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Editorial

Research on Plant Genomics and Breeding: 2023
Zhihui Chen 1, Xiaohong Tong 2 , Jian Zhang 2 , Jie Huang 2,* and Zhiyong Li 2,*
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* Correspondence: huangjie@caas.cn (J.H.); lizhiyong@caas.cn (Z.L.)

Over the past two decades, the rapid progress made in plant breeding has been
significantly driven by the integration of knowledge in the fields of plant genomics and
genetics, and by the application of state-of-the-art biotechnologies. Furthermore, collabora-
tive initiatives within community-based projects have yielded substantial contributions
to these advancements. This article aims to furnish a comprehensive overview of recent
publications in Plants, with a specific emphasis on a diverse array of molecular biology
research methodologies associated with plant genomics and breeding.

1. Genetic Basis Underpinning Plant Trait

Amalova and colleagues from the Institute of Plant Biology and Biotechnology, Kaza-
khstan, attempted to identify Quantitative Trait Loci (QTLs) associated with wheat adap-
tation traits using a Nested Association Mapping (NAM) population [1]. The authors
evaluated plant adaptation-related traits in two contrasting regions, including the heading
date, the seed maturation date, the plant height, the peduncle length, and the yield of
290 recombinant inbred lines (RILs) of the NAM population. The integration of findings
from 10,448 polymorphic SNP (single-nucleotide polymorphism) markers in the genome-
wide association study (GWAS) led to the identification of 74 QTLs associated with four
agronomic traits under study. Notably, 16 of these QTLs had been consistently identified in
previous studies. To date, this study represents the inaugural analogous investigation in
terms of applying NAM to cereals in Kazakhstan. It yielded a valuable data source for the
identification of novel genes associated with the adaptation of wheat plants.

Anther morphology, particularly anther length, is genetically controlled by QTLs. Re-
searchers have detected QTLs for anther length in different populations, but no candidate
genes have been identified despite the critical role of this parameter in determining hybrid
rice seed production. A research team from the China National Rice Research Institute
reported the fine mapping of qAL5.2 for anther size using backcross inbred lines (BILs) [2].
Using gene chip technology, the authors identified six qALs, including qAL5.1 and qAL5.2,
which explained 35.73% and 25.1% of the phenotypic variance in the population, respec-
tively. ORF8 encoded a lipase belonging to the alpha/beta-hydrolase (ABH) family. It is
a likely candidate for qAL5.2 and is possibly involved in regulating alpha-linolenic acid
metabolism, which controls anther length.

Similarly, Yin et al. (2024) analyzed the genetic basis of yield traits in rice and validated
a novel QTL for grain width and weight. Nine yield-related traits were investigated using
an F2 population containing 190 plants [3]. The authors discovered that grain yield per
plant was positively correlated with six yield traits, except for grain length and width.
The highest correlation coefficient—0.98—was observed with regard to the number of
filled grains per plant. Simultaneously, a linkage map covering the whole genome was
constructed by genotyping each plant with the selected polymorphic markers using the
F2 population. All told, 36 QTLs for the yield traits were detected on nine chromosomes,
and the phenotypic variation was explained by a single QTL that ranged from 6.19% to
36.01%. The identification of a major QTL for grain width and weight, denoted as qGW2-1,
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was refined to an interval of approximately 2.94 megabases. Upon comparative analysis of
QTL locations, it was observed that no previously reported QTLs for grain width (GW) and
thousand grain weight (TGW) shared an overlapping interval with qGW2-1. This suggests
that qGW2-1 represents a novel QTL, with substantial potential for application in molecular
design breeding strategies for rice.

Kenaf (Hibiscus cannabinus L.), originating from Africa, is an essential crop for fiber
and other industrial materials, but its genetics have yet to be explored. A recent publication
in Plants reported the GWAS analysis of seven agronomic traits in Kenaf: days to flowering,
plant height, fresh weight, dry weight, flower color, stem color, and leaf shape [4]. In
a cohort of 96 germplasm accessions, encompassing 55 gamma irradiation-derived mu-
tant lines, an analysis using genotyping by sequencing (GBS) revealed the presence of
49,241 single-nucleotide polymorphisms (SNPs). Of these, 49 SNPs are associated with
important agronomic traits, such as days to flowering, plant height, fresh weight, dry
weight, flower color, stem color, and leaf shape. Except for fresh and dry weights, no
single-nucleotide polymorphisms (SNPs) were detected in the genic region. Most SNPs
were identified within the exon of the respective genic regions. The identified genes exhibit
a homology of 45% to 96% with plants of the Malvaceae and Betulaceae families and
are known to play a role in plant growth and development through various pathways.
These findings are anticipated to enhance selective breeding programs for Kenaf, thereby
improving overall plant quality.

As integral constituents of the SCF complexes, F-box proteins play pivotal roles in
responding to both abiotic and biotic stresses in plants. The wheat F-box protein, TaFBA1,
has been recognized for its reactivity to abiotic stress in tobacco. Nonetheless, its precise
biological functions within wheat itself are yet to be fully elucidated. Using transgenic
wheat with enhanced and suppressed expression of TaFBA1, Li et al. (2024) found that
TaFBA1 is a positive regulator of drought tolerance [5]. Compared to WT and RNAi lines,
OE plants showed a higher survival rate and fresh weight and a more robust antioxidant
capacity, as well as the maintenance of stomatal openings. TaFBA1 is implicated in the
regulation of genes associated with antioxidants, fatty acid, and lipid metabolism, as well
as with cellulose synthesis. Consequently, this study yields a valuable gene reservoir for
use enhancing abiotic stress tolerance in crops through genetic interventions.

The proteins responsible for reading DNA methylation can specifically adhere to
methylated CpG dinucleotides via methyl-CpG-binding domains (MBDs) or SET- and
ring-finger-associated domains. Presently, the Arabidopsis thaliana genome has revealed the
existence of at least thirteen AtMBD proteins, although the functions of certain members
remain ambiguous. A recent publication in Plants presented the functional characterization
of AtMBD3 [6]. The AtMBD3 gene exhibits high expression levels in pollen and seeds,
displaying a preference for binding to methylated CG and CHG and to unmethylated
DNA sequences. Consistent with its murine ortholog, mbd3 mutants demonstrated reduced
mature pollen production and experienced early- or late-stage embryo abortion, likely
stemming from asymmetric divisions. Transcriptome analysis of the seeds revealed the
differential expression of numerous key transcription factors involved in embryo develop-
ment. Moreover, in yeast and in vivo, a pollen-specific protein, PBL6, was discovered to
interact with AtMBD3. Hence, this study offers significant functional insights into AtMBD3,
contributing to a more comprehensive understanding of the AtMBD family.

2. Gene Function Studies Using RNA Molecules

RNA interference (RNAi) has been found to trigger genemic epigenetic modifications,
effectively regulating gene expression in plants. RNAi constitutes a regulatory and defen-
sive mechanism, pivotal in the growth, development, and management of plant responses
to pathogens and abiotic stresses. In the context of spray-induced gene silencing (SIGS),
the force known as exogenous RNA interference, complementary to target plant genes,
reduces the expression of said target genes. In their study, Suprun et al. (2024) examined
the influence of specific exogenous dsRNAs on the promoter, coding sequence (CDS), and
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intron regions of the SlTRY tomato gene, which encodes an R3-type MYB repressor of
anthocyanin biosynthesis [7]. Their findings indicate that achieving efficient gene silencing
in plants necessitates the targeting of a protein-coding region with dsRNA of at least 50
base pairs in length, exemplified by dsRNA-Prom2. Interestingly, dsRNA-Intron treatment
increased the expression of the SlTRY gene compared to the control under normal growth
conditions. The suppression of the SlTRY gene increased the concentration of anthocyanins
and led to the simultaneous elevation of other compounds within the phenylpropanoid
pathway. This research underscores the efficacy of dsRNA as a potent instrument for
expeditiously probing gene functionality in plant science.

As mentioned above, the application of double-stranded RNAs (dsRNAs) to plant
surfaces has been greatly beneficial in plant biotechnology and gene function studies.
However, the comprehensive impact of dsRNA, particularly on the intricate network of
microRNAs (miRNAs), remains unclear. Nityagovsky and colleagues tested the effects of
the exogenous application of chalcone synthase (CHS)-encoding dsRNA in terms of altering
the miRNA transcriptome in the rosette leaves of Arabidopsis thaliana [8]. Compared to the
non-specific dsRNA control, a two-day treatment of AtCHS-dsRNA induced alterations in
the expression pattern of 59 miRNAs. These miRNAs can be categorized into 17 major gene
ontology (GO) groups, notably including the aromatic compound biosynthesis pathway
associated with CHS activity. qRT-PCR results verified that the transcription of the predicted
targets of DEG miRNAs changed accordingly, implying a negative correlation between the
expression of miRNAs and their predicted targets. Thus, exogenous plant gene-specific
dsRNAs induce substantial changes in the plant miRNA composition, ultimately affecting
the expression of a wide range of genes. These findings have profound implications for
our understanding of the effects of exogenously induced RNA interference, which can
have broader effects beyond targeted mRNA degradation. Through the lens of miRNA
profile, this work revealed that gene-specific dsRNAs induce specific and massive cellular
responses at the epigenetic level after exogenous application.

Short interfering RNAs (siRNAs) are converted by dsRNAs with specialized enzymes,
known as dicer-like enzymes, and are integrated into RNA-induced silencing complexes to
effectively inhibit gene expression in plants. The work of Kiselev et al. (2024) found that
simultaneous foliar application of gene-specific dsRNAs can decrease gene expression in
response to activating anthocyanin accumulation in Arabidopsis thaliana [9]. They discovered
that a combination of external dsRNAs or siRNAs, administered at two different doses,
could silence the expression of the target gene, leading to a more effective increase in
anthocyanin content than using a single dsRNA treatment.

3. Using OMICs to Understand Key Biological Process in Plants

The presence of a “beany flavor” in soybeans represents an unfavorable characteristic
that diminishes their market value. Dongfudou 3 is a highly coveted soybean variety
because it lacks this undesirable trait. However, the absence of the genome sequence of
Dongfudou 3 has hindered the investigation into the genes responsible for this beany flavor.
Duan and colleagues, originating from China, conducted a genomic survey of a distinct
soybean variety utilizing next-generation sequencing technology [10]. The survey revealed
an estimated genome size of approximately 1.07 Gb, with 72.50% of this comprising repet-
itive sequences. The 916.00 Mb draft genome sequence was successfully anchored onto
20 chromosomes, housing 46,446 genes and 77,391 transcripts. Notably, employing the prin-
ciples of collinearity and sequence similarity, three genes, namely, GmLox1, GmLox2, and
GmLox3, were identified and mapped within the Dongfudou 3 genome. Mutations in these
genes significantly reduced transcript abundance and enzyme activity, potentially contribut-
ing to the absence of a beany flavor in Dongfudou 3. Utilizing third-generation sequencing,
this study not only facilitates the formulation of advanced strategies for constructing a
high-quality genome of Dongfudou 3, but also provides a preliminary comprehension of
specific characteristics of Dongfudou 3 through the assembled draft genome.
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Plant-derived bioactive compounds, specifically glucosinolates (GSLs), play a crucial
role in human health. A research team from Korea conducted a comprehensive analysis
of 17 glucosinolate compounds in leaf samples obtained from 65 pak choy germplasm
accessions using an acuity ultra-high-performance liquid chromatography (UHPLC) ana-
lytical system [11]. The variation in GSL compounds led to the categorization of the pak
choy germplasm accessions into three distinct groups. This classification has promising
prospects for use in future breeding endeavors seeking to enhance the glucosinolate content
within the crop.

The biosynthesis of anthocyanin, an antioxidant with functional food properties for
humans, is significantly influenced by light availability. Danpreedanan et al. (2023) con-
ducted a study to examine the impact of shading on the yield and anthocyanin content
of purple rice [12]. The findings revealed that increased shading resulted in higher antho-
cyanin content in the grain pericarp while concurrently reducing yield. The four tested
rice varieties displayed varying responses to shading treatment in terms of grain yield, leaf
chlorophyll content, and anthocyanin content. Phenotypical variation was observed to be
independent of leaf colors. Although it has already been established that the OsDFR gene
leads to a red grain color, the expression level of the OsDFR gene showed a weak correla-
tion with anthocyanin content under shading stress, suggesting the involvement of other
genes in anthocyanin biosynthesis when light intensity is low. This study indicates that
certain varieties of purple rice can thrive and produce satisfactory yields under low-light
conditions. These findings could potentially be valuable for the commercial cultivation of
purple rice when employed in an optimal shading technique to enhance the antioxidant
content of purple rice grains.

In addition to synthesizing metabolites, light intensity can significantly affect fruit
development. A study by Gao et al. (2023) found that in watermelon, low-light stress
led to a decrease in fruit size and the content of soluble sugar and amino acids compared
to the control [13]. Fruits at 0–15 days after pollination were very sensitive to shading
in terms of fruit expansion. The authors conducted transcriptome analysis at four stages
and identified 8837 differentially expressed genes (DEGs), including 55 DEGs related to
oxidation reduction, secondary metabolites, carbohydrate and amino acid metabolism, and
transcriptional regulation. This study lays the groundwork for further research into the
functions of low-light-stress-responsive genes and the molecular mechanisms underlying
the effects of low-light stress on watermelon fruit expansion.

4. Conclusions and Perspectives

Plant genomics and breeding play crucial roles in terms of addressing the global
challenges of food security, climate change, and sustainable agriculture. By studying the
genetic makeup of plants, scientists can identify genes responsible for desirable traits such
as high yield, disease resistance, and tolerance to environmental stresses. In summary, this
Editorial thoroughly reviewed the 13 research articles that were recently published in the
Special Issue of Plants entitled “Research on plant genomics and breeding 2023”. These studies
represent the latest progress in the genetic basis exploration of major agronomic traits using
traditional genetic mapping or modern genotype-to-phenotype association technologies
and cover various plant species like rice, wheat, Kenaf, and Arabidopsis. Employing ge-
nomics, transcriptomics, and metabolomics technologies, scientists gained deep insights
into the biological puzzles of fruit development and beneficial metabolite biosynthesis.
Additionally, researchers investigated the intricacy of SIGC in terms of target sites, dsRNA
interaction, and effects on miRNA profiles. Overall, integrating plant genomics and breed-
ing offers promising opportunities to enhance crop productivity, nutritional quality, and
resilience, ultimately contributing to global food security and environmental sustainability.

Author Contributions: All the authors participated in the editing of this Research Topic. Z.C. wrote
the draft, and all the other authors provided suggestive comments on the editorial. All authors have
read and agreed to the published version of the manuscript.
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Identification of Quantitative Trait Loci Associated with Plant
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Abstract: This study evaluated 290 recombinant inbred lines (RILs) of the nested association mapping
(NAM) population from the UK. The population derived from 24 families, where a common parent was
“Paragon,” one of the UK’s spring wheat cultivar standards. All genotypes were tested in two regions of
Kazakhstan at the Kazakh Research Institute of Agriculture and Plant Industry (KRIAPI, Almaty region,
Southeast Kazakhstan, 2019–2022 years) and Alexandr Barayev Scientific-Production Center for Grain
Farming (SPCGF, Shortandy, Akmola region, Northern Kazakhstan, 2019–2022 years). The studied
traits consisted of plant adaptation-related traits, including heading date (HD, days), seed maturation
date (SMD, days), plant height (PH, cm), and peduncle length (PL, cm). In addition, the yield per
m2 was analyzed in both regions. Based on a field evaluation of the population in northern and
southeastern Kazakhstan and using 10,448 polymorphic SNP (single-nucleotide polymorphism)
markers, the genome-wide association study (GWAS) allowed for detecting 74 QTLs in four studied
agronomic traits (HD, SMD, PH, and PL). The literature survey suggested that 16 of the 74 QTLs
identified in our study had also been detected in previous QTL mapping studies and GWASs for all
studied traits. The results will be used for further studies related to the adaptation and productivity
of wheat in breeding projects for higher grain productivity.

Keywords: bread wheat; nested association mapping; genome-wide association studies; plant
adaptation-related traits

1. Introduction

Bread wheat is one of the most important agricultural commodities in the world
market [1]. In the 2023/2024 year, the global production volume of wheat amounted to
almost 785 million tons [2]. In order to continue providing the world’s population with
enough wheat in 2050, its yield should be increased by 60% [3]. Therefore, constant pro-
ductivity and quality improvement are essential for wheat breeding [4]. Wheat cultivation
worldwide requires cultivars to adapt to various environmental and climatic conditions.
This adaptability is achieved through variations in phenology and traits related to plant
architecture [5]. Key phenological and agronomic traits such as heading/flowering time,
plant height, and seed maturity time are crucial for adaptation and maximizing yield
potential and stability. Identifying the genes underlying this variation and understanding
how they interact and perform in different environments are crucial for improving wheat
adaptability and optimizing yield potential [6].

Phenology plays a crucial role in crop adaptation to specific environments [7]. The
perception of the genetic control of phenological traits is essential for breeders to develop
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cultivars better suited to their local environments. The major genes affecting wheat adapta-
tion include those associated with phenology and plant architecture, such as vernalization
(Vrn) [8–10], photoperiod (Ppd) [11–13], earliness per se (Eps) [14–16], and reduced height
(Rht), in addition to other minor-effect loci. The interaction of these genes determines a
genotype’s adaptation to specific environments [13]. Therefore, developing new competi-
tive high-yielding cultivars and adapting them to different environments are key priorities
in wheat breeding projects.

Plant height is a complex trait influenced by various genetic and environmental factors.
One of the key genetic factors affecting plant height is the presence of genes related to
gibberellin biosynthesis and response, commonly known as the “Green Revolution” genes
or reduced height (Rht) genes [17]. Rht genes are associated with the semi-dwarf phenotype
observed in many modern cereal varieties. Semi-dwarf plants have shorter stems compared
to their wild-type counterparts, which helps reduce lodging (stem bending or breaking)
and allows for a more efficient allocation of resources to reproductive structures, ultimately
increasing grain yield [18]. In wheat, the Rht genes were first identified in the 1960s.
The two main Rht genes in wheat are Rht-B1 and Rht-D1, located on the short arms of
chromosomes 4B and 4D, respectively. Mutations in these genes reduce stem elongation
and contribute to the semi-dwarf phenotype [19].

