore, the categories in EN2020 were more suitable for summarizing the 195 spray
cut chrysanthemum varieties. As shown in Figure 3, the 195 were divided into five
categories, accounting for 3.08%, 12.31%, 29.74%, 13.85% and 41.45% of all the varieties,
of which the typical architecture types were summarized. In the first category, there were
only six varieties, represented by Nannong Taoliu (Figure 3a), which had a low starting-
branch height, long primary branches, a semispreading plant growth habit and a large
number of secondary branches. There were tertiary branches on the plants only in the first
category. The second category, represented by Nannong Meifengche (Figure 3b), included
24 varieties, which had loosely distributed branches and longer primary branches. There
were fewer leaf nodes and secondary branches on the plants in the second category. The
third category, represented by Nannong Cuilongzhao (Figure 3c), included 58 varieties
whose starting-branch height was lower than 1/3 of the total plant height. The plants
in this category had a relatively large distribution of flowering branches and secondary
branches. The fourth category, represented by Nannong Songmang (Figure 3d), included
27 varieties, which had a higher starting-branch height and shorter flowering branches.
These compact flowering branches displayed a nearly spherical appearance. The fifth
category, represented by Nannong Bingqing (Figure 3e), included 80 varieties, the plants of
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which had a relatively large amount of leaf nodes. The flowering branches of the plants in
this category displayed a tower-like shape.

Figure 3. Five representative varieties with different architectural traits among 195 spray cut chrysan-
themum. (a) Nannong Taoliu; (b) Nannong Meifengche; (c) Nannong Cuilongzhua; (d) Nannong
Songmang; (e) Nannong Bingqing. Bars = 10 cm. In each sub figure, the left one refers to an intact
plant, middle one refers to an intact plant without leaves and the right one refers to an intact plant
without leaves and flowers.

3.5. GWAS and Mining of Genes Controlling Plant Architecture

Combining the data concerning 191,417 high-quality SNPs and the data of the nine
phenotypic traits in EN2019 and EN2020, we performed a GWAS via the cMLM method
of GAPIT software and the cMLM and MLM methods of TASSEL software, with the PC
matrix and kinship matrix serving as covariates. When the significance threshold was
1 × 10−3, 281 SNPs associated with each trait and corresponding PVE values were obtained.
According to the data in Tables S4–S16, GAPIT software revealed 113 SNPs associated with
plant architecture in EN2019 and 93 SNPs in EN2020, and the PVE values ranged from
24.06% to 44.46% in EN2019 and from 25.20% to 44.48% in EN2020. The cMLM model
of TASSEL software revealed 35 SNPs associated with plant architecture in EN2019 and
40 SNPs in EN2020, and the PVE values ranged from 23.33% to 49.63% in EN2019 and from
22.37% to 59.73% in EN2020.

Among the identified SNPs, 18 were detected by GAPIT. 5__55325230, 5__55325289
and 10__268875261 were associated with plant height in EN2019 and EN2020; 27__13304666
was associated with stem diameter in EN2019 and EN2020; 9_193339518 was associ-
ated with primary branch diameter in EN2019 and EN2020. Eight SNPs (17__232431589,
27__194241646, 27__194241707, 17__46614191, 8__66464970, 27__55624912, 27__112009133
and 14__58564373) were associated with number of leaf nodes and total number of lateral
buds in EN2019. Five SNPs (3__163391415, 25__13632558, 25__13632658, 22__108888654
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and 7__185418131) were associated with number of leaf nodes and total number of lat-
eral buds in EN2020. According to the cMLM model of TASSEL, the same 10 SNPs
were detected: 23__171200599 was associated with plant height in EN2019 and EN2020,
8 SNPs (11__125802422, 17__280870788, 21__242369101, 24__15091361, 23__293787130,
23__293967285, 23__294075102 and 23__308947968) were associated with number of leaf
nodes and total number of lateral buds in EN2019, and 9__215337463 was associated
with number of leaf nodes and total number of lateral buds in EN2020. Additionally,
19__104723464 was associated with number of lateral flower buds in EN2020. According
to the MLM method of TASSEL, 23__171200599 was also associated with plant height in
EN2020; 11__125802422 was associated with total number of lateral buds in EN2019;
17__280870788 was associated with number of leaf nodes in EN2019; 21__242369101,
24__15091361, 23__293787130, 23__293967285, 23__294075102 and 23__308947968 were
associated with the number of leaf nodes and total number of lateral buds in EN2019;
9__215337463 was associated with number of leaf nodes in EN2020.

After comparing genes related to SNP loci of three models, the cMLM model of
TASSEL software was chosen finally. Combining the annotation of TAIR, candidate genes
are shown in Table 3, and the Manhattan plots of cMLM model of TASSEL can be found in
supplementary file S1. We identified four candidate genes: phyB, BRH1, CPC and bZIP16.

Table 3. List of SNP sites, candidate genes, and functional annotation for selected architectural traits
in spray cut chrysanthemums identified with cMLM model of TASSEL.

SNP Site
Significantly Associated

Traits
Candidate Genes Homologs in Arabidopsis

19__104723464
Number of lateral flower
buds/Number of upper

primary branches
evm.model.scaffold_940.421 AT2G18790.1 (phytochrome B, phyB)

9__215337463 Number of leaf nodes/Total
number of lateral buds evm.model.scaffold_11169.22 AT3G61460.1 (brassinosteroid-responsive

RING-H2, BRH1)

17__280870788 Total number of lateral buds evm.model.scaffold_3682.68 AT2G46410.1 (Homeodomain-like
superfamily protein, CPC)

21__242369101 Total number of lateral buds evm.model.scaffold_881.80 AT2G35530.1 (basic region/leucine
zipper transcription factor 16, bZIP16)

4. Discussion

In the two consecutive years of EN2019 and EN2020, the number of upper primary
branches, number of lateral flower buds and primary branch length presented the highest
CV values; these traits were also the key traits used to determine the output of spray cut
chrysanthemum. These results indicated that the architectural traits of the 195 spray cut
chrysanthemum varieties selected by artificial breeding were diverse and controlled by com-
plex gene pathways. As such, when selecting the appropriate spray cut chrysanthemum,
breeders should consider these three traits to have high priority.

During their growth, plants have limited resources. They can allocate resources rea-
sonably through different gene pathways to complete their life cycle. In the present study,
plant height had significant slightly large positive Pearson coefficients with number of
leaf nodes and total number of lateral buds, but had significant large negative Pearson
coefficients with number of upper flower branches and number of lateral flower buds.
Plant height was also found to positively correlate with tiller number in sorghum [38],
and negatively correlated with fruit branch length in Chinese upland cotton [39]. The
correlation relationships in chrysanthemums reflect the mutual negative relationship be-
tween vegetative growth and reproductive growth. The number of upper primary branches
had very significant negative correlations with primary branch diameter, primary branch
angle and primary branch length, which are key traits determining the quality of spray cut
chrysanthemum. Therefore, balancing the number of upper primary branches and their
quality is highly important.
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Plant architecture is species specific, and influenced by environmental conditions such
as light, temperature, humidity and nutrient status [40]. Low temperature can lead to the
dwarfed rosette and leaves with increased thickness in Arabidopsis [41]. Main differences
between EN2019 and EN2020 were monthly precipitation and monthly average relative
humidity according to Table S2. Monthly precipitation and monthly average relative
humidity of EN2020 in nearly each month were larger than that of EN2019. The mean
values of plant height, stem diameter, primary branch diameter, primary branch angle
and primary branch length decreased in EN2020 compared with EN2019, indicating a
weaker growth state in EN2020. These differences in growth might be attributed to three
main factors. First, the growth of chrysanthemum is sensitive to continuously cropped
soils, which is related to changes in physicochemical properties, soil microorganisms
and allelopathy of plants [42]. Second, the plum rain season in Nanjing was longer in
2020 than in 2019, as mentioned above, which increased the air humidity during the
rooting period of the seedlings and the initial root growth stages. Changes in vapor
pressure deficit (VPD) and relative humidity (RH) affect the height and flowering time of
chrysanthemum plants [43,44]. This explained why the growth of seedlings in EN2020 was
rather poor to some extent. Lastly, the seedlings of EN2020 were collected from mother
plants overwintering in EN2019, whose growth state might be worse than that in EN2019.
Number of leaf nodes, number of lateral flower buds and primary branch angle showed
no significant difference in two years, which means that they might not be significantly
influenced by a changed environment.

In this experiment, due to the differences in each trait in the two years, two cluster
methods were used to cluster the data from the two years. After the trials, the best K value
was set as 5. According to the clustering results, we divided the spray cut chrysanthemum
varieties into five categories; these categories could be used as typical architecture types for
summarize the architectural traits of spray cut chrysanthemum.

A low red light:far-red light ratio (R:FR) can lead to shade avoidance syndrome of
plants, resulting in enhanced shoot elongation and reduced branching, and phyB is a major
sensor of R:FR signal [45]. phyB has been found to control shooting branching together
with photosynthetic photon flux density (PPFD) and PIF4/PIF5 in Arabidopsis, regulating
related hormone pathway and expression levels of downstream genes such as BRC1 [46,47].
The phyB mutant in sorghum also showed enhanced apical dominance and shortened bud
length and the expression levels of TEOSINTE BRANCHED1 (TB1), Dormancy-associated
gene-1 (DRM1) and MORE AXILLARY BRANCHES2 (MAX2) were found to increase in
the axillary buds [48,49]. The number of upper primary branches in chrysanthemums
was found to correlate with phyB in our study, indicating the functional role of controlling
plant architecture. Three other genes were also found to participate in plant development
regulation and hormone signal pathway. BRH1 is a BR-responsive gene, and overexpression
of BRH1 results in the production of rounded leaves and may result in the growth and
development of rosette leaves [50]. By promoting the conversion of nonhair cells to root
hair cells, the R3-type MYB transcription factor protein CAPRICE (CPC) was shown to
induce root hair formation in the root epidermis [51]. bZIP16 can promote seed germination
and hypocotyl elongation in the initial stages of seedling development [52]. These three
genes also play a role in plant development in other plants, which might control plant
architecture in chrysanthemums.

5. Conclusions

In this study, we found that the number of leaf nodes, number of lateral flower buds
and primary branch angle were less influenced by environmental factors, while plant
height, stem diameter, total number of lateral buds, number of upper primary branches,
primary branch diameter and primary branch length were significantly influenced by
environmental factors. The number of upper primary branches, number of lateral flower
buds and primary branch length presented larger variation degree in 195 species. The
number of upper primary branches had very significant negative correlations with primary
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branch diameter, primary branch angle and primary branch length. We also summarized
five clusters with typical architecture and predicted four candidate functional genes (phyB,
BRH1, CPC and bZIP16) which might control plant architecture in chrysanthemums.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae8050458/s1, Table S1: 195 spray cut chrysanthemum
varieties tested; Table S2. The monthly average temperature, monthly precipitation and monthly
average relative humidity of EN2019 and EN2020 in planting location, Jiangning District, Nanjing,
China (E118◦85′, N31◦95′) Table S3: 44 spray cut chrysanthemum varieties sequencing completed;
Table S4: SNPs (GAPIT-cMLM) for the architecture traits of plant height and number of leaf nodes;
Table S5: SNPs (GAPIT-cMLM) for the architecture traits of number of upper primary branches,
number of lateral flower buds and stem diameter; Table S6: SNPs (GAPIT-cMLM) for the architecture
traits of stem diameter, primary branch diameter and primary branch angle; Table S7: SNPs (GAPIT-
cMLM) for the architecture traits of primary branch length; Table S8: SNPs (GAPIT-cMLM) for
the architecture traits of primary branch length; Table S9: SNPs (Tassel-cMLM) for the architecture
traits of plant height, number of leaf nodes, total number of lateral buds, number of upper primary
branches and number of lateral flower buds; Table S10: SNPs (Tassel-cMLM) for the architecture
traits of number of lateral flower buds, stem diameter, primary branch diameter and primary branch
length; Table S11: SNPs (Tassel-MLM) for the architecture traits of plant height, number of leaf nodes
and total number of lateral buds; Table S12: SNPs (Tassel-MLM) for the architecture traits of number
of upper primary branches number of lateral flower buds and stem diameter; Table S13: SNPs
(Tassel-MLM) for the architecture traits of stem diameter, primary branch diameter, primary branch
angle and primary branch length; Table S14: SNPs (Tassel-MLM) for the architecture traits of primary
branch length; Table S15: SNPs (Tassel-MLM) for the architecture traits of primary branch length;
Table S16: SNPs (Tassel-MLM) for the architecture traits of primary branch length. Supplementary
Figures S1–S18: The Manhattan plots of SNPs detected by the cMLM model of TASSEL software.
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Abstract: Correlation analysis is a routine method of biological data analysis. In the process of
RNA-Seq analysis, differentially expressed genes could be identified by calculating the correlation
coefficients in the comparison of gene expression vs. phenotype or gene expression vs. gene
expression. However, due to the complicated genetic backgrounds of perennial fruit, the correlation
coefficients between phenotypes and genes are usually not high in fruit quality studies. In this study,
a cluster-based correlation analysis method (C-CorA) is presented for fruit RNA-Seq analysis. C-CorA
is composed of two main parts: the clustering analysis and the correlation analysis. The algorithm
is described and then integrated into the MATLAB code and the C# WPF project. The C-CorA
method was applied to RNA-Seq datasets of loquat (Eriobotrya japonica) fruit stored or ripened under
different conditions. Low temperature conditioning or heat treatment of loquat fruit can alleviate the
extent of lignification that occurs because of postharvest storage under low temperatures (0 ◦C). The
C-CorA method generated correlation coefficients and identified many candidate genes correlated
with lignification, including EjCAD3 and EjCAD4 and transcription factors such as MYB (UN00328).
C-CorA is an effective new method for the correlation analysis of various types of data with different
dimensions and can be applied to RNA-Seq data for candidate gene detection in fruit quality studies.

Keywords: correlation calculation; RNA-Seq; fruit quality; lignification

1. Introduction

High-throughput transcriptome sequencing (RNA-Seq) has become the main choice
to measure gene expression levels. The correct identification of differentially expressed
genes between specific conditions is a key to understanding phenotypic variation. The
fold change of gene expression between samples and the absolute gene expression value
are the main criteria for the identification of differentially expressed genes [1,2]. To mine
more useful information, deep data analysis is necessary, such as the correlation analysis
between gene expression value and phenotypic variation. Many different correlation-
based methods, such as the WGCNA (weighted gene co-expression network analysis),
have been used to find the correlation between gene expressions and phenotypic data, or
between genes [3–5]. There are usually three different ways of ranking statistical correlation
according to Spearman, Kendall and Pearson. Each coefficient will represent the result as
‘r’. However, these statistical methods cannot deal directly with multi-dimensional data,
such as the phenotypic data which is controlled by multiple genes.

Unlike model plants, perennial woody plants have a long-life cycle and a relatively
large and complex genome (e.g., polyploidy and high heterogeneity). Furthermore, bud
mutation makes the genetic background of the latter even more complicated [6]. Some traits
of woody plants are controlled by multiple genes, and some fruit traits are quantitative,
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which could be easily affected by the environment. The fruit traits could even be different
in the same tree due to different amounts of sunshine along the tree. These environmental
factors introduce an amount of noise in the detection of correlation between these traits and
the expression values of the genes if common approaches were used, resulting in decreased
sensitivity for identifying trait-related genes. Therefore, a more inclusive correlation
analysis approach is required.

In this study, we describe a new cluster-based correlation analysis (C-CorA) method
which is applied to perennial plants with complicated genetic backgrounds. It could
reduce the environmental effect on the traits when calculating the correlation between gene
expression and phenotypic values, which is greatly helpful in fruit quality research. We
describe the methodology and apply it to a set of RNA-seq data obtained from loquat,
kiwifruit and persimmon.

Loquat fruits are sensitive to low temperatures and display chilling injuries, including
lignin accumulation during low-temperature storage. Lignification causes an undesirable
increase in fruit firmness, leading to a leathery texture [7,8]. Some transcription factors have
been reported to be involved in the loquat fruit lignification process, including EjMYB1/2 [9],
EjMYB8 [10] and EjAP2-1 [11]. Chilling-induced lignification can be alleviated by an initial
low-temperature conditioning (LTC; 5 ◦C for six days followed by transfer to 0 ◦C) or heat
treatment (HT; 40 ◦C for four hours followed by transfer to 0 ◦C). In our previous study [12],
we compared the transcriptome profiles of loquat fruit samples under LTC or HT with
those stored at 0 ◦C at five points from day one to day eight after treatment. A total of
48 RNA-Seq samples, including controls and treatments, were analyzed. We identified
5824 differently expressed genes between the LTC and 0 ◦C samples and 3981 between
the HT and 0 ◦C samples [12]. Correlation analysis was limited, however, due to the low
correlation coefficients obtained from the Pearson calculations. Here, we carried out a more
detailed analysis using the C-CorA method and identified additional genes related to the
loquat lignification process during postharvest storage which were not detected by the
Pearson calculation method in the previous study. Using the C-CorA method, we also
detected additional genes related to the cell wall metabolism in kiwifruit and additional
genes related to acetaldehyde production in persimmon.

2. Materials and Methods

2.1. Plant Materials and Treatments

The loquat fruits (Eriobotrya japonica Lindl. cv. Luoyangqing) were harvested at
commercial maturity from the orchard of a lvyuanguopin cooperative in Luqiao, Zhejiang,
China. For the identification and details of these samples, please refer to the following
references [11,12]. Fruits were transported to the laboratory on the harvest day and screened
for uniform size and maturity with no disease or mechanical damage. The fruit samples
were divided into three pools with three biological replicates each. The first pool of fruit
was stored at 0 ◦C. The second pool was subjected to HT (40 ◦C for 4 h and then transferred
to 0 ◦C). The third pool was subjected to LTC (5 ◦C for 6 d then transferred to 0 ◦C for
2 d) [9]. Fruit flesh tissues were collected at days 0, 1, 2, 4, 6 and 8 during each treatment.

The lignin content of loquat fruits was determined using the method as described by
Shan et al [13]. The specific parameter settings during each treatment are shown in the
work of Xu et al. [9] and Liu et al [12].

2.2. RNA-Seq Analysis

Total RNA extraction from the flesh tissues was carried out with the QIAGEN RNeasy
Plant Mini Kit following the manufacturer’s instructions (QIAGEN, Chatsworth, CA, USA).
The RNA quality was evaluated by electrophoresis on 1% agarose gels and quantity was
determined by a NanoDrop 1000 spectrophotometer (Thermo Scientific, Wilmington, DE,
USA). The construction of strand-specific RNA-Seq libraries was carried out using the
protocol from Zhong et al. [14] and sequencing was completed on the Illumina HiSeq 2500
platform with single-end mode.
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Raw RNA-Seq reads were first trimmed with Trimmomatic [15], and reads shorter
than 40 bp were discarded. Reads were then aligned to the ribosomal RNA database [16]
using bowtie [1] and aligned sequences were removed. The cleaned reads were assembled
using Trinity [17] with minimum kmer coverage 10. The iAssembler was used to remove
the redundant contigs [18]. The raw reads count of each contig was normalized to RPKM
(reads per kilobase exon model per million mapped reads). The assembled contigs were
blasted against three databases for gene annotation: TrEMBL, Swiss-Prot and Arabidopsis
protein (TAIR), with an E-value cutoff of 1 × 10−5.

2.3. Cluster-Based Correlation Method (C-CorA)

The cluster-based correlation method, named C-CorA, calculates the correlation coeffi-
cient using gene clustering results, based on gene expression and phenotype. In this study,
we combined the basic k-means clustering method and the Pearson correlation coefficient
to analyze the RNA-Seq of loquat fruit.

The variable k was set to 4 in the k-means clustering method in this study. The
four clusters were then assembled into several 2-group combinations for the correlation
coefficient calculations. There are C (4, 1) + C (4, 2)/2 = 7 different combinations in total for
each of the two inputs which gave 7 × 7 = 49 correlation coefficients. Then the threshold
was set from 0.7 to 0.9 to obtain the correlated and highly correlated candidate gene sets.
The algorithm is written as follows, using MATLAB (R2018b, version 9.5, an environment
developed by MathWorks) in Algorithm 1:

Algorithm 1: Cluster-Based Correlation Coefficient Calculation.

Input: Spheno, Sexp, k, p
Output: Coe

1:
→
v = kmeans

(
Spheno, k

)

2: for i = 1, 2, . . . , 7 do

3:
→
vi = f i

degeneration

(→
v
)

4: end for

5: while readline Sexp do

6:
→
w = kmeans

(
Sexp, k

)
7: for i = 1, 2, . . . , 7 do

8:
→
wi = f i

degeneration

(→
w
)

9: for j = 1, 2, . . . , 7 do

10: c = abs(corr(
→
wi,

→
vj), pearson)

11: if c ≥ p then

12: store c in Coe

13: end if

14: end for

15: end for

16: end while

3. Results

3.1. Method Implementation

The C-CorA method contains two modules: the cluster module and the correlation
analysis module (Figure 1). This approach is highly flexible, as it can process various types
of data and each of the two modules can be replaced with other suitable algorithms. The
output is the correlation coefficients, which can be used in downstream analyses.
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Figure 1. The C-CorA workflow showing the clustering module and a correlation analysis module.
The numbers 1, 2, 3 and 4 represent the different clusters. When the k-mean is set as 4 for the cluster
module, input data1 and input data 2 are first clustered into four groups. Then these groups are
randomly combined into two groups for correlation analysis.

The algorithm used in the C-CorA method is written in two ways: MATLAB code
and C# WPF (Windows Presentation Foundation). The algorithm written using MATLAB
code is suitable for large-scale data sets, while the C# WPF is suitable for small-scale data
sets and researchers with less experience in bioinformatics. The code and implementation
results can be accessed on the website https://github.com/ili-4/C-corA (accessed: 20
January 2021). The MATLAB code can be run with MATLAB R2018b under the Windows
or Linux systems. The cluster method used in the algorithm is the k-means function of
MATLAB and the correlation calculation method is the corr function of MATLAB. The C#
WPF is a visual program in windows that provides a convenient way to use the C-CorA
method (Figure 2A). The program requires two paths for the input of data files, and the
user can adjust the value of k used in the k-means clustering module of C-CorA. The output
includes results of clustering and correlation coefficient calculations. An example of the
output file is shown in Figure 2B, which was generated by the C# WPF application of
C-CorA using the RNA-seq data of loquat fruit as mentioned above.

Figure 2. (A) The appearance of the C-CoA application written using C # WPF. (B) An example of an
output file.

3.2. Transcriptome Analysis Using C-CorA Method
3.2.1. Clustering of Loquat Samples Based on Lignin Content

To get a more convincing 2-cluster pattern, the k-means method was used for the
initial cluster. Setting the k parameter as 4, 48 loquat samples were randomly combined
and clustered into four groups based on the lignin content (Figure 3). Then these clustered
groups were randomly combined into seven 2-classes: ((1), (2, 3, 4)), ((2), (1, 3, 4)), ((3),
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(1, 2, 4)), ((4), (1, 2, 3)), ((1, 2), (3, 4)), ((1, 3), (2, 4)) and ((1, 4), (2, 3)). For further correlation
coefficient calculations, the lignin content value was replaced by the discrete variable 1 or 2
in each 2-class. For example, in ((1), (2, 3, 4)), the lignin content value was substituted as 1
in (1) and 2 in (2, 3, 4).

 

Figure 3. The k-means cluster result of the 48 loquat fruit samples from MATLAB. The number of
groups was set to 4 in the k-means function. The data points are clustered based on the value of lignin
content. (HT: heat treatment, LTC: Low temperature conditioning and T0: 0 ◦C).

3.2.2. Clustering of Gene Expression Data

The gene expression value was processed using the same cluster method as above.
The k parameter was set to 4 as well. We divided the gene expression value into four groups
and then randomly combined them into seven 2-classes for subsequent calculations. In
each 2-class, the discrete variable 1 or 2 was substituted for the gene expression value, i.e.,
gene expression values were replaced as 1 in one class, and 2 in the other class.

3.2.3. Correlation Analysis of Gene Expression vs. Lignin Content

In correlation analysis, the strategy was to calculate all possible phenotype vs. gene
expression combinations and then identify the most reliable pair. In this case, seven 2-class
lignin content groups and seven 2-class gene expression groups were used for a Pearson
correlation coefficient calculation. For each sample, there were seven patterns of phenotype
and seven patterns of gene expression value. Be aware that these values only contain the
discrete variables 1 and 2. Throughout the Pearson calculations for the seven groups of
lignin content vs. the seven groups of gene expression, once the coefficient value appeared
higher than the threshold given by the user, this gene was marked. The threshold was set as
0.7, 0.8 and 0.9. For each pattern of phenotype, the count of marked genes was summarized
in Table 1. The 2-group pattern ((3), (1, 2, 4)) of phenotype had the most genes (Table 1).
Moreover, the separation of group (3) and group (1, 2, 4) was consistent with the lignin
content distribution for the 48 loquat fruit samples (Figure 3), thus, we used ((3), (1, 2, 4))
for further analysis.

For the 2-group pattern of phenotype ((3), (1, 2, 4)), 53 of the 71 highly correlated
genes (correlation coefficient greater than 0.8) were well annotated (Table S1). The count of
annotated genes with a correlation coefficient between 0.7 and 0.8 was 307. The correlated
genes were more numerous than reported in our previous study [12]. The expression
patterns of the 53 highly correlated genes are shown in Figure 4.
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Table 1. The count of genes which highly correlated to lignin content in each of the seven 2-group
patterns of phenotype data. The threshold of correlation coefficient was set as 0.7, 0.8 and 0.9.

2-Group Pattern
Correlation Coefficient

0.7 0.8 0.9

[{1}, {2, 3, 4}] 20 1 0
[{4}, {1, 2, 3}] 445 76 3
[{2}, {1, 3, 4}] 51 9 1
[{3}, {1, 2, 4}] 472 71 10
[{1, 4}, {2, 3}] 230 9 0
[{1, 2}, {3, 4}] 93 28 0
[{1, 3}, {2, 4}] 40 2 0

Figure 4. A heatmap of normalized gene expression values of the 53 highly correlated genes in gene
expression vs. lignin content comparison, as calculated by the C-CorA method.

To assess the validity and accuracy of the C-CorA method, we compared the correlation
coefficients calculated by C-CorA to those of the Pearson method and the Spearman
method; the results are summarized in Figure 5. Genes highly related to the lignin content
which were detected by the Pearson method and the Spearman method are all included
in the result from C-CorA (Figure 5A). The C-CorA method identified a larger number of
candidate genes, and the correlation coefficient values showed better discrimination. Using
the Pearson or Spearman methods, 22 genes with correlation coefficients greater than 0.7
were screened (Figure 5B). For these 22 genes, the correlation coefficients calculated using
C-CorA were consistent with at least one of the traditional methods, except for two genes
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(UN68285 and UN35236). The correlation coefficients for these two genes calculated by the
three methods are different. Comparison of the RPKM values for these two genes showed
that the expression of UN68285 and UN35236 in all 48 samples (Figure 5C) was similar to
trends in the lignin content, suggesting that these two genes are related to lignin content.

Figure 5. (A) A Venn diagram of the count of genes with high correlation coefficients in gene
expression vs. lignin content comparison as calculated by the Pearson method, the Spearman method
and the C-CorA method. (B) The correlation coefficients for 22 genes screened by the Pearson
method or the Spearman method (>0.7) and the coefficients from the C-CorA method. (C) The base-2
logarithmic values of the RPKM values of genes UN68285 and UN35236.

In our previous study, we constructed co-expression networks between genes based
on the Pearson product-moment correlation coefficient to determine lignin-related genes.
Then EjCAD3 (UN68301) and other genes were identified as candidate genes [12]. Using
the C-CorA analysis, EjCAD3 (UN68301) also showed a high correlation signal (Table S1).
Other genes identified by C-CoA included a CBL-interacting protein kinase 08 (UN00386),
an RNA binding protein (UN30230), a gibberellin 3-beta hydroxylase (UN68191) and so on,
which was also consistent with the former work [12].

Among the newly identified genes were two lignin-related genes, encoding a CAD
(cinnamyl alcohol dehydrogenase) (UN26767, EjCAD4) and a MYB transcription factor
(UN00328). These two genes were not identified in the previous work [12]. The expression
levels of EjCAD4 and MYB (UN00328) decreased in LTC and HT treated samples com-
pared with control samples (Figure 6), and they were positively correlated to the lignin
content (the correlation coefficients with lignin content were 0.86 and 0.87, respectively).
CAD is an enzyme that participates in the last step of monolignol biosynthesis. AtCAD4
(AT3G19450), the homologous gene EjCAD4 in Arabidopsis is involved in lignin biosynthe-
sis and reported to act as an essential component in pathogen defense [19,20]. Moreover, the
homologous gene EjCAD4 in Chinese White Poplar (Populus tomentosa Carr.), JX986606.1,
has also been identified as a candidate gene related to lignification by SSR markers [21].
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Figure 6. The RPKM of UN26767, UN00328, WRKY (UN10110) and BHLH (UN35332) at each time
point under LTC, HT and 0 ◦C treatments from the RNA-Seq analysis of loquat fruit.

The expression of other transcription factors was also identified as being corre-
lated with lignin content, including ERF (UN41017), BHLH (UN35332), MYB (UN31768,
UN02037), WRKY (UN10110 and UN23662), NAC (UN48890) and so on (Table S1).

3.2.4. Correlation Analysis for Newly Identified Candidate Genes

To better understand the regulatory network of genes newly identified by the C-CorA
method above, a correlation analysis of gene vs. gene based on their expression values
was performed. The C-CorA method was used to detect the genes correlated with EjCAD4
(UN26767), and a total of 65 correlated genes were identified (Table S2). Interestingly,
two transcription factors, WRKY (UN10110) and BHLH (UN35332), showed the opposite
expression patterns when compared to EjCAD4 (Figure 6), which suggested that they might
be negative regulators of EjCAD4.

Multiple genes are involved in lignin accumulation. We used the EjCAD4 as an
example to perform a correlation analysis of multi-gene vs. lignin content. When searching
for genes that act synergistically with EjCAD4 to influence the fruit lignin content, we
applied the k-means clustering method to a 2 × 48 matrix formed by the expression values
of two genes, one of which was EjCAD4. The clustering results were then used as the input
vector for the correlation analysis together with the lignin content. Based on the results
produced by C-CorA, we obtained 38 annotated genes with a correlation coefficient cutoff
value of 0.8. Six calcium-correlated genes were identified, including EjCAD3 (Table S3).
Cold shock elicits an immediate rise in cytosolic free calcium concentration [22] and can
activate the expression of lignin-associated genes [23,24]. As we know, Ca2+ treatment
could help to maintain fruit firmness via forming an “egg-box” [25]. Whether calcium-
correlated genes interplay with loquat fruit lignification during postharvest and how they
synergistically work with lignin-related gene EjCAD4 requires further research.

3.3. Other Cases of Correlation Analysis Using C-CorA

The C-CorA method could be applied to any multi-dimensional data. It could de-
tect more candidate genes in a correlation analysis of RNA-Seq. Two more cases are
presented here.

3.3.1. Transcriptome Analysis in Kiwifruit Using C-CorA

In a recent study of fruit softening [26], the mechanism of postharvest cell wall
metabolism was explored in kiwifruit. Six cell wall metabolism-related genes (AdGAL1, Ad-
MAN1, AdPL1, AdPL5, Adβ-Gal5 and AdPME1) were identified as candidate genes for pectin
degradation by a correlation-based analysis as reported in Zhang et al. [26]. The correlation
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coefficients in this study were generated by the Pearson method. We applied the C-CorA
method on the data provided by the author, and ten pectin degradation-related structural
genes were highly related to the physiological traits. These ten genes included the six can-
didate genes mentioned above and four more genes (Achn351951, Achn106231, Achn381701
and Achn064441). Among these four genes, two genes (Achn351951 and Achn106231) were
annotated as pectate lyase while the other two (Achn381701 and Achn064441) were anno-
tated as pectinesterase. Both pectate lyase and pectinesterase play an important role in
pectin degradation [27]. Figure 7 illustrates the gene expression trends of these four genes
in the firmness and the cell wall material pattern of kiwifruits. The pattern of physiological
traits and the FPKM of these four genes showed the same or opposite trends during the
treatment of kiwi fruit, which indicated that specific genes detected by C-CorA should also
be considered as candidate genes in cell wall metabolism.

Figure 7. The cell wall material content (mg/g), firmness (N) and FPKM value of four new candidate
genes (Achn351951, Achn106231, Achn381701 and Achn064441) detected by C-CorA in four groups of
kiwi fruit.

3.3.2. Transcriptome Analysis in Persimmon Using C-CorA

Acetaldehyde is a compound that could precipitate soluble condensed tannins into
insoluble condensed tannins, which is an important process for persimmon fruit flavor [28].
The production of acetaldehyde depends on two key enzymes, pyruvate decarboxy-
lase (PDC) and alcohol dehydrogenase (ADH) [28]. Three PDC genes (EVM0028451,
EVM0027273 and EVM0022732) and two ADH genes (EVM0007501 and EVM0027066) were
detected in the highest correlated module by a weighted gene co-expression network anal-
ysis (WGCNA) as reported in Kou et al [29]. When we applied the C-CorA method on the
same dataset as Kou et al. [29], two more genes (PDC, EVM0018709 and ADH, EVM0007329)
were detected. The gene expressions and ethanol/acetaldehyde production are shown
in Figure 8. The expression patterns of the two genes were consistent with ethanol and
acetaldehyde content. The new genes found by C-CorA are worth further research.
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Figure 8. The ethanol production (μg/g FW) and acetaldehyde production (μg/g FW) of four per-
simmon fruit groups, along with the FPKM value of the two newly detected genes (EVM0007329 and
EVM0018709) detected by C-CorA.

4. Discussion

In this work, we used a cluster-based correlation analysis method (C-CorA) to analyze
the loquat RNA-Seq and identified some additional lignification-related transcripts which
were not detected in the previous study [12]. In the C-CorA workflow, the cluster step
and correlation analysis step are treated as two independent modules. In the cluster step,
many alternative methods could be used rather than the k-means method, depending
on the features of the input data. An advantage of using the clustering result for the
correlation coefficient calculations is that it can process various types of data in different
dimensions. For the correlation analysis of RNA-Seq data, C-CorA can deal with different
cases, including gene vs. gene/phenotype, multi-gene vs. gene/phenotype and multi-
phenotype vs. gene. The correlation coefficient calculated by the C-CorA method can also
be used in other correlation-based analyses, such as the WGCNA [3].

The k-means method has some limitations. The number of groups must be determined
in advance. In this work, the parameter k was set to 4. By choosing a relative value of k
and then combining these groups into 2-group patterns, the potential correct cluster will be
included. Also, the clustering result given by the k-mean method is sometimes not unique.
To overcome this deficiency, multiple rounds of calculations should be performed for each
data set.

For RNA-Seq analysis, alignment-free methods are quickly developed. Kallisto [30]
and Sailfish [31] use the unique kmer from each transcript to calculate the read count for
the calculation of abundance. The C-CorA method can also use these kmer counts to do the
correlation analysis. The kmer distribution can describe the difference between transcripts
or genome sequences, meaning that the C-CorA method can be extended to other applicable
sequence-based analyses. For data from hybrid population analyses, the cluster method
matches the phenomena of segregation of character. The C-CorA method has the potential
to be applied to these analyses.

According to previous work [32,33], CAD (cinnamyl alcohol dehydrogenase) is an
important enzyme that catalyzes the final step in the biosynthesis of lignin precursors,
and MYB transcription factors [9,10] have been identified that are involved in loquat fruit
chilling lignification by regulating lignin biosynthetic genes. By performing a C-CorA
analysis of gene expression vs. lignin content, we identified EjCAD3 (UN68301) and
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EjCAD4 (UN26767) as candidate genes. In addition, a MYB transcription factor (UN00328)
was highly correlated to the lignin content, which suggests that it could be a positive
regulator of lignin biosynthesis. Using the same approach on gene vs. gene, we found
two transcription factors, BHLH (UN35332) and WRKY (UN10110), that might work as
negative regulators of EjCAD4. For the correlation analysis of multi-gene vs. lignin content,
we identified six calcium correlated genes that may cooperate with EjCAD4 in loquat fruit
lignification.

Several differentially expressed genes previously identified [12] as candidate genes,
such as EjCAD3 (UN68301), also showed a high correlation with the lignin content using the
C-CorA method. This indicates that the C-CorA method is an effective method for RNA-Seq
data analysis. Furthermore, the correlation analysis of gene vs. gene and multi-gene vs.
phenotype performed by C-CorA can help to build a network of the target genes.

5. Conclusions

The cluster-based correlation analysis method described in this work, C-CorA, is a new
correlation coefficient calculation algorithm. It uses the clustering result from the original
data sets to do the correlation analysis. It can deal with various types of data and data in
different dimensions. This method was applied to a set of RNA-Seq data of loquat fruit.
It identified the fruit lignification correlated structural genes and transcription factors as
candidate genes for further research. Using this analysis, we also identified two additional
genes (EjCAD4 and MYB), which were not detected in our previous work, as candidates
for involvement in the lignification process. The loquat fruit case indicates that compared
to other correlation methods, the C-CorA may be a better choice for fruit quality studies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/horticulturae8020124/s1: Table S1: genes correlated with the lignin content of loquat fruit
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and annotations; Table S2: genes correlated with the EjCAD4 (UN26767) from C-CorA.; Table S3:
genes act synergistically with EjCAD4 on the fruit lignin content identified by C-CorA.
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Abstract: Bacterial wilt (BW) disease, which is caused by Ralstonia solanacearum, is one globally
prevalent plant disease leading to significant losses of crop production and yield with the involvement
of a diverse variety of monocot and dicot host plants. In particular, the BW of the soil-borne
disease seriously influences solanaceous crops, including peppers (sweet and chili peppers), paprika,
tomatoes, potatoes, and eggplants. Recent studies have explored genetic regions that are associated
with BW resistance for pepper crops. However, owing to the complexity of BW resistance, the
identification of the genomic regions controlling BW resistance is poorly understood and still remains
to be unraveled in the pepper cultivars. In this study, we performed the quantitative trait loci (QTL)
analysis to identify genomic loci and alleles, which play a critical role in the resistance to BW in
pepper plants. The disease symptoms and resistance levels for BW were assessed by inoculation
with R. solanacearum. Genotyping-by-sequencing (GBS) was utilized in 94 F2 segregating populations
originated from a cross between a resistant line, KC352, and a susceptible line, 14F6002-14. A total
of 628,437 single-nucleotide polymorphism (SNP) was obtained, and a pepper genetic linkage map
was constructed with putative 1550 SNP markers via the filtering criteria. The linkage map exhibited
16 linkage groups (LG) with a total linkage distance of 828.449 cM. Notably, QTL analysis with CIM
(composite interval mapping) method uncovered pBWR-1 QTL underlying on chromosome 01 and
explained 20.13 to 25.16% by R2 (proportion of explained phenotyphic variance by the QTL) values.
These results will be valuable for developing SNP markers associated with BW-resistant QTLs as well
as for developing elite BW-resistant cultivars in pepper breeding programs.

Keywords: pepper plant; Ralstonia solanacearum; single-nucleotide polymorphism (SNP); genotyping-
by-sequencing (GBS); quantitative trait loci (QTL); pepper breeding

1. Introduction

Pepper plants (Capsicum spp.) derived from the regions of American tropics belong
to the Capsicum genus and Solanaceae family, including peppers, paprika, tomatoes,
eggplants, and potatoes. It is regarded as one of the most important vegetable crops
worldwide owing to diverse positive aspects in field of cuisine, medicine and healthcare,
and economy [1–3]. Pepper fruits are largely consumed as fresh and dried ingredients as
well as processed foods and render a wide variety of essential bioactive elements, such as
vitamins, minerals, phenolics, carotenoids, and capsaicinoids [4–8]. The consumption of
pepper has been gradually increased for several decades, together with the cultivation area
and production in agriculture (http://www.fao.org/faostat (accessed on 9 August 2021) [9].
On the basis of Food and Agriculture Organization (FAO) [9], the cultivation area has
occupied around 4.5 million hectare, and pepper production has reached around 67 million
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tons, including fresh and dried peppers, in the world [10]. Moreover, in terms of the
world trade value of crops, the amount of chili peppers has ranked with the second
position after tomato plants among the Solanaceae family [11]. However, pepper production
is naturally threatened by biotic factors, including bacteria, fungi, and viruses in the
agronomic field [12]. In particular, bacterial wilt (BW) is one of most destructive diseases
throughout the world and has been widely spread in pepper crops across all over the
Asia [13–15]. In 2017, BW led to a significant reduction of pepper yields and productions
ranging from over 20 to less than 50% at most in the world cultivation area [16].

BW disease is caused by a soil-borne bacterial pathogen, R. solanacearum, and it is
one of the global plant diseases [17]. The BW is seriously harmful for a large amount of
the solanaceous family, including the vegetable crops of chili and sweet peppers, paprika,
tomatoes, potatoes, and eggplants, which cause a plant-wilting disease. It is recognized
as a wide range of hosts by invading over 450 different plant species through the broad
climate spectrums containing tropical, subtropical, and temperate regions [18–20]. The
pathogen of R. solanacearum enters plants via the natural opening and the wounded layers
at the emergence sites of secondary roots or at root tips, which immigrate and colonize the
host root cortex [21,22]. Subsequently, the R. solanacearum infects the parenchyma of the
plant vascular system. The success of the invasion into xylem causes plant pathogenicity,
including high population of the increased bacterial cells, diverse enzymes, and viscous
di-and poly-saccharides by R. solanacearum. As such, the xylem vessels in plant roots are
filled and blocked by the pathogenicity [23,24]. Interestingly, several reports have studied
that the resistant cultivars possess an ability to restore the xylem transport system directly
after the bacterial attacks, whereas the susceptible cultivars are observed with the xylem
blocked by the occlusion derived from bacteria [25,26], leading to the damage of the water
flow system inside the plant’s xylem. The malfunction results from plant yellowing, wilting,
and dying depending on the severity of the disease symptoms [25].

To date, multiple management methods to govern the BW disease have been developed
and applied in agriculture. Indeed, the effects of combatting the devastating BW have been
shown with agronomical, physical, chemical, and cultural methods, including the crop
rotation of different types, utilization of bactericides, and plant breeding programs [26].
However, the management strategies have been reported with limited and insufficient
effects on the BW disease regulation owing to the wide variety of host range, diverse genetic
variations of the pathogen, and long-term survival in plants [26–28].