Plant adaptation and related traits are complex traits controlled by multiple genes [20].
The study of complex quantitative traits in cereals used two common methods: quantitative
trait loci (QTL) [21,22] and mapping genome-wide association studies (GWASs) [23–30].
Particularly, with the availability of large-scale genomic resources, the GWAS has emerged
as an addition to QTL mapping for complex traits [31]. The GWAS analyzes genetically
diverse lines that harbor numerous historical and hereditary recombination events. Ad-
ditionally, utilizing diverse germplasm in GWASs can potentially capture superior alleles
overlooked by conventional breeding practices [31].

One of the ways to combine the strength of biparental and association mapping is to
employ nested association mapping (NAM) populations [32,33]. NAM populations offer
several advantages, including high allelic diversity, high mapping resolution, and low
sensitivity to population structure. NAM population is usually developed by using many
related progeny within multiple biparental mapping populations, which are developed
by selecting a diverse set of founder lines and crossing them to a common reference
parent [34]. Founder lines are carefully selected for genetic diversity, allowing them to
encompass a wide range of genetic backgrounds. Consequently, these lines may include
exotic germplasm, wild relatives, and landraces. The resulting F1 progeny undergo at least
four generations of selfing to produce recombinant inbred lines (RILs), whose genomes
are mosaics of the parental genomes [34]. This process of shuffling the parental genomes
breaks down population structure, introduces recent recombinations, and creates new allele
combinations [35]. Consequently, it aids in detecting small effects of QTL and rare alleles
from specific parents [35].

Multiparent populations have advantages over biparental as they produce additional
recombination breakpoints and increase QTL detection’s allelic diversity and power [36].
Currently, NAM and multiparent advanced generation inter-cross (MAGIC) showed their
high potential, for instance, in studies in wheat [37], barley [38,39], durum [40], rice [41],
maize [34], sorghum [42], soybean [43], etc. Additionally, QTL studies of traits such as the
grain quality of wheat [44,45], grain protein content [46], yield and its components [47],
stay-green [48], nitrogen-deficiency tolerance [49], drought tolerance [50], and disease
resistance [51,52] in wheat were mainly based on the use of an NAM population. Also,
considering genotype–environment interaction patterns suggests a strong influence of the
growth environment on the detection of QTLs for plant adaptation [53,54]. As environ-
mental conditions may greatly impact the timing of the heading date and seed maturation,
they may also significantly alter yield [55,56]. In Kazakhstan, analogous studies using
NAM for cereals, including for wheat, have not been conducted so far. The present
study aims to identify quantitative trait nucleotides (QTNs) associated with plant adapta-
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tion traits: heading date, seed maturation date, plant height, and peduncle length in the
NAM population in the northern and southeastern regions of Kazakhstan through
the GWAS.

2. Materials and Methods
2.1. Plant Materials

The nested association mapping (NAM) population consisted of 290 spring wheat
recombinant inbred lines (RILs) derived from 24 families using a single-seed descent
method in greenhouse conditions by the John Innes Centre (Norwich, UK). Paragon, a
standard UK spring wheat cultivar, was the common parent utilized in the NAM population.
The spring wheat NAM panel comprises twenty-four accessions selected as second parental
lines, which include (1) 19 landraces sourced from the A.E. Watkins collection, (2) 2 lines
from CIMMYT Core Germplasm (CIMCOG), and (3) 2 cultivars: Baj and Wylakatchem
(Table 1) [57,58].

Table 1. The list of accessions used as parental lines for the developed nested association mapping
population.

Cultivars Origin (Countries) Mapping Population Number of RIL

Watkins34 India (Asia) Paragon ×Watkins34 8

Watkins141 China (Asia) Paragon ×Watkins141 10

Watkins216 Morocco (North Africa) Paragon ×Watkins216 10

Watkins223 Burma (Asia) Paragon ×Watkins223 11

Watkins254 Morocco (North Africa) Paragon ×Watkins254 13

Watkins264 Canary Islands (Western Europe) Paragon ×Watkins264 13

Watkins273 Spain (Western Europe) Paragon ×Watkins273 14

Watkins291 Cyprus (Western Europe) Paragon ×Watkins291 14

Watkins292 Cyprus (Western Europe) Paragon ×Watkins292 11

Watkins299 Türkiye (Middle East) Paragon ×Watkins299 11

Watkins349 Bulgaria (Eastern Europe) Paragon ×Watkins349 12

Watkins396 Portugal (Western Europe) Paragon ×Watkins396 10

Watkins397 Portugal (Western Europe) Paragon ×Watkins397 13

Watkins398 Palestine (Middle East) Paragon ×Watkins398 9

Watkins420 India (Asia) Paragon ×Watkins420 12

Watkins546 Spain (Western Europe) Paragon ×Watkins546 13

Watkins566 Greece (Western Europe) Paragon ×Watkins566 12

Watkins685 Spain (Western Europe) Paragon ×Watkins685 12

Watkins811 Tunisia (North Africa) Paragon ×Watkins811 13

BAJ Paragon × BAJ 15

CIMCOG 47 Mexico Paragon × CIMCOG 47 16

CIMCOG 49 Mexico Paragon × CIMCOG 49 16

Wylakatchem Australia Paragon ×Wylakatchem 15

PFAU Mexico Paragon × PFAU 7

2.2. Evaluation of the Nested Association Mapping Population for Variation in Studied Traits

The studied plants of the NAM population were tested in the field of two regions
of Kazakhstan: (1) at the Kazakh Research Institute of Agriculture and Plant Industry
(KRIAPI, Almaty region, Southeast Kazakhstan, 2019–2022 years) and (2) Alexandr Barayev
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Scientific-Production Center for Grain Farming (SPCGF, Shortandy, Akmola region, North-
ern Kazakhstan, 2019–2022 years). All genotypes and two local standards (check cultivars)
“Kazakhstanskaya 4” in KRIAPI and “Astana” in SPCGF were planted in both locations
with two replications in a one-meter plot using a randomized complete block design. The
distance between rows was 15 cm, with a 5 cm distance between plants [59]. The table
presented in Table 2 displays the meteorological conditions recorded during the trials. The
studied traits consisted of plant adaptation-related traits, including heading date (HD,
days), seed maturation date (SMD, days), plant height (PH, cm), and peduncle length (PL,
cm). HD was recorded as the number of days from emergence to the day when half of the
spikes appeared in 50% of the plants. SMD was measured as the number of days between
heading days and maturation days. PH was measured at harvest maturity, when the
maximum height was achieved, from the ground level to the top of the spikes (excluding
awns). PL was measured as the length of the first peduncle. Each one-meter plot consisted
of seven rows, and three randomly selected plants per row were analyzed for PH and
PL. We studied 21 plants per each of 290 genotypes per replication. A similar approach
was taken for the second replication. The mean for two replications was calculated using
averages in each replication. In addition, the yield per m2 (YM2, g/m2) was analyzed in
both regions.

Table 2. Location, environment, and weather data for the two study regions in Kazakhstan.

Site/Region KRIAPI (Almaty Region, Southeast Kazakhstan) SPCGF (Akmola Region,
Northern Kazakhstan)

Latitude/Longitude 43◦21′/76◦53′ 51◦40′/71◦00′

Soil type Light chestnut (humus 2.0–2.5%) Southern carbonate chernozem
(humus 3.6%)

Conditions Rainfed Rainfed

Year 2019 2020 2021 2022 2020 2021 2022

Annual rainfall, mm 299 279 183 250 426 112 117

Mean temperature, ◦C 19.8 19.8 21.8 22.2 19.2 18.0 18.4

Max temperature, ◦C 27.0 24.2 27.4 26.5 20.7 20.4 21.1

Min temperature, ◦C 12.9 14.2 12.4 16.7 17.6 14.7 15.7

Note: KRIAPI—Kazakh Research Institute of Agriculture and Plant Industry; SPCGF—Alexandr Barayev
Scientific-Production Center for Grain Farming.

2.3. Genotyping, Population Structure, and Genome-Wide Association Studies

The studied collection was genotyped using the Axiom Wheat Breeder’s Genotyping
Array with 35K single-nucleotide polymorphisms (SNPs) [60]. In total, 10,448 polymorphic
SNP markers were used in the GWAS after filtering missing data (≥50%) and the minor
allele frequency (MAF) ≥ 5%. [61]. Estimation of the linkage disequilibrium (LD) for each
chromosome in the 290 RILs of the NAM population was performed in TASSEL version
5.0, and it was estimated and visualized at r2 = 0.1 using the R packages version 4.3.0. The
association mapping was conducted using a multivariate linear mixed model (MLMM) in
the Genome Association and Prediction Integrated Tool (GAPIT version 3) [62]. MLMM
was selected for its balanced integration of fixed and random effects and its ability to detect
multiple loci while effectively accounting for population structure and kinship, making it
particularly suitable for analyzing the complex traits targeted in this study. The popula-
tion structure was analyzed using a model-based clustering method using STRUCTURE
version 2.3.4 [63,64]. Manhattan plots and SNP density plots were generated using the
rMVP package (https://cran.r-project.org/web/packages/rMVP/index.html, accessed on
30 May 2024) [65]. The BLAST tool available on Ensembl Plants for the reference genome
of T. aestivum (https://plants.ensembl.org/Triticum_aestivum/Tools/Blast, accessed on
25 June 2024) [66] was used to identify the protein-coding genes overlapping with the
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identified significant QTLs. The analysis of variance (ANOVA), principal component analy-
sis (PCA), and correlation analysis were performed using Rstudio software version 4.3.0
(POSIT, Boston, MA, USA) [67]. The broad-sense heritability index (h2

b), indicating the
proportion of phenotypic variation due to genetic factors, was calculated based on the
ANOVA results according to Genievskaya et al. [68].

3. Results
3.1. Phenotypic Variation of 290 RIL NAM Population for Studied Traits

The phenotypic assessment of 290 RILs in 24 NAM families was analyzed in
seven environments (year-by-location) at the KRIAPI (2019–2022) and SPCGF (2020–2022)
(Tables S1 and 3). The phenotypic variability of four traits between the two regions, including
the mean HD, ranged from 42.22± 0.23 days at the SPCGF to 58.05± 0.19 days at the KRIAPI
(Figure 1). The mean PH valued from 49.03 ± 0.38 cm at SPCGF to 79.14 ± 0.67 cm at the
KRIAPI (Figure 1), which showed that the mean PH was 30 cm taller in the Almaty region
(KRIAPI, south). The average value of YM2 ranged from 253.69 ± 4.03 g/m2 (KRIAPI) to
370.90 ± 5.52 g/m2 (SPCGF). In general, the t-test suggested that the average values of HD,
SMD, PH, and PL in the two contrasted regions (KRIAPI and SPCGF) were significantly
different (p < 0.0001).
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Figure 1. The distributions of four traits: heading date (A), seed maturation date (B), plant height
(C), peduncle length (D), and yield per m2 (E) averaged data in the nested association mapping
population in the two regions.

The field performance of PH showed that in the two regions, the mean of the NAM
population was shorter than that of the local standard (check cultivars) “Astana” and “Kaza-
khstanskaya 4” (Figure 1). In contrast, the average HD was from 8 (north) to 11 (southeast)
days longer than that of the check cultivars (local standard). Similarly, the average SMD was
from 5 (southeast) to 5 (north) days longer than those of the check cultivars (Figure 1). The
assessment of the mean YM2 revealed that the yield at the southeastern station was 2.4 times
higher than that at the southern station. A total of 11 and 60 accessions showed higher values
than check cultivars at the KRIAPI and SPCGF, respectively.

In general, the t-test suggested that the average values of HD, SMD, PH, and PL in the
two contrasted regions were significantly different (p < 0.0001) (Table S2).
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ANOVA was performed using field data collected from 280 RILs across two locations:
KRIAPI (2021–2022) and SPCGF (2020). The ANOVA showed a highly significant difference
between the two factors (genotype, environment) for all four studied phenotypic traits. The
index of heritability (hb

2) was analyzed for all traits (Table 4), and the highest hb
2 value

was noted for HD (29.8%).

Table 4. Analysis of variance (ANOVA) results for studied traits of nested association mapping
population grown in Kazakhstan.

Traits Factor Df Sum Sq Mean Sq F-Value hb
2

HD, days

Genotype (G) 279 30,899 111 14.59 ***

29.8%
Environment (E) 2 47,631 23,815 3138.26 ***

G:E 558 18,932 34 4.47 ***

Residuals 840 6375 8

SMD, days

Genotype (G) 279 3380 12 1.97 ***

2.2%
Environment (E) 2 136,499 68,250 11,093.20 ***

G:E 558 5366 10 1.56 ***

Residuals 840 5168 6

PH, cm

Genotype (G) 279 114,177 409 11.96 ***

13.9%
Environment (E) 2 624,924 312,462 9128.80 ***

G:E 558 52,838 95 2.77 ***

Residuals 840 28,752 34

PL, cm

Genotype (G) 279 27,909 100 5.09 ***

10.0%
Environment (E) 2 213,112 106,556 5421.09 ***

G:E 558 20,949 38 1.91 ***

Residuals 840 16,511 20

YM2, g/m2

Genotype (G) 279 8,638,103 30,961 5.79 ***

14.9%
Environment (E) 2 30,095,833 15,047,916 2815.83 ***

G:E 558 14,653,053 26,260 4.91 ***

Residuals 840 4,488,995 5344

Note: p-values are provided with significance level indicated by the asterisks; *** p < 0.001; HD, days—heading
date; SMD, days—seed maturation date; PH, cm—plant height; PL, days—peduncle length; YM2, g/m2—yield
per m2.

Pearson’s correlation of the average phenotypic values in the two regions suggested
different associations. In the southeast region (KRIAPI), the YM2 was negatively correlated
with DH and positively correlated with SMD, PH, and PL (Table 5). In the northern
region (SPCGF), none of the average data over three years (2020–2022) correlated with
YM2. However, when the correlation was analyzed for each year, it was visible that YM2
positively correlated with PH in two out of three years of data (Table 5). At the same time,
YM2 was negatively correlated with HD in 2020 and positively correlated in 2022 (Table 5).
This controversial correlation was most probably affected by annual rainfall in these years
(Table 2).

The PCA for the studied traits showed a relationship of 290 RILs of the NAM popula-
tion using PC1 and PC2, which explain 36.6% and 21.6% of the total variation, respectively.
The results of the PCA of traits are similar to those of the Pearson correlation analysis
(Table 5). A similar negative correlation was also noted between HD and SMD, with arrows
pointing in different directions (Figure 2). The same trend of negative correlation in terms
of yield components was revealed between YM2 and HD at KRIAPI. It is obvious from
Figure 2 that the correlation indices were positive for two traits (PH, PL).
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Table 5. Pearson’s correlation index by years (2020–2022) of five studied traits in spring wheat nested
association mapping population grown in the southeast and north of Kazakhstan.

KRIAPI SPCGF

2020

SMD PH PL YM2 SMD PH PL YM2

HD −0.44 *** 0.15 * −0.12 * 0.02 ns HD −0.06 ns 0.39 *** 0.16 ** −0.30 ***

SMD 0.31 *** 0.28 *** 0.21 *** SMD 0.02 ns 0.01 ns −0.03 ns

PH 0.75 *** 0.32 *** PH 0.68 *** −0.09 ns

PL 0.22 *** PL 0.01 ns

2021

SMD PH PL YM2 SMD PH PL YM2

HD −0.70 *** 0.12 * 0.02 ns −0.46 *** HD −0.59 *** 0.48 *** 0.21 *** 0.05 ns

SMD 0.03 ns 0.11 ns 0.23 *** SMD −0.22 *** −0.05 ns −0.10 ns

PH 0.80 *** 0.30 *** PH 0.76 *** 0.29 ***

PL 0.26 *** PL 0.24 ***

2022

SMD PH PL YM2 SMD PH PL YM2

HD −0.60 *** 0.35 *** −0.02 ns −0.31 *** HD −0.79 *** 0.22 *** 0.13 * 0.13 *

SMD −0.21 *** −0.01 ns 0.24 *** SMD −0.19 ** −0.13 * −0.13 *

PH 0.60 *** 0.02 ns PH 0.72 *** 0.23 ***

PL 0.27 *** PL 0.12 *

mean

SMD PH PL YM2 SMD PH PL YM2

HD −0.59 *** 0.33 *** −0.06 ns −0.09 ns HD −0.79 *** 0.22 *** 0.13 *** 0.13 ns

SMD 0.10 ns 0.32 *** 0.23 *** SMD −0.19 * −0.13 ns −0.13 ns

PH 0.76 *** 0.25 *** PH 0.72 *** 0.23 ns

PL 0.27 *** PL 0.12 ns

Note: p-values are provided with significance level indicated by the asterisks; * p < 0.05, ** p < 0.01,
*** p < 0.001; ns—not significant; HD—heading date (days); SMD—seed maturation date (days); PH—plant
height (cm); PL—peduncle length (cm); YM2—yield per m2 (g/m2). KRIAPI—Kazakh Research Institute of
Agriculture and Plant Industry; SPCGF—Alexandr Barayev Scientific-Production Center for Grain Farming.

3.2. SNP Genotyping and Population Structure of the NAM Population

The GWAS analysis was conducted using 10,448 polymorphic SNP markers, of which
40% were mapped to the A genome, 48% to the B genome, and 12% to the D genome
(Figure 3A). The minimum number of SNPs (73) was assigned to chromosome 4D, while
the maximum number of SNPs was assigned to chromosome 5B (915). Homoeologous
group 2 chromosomes contained the largest number of markers, at 1790 SNP markers,
having a subgenome A of 573 SNPs, subgenome B of 877 SNPs, and subgenome D of
340 SNPs. Homoeologous group 4 chromosomes had the smallest number, with only
921 markers, with a subgenome A of 438 SNPs, subgenome B of 410 SNPs, and subgenome
D of 73 SNPs (Figure 3A). The smallest size was found in chromosome 6D (461 Mb), and
the longest was found in chromosome 3B (829 Mb).
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The results of the population structure NAM population and STRUCTURE Harvester
analyses suggested that K = 3 was the optimal number of clusters for studying 290 RILs
(Figure S1). The estimated r2 values for all pairs of linked SNP loci were used to assess
the extent of LD decay in this study. As expected, the r2 value decreased as the physical
distance between markers increased (Figure S2).

3.3. Identification of Marker–Trait Associations for Studied Traits

In two regions, the GWAS for four studied traits led to the detection of 74 significant
quantitative trait nucleotides (QTNs) for two or more environments (Tables 6 and S3).
Specifically, 28 and 11 QTLs were identified only at the KRIAPI and SPCGF. A comparison
of the GWAS results from both regions revealed that 35 QTLs were notably significant in
both regions (Table 6). The majority of QTLs were localized on the chromosomes of genome
B (30), followed by genomes A (29) and D (8). In the studied traits, the number of identified
QTLs varied from 12 for PL to 26 for HD (Table 6).

Table 6. Summary of identified marker–trait associations in the NAM population spring wheat based
on field performance in the two locations.

Trait Identified QTL KRIAPI SPCGF Both Regions

Heading date (HD, days) 26 8 5 13

Seed maturation date (SMD, days) 22 8 2 12

Plant height (PH, cm) 14 7 2 5

Peduncle length (PL, cm) 12 5 2 5

Total 74 28 11 35

Note: KRIAPI—Kazakh Research Institute of Agriculture and Plant Industry; SPCGF—Alexandr Barayev
Scientific-Production Center for Grain Farming.

The GWAS detected 74 significant QTLs, 26 for HD, 22 for SMD, 14 for PH, and 12 for
PH (Table 7).

Table 7. The list of QTLs for four studied traits identified using 290 RILs of the NAM population in
the two regions.

QTLs SNP Chr. Pos., bp p-Value Regions

QHD.ta.NAM.ipbb-1A.1 AX-94561041 1A 41,901,010 6.36 × 10−4 both

QHD.ta.NAM.ipbb-1A.2 AX-94768074 1A 474,699,818 4.45 × 10−5 KPIAPI

QHD.ta.NAM.ipbb-1B AX-94592638 1B 678,266,710 2.33 × 10−5 KPIAPI

QHD.ta.NAM.ipbb-2A.1 AX-95255993 2A 31,811,157 5.39 × 10−4 SPCGF

QHD.ta.NAM.ipbb-2A.2 AX-95098442 2A 43,299,265 3.05 × 10−4 both

QHD.ta.NAM.ipbb-2A.3 AX-94665800 2A 603,549,569 2.54 × 10−4 both

QHD.ta.NAM.ipbb-2A.4 AX-94504542 2A 729,298,590 4.50 × 10−4 KPIAPI

QHD.ta.NAM.ipbb-2B.1 AX-94681430 2B 18,941,804 1.05 × 10−9 SPCGF

QHD.ta.NAM.ipbb-2B.2 AX-94393895 2B 788,664,980 1.32 × 10−4 both

QHD.ta.NAM.ipbb-3A AX-94701190 3A 719,763,842 1.38 × 10−6 both

QHD.ta.NAM.ipbb-3B AX-95249280 3B 571,763,709 7.37 × 10−4 KPIAPI

QHD.ta.NAM.ipbb-3D AX-94713011 3D 484,808,321 6.69 × 10−4 both

QHD.ta.NAM.ipbb-4A AX-95633345 4A 707,039,327 1.82 × 10−4 KPIAPI
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Table 7. Cont.

QTLs SNP Chr. Pos., bp p-Value Regions

QHD.ta.NAM.ipbb-5A.1 AX-94603117 5A 476,763,775 1.19 × 10−4 both

QHD.ta.NAM.ipbb-5A.2 AX-94654737 5A 588,761,524 3.56 × 10−20 both

QHD.ta.NAM.ipbb-5A.3 AX-94725943 5A 673,709,691 4.11 × 10−5 both

QHD.ta.NAM.ipbb-5B.1 AX-95256298 5B 460,267,677 3.01 × 10−4 SPCGF

QHD.ta.NAM.ipbb-5B.2 AX-94386712 5B 591,836,342 7.67 × 10−6 both

QHD.ta.NAM.ipbb-5D AX-95122517 5D 462,988,586 3.04 × 10−6 KPIAPI

QHD.ta.NAM.ipbb-6A AX-94943644 6A 140,607,311 9.31 × 10−4 SPCGF

QHD.ta.NAM.ipbb-6B AX-94570953 6B 658,818,818 1.23 × 10−5 both

QHD.ta.NAM.ipbb-6D AX-94562028 6D 468,842,171 9.40 × 10−5 SPCGF

QHD.ta.NAM.ipbb-7A AX-94755544 7A 127,676,409 1.90 × 10−4 KPIAPI

QHD.ta.NAM.ipbb-7B.1 AX-94810990 7B 9,702,461 7.28 × 10−6 both

QHD.ta.NAM.ipbb-7B.2 AX-94684729 7B 676,144,642 2.37 × 10−4 both

QHD.ta.NAM.ipbb-UNK AX-95256830 UNK 30,120 4.45 × 10−4 KPIAPI

QSMD.ta.NAM.ipbb-1A.1 AX-94500759 1A 128,626,137 1.00 × 10−6 KPIAPI

QSMD.ta.NAM.ipbb-1A.2 AX-94964616 1A 517,415,353 2.36 × 10−7 both

QSMD.ta.NAM.ipbb-1B.1 AX-95208428 1B 478,053,661 1.07 × 10−4 both

QSMD.ta.NAM.ipbb-1B.2 AX-94610095 1B 587,823,781 1.17 × 10−4 both

QSMD.ta.NAM.ipbb-1D AX-94636030 1D 53,381,669 2.10 × 10−4 both

QSMD.ta.NAM.ipbb-2A AX-95099971 2A 94,003,182 1.07 × 10−7 KPIAPI

QSMD.ta.NAM.ipbb-3A.1 AX-94605747 3A 54,939,425 4.85 × 10−4 SPCGF

QSMD.ta.NAM.ipbb-3A.2 AX-94866541 3A 568,383,306 1.65 × 10−5 both

QSMD.ta.NAM.ipbb-3B.1 AX-94808751 3B 431,589,634 5.62 × 10−5 SPCGF

QSMD.ta.NAM.ipbb-3B.2 AX-94483125 3B 781,461,038 4.12 × 10−5 both

QSMD.ta.NAM.ipbb-4A AX-94542577 4A 614,111,171 1.93 × 10−4 both

QSMD.ta.NAM.ipbb-5A.1 AX-95235821 5A 8,237,880 5.80 × 10−7 KPIAPI

QSMD.ta.NAM.ipbb-5A.2 AX-94690257 5A 706,429,847 1.44 × 10−6 KPIAPI

QSMD.ta.NAM.ipbb-5B.1 AX-94817648 5B 25,666,462 8.85 × 10−5 KPIAPI

QSMD.ta.NAM.ipbb-5B.2 AX-94890794 5B 566,685,969 3.23 × 10−5 both

QSMD.ta.NAM.ipbb-6B AX-94609735 6B −1 3.04 × 10−4 both

QSMD.ta.NAM.ipbb-7B AX-94510416 7B 707,698,825 1.49 × 10−11 both

QSMD.ta.NAM.ipbb-7D.1 AX-94696494 7D −1 1.37 × 10−5 both

QSMD.ta.NAM.ipbb-7D.2 AX-94747939 7D 58,869,306 5.28 × 10−5 KPIAPI

QSMD.ta.NAM.ipbb-UNK.1 AX-94597695 UNK 9,920 3.04 × 10−4 KPIAPI

QSMD.ta.NAM.ipbb-UNK.2 AX-94779279 UNK 19,750 4.70 × 10−8 KPIAPI

QSMD.ta.NAM.ipbb-UNK.3 AX-95254671 UNK 30,050 3.59 × 10−13 both

QPH.ta.NAM.ipbb-1A AX-95104178 1A 340,249,943 6.52 × 10−5 KPIAPI

QPH.ta.NAM.ipbb-2B.1 AX-94818538 2B −1 3.14 × 10−4 SPCGF

QPH.ta.NAM.ipbb-2B.2 AX-95150897 2B 115,839,405 3.19 × 10−4 SPCGF
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Table 7. Cont.

QTLs SNP Chr. Pos., bp p-Value Regions

QPH.ta.NAM.ipbb-2D AX-94705599 2D 577,454,929 3.20 × 10−5 KPIAPI

QPH.ta.NAM.ipbb-3A AX-95083017 3A 699,419,434 4.80 × 10−4 KPIAPI

QPH.ta.NAM.ipbb-3B AX-95208494 3B 661,827,596 4.15 × 10−4 both

QPH.ta.NAM.ipbb-4B AX-95630372 4B 169,935,701 3.50 × 10−4 both

QPH.ta.NAM.ipbb-5B.1 AX-94541915 5B −1 5.91 × 10−5 KPIAPI

QPH.ta.NAM.ipbb-5B.2 AX-94392836 5B 679,687,601 3.16 × 10−5 both

QPH.ta.NAM.ipbb-6A.1 AX-94783460 6A 127,189,675 1.38 × 10−4 both

QPH.ta.NAM.ipbb-6A.2 AX-94575241 6A 573,496,900 1.36 × 10−4 KPIAPI

QPH.ta.NAM.ipbb-7A AX-94492491 7A 581,848,865 1.84 × 10−5 both

QPH.ta.NAM.ipbb-7B AX-94439304 7B 334,455,703 2.15 × 10−4 KPIAPI

QPH.ta.NAM.ipbb-UNK AX-94659909 UNK 31,410 1.18 × 10−4 KPIAPI

QPL.ta.NAM.ipbb-1B AX-95022601 1B 106,765,751 1.30 × 10−4 KPIAPI

QPL.ta.NAM.ipbb-2D AX-94444526 2D 30,405,035 9.41 × 10−5 KPIAPI

QPL.ta.NAM.ipbb-4A AX-94945797 4A 541,340,650 1.27 × 10−4 both

QPL.ta.NAM.ipbb-4B.1 AX-95129444 4B 480,923,965 2.04 × 10−4 SPCGF

QPL.ta.NAM.ipbb-4B.2 AX-95630385 4B 609,515,886 5.45 × 10−4 both

QPL.ta.NAM.ipbb-6B AX-94793082 6B 117,516,187 1.81 × 10−6 KPIAPI

QPL.ta.NAM.ipbb-7A.1 AX-94634646 7A 23,238,304 5.31 × 10−4 KPIAPI

QPL.ta.NAM.ipbb-7A.2 AX-95179073 7A 647,297,932 2.23 × 10−6 both

QPL.ta.NAM.ipbb-7B.1 AX-94503821 7B −1 4.60 × 10−4 KPIAPI

QPL.ta.NAM.ipbb-7B.2 AX-94587603 7B 61,077,481 2.04 × 10−5 SPCGF

QPL.ta.NAM.ipbb-7B.3 AX-94545252 7B 133,792,764 4.94 × 10−5 both

QPL.ta.NAM.ipbb-7B.4 AX-94505633 7B 401,550,322 5.32 × 10−4 both

Note: Chr—chromosome; Pos., bp—physical position of markers; UNK—unknown chromosome; −1—unknown
positions; KRIAPI—Kazakh Research Institute of Agriculture and Plant Industry; SPCGF—Alexandr Barayev
Scientific-Production Center for Grain Farming.

Among the identified QTLs for HD, a total of 26 were stable (QTLs found in two or
more environments), with 8 and 5 of these detected at the KRIAPI and SPCGF, respectively.
Thirteen of these QTLs were common to both regions. Notably, the most significant p-value of
3.56 × 10−20 was observed for chromosome 5A, detected in both regions (Tables 7 and S3).
Furthermore, AX-94654737 exhibited detection in both regions with a PVE of 19.33%. Table 7
and visual representations are provided in Manhattan plots and Q–Q plots in Figure 4A,B for
further details.

The effect of each QTL varied significantly, with the highest value observed for
AX-94681430 (−4.3 days), explained by the phenotypic variation (PVE) of 14.25% de-
tected at the SPCGF. Another notable QTL, AX-95122517, was identified at the KRIAPI and
had a p-value from 3.04 × 10−6, with a phenotypic variation of 30.83% (Tables 7 and S3).

For SMD, 22 stable QTLs were identified, with 8 and 2 detected at the KRIAPI and
SPCGF, respectively. The most significant p-value (1.49 × 10−11) was observed for chromo-
some 7B in both regions (Tables 7 and S3). Additionally, AX-94510416 was detected in both
regions with a PVE of 41.36%.
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Regarding PL and PH, 14 and 12 QTLs were identified, respectively. The most signif-
icant QTL for PL was located on chromosome 6B and was significant in the 2022 season
at the KRIAPI, with a PVE of 22.7% (Tables 7 and S3). Furthermore, AX-95179073 was
detected in both regions and mapped to chromosome 7A with a PVE of 20.11%. All results
obtained were noted to hold significance and warrant consideration in breeding projects
associated with plant adaptation and yield-related traits.

4. Discussion

Breeding programs focused on increased yield often include optimizing additional
key agronomic traits like plant height (PH) and the date of heading (HD) [69,70]. The ideal
combination for HD and PH can vary significantly depending on local environmental con-
ditions. Therefore, managing these traits poses a challenge because of their interconnected
nature, where changes in one trait can affect others [71–74].

In the present study, 290 RILs of the NAM population were tested in two differ-
ent contrasting parts of Kazakhstan, at the KRIAPI (southeast) and SPCGF (north). The
comparative analysis of climate conditions (rainfall and temperature) showed that higher
precipitation significantly contributes to increased productivity (Table 2). The assessment
of the studied traits noted a large grain yield difference between the two regions (Figure 1,
Table 3). The Pearson correlation analysis for average data over three years (2020–2022)
showed that early HD, late SMD, taller PH, and longer PL were significantly favorable for
higher YM2 at the KRIAPI but insignificant at the SPCGF. The controversial correlations
among the studied traits at the SPCGF were most probably affected by the amount of
rainfall at the early plant developmental stages. In favorable plant growth conditions in
2020, the YM2 negatively correlated with HD. Also, the annual assessment of correlation
results at the SPCGF suggested that YM2 positively correlates with PH in two out of three
years (Table 5). Therefore, early flowering time and taller plants are more favorable for
higher seed productivity in both contrasting regions.

The analysis of the average data of YM2 showed that 11 and 60 RILs showed higher
values than local check cultivars at the KRIAPI and SPCGF, respectively. Two RILs, NAM-
326 (Paragon ×Wylakatchem-092) and NAM-138 (Paragon ×Watkins349-027), showed
higher yields in both regions than the local comparison check cultivars under all studied
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conditions (Table S1); these can be used for further wheat breeding projects in Kazakhstan.
The phenotypic data presented in the current study showed that the NAM population is a
valuable resource for improving agronomic traits.

The GWAS analyses of the NAM population in the two regions led to the identification
of 74 QTLs in the four traits related to plant adaptation. Notably, the largest number of QTL
was identified for HD, SMD, and PH, which shows a wide range of phenotypic variations in
these traits in the two regions. The largest number of QTLs were identified for HD (26 QTLs)
located on chromosomes 1A (2 QTLs), 1B, 2A (4 QTLs), 2B (2 QTLs), 3A, 3B, 3D, 4A, 5A
(3 QTLs), 5B, 5D, 6A, 6B, 6D, 7A, and 7B (2 QTLs). The most significant QTL (AX-94654737)
with a p-value of 3.56 × 10−20 was observed for chromosome 5A (588,761,524 bp) detected
in both regions (Tables 7 and S3). The analysis aimed at identifying putative candidate genes
using the reference genome in the Wheat Ensembl database revealed that the QTL was
situated at 588,761,524 bp on chromosome 5A. Within this position, TraesCS5A02G392700
was identified, encoding a protein annotated as an ABC transporter. Interestingly, in the
literature, this protein has been associated with the wheat resistance gene Lr34 [75]. This
protein in the wheat ABC transporter Lr34, a member of the G subfamily, is known to
confer partial, durable, and broad-spectrum resistance against several biotrophic fungi
such as powdery mildew, leaf rust, or stem rust. Initially, it was assumed that the Vrn-
A1 gene was located at this position. Although, the physical position of Vrn-A1 spans
from 587,411,454 bp to 587,423,416 bp, with a difference of approximately 1,350,070 bp.
LD analysis for chromosome 5A, which spans 6,057,956 bp, revealed that the Vrn-A1
gene is relatively close to other loci on the chromosome. Another Vrn gene, Vrn-B3, was
identified within the QTL (AX-94810990) located at 9,702,461 bp on chromosome 7A. This
position closely matches the physical position of Vrn-B3, which spans from 9,702,354 bp to
9,704,354 bp. Vrn-B3 belongs to the Vrn1 gene family, which comprises vernalization genes
that regulate wheat flowering. Specifically, Vrn-B3 promotes the transition from vegetative
to reproductive growth in response to vernalization. It acts as a repressor of flowering, and
its expression is downregulated by exposure to cold temperatures [76,77].

The literature survey suggested that 16 of the 74 QTLs identified in our study had
also been detected in previous QTL mapping studies and GWASs for all studied traits
(Table S4) [78–91]. The majority of these matches were found for PH (eight QTLs), followed
by HD (five QTLs), SMD (two QTLs), and PL (one QTLs) (Table S4). Three associations
associated with PH were identical to the genetic positions of QTLs identified in analyses
of eight traits using 94 RILs of the mapping population of Pamyati Azieva × Paragon,
tested in Kazakhstan’s northern and southern regions [78]. Three QTNs (AX-95255993,
AX-94504542, AX-94654737) associated with HD had similar physical positions to QTLs
identified in the GWAS of agronomic and quality traits in a NAM population to exploit the
genetic diversity of the USDA-ARS NSGC [44].

The significant SNPs in the detected QTLs were analyzed to identify putative candidate
genes using the annotated Chinese Spring reference genome [92] in the Wheat Ensembl
database [67]. The results showed that out of the 74 identified QTLs, 51 were located in genic
positions (Table S3). An analysis of these 51 genes suggested that most were associated
with controlling plant growth, development, and abiotic/biotic stress tolerance [93–100].
For example, two QTLs were associated with HD (AX-94943644) and SMD (AX-94483125),
where significant SNPs were aligned with F-box-domain-containing proteins. The F-box
proteins regulate plant development and control flowering time [93,94]. It was determined
that AX-94634646, associated with PL, encodes Domain of unknown function (DUF)-domain-
containing proteins, which play a role in plant development and fitness in rice [95]. The
list of genes and proteins related to stress resistance/tolerance includes protein kinase
superfamily protein (TraesCS1B02G469400, TraesCS2B02G001600, TraesCS2D02G474300,
TraesCS3B02G424200) [96], a zinc finger protein (TraesCS7A02G173200) [97], and a CSC1-like
protein RXW8 (TraesCS5A02G012500) associated with chilling tolerance [98]. In addition, a
list of genes related to stress drought tolerance included TraesCS2B02G608300 (Potassium
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efflux antiporter), TraesCS3A02G493000 (EF-hand-domain-containing protein) [99], and
TraesCS1D02G072900 (WRKY26 transcription factor) [100].