In general, it is considered that the most effective control method is to breed elite,
resistant cultivars in the pepper crops against the BW [29]. Remarkably, a wide variety
of BW resistant-pepper accessions have been determined. For example, the BW resistant-
pepper accessions (Capsicum spp.) with LS2341, PI358812, Kerting, PI322726, PI322727,
PI369998, PI377688, PI322728, Jatilaba, MC4, MC5, PBC 066, PBC 437, PBC 631, and PBC
1347 display high BW resistance against a wide array of BW pathogens [30–33]. In addition
to this, some researches have studied that BW resistance is involved in a quantitative
inheritance and is polygenically governed by multiple genes (≥2 genes) in the pepper
cultivar Mie-Midori [29]. A pepper cultivar, PM687, has been determined to have additive
effects, which are influenced by the involvement of 2 to 5 candidate genes to regulate the
BW resistance [34]. Additionally, A pepper accession called LS2341 has been identified with
polygenes and linkage to a major quantitative trait loci (QTL), Bw1, located on chromosome
08, which possesses putative 44 candidate-resistance genes against R. solanacearum [35].
A recent report has uncovered a marker ID10-194305124 on the major QTL qRRs-10.1 on
chromosome 10, which consists of five candidate R genes containing putative leucine-
rich repeat (LRR) receptor or NB-ARC proteins and three defense-associated genes in the
resistance pepper cultivar BVRC1 [36].

QTL mapping is a basic and powerful tool for genetic investigation of quantitative
traits and high-density linked markers. Although the conventional QTL mapping is a
time-consuming, labor-intensive, and costly procedure [37], advances in next-generation
sequencing (NGS) technologies reduce sequencing cost and contribute to the rapid iden-
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tification of QTL and the assessment of genome-wide single nucleotide polymorphism
(SNP) in pepper crop [38]. The utilization of NGS for SNP discovery is beneficial, as it
generates a large amount of sequence data that can be used for genotype-phenotype as-
sociation [37,39,40]. Genotyping-by-sequencing (GBS) technology is a simple and robust
method that is practical as a high-throughput genotyping tool for a large number and huge
amount of DNA as well as for complex genomes of crop species [41,42]. Furthermore,
GBS is a cost-effective technique with the advantages of reduced sampling time, decreased
sequencing cost, and no limited reference genome sequences [37,43]. Recent studies have
reported that the GBS tool is successfully applied to the various crops, including chickpea,
maize, wheat, onion, soybean, pepper, and rice, for QTL mapping, high-density genetic
mapping, SNP discovery, GWAS, genomic selection (GS), and genotyping [44–52]. Since
the GBS tool possesses a wide applicability of QTL identification in pepper (C. annuum),
genetic analysis of quantitative traits and high-resolution-linked markers for BW would
contribute to more accurate marker-assisted selection (MAS) in plant genetics and breeding
via GBS.

In this study, we produced 94 F2 recombinant lines derived from a cross between a
resistant source of C. annuum, KC352, and a susceptible source of C. annuum, 14F6002-14,
for QTL mapping of BW resistance to R. solanacearum isolates. Next, we constructed a
genetic map with 94 F2 recombinant offspring. High-resolution SNP markers associated
with BW resistance revealed novel QTL regions on chromosome 01 via GBS. The result will
be utilized for developing SNP markers involved in BW resistance and for selecting and
breeding elite BW-resistant pepper plants.

2. Materials and Methods

2.1. Plant Materials and Growth Conditions

The parental lines of C. annuum KC352 and 14F6002-14 were provided by pepper and
breeding institute (Gimje, Korea), respectively. A total of 94 F2 individual lines were derived
from a cross between KC352 and 14F6002-14. The pepper plants used for the experiment
were grown at National Institute of Horticultural and Herbal Science (NIHHS, Wanju,
Korea, 35◦83′ N, 127◦03′ E) under glasshouse conditions where temperature was controlled
to 26/18 ◦C (day/night), and relative humidity (RH) was within 60–70%. The soil in pots
was prepared as previously described in [53]. In brief, the commercial media (Bio Sangto,
Seoul, Korea) was composed of coco peat (47.2%), peat moss (35%), vermiculite (10.0%),
zeolite (7%), dolomite (0.6%), humectant (0.006%), and fertilizers (0.194%, 270 mg kg−1 N,
P, and K), respectively.

2.2. DNA Extraction

A total of 96 plant samples from 9–10 leaf stage of 4-week-old plants were ground
with the TissueLyser II (Qiagen, Hilden, Germany), and genomic DNA (gDNA) from
the samples was extracted using cetyl trimethyl ammonium bromide (CTAB) method as
previously described in [54].

2.3. Disease Assay and Resistance Index Scoring

To evaluate resistance against R. solanacearum, resistance screening was conducted in
45–48 F2 offspring derived from a cross between parental lines of KC352 and 14F6002-14
with three independent replicates (Supplementary Figure S1). A total of 94 F2 lines were
tested for the resistance screening and subsequent GBS analysis. To prepare the inoculum,
the R. solanacearum of WR-1 strain isolates (race 1, biovar 3) were cultivated on NA medium
and incubated at 28 ◦C for bacterial cell growth for 2–3 days. The plates were collected
with distilled water to harvest the cells. The concentration was determined by measuring
OD at 600 nm = 0.3, and the cell density was adjusted to approximately 107–108 cfu per mL
before inoculation. Two parental lines and 94 F2 offspring were inoculated at the 6–7 leaf
stage onto the plant roots with 5 mL of the bacterial suspension after wounding the plant
roots by stabbing a scalpel along with two sides at a soil depth of 1–2 cm. The inoculated
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plants were kept under vinyl-protected conditions at 25 to 30 ◦C, and disease resistance was
continuously observed and recorded after inoculation. C. annuum KC352 was utilized as
the resistant control, whereas C. annuum 14F6002-14 was utilized as the susceptible control
to compare the severity of disease symptoms in F2-segregating populations. The disease
symptoms and disease resistance index were evaluated on the basis with disease scale of
0–4 as previously described in [25], where 0 = no visible symptoms, 1 = 1 to 25% of wilted
leaves, 2 = 26 to 50% of wilted leaves, 3 = 51 to 75% of wilted leaves, and 4 = 76 to 100% of
wilted leaves.

2.4. Preparation of Libraries for Genotype-by-Sequencing (GBS) Analysis

A total of 96 individuals were subjected to GBS analysis. The quantity and quality
of extracted gDNAs were validated using 1% agarose gel electrophoresis before running
next-generation sequencing (NGS). The preparation of GBS libraries was conducted as
provided by SEEDERS sequencing company (Daejeon, Korea). To construct GBS libraries,
gDNAs were digested with ApeKI (New England Biolabs, Ipswitch, MA, USA) [41] with
a minor modification. In detail, oligonucleotides for the top and bottom strands of each
barcode adapter and a common adapter were separately diluted in 50 μM TE buffer and
annealed in thermocycler conditions followed with 95 ◦C, 2 min (ramp down to 25 ◦C
by 0.1 ◦C/s; 25 ◦C, 30 min; 4 ◦C hold). Barcodes and common adapters were diluted in
10× adapter buffer, including 500 mM NaCl and 100 mM Tris-Cl to 10 μM, and 2.4 μL of
the mixture was applied into a 96-well PCR plate. Then, 100 ng/μL of DNA samples were
added to individual adapter-containing wells and digested for overnight at 75 ◦C with
3.6 U ApeKI (New England Biolabs, Ipswitch, MA, USA) in 20-μL volumes. Adapters
were then ligated to sticky ends by adding 30 μL of a mixture containing 10× ligase buffer
and 200 unit of T4 DNA ligase (MG Med, Seoul, Korea) to individual wells. The samples
were incubated at 22 ◦C for 2 h and heated to 65 ◦C for 20 min to remove the activity of
the T4 DNA ligase. The 96 digested DNA samples possessing a different barcode adapter
were combined with each 5 μL and were purified using a purification kit (QIAquick PCR
Purification Kit; Qiagen, Valencia, CA, USA) following the manufacturer’s instructions.
Restriction fragments from each library were then amplified in 50-μL volumes containing
2 μL pooled DNA fragments, Herculase II Fusion DNA Polymerase (Agilent, Santa Clara,
CA, USA), and 25 pmol with each of the primers in [41]. Polymerase chain reaction (PCR)
was conducted with the following conditions: one cycle at 95 ◦C for 2 min, 16 cycles at 95 ◦C
for 30 s, 62 ◦C for 30 s, 68 ◦C for 30 s, and stopped at 68 ◦C for 5 min. The amplified fragment
size and library quality were assessed with Agilent Tape station with high-sensitivity DNA
chip. Whole-genome sequences were conducted using Illumina Hiseq X ten platform
(Illumina, San Diego, CA, USA).

2.5. Sequencing, Alignment, and SNP Genotyping

Raw reads were de-multiplexed, and the barcode sequences were trimmed using
SEEDERS in-house python script as previously described in [49]. Reads were also trimmed
using the Cutadapt (ver. 1.8.3) to eliminate the sequences of the common adapter. The de-
multiplexed reads were processed by the SolexaQA package ver.1.13 [41]. Next, bad-quality
bases with low Phred quality score (Q = 20 or 0.05 probability of error) were trimmed using
DynamicTrim in the SolexaQA package, and the read lengths lower than 25 bp with poor-
quality sequence were discarded, using Lengthsort program in the SolexaQA package [55].
The processed and cleaned reads were applied to align with C. annuum cv. CM334 reference
genome (ver. 1.55, http://www.sgn.cornell.edu/ (accessed on 19 November 2019), and the
read depth was counted by the number of aligned reads via the Burrows–Wheeler Aligner
(BWA, 0.6.1-r104) program as described in [56]. The BWA was carried out with following
default options: gap open penalty (−O) = 15, number of threads (−t) = 16, mismatch
penalty (−M) = 6, maximum differences in the seed (−k) = 1, and gap extension penalty
(−E) = 8, except for seed length (−l) = 30. The detection of raw SNPs and the consensus
sequences were acquired from the resulting mapped reads with BAM format file using
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SAMtool (v.0.1.16) utilities [57]. For SNP calling, the varFilter command in the SAMtool
was utilized with default options as previously described in [17,49]. Finally, on the basis of
ratio of SNP/InDel reads in the mapped reads, variant types of SNP were grouped with
three categories: homozygous SNP/InDel for read rate ≥90%, heterozygous SNP/InDel
for read rate ≥40% and ≤60%, and the rest defined as “etc.” [49,58,59].

2.6. Linkage Map Construction

Genetic linkage maps of F2 segregating lines were illustrated using the JoinMap ver.
4.0 (Kyazma B.V., Wageningen, The Netherlands). A total of 1550 SNPs were grouped into
16 linkage groups (LGs) with a logarithm of the odds (LOD) threshold score ≥5.5, and a
maximum distance of 30 centiMorgans (cM) were used. The genetic map distance of the
SNP markers was converted to cM using the Kosambi’s mapping function [60]. To remove
the skewed SNP and the segregation distortion, the chi-square test (p < 0.001) was applied,
and the SNP markers were filtered with identical segregation or missing rate ≥30%. Final
genetic linkage maps of KC352 and 14F6002-14 with the 1550 SNPs were drawn using
MapChart ver. 2.3 software [61].

2.7. QTL Analysis and Candidate Genes Prediction

QTL analysis was performed with composite interval mapping (CIM) to map the
QTLs involving pepper bacterial wilt resistance using the Windows QTL Cartographer
v. 2.5 program [62]. The CIM was operated at a 1.0-cM walk speed using the model 6
parameters (standard model) and the forward and backward regression model. The LOD
threshold level for significance of each QTL was determined as 1000 permutations of
p < 0.05. To identify candidate genes, the positions of highly significant QTLs regions on
the genetic map were compared with their physical positions on the C. annuum cv. CM334
reference genome (ver. 1.55, http://www.sgn.cornell.edu/ (accessed on 19 November
2019), and 1 Mb left and right sequences were mined for candidate genes from respective
corresponding marker. Putative functions of the candidate genes were further annotated
with an application of sequence alignment using CM334 reference genome (ver. 1.55,
https://solgenomics.net/ (accessed on 21 December 2021), Kyoto Encyclopedia of Genes
and Genomes (KEGG) (https://www.genome.jp/kegg/ (accessed on 21 December 2021),
SwissProt (https://www.uniprot.org/ (accessed on 21 December 2021), Gene Ontology
(GO) (https://www.geneontology.org/ (accessed on 23 December 2021), and the NCBI
non-redundant protein (NR) (https://ncbi.nih.gov/blast/db/ (accessed on 23 December
2021) with default values.

2.8. Data Analysis

The Tukey’s HSD/Kramer test (p < 0.05) and the descriptive statistics of disease index
were analyzed using SPSS program (IBM SPSS v27.0, Chicago, IL, USA). The Pearson’s
correlation coefficients were calculated using the R statistical Software (ver. 4.0.1, https:
//www.r-project.org (accessed on 3 January 2022)).

3. Results

3.1. Phenotyping of the Resistance for Bacterial Wilt Disease

In order to evaluate bacterial wilt (BW) resistance, we observed phenotypes for
5–21 days after inoculation of R. solanacearum suspension into parental lines and 94 F2
lines. The degree of disease severity was evaluated as disease index (DI), with disease scale
ranging from 0 (no symptoms) to 4 (76 to 100% wilted leaves) (Figure 1A). Among the 94
inoculated plants, 16 plants were observed with no visible symptoms (DI = 0), representing
a resistant line to BW, whereas 49 plants were observed with 76–100% wilted leaves (DI = 4),
representing a susceptible line to BW (Figure 1B). In addition to this, we observed 14 plants
with 1 to 25% wilted leaves (DI = 1), 7 plants with 26 to 50% wilted leaves (DI = 2), and
8 plants with 51 to 75% wilted leaves (DI = 3) (Figure 1B). Overall, the average DI value of
the F2 population was 2.638, and the wilt rate (%) was 68.085. The skewness and kurtosis
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value of the DI was −0.604 and −1.352, respectively, suggesting that the resistance level
of the plants to R. solanacearum is susceptible, and the population might be a non-normal
distribution rather than a normal distribution (Table 1).

Figure 1. Distribution of the disease index after inoculation with R. solanacearum. (A) disease index
was classified into disease scales of 0–4, where 0 = no visible symptoms, 1 = 1 to 25% wilted leaves,
2 = 26 to 50% wilted leaves, 3 = 51 to 75% wilted leaves, and 4 = 76 to 100% wilted leaves, and
(B) disease index (DI) was recorded in F2-segregating populations, including 94 genotypes from the
cross between a resistant parent (KC352) and a susceptible parent (14F6002-14).

Table 1. Descriptive statistics of disease index.

Trait
F2 Population (n = 94)

Max Min Range Wilt Rate (%) a Average b Standard Error Variation Skewness Kurtosis

Disease
index 4 0 0–4 68.085 2.638 0.167 2.620 −0.604 −1.352

a Wilting rate was defined as DI that was more than 2. b Average was calculated on the basis of 0–4 rating scale as
follows: DI = ∑(disease score x the number of plants corresponding to each disease score)/total number of plants.

3.2. GBS Analysis

Next, in order to conduct a genotyping-by-sequencing (GBS) analysis, all 96 plants
were collected, and a construction of 96-plex GBS library was generated. As such, a
total of approximately 108.0 Gbp of DNA sequences (715,257,004 reads) were obtained
from single-lane sequencing using Illumina Hiseq X ten platform (Table S1). The GBS
raw data ere de-multiplexed according to the 96 barcode sequences. The de-multiplexed
sequences of the 96 samples were trimmed by eliminating the sequences of the barcode
and adaptor and removing the low-quality information. Finally, the average number and
total length of trimmed reads were 6,046,776 and 696 Mbp, respectively. In addition, the
average length of trimmed reads (bp) and the total trimmed raw data were 119.99 bp and
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94.45%, respectively (Table S1). The trimmed data were further mapped to the reference
genome: Capsicum. annuum cv. CM334 ver. 1.55, sourced by Sol Genomics Network
(http://www.sgn.cornell.edu/ (accessed on 19 November 2019). The average numbers
of mapped reads and mapped regions were 5,216,671 and 125,718, respectively (Table S1).
The average depth and length of the mapped regions were 14.75 and 233.34 bp, which
covered 0.56% of the reference genome. To further mine SNPs from the sequence data,
in-house GBS analysis pipeline was applied with filtering criteria. A total of 628,437 raw
SNPs was identified in 94 F2 lines (Table S2). The SNPs were filtered to identify putative
markers using the criteria of 30% missing values across the genotyped individual and
MAF ≥ 25%, which yielded a total of 146,217 SNPs. Moreover, 11,020 SNPs were filtered
using both missing <30% and MAF > 25% condition. Furthermore, 4387 homozygous SNPs
in KC352 were selected (Table S2). After generating a map of the genotyping and SNP
selections using 500 kb as the window size, 1643 SNP markers were identified, and a total
of 1639 SNPs were produced with polymorphic SNP between KC352 and 14F6002-14 as
the parents (Table S2).

3.3. Construction of Linkage Mapping

In order to construct a pepper genetic linkage map, 1639 SNPs were utilized for linkage
grouping using the SNP matrix from GBS analysis. As such, the linkage map consisted
of 1550 SNP markers on 16 linkage groups (LG) (Table 2 and Figure 2). The linkage map
covered a total length of 828.449 cM with an average distance of 0.676 cM between adjacent
markers (Table 2 and Figure 2). Next, LG_04 showed the maximum lengths, which were
78.045 cM (chromosome 04) in the largest LG, whereas LG_05-2 showed the minimum
lengths, which were 15.952 cM (chromosome 05) in the smallest LG (Table 2). The number
of mapped SNPs per chromosome ranged from the minimum 11 in chromosome 10 to the
maximum 172 in chromosome 03, with an average number of 96.875 SNP markers per LG
(Table 2 and Figure 2). Moreover, the correlation coefficient between genetic and physical
maps was estimated among the 16 linkage groups. Chr.07 exhibited the highest correlation
coefficient of 0.876, and the average correlation coefficient was 0.670.

Table 2. Summary of the pepper genetic linkage map constructed using SNP markers derived from
genotyping-by-sequencing (GBS) analysis for bacterial wilt (BW) disease resistance. The higher
Pearson’s correlation coefficient indicates the closer correlation.

Chromosome Linkage Group
Number of

SNP Marker
Genetic

Distance (cM)
Correlation
Coefficient

Chr.01 LG_01-1 123 82.134 0.755
LG_01-2 49 38.254 0.385

Chr.02 LG_02-1 60 20.799 0.096
LG_02-2 90 70.704 0.644

Chr.03 LG_03 172 59.561 0.790
Chr.04 LG_04 117 78.045 0.867
Chr.05 LG_05-1 91 47.582 0.840

LG_05-2 12 15.952 0.437
Chr.06 LG_06 146 52.635 0.867
Chr.07 LG_07 136 61.809 0.876
Chr.08 LG_08 54 47.681 0.513
Chr.09 LG_09 114 74.982 0.786
Chr.10 LG_10-1 11 19.247 0.603

LG_10-2 139 54.224 0.857
Chr.11 LG_11 123 59.579 0.867
Chr.12 LG_12 113 45.261 0.541

Total 16 1550 828.449 -

Average - 96.875 51.778 0.670
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Figure 2. Cont.
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Figure 2. Distribution of single-nucleotide polymorphism (SNP) markers on 16 linkage groups of F2

pepper population. The pepper genetic linkage map consisted of 1550 SNP markers derived from
genotyping-by-sequencing (GBS) analysis. SNP names were shown on the right side of the linkage
map and genetic distances (cM) between SNPs on the left.
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3.4. QTL Analysis for Bacterial Wilt (BW) Resistance

In order to analyze significant quantitative trait loci (QTL) regions, the 1000 permuta-
tion was tested at p < 0.05, and the LOD threshold was calculated as 5.5 by QTL cartographer.
Notably, the LOD values ranged from 5.69 to 7.06, which was detected in chromosome 01
via CIM (Figure 3A). On the basis of the threshold levels, we designed one QTL, pBWR-1,
named the pepper Bacterial Wilt Resistance-1 on chromosomes 01 (Figure 3B). In addi-
tion, the significant LOD ≥ 5.5 regions identified at the pBWR-1 QTL region were within
LG_01-1 on chromosome 01. The pBWR-1 QTL was located between the ch01_47793963 and
ch01_161127926 markers on chromosome 01 with twelve markers (Figure 3B and Table 3).
The explained phenotypic variance of the QTL was ranged from 20.13 to 25.16% (Table 3).

Figure 3. (A) Quantitative trait loci (QTL) plot. QTL associated with bacterial wilt (BW) disease
resistance in the F2 population derived from the parental lines of KC352 and 14F6002-14 in the
linkage groups obtained via CIM. The LOD threshold is indicated by the red-colored horizontal
line. (B) Physical map of chromosome 01 with SNP markers used for the mapping of BW resistance
locus as shown in Figure 2. The QTL positions (LOD ≥ 5.5) and SNP markers of BW resistance are
indicated with a black bar combined with red-colored vertical lines above the linkage map.
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Table 3. Summary of significant QTLs (LOD ≥ 5.5) regions with composite interval mapping
(CIM) analysis.