The alignment of associations identified in this study with previously published
reports confirms the results’ reliability. While the identified QTLs should undergo further
validation in subsequent experiments, there is a promising indication that most presumably
novel associations hold significance for plant adaptation-related traits. Consequently, the
SNPs identified within the detected QTLs will likely have significant value for successful
application in marker-assisted wheat breeding.

5. Conclusions

The analysis of 290 RILs of the NAM population in two contrasting regions of Kaza-
khstan (north and southeast) indicated that early heading time and taller plants are more
favorable for grain productivity. The assessment of the average YM2 values suggested
that 11 and 60 RILs showed higher values than local check cultivars in the southeast and
north regions, respectively. Hence, the phenotypic data showed that the NAM population
is valuable for improving agronomic traits. The GWAS of the NAM population in the two
regions allowed the identification of 74 QTLs in the four traits related to plant adaptation
(HD, SMD, PH, and PL). The largest number of QTLs were identified for HD (26 QTLs),
including two QTLs in the vicinity of the physical positions of Vrn-A1 (chromosome 5A)
and Vrn-B3 (chromosome 7A). The study provided a valuable data source for the search for
new genes associated with wheat plant adaption.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants13182623/s1, Table S1: The raw field data at the Kazakh
Research Institute of Agriculture and Plant Industry (KRIAPI, Almaty region, Southeast Kazakhstan)
and Alexandr Barayev Scientific-Production Center for Grain Farming (SPCGF, Shortandy, Akmola
region, Northern Kazakhstan); Table S2: Results of t-test for five studied traits between two regions
in southeast and north of Kazakhstan; Table S3: The list of QTLs and genes for five studied traits
identified using 290 RILs of the NAM population in the conditions of the Kazakh Research Institute
of Agriculture and Plant Industry (KRIAPI, Almaty region, Southeast Kazakhstan, 2019–2022) and
Alexandr Barayev Scientific-Production Center for Grain Farming (SPCGF, Shortandy, Akmola region,
Northern Kazakhstan, 2020–2022); Table S4: List of identified QTLs based on the GWAS analysis of
wheat collection compared to the associations revealed in previously published reports; Figure S1:
Population structure of the NAM population based on 10,448 SNP markers: (A) STRUCTURE
Harvester output for delta K; (B) separation of samples into clusters based on the STRUCTURE
package at K = 4. The colors in the boxes represent the clusters identified in Figure S1B; Figure S2:
Chromosome-wide linkage disequilibrium (LD) decay estimated for 10,448 SNPs of 290RILs of the
NAM population.
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Abstract: Environmental stresses, including drought stress, seriously threaten food security. Previous
studies reported that wheat F-box protein, TaFBA1, responds to abiotic stresses in tobacco. Here, we
generated transgenic wheat with enhanced (overexpression, OE) or suppressed (RNA interference,
RNAi) expression of TaFBA1. The TaFBA1-OE seedlings showed enhanced drought tolerance, as
measured by survival rate and fresh weight under severe drought stress, whereas the RNAi plants
showed the opposite phenotype. Furthermore, the OE plants had stronger antioxidant capacity
compared to WT and RNAi plants and maintained stomatal opening, which resulted in higher water
loss under drought stress. However, stronger water absorption capacity in OE roots contributed to
higher relative water contents in leaves under drought stress. Moreover, the postponed stomatal
closure in OE lines helped to maintain photosynthesis machinery to produce more photoassimilate
and ultimately larger seed size. Transcriptomic analyses conducted on WT and OE plants showed
that genes involved in antioxidant, fatty acid and lipid metabolism and cellulose synthesis were
significantly induced by drought stress in the leaves of OE lines. Together, our studies determined
that the F-box protein TaFBA1 modulated drought tolerance and affected yield in wheat and the
TaFBA1 gene could provide a desirable target for further breeding of wheat.

Keywords: wheat (Triticum aestivum L.); F-box protein; drought tolerance; antioxidant capacity;
water absorption

1. Introduction

As a food crop that is a major source of starch and calories throughout the world,
wheat (Triticum aestivum L.) plays an important role in food security in many countries,
including China [1]. Although wheat yields have significantly increased due to the breeding
of new varieties in recent years, extreme environmental conditions, like drought, are still
major factors limiting production [2–4]. Therefore, identifying the key genes and molecular
mechanisms that participate in the response to drought is of great significance to main-
taining high yields of this essential crop under adverse conditions. There have been more
and more studies reporting that some genes are involved in wheat drought tolerance [5,6].
Qiu et al. [7] showed that overexpression of TaASR1-D in wheat could improve osmotic
and drought tolerance by affecting reactive oxygen species (ROS) accumulation and ABA
signaling. Overexpressing ABA receptor TaPYL1-1B increased the water-use efficiency of
transgenic wheat by regulating ABA and drought response genes under drought condi-
tions [8]. Moreover, the wheat DREB transcription factor TaDTG6-B also functioned as a
positive regulation factor of wheat drought tolerance [9]. All of these studies on wheat
drought tolerance provide important theoretical bases for breeding wheat to handle various
abiotic stresses, especially drought.

Extreme and unpredictable environments usually result in severe damage to plants,
which cannot move to escape outside stresses [10]. To adapt to stress conditions, plants
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can only react at the molecular and biochemical levels, such as rapidly decreasing unde-
sirable proteins and increasing protective functions [11]. The ubiquitin-26S proteasome
system (UPS) utilizes three types of enzymes, Ubiquitin (Ub)-activating enzymes (E1s),
Ub-conjugating enzymes (E2s), and Ub ligases (E3s), to rapidly and effectively select in-
tracellular proteins for degradation. E3s recognize the target proteins and label them for
later degradation, and many E3s are reported to be involved in abiotic stress response in
plants [12,13]. In wheat, overexpression of the U-box E3 ligase TaPUB1 enhances salt stress
tolerance through interacting with α-mannosidase protein TaMP [12]. The SKP1/CUL1/F-
box (SCF) complex is the best-characterized class of E3 ligases, among which the F-box-
containing protein is responsible for recognizing the substrates and initiating responses
to abiotic stresses [13]. Researchers have reported various roles of F-box proteins during
abiotic stresses by different regulation mechanisms. In Arabidopsis, the auxin-mediated
stress response factor AtFBA1, an F-box protein, conferred tolerance to salt and osmotic
stress by triggering an ABA-mediated plant response [14]. And F-box protein AtPP2-B11
influences the expression of Na+ homeostasis genes under salt stress, and AtPP2-B11-OE
lines exhibited lower Na+ accumulation in Arabidopsis [15]. Moreover, Sharma et al. [16]
showed that OsFBX257, a rice F-box protein-coding gene, influenced leaf and grain length,
and number of panicles, while significantly increasing the grain yield under drought stress.
However, some F-box proteins function in regulating plant abiotic stress negatively. For
example, luciferase and Yeast-2-Hybrid (Y2H) assay revealed that GhTULP34, a protein
containing the F-box domain, interacted with GhSKP1A, suggesting its negative role in
osmotic stress regulation [17]. Zhang et al. reported that the overexpression of DOR1 led to
increased drought sensitivity, indicating that DOR1 acted as a negative regulator of drought
stress tolerance [18].

Wheat is a crop mainly grown in arid and semi-arid areas, where it can easily be
subject to drought, which leads to severe yield losses [2]. Despite an increasing number
of genes recently reported to regulate drought tolerance in wheat, only a small number
of E3 ligases are known to be involved in wheat drought response, with almost all either
U-box or Ring finger E3 ligases [3,7]. As an important member of the SCF complexes, F-box
proteins play important roles in response to abiotic and biotic stresses in plants [19,20].
Genes including the F-box domain have been identified in many species of plants, includ-
ing Arabidopsis, tobacco, rice, and wheat. However, there is limited research available
on F-box proteins in wheat exposed to abiotic stresses, especially drought stress [21,22].
TaFBA1 is an F-box protein and a previous study reported that it improved the drought
and salt stress tolerance of tobacco by increasing the antioxidant ability and maximizing
intracellular Na+ compartmentalization, respectively [23,24]. An et al. [6] first indicated
that TaFBA1-overexpressing Arabidopsis was insensitive to ABA and TaFBA1 regulation on
drought tolerance may be independent of ABA synthesis. Given that TaFBA1 is a gene from
wheat. In this study, the drought tolerance of wheat was investigated by overexpressing
and repressing the F-box-encoding gene TaFBA1. The results demonstrated that the overex-
pression of TaFBA1 significantly enhanced drought tolerance and affected grain yield in
wheat. These findings provide new insights into the roles of TaFBA1 in drought tolerance
and its potential application in the improvement of abiotic stress resistance in wheat.

2. Results
2.1. Generation and Identification of TaFBA1-Overexpressing and TaFBA1-RNAi Wheat Lines

The previous works showed that the wheat F-box gene TaFBA1 could improve plant
tolerance to several abiotic stresses, including salt, drought, and heat in transgenic to-
bacco [13,23,24]. To explore the biological functions of TaFBA1 in wheat, the cultivar CB037
(wild type) was used for transformation and transgenic lines either overexpressing or knock-
ing down TaFBA1 were generated (Figure 1A,B). We obtained more than 50 TaFBA1 RNA
interference (TaFBA1-RNAi) lines and 80 TaFBA1-overexpression (TaFBA1-OE) lines. Quan-
titative real-time PCR (qRT-PCR) analysis confirmed that the transcription of TaFBA1 was
reduced in the RNAi lines (FR) and increased in the overexpression lines (FO; Figure 1C,D).
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Two overexpression lines (FO3, FO5) and knockdown lines (FR2, FR8) were chosen for the
next experiments. E3 ligase activities were examined in CB037 and transgenic lines (FO and
FR) under normal and drought conditions. The results showed that the OE lines had higher
E3 ligase activity than that of WT with or without drought stress, while the RNAi lines
exhibited the inverse trend. All the lines showed higher enzyme activities after drought
treatment (Figure S1). These results indicated that TaFBA1 was successfully overexpressed
or silenced, both transcriptionally and translationally, in the transgenic wheat plants.

Plants 2024, 13, x FOR PEER REVIEW  3  of  24 

 

 

2.1. Generation and Identification of TaFBA1‐Overexpressing and TaFBA1‐RNAi Wheat Lines 

The previous works showed that the wheat F‐box gene TaFBA1 could improve plant 

tolerance to several abiotic stresses, including salt, drought, and heat in transgenic tobacco 

[13,23,24]. To  explore  the biological  functions of TaFBA1  in wheat,  the  cultivar CB037 

(wild  type) was used  for  transformation and  transgenic  lines either overexpressing or 

knocking down TaFBA1 were generated (Figure 1A,B). We obtained more than 50 TaFBA1 

RNA  interference  (TaFBA1‐RNAi)  lines  and  80  TaFBA1‐overexpression  (TaFBA1‐OE) 

lines. Quantitative real‐time PCR (qRT‐PCR) analysis confirmed that the transcription of 

TaFBA1 was reduced in the RNAi lines (FR) and increased in the overexpression lines (FO; 

Figure 1C,D). Two overexpression lines (FO3, FO5) and knockdown lines (FR2, FR8) were 

chosen for the next experiments. E3 ligase activities were examined in CB037 and trans‐

genic lines (FO and FR) under normal and drought conditions. The results showed that 

the OE lines had higher E3 ligase activity than that of WT with or without drought stress, 

while  the RNAi  lines exhibited  the  inverse  trend. All  the  lines showed higher enzyme 

activities after drought  treatment  (Figure S1). These results  indicated  that TaFBA1 was 

successfully overexpressed or silenced, both transcriptionally and translationally, in the 

transgenic wheat plants. 

 

Figure 1. Molecular  identification of TaFBA1  transgenic  lines. Schematic diagrams of  constructs 

used for (A) TaFBA1 overexpression (FO) and (B) RNAi‐mediated knockdown (FR). The expression 

levels of TaFBA1 in (C) FO and (D) FR lines were assessed using qRT‐PCR. The data represent the 

mean ± SD of three biological replicates. ** p < 0.01. 

 

2.2. TaFBA1 Overexpression Confers Drought Tolerance to Wheat at Seedling and Heading 

Stages 

To dissect the function of TaFBA1 in wheat drought tolerance, the phenotype of WT, 

FO3 and FR2 seedlings were photographed, and the OE plants showed significantly better 

growth  status  than WT  and  RNAi  plants.  Since  there  are many  differences  between 

growth in hydroponics and soil, the responses of all the lines were examined to drought 

stress  in a potting mix and obtained similar phenotypes (Figure S2B). At this stage, no 

morphological or developmental abnormalities were apparent in any of the lines under 

normal conditions. However, the OE lines showed greater tolerance to the drought stress 

Figure 1. Molecular identification of TaFBA1 transgenic lines. Schematic diagrams of constructs used
for (A) TaFBA1 overexpression (FO) and (B) RNAi-mediated knockdown (FR). The expression levels
of TaFBA1 in (C) FO and (D) FR lines were assessed using qRT-PCR. The data represent the mean ±
SD of three biological replicates. ** p < 0.01.

2.2. TaFBA1 Overexpression Confers Drought Tolerance to Wheat at Seedling and Heading Stages

To dissect the function of TaFBA1 in wheat drought tolerance, the phenotype of WT,
FO3 and FR2 seedlings were photographed, and the OE plants showed significantly better
growth status than WT and RNAi plants. Since there are many differences between growth
in hydroponics and soil, the responses of all the lines were examined to drought stress in a
potting mix and obtained similar phenotypes (Figure S2B). At this stage, no morphological
or developmental abnormalities were apparent in any of the lines under normal conditions.
However, the OE lines showed greater tolerance to the drought stress (Figure S2B). After
dehydration for 25 days, the OE lines were slightly wilted, while over 50% of leaves in
the RNAi lines were severely wilted and ~41% were wilted in WT (Figure S2C). With
continuous growth for 28 days, the fresh weight of all seedlings did increase, even under
drought stress, but the fresh weight of OE lines was significantly higher than those of WT,
while that of RNAi lines and WT were quite similar (Figure S2D). These results indicated
that the OE lines were less sensitive to drought compared with WT and RNAi plants and
that TaFBA1 overexpression could significantly improve drought tolerance in wheat at the
seedling stage.

For mature plants, all genotypes showed similar growth under well-watered condi-
tions, and there was no difference in plant height. However, when exposed to 20% PEG6000,
signs of stress were less prominent in the OE lines after being exposed to drought stress
for 2 or 3 weeks, with fewer leaf-wilting symptoms and taller plants. However, the RNAi
lines showed a higher rate of leaf wilting and were shorter (Figure 2). The above results
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Next, it was observed that yield‐related traits of the WT, TaFBA1‐OE and TaFBA1‐

RNAi lines under normal and dehydration conditions. As shown in Figure 3, under nor‐
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Figure 2. Analysis of drought tolerance in WT and TaFBA1 transgenic wheat lines at the heading
stage. (A) Phenotype and (B) magnifying local picture of 32-day-old wheat exposed to 20% PEG6000
for 2 and 3 weeks. Plant height after drought stress for (C) 2 weeks and (D) 3 weeks, respectively.
Leaf wilting rate (%) after drought stress for (E) 2 weeks and (F) 3 weeks. The data represent the
mean ± SD of three biological replicates. * p < 0.05; ** p < 0.01.

2.3. TaFBA1 Overexpression Impacted Spike Weight and Grain Size

Next, it was observed that yield-related traits of the WT, TaFBA1-OE and TaFBA1-RNAi
lines under normal and dehydration conditions. As shown in Figure 3, under normal growth
condition, the grains of the OE lines were a little longer and wider than WT (Figure 3A,C,D),
causing a slight increase in the 100-grain volume and weight (Figure 3B(right),G) compared
with WT. The grains of the RNAi lines were slightly thinner than WT, while the grain length
was comparable to WT (Figure 3A–D,G). The differences in grain size among the lines were
even more striking after drought treatment (Figure 3A–D). Examination of grain weight per
spike revealed a significant loss in the WT and RNAi lines but not the OE lines (Figure 3F),
while the number of grains per spike was similar between all lines under either normal
or dehydration conditions (Figure 3E). The above results suggested that TaFBA1 played
positive roles in the yield traits of wheat, especially under drought conditions.
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Figure 3. Effects of TaFBA1 overexpression on wheat grain traits under normal and drought stress
conditions. (A) Grain length and width phenotype of 20 mature wheat grains harvested under normal
and 20% PEG6000 treatment conditions. (B) Spike size and hundred-grain volume of mature wheat
grains. (C) Average grain length. (D) Average grain width. (E) Grain number per spike. (F) Grain
weight per spike. (G) Hundred-grain weight. The data represent the mean ± SD of three biological
replicates. * p < 0.05; ** p < 0.01.

2.4. TaFBA1 Overexpression Improved the Photosynthetic Capacity of Transgenic Wheat under
Drought Stress

To evaluate the effects of drought on plant photosynthetic activity, the flag leaves
of all the lines were used to assess eight photosynthetic parameters. Under control con-
ditions, there were no obvious differences in these photosynthetic parameters between
the transgenic and WT plants. After PEG treatment, the net photosynthesis (Pn) rate de-
creased in all lines, although the Pn rate of the OE lines was still higher than WT and RNAi
lines (Figure 4A). The variations among the transpiration rate (E, Figure 4B) and stomatal
conductance (Gs, Figure 4C) were consistent with those of the Pn values. Similar results
were also observed for photosystem II photochemical potential (Fv/Fm) and quantum
yield of electron transfer through PSII (ΦPSII), but the lines exhibited minor differences
(Figure 4D,E). The intercellular CO2 concentration (Ci) was similar in all lines, although
the value was slightly lower in the OE lines, opposite the effect on the Pn rate (Figure 4F).
The chlorophyll content often reflects the degree of leaf chlorosis [25,26]. We found that
the contents of chlorophyll a and chlorophyll b were reduced by an average of 45% and
43% in OE lines, respectively, but by 56% and 54% in WT and 67% and 63% in RNAi plants
after dehydration stress (Figure 4G,H). These results further demonstrated that TaFBA1
played positive roles in improving drought tolerance by supporting photosynthetic capacity
in wheat.
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Figure 4. Photosynthetic capacity of WT and transgenic wheat lines under drought stress. WT,
TaFBA1-OE and TaFBA1-RNAi wheat lines were grown under normal condition and under dehydra-
tion with 20% PEG6000 for 2 weeks before determination of the (A) Net photosynthetic rate (Pn), the
(B) transpiration rate (E), the (C) stomatal conductance (Gs), the (D) actual PSII efficiency (ΦPSII),
the (E) maximum photochemical efficiency of PSII (Fv/Fm), the (F) intercellular CO2 concentration
(Ci), the contents of (G) chlorophyll a and (H) chlorophyll b. The data represent the mean ± SD of
three biological replicates. * p < 0.05; ** p < 0.01.