Chr.
Marker

(Chr_pos)
QTL Position

(cM)
LOD Additive Dominant

a R2

(%)
b |d/a|

c |d/a|
Value

d Number
of Gene

Chr.
01-1

ch01_47793963 51.73 7.065493 −0.85811 0.701208 23.9114 D 0.82 1
ch01_47793907 52.21 7.323219 −0.88307 0.690647 25.1692 PD 0.78 1
ch01_52128774 52.94 6.962209 −0.88383 0.603339 24.0817 PD 0.68 5
ch01_57574786 54.32 6.440147 −0.85645 0.651621 23.1222 PD 0.76 0
ch01_61496208 56.25 6.180448 −0.89693 0.496732 24.5181 PD 0.55 2
ch01_58075358 57.31 5.682495 −0.79976 0.700647 20.9856 D 0.88 0
ch01_56960124 57.65 5.983697 −0.93776 0.399064 23.0298 PD 0.43 0
ch01_156505108 58.98 6.161348 −0.88705 0.631756 24.0344 PD 0.71 11
ch01_130789593 59.46 5.602784 −0.81563 0.56539 20.171 PD 0.69 0
ch01_160219891 60.27 5.506165 −0.95201 0.162341 22.5886 A 0.17 2
ch01_130913560 60.36 6.216155 −0.92824 0.283328 22.2838 PD 0.31 0
ch01_161127926 61.1 5.692397 −0.85691 0.394691 20.1396 PD 0.46 10

a R2, proportion of phenotypic variance explained by a major QTL; b |d/a|, estimation of gene action; A, (additive
effect) 0–0.20; PD, (partial dominance) 0.21–0.80; c D, (dominance) 0.81–1.20; OD, (overdominance) >1.20.
d Number of gene was selected with the 1 Mb to the left and right of the corresponding marker.

3.5. Prediction and Annotation of Candidate Genes

In order to identify candidate genes within the major QTL region, the number of genes
was selected with the 1 Mb to the left and right of the corresponding markers, and a total
of 31 candidate genes were annotated on the basis of CM334 reference genome, Swiss-Prot,
and the NCBI non-redundant protein (NR) databases (Table 4). In addition, functional
classification of 31 predicted genes was further analyzed along with the Kyoto Encyclopedia
of Genes Genomes (KEGG) pathway and Gene Ontology (GO) term (Table 4). As such,
the analysis of GO term enrichment identified one gene (CA01g20110) annotated with
“defense response” (GO: 0006952), and the KEGG analysis identified one gene (CA01g20130)
with “plant–pathogen interaction” (KO: 13457). Overall, four of the 31 candidate genes
were assigned to defense-associated genes; CA01g18650 in ch01_156505108 marker and
CA01g20130 (putative disease resistance protein RPM1), CA01g20110 (Thaumatin-like
protein), and CA01g20140 (NB-ARC domain-containing protein) in ch01_161127926 marker
were predicted as disease-resistance proteins. Taken together, the annotated four disease-
resistance/defense-associated genes would be crucial candidate genes for pBWR-1 QTL in
the present study.
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4. Discussion

BW is one of the most destructive pepper diseases worldwide, leading to the reduction
of yield and production in pepper cultivation [16,63]. It is difficult to manage BW disease
owing to a wide array of plant host range, a huge number of diverse BW isolates, and
its long survivability in pepper plants [18–20]. Thus, it is indispensable to breed resistant
pepper cultivars against BW. Although molecular marker-assisted selection (MAS) for BW
resistance can contribute to a rapid selection of BW-resistant breeding in pepper crops, a
few studies have determined QTL regions [17,36,62]. In this study, we performed QTL
analysis to develop molecular markers that are associated with BW resistance in pepper
(Capsicum annuum) by evaluating the 94 F2 recombinant lines obtained by a cross between
a resistant and a susceptible parental line. We first constructed a genetic linkage map using
GBS approach and identified significant QTL regions on chromosome 01 associated with
BW resistance.

4.1. Construction of Pepper Genetic Map

GBS is a genome-wide genotyping, powerful, and straightforward approach that takes
advantage of enzyme-based genome analysis, thereby conferring a rapid and cost-effective
analysis of the huge and complex genome in organisms. The GBS tool has been widely
utilized in genotyping segregated plants via the combination of a high-throughput next-
generation sequencing (NGS) technology to generate multiplexed libraries using barcoded
adapters [64,65]. With the application of GBS analyses, it has been reported that a large
amount of barely SNPs are produced, and ≥34,000 SNPs are mapped onto its reference
genome sequences, and ≥20,000 wheat SNPs are constructed onto its reference map [65].
Moreover, the method has identified 9998 SNPs and 64,754 SNPs located on the peach and
pea genomes, respectively [66,67]. Notably, recent studies have explored and evaluated
1,399,567 SNP in onion using a GBS library [50], and a total of 91,132 raw SNPs were
uncovered via a QTL study involved in flowering time in perilla [49]. In addition to this,
current applications of GBS analysis have exhibited a total of 22,446 SNPs for QTL mapping
of the resistance against the cucumber mosaic virus in a cucumber crop as well as a total
of 66,405 SNPs for Phytophthora capsici resistance in a pepper crop [48,59]. In the present
study, a total of 628,437 raw SNPs were identified and successfully genotyped with 94 F2
offspring using GBS. Around 108 Gbp of raw data (Tables S1 and S2) and a total 1639 SNPs
were finally produced, and the SNP markers were shown with genome-wide distribution,
covering the whole pepper genome (Figure 2). A total of 1550 SNP markers were ultimately
constructed on a genetic linkage map, which comprised 16 LGs, including one linkage
group on chromosome 03, 04, 06, 07, 08, 09, 11, and 12 as well as two linkage groups on
chromosome 01, 02, 05, and 10, respectively (Figure 2 and Table 2). In general, SNP markers
used for genetic mapping are based on the polymorphic markers of the parent. When the
polymorphism of the parent is absent in a large region within the middle of the genome,
separating two linkage groups on one chromosome can often be produced although the
genetic map is physically one chromosome. In particular, the phenomena often occur
when working with breeding lines. Indeed, previous reports have shown that Yellow lupin
(Lupinus luteus L.) possesses 26 chromosomes, but 40 linkage groups were constructed for
QTL mapping via NGS approaches [68], and a linkage group of LG01 was divided into
two LGs on chromosome 01 in perilla via GBS [49]. Recently, it has been determined that
linkage map is constructed with the resistance trait of powdery mildew from F5 pepper
population via GBS. The LG07 is separated into two linkage groups on chromosome 07 [69].

4.2. Genetic Inheritance of pBWR-1 QTL on Chromosome 01

As mentioned above, it has been reported that the genetic analysis and identification of re-
sistance genes play a crucial role in the field of crop breeding against BW [24,30,31,34–36,38,63].
Nonetheless, the genetic inheritance is poorly understood in the involvement of BW re-
sistance in pepper crops, and the mechanism of genetic inheritance is still unclear since
different pepper sources result in different values of BW resistance. In our results, we
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evaluated 49 F2 offspring as the DI value 4 (the most severe symptoms, 76 to 100% wilted
leaves), whereas 14 plants were evaluated as DI value 1 (no visible symptoms) with the
comparison of the parental lines after BW inoculation (Figure 1). We observed susceptible
plants 3.5 times more than resistant plants in the F2 population, implying that BW resistance
might be a partially recessive trait in the pepper lines used for our experiment. In similar
line with our result, the genetic inheritance of BW resistance has been unraveled, and the
resistance homozygous recessive (rr) allele was identified using F2 populations derived
from a cross between resistant Anugraha and susceptible Pusa Jwala of near-isogenic lines
(NILs) in pepper crops [70]. On the contrary, it has been determined that the inheritance
action of BW resistance is involved in an incomplete dominance with more than two BW-
resistance genes using the progeny derived from a cross between the capsicum Mie-Midori
(resistant line) and the capsicum AC2258 (susceptible line) [29]. It has been also studied that
the BW resistance is governed by two to five genes using the progeny derived from a cross
between the PM687 (resistant line) and the Yolo (susceptible line) [34]. In addition to this,
researches have demonstrated that the disease severity in F1 hybrids is close to or lower
than the generation-means of mid-parent values [29,49], and the progeny derived from
BVRC 1 (resistant line) and BVRC25 (susceptible line) [36] as well as from MC4 (resistant
line) and Subicho (susceptible line) exhibited the association of more than two resistance
genes against R. solanacearum, indicating that the BW resistance would be involved in a
partial dominance effect [71]. Although the complex mechanism still needs to be elucidated,
the contradictory findings might result from diverse factors, including the different pepper
sources of breeding lines, the different inoculation methods, the bacterial isolates, the
different criteria using DI calculation, and the different environmental growth factors. It is,
therefore, of our interest to further study the complex action of genetic inheritance in the
pepper source used for the experiment with the comparison of other BW-resistant lines.

4.3. Detection of Major QTL Controlling Resistance to R. solanacearum

Multiple management strategies have been actively developed and applied to control
the BW disease. However, the effects have been limited and insufficient for the control
of destructive BW disease owing to the different pepper sources, the bacterial isolates,
and different inoculation methods as mentioned above [26–28,63]. Besides, high disease-
resistance phenotype is not always associated with a good performance of horticultural
traits, such as good fruit shape, fruit size, fruit yield, and fruit quality [71]. Thus, it is crucial
to understand the genetic basis for resistance to BW disease to utilize pepper breeding
programs using MAS, thereby ultimately integrating BW resistance with desirable traits
during a breeding process [47,48,71]. In previous studies, the pepper accessions of LS2341
and BVRC1 have been determined with a Bw1 QTL and a major qRRs-10.1 QTL underlying
on chromosome 08 and 10, respectively [35,36]. Initially, Mimura et al. (2009) reported that
the CAMS451 marker of Bw1 QTL in linkage group 11 (LG11) was located on chromosome
01 with the comparison of a LG01 on chromosome 01 of SNU3 map, which was integrated
by a genetic linkage map of an interspecific cross between C. annuum and C. chinense [35].
However, the group reported the linkage group was shifted to chromosome 08 from 01
again [72]. The current studies suggest that the LG 11 is possessed by chromosome 08 rather
than 01 in C. annuum. Mathew (2020) recently reported that the pepper CAMS451 marker
of Bw1 QTL lies on chromosome 08 (position: 122704651-124710667) and has annotated
44 defense-associated genes from 1 Mb upstream and downstream of the marker [73]. In
addition to this, another research on the BW resistance against R. solanacearum demonstrated
that a major qRRs-10.1 QTL region is located on chromosome 10 (position: 56910000-
69110000, 111090000-183670000) in C. annuum. Interestingly, 54 genes were annotated, and
five putative R genes lie on the regions of 193.4–196.3 Mb, which are nearly closed to the
markers of ID10-194305124 and ID10-196208712 [36]. In contrast, in the present study, we
identified the major pBWR-1 QTL region on chromosome 01 via a CIM method using the
GBS analysis on the basis of the threshold levels (Figure 3), which exhibited the remarkable
LODs from 5.69 to 7.06 in LG_01-1 (Table 3). Importantly, our finding shows that the
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major pBWR-1 QTL region underlies on chromosome 01 (position: 47793907–61496208,
130789593–161127926) with 12 markers, which encode 31 candidate genes in the region
(Tables 3 and 4). These discrepancies of previous and our current result on the genome loci
would result from a variety of materials and methods as aforementioned reasons.

4.4. pBWR-1 Candidate Genes for Resistance to R. solanacearum

We annotated the 31 candidate genes on the basis of sequence alignment using CM334
reference genome, KEGG, Swiss-Prot, GO, and NR databases (Table 4). Among them,
four candidate genes were annotated as defense-associated genes: one gene, CA01g18650
(putative disease-resistance protein RPM1), in ch01_156505108 marker and three genes,
such as nearly tandem-arrayed genes CA01g20110 (GO: 0006952, Thaumatin-like protein),
CA01g20130 (putative disease-resistance protein RPM1, KO: 13457), and CA01g20140
(NB-ARC domain-containing protein), in ch01_161127926 marker. In comparison with
previous publications, the identified candidate genes might not be similar to Mathew’s
(2020) results on chromosome 08, whereas the genes encoding LRR proteins and NB-ARC
domain-containing protein on chromosome 10 in Du et al. (2019) are shared with our
results, implying that these genes are possibly indispensable for BW resistance.

Previous studies have reported that pathogen defense-associated R genes are tandemly
located in chromosomes [74–76]. For example, eight genes encoding an amino terminal
coiled-coil domain (CC), a central nucleotide binding (NB) site, leucine-rich repeat (LRR)
domain are tandemly arrayed in the Pvr4 locus of CM334 genome in C. annuum. Fourteen
genes encoding NB-LRR tandemly lie on the Tsw locus of PI159236 genome in C. chinense.
Moreover, among of three tandem-arrayed R genes within the qRRS-10.1 QTL, two genes,
including CA10g13010 and CA10g13020, were annotated as Bs2, which is classified into the
NB-LRR family, suggesting that NB-LRR proteins play a crucial role in disease resistance
against pathogens [75]. It has been studied that elongation factor tu receptor (EFR) from
Arabidopsis and Bs2 from pepper are expressed in tomato plant for controlling BW and
bacterial spot (BS), respectively [77]. Intriguingly, the EFR was determined as a critical
component in plant defense of PAMP-triggered immunity (PTI) via the interaction between
conserved PAMPs and bacterial pathogens [78]. Furthermore, Du et al. (2019) reported that
CA10g12520 within the qRRS-10.1 QTL encodes PR-1 gene, indicating the participation
in the interaction of plant and pathogen via PTI. In similar line with previous results,
we identified CA01g18650 and CA01g20130 encoding putative disease-resistance protein
RPM1. The bacterial resistance to Pseudomonas syringae pv. maculicola 1 (RPM1) encodes
a CC-NB-LRR family protein, which is a peripheral plasma membrane protein [79,80].
The RPM1 recognizes the effector proteins of avrB or avrRpm1 of Pseudomonas syringae in
Arabidopsis, resulting in the rapid generation of a hypersensitive response (HR) [79–81].
Moreover, identified CA01g20140 harbors NB-ARC domain-containing protein. It has
been shown that effector-triggered immunity (ETI) is associated with nucleotide-binding
leucine-rich repeat (NLR) proteins [82]. A variety of plant NLRs possess an NB-ARC
domain (nucleotide-binding adaptor shared by Apaf-1, R proteins, and CED4), which is
able to interact with NLR domain-containing proteins, indicating that an NB-ARC domain
is important for pathogen defense [83,84]. Importantly, we also identified CA01g20110
encoding Thaumatin-like protein (GO: 0006952). Previous researches have reported that
Thaumatin-like proteins (TLPs) are classified into PR (pathogenesis-related protein)-5 class
protein, and TLP genes are upregulated in peanut (Arachis hypogaea L) with the treatment of
the leaf spot pathogen, Phaeoisariopsis personata [85], as well as in wheat (Triticum aestivum)
by leaf rust fungus, Puccinia triticina [86]. In addition, constitutive expression of Arabidopsis
Thaumatin-like protein 1 (ATLP1) in potato are observed with reduced lesions and percent
reductions in response to Alternaria solani and Phytophthora infestans [87], implying that
TLPs are essential in diverse biotic response. Although we cannot completely rule out the
effect of differential expression of other candidate genes in the list (Table 4) and minor
QTL effects that were not detected on the BW resistance in the current study, it is our
endeavor for future research to focus on the understanding of genetic mechanisms, such as
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inheritance factors, as well as on functional analysis of the identified candidate genes in the
resistance to R. solanacearum.

5. Conclusions

In the present study, the disease symptoms and resistance for BW were evaluated
by the inoculation with R. solanacearum using 94 F2-segregating populations. Using GBS,
628,437 SNPs were identified, and the filtered 1550 SNP were subsequently constructed into
the genetic linkage map displaying 16 LG. QTL analysis revealed that pBWR-1 QTL was
located on chromosome 01, and the number of 31 candidate genes were identified in the
significant QTL regions. Importantly, the identified four genes encode defense resistance-
associated proteins, such as CC-NB-LRR family protein, NB-ARC domain-containing
protein, and Thaumatin-like proteins. Our finding will contribute to deep insights into the
information for developing SNP markers associated with BW-resistant QTL as well as for
developing BW-resistant cultivars in pepper breeding programs.
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Abstract: Strawberry species (Fragaria spp.) are known as the “queen of fruits” and are cultivated
around the world. Over the past few years, eight strawberry genome sequences have been released.
The reuse of these large amount of genomic data, and the more large-scale comparative analyses
are very challenging to both plant biologists and strawberry breeders. To promote the reuse and
exploration of strawberry genomic data and enable extensive analyses using various bioinformatics
tools, we have developed the Genome Database for Strawberry (GDS). This platform integrates the
genome collection, storage, integration, analysis, and dissemination of large amounts of data for
researchers engaged in the study of strawberry. We collected and formatted the eight published
strawberry genomes. We constructed the GDS based on Linux, Apache, PHP and MySQL. Different
bioinformatic software were integrated. The GDS contains data from eight strawberry species, as
well as multiple tools such as BLAST, JBrowse, synteny analysis, and gene search. It has a designed
interface and user-friendly tools that perform a variety of query tasks with a few simple operations.
In the future, we hope that the GDS will serve as a community resource for the study of strawberries.

Keywords: strawberry; bioinformatics; database; genome

1. Introduction

Strawberries (Fragaria spp.), comprising of approximately 25 species [1], are plants
from the Rosaceae. Their ploidy types range from diploid to decaploid [2,3], while wild
members of the genus distributed throughout the northern hemisphere and parts of western
South America [4]. The main cultivated and commercial strawberry species is the octoploid
Fragaria ×ananassa (2n = 8x = 56) [5–8]. The first strawberry genome sequence from
woodland strawberry (Fragaria vesca) was released in 2010 [9]. Since then, more and
more strawberry species have been sequenced and annotated. In 2013, the cultivated
strawberry (Fragaria ×ananassa) genome was sequenced using the Illumina and Roche
454 sequencing platforms [10], and was re-sequenced using a combination of short- and
long-read approaches, producing a higher-quality assembly [11]. Strawberry genomics
research not only promotes our understanding of the origin and evolution of strawberries
but also has benefits for strawberry breeding [12].

Given these recent advances in strawberry genomics, it is necessary to establish a free
online resource center for the integration of strawberry genome data. Therefore, we inte-
grated the genomes and other related data of eight strawberry species (Fragaria ×ananassa,
Fragaria iinumae, Fragaria nilgerrensis, Fragaria nipponica, Fragaria nubicola, Fragaria orien-
talis, Fragaria vesca, and Fragaria viridis) referring to the databases of other species, such as
Arabidopsis, kiwifruit, and walnut [13–19]. We excavated, analyzed, and appropriately
clustered these data into the online platform Genome Database for Strawberry (GDS). The
GDS provides a user-friendly web interface; it also integrates a series of practical bioinfor-
matics tools that enable researchers to search, browse, or retrieve specific information.
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Genomics, transcriptomics and proteomic technology has developed rapidly. The
GDS developed here will greatly benefit future application of high-throughput and -omics
technologies. In addition, our achievement provides a directly resource for strawberry
breeders and research communities, which will further facilitate the development of new
strawberry cultivars with improved flavor. Nowadays, the phylogenomic relationships
among the strawberry genomes is unclear. The current debate on the evolutionary of
strawberries is one of the most important issues in the world. Our database could promote
research on strawberry evolution.

2. Materials and Methods

2.1. Web Server and Code

The GDS is based on the web server software Apache (v2.4.41) on Linux operating
system. PHP (v7.4) and MySQL (v8.0) were used for back-end code and HTML5, CSS3,
and JavaScript for front-end codes. All codes have been submitted to Github (https:
//github.com/, accessed on 25 December 2021) and can be accessed for free by entering
“Han-Oscar/GDS-code”. Data were deposited into the mysql database in batches and
displayed on the website upon searching using Navicat (version 15) software.

2.2. Formatting the Genomic Data of Strawberries

The GDS cover the genomic sequences from eight strawberry species from GDR
(Genome Database for Rosaceae) and Kazusa (Strawberry GARDEN). Fragaria nipponica,
Fragaria viridis, and Fragaria orientalis each has one version of the genome data, Fragaria
×ananassa, Fragaria nilgerrensis, Fragaria nubicola, and Fragaria iinumae has two, and Fragaria
vesca has three. Only the latest version of genome data was used for downstream analysis.
One can then download the genome sequence and protein sequence and gene annotations
of the eight strawberry species which were analyzed and classified well. Specifically, the
gene and protein IDs of Fragaria xananassa and Fragaria vesca remain the same, and those
of Fragaria iinumae, Fragaria nilgerrensis, Fragaria nipponica, Fragaria nubicola, and Fragaria
orientalis should start with “FII_”, “FNil_”, “FNI_”, “FNub_”, and “FOR_” before the data
can be analyzed by different bioinformatics software.

3. Results

3.1. Overview of the GDS

We created a user-friendly website for the GDS to make it easier for the scientific
community to use. The domain name of the GDS is http://eplant.njau.edu.cn/strawberry
(accessed on 25 December 2021), and it currently has two terabytes of server space. We
implemented the GDS in Apache httpd, HTML5, PHP, and MySQL. The GDS web pages
were created using HTML and Bootstrap, and were connected to the database through
Apache, PHP, and MySQL to allow for the query of gene-related information by users.

3.2. The Homepage of GDS

The interface of the GDS included five parts (Figure 1): the “navigation bar”, the
“species gallery”, the “tool sets”, the “brief introduction”, and the “live visitor statistics”. At
the top of the homepage, the navigation bar (Figure 1a) consists of six labels: Logo, Species,
Tools, Download, Community, and Help. Below the navigation bar are quick links to the
eight strawberry species. A suite of bioinformatics tools is on the right (Figure 1b,c). Below
the species gallery and tool set is a brief introduction to the GDS (Figure 1d). Finally, live
statistics (Figure 1e) tools were implemented to collect the number and location of visits.
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Figure 1. The GDS homepage. (a) Navigation bar; (b) species gallery; (c) tool set; (d) brief introduction,
and (e) live visitor statistics.

3.3. Introduction to the Strawberry Species and Genomes

In the individual species module, we provide visitors with the eight species of straw-
berry. The first part of the module includes the Latin, English, and Chinese names of the
species. The second part provides taxonomic information. In the third part, we summarize
detailed and accurate information for the species. The fourth part lists genome assembly
details such as genome size, contig N50, and sequencing technology, and the final part
provides references to the relevant genome report.

3.4. Data Sets

The reference genome sequence and general feature format (GFF), coding sequence
(CDS), protein sequence (PEP) files, and expression data are included in the GDS [20]. A
summary of the genomic data currently available in the GDS is presented in Table 1. The
versions of the genomes from top to bottom in the table are v1.0a2, r1.1, v1.0, r1.1, r1.1, r1.1,
v4.0a2, and v1.0 [21–25].
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Table 1. Statistics of the genome features for eight strawberry species.

Species
Assembly Size

(Mb)
Ploidy Scaffold N50 (kb) Contig N50 (kb) BUSCO V5 (%)

Fragaria × ananassa 805.5 8x = 56 5980.469 79.973 99.6
Fragaria iinumae 199. 6 2x = 14 4.112 0.824 98.4

Fragaria nipponica 206.4 2x = 14 1.952 0.617 46.7
Fragaria nubicola 203.7 2x = 14 1.982 0.618 92.0
Fragaria orientalis 214.2 4x = 28 1.913 0.480 23.9

Fragaria vesca 220.8 2x = 14 36,100 7900 98.2
Fragaria viridis 214.9 2x = 14 29,200 3500 94.2

Fragaria nilgerrensis 270.3 2x = 14 38,300 8510 93.8

3.5. Completeness of the Genomes

BUSCO provides measures for the quantitative assessment of genome assembly, gene
set, and transcriptome completeness based on evolutionarily informed expectations of
gene content from near-universal single-copy orthologs selected from OrthoDB [26]. On
the species introduction page, we have integrated BUSCO5 results of the eight species,
including complete and single-copy, complete and duplicated, fragmented, and missing
orthologs. The results are presented as a bar graph (Figure 2), showing that F. ananassa
currently has the most complete gene assembly of the eight strawberry species.

 
Figure 2. Genomic completeness of eight strawberry species evaluated using BUSCO V5 software.
Fana, Fragaria ×ananassa; Fiin, Fragaria iinumae; Fnil, Fragaria nilgerrensis; Fnip, Fragaria nipponica;
Fnub, Fragaria nubicola; Fori, Fragaria orientalis; Fves, Fragaria vesca; and Fvir, Fragaria viridis.

3.6. Phylogenomic Relationships among the Strawberry Genomes

OrthoFinder [27,28] is a fast, accurate, and comprehensive platform for compara-
tive genomics. It identifies orthogroups and orthologs, infers rooted gene trees for all
orthogroups, and identifies all of the gene duplication events in the gene trees. To analyze
the relationships among eight strawberry genomes, we constructed a phylogenetic tree
using OrthoFinder (V2.5.2) software and included two additional species, Rosa chinensis,
and Arabidopsis thaliana (Figure 3a).
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Figure 3. Phylogenomic analysis of eight strawberry species. (a) A phylogenomic species tree
of eight strawberry species; (b) F. ×ananassa; (c) F. iinumae; (d) F. nilgerrensis; (e) F. nippon-
ica; (f) F. nubicola; (g) F. orientalis; (h) F. vesca, and (i) F. viridis. The picture (c) is from https:
//en.wikipedia.org/wiki/File:Fragaria_iinumae_(fruits).jpg (accessed on 10 November 2021); pic-
ture (i) is from https://en.wikipedia.org/wiki/File:%D0%9A%D0%BB%D1%83%D0%B1%D0%BD%
D0%B8%D0%BA%D0%B0_(Fragaria_viridis).jpeg (accessed on 10 November 2021); picture (f) is
from http://www.fpcn.net/uploads/allimg/131107/2-13110G30231V8.JPG (accessed on 10 Novem-
ber 2021).

Fragaria virginiana and Fragaria chiloensis are the genomes of the progenitor species
of Fragaria ×ananassa. However, the dispute over its diploid ancestor has lasted for more
than half a century and is still unresolved. In 2019, Edger et al. speculated that it has four
different diploid ancestors, F. vesca, F. iinumae, F. viridis and F. nipponica [11]. Unexpectedly,
just a few months later, Liston and others completed a reanalysis of the same set of data, but
they came to a completely different conclusion. They believed that the octoploid strawberry
has only two existing ancestors, F. vesca and F. iinumae [29]. Edger et al. insisted on the
previous conclusion [30]. The structure of our phylogenetic tree [31] clearly indicates that
Fragaria vesca is closest to Fragaria ×ananassa. However, because of the low sequencing
and assembled technology or gene introgression, there is no direct evidence indicating the
origin of the cultivated strawberry.

The pictures below the tree (Figure 3b–i) shows F. ×ananassa, F. iinumae, F. nilgerrensis,
F. nipponica, F. nubicola, F. orientalis, F. vesca, and F. viridis. Photographs b, d, e, g and h
were provided by our colleague, Dr. Qiao and the others were obtained from Wikipedia
or Baidu.

3.7. Genomic Comparison of Gene Orthogroups

To provide an overview of the comparison among these strawberry genomes, we
compared the number of gene orthogroups identified by Orthofinder in the strawberry
genomes. We uploaded the orthogroup data to an online Venn diagram tool (https://www.
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vandepeerlab.org/?q=tools/venn-diagrams, accessed on 10 November 2021) to generate a
Venn diagram showing the shared and unique gene orthogroups in F. iinumae, F. nilgerrensis,
F. nipponica, F. vesca, and F. viridis. The gene orthogroup numbers are shown in each segment
of the diagram (Figure 4); 13,766 gene orthogroups were shared among the five species,
and 13,380 gene families appeared to be unique to F. nipponica.

Figure 4. Venn diagram of gene orthogroups in five diploid and wild Fragaria species. Comparison
of the number of shared gene families among five diploid strawberries, F. iinumae, F. nilgerrensis,
F. nipponica, F. vesca, and F. viridis.

The number of predicted genes was quite higher in F. nipponica, compared with the
other four species, and the number of specific genes for F. nipponica was also extremely
high (13,380). The reason why so many genes were predicted in F. nipponica is because there
were more than 80,000 proteins annotated, only using Illumina sequencing technology, in
2014. In the future, with the improvement of the technology of sequencing, this problem
will disappear.

3.8. Gene Annotations

There are tens of thousands of genes and proteins in the eight strawberry species,
and these sequences contain large amounts of valuable species information for which
researchers are searching. Consequently, we have integrated millions of data into the GDS
Gene Search tool for obtaining detailed information on target genes. The following are the
types of detailed gene information that our tool integrates.

1. Gene family annotation. The ancestral genes of strawberries have undergone
genomic duplication and mutation during their long evolutionary history [32], resulting
in a series of related genes with similar conserved sequence motifs. The Pfam [33] (http:
//pfam.xfam.org/, accessed on 10 November 2021) database is a large collection of protein
families. Each family is represented by multiple sequence alignments and a hidden Markov
model (HMMs) [34]. We have analyzed the proteins of the eight strawberry species using
the Pfam 34.0 database and hmmscan (version 3.3) software.

2. KEGG (Kyoto Encyclopedia of Genes and Genomes) annotation. KEGG is a re-
source for understanding the functions and utilities of biological systems, such as the cell,
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organism, and ecosystem. It contains molecular-level information, especially large-scale
datasets generated by genome sequencing and other high-throughput technologies [35].
KofamKOALA is a web server that assigns KEGG Orthologs (KOs) to protein sequences
by homology search against a database of profile hidden Markov models (KOfam) with
precomputed adaptive thresholds. KofamKOALA was installed using Ruby (v2.4 and
above, v2.7 was used in this study), HMMER (v3.1 and above, v3.3 was used here), and
Parallel (the latest version). The GDS uses KofamKOALA [36] software to make KEGG
predictions that contain the KO IDs and more exhaustive information from the official
website (https://www.kegg.jp/, accessed on 10 November 2021). We use KofamKOALA
(v1.2), which relies on a file named exec_annotation, to analyze the protein files of eight
kinds of strawberries.

3. GO annotation. GO [37] is a database established by the Gene Ontology Consortium.
It aims to establish a database that is applicable to various species and that limits and
describes the functions of genes and proteins. The updated semantic vocabulary standard is
applicable to all species. By establishing a set of controlled vocabulary terms with a dynamic
form, GO annotations can describe the roles of genes and proteins in cells and organisms.
InterPro [38,39] was developed based on Java and aggregates data resources from multiple
functional annotation databases such as Pfam, Panther, SMART, SUPERFAMILY, and
tmhmm. It predicts the biological functions of proteins by classifying their sequences
into protein families and predicting protein domains. InterProscan (v5.5) was used to
annotate proteins from the eight strawberry species. A comparison library is available
upon downloading the latest version of InterProscan. Instructions on InterProscan can be
obtained by entering “./interproscan.sh” in the terminal. The final data can be obtained
from the MySQL database.

4. Signal peptide prediction [40]. Signal peptides are short (5–30 amino acid) peptide
chains that guide the transfer of newly synthesized proteins to the secretory pathway. The
SignalP [41] software tool predicts whether there is a potential signal peptide cleavage site
and identifies its location in a given amino acid sequence. Users may enter the “singalP”
folder of the download interface to download data. SignalP (5.0 version) is used here with
command “signalp -batch 30,000 -org euk -fasta proteins” for the analysis of proteins from
the eight strawberry species.

To date, eight nuclear genomes, 436,160 protein sequences, 3,107,804 GO annotations,
27,481 signal peptides, and 1918 transcription factors [42] (Table 2) have been downloaded,
analyzed, and organized in the GDS MySQL database.

Table 2. Statistics of whole datasets in GDS.

Data Type Count

Nuclear genome 8
Choroplast genome 7

Coding sequence 455,467
Protein 436,160

GO term 3,107,804
KEGG 309,589

Gene family 243,687
Signal peptide 27,481

TF 1918

3.9. Sequence Searches Using Basic Local Alignment Search Tool (BLAST)

Sequence similarity comparison is a widely used basic bioinformatics tool for the
identification of possible homology between sequences and potential similarities in gene
function [43]. Hence, it is necessary for most users to find regions of similarity between
biological sequences in gene information databases. GDS employs the free, open-source,
and powerful Sequenceserver software for BLAST searches [44]. This interface of Sequence-
server is simple, user-friendly, and powerful (Figure 5). SequenceServer has a simple
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interface, it performs BLAST and visually inspect BLAST results for biological interpreta-
tion. It uses simple algorithms to prevent potential errors during analysis and provides
flexible text-based, visual outputs to support researchers’ work efficiency. SequenceServer
is a BLAST+ server for personal use with a clear and thoughtful design. It contains genomic
sequences, CDS, and protein sequences of strawberries, and uses jstree to optimize BLAST
to offer clear visualization of complicated results.

 

 

Figure 5. The BLAST tool integrated into GDS. (a) A user can enter genomic, PEP, or CDS sequences
into the text box, then select the species name below; (b) the resulting alignment scores are ranked
from high to low, and the details of each sequence alignment are given below the list of scores.
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3.10. Genomic Visualization Using JBrowse

A genome browser is a software tool that can be deployed on the server side so
that users can access online platforms. JBrowse is a fully featured genome browser that
can visualize various types of genome-located data, located in a variety of different data
stores, and interfacing to other client and server applications. We used JBrowse [45] built
using HTML5 and JavaScript. It integrates and visualizes various existing genome data,
including eight nuclear genomes and seven chloroplast genomes [46] so that users can
visually browse and analyze the genome and various types of annotation data with strong
scalability (Figure 6). In addition, the genome browser can support other types of data,
such as repetitive sequences.

 

Figure 6. The JBrowse tool integrated into GDS for visualization of strawberry genomic details.
(a) Gene visualization interface; (b) detailed data on individual genes.

3.11. Tracing Whole-Genome Duplication Using Synteny Browse Search

Given the close phylogenetic relationships among strawberry species, there are likely
to be many homologous gene blocks in their genomes. The Python version of MCScan [47]
was used to identify homologous gene blocks in the genomes of the strawberry species.
We selected four species (Figure 7), including cultivated strawberry, to use in searches of
homologous genes, as well as upstream and downstream genes. Scientists can look for
syntenic genes of F. vesca by entering a gene identifier, finding the homologous gene(s), and
using them as input for a subsequent gene search.

3.12. microRNA Search

microRNAs (miRNAs) are a class of non-coding single-stranded RNA molecules
with a length of approximately 22 nucleotides that are encoded by endogenous genes.
The Rfam database [48,49] is a collection of RNA families, each represented by multiple
sequence alignments, consensus secondary structures, and covariance models. The GDS
use cmscan [50] from the Infernal (V1.1.4) software package to predict the miRNAs in the
six species of strawberry with high-quality assemblies.
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Figure 7. The synteny search tool in GDS is designed for whole-genome duplication analyses.
Researchers can use Synteny Browse Search to look for syntenic genes by entering a gene identifier
and selecting a number of flanking genes to be presented.

3.13. Transcription Factor Search

Transcription factors play an important role in all biological processes, from seed ger-
mination to senescence. Therefore, it is critical for researchers to gain a good understanding
of the relationship between the structures and functions of various transcription-factor
families. iTAK [51] is a program that can identify plant transcription factors (TFs), transcrip-
tional regulators (TRs), and protein kinases (PKs) based on protein or nucleotide sequences.
It then classifies individual TFs, TRs, and PKs into different gene families. iTAK (v1.7)
is used here to identify and analyze transcription factors from the six highly assembled
strawberry species.

3.14. Gene Search

From the search results of BLAST and JBrowse, scientists can enter a gene identifier
to search for information about the gene version (Figure 8a), protein and CDS sequence
(Figure 8b), KEGG annotation, gene family, signal peptides (Figure 8c), and GO annotation
(Figure 8d). The results include links to the corresponding annotation databases for more
information, as well as gene expression data (Figure 8e) from mature pollen.
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Figure 8. Gene search tool in GDS. (a) Related information; (b) protein and CDS sequence; (c) KEGG
annotation, gene family, and signal peptides; (d) GO annotation, and (e) expression.

3.15. Download

The Download module provides access to the genome assembly, CDS and PEP se-
quences, annotation data, and miRNA downloads in FASTA and GFF3 formats. Chloroplast
genomes of seven strawberry species and related publications are also available. We imple-
mented an FTP site to store and share the data, which users can download at a rapid speed.

3.16. Community of Strawberry Researchers

In the Community module, we provided links to 39 horticultural conferences and
11 relevant publications on strawberry genome research. We also included an FAQ section
to explain how to use the database and a contact list for the researchers who established it.

4. Discussion

The rapid development of genome sequencing technology has enabled the sequencing,
assembly, and annotation of many plant genomes, providing genetic information on plant
growth, development, and evolution. Genome sequencing and analysis technologies
have not only deepened our understanding of plant species but also accelerated gene
functional studies and molecular breeding. There are many strawberry species and varieties
with complicated genomes, and their genome data are refined and updated very often.
For example, the Fragaria vesca genome (214.4 Mb) was the first sequenced strawberry
genome [10]. However, its quality was not ideal. Later on, Edger and associates from
the University of California sequenced the genome of woodland strawberry Hawaii-4
using single-molecule real-time (SMRT) sequencing [22] and constructed a more complete
genome map (V4.0). The SMRT sequencing can produce much longer contigs, greatly
facilitating genome assembly and annotation. Specifically, the length of contig N50 of
V4.0 reached 7.9 Mb, 300 times longer than those of V1.0, and >99.8% of the contigs
were successfully mapped to the seven chromosomes. This new strawberry genome map
offers more accurate sequences and detailed location information. The polyploidization
of strawberries, which contain diploid, tetraploid (Fragaria orientalis) [5], and octoploid
(Fragaria ×ananassa) varieties, has made the sharing, analysis, and integration of their
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genomic data a difficult task. A more convenient online database with multiple integrated
and classified strawberry genomes is urgently needed. It will facilitate the gene-functional
studies, thereby promoting the improvement of the yield and quality of strawberries [52].
To our knowledge, GDS is currently the only up-to-date database for strawberries that
integrates multiple bioinformatics tools.

The storage and analysis of strawberry genome data are also hot research topics, and
databases such as GDR (Genome Database for Rosaceae) and Kazusa (Strawberry garden)
were created for these purposes. Although GDR and Kazusa have developed databases
for strawberries, these databases have a number of problems that require urgent solutions.
First, most of the genomic data are unprocessed and scattered. The data lack functional
annotations, are not clustered in gene families, and are not preformatted for searching.
After downloading data from these public databases, one must process the data oneself,
which is a challenge for those with less expertise in bioinformatics. More importantly, some
websites are difficult to access in China, and data downloads are also greatly restricted
sometimes. To date, there is no specific, widely available database for strawberry research.
Here, we use the latest version of the software for the analysis of strawberry proteins that
are not all available on other websites. In addition, our laboratory specializes in strawberry
research and has extensive collaboration with other strawberry research groups. In the
future, newly released strawberry sequencing data will be updated in the database and
made available to all researchers in a timely manner.

GDS stores the genome sequences of eight strawberry species and related gene anno-
tations. The advanced and popular BLAST and JBrowse tools have been implemented, as
well as a syntenic block search tool and an miRNA finder. This database serves as a central
portal for the strawberry research community, enabling researchers to download genomes,
protein sets, transcription data, and recently published articles on the strawberry genome.
The GDS will be constantly updated when new genomes, transcriptomes, and other types
of genetic datasets are published. In the future, we will develop and establish more gene
online analysis tools to facilitate strawberry researchers in conducting online analysis. We
will do our best to develop and deploy new omics tools in the GDS to provide a better user
experience. Furthermore, GDS will contain studies and statistics on strawberries’ breeding.
In summary, this new database incorporates published strawberry plant genomes, multiple
analysis tools, new features for strawberry plant genomic data analysis, gene function
characterization, synteny and miRNA search, and publication, which is easily accessed and
can potentially benefit the strawberry plant research community.
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Abstract: Nucleotide-binding leucine-rich repeat (NLR) genes play a key role in plant immune
responses and have co-evolved with pathogens since the origin of green plants. Comparative
genomic studies on the evolution of NLR genes have been carried out in several angiosperm lineages.
However, most of these lineages come from the dicot clade. In this study, comparative analysis was
performed on NLR genes from five Arecaceae species to trace the dynamic evolutionary pattern of the
gene family during species speciation in this monocot lineage. The results showed that NLR genes
from the genomes of Elaeis guineensis (262), Phoenix dactylifera (85), Daemonorops jenkinsiana (536),
Cocos nucifera (135) and Calamus simplicifolius (399) are highly variable. Frequent domain loss and
alien domain integration have occurred to shape the NLR protein structures. Phylogenetic analysis
revealed that NLR genes from the five genomes were derived from dozens of ancestral genes. D.
jenkinsiana and E. guineensis genomes have experienced “consistent expansion” of the ancestral NLR
lineages, whereas a pattern of “first expansion and then contraction” of NLR genes was observed for
P. dactylifera, C. nucifera and C. simplicifolius. The results suggest that rapid and dynamic gene content
and structure variation have shaped the NLR profiles of Arecaceae species.

Keywords: Arecaceae; NLR gene; plant disease resistance; phylogeny; evolutionary pattern

1. Introduction

The innate immune system can protect plants from the threats of foreign pathogens [1].
One of the core parts of the plant immune system is a set of genes, termed plant disease
resistance genes (R genes), which recognize pathogen-derived virulence proteins (called
“effectors”) to activate downstream defense responses [1]. Upon the recognition of the
invasion of pathogens, R proteins can activate a hypersensitivity reaction and a series of
immune responses, and finally cause the cell death of the infected cells, to restrain the
proliferation and spread of pathogens [1]. Nucleotide-binding leucine-rich repeat (NLR)
genes are the largest type of all the different R genes, accounting for over 60% of the R genes
functionally characterized to date [2]. A typical NLR protein contains a variable domain at
the N-terminus, a highly conserved NBS domain in the middle, and a diverse leucine-rich
repeat (LRR) domain at the C-terminus [3]. As the N-terminal domains in angiosperms are
usually annotated as CC, TIR, or RPW8 domain, angiosperm NLR genes were classified
into three subclasses: CC-NBS-LRR (CNL), TIR-NBS-LRR (TNL), and RPW8-NBS-LRR
(RNL) [4,5]. Functionally, CNL and TNL proteins act as “sensor NLRs” that recognize
specific pathogen effectors to trigger downstream immune responses, while RNL proteins
serve as downstream signal transduction molecules (“helper NLR”) of CNL and TNL
proteins [6,7].

NLR genes constitute a large gene family in plant genomes, usually comprising
hundreds of members [8], and they show very fast evolutionary modes in response to
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the fast-evolving pathogens [4]. With more and more plant genomes being sequenced,
genome-wide evolutionary analyses and comparative genomic studies of NLR genes
have been performed in many species and taxa, and different taxa exhibited distinct
evolutionary patterns. For example, frequent gene losses and limited gene duplications
resulted in a small number of NLR genes in the Cucurbitaceae species [9]. A similar
pattern of NLR gene contraction, caused by gene losses or frequent gene deletions, was
also reported for Poaceae species [10,11]. In contrast, NLR genes in Fabaceae and Rosaceae
species exhibited a “consistent expansion” evolutionary pattern [5,12], while the five
Brassicaceae species exhibited a “first expansion and then contraction” of NLR genes [13].
Moreover, species belonging to the same family may also show distinct patterns of NLR
gene evolution [14,15]. For example, in four orchid species, Phalaenopsis equestris and
Dendrobium catenatum exhibited an “early contraction to recent expansion” evolutionary
pattern, while Gastrodia elata and Apostasia shenzhenica showed a “contraction” evolutionary
pattern [14].