2.5. TaFBA1 Overexpression Alleviated Oxidative Damage in Wheat under Drought Stress

NBT and DAB staining are often used as indicators of ROS (mainly O2− and H2O2)
accumulation. Under well-watered conditions, there was no significant difference in
nitroblue tetrazolium (NBT) and 3,3′-diaminobenzidine (DAB) staining between WT and
transgenic plants. After drought treatment, the staining was deepest in the leaves of the
RNAi lines, while that of the OE lines was the lightest (Figure 5A). Quantitation of the O2−

and H2O2 levels were consistent with the staining results (Figure 5B,C). This indicated that
TaFBA1-OE plants accumulated less ROS under drought stress. Moreover, following PEG
treatment for 5 days, the protein carbonylation level of the OE lines was less than the WT
and RNAi lines (Figure S3). This indicated that the proteins suffered less damage from
oxidation under drought stress.

The level of malondialdehyde (MDA) is an indicator of oxidation of lipids, and ox-
idation of lipids can lead to disruption of the cell membrane, which can be measured
as electrolyte leakage. From Figure 5D,E, the drought-treated TaFBA1-OE lines had sig-
nificantly lower MDA contents and less electrolyte leakage relative to the WT, while the
RNAi lines showed an opposite trend, which suggested that the cell membranes in the
TaFBA1-RNAi lines are more severely damaged by ROS.

2.6. TaFBA1 Overexpression Enhanced the ROS Scavenging Capacity of Wheat under
Drought Stress

To determine whether ROS were detoxified more rapidly in the OE lines or whether
plants had a stronger metabolic capacity to cope with elevated ROS, the activities of
several key antioxidase, including super oxide dismutase (SOD), catalase (CAT), ascorbate
peroxidase (APX), peroxidase (POD), and glutathione peroxidase (GPx) were examined in
leaves exposed to drought or PEG for 5 days (Figure 6). After drought stress, the SOD, POD
and GPx activities increased in all lines, with higher values in the OE lines than WT and
RNAi lines (Figure 6A,D,E). Although the levels of both CAT and APX activity decreased
after drought stress, the values were still higher in the OE lines (Figure 6B,C). These results
suggested that the TaFBA1-OE lines were more effective in terms of ROS detoxification than
the WT and RNAi lines.
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Figure 5. Reactive Oxygen Species (ROS) accumulation and cell membrane oxidative damage in
WT and transgenic lines under drought stress. Two-week-old seedlings of WT, TaFBA1-OE and
TaFBA1-RNAi wheat exposed to PEG6000 as dehydration stress for about 5 days. Leaves were stained
with (A) NBT and (B) DAB staining for detecting O2− and H2O2 levels. Quantification of (B) O2−

and (C) H2O2 levels in leaves as above. The (D) MDA content and (E) relative electrolyte leakage
were determined in the lines grown in normal and dehydration conditions. Protein carbonylation, as
another measure of oxidative stress is presented in Figure S3. The data represent the mean ± SD of
three biological replicates. ** p < 0.01.

The same approach was taken regarding the activities of enzymes in the ascorbate
(AsA)-GSH cycle, including monodehydroascorbate reductase (MDAR), dehydroascor-
bate reductase (DHAR), and glutathione reductase (GR). The activity of GR was slightly
decreased after drought treatment, but there was no significant difference between the
lines (Figure 6F). The MDAR and DHAR activities were up-regulated significantly after
dehydration, with a greater increase in the OE lines than WT and RNAi lines (Figure 6G,H).
Together, these results suggested that TaFBA1 promoted the activity of the enzymes in the
AsA-GSH cycle, which are involved in cellular redox homeostasis.
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Figure 6. Antioxidative abilities of WT and transgenic wheat lines under normal and drought
stress. Two-week-old seedlings of WT, TaFBA1-OE and TaFBA1-RNAi wheat exposed to PEG6000
as dehydration stress for about 5 days. Leaves were sampled for the determination of antioxidase
enzyme activities. SOD (A), CAT, (B) APX (C), POD (D), GPx (E), GR (F), MDAR (G), and DHAR
(H) activities in wheat grown under normal and drought stress conditions. The data represent the
mean ± SD of three biological replicates. * p <0.05; ** p< 0.01.

The transcripts of some antioxidation-related genes, such as TaCu/Zn-SOD, TaMn-SOD,
TaFe-SOD, TaCAT, TaAPX, TaPOD, TaGPx, TaDHAR and TaMDAR were monitored in the
flag leaves of plants exposed to PEG (Figure 7). The results showed that the expression
trends of the most genes discussed above were consistent with their enzyme activities, with
the exception of TaAPX, whose expression level was increased in all lines after dehydration.
However, different from the GR activity (Figure 6F), the expression of TaGR increased in all
lines after PEG treatment and had significantly higher levels in the OE lines (Figure 7H).
Collectively, the gene transcripts showed a greater increase in the OE lines than WT and
RNAi lines under drought stress. Additionally, we determined the transcript levels of
several stress-related genes, including, TaLEA7 (late embryo genesis abundant protein),
TaRD29B (responsive to desiccation 29B), TaDREB6 (dehydration responsive element bind-
ing protein6), TaFER-5B (Ferritin), TaSAPK2 (sucrose non-fermenting1-type Ser/Thr protein
kinase), and TaP5CS (Delta 1-pyrroline-5-carboxylate synthetase) (Figure 7K–P). There were
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no notable differences in transcript levels among all the lines under normal conditions.
Five of these stress-responsive genes, TaLEA7, TaRD29B, TaDREB6, TaFER-5B, and TaSAPK2,
were up-regulated in all lines when plants were exposed to drought stress, but the tran-
script levels increased to a larger extent in the OE lines compared to the WT. These results
suggested that the higher drought tolerance observed in the OE lines might result from
increased transcript levels of stress-related and antioxidant-related genes, which would
reduce the ROS content due to the enhancement of antioxidant capability by TaFBA1 over-
expression. However, the expression level of TaP5CS, which encodes a proline synthesis
or catabolism enzyme, was the lowest in the OE lines (Figure 7P). This result is consistent
with the trend of proline content in Figure 10G.
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Figure 7. Relative expression of antioxidant-related and stress-responsive genes in WT and transgenic
wheat lines. Relative expression of antioxidant-related genes, namely TaCu/Zn-SOD (A), TaMn-SOD
(B), TaFe-SOD (C), TaAPX (D), TaPOD (E), TaCAT (F), and TaGPX (G), TaGR (H), TaDHAR (I), and
TaMDAR (J) and stress-responsive genes, namely TaLEA7 (K), TaRD29B (L), TaDREB6 (M), TaFER-5B
(N), TaSAPK2 (O), and TaP5CS (P), in the flag leaves of WT and transgenic wheat under drought
stress. The data represent the mean ± SD of three biological replicates. * p < 0.05; ** p < 0.01.

Further, methyl viologen (MV) was sprayed on the wheat leaves as an external oxida-
tive stress. Fourteen days after treatment with MV, the OE lines exhibited less leaf wilting
and higher total Chl contents than that of the WT and RNAi lines, which suggested that
the overexpression of TaFBA1 significantly increased the antioxidant capacity of transgenic
wheat under drought stress (Figure S4).
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2.7. TaFBA1 Overexpression Supported Stomatal Opening

To verify whether the drought-tolerant phenotype of OE lines was derived from better
water maintenance capacity, the stomatal aperture was first categorized as three levels
(completely open, partially open, and completely closed) in the WT, OE and RNAi lines
under normal and drought conditions via microscopy. Following drought stress, 45% of
the stoma were completely closed in the OE lines but 56% were closed in WT, while 15%
were completely open in the OE lines while only 12% were completely open in WT. The
percentage of partially open stoma was 40% and 32% in OE lines and WT, respectively
(Figure 8A,B). Moreover, the water loss rates of detached leaves showed that the TaFBA1-OE
lines lost water much more rapidly than WT (Figure 8C).
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Figure 8. Stomatal aperture on the surface of WT and transgenic wheat lines leaves. (A) Images of
stoma with different aperture on the leaves of WT and transgenic wheat after PEG treatment obtained
using a fluorescence microscope. (B) Percentage of stoma of different aperture. (C) Water loss rate of
detached leaves of WT and transgenic wheat lines. (D) Relative water content (RWC) in leaves of all
lines grown under normal and drought stress conditions. The data represent the mean ± SD of three
biological replicates. ** p < 0.01.

The sensitivity of the wheat lines to ABA was determined using germinating seeds.
As shown in Figure 9, the shoot length and root length of the OE lines were distinctly
greater than the WT and RNAi lines under 1 µM ABA. With increasing ABA concentration,
seedling growth of all lines was further limited, although root growth of the OE lines
remained significantly greater than the WT and RNAi lines. This lack of ABA inhibition
during germination indicated that TaFBA1-OE plants were less sensitive to ABA.
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Figure 9. Response of shoot and root growth in germinating WT and transgenic wheat lines to
ABA treatment. The (A) growth phenotype, (B) shoot length, and (C) primary root length of wheat
seedlings germinated in the presence of different concentrations of ABA for 5 days. The data represent
the mean ± SD of three biological replicates. * p < 0.05; ** p < 0.01.

2.8. TaFBA1 Overexpression Enhanced Root Water Absorption Capacity of Wheat under
Drought Stress

The root system is the main organ of the plant that absorbs water from soil [27,28]. To
explore whether the increased drought tolerance of the OE lines was related to their root
development, we observed the root architecture and counted the root length of all lines.
The results showed that there was no significant difference in root growth status of all
the lines before or after PEG treatment (Figure 10A–C). Surprisingly, the root vitality and
aquaporin (AQP) activity of the OE lines were higher than that of WT after dehydration
treatment (Figure 10D,E). It was speculated that the higher root vitality and AQP activity
under drought stress enhanced the water absorption capacity of the OE lines, which could
compensate for the water loss caused by the large stomatal opening while maintaining a
high relative water content (RWC) under drought condition (Figure 8D).

Further, we determined the proline and soluble sugar contents in wheat, as these
compounds are considered important metabolite contributors to osmotic adjustment [29].
The results showed that under normal conditions, both of soluble sugars and proline were at
similar levels in all genotypes. After drought treatment, the contents of proline and soluble
sugar increased in all lines, but the OE lines accumulated more soluble sugar than the WT
and RNAi lines. However, the proline content showed an opposite trend after drought
stress, with lower levels in the OE lines and higher levels in the RNAi lines (Figure 10F,G).
These results suggested that it was soluble sugar but not proline that contributed to the
increased drought tolerance of the OE lines. Overall, these observations supported the
idea that TaFBA1 could reduce wheat sensitivity to drought by increasing water absorption
capacity and the accumulation of osmoprotectants.
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Figure 10. Effects of drought stress on root growth, water absorption ability, and osmotic adjustment
substances contents in WT and transgenic wheat lines. The (A) root growth phenotype, (B) shoot
length, and (C) root length of wheat seedlings before and after 20% PEG6000 treatment. (D) Root
vitality and (E) AQP activity of wheat seedlings with and without 20% PEG6000 treatment for 4 days.
The contents of (F) soluble sugar (G) and proline in all lines under drought stress for 5 days in soil
mixture. The data represent the mean ± SD of three biological replicates. * p < 0.05; ** p < 0.01.

2.9. Transcriptomic Analyses of CB037 and TaFBA1-OE Revealed Functions of TaFBA1 in
Drought Tolerance

To gain insight into the molecular mechanisms underlying the TaFBA1-mediated
response to drought stress, RNA sequencing was conducted on the FO3 and CB037 plants
under normal and drought conditions. Before RNA sequencing, we tested the expression
pattern of TaFBA1 in leaves of CB037 grown in soil in response to 20% PEG6000 treatment.
The results showed that TaFBA1 was induced by drought stress, reaching peak expression
at 6 h, and then decreasing over the next 18 h (Figure S5). This suggested that TaFBA1 fairly
functions early in the response to drought stress.

Based on the expression pattern of TaFBA1, we stressed wheat plants with a 20%
PEG6000 soil drench for 6 h (SCB037; SFO3) in parallel to growing plants without stress
treatment (CB037; FO3) before sampling leaves for RNA extraction and sequencing. Af-
ter the 6-h PEG6000 treatment, we identified 1751 differentially expressed genes (DEGs)
between CB037 and SCB037 (Figure 11A) and constructed a heatmap visualizing the ex-
pression profiles of these DEGs (Figure 11B). However, PEG6000 treatment caused a less
dramatic transcriptomic change in FO3 plants relative to CB037 (Figure 11A,B). These data
suggested that TaFBA1-OE lines were less sensitive in terms of transcriptomic changes to
drought stress than WT.
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Figure 11. Transcriptome analysis of TaFBA1-OE wheat with or without drought treatment. (A) The
number of up-regulated and down-regulated genes and (B) heatmap of expression profiles of DEGs
in CB037 and SCB037 and in FO3 and SFO3. These comparisons are between plants of the same
genotype grown under normal and dehydration conditions. (C) Venn diagrams showing the DEGs
between different comparisons; CB037 vs. FO3up and CB037 vs. FO3down mean genes up-regulated
and down-regulated in the well-watered OE line (FO3) compared to the well-watered WT (CB037);
CB037 vs. SCB037up and CB037 vs. SCB037down mean genes up-regulated and down-regulated in
dehydrated CB037 compared to well-watered CB037. (D) The DEGs in CB037 and FO3, SCB037 and
SFO3. Relative expression levels of (E) TaLOX, (F) TaLOX1.1, (G) TaFAD7, (H) TaEXPA2, (I) TaCSL3-
2, and (K) TaCSL3-4. (J) Top 10 enriched terms among the DEGs identified from CB037/FO3 and
SCB037/SFO3, respectively. The data represent the mean± SD of three biological replicates. * p < 0.05;
** p < 0.01.

Venn diagram analyses indicated that 90 up-regulated genes were common between
the comparisons of TaFBA1-OE to WT under the well-watered condition and of dehydrated
versus well-watered WT plants, while 72 genes were shared between the down-regulated
genes in these two comparisons (Figure 11C). These genes were differentially expressed not
only in response to drought stress in CB037 but also in FO3 compared with the CB037 under
normal conditions. These overlapping DEGs might have primed the TaFBA1-OE lines to
better respond to drought stress, correlating to the stronger drought tolerance phenotype
(Figure 2 and Figure S2). In addition, 326 DEGs were shared between the FO3/CB037 and
SFO3/SCB037 comparisons (Figure 11D), suggesting that these genes were stably regulated
by TaFBA1 under both normal and drought conditions.
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The enrichment analysis was performed to classify the DEGs from the unstressed
(FO3/CB037) and stressed (SFO3/SCB037) comparisons into various functional pathways
based on gene ontology (GO). The top 10 enriched terms from each pairwise comparison
were selected for further analyses (Figure 11J). Both the FO3/CB037 and SFO3/SCB037 com-
parisons included the terms “oxidoreductase activity” and “catalytic activity”. However,
the DEGs from the SFO3/SCB037 comparison contained genes involved in the “fatty acid
biosynthetic process” and “cellulose metabolic process”, while the FO3/CB037 comparison
did not. This suggested that under normal conditions, TaFBA1 mainly influences metal ion
homeostasis and oxidoreductase activity, whereas under drought stress TaFBA1 may affect
drought tolerance through the regulation of oxidoreductase activity, fatty acid synthesis
and lipid metabolism, as well as cellulose and beta-glucan metabolism.

To further validate the transcriptomic data, six DEGs were selected among the genes
included in the GO terms “oxidoreductase activity”, “fatty acid biosynthetic process” and
“cellulose metabolic process”, namely TaLOX (lipoxygenase), TaLOX1.1 (lipoxygenase 1.1),
TaFAD7 (omega-3 fatty acid desaturase 7), TaEXPA2 (expansin-A2-like), TaCSL3-2, (mixed-
linked glucan synthase 3-2), and TaCSL3-4 (mixed-linked glucan synthase 3-4), for analysis
by qRT-PCR. The results showed that these abiotic stress response genes were significantly
up-regulated after drought treatment. Interestingly, the fold change of up-regulation was
less in CB037 than in FO3 (Figure 11E–I,K). Meanwhile, the consistent results between this
microarray data and qRT-PCR data above also confirmed the reliability of the transcriptome
data in this paper.

3. Discussion
3.1. TaFBA1 Positively Regulated the Drought Tolerance of Wheat

As global warming accelerates, droughts are likely to be more frequent and longer
lasting. Wheat is a crop with a high risk of exposure to drought due to the geographical
regions in which it is cultivated [2]. In order to survive under adverse environments,
plants have evolved sophisticated mechanisms, including the degradation of proteins by
UPS [13,30]. We transformed TaFBA1 into wheat to generate overexpression and RNAi lines,
which we used to explore TaFBA1 response to drought (Figure 1). As shown in Figure 2
and Figure S2, all the TaFBA1-OE lines showed enhanced drought tolerance at both the
seedling and heading stages. The photosynthetic system is usually susceptible to damage
induced by drought. The effects are either direct, such as diffusion limitations through
the stoma and the mesophyll and alterations in photosynthetic metabolism, or secondary,
such as oxidative stress arising from the superimposition of multiple stresses [25]. In this
study, the stronger photosynthetic capacity of the OE lines under drought stress implied
greater production of photoassimilates, which may be an important factor in the bigger
grains (Figures 3 and 4). The results above suggested that TaFBA1 positively regulated
drought tolerance in wheat.