The distinct evolutionary patterns of these angiosperm lineages provide valuable
resources to the understanding of the fast evolutionary modes of R genes due to threats
from different pathogens. However, most of these investigated angiosperm lineages are
from the dicot clade, while only two monocot lineages have been surveyed [10,11,14].
Because the monocot and dicot clades are different in NLR subclass composition [8],
investigating more monocot lineages would provide new insights into the NLR gene
dynamics among monocot evolution.

The Arecaceae consists of 183 genera and 2450 species, which are distributed throughout
the tropical and subtropical areas in Africa, the Americas, Asia, Madagascar, and the Pacific,
and widely grown as ornamentals in botanical gardens (Flora of China, www.iplant.cn/
foc/, accessed on 2 August 2021). Recently, the genome of five horticultural plants from
the Arecaceae family of the Arecales, including Elaeis guineensis (2n = 32), Phoenix dactylifera
(2n = 36), Daemonorops jenkinsiana (2n = 24), Cocos nucifera (2n = 32) and Calamus simplicifolius
(2n = 26), were sequenced and made available [16–19]. Among them, oil palm (E. guineensis) is
a source of vegetable oil and has very important economic value [20], date palm (P. dactylifera)
is the most popular fruit in the Middle East and North Africa, and C. nucifera is widely
distributed on Earth and has considerable food and medicinal value [21]. These horticultural
plants are faced with infection by various pathogens during their lifespan. However, the
composition and evolutionary pattern of NLR genes in the Arecaceae family have rarely
been investigated [22,23]. Deciphering the evolutionary pattern of NLR genes among the
five Arecaceae species would provide an additional example of dynamic NLR gene evolution
across species speciation in the monocot lineage. Additionally, the obtained NLR information
may serve as a primary resource for the disease resistance breeding of the Arecaceae species.

2. Materials and Methods

2.1. Identification and Classification of the NLR Genes

The five whole genomes of the E. guineensis, P. dactylifera, D. jenkinsiana, C. nucifera
and C. simplicifolius were used in this study. Genomic sequences and annotation files were
obtained from the GigaScience database. NLR genes of the five genomes were retrieved
from the ANNA database (https://biobigdata.nju.edu.cn/ANNA/, accessed on 10 August
2021). All the identified NLR genes were subjected to NCBI’s conserved domain database
(https://www.ncbi.nlm.nih.gov/ Structure/cdd/wrpsb.cgi, accessed on 30 August 2021)
using the default settings to determine whether they encoded CC, RPW8, LRR and other
integrated domains (E value: 10−4). The domains that commonly encoded by the NLR
genes, such as NBS, LRR, TIR, RPW8, CC, AAA+ and DUF1863 were removed from the
integrated domain list.

2.2. Cluster Arrangement of the Identified NLR Genes

Gene clustering was determined according to the criterion used for Medicago truncatula [24]:
if two neighboring NLR genes were located within 250 kb on a chromosome, these two genes
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were regarded as members of the same gene cluster. Based on this criterion, the NLR genes in
the five Arecaceae genomes were assigned to clustered loci and singleton loci.

2.3. Sequence Alignment and Phylogenetic Analysis of NLR Genes

The amino acid sequences of the NBS domain were extracted from the identified NLR
genes and used for multiple alignments using ClustalW integrated in MEGA 7.0 with
default settings [25]. Sequences that were too short (<190 amino acids, less than two-thirds
of a regular NBS domain) or too divergent were removed to prevent interference with the
alignments and subsequent phylogenetic analysis. The resulting alignments were manually
corrected and improved using MEGA 7.0. The phylogenetic tree was constructed using
IQ-TREE (version 1.6.12) with the maximum likelihood method, following the selection
of best-fit model by ModelFinder [26,27]. Branch support values were assessed using
SH-aLRT and UFBoot2 tests with 1000 replications [28].

2.4. Gene Loss/Duplication Analysis of the NLR Genes

In order to identify the gene duplication/loss events during the speciation of the five
Arecaceae species, the NLR gene phylogenetic tree was reconciled with the species tree
using Notung-2.9 software [29]. The types of NLR gene duplication within a genome were
determined using the MCScanX package [30] based on a pair-wise all-against-all blast of
protein sequences.

3. Results

3.1. Comparative Analysis of NLR Gene Composition in the Genomes of Five Arecaceae Species

A total of 399, 536, 85, 262, and 135 NLR genes from the genomes of C. simplicifolius,
D. jenkinsiana, P. dactylifera, E. guineensis and C. nucifera, respectively, were retrieved from
the ANNA database. Among them, D. jenkinsiana possessed the largest number of NLR
genes and was as 1.34-, 6.31-, 2.05- and 3.97-times bigger than that of C. simplicifolius,
P. dactylifera, E. guineensis and C. nucifera, respectively. All NLR genes were divided into
the CNL and RNL subclasses based on the classification provided in ANNA, with no TNL
genes found. Among the two NLR subclasses, CNL genes overwhelmingly outnumbered
RNL genes, with 99.50%, 99.25%, 100%, 99.62% and 98.52% of NLRs in C. simplicifolius,
D. jenkinsiana, P. dactylifera, E. guineensis and C. nucifera, respectively, being CNLs. There
were only two, four, one, and two RNL genes in C. simplicifolius, D. jenkinsiana, E. guineensis
and C. nucifera, and no RNL genes were identified in P. dactylifera. Domain composition
analysis revealed that less than half of NLR genes in C. simplicifolius, D. jenkinsiana and
C. nucifera encode intact NLR proteins possessing all three domains (CC/RPW8-NBS-LRR),
with the rest of NLR, either lacking the CC/RPW8 domain at the N-terminus, the LRR
domain at the C-terminus, or domains at both termini (Table 1). The proportion of intact
NLR genes in the E. guineensis genome is much higher, with 144 (143 CNL and 1 RNL) of
the 261 genes having all three domains. Some NLR genes were classified as “other” in CNL
due to their atypical structural domain compositions (Tables 1 and S1). For example, the
D. jenkinsiana genome encodes one “other” gene in CNL(NCCLNCCL), and the C. nucifera
genome encodes two “other” genes, including NCCLNCC and CNCNL.
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Table 1. The number of identified NLR genes in the five Arecaceae genomes.

Domain
Compositions

C. simplicifolius D. jenkinsiana P. dactylifera E. guineensis C. nucifera

CNL subclass 397 (99.50%) 532 (99.25%) 85 (100%) 261 (99.62%) 133 (98.52%)
CNL (Intact) 112 171 26 143 63

CN 142 202 22 41 28
NL 60 57 26 59 28
N 83 101 11 17 12

Other 0 1 (NLNL) 0 1 (CNCNL) 2 (NLN, CNCNL)
RNL subclass 2 (0.50%) 4 (0.75%) 0 1 (0.38%) 2 (1.48%)
RNL (Intact) 0 0 0 1 1

RN 0 1 0 0 0
NL 2 3 0 0 0
N 0 0 0 0 1

Other 0 0 0 0 0
Total number 399 536 85 262 135

Integration of alien domains in addition to the three typical domains was detected for
NLR genes from the five genomes, including eight, 15, five, three and five distinct integrated
domains (IDs) found in 13, 14, six, seven and seven NLR genes of the C. simplicifolius,
D. jenkinsiana, P. dactylifera, E. guineensis and C. nucifera genomes, respectively (Table S2).
All the NLR-ID genes belong to the CNL subclass. The numbers of NLR genes with fused
IDs (NLR-ID gene) in the five genomes show a significant positive correlation with total
NLR gene numbers (Figure 1a). An average of 4.15% of NLR genes in each genome possess
the NLR-ID structure. The comparison of the ID diversity in the five species shows that
a total of 32 non-redundant IDs were present in the five genomes (Table S2). Some of
these IDs have been detected in proteins with immune function, including the v-SNARE
domain and the PKinase domain. Plant SNARE domain-containing proteins are targets of
filamentous fungi effectors and are monitored by NLRs for programmed cell death [31].
PKinases are known to function in the immune pathways in both plants and mammals
and are also often found in the receptor-like PKinases that transduce PAMP-triggered
immunity [32]. Among the 32 different types of IDs, one of them was found in NLR
genes from three species and two were found in NLR genes from two species (Table S2).
In contrast, the majority of IDs were found only in one genome, suggesting frequent
occurrence of species-specific domain fusions (Figure 1b).

 
Figure 1. Exogenous fusion domains of NLR genes in D. jenkinsiana, C. nucifera, C. simplicifolius, E. guineensis and P.
dactylifera. (a) Spearman correlation between the total number of species’ NLR genes and the number of NLR genes fused
IDs. r represents the correlation coefficient, p < 0.05. (b) Extraneous domains of NLR gene-specific fusions or convergent
fusions among different species in the Arecaceae species. Black circles indicate exogenous fusion domain presence, and gray
circles indicate exogenous fusion domains non- presence.
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3.2. Organization of NLR Genes in Arecaceae Genomes

Clustering organization of NLR genes has been proposed as an important mechanism
of generating NLR diversity and functional members. Our results show that the majority of
NLR genes were organized into clusters rather than singletons in C. nucifera, D. jenkinsiana,
and E. guineensis genomes, with 54.8%, 70.7% and 77.7% NLR genes detected in clusters,
respectively (Table 2). However, there were more singleton genes in the other two Arecaceae
genomes, with only 15 (17.6%) and 176 (44.1%) NLR genes organized into clusters in the
P. dactylifera and C. simplicifolius genomes, respectively. Among the five Arecaceae genomes,
the clustered loci in E. guineensis genome contained the most genes (3.37 genes/locus) on
average. The largest gene clusters of C. nucifera, D. jenkinsiana, E. guineensis, C. simplicifolius,
and P. dactylifera were in locus 47 (eight genes), locus 34 (10 genes) and 126 (10 genes), locus
80 (11 genes), locus 237 (five genes), and locus 47 (three genes), respectively (Table 2).

Table 2. The organization of NLR genes in five Arecaceae species.

Gene and Loci C. nucifera D. jenkinsiana E. guineensis C. simplicifolius P. dactylifera

No. of chromosome-anchored NBS loci and genes 89 (135) 284 (536) 114 (262) 296 (399) 77 (85)
No. of singleton loci (no. of NBS genes) 61 (61) 157 (157) 60 (60) 223 (223) 70 (70)
No. of clustered loci (no. of NBS genes) 28 (74) 127 (379) 54 (202) 73 (176) 7 (15)
Clustered NBS genes/singleton NBS genes 1.21 2.41 3.37 0.34 0.21
Average (median) no. of NBS genes in clusters 2.6 (2) 3.0 (3) 3.7 (3) 1 (2) 2.1 (2)
No. of clusters with 10 or more NBS genes 0 2 2 0 0
No. of NBS genes in the largest cluster 8 (locus 47) 10 (loci 34, 126) 11 (locus 80) 5 (locus 237) 3 (locus 47)

NLR genes may undergo duplication via different mechanisms [33]. We surveyed
the duplication patterns of NLR genes from the five Arecaceae species by using MCScanX
software. The results showed that amplification of NLR genes in the five genomes was
dominated by different types. The majority of NLR genes in C. nucifera (57.0%) and
E. guineensis (70.1%) were generated by tandem/proximal duplications, whereas most
NLR genes in the remaining three genomes were characterized as dispersed duplication.
Only a small proportion of NLR genes in C. nucifera, D. jenkinsiana and E. guineensis were
generated by whole genome duplications (WGD)/segmental duplication, whereas no
WGD/segmental duplicated NLR genes were found in C. simplicifolius or P. dactylifera
(Figure 2). However, the proportion of segmental duplicated genes might have been
underestimated because the syntenic relationship of NLR genes would be disrupted during
long-term evolution.

 

Figure 2. Type of gene duplication in C. simplicifolius, D. jenkinsiana, P. dactylifera, E. guineensis and C. nucifera, respectively.
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3.3. Phylogenetic Analysis of the NLR Genes

To trace the evolutionary history of the NLR genes in Arecaceae, a phylogenetic
tree was constructed based on the amino acid sequences of the NBS domain, using three
Amborella TNL proteins as the outgroups (Figure 3 and Data S1). The results show that
NLR genes from the five species form two monophyletic clades with high support values
(>90%) (Figure S1). The two deeply diverged clades correspond to the RNL and CNL
subclasses, respectively (Figure 3a), supporting the ancient separation of the two NLR
clades (Figure S1; Data S1). Compared to the CNL clade, the branch lengths of the RNL
clade were relatively short (Figure 3a), suggesting that RNL genes had a slow evolutionary
rate. Within the CNL clade, clustering of NLR genes from a single species was frequently
observed (Figure 3a), which is caused by species-specific gene duplications.

Figure 3. Phylogenetic tree of CNL and RNL genes based on conserved NBS domain sequences.
(a) A total of 1408 CNL and 9 RNL sequences were used: 536 sequences from D. jenkinsiana (shown
in red), 135 from C. nucifera (green), 399 from C. simplicifolius (purple), 262 from E. guineensis (blue),
and 85 from P. dactylifera (black). Four TNL sequences from Arabidopsis thaliana were used as an
outgroup. (b) Number variations of NLR genes at different stages of Arecaceae species evolution.
Differential gene losses and gains are indicated by numbers with − or + on each branch. (c) Arecaceae
ancestral lineage genes were inherited by C. simplicifolius, D. jenkinsiana, P. dactylifera, E. guineensis
and C. nucifera, respectively.

To gain insight into the evolution of the NLR genes during the speciation of the
five Arecaceae species, Notung software was used to reconcile gene duplication/loss
events of the NLR genes at each node of the phylogenetic tree [34]. The result reveals
that at least 101 ancestral NLR lineages (2 RNL and 99 CNL) may have existed in the
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common ancestor of the five Arecaceae species (Figure S1 and Data S1). We term these
ancestral NLR lineages as “Arecaceae NLR lineage”. The common ancestor of P. dactylifera,
E. guineensis and C. nucifera (Pd-Eg-Cn) inherited 85 Arecaceae NLR lineages but lost
16. These Arecaceae NLR lineages further expanded to 114 NLR lineages before the
divergence of the P. dactylifera, E. guineensis and C. nucifera (Pd-Eg-Cn). The common
ancestor of C. simplicifolius and D. jenkinsiana (Cs-Dj) inherited 61 Arecaceae NLR lineages
and duplicated to 154 Cs-Dj NLR lineages (Figure 3b). Subsequent gene loss and gain
during the divergence of Pd-Eg-Cn and Cs-Dj lineages further shaped the NLR content
in the five Arecaceae species, resulting in the current distinct NLR profile in these species.
By assigning the NLR genes in each species to the 114 ancestral Arecaceae NLR lineages,
the results showed that 32, 56, 38, 58 and 63 Arecaceae NLR lineages were inherited
by C. simplicifolius, D. jenkinsiana, P. dactylifera, E. guineensis and C. nucifera, respectively
(Figure 3c). Among these ancestral NLR lineages, only five of them were reserved in all
five genomes, and 20 lineages were species-specific (D. jenkinsiana, eight; P. dactylifera, one;
C. simplicifolius, zero; E. guineensis, six; C. nucifera, five). The remaining 89 lineages were
differentially preserved in two to four species (Figure 3c).

3.4. Tracing the Trajectory of NLR Gene Evolution in Different Arecaceae Species

Based on the traced loss and gain of NLR genes at each species divergence node,
the evolutionary trajectory of NLR genes for each of the five species can be traced. After
separation from the common ancestor of the five Arecaceae species (Cs-Dj-Pd-Eg-Cn node),
40 gene-loss and 93 gain events were detected at the Cs-Dj node (Figure 3b), suggesting a
pattern of NLR expansion during this period. The Cs-Dj node then diverged to generate
C. simplicifolius and D. jenkinsiana. In C. simplicifolius, 81 NLR genes inherited from the
Cs-Dj were lost, while the remaining NLR genes underwent intensive gene duplication,
leading to the generation of 106 new members (Figure 3b). Again, a pattern of NLR
expansion occurred during the period from Cs-Dj to C. simplicifolius. Taken together, a
“consistent expansion” of NLR genes occurred during the evolution of C. simplicifolius
from the common ancestor of the five Arecaceae species (Figure 4d). Using this strategy, a
similar pattern of “consistent expansion” was also observed for NLR genes in D. jenkinsiana
and E. guineensis (Figure 4b,e). However, a different pattern of “first expansion and then
contraction” was observed for the other species, P. dactylifera and C. nucifera (Figure 4a,c).

 

Figure 4. Dynamic evolutionary patterns of NLR genes among different evolutionary states of five Arecaceae species.
(a) P. dactylifera. (b) E. guineensis. (c) C. nucifera. (d) C. simplicifolius. (e) D. jenkinsiana.
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4. Discussion

The NLR genes constitute one of the largest gene families in angiosperms, with an
average of about 300 genes per genome [8]. Genome-wide identification and comparative
analysis of NLR genes has greatly accelerated the mining of functional NLR genes from
various crops and ecological or economic important plants in recent years. The lack of NLR
information has greatly hampered identification of functional disease resistance genes by
using a genome-guided method for the Arecaceae species. Taking advantage of the recently
released genomes from the five Arecaceae species, the NLR profile across the five species
was compared in several aspects of this study, which may serve as a primary resource for
molecular breeding of the Arecaceae species.

Different proportions of NLR genes in the Arecaceae species form clusters of varied
size. The members within each of these NLR gene clusters provides large candidates for
positive selection to act on. Additionally, high polymorphism can be maintained between
NLR genes within the gene cluster through recombination, facilitating the generation of
new NLR genes [35,36]. Comparative analysis of NLR genes in the five Arecaceae species
showed that two of the Arecaceae genomes have more than 300 NLR genes, whereas
the other three have fewer than 300 NLRs, suggesting that species-specific NLR gain
and loss have occurred. NLR content dynamics is an important mechanism for plants
coping with the varied environments and ecological adaption [8,37]. The species-specific
NLR contraction or expansion for the five Arecaceae species suggest they may have faced
different selection pressure from environmental microbes after having separated from
the common ancestor, although the exact trajectory of environmental microbe diversity
dynamic could hardly be traced. Reconstruction of the ancestral states of NLR genes at
several divergence nodes of Arecaceae revealed 101 ancestral NLR lineages in the common
ancestor, including two RNL lineages and 99 CNL lineages. The number of recovered
ancestral NLR lineage in the Arecaceae family is much larger than that in the Orchidaceae
family (29), but lower than that of the Poaceae (456) in the monocot clade [4,14]. The
high difference of ancestral NLR lineage numbers in the three monocot families suggests
that dramatic NLR contraction and amplification consistently occurred in the monocot
lineage. Compared with several investigated dicot families, the ancestral NLR lineage
in the Arecaceae family is fewer than the 119 ancestral NLR lineages in Fabaceae, and
166 ancestral NLR lineages in Solanaceae, and far fewer than the 228 ancestral NLR lineages
found in Brassicaceae [13]. The large ancestral NLR lineage numbers in these dicot families
may have benefitted from having an additional NLR subclass, TNL, in their genomes.

The current NLR profile in a genome is contributed by differential inheritance and
amplification of ancestral NLR lineages [4]. Previous studies in Cucurbitaceae and Poaceae
revealed that species in the two families experienced a similar pattern of NLR “contrac-
tion” [9–11], whereas Fabaceae and Rosaceae species exhibited “consistent expansion” of
NLR genes after the families’ radiation [5,12]. A distinct “first expansion and then contrac-
tion” pattern of NLR genes was observed in the five Brassicaceae [13]. However, species in
the Arecaceae family exhibited two different modes of NLR gene evolution after diverging
from the common ancestor. D. jenkinsiana and E. guineensis have experienced “consistent
expansion” of the ancestral NLR lineages, whereas NLR genes in P. dactylifera, C. nucifera.
and C. simplicifolius show “first expansion and then contraction”. Such a pattern of species
belonging to the same family having distinct NLR gene evolution patterns has also been
observed in another monocot lineage, Orchidaceae, and two dicot families [15–17]. The
results provide additional evidence to support that rapid NLR gene content variation could
occur to facilitate plant adaption to changed environments.

The high diversity of NLR could be detected not only for gene content, but also for
gene structure. For example, the three NLR subclasses have distinct N-terminal domains
to support distinct functional mechanisms, either by making holes in the cell membrane,
or by action as an enzyme [38]. Loss of characteristic domains is detected for many NLR
genes in the Arecaceae species. This pattern has also been observed in several angiosperms
by previous studies. For example, only a small proportion of NLR genes with intact
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structures were reported in C. annuum (23.2%), S. lycopersicum (42.7%), S. tuberosum (28.2%),
P. trichocarpa (46.2%), M. truncatula (39.1%), Lotus japonicus (31.0%), and Oryza sativa (30.6%)
genomes [5,39–41]. The remaining large proportion of NLR genes further expanded the
diversity of NLR genes through the loss of the N-terminal, C-terminal, or both domains
(Figure S2). Notably, several studies have reported that NLR genes with atypical structures
also function in plant immunity [42–45], suggesting the loss of the N-terminal or C-terminal
domains may also be a mechanism to generated NLR functional diversity. It is worthy of
note that a deeply diverged CNL lineage showed the feature of widespread loss of the
N-terminal CC domain (Figure S2). The long-term maintenance and expansion of this CNL
lineage suggest that the loss of the CC domain did not completely abolish the function of
genes on this lineage. Considering the CC domain had been shown to be indispensable
for multimerization and forming pores on the plant cell membrane of CNL proteins, the
CC-lacking structure of this CNL lineage may suggest a different functional mechanism.

Different from the domain loss found in many NLR genes, we also detected fusion of
alien domains for a small proportion of Arecaceae NLR genes to form the NLR-ID structure.
This provides another way to expand the structure and functional diversity. In recent years,
studies have increasingly found that alien domains can be fused to plant NLR proteins to
act as target proteins for pathogens’ effector factors. The research on RGA4/RGA5 and
Pik-1/Pik-2 of the NLR with rice blast resistance provides the first experimental evidence
for this model. Both RGA5 and Pik-1 genes are fused with an HMA domain, which serves
as a decoy to interact directly with pathogenic effectors to stimulate the disease resistance
of RGA4 and Pik-2 [46,47]. Arabidopsis NLR genes RPS4/RRS1 provides another example
to support the important functions of alien domains. The RRS1 protein fused with WRKY
domain can directly interact with the pathogenic effectors. AvrRPS4 interacts to stimulate
the disease resistance activity of RPS4 [48]. In this study, different NLR alien domains were
found in five species. These domains may be the “baits” proteins of pathogenic effectors
in plant cells. Among them, v-SNARE and the PKinase domains have been detected in
many proteins that play a role in plant disease resistance [32,33], but SRF-TF, DUF761and
DUF4283, etc. have no direct evidence of being related to plant immunity. The discovery of
these alien domains is helpful to explore more potential plant immune-related proteins.

5. Conclusions

This study compared the NLR gene profiles in five Arecaceae species and revealed
a high NLR content and structure variation, which serve as a resource for the evolution
of functional NLR genes. Phylogenetic analysis revealed that NLR genes from the five
genomes were derived from 101 ancestral genes, and distinct “consistent expansion” and
“first expansion and then contraction” patterns were observed for NLR genes from the
five species. The results show that dynamic gene content and structure variation have
shaped the NLR profiles of different Arecaceae species. The obtained NLR profiles serve as
a valuable resource for molecular breeding of these species and for further exploration of
the NLR evolutionary pattern.
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distribution of NLRgenes with different domain compositions in five Arecaceae species. Table S1. The
gene list and classification of NLR genes identified from C. simplicifolius, D. jenkinsiana, P. dactylifera, E.
guineensis and C. nucifera. Table S2. Exogenous fusion domains of NLR identified from five Arecaceae
species. Data S1. An NEXUS format phylogenetic tree of NLRs in five Arecaceae species with branch
support values.
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Abstract: The most common bud sport trait in grapevines is the change in color of grape berry skin,
and the color of grapes is mainly developed by the composition and accumulation of anthocyanins.
Many studies have shown that MYBA is a key gene regulates the initiation of bud sport color and
anthocyanin synthesis in grape peels. In the current study, we used berry skins of ‘Italia’, ‘Benitaka’,
‘Muscat of Alexandria’, ‘Flame Muscat’, ‘Rosario Bianco’, ‘Rosario Rosso’, and ‘Red Rosario’ at the
véraison stage (10 weeks post-flowering and 11 weeks post-flowering) as research materials. The
relative expressions of genes related to grape berry bud sport skin color were evaluated utilizing
RNA-Seq technology. The results revealed that the expressions of the VvMYBA1/A2 gene in the
three red grape varieties at the véraison stage were higher than in the three white grape varieties.
The VvMYBA1/A2 gene is known to be associated with UFGT in the anthocyanin synthesis pathway.
According to the results, VvMYBA1/A2 gene expression could also be associated with the expression
of LDOX. In addition, a single gene (gene ID: Vitvi19g01871) displayed the highest expressions in all
the samples at the véraison stage for the six varieties. The expression of this gene was much higher in
the three green varieties compared to the three red ones. GO molecular function annotation identified
it as a putative metallothionein-like protein with the ability to regulate the binding of copper ions to
zinc ions and the role of maintaining the internal stable state of copper ions at the cellular level. High
expression levels of this screened gene may play an important role in bud sport color of grape berry
skin at the véraison stage.

Keywords: grape; bud sport; RNA-Seq; MYB

1. Introduction

1.1. Bud Sport

Many of the fruits we eat every day are extremely heterozygous in nature [1]. The
genomes of fruit trees or vines are highly heterozygous, and in order to adapt to the natural
environment, some fruit trees gradually develop inbred incompatibility; as a result, some
of the excellent characteristics of fruit trees are lost. Most varieties of fruit trees, such as
peach, grape, and citrus, are self-compatible. Most varieties of apple, pear, sweet cherry,
and other fruit trees are self-incompatible, while male sterility sometimes occurs in grapes.
The VviINP1 gene was identified as related to male sterility in grapes [2]. In order to
maintain the excellent properties of fruit during production, asexual propagation (cuttings,
strips, and grafting) is used to maintain the exceptional characteristics of fruit [3]. Among
cultivation processes, some different mutative traits are observed in similar plants [4], and
some mutations are stable to inherit and are called bud sport [5].

Plant bud sport is related to somatic cell mutation that occurs in the cells of the
meristem of plant buds, usually expressed on branches, leaves, flowers, and fruits. The
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phenotype displayed by the bud sport is significantly different from that of the rest of
the plant [6]. In general, bud sport is produced by cell division in the apical meristem of
plants, which is triggered by mutations in the stable somatic cells of the first single cell
and then fills the cell layer and forms a stable chimera [7,8]. Mutation in this cell gradually
fill some or all of the meristem tissue during later stages of growth, and the mutation
can be transferred to offspring and can enable mutants to reproduce asexually [9]. Bud
sport brings certain types of new traits in the plant itself, while the original qualities of
the plant parents are retained, which shape a new mechanism of genetic mutation [10].
Different quantitative genetic studies have located the SDI 119 quantitative trait locus
(QTL) on linkage group (LG) 18, explaining up to 70% of phenotypic variance in the
120 seed content parameters. Looking into the potentials of grape varieties for table
purposes, mutation-breeding programs have started for other characteristics using chemical
and physical mutagens. This is very important for plants because not only the quality of
plants can be improved but also more economic value can be generated [11–13].

At present, researchers and growers have selected bud sport varieties that are related
to the early ripening, peel color, fruit size, and disease resistance of fruit trees according
to different needs [14]. For example, through natural selection, radiation, or colchicine
treatment, bud sports varieties related to early fruit ripening and peel color have been found
in apples and grapevines [15,16]. Bud sport varieties with enhanced disease resistance have
been found in peaches, plums, strawberries, and citrus [17–20], and varieties with enlarged
fruit and doubled chromosomes have been found in bananas and kiwifruit [21,22].

1.2. Fruit Color

In fruit trees or vines, especially in apples and grapevines, peel color acts as one of
the criteria for judging the ripeness of fruit, which is an important indicator and quality
parameter of fruits. Numerous examples of fruit berry skin and flesh types of bud sports
were reported [23]; the most common type of bud sport changes the color of the flesh or
berry skin. The color change in fruit is mainly related to the change in anthocyanin content.
Anthocyanins are secondary metabolites of flavonoids. In plants, flavonoids are believed
to have a variety of functions, including defense against light coercion. Anthocyanin com-
pounds play an important reproductive role as attractants in plant–animal interactions [24].
Changes in the contents of anthocyanins and synthetic pathways have been fully studied
through many plant experiments [25,26].

According to multifaceted verification, some key regulatory genes in the anthocyanin
synthesis pathway were analyzed [27]. In the early stages of the flavonoid biosynthesis
process, CHS generates chalcone from the 4-coumarinyl-CoA and malonyl-CoA substrates.
Chalcone isomerase catalyzes the formation of naringenin, which is the main metabolite
of other synthetic branches of this pathway. Downstream of the flavonoid biosynthetic
pathway, anthocyanins and leucine are common key substrates for the synthesis of antho-
cyanins and proanthocyanidins (PAs). Leucoanthocyanidin dioxygenase/anthocyanidin
synthase (LDOX/ANS) can convert leucoanthocyanins to anthocyanidins, and antho-
cyanidins can be further glycosylated by uridine diphosphate (UDP)-glucose to forming
flavonoid-O-glycosyltransferase (UFGT). O-methyltransferases (OMTs) catalyze the forma-
tion of O-methylated anthocyanins, such as petunidin, peonidin, and malvidin [28,29].

Most of the fruit and skin colors of different fruits, especially grape berries, are
associated with the MYB gene regulation of anthocyanins [30–32]. The biosynthesis
of fruit anthocyanins is controlled by a unique branching of R2R3 MYB transcription
factors. Normally, the MYB gene interacts with the bHLH transcription factor and the
WD40 complex protein to regulate the synthesis pathway of anthocyanins [33]. Studies
related to grapes and apples have shown that the change in fruit color is due to the insertion
of a reverse transcriptional transposon in the promoter region of MYB or is a deletion of the
MYB gene and its upstream alleles that causes the fruit peel or flesh color change. When
the MYB gene does not show expression or its related sequence alleles are missing, fruit
color cannot change to red, blue, or purple [34].
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1.3. Grape Bud Sport

Grapes (Vitis vinifera L.) are one of the most popular fruits in the world and are usually
consumed fresh, as well as in the form of several value-added products. The varieties of
grape are diverse, including color, fruit size, fruit type, aroma, and other characteristics
that show difference in quality. Among them, color is one of the most important quality
attributes for consumers. From the beginning, people have used fresh grapes and wine as a
source of transmission to spread grapes all over the world. However, with the development
of breeding technology, grape breeding started, and many somatic mutations associated
with the quality of grapes have been discovered. Many new grape varieties have been
developed through bud sport selection.

In the following figure, the color of line under a variety represents grape peel color:
green represents green varieties, red represents red varieties, and black represents black
and purple varieties.

The white grape ‘Italia’ could sport into red grapes of the ‘Ruby Okuyama’ and
‘Benitaka’ varieties. The red grape ‘Okuyama Ruby’ and the white grape ‘Rosario Bianco’
were crossed to produce the red grape ‘Rosario Rosso’. The white grape ‘Muscat of
Alexandria’ and the black-purple grape ‘Schiava Grossa’ were crossed to produce the
black-purple grape ‘Muscat Hamburg’. The hybridization of ‘Bicane’ white grapes and
‘Muscat Hamburg’ black-purple grapes produced the white grape ‘Italia’ (Figure 1).

 
Figure 1. ‘Italia’ is associated with several grape bud sports and related relationship maps.

After thousands of years of natural hybridization and human selection, the color
of the berry skins of grapes has become very diverse [35]. According to the presence or
absence of anthocyanins in grape berry skin, which is divided into red and black or white
varieties, this phenotype is controlled by a single gene locus [29]. There are four MYBs
at this chromosome with two locations; at least two of these MYBs are mutated in white
grapes. Either VvMYBA1 or VvMYBA2 (or both) can regulate berry peel color. For white
grape, two mutations in the coding region of the VvMYBA2 allele cause its inactivation,
while it is not transcribed in white grapes due to the presence of retrotransposons in the
promoter region of VvMYBA1 [36,37]. This results in no accumulation of anthocyanins
or very minute accumulation, and the berry skins and flesh color change from dark to
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light eventually. However, in some grape bud sport varieties, the deletion of the Gret1
retransposon restores the function of VvMYBA1, and this deletion makes the color of
grape berry skins and flesh white to black or purple [38]. However, some studies have
shown that, in yellow-green or white bud sports of ‘Cabernet Sauvignon’ [39], with the
exception of VvMYBA1, its homologous genes of VvMYBA2r, VlMYBA1-1, VlMYBA1-2,
and VlMYBA2 also regulate the synthesis of anthocyanins. In addition, there are functional
and nonfunctional genes among these homologous genes and alleles [26]. Researchers
found that, in white grapes, the allele of VvMYBA1 is homozygous, while the alleles of
VvMYBA1 in red or black grapes are heterozygous [40]. It can be seen in many MYB-related
genes in berries that play an important role in anthocyanin biosynthesis that the content of
anthocyanins and the color of berry flesh and peels might be regulated by these genes.

1.4. Transcriptome Sequencing

Bud sport has been studied in many fruits; however, the mechanism of bud sport
in grapes remains unclear. In order to understand the mechanism of berry peel color
in relation bud sport, we utilize RNA-Seq technology to compare the ‘Italia’, ‘Benitaka’,
‘Muscat of Alexandria’, ‘Flame Muscat’, ‘Rosario Bianco’, and ‘Rosario Rosso’ varieties by
selecting samples at 10 wpf (weeks post-flowering) and 11 wpf (12 samples in total). We
conclude that, in addition to UFGT, the expression of the LDOX gene may also correlate
with the expression of VvMYBA1/A2, and a new gene (gene ID: Vitvi19g01871) that exhibits
the highest expression of all the detected genes in white varieties might play an important
role at the véraison stage in ‘green-red’ bud sport berries.

2. Materials and Methods

2.1. Plant Materials

The research material (berries) used in this study was collected from the vineyard
at the Zhengzhou fruit research institute (China) during 2020. The varieties used in the
present research were ‘Italia’, ‘Benitaka’, ‘Muscat of Alexandria’, ‘Flame Muscat’, ‘Rosario
Bianco’, and ‘Rosario Rosso’. The vines were 10 years old with ‘Y’-shaped tree forms. The
berries of each cultivar were in the véraison stage, from 10 wpf (weeks post flowering)
to 11 wpf. The red varieties showed notable change in berry color at 11 wpf (Figure 2).
Three berries from the upper, middle, and lower parts of each cluster were selected from
six uniform clusters. The berry skins were peeled off quickly and frozen in liquid nitrogen
immediately. All frozen samples were stored at −80 ◦C for further analysis.

All the samples were allotted numbers as follows: It10 (‘Italia’ 10 wpf berries), It11
(‘Italia’ 11 wpf berries), Be10 (‘Benitaka’ 10 wpf berries), Be11 (‘Benitaka’ 11 wpf berries),
Ma10 (‘Muscat of Alexandria’ 10 wpf berries), Ma11 (‘Muscat of Alexandria’ 11 wpf berries),
Fm10 (‘Flame Muscat’ 10 wpf berries), Fm11 (‘Flame Muscat’ 11 wpf berries), Rb10 (‘Rosario
Bianco’ 10 wpf berries), Rb11 (‘Rosario Bianco’ 11 wpf berries), Rb11 (‘Rosario Rosso’
10 wpf berries), and Rr11 (‘Rosario Rosso’ 11 wpf berries) (as shown in Figure 2, respectively).

2.2. RNA Extraction and RNA-Seq

RNA was extracted from grape berry skins of different varieties using an RNA ex-
tract kit (Solebao Biotechnology Co., Ltd., Shanghai, China). The integrity of sample
RNA was detected with agarose gel, the purity and concentration of RNA were de-
tected with a NanoDrop-2000 instrument (Thermo Scientific, Waltham, MA, USA), and
the RQN value was tested with Agilent5300 software. Follow-up experiments could be
carried out when the RNA was not contaminated by impurities, such as pigment, pro-
tein, sugar, etc. The RQN ≥ 7, the brightness of 28/23S was greater than 18/16S, the
RNA concentration ≥ 100 ng/uL, the OD260/280 = 1.8~2.2, the OD260/230 ≥ 2, and the
total yield of RNA (>1 μg) met the requirements of two RNA libraries.

A Takara RT reagent kit (Takara, Shanghai, China) was used for cDNA and double-
strand cDNA synthesis. RNA-Seq libraries were constructed using a TruSeq RNA sample
prep kit v2 (Illumina, San Diego, CA, USA). The sequencing process was performed
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with an Illumina HiSeq 4000 SBS kit (300 cycles) system (Shanghai Majorbio Bio-pharm
Biotechnology Co, Shanghai, China).

 
Figure 2. Fruit clusters of six varieties during véraison period (10 wpf and 11 wpf). (A) ‘Italia’ berries
at 10 and 11 wpf; (B) ‘Benitaka’ berries at 10 and 11 wpf; (C) ‘Muscat of Alexandria’ berries at 10 and
11 wpf; (D) ‘Flame Muscat’ berries at 10 and 11 wpf; (E) ‘Rosario Bianco’ berries at 10 and 11 wpf;
(F) ‘Rosario Rosso’ berries at 10 and 11 wpf.

2.3. Transcriptome Sequencing and Analysis

SeqPrep (https://github.com/jstjohn/SeqPrep, accessed on 12 February 2022) and
Sickle (https://github.com/najoshi/sickle, accessed on 12 February 2022) were used
for trimming the adaptors of raw reads and quality control of the raw reads to ob-
tain high-quality reads. The clean reads were aligned to a reference genome (refer-
ence genome version: 12X.v2, website source: https://urgi.versailles.inra.fr/Species/
Vitis/Data-Sequences/Genome-sequences, accessed on 14 February 2022) with HISAT2
(http://ccb.jhu.edu/software/hisat2/index.shtml, accessed on 14 February 2022) software,
and the mapped reads of each sample were assembled with StringTie (https://ccb.jhu.edu/
software/stringtie/index.shtml?t=example, accessed on 15 February 2022). To identify
DEGs (differential expression genes) between two different samples, the expression level
of each transcript was calculated according to the transcripts per million reads (TPM)
method. RSEM (http://deweylab.biostat.wisc.edu/rsem/) was used to quantify gene
abundances. The DEG analysis was performed using DESeq2/DEGseq/EdgeR with Q
values (adjusted p-value ≤ 0.05, DEGs with |log2FC| > 1 and Q value ≤ 0.05 (DESeq2
or EdgeR)/Q value ≤ 0.001 (DEGseq) that were considered to be significantly different ex-
pressed genes. The output of normalized TPM values and the DEG analysis were performed
using the Majorbio cloud platform (Shanghai Majorbio Bio-Pharm Technology Co., Ltd.).
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2.4. Statistical Analysis

A correlation analysis was performed among VvMYBA1, VvMYBA2, VvMYB5a,
VvMYB5b, VvMYBPA1, and grape pericarp anthocyanin synthesis genes using the tran-
scription group TPM value at the level of |r| > 0.7 and p < 0.05. Expression level was
significantly related to the genes. Pearson’s correlation coefficient was used to measure the
correlation between two random variables. The closer the Pearson value to 1, the higher
the similarity of gene expression between samples, and the better the correlation between
the samples.

SPSS v26.0 (Chicago, IL, USA) was used for the significance and correlation analysis of
MYB-related regulatory genes related to anthocyanin synthesis structural genes data and
correlation between anthocyanin synthesis structural genes and VvMYBA1 and VvMYBPA1
regulatory genes in two bud sport groups data.

3. Results

3.1. Quality Control Data Statistics

The total number of raw sequencings reads of each sample ranged from 41,748,704 to
48,476,130 among all the samples. After removing the low-quality reads, the average error
rate of the sequencing bases of the clean reads after quality control was less than 0.026%.
The percentage of the samples reaching Q20 quality reads was more than 97.74%, and the
Q30 percentage was more than 93.32% among all the sequence data. The G and C base
ratios were 45.96% and 47.01% of the total bases, respectively. The sequence alignment rates
of clean reads matched with the reference genome ranged from 78.27% to 93.11% (Table 1).

Table 1. RNA-Seq data quality of all 12 varieties.

Sample Name Raw Reads Clean Reads Error Rate (%) Q20 (%) Q30 (%) GC Content (%) Total Mapped

Be10 42,647,782 42,347,510 0.0245 98.26 94.66 46.27 34,536,653 (81.56%)

Be11 45,278,732 44,781,572 0.0254 97.85 93.73 47.01 35,050,465 (78.27%)

Fm10 45,595,408 45,132,012 0.0252 97.96 93.93 46.53 41,466,312 (91.88%)

Fm11 42,127,462 41,834,580 0.0248 98.11 94.32 46.74 38,000,195 (90.83%)

It10 41,804,432 41,371,026 0.0247 98.14 94.45 46.51 38,519,065 (93.11%)

It11 48,476,130 48,148,376 0.025 98.06 94.16 45.96 44,559,329 (92.55%)

Ma10 46,362,636 46,058,214 0.0248 98.1 94.28 46.4 41,828,638 (90.82%)

Ma11 47,352,198 46,978,274 0.0251 97.98 94 46.36 42,739,595 (90.98%)

Rb10 41,748,704 41,378,660 0.0252 97.95 93.95 46.35 37,569,526 (90.79%)

Rb11 43,902,394 43,576,488 0.0249 98.06 94.18 46.04 40,136,365 (92.11%)

Rr10 43,522,364 43,177,256 0.0249 98.06 94.22 46.48 39,821,925 (92.23%)

Rr11 42,739,842 42,458,930 0.0246 98.19 94.51 46.57 38,767,709 (91.31%)

(1) Raw reads: the total number of the raw sequencing data; (3) clean reads: the total number of clean sequencing
data after quality filtering; (4) error rate (%): the average error rate of the sequencing base corresponding to the
quality-filtered data, usually below 0.1%; (5) Q20 (%) and Q30 (%): base or read quality assessment parameters,
Q20 and Q30 refer to the percentage of total bases with sequencing qualities of 99% and 99.9% above, respectively.
Q20 is usually above 85% and Q30 is above 80%; (6) GC content (%): the percentage of G and C bases corresponding
to the quality control data as a percentage of the total bases; (7) total mapped: the number of clean reads that can
be matched on the genome.