3.2. TaFBA1 Improved Drought Tolerance of Wheat by Enhanced Antioxidant Ability and
Stress-Related Genes Regulation

Under drought stress, plants easily produce ROS, and excessive accumulation of ROS
will cause oxidative stress, inhibit plant growth, and even cause cell death, so the ROS
scavenging system plays an important role in reducing the harmful effects of drought
stress [31,32]. Here, we found that the activities of some antioxidant enzymes were signifi-
cantly higher in the OE lines than in WT and RNAi lines after drought stress (Figure 6),
implying that these antioxidant enzymes played a major role in ROS clearance in OE lines.
Plants respond to drought by regulating the transcription of corresponding genes [33].
In our research, many antioxidant-related and stress-related genes affected by TaFBA1
also functioned in regulating the tolerance of TaFBA1-OE wheat (Figure 7). However, the
expression trend of TaP5CS (Figure 7P) and the proline content (Figure 10G) in the OE
lines indicated that proline is not the main permeable substance in TaFBA1-OE lines under
drought stress.
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From the RNA-Seq analysis, we also found that genes related to cellulose metabolism,
fatty acid synthesis and lipid metabolism showed significantly differential expression when
the wheat seedlings were exposed to dehydration stress (Figure 11J). The plant cell wall
plays an important role in the flexibility and stability of cell structures during plant devel-
opment, while some cellulose synthesis-related genes regulate plant tolerance to abiotic
stress [34–36]. Lipids are one of the major components of biological membranes, includ-
ing the plasma membrane, the interface between the cell and the environment. Abiotic
stresses like water deficit and temperature stress trigger lipid-dependent signaling cascades
that activate plant adaptation processes to deal with stressful environments [37–41]. It
was reported that LOX genes are involved in various growth and development processes
and play important roles in plant resistance to abiotic stress, including root growth and
plant development [42–45]. Based on the functions of lipid metabolism in plant abiotic
stress tolerance above and the results in this research, we speculated that maybe some
transcription factors or function proteins involved in cellulose metabolism, lipid synthesis
and metabolism could interact with TaFBA1 to mediate the drought tolerance in wheat.
Therefore, that will be the next aim to explore the underlying mechanisms in relation to the
TaFBA1-mediated response to drought.

3.3. Enhanced Root Water Absorption Capacity of TaFBA1-OE Wheat Made Contribution to
Increased Drought Tolerance

Maintaining sufficient available water is crucial for plants to survive during drought
stress. Water uptake and transport directly influence plant growth and development,
especially under dehydration stress, and directly affect the normal metabolism of plants [46].
Therefore, plants will continuously optimize their roots to ensure their water and nutrient
supplies, especially under drought stress [27,28]. For example, root volume and vitality
affect nutrient and water absorption, and thus, yield [47,48]. The transmembrane transport
of water is mainly mediated by aquaporins (AQPs), which regulate plant osmotic balance
by controlling water transport and can interact with stress response proteins to cope with
drought stress [49]. In Arabidopsis, Jang et al. [50] found that several aquaporin genes were
significantly up-regulated or down-regulated under drought stress. In our study, there
was no significant difference in the root growth status of all lines after drought treatment,
but the root vitality and AQP activity were significantly higher in the OE lines than in the
WT and RNAi lines (Figure 10D,E), indicating that the roots of the OE lines had strong
water absorption ability and could transfer more water into plant cells to improve their
drought tolerance.

A stoma consists of a pair of guard cells that control the flow of water and gas in and
out of the leaves. Stomatal aperture is extremely sensitive to environmental conditions such
as light, gas, and temperature [51]. Under drought conditions, larger stomatal aperture
increases transpiration and the consumption of available water in plants, which is unfavor-
able to water accumulation. But opened stoma contributes to the absorption of CO2 for
photosynthesis and the accumulation of biomass [52]. Therefore, it is worthwhile to explore
the balance between photosynthesis and transpiration. We found that the TaFBA1-OE lines
had a greater proportion of fully and half-opened stomas (Figure 8A,B) and a higher water
loss rate (Figure 8C) than WT. Surprisingly, the water content of the TaFBA1-OE leaves
after drought stress was higher. Based on the analyses above, we believed that the stronger
root vitality (Figure 10D) and higher AQP activity (Figure 10E) in the TaFBA1-OE lines
supported the ability of the root system to absorb and transport water. At the same time,
the higher soluble sugar content in the OE lines (Figure 10F) could maintain the osmotic
potential in the leaf cells, helping them to hold on to intracellular water (Figure 8D).

The phytohormone ABA induces stomatal closure and is considered to be an important
response factor to drought stress. When suffering from drought stress, plants usually
accelerate stomatal closure to hold water content for normal plant growth [4]. However,
An et al. [6] reported that TaFBA1-overexpressing Arabidopsis was insensitive to ABA and
that the TaFBA1 regulation on drought tolerance may be independent of ABA synthesis.
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Here, the wheat OE lines closed their stoma slower than the WT and RNAi lines, and
the response to ABA was also similar to the study from An et al. [6]. This suggested the
overexpression of TaFBA1 decreased the sensitivity of wheat to ABA. In this respect, the
physiological mechanisms through which TaFBA1 responds to drought stress differ from
many other drought response genes.

3.4. TaFBA1 Increased Wheat Grain Size, Especially under Drought Stress

Maintaining yield is often the long-term aim of crop studies related to abiotic stress [8].
Wheat is a globally important food crop, and years of research and breeding have led to
increased stable yields [53,54]. Seed size is closely related to wheat yield and is regulated
by many signaling pathways, including the UPS pathway [55]. The studies in model
plants Arabidopsis and other food or oil crops indicated that E3 ligases play important
roles in yield traits but that different genes function differently in different species [19,56].
Here, we found that under normal conditions, the seeds of OE lines were fuller than WT
and the RNAi lines and the difference became more significant after drought treatment
(Figure 3). The corresponding statistical results of yield traits in Figure 3 indicated that
it was the filling status rather than the number of grains per spike that directly affected
the yield of the OE lines. The grain weight of wheat is determined by the sink capacity
and accumulation of dry matter and photosynthetic capacity and filling intensity affect
substance accumulation [57,58]. Our examination of the photosynthetic capacity of all lines
found that the Pn of the OE lines was significantly higher than that of the WT and RNAi
lines after drought stress (Figure 4), which supported higher seed filling in the TaFBA1-OE
lines. The molecular mechanisms underlying larger seed size in the TaFBA1-OE lines need
to be further explored then.

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

Wheat (Triticum aestivum L.) plants were used for physiological and molecular analyses.
For germination, wheat grains were surface sterilized in 2% (w/v) sodium hypochlorite
(NaClO) and then laid on moistened filter paper for 2 d at 25 ◦C. Seedlings of uniform
size were transplanted into steam-sterilized soil mix (matrix, vermiculite, and nutrient soil,
1:1:1, v/v/v) and then placed into a growth chamber (light/dark temperature 25 ◦C/23 ◦C)
under 300 µmol m−2 s−1 illumination and a relative humidity of 75% [59]. The wheat
cultivar Shannong 16 was used to amplify cDNA sequences of TaFBA1 [20]. The wheat
cultivar CB037 was used for the generation of TaFBA1-OE and RNAi transgenic plants.

4.2. Vector Construction, Generation of Transgenic Wheat and Verification of Transgenic Lines

To generate the overexpression vector for wheat transformation, the cDNA of TaFBA1
was amplified and cloned into the pEarleyGate101 vector after the 35S promoter [6]. To
construct the RNAi vector for knocking down TaFBA1, two truncated fragments of TaFBA1
CDS (4TaFBA1) were amplified and inserted into the pC336 vector, driven under the
Ubiquitin promoter, to form an intron-containing hairpin RNA constructs (4TaFBA1-
intron-4TaFBA1). The OE and RNAi constructs are shown in Figure 1A,B. The constructs
were introduced into immature embryos of wheat cv. CB037 by particle bombardment as
described [12]. Primers used for these amplifications are listed in Table S1.

Verification of transgenic wheat by herbicide, PCR, and qRT-PCR analyses. For se-
lection of the bar gene, 80 mg/L glyphosate was applied to 7-day-old wheat seedlings to
initially screen transgenic T0 wheat plants. The herbicide-tolerant seedlings were then
sampled for DNA extraction and PCR analysis. For qRT-PCR analysis, total RNA was
extracted from the leaves of wheat seedlings using TRIZOL reagent (Vazyme, Nanjing,
China). The cDNA was synthesized, and qRT-PCR was performed using a ChamQ Univer-
sal SYBR qPCR Master Mix Kit (Vazyme, Nanjing, China). The relevant primers are listed
in Table S1. All reactions were run in triplicate. The confirmed transgenic lines were grown,
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and their progeny were screened for positive segregants. Homozygous transgenic plants
were obtained in the T3 generation and used for stress-tolerant test experiments.

4.3. Drought Stress Treatment

Transgenic wheat seeds (T3) from two TaFBA1-overexpressing lines (FO3, FO5), two
TaFBA1-RNAi lines (FR2, FR8) and their wild-type (WT; CB037) were germinated for about
3 days on moist filter paper in a culture dish (25 ◦C).

For the analysis of wheat seedling phenotypes following drought stress, seeds were
then put in a bottomless 96-well plate that was placed in a shallow container and incubated
in a growth chamber under a 16-h light (25 ◦C) /8-h dark (23 ◦C) photoperiod in Hoagland’s
nutrient solution. After growth for 3 weeks, the seedlings were at the two-leaf stage and
the nutrient solution was adjusted to contain 20% (w/v) PEG6000. After 21 days of growth
under osmotic stress, all lines were grown again in Hoagland’s solution for a week.

For natural drought experiments in soil, the wheat plants were grown in a soil-
containing potting mix for 2 weeks under normal conditions before drought stress was
created by withholding water for 25 days. All seedlings were then re-watered. The leaf
wilting rate and fresh weight of all lines were recorded. For PEG6000 treatment, 3-day-old
seedlings were transferred to containers with soil mix in containers, and when grown
up for 11 days, after which they were watered with 20% PEG6000 for about 5 days. The
control plants were irrigated with 200 mL water every 3 days. Plants were visualized and
sampled to measure some physiological parameters. Three independent experiments were
performed to obtain data for statistical analyses [4,53].

For drought stress treatment of wheat at the heading stage, six germinated seeds were
grown in the same pot (matrix, vermiculite, and nutrient soil (1:1:3, v/v/v), 4 L, 6 plants per
pot) under imitated natural conditions (25 ◦C daytime and 23 ◦C nighttime temperatures).
Water was replaced by 20% PEG6000 from 32-day-old plants for 14 days and 21 days, while
the control plants were irrigated with 400 mL water every 3 days [29,53]. Plants were
photographed and relative physiological and photosynthetic parameters were monitored
as reported [60]. Agronomic traits including hundred grain weight, grain number per spike,
grain length and grain width were measured in the harvested plants.

For analysis of root morphology following drought stress, one-leaf seedlings were
cultured in hydroponics for 4 days in 20% PEG6000 solution. The roots phenotype was
photographed before and after exposure to the PEG, and root length and shoot length
of all lines were recorded. Root physiological parameters, such as root vitality and AQP
activity, were measured for lines grown under normal and drought conditions. The AQP
activity was assessed by enzyme-linked immunosorbent assay (ELISA). Fresh root tips
(0.5 g, 2 cm) were used to measure root activity by the 2,3,5-triphenyltetrazolium chloride
(TTC) method [24].

4.4. Chlorophyll Content and Photosynthetic Parameter Assays

The chlorophyll content was measured using a UV spectrophotometric method as
described previously [60]. The photosynthetic gas exchange parameters of the flag leaves
and ΦPSII, Fv/Fm were measured using the procedures described by Wang et al. [60].

4.5. Malondialdehyde Content, Electrolyte Leakage, Proline and Soluble Sugar Contents

Two-week-old plants were treated with 20% PEG6000 for about 5 days. The MDA con-
tent was measured in accordance with the described method by Zhou et al. [20]. Electrolyte
leakage was measured according to the literature [61]. Proline content was determined
according to previously described methods [13]. The soluble sugar content was determined
using the anthrone method [62].

4.6. Antioxidant Analysis Experiments

Two-week-old seedlings grown in soil mix were watered with 20% PEG6000 for about 5
days. The leaves from normal growth and dehydration conditions were collected to conduct
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ROS analysis and antioxidative enzyme activities assays. DAB and NBT staining, as well
as H2O2 concentration and O2− production were conducted as described previously [61].
The activities of antioxidant enzymes, including CAT, POD, SOD, APX, MDAR, DHAR,
GR, and GPx, were measured as described by the literature [59].

Wheat seedlings grown in soil mix under-watered conditions for 2 weeks were sprayed
with 10 µM MV. Phenotypes of wheat seedlings before and 14 days after spraying with 10
µM MV were photographed and the leaf wilting rate was recorded.

Two-week-old transgenic wheat and WT plants were subjected to water and 20%
PEG6000 solution for 5 days. The leaves of these plants were then used for the immunolog-
ical analysis of protein carbonylation. Briefly, total protein was extracted from the wheat
leaves followed by the determination of protein concentration according to Bradford [63].
The separation of protein by SDS-PAGE and detection of carbonylation level were carried
out according to the description [13].

4.7. Stomatal Aperture

To analyze the stomatal aperture of WT and transgenic wheat leaves, seedlings were
exposed to 20% PEG6000 or water for 5 days. The middle part of the nether leaf epidermis
was covered with transparent nail polish and allowed to dry for about 3 min. The dried
nail polish was peeled off, removing a layer of epidermis, and placed on a glass slide for
microscopic observation. The aperture status stoma was observed and imaged under an
AXIO microscope (Zeiss, Jena, Germany) at 10 × 40 amplification [64]. Stomatal types were
defined and analyzed according to the method [65].

4.8. Seed Germination and Seedling Growth Assays

To assay the response of seed germination to ABA, wheat seeds from two TaFBA1-
overexpressing lines (FO3, FO5), two TaFBA1-RNAi lines (FR2, FR8), and WT (CB037) were
sterilized using 70% ethanol for 2 min and then disinfected with 4% sodium hypochlorite
(NaClO) for 10 min. All sterilized seeds were rinsed in sterilized deionized water at least
five times and germinated on 1/2 Murashige-Skoog (MS) medium containing different
concentrations of ABA (0, 1, 6, 15 µM) under a 16-h light/8-h dark photoperiod at 25 ◦C.
The root length and shoot length were measured after they grew on the different 1/2 MS
media for 5 days.

4.9. Water Loss Rate, Relative Water Content

To examine water loss in the WT and transgenic lines, the leaves of 6 plants from
each line grown under either control or drought stress conditions were harvested. The
leaves were retained at room temperature and weighed at 0, 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6
and 9 h. Water loss was represented as the proportion of fresh weight lost (calculated
using the initial weight of the plant samples) over time [29,66]. Relative water content was
determined using the following formula: RWC = (fresh weight − dry weight)/(rehydrated
weight − dry weight) [20].

4.10. RNA-Seq Assay

Two-week-old CB037 and TaFBA1-overexpressing wheat plants were maintained
in a well-watered state or subjected to drought for 6 h before leaves were collected for
RNA extraction. RNA-seq was performed using an Illumina HiseqTM 2500/4000 by Gene
Denovo Biotechnology Co., Ltd. (Guangzhou, China) with three biological replicates per
sample. Bioinformatic analysis was performed using Omicsmart, a real-time interactive
online platform for data analysis (http://www.omicsmart.com). DEGs were identified
using the method described in Kan et al. [67]. DEGs were identified as genes with a fold
change ≥2 and a false discovery rate (FDR) < 0.05 by comparison. GO term enrichment
analysis of the gene sets of interest was performed as described [68]. The same samples
were used for the validation of transcription data via qRT-PCR.
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4.11. qRT-PCR Assay

Samples were collected from wheat seedlings and leaves treated or not treated with
PEG6000 for RNA extraction and reverse transcription using HiScript Q RT SuperMix for
qPCR (Vazyme, Nanjing, China) according to the manufacturer’s instructions. qRT-PCR
was performed using the AceQ qPCR SYBR Green Master Mix (Vazyme, Nanjing, China)
and the CFX96 Real-Time System (Bio-Rad, Hercules, CA, USA). All primers used for
qRT-PCR experiments are listed in Table S2.

4.12. Statistical Analysis

All experiments were performed in at least three independent biological replicates.
Data points represent mean ± SD (standard deviation) of three replicates. The differences
between non-transformed control and transformed plants were analyzed using Student’s
t-test, and asterisks above columns in the figures indicated statistical differences (* p < 0.05;
** p < 0.01).

5. Conclusions

According to the results in this paper, we speculate that TaFBA1 regulates multiple
systems that support wheat tolerance to drought stress. On the one hand, TaFBA1 enhanced
the antioxidant capacity of transgenic wheat by inducing the expression of genes related
to the antioxidant system to reduce cellular ROS accumulation which would reduce the
oxidative damage to the chloroplast, and, as a result, improve the drought tolerance of OE
lines. On the other hand, TaFBA1 negatively regulated wheat sensitivity to ABA, resulting
in slower stomatal closure and increased water loss under drought stress, but this was
negated by the stronger water absorption capacity of the roots which allowed the cells to
maintain a higher water content despite the increased transpiration. Meanwhile, the larger
stomatal aperture helped the plant leaves to absorb more CO2, reduced the production of
excess reducing power and ensured higher carbon assimilation.

Together, the results showed that TaFBA1 played a positive role in drought tolerance
in wheat. RNA-seq analysis showed that lipid metabolism and fatty acid synthesis genes,
as well as genes from cellulose synthesis, might also play important roles in the TaFBA1-
regulated wheat tolerance to drought. Our next exploration of the mechanisms underlying
drought resistance in this important crop species is promising and we hope to impact
variety breeding with our ongoing discoveries.
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Abstract: RNA interference (RNAi) is a regulatory and protective mechanism that plays a crucial role
in the growth, development, and control of plant responses to pathogens and abiotic stresses. In spray-
induced gene silencing (SIGS), exogenous double-stranded RNAs (dsRNA) are used to efficiently
regulate target genes via plant surface treatment. In this study, we aimed to evaluate the effect of
specific exogenous dsRNAs on silencing different regions (promoter, protein-coding and intron) of
the target SlTRY tomato gene, encoding an R3-type MYB repressor of anthocyanin biosynthesis. We
also assessed the impact of targeting different SlTRY regions on the expression of genes involved in
anthocyanin and flavonoid biosynthesis. This study demonstrated the critical importance of selecting
the appropriate gene target region for dsRNA action. The highest inhibition of the SlTRY gene
expression and activation of anthocyanin biosynthesis was achieved by dsRNA complementary to
the protein-coding region of SlTRY gene, compared with dsRNAs targeting the SlTRY promoter or
intron regions. Silencing the SlTRY gene increased the content of anthocyanins and boosted levels
of other substances in the phenylpropanoid pathway, such as caffeoyl putrescine, chlorogenic acid,
ferulic acid glucoside, feruloyl quinic acid, and rutin. This study is the first to examine the effects of
four different dsRNAs targeting various regions of the SlTRY gene, an important negative regulator
of anthocyanin biosynthesis.

Keywords: Solanum lycopersicum; exogenous dsRNA; gene silencing; RNA interference; plant foliar
treatment; plant gene regulation; tomato; transcription factors

1. Introduction

Tomato (Solanum lycopersicum L.) is one of the most widely grown and consumed veg-
etable crops in the world [1]. Tomato is also widely used in molecular biology as a model
object, including for studying the mechanism of anthocyanin biosynthesis [2–4]. Anthocyanins
are a class of flavonoids formed by the phenylpropanoid biochemical pathway in plants.
They have a common basal structure consisting of two aromatic benzene rings separated
by an oxygen-containing heterocycle consisting of three carbon atoms [5]. Glycosylated
forms of anthocyanins are stored in the vacuoles of plant cells, contributing to the diverse
colors observed in flowers and fruits, such as red, blue, and purple. These vibrant hues
play a crucial role in attracting pollinators and animals, which aids in both pollination and
seed dispersal [2,5]. In plant tissues, anthocyanins help protect plants from a variety of
biotic and abiotic stressors, including those caused by insects, pathogenic fungi and bacte-
ria, as well as drought, UV radiation and low temperatures [6–8]. Notably, anthocyanins
are extremely beneficial for human health due to their antioxidant activity and ability to
influence signaling pathways in animal cells [2]. Studies have shown that eating foods that
reach these metabolites reduces the risk of cancer, coronary heart disease, atherosclerosis,
obesity and diabetes [9–12].
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Anthocyanins, the pigments responsible for the vibrant reds, purples, and blues in
fruits, vegetables, and flowers, are produced through a complex biochemical pathway
involving a series of enzymatic reactions. This process, known as anthocyanin biosyn-
thesis, begins with the amino acid phenylalanine, which undergoes a series of trans-
formations catalyzed by specific enzymes, such as phenylalanine ammonia lyase (PAL),
4-coumaryl–CoA ligase (4CL), chalcone synthase (CHS), chalcone isomerase (CHI), fla-
vanone 3-hydroxylase (F3H), flavonoid 3′-hydroxylase (F3′H), flavonoid 3′5′-hydroxylase
(F3′5′H), dihydroflavonol-4-reductase (DFR), anthocyanidin synthase (ANS), flavonol 3-
glucosyltransferase (3GT) and rhamnosyltransferase (RT) [13] (Figure 1). The expression of
early biosynthetic genes (EBG) (CHS, CHI, F3H) is modulated by transcription factors of
the R2R3-MYB subgroup. Late biosynthetic genes (LBGs) (DFR, ANS, UFGT) are regulated
by three transcription factors known as the ternary MBW complex (R2R3-MYB, bHLH
and WD40) [13,14]. MYB transcription factors play a crucial role in regulating the pro-
duction of anthocyanins and act as molecular switches, either activating or repressing the
expression of genes involved in anthocyanin biosynthesis. To exert their influence, MYB
factors team up with other protein partners, namely bHLH (basic helix–loop–helix) and
WD40 factors forming the MBW complex [15]. In recent years, an increasing number of
regulatory proteins have been characterized. These also include negative regulators, either
R2R3-MYB or R3-MYB proteins, which have one or two MYB domain repeats, respectively,
that can disrupt the activity of the MBW complex [14,16,17]. Tomato plants carrying a
mutation in the SlMYBATV gene showed an increased expression of biosynthetic genes
and accumulated increased amounts of anthocyanins [16]. MYBATV has also been shown
to interact with tomato bHLH factors involved in MBW complexes, resulting in the dis-
ruption of its activity and suppression of anthocyanin production. Colanero et al. [17],
using a genome-wide screen, identified two genes of transcription factors (TFs) (SlTRY and
SlMYBATV) as R3-type MYB repressors, and four genes of TFs (SlMYB3, SlMYB7, SlMYB32
and SlMYB76) were identified as R2R3-type MYB repressors. The overexpression of SlTRY
in Arabidopsis was also shown to result in decreased anthocyanin accumulation [18]. The
involvement of SlTRY as a negative regulator is also supported by our previous study, in
which the inhibition of this gene via the RNA interference mechanism resulted in increased
accumulation of anthocyanins in tomato [4].

RNA interference is a regulatory and protective mechanism involved in growth and
development processes, as well as in the control of plant responses to pathogens or abiotic
stresses [19]. RNA interference is known to be involved in plant responses to unwanted
nucleic acids and transposons, and in regulating the expression of endogenous protein-
coding genes. The process of RNA interference in a plant begins with exogenous dsRNA
entering the cell and binding to DCL ribonuclease, which cleaves it into small fragments
20–25 bp long, with two unpaired bases at the 5′ and 3′ ends. The fragments interact
with the RISC complex, which cleaves one of the RNA strands. Preference is given to the
fragment whose 5′ end is less tightly conjugated. The second RNA strand is cleaved by
endonucleases. The resulting complex moves around the cell in search of homologous
messenger RNA. Having found it, the AGO protein from the RISC complex cuts the
messenger RNA [19,20].

Increasingly, the RNA interference mechanism is used as a tool for molecular biology
research to regulate gene expression in order to study their functions and improve plant
quality [21]. SIGS allows the use of exogenous RNAs for the simple and efficient regulation
of target genes via the RNAi mechanism [21,22]. This method allows us to combat fungal
or bacterial pathogens and viral diseases, and also to regulate the expression of the plants’
own genes [4,22–24]. External treatment of plants with dsRNA complementary to target
plant genes resulted in a decreased expression of target genes, namely the EPSPS gene
(3-phosphate synthase gene) in the leaves of tobacco and amaranth [25]; Myb1 gene in
orchid flower buds [26]; Mob1A, WRKY23 and actin genes in Arabidopsis thaliana [27]; and
LBDIf7 and GST40 genes in grapevine [23,28]. The research findings indicate that the
external treatment of plant surfaces with gene-specific dsRNA resulted in alterations to the
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phenotype and biochemical processes, thereby enhancing the plants’ resistance to fungal
infection and improving their resilience to abiotic stress [23,28]. In our previous study, we
showed that the efficiency of silencing the A. thaliana NPTII transgene using exogenous
dsRNA is affected by factors such as plant treatment time, soil moisture, plant age, the
method of applying dsRNA to the plant surface and various abiotic factors. However, there
is currently no specific information on the effect of the region of the target gene to which
the dsRNA is complementary on the efficiency of silencing [29].

The objective of the present study was to evaluate the effect of specific exogenous
dsRNA on different regions of the tomato anthocyanin biosynthesis negative regulator
gene SlTRY at the mRNA level. Additionally, we assessed the impact on the expression
of several genes involved in anthocyanin and other flavonoid biosynthesis, including
4-coumarate-CoA ligase (4CL), chalcone synthase (SlCHS1, SlCHS2), chalcone isomerase
(CHI), flavanone-3-hydroxylase (F3H), flavonoid-3′-hydroxylase (F3′H), flavonol synthase
(FLS), anthocyanidin synthase (ANS), flavonoid 3-O-glucoside-rhamnosyltransferase (RT)
and 4-coumaroyl shikimate/quinate 3′-hydroxylase (C3′H). We also investigated the effect
of dsRNA-TRY on the content and profile of anthocyanins and other secondary metabolites.
Through this comprehensive analysis, we aimed to better understand the role of SlTRY, the
regulatory mechanisms influencing anthocyanin biosynthesis and the broader flavonoid
pathway in tomato plants.

Figure 1. Schematic phenylpropanoid pathway in tomato. Phenylalanine-ammonia-lyase (PAL),
cinnamate 4-hydroxylase (C4H), 4-coumarate-CoA ligase (4CL), chalcone synthase (SlCHS1,
SlCHS2), chalcone isomerase (CHI), flavanone-3-hydroxylase (F3H), flavonoid-3′-hydroxylase (F3´H),
flavonol synthase (FLS), flavonoid-3′-5′-hydroxylase (F3′5′H), dihydroflavonol reductase (DFR),
anthocyanidin synthase (ANS), flavonoid 3-O-glucoside-rhamnosyltransferase (RT), flavonoid-3-O-
glucosyltransferase (3GT), 4-coumaroyl shikimate/quinate 3′-hydroxylase (C3′H), cinnamoyl-CoA
shikimate/quinate transferase (HCT), p-coumaroyl ester 3-hydroxylase (C3H), hydroxycinnamoyl-
CoA quinate transferase (HQT), hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyl-
transferase (HCT), caffeate O-methyltransferase (COMT). Lilac color represents the biosynthesis of
anthocyanins, and yellow color represents the biosynthesis of flavonols and flavonol glycosides.
Genes analyzed in this work are shown in italics. Based on the article of Rigano et al. [30].

49



Plants 2024, 13, 2489

2. Results
2.1. Exogenous dsRNAs Downregulate mRNA Levels SlTRY Transcription Factors

We obtained in vitro synthesized dsRNAs complementary to different regions of the
SlTRY gene, which negatively regulates anthocyanin biosynthesis in tomato leaves. First,
dsRNA was generated to target solely the promoter region of the SlTRY gene, designated as
dsRNA-Prom1 (Figure 2a,b). Next, we synthesized dsRNA that targeted both the promoter
and the beginning of the protein coding region, designated as dsRNA-Prom2 (Figure 2a,b).
dsRNA-TRY targeted the entire coding sequence (Figure 2b). It is known that the SlTRY
gene contains one intron, which is removed during splicing. We were interested in whether
dsRNA targeting an intron is able to initiate the RNA interference of immature mRNA,
namely pre-mRNA. For this purpose, we obtained dsRNA targeting the intron of the SlTRY
gene, designated as dsRNA-Intron (Figure 2a).

Figure 2. Schematic representation of the dsRNAs positions on the SlTRY gene. (a) Positions
of dsRNA-Prom1 (308 bp), dsRNA-Prom2 (386 bp) and dsRNA-Intron (483 bp) on pre-mRNA;
(b) positions of dsRNA-Prom1 (308 bp), dsRNA-Prom2 (386 bp) and dsRNA-TRY (285 bp) on mRNA.
E1—Exon 1, I1—Intron, E2—Exon 2.

Then, we analyzed whether the exogenous application of our prepared dsRNA-Prom1,
dsRNA-Prom2, dsRNA-TRY and dsRNA-Intron double-stranded RNAs to the leaf surface
of five-week-old S. lycopersicum could result in any changes in the mRNA transcript levels
of the SlTRY gene compared to water-treated controls seven days after dsRNA treatment
(Figure 3). Since anthocyanin production and the expression of anthocyanin biosynthesis
genes in S. lycopersicum were low under standard cultivation conditions, we divided the
treated plants into two groups for post-treatment incubation. The first group consisted
of plants grown under control conditions (22 ◦C, 16 h light), while the second group
was grown under anthocyanin-inducing conditions (12 ◦C, 23 h light) for seven days.
This was carried out to induce the expression of anthocyanin biosynthetic genes and the
accumulation of anthocyanins in tomato leaves. Additionally, we aimed to analyze the
effects of dsRNA on these processes.

qRT–PCR analysis showed that the mRNA level of the SlTRY gene was significantly
lower after leaf treatment with dsRNA-Prom2 and dsRNA-TRY under both standard
and anthocyanin-inducing conditions (Figure 3a). The treatment of plants with dsRNA-
Prom1 and dsRNA-Intron did not significantly decrease the expression of the SlTRY gene.
Moreover, dsRNA-Intron treatment increased the expression of the SlTRY gene compared
to the control, but this effect was observed only under standard conditions (Figure 3a).

dsRNA-Intron treatment can cause an increase in SlTRY gene expression, potentially
through an intron-mediated expression enhancement mechanism [31]. The fact that this
effect was only observed under standard conditions should suggest that stress conditions
may negate the regulatory effects of dsRNA-Intron treatment, but this requires further
investigation. Furthermore, the changes in SlTRY gene expression following dsRNA
treatments corresponded with changes in the color intensity of S. lycopersicum leaves. The
darkest tomato leaves were observed after treatment with dsRNA-Prom2 and dsRNA-
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TRY under both standard and anthocyanin-inducing conditions (Figure 3b). These results
suggest that the efficient silencing of a plant target gene requires dsRNA to target a protein-
coding region of at least 50 base pairs in length (like dsRNA-Prom2).

Figure 3. (a) Relative fold change in Solanum lycopersicum mRNA levels after treatment with dsRNA
compared to untreated plants. (b) Photograph of leaves on day 7 after treatment of plants with
water and dsRNAs under normal conditions and conditions inducing anthocyanin accumulation.
Control—average gene expression before treatment; Water—S. lycopersicum treated with sterile water;
ds-Prom1—S. lycopersicum treated with dsRNA-Prom1; ds-Prom2—S. lycopersicum treated with
dsRNA-Prom2; ds-Intron—S. lycopersicum treated with dsRNA-Intron; dsTRY—S. lycopersicum treated
with dsRNA-TRY. Data are presented as mean ± standard error. The means in each figure with the
same letters were not different from each other according to one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison test.

2.2. Exogenous dsRNAs Upregulate mRNA Levels of Phenylpropanoid Biosynthesis Pathway Genes

Then, we studied the effect of exogenous Prom1-, Prom2-, Intron- and SlTRY-dsRNAs
on the expression of phenylpropanoid biosynthesis pathway genes, such as 4-coumaroyl–
CoA ligase (Sl4CL), chalcone synthase (SlCHS1 and SlCHS2), chalcone isomerase (SlCHI),
flavanone 3-hydroxylase (SlF3H), flavonoid 3′-hydroxylase (SlF3′H), flavonol synthase
(SlFLS), anthocyanidin synthase (SlANS), rhamnosyltransferase (SlRT) and 4-coumaroyl
shikimate/quinate 3′-hydroxylase (SlC3′H) (Figure 4). These genes are key enzymes in the
early and late biosynthesis of flavonoids, including anthocyanins and flavonols [13].
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Figure 4. Relative fold changes in (a) Sl4CL, (b) SlCHS1, (c) SlCHS2, (d) SlCHI, (e) SlF3H, (f) SlF3′H,
(g) SlFLS, (h) SlANS, (i) SlRT and (j) SlC3′H mRNA levels after dsRNA treatments of Solanum
lycopersicum compared to untreated plants. Control—average gene expression before treatment;
Water—S. lycopersicum treated with sterile water; ds-Prom1—S. lycopersicum treated with dsRNA-
Prom1; ds-Prom2—S. lycopersicum treated with dsRNA-Prom2; ds-Intron—S. lycopersicum treated
with dsRNA-Intron; dsTRY—S. lycopersicum treated with dsRNA-TRY. Data are presented as
mean ± standard error. The means in each figure with the same letters were not different from
each other according to one-way analysis of variance (ANOVA) followed by Tukey’s multiple com-
parison test.

52



Plants 2024, 13, 2489

The analysis revealed a significant increase in the expression of all analyzed genes
in S. lycopersicum grown under anthocyanin-inducing conditions compared to control
conditions (Figure 4). This suggests that stress conditions activate the phenylpropanoid
pathway. The expression levels of Sl4CL, SlCHS1, SlCHS2, SlCHI, SlF3H, SlF3′H, SlFLS,
SlANS, SlRT and SlC3′H were notably higher (1.4–2.9 and 1.5–2.6 times under normal
conditions and conditions inducing anthocyanin accumulation) in dsRNA-TRY-treated
plants than in water-treated S. lycopersicum plants (Figure 4). Treatment with dsRNA-
Prom2 also significantly upregulated the expression of most of the studied genes by 1.4 to
2.1 times compared to water-treated plants under anthocyanin-inducing conditions, with
the exception of the SlF3H, SlRT and SlC3′H genes (Figure 4). Under control conditions,
dsRNA-Prom2 also led to gene activation by 1.5 to 2 times compared to water-treated
plants, though no significant activation was observed for SlCHS1, SlCHS2 and SlCHI genes
(Figure 4b–d).

Interestingly, using dsRNA-Prom1 targeting the promoter of the SlTRY gene resulted
in a 1.5-fold increase in SlF3H gene expression compared to water-treated plants under
both conditions, and an increase in SlANS gene expression under anthocyanin-inducing
conditions (Figure 4e,h). However, the application of exogenous dsRNA-Intron did not
lead to significant changes in the expression of phenylpropanoid pathway genes under
either condition (Figure 4).

2.3. Exogenous dsRNA Upregulates Secondary Metabolism

We further studied the effects of exogenous Prom1-, Prom2-, Intron-, and SlTRY-
dsRNAs on secondary metabolism using HPLC–mass spectrometry (HPLC-MS). According
to HPLC-MS analysis, seven anthocyanin compounds were shown to be present in S. lycop-
ersicum leaves, namely petunidin-3.5-O-diglucoside (1), petunidin-3-(caffeoyl)-rutinoside-
5-glucoside (2), petunidin-3-(p-coumaroyl)-rutinoside-5-glucoside (3), delphinidin-
3-O-(6′′-O-p-coumaroyl)-glucoside (4), delphinidin-3-O-glucoside (5), malvidin-3-(p-
coumaroyl)-rutinoside-5-glucoside (6) and cyanidin-3-O-(6′′-O-p-coumaroyl)-glucoside
(7) (Figure 5a, Table S2). It is possible that other anthocyanins were also present in the
analyzed tissues of S. lycopersicum, but in trace amounts. Moreover, we have shown the
presence of five substances in the leaves of S. lycopersicum that are related to caffeic acid
derivatives and flavonols, namely caffeoyl putrescine (a), chlorogenic acid (b), ferulic
acid glucoside (c), feruloyl quinic acid (d) and rutin (e) (Figure 5a–g). In addition, the
content of most of the analyzed compounds was higher in plants grown under stress
conditions (Figure 5c–h).