3.2. Differentially Expressed Gene (DEG) Analysis

Through the differential expression analysis of the RNA-Seq data, 3124 DEGs were
selected between It11 wpf (‘Italia’ grape skin samples at 11 weeks post-flowering) and
It10 wpf. Compared to Be10 wpf, a total of 2707 DEGs were selected in Be11 wpf. In
addition, 1766 DEGs were found between Ma11 wpf and Ma10 wpf, with 1716 DEGs
between Fm11 wpf and Fm10 wpf. Rb11 wpf showed a total of 1640 DEG compared with
Rb10 wpf, and Rr11 wpf showed 1579 DEGs compared with Rr10 wpf. The number of
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upregulated DEGs at the véraison stage (10 wpf to 11 wpf) was greater than the number
of downregulated DEGs among the three white varieties of ‘Italia’, ‘Muscat of Alexan-
dria’, and ‘Rosario Bianco’, while in red-colored varieties, ‘Benitaka’ and ‘Flame Muscat’
both showed lower upregulated DEG numbers at the véraison stage. Be10 wpf showed
1731 DEGs compared to It10 wpf, Fm10 wpf displayed 2790 DEGs compared to Ma10 wpf,
and Rr10 wpf had 2962 DEGs compared to Rb10 wpf. For bud sport varieties in ‘Benitaka’,
‘Italia’, ‘Flame Muscat’, and ‘Muscat of Alexandria’, more upregulated DEG numbers were
found at 10 wpf. Be11 wpf had a total of 2074 DEGs compared to It11 wpf, while 2000 DEGs
were screened between Fm11 wpf and Ma11 wpf. Rr11 wpf had 3282 DEGs compared to
Rb11 wpf. Among three comparisons of ‘Benitaka’ versus ‘Italia’, ‘Flame Muscat’ versus
‘Muscat of Alexandria’, and ‘Rosario Rosso’ versus ‘Rosario Bianco’, more downregulated
DEG numbers were found at 11 wpf (Table 2).

Table 2. The numbers of DEGs among difference comparison groups.

Difference Comparison
Group

Total DEG
Number

Upregulated DEG
Number

Downregulated
DEG Number

It10_vs_It11 3124 1941 1183
Be10_vs_Be11 2707 1114 1593
It10_vs_Be10 1731 1095 636
It11_vs_Be11 2074 925 1149

Ma10_vs_Ma11 1766 1090 676
Fm10_vs_Fm11 1716 505 1211
Ma10_vs_Fm10 2790 1531 1259
Ma11_vs_Fm11 2000 551 1449
Rb10_vs_Rb11 1640 1152 488
Rr10_vs_Rr11 1579 865 714
Rb10_vs_Rr10 2962 931 2031
Rb11_vs_Rr11 3282 936 2346

3.3. Correlation Analysis among Each Sample

The Pearson correlation coefficient between It10 wpf and It11 wpf was close to 1,
and It10 showed a positive correlation with It11. The Pearson correlation coefficients
between It11 and Ma11 and between It11 and Rb11 wpf were also close to 1. The three
white varieties of ‘Italia’, ‘Muscat of Alexandria’, and ‘Rosario Bianco’ showed good
correlation (>0.8) at 11 wpf as well. The correlation coefficients between Ma10 wpf
and Ma11 wpf and between Rb10 wpf and Rb11 wpf were close to 1, with ‘Muscat of
Alexandria’ and ‘Rosario Bianco’ closely correlated. The correlation between the three
red varieties of ‘Benitaka’, ‘Flame Muscat’, and ‘Rosario Rosso’ was low between 10 wpf
to 11 wpf (Figure 3).

3.4. Gene Expression Level of VvMYBA1 in Berry Skins

The log2FC value was used to compare the expression levels of VvMYBA1 in the
comparisons of the GC10_vs_RC10 group and the GC11_vs_RC11 group. The results
showed that log2FC >7, which means that the expression levels of the VvMYBA1 gene
in the three red varieties were much higher than those in three green varieties. In the
comparison of the GC10_vs_GC11 group, the log2FC value was only 1.26, and VvMYBA1
just reached the differential expression level (if the screening parameter was log2FC > 1.5,
then it was not significant). In the comparison of the RC10_vs_RC11 group, the log2FC
value was 1.95, and the expression of the VvMYBA1 gene was significantly different
(Figure 4).
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Figure 3. Correlation heatmap of six varieties (three groups).

Figure 4. Differences in VvMYBA1 expressions in red and white grape berry skins. ‘GC’ represents
three green cultivars; ‘RC’ represents three red cultivars. a, b represent the significant level between
the data (p < 0.05).

3.5. Anthocyanin-Synthesis-Related Gene Expression Analysis

Charenone synthase (CHS) is the first key enzyme of the flavonoid pathway. The gene
expression in ‘Benitaka’ was higher at 10 wpf than at 11 wpf, and the gene expression level
of Rr was lower at 10 wpf than 11 wpf. The expression level of the CHS-encoding gene
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VvCHS was significantly different at the véraison stage for ‘Benitaka’ and ‘Rosario Rosso’
compared with other varieties. The TPM values of VvCHS in berry skins at the véraison
stage during the transition period of ‘Benitaka’ were higher than those of ‘Italia’ (Figure 5A).
Chalcone isomerase (CHI) catalyzed the isomerization of chalcone rings to form colorless
flavonoids, and there was no significant difference in the expression of the coding gene
VvCHI between 10 wpf and 11 wpf for each cultivar (Figure 5B). Flavanone 3-hydroxylase
(F3H) is one of the key enzymes in the biosynthetic pathway of anthocyanins, while F3H,
F3’H, and F3′,5′H participate in the regulation of two branches of anthocyanin biosynthesis
and the F3′H-controlled pathway for the synthesis of red anthocyanins. F3′,5′H, on the
other hand, regulates the synthesis of blue-violet delphinidin. The expression level of
the F3′H-encoding gene VvF3′H was low in each sample, and there was no significant
difference between 10 wpf and 11 wpf (Figure 5C). The F3′,5′H-encoding genes of VvF3′
and 5′H were not expressed in It 10 wpf and Rr10 wpf, and the expressions of VvF3′, 5′H in
the grape berry skins of the two mutated red varieties, ‘Benitaka’ and ‘Flame Muscat’, were
higher than in ‘Italia’ and ‘Rosario Bianco’ (Figure 5D). In addition, the expression level of
VvF3H in ‘Benitaka’ was obviously higher than that in ‘Italia’, and the expression of the F3H-
encoded gene VvF3H at 10 wpf and 11 wpf for each sample was very low and displayed
no difference in each cultivar (Figure 5E). The expression level of the FLS-encoding gene
VvFLS showed greater variation in the skin of the ‘Benitaka’ during véraison.

Figure 5. Anthocyanin synthesis structure gene and regulatory gene expression analysis of six vari-
eties. (A) CHS, chalcone synthase; (B) CHI, chalcone isomerase; (C) F3′H, flavonoid 30-hydroxylase;
(D) F3′5′H, flavanone3′,5′-hydroxylase; (E) F3H, flavanone 3-hydroxylase; (F) FLS, flavonol synthase;
(G) DFR, dihydroflavonol 4-reductase; (H) LDOX, leucoanthocyanidin dioxygenase; (I) LAR, leucoan-
thocyanidin reductase; (J) UFGT, anthocyanidin 3-O-glucosyltransferase; (K–O) MYBA1, MYBA2,
MYB5a, MYB5b, MYBPA1, transcription factor encode genes, belonging to the R2R3 Myb family,
which controls the last steps in the anthocyanins biosynthesis pathway.

Leucoanthocyanidin dioxygenase (LDOX) and UFGT successively catalyzed the oxi-
dation of colorless proanthocyanidins to form colored delphinidin or anthocyanins and the
glycosylation of catalytically unstable anthocyanins to form various stable anthocyanins.
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The expression levels of the LDOX-encoding gene VvLDOX, the UFGT-encoding gene
VvUFGT, and the regulatory genes VvMYBA1 and VvMYBA2 in the pericarps of the three
red varieties were higher than those of the white varieties. Both the VvUFGT and VvMYBA
genes were hardly expressed in the three white varieties during the véraison period
(Figure 5H,J–L). The expressions of regulatory genes VvMYBA5a and VvMYBPA1 in the
10 wpf grape berry skins of each cultivar were higher than at 11 wpf (Figure 5M,O).

3.6. Correlation Analysis between Anthocyanin-Synthesis-Related Structural Genes and
VvMYBA1 and VvMYBPA1 Regulatory Genes among Bud Sport Varieties

In the ‘Italia’ vs. ‘Benitaka’ bud sport group, VvMYBA1 and VvUFGT showed a sig-
nificant positive correlation, and VvMYBA1 may directly regulate VvUFGT expression to
regulate anthocyanin synthesis. VvMYBA1 was positively correlated with VvCHS, VvCHI,
VvF3H, and VvLDOX in the ‘Muscat of Alexandria’ vs. ‘Flame Muscat’ bud sport group,
while VvMYBA1 was not significantly correlated with VvUFGT (Figure 6A,B). The mecha-
nism of VvMYBA1 regulation of the anthocyanin synthesis pathway in the pericarp was
different between the ‘Italia’ vs. ‘Benitaka’ bud sport group and the ‘Muscat of Alexandria’
vs. ‘Flame Muscat’ bud sport group. The gene expressions of VvMYBPA1 and VvFLS in
the ‘Italia’ vs. ‘Benitaka’ bud sport group were positively correlated, and VvMYBPA1 may
directly regulate the expression of VvFLS. There was no significant correlation between
VvMYBPA1 and anthocyanin synthesis structural genes in the bud sport group of ‘Muscat
of Alexandria’ vs. ‘Flame Muscat’, which may not be directly involved in the regulation of
anthocyanin synthesis (Figure 6C,D).

Figure 6. Correlation between anthocyanin synthesis structural genes and VvMYBA1 and VvMYBPA1
regulatory genes in two bud sport groups. (A) Correlation between anthocyanin synthesis structural
genes and VvMYBA1 regulatory gene in ‘Italia’ vs. ‘Benitaka’ bud sport group; (B) ‘Muscat of Alexan-
dria’ vs. ‘Flame Muscat’ bud sport group anthocyanin synthesis structural genes and VvMYBA1
regulatory gene correlation; (C) correlation between anthocyanin synthesis structural genes and
VvMYBPA1 regulatory gene in ‘Italia’ vs. ‘Benitaka’ bud sport group; (D) ‘Muscat of Alexandria’ vs.
‘Flame Muscat’ bud sport group anthocyanin synthesis structural genes associated with VvMYBPA1
regulatory gene. ‘*,**’ represents the two groups of data reached a significant level, ‘*’ represents
p < 0.05, ‘**’ represents p < 0.01.
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3.7. Correlation Analysis of MYB-Related Regulatory Genes and Anthocyanin Synthesis Structure

VvMYB5a and VvMYB5b were not significantly associated with structural genes in
the anthocyanin synthesis pathway, which may not be directly involved in regulating
the synthesis of anthocyanins. VvMYBPA1 showed significant correlations with VvCHS,
VvF3′H, VvF3H, VvFLS, and VvLAR, which may directly regulate the flavonoid pathway,
anthocyanin synthesis, flavonol synthesis, and catechol synthesis in the anthocyanin synthe-
sis pathway. VvMYBA1 was positively correlated with VvF3′5′H, VvLDOX, and VvUFGT,
which may be directly involved in regulating the synthesis of anthocyanins and regulating
the UFGT catalytic formation of stable anthocyanin pathways. VvMYBA2 was not signif-
icantly associated with structural genes in the anthocyanin synthesis pathway (Table 3,
Figure 7). Among these, the regulation of VvMYBA2 and VvMYB5a was not clear, while
synthetic genes regulated by VvMYBPA1 and VvMYBA1 were clearly known.

Table 3. MYB-related regulatory genes related to anthocyanin synthesis structural genes. ** represents
p < 0.01.

Gene VvMYB5a VvMYB5b VvMYBPA1 VvMYBA1 VvMYBA2

VvCHS 0.194 0.154 0.731 ** 0.384 0.231
VvCHI −0.109 0.075 0.665 0.544 0.306
VvF3’H 0.459 0.487 0.839 ** 0.431 0.22

VvF3’5’H −0.09 0.33 0.349 0.747 ** 0.481
VvF3H 0.24 0.184 0.709 ** 0.585 0.222
VvFLS 0.468 0.263 0.873 ** 0.121 −0.059
VvDFR 0.231 -0.09 0.663 0.374 0.007

VvLDOX 0.029 0.187 0.548 0.756 ** 0.459
VvUFGT −0.152 0.007 0.304 0.831 ** 0.468
VvLAR 0.5 0.078 0.752 ** −0.246 −0.295

Figure 7. The relationships between the expression color scale of anthocyanin synthesis structural
genes and regulatory genes in grape peels and the regulation of the MYBA gene. The blue dotted
arrows represent the structural genes in the anthocyanin synthesis pathway regulated by the regula-
tory gene; the ‘?’ indicates that the regulatory mechanism of the regulatory gene is not yet clear; the
green-to-red color scale means the TPM values showed an increasing trend.
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3.8. Screening of Genes Involved in the Regulation of Metal Ion Binding

When screening by sorting all gene expression levels (TPM values) in the three white
grape varieties, a gene located on chromosome 19 (gene ID: Vitvi19g01871) was found to
show the highest expression level. Its expression level was much higher than those of other
genes, and the gene was highly expressed (almost the maximum) in the three red varieties.
Interestingly, the expression levels of this gene in the pericarps of the three white the three
red varieties during the same period were also different (Figure 8). From the comparison
of 10 wpf and 11 wpf, this gene was upregulated at 11 wpf compared with 10 wpf in the
white cultivar ‘Italia’, while the opposite was found in ‘Muscat of Alexandria’ and ‘Rosario
Bianco’ (Figure 8). In the red varieties of ‘Benitaka’ and ‘Rosario Rosso’, the expression
levels at 11 wpf were downregulated compared with 10 wpf, while the expression in ‘Flame
Muscat’ was higher (Figure 8). According to the functional annotation, it was inferred that
this gene encodes a metallothionein-like protein, which regulates the binding of copper
ions and zinc ions. Copper ions are related to the synthesis of chlorophyll, which may have
a certain impact on the change in peel color at the véraison stage.

Figure 8. (A) ‘Italia’ ‘Benitaka’ TPM value almost top 10 of gene expression 10 wpf; (B) ‘Italia’
‘Benitaka’ TPM value almost top 10 of gene expression 11 wpf; (C) ‘Muscat of Alexandria’ ‘Flame
Muscat’ TPM value almost top 10 of gene expression 10 wpf; (D) ‘Muscat of Alexandria’ ‘Flame
Muscat’ TPM value almost top 10 of gene expression 11 wpf; (E) ‘Rosario Bianco’ ‘Rosario Rosso’
TPM value almost top 10 of gene expression 10 wpf; (F) ‘Rosario Bianco’ ‘Rosario Rosso’ Top TPM
value almost top 10 of gene expression 11 wpf. The green line represents the TPM values of white
cultivars; the black line represents the TPM values of red and black cultivar.
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4. Discussion

In recent years, it has been observed that many important fruit varieties are selected
by bud sport [41,42]. According to statistics, there have been thousands of bud sport types
on fruit trees, and some fruit trees can form a variety of bud sports. Due to the particularity
of each bud sport, it brings certain characteristics in germplasm resources during fruit
production and breeding. Therefore, this is an important approach used in the breeding of
fruit crops.

The present study revealed that VvMYBA1 showed elevated expression levels in the
three red sport varieties at 10 wpf compared to three white varieties. In addition, after
11 wpf there were significantly higher VvMYBA1 gene expression levels compared with the
white cultivar grapes (Figure 4B). The VvMYBA1 gene was proved to be a key transcription
factor regulating color change in grape berry skins [43]. The VvMYBA1 gene was expressed
only in red berries, while it was hardly expressed in white berries (Figure 5K).

According to a correlation analysis, the majority of genes or enzymes related to the an-
thocyanin synthesis pathway were significantly correlated with VvMYBPA1 and VvMYBA1
(Table 3). Among them, five genes showed significant correlations with various genes, such
as VvMYBPA1, VvCHS, VvF3′H, VvF3H, VvFLS, and VvLAR. Significant correlations of
VvF3′5′H, VvLDOX, and VvUFGT with VvMYBA1 were observed in our study.

The expression of the flavonoid 3-O-glucosyltransferase (UFGT) gene is essential for
anthocyanin biosynthesis in grapes [44]. The VvMYBA1 gene normally regulates the expres-
sion of VvUFGT, a key upstream gene of anthocyanin synthesis [45] considered to be the
last step for catalyzing anthocyanin synthesis in the anthocyanin biosynthesis pathway [46],
and both are very important in the formation of grape skin color. The RNA-Seq results
indicated that the expression trends of VvUFGT in the three red varieties were consistent;
among them, the expression level in ‘Benitaka’ was significantly higher than in the other
two varieties and was not expressed in white grape varieties (Figure 5J). The above results
are consistent with the results of a previous study conducted on ‘Italia’, ‘Benitaka’ and
‘Flame Muscat’ [5]. The Pearson’s correlation analysis showed that VvMYBA1 and VvUFGT
were highly correlated with the same expression trend (Figure 5J,K). The results also indi-
cated that VvMYBA1 positively regulated the VvUFGT gene and played an important role
in the biosynthesis of anthocyanins.

According to previous reports on anthocyanin synthesis in apples and bilberries, it was
found that MYBPA1 could also regulate the expression of UFGT [47]. In this experiment,
the correlation between these two genes was not high. This may explain why, among the
three groups of varieties (the ‘Italia’ vs. ‘Benitaka’ group, the ‘Muscat of Alexandria’ vs.
‘Flame Muscat’ group, and the ‘Rosario Bianco’ vs. ‘Rosario Rosso’ group), MYBPA1 was
not a key transcription factor regulating UFGT and the anthocyanin biosynthesis pathway.
Its specific regulatory mechanism still needs further study.

MYBPA1 plays an important role in the anthocyanin biosynthesis pathway, and the
expression of MYBPA1 is positively correlated with anthocyanin accumulation [48]. In blue
bilberries, the MYBPA1 and MYBA transcription factors can activate the expression of DFR
and ANS genes in the anthocyanin biosynthesis pathway, which are considered key genes
for anthocyanin biosynthesis [49]. In this study, the expression levels of the VvMYBPA1 gene
in the two groups of bud sport varieties of ‘Italia’ vs. ‘Benitaka’ and ‘Muscat of Alexandria’
vs. ‘Flame Muscat’ were higher at 10 wpf compared with 11 wpf, while this gene was not
expressed in the ‘Rosario Bianco’ vs. ‘Rosario Rosso’ group (Figure 5O). The expression
trends of five structural genes (VvCHS, VvF3’H, VvF3H, VvFLS, and VvLAR, Table 3) related
to VvMYBPA1 were different in the three groups of tested varieties (Figure 5A–E,I). The
phylogenetic analysis depicted that the flavonoid-related R2R3 MYBs of VmMYBPA1 and
VvMYBPA1 belonged to the same group. VmMYBPA1 could regulate the expression of CHS
and significantly regulated the expression of the F3′5′H gene, while VmMYBPA1 expression
was significantly decreased in white mutant berries compared with blueberries [50], which
indicates that it was related to anthocyanin biosynthesis. The expression level of MYBPA1 is
associated with the accumulation of proanthocyanidins (PA) during the early development
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of grape berries. The expression level of MYBPA1 was lower before the véraison stage
and peaked at two weeks following the véraison stage, later showing a low expression
level. MYBPA1 activates the promoters of LAR and ANR in grapes [51]. The expression of
VvMYBPA1 was opposite to that of VmMYBPA1, as expressed in ‘Italia’. This is in contrast
to previous studies showing no expression observed in white grape varieties. A previous
study also found that VvMYBPA1 could also be expressed in seeds [52]. The above results
might indicate that the pathway or regulation mechanism of the MYB gene in anthocyanin
synthesis is different in diverse species.

The gene expression analysis showed that the expression of VvLDOX was consistent
with the expression trends of VvMYBA1 and VvUFGT in other test materials, except for
in ‘Italia’ (Figure 5H,J–K). LDOX has a unique expression pattern in the biosynthesis of
anthocyanin in grape peels, and its expression levels were very high in red or black peels,
which was related to the content of anthocyanin. UFGT is present in many tissues of grape,
as well as in the skins of white and red grape varieties, while the expression of LDOX is
not as absolute as UFGT [53]. VvMYBPA1 was found to activate VvLDOX expression in
grapes [49], and this result suggested that the expression of VvLDOX in ‘Italia’ may be
related to the regulation of VvMYBPA1, while there was no significant correlation between
VvMYBPA1 and VvLDOX.

In addition to the above results, an interesting point found in this study was the
gene located on chromosome number 19 (Gene ID: Vitvi19g01871). The gene expression
levels (TPM values) of green varieties at 10 weeks and 11 weeks post-flowering were
between 64,711–168,489 and 78,173–127,381, respectively. The expression levels of red
grape varieties at 10 weeks and 11 weeks post-flowering were between 39,130–59,249 and
28,319–67,849, respectively. The expression levels of this gene in green varieties were much
higher than those in red varieties, as well as much higher than all the other differentially
expressed genes (Figure 8). The gene was annotated by GO molecular gene function as a
metallothionein-like protein that regulates the binding of copper ions to zinc ions. Copper
ions play an important role in the redox of plant respiration and are related to chlorophyll
synthesis, which is important for photosynthesis. Increased photosynthesis and chlorophyll
lead to excessive chlorophyll accumulation in grape peel cells. However, its mechanism of
action in the process of bud sport peel color and anthocyanin synthesis is still unclear, and
the function of this gene needs to be further verified at molecular or cellular levels.

5. Conclusions

In this study, it was found that MYBA1/2 and MYBPA1, the key genes involved
in anthocyanin synthesis in grapes, were highly expressed in red grape varieties, and
their expression levels in white grapes were significantly lower than in red grapes. The
expressions of UFGT and LDOX genes were positively correlated with the key peel-color-
related gene of MYBA. A newly discovered gene (gene ID: Vitvi19g01871) in this study
may play a key regulatory role in grape skin coloration.
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