According to HPLC-MS analysis, this dsRNA-SlTRY-induced decrease in the SlTRY
gene expression and increase in anthocyanin biosynthetic gene expression correlated with
a significant increase in anthocyanin accumulation, reaching 2.2 and 6.2 mg/g FW under
control and anthocyanin accumulation-inducing conditions, respectively (Figure 5h). A
significant increase in tissue content was also observed after dsRNA-Prom2 treatment, but
at lower levels than after dsRNA-SlTRY treatment, namely 1.3 and 3.6 mg/g FW under
control and anthocyanin accumulation-inducing conditions, respectively. Importantly,
the increase in anthocyanin content was achieved by petunidin-3-(caffeoyl)-rutinoside-5-
glucoside and petunidin-3-(p-coumaroyl)-rutinoside-5-glucoside, which accounted for up
to 85% of the total anthocyanins. The application of dsRNA-Intron and dsRNA-Prom1
did not lead to a significant increase in anthocyanin content compared to water-treated
plants under both types of conditions, which is generally consistent with the expression of
biosynthetic genes (Figure 5h).
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Figure 5. Content of secondary metabolites in the leaves of Solanum lycopersicum seven days af-
ter treatment with the dsRNAs under control conditions and anthocyanin modulatory conditions.
(a) A representative HPLC-UV profile (530 nm) of anthocyanins; (b) a representative HPLC-UV
profile (325 nm) of other secondary metabolites; (c) caffeoyl putrescine content; (d) chlorogenic
acid content; (e) ferulic acid glucoside content; (f) feruloyl quinic acid content; (g) rutin content;
(h) total anthocyanin content. (1) Petunidin-3.5-O-diglucoside; (2) petunidin-3-(caffeoyl)-rutinoside-
5-glucoside; (3) petunidin-3-(p-coumaroyl)-rutinoside-5-glucoside; (4) delphinidin-3-O-(6′′-O-p-
coumaroyl)-glucoside; (5) delphinidin-3-O-glucoside; (6) malvidin-3-(p-coumaroyl)-rutinoside-5-
glucoside; (7) cyanidin-3-O-(6′′-O-p-coumaroyl)-glucoside; (a) caffeoyl putrescine; (b) chlorogenic
acid; (c) ferulic acid glucoside; (d) feruloyl quinic acid; (e) rutin. S. lycopersicum was grown under
control or anthocyanin-inducing conditions. Data are presented as mean± standard error. The means
in each figure with the same letters were not different from each other according to one-way analysis
of variance (ANOVA) followed by Tukey’s multiple comparison test.
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Interestingly, the application of exogenous dsRNA-SlTRY and dsRNA-Prom2 affected
not only the increase in the content of anthocyanins but also other secondary metabolites
such as caffeoyl putrescine, chlorogenic acid, ferulic acid glucoside, feruloyl quinic acid
and rutin, in contrast to dsRNA-Intron and dsRNA-Prom1, which did not have a significant
effect (Figure 5a–g). The content of caffeoyl putrescine, which is involved in plant defense
against insects [32], after the application of dsRNA-SlTRY, increased by 5.8 and 2 times in
control and stress conditions, respectively, compared to water-treated plants (Figure 5c).
The amount of chlorogenic acid increased by 2 times after the application of dsRNA-SlTRY
and by 1.5 times after the application of dsRNA-Prom2 compared to the control in both
types of conditions (Figure 5c). An increase in the content of ferulic acid glucoside was
noted only under stress conditions up to 5.2 times after the application of dsRNA-SlTRY
(Figure 5e). A pronounced positive effect of dsRNA-SlTRY application was exerted on the
content of feruloyl quinic acid, namely by 5 and 6.2 times in control and stress conditions,
respectively, compared to the control (Figure 5f). The amount of rutin also increased by
2.2 times in both types of conditions (Figure 5g). Our findings, which reveal a rise in the
content of the analyzed substances as a result of dsRNA application, align well with the
gene expression data. It can be assumed that the activation of early biosynthetic genes
of the phenylpropanoid pathway, as a result of the inhibition of the negative regulator of
biosynthesis TRY, has a positive effect on the entire secondary metabolism, and not only on
the biosynthesis of anthocyanins.

3. Discussion

In today’s world, it is essential to create innovative and effective methods to enhance
and safeguard plant productivity through safe and eco-friendly technologies. The growing
human population and negative impacts of environmental stresses necessitate the devel-
opment of new molecular tools to improve and protect crops without modifying their
genomes. Recently, a novel method known as SIGS has gained traction for directing plant
traits in the desired way [19,33,34]. SIGS technology enables the protection of plants from
insect pests, fungal infections, and viral pathogens by manipulating the expression of key
genes in either the plants themselves or the pathogens [35–37]. For plant protection, foliar
spray application is one of the most effective methods for delivering dsRNA in terms of
cost, time, and labor. However, many questions remain about the effectiveness of SIGS
application compared to traditional plant protection methods such as chemical treatments.

In particular, there is currently limited knowledge about the ability to regulate plant
gene expression by applying dsRNA or siRNA to the plant surface. Research has demon-
strated that treating plants with dsRNA targeting endogenous plant genes can suppress
the mRNA levels of these genes. For instance, the transcript levels of the EPSPS gene
were reduced in tobacco and amaranth leaves [25], and in orchid buds, the Myb1 gene was
suppressed [26]. The application of in vitro synthesized dsRNA complementary to the
SlIAA9 and SlAGL6 genes of tomato (S. lycopersicum cv UC82) resulted in the decreased ex-
pression of these genes and increased ovary size during flowering [34]. Treating grapevines
with specific dsRNA targeting the LBDIf7 gene resulted in the silencing of the VviLBDIf7
gene and led to a decrease in infection and sporulation of Plasmopara viticola, a pathogenic
organism affecting grapevines [23]. We have also previously shown that exogenous dsRNA
targeting the AtCHS gene, as well as two important genes encoding transcriptional re-
pressors of anthocyanin biosynthesis in Arabidopsis, AtMYBL2 and AtANAC032, can
effectively influence gene expression [4]. Thus, the potential of using exogenous treatment
of plants with targeted dsRNAs to modify plant phenotypes and biochemical responses
has been demonstrated. This includes altering flower morphology, enhancing resistance to
fungi and increasing tolerance to drought stress.

It is well established that the efficiency of gene silencing via dsRNA depends on
various factors. These include the specific plant species involved, the selection of the
dsRNA target, the design of the dsRNA itself, the method and timing of delivery to
the plant surface and the prevailing environmental conditions. Each of these factors can
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significantly influence the success and effectiveness of the RNA interference (RNAi) process
in plants [29]. While bioinformatics offers numerous tools for the design, analysis and
evaluation of small RNA (sRNA) agents, the impact of dsRNA design on its processing
and the efficiency of target gene silencing remains poorly understood. Further research is
needed to elucidate how specific design parameters influence the effectiveness of dsRNA
in achieving desired gene silencing outcomes. [35]. Höfle et al. [35] demonstrated that the
reduction in SIGS-mediated disease resistance in Fusarium graminearum was significantly
correlated with the length of the dsRNA construct that was sprayed. Longer dsRNA
constructs were more effective in conferring disease resistance. It has also been shown that
using high concentrations of dsRNA targeting the EGFP and NPTII genes of A. thaliana
causes a stronger silencing effect [38]. As of now, there is a lack of studies specifically
assessing the influence of the region of the transcript targeted by dsRNA on the efficacy
of RNA interference in plants. Research in this area could provide valuable insights into
whether certain regions of the transcript are more conducive to effective gene silencing and
could potentially optimize dsRNA design strategies for enhanced RNAi efficiency.

This study was the first to examine the effects of four different dsRNAs targeting vari-
ous regions of the SlTRY gene, an important negative regulator of anthocyanin biosynthesis.
Although anthocyanins are present in a variety of plant species, their quantities are often
limited or entirely absent in many plants due to restricted activity of the flavonoid biosyn-
thesis pathway [39]. Our aim was to study the effect of dsRNA specific to different regions
of immature and mature SlTRY transcripts on the silencing of this gene. We designed and
produced dsRNA targeting the promoter part of the gene, the promoter and protein-coding
region, the protein-coding region only and the intron. We found that the greatest activation
of anthocyanin biosynthesis was achieved using dsRNA complementary to the protein-
coding region of SlTRY. We also obtained interesting data indicating that dsRNA-Intron
treatment increased the expression of the SlTRY gene compared to the control. However,
this effect was observed only under standard conditions. We hypothesize that exogenous
treatment with dsRNA-Intron may induce an increase in SlTRY gene expression through an
intron-mediated enhancement mechanism [31]. It is possible that stress conditions could
negate the regulatory effects of dsRNA-Intron enhancement, as abiotic stresses have been
shown to affect the efficiency of dsRNA treatment [29].

Using the SIGS approach, we increased the total amount of anthocyanins in tomato
leaves by 3.5 and 4.4 times under control and anthocyanin accumulation-inducing con-
ditions, respectively, compared to water-treated plants. This convincingly demonstrates
the role of the R3-MYB TRY protein as a competitive inhibitor of MBW complexes [14,40].
TFs are thought to exert their repressive function through competition, known as passive
repression, for bHLH partners with R2R3-MYB factors that activate anthocyanin synthesis.
This competitive interaction can limit the availability of bHLH partners for activator MYB
proteins, thereby reducing the expression of genes involved in the anthocyanin biosynthesis
pathway [8,14,41]. The most studied genes are CAPRICE (CPC) and TRIPTYCHON (TRY) in
Arabidopsis, which mainly inhibit MBW complexes involved in the formation of trichomes
and root hairs but also affect flavonoid production [17,18]. A CPC mutant in Arabidopsis
has been reported to have elevated anthocyanin levels, suggesting that CPC may normally
contribute to anthocyanin regulation [40].

Interestingly, we found that silencing the SlTRY gene not only increases the content of
anthocyanins but also other substances in the phenylpropanoid pathway, such as caffeoyl
putrescine, chlorogenic acid, ferulic acid glucoside, feruloyl quinic acid and rutin. These
results align with a study demonstrating that the overexpression of VvMTBC2L2, a Vitis
vinifera transcription factor, leads to a significant downregulation of genes involved in
flavonoid production [42]. Nakatsuka et al. employed a chimeric RNAi construct to
downregulate two genes, flavonol synthase (FLS) and flavonoid 3′-hydroxylase (F3′H),
along with the expression of the gerbera dihydroflavonol 4-reductase (DFR) gene, resulting
in abundant accumulation of flavonol derivatives in the form of colorless flavonoids and
colored anthocyanins [43].
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In summary, this study demonstrated the critical importance of selecting the appro-
priate gene target region for dsRNA action. Targeting the protein coding sequence of a
gene maximally silenced its expression, highlighting dsRNA as a powerful tool for rapidly
investigating gene function in plant research. Moreover, this approach holds promise in
plant biotechnology for enhancing the production of bioactive compounds.

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

Seeds of the wild-type tomato cultivar Micro-Tom (S. lycopersicum) were sourced
from the Laboratory of Biotechnology at the Federal Scientific Center of the East Asia
Terrestrial Biodiversity, Vladivostok, Russia. The seeds underwent vapor-phase sterilization
as described in [44] and were subsequently planted in pots (9 cm × 9 cm) containing 200 g
of commercially available nutrient-rich soil, which was well irrigated from the bottom with
filtered water. The plants were cultivated in a growth chamber (Sanyo MLR-352, Panasonic,
Osaka, Japan) under a light intensity of approximately 120 µmol·m−2·s−1 with a 16 h daily
light cycle at 22 ◦C for four weeks before receiving dsRNA treatments. Following the
dsRNA treatments, the S. lycopersicum plants were further incubated for seven days either
under control conditions (22 ◦C, 16 h light cycle) or under anthocyanin-inducing conditions
(12 ◦C, 23 h light cycle) in a growth chamber (KS-200, Smolenskoye SKTB SPU, Smolensk,
Russia), without additional irrigation, to promote anthocyanin accumulation.

4.2. SlTRY Gene Isolation and Sequencing

The promoter and protein-coding sequence of the SlTRY gene (XM_010328616) was
amplified bia RT-PCR using RNA samples isolated from S. lycopersicum leaves. To obtain
the sequence of the intron region of the SlTRY gene, we amplified the sequence from
S. lycopersicum DNA. The primers used in this work are listed in Table S1. The RT-PCRs
were conducted using a Bis-M1105 Thermal Cycler (Bis-N, Novosibirsk, Russia). All
obtained RT-PCR products were cloned into pJET1.2/blunt vectors and sequenced as
described in [45].

4.3. dsRNA Synthesis and Application

All dsRNAs used in this work were synthesized using the T7 RiboMAX™Express
RNAi System (Promega, Madison, WI, USA). Four different dsRNA sequences were used
in the work. The first dsRNA construct targeted only the promoter region of the SlTRY
gene (dsRNA-Prom1, 308 bp). The second dsRNA construct targeted the promoter region
and the initial part of the protein-coding sequence of the SlTRY gene (dsRNA-Prom2,
386 bp). The third dsRNA construct targeted the protein coding sequence of the SlTRY
gene (dsRNA-TRY, 285 bp). The fourth dsRNA construct targeted the intron of the SlTRY
gene (dsRNA-Intron, 483 bp).

All sequences were amplified through PCR to enable in vitro transcription and the
production of dsRNA. A T7 promoter was incorporated at both the 5′ and 3′ termini of each
sequence type using the PCRs and primers detailed in Table S1. The PCR reactions took
place in the Bis-M1105 Thermal Cycler, with the program set according to the specifications
of the T7 RiboMAX™ Express RNAi System. The resultant PCR products served as
templates for transcription and dsRNA synthesis, following the manufacturer’s guidelines.
To evaluate their purity, integrity and concentration, the produced dsRNAs were analyzed
through gel electrophoresis and spectrophotometry. The Prom1-, Prom2-, Intron- and
TRY-dsRNAs were administered to individual five-week-old S. lycopersicum plants using
soft brushes, as described in [38].

For each dsRNA application, 70 µg of the dsRNA was dissolved in 400 µL of nuclease-
free water and then sprayed onto the foliage (both the upper and lower surfaces of all
tomato leaves were treated for each condition). In a separate experiment, two S. lycopersicum
plants were utilized for each treatment type, specifically, two received 400 µL of sterile
filtered water, while two others were administered the dsRNA of each variant. Next, the
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treated plants were divided into two groups for incubation: one under control conditions
(22 ◦C, 16 h light) and the other under anthocyanin-inducing conditions (12 ◦C, 23 h light),
maintained for seven days (Figure 2). Each type of analysis was conducted across at
least four independent experiments. In all experiments, the dsRNAs were applied to five-
week-old S. lycopersicum plants during late evening (21:00–21:30) under low-soil-moisture
conditions. These specific conditions (appropriate plant age, late-evening timing, and low
soil moisture) were identified as crucial for effective gene silencing in A. thaliana based on
our recent analysis [29].

4.4. RNA Isolation and Reverse Transcription Reaction

For RNA extraction, one leaf of tomato was collected from a plant either from a
(1) water application or before dsRNA and (2) seven days post treatment in a separate
experiment. Total RNA was extracted as described in [46]. cDNAs were synthesized using
the MMLV RT Kit (Evrogen, Moscow, Russia). The reactions were conducted in 40 µL of the
reaction mixture, which included the first strand buffer, 4 µL of dNTP mix (10 mM each),
1.5 µL of oligo-(dT)15 primer (100 µM), 4 µL of DTT (dithiothreitol, 20 mM) and 3.4 µL of
MMLV reverse transcriptase (100 u/µL) at 37 ◦C for 80 min. The resulting products were
then amplified by PCR and checked for DNA contamination using primers for the Actin
gene (NM_001330119.1).

4.5. Gene Expression Analysis by qRT–PCR

The qRT-PCRs were conducted using SYBR Green I dye and a real-time PCR kit
following the manufacturer’s instructions (Evrogen, Moscow, Russia). The process was
carried out in a thermocycler equipped with a real-time PCR detection system (DNA
Technology, Moscow, Russia) as described in [47]. Two internal control genes were used
to normalize the data (SlActin (NM_001330119.1) and SlUBI (NM_001366381.1)). The
expression was calculated with the 2−∆∆CT method [48]. The average values of gene
expression before dsRNA treatment were taken as a unit.

4.6. Analysis of Secondary Metabolites

For HPLC-MS analysis, 100 mg of tomato leaves were frozen at −20 ◦C and homog-
enized using a mortar and a pestle. Shredded tissue was weighed and extracted for one
day at 4 ◦C in 2 mL of 1% (v/v) HCl in methanol. Then, the mixture was centrifuged at
12,500 rpm for 10 min. The samples were passed through a nylon membrane with a pore
size of 0.25 µm for further analysis. Secondary metabolites were identified using a 1260 In-
finity analytical HPLC system (Agilent Technologies, Santa Clara, CA, USA) connected to
aBruker HCT ultra PTM Discovery System (Bruker Daltonik GmbH, Bremen, Germany).
The data were acquired in a positive and negative ion mode under the operating conditions
as described in [49]. The MS spectra were recorded across an m/z range of 100–1500.
HPLC with diode array detection (HPLC–DAD) for the quantification of all compounds
was performed using an HPLC LC-20AD XR analytical system (Shimadzu, Kyoto, Japan).
DAD data were collected in the 200–600 nm range. For the quantitative determination of
anthocyanins, chromatograms were acquired at 530 nm, and for the remaining analyzed
compounds, at 325 nm. The chromatographic separation was performed on a Shim-pack
GIST C18 column (Shimadzu, Kyoto, Japan). The compounds were separated in a gradient
of 0.1% formic acid (A) and acetonitrile (B). The elution profile was as follows: 0 to 35 min
0% of B; 35 to 40 min 40% of B; 40 to 50 min 50% of B; 50 to 65 min 100% of B. In total, 3 µL
of the sample was injected at a constant column temperature of 40 ◦C and a flow rate of
0.2 mL/min.

The contents of anthocyanins were determined with external standard methods us-
ing the four-point regression calibration curves built with the available standards. The
analytical standards—cyanidin chloride, petunidin chloride, delphinidin chloride, mal-
vidin chloride, rutin, chlorogenic acid, caffeic acid and ferulic acid—were obtained from
Sigma-Aldrich (St. Louis, MO, USA). All solvents were of HPLC grade.
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4.7. Statistical Analysis

The data, presented as mean ± standard error (SE), were subjected to a one-way
analysis of variance (ANOVA) followed by Tukey’s pairwise comparison test. The 0.05 level
was selected as the point of minimal statistical significance. For each type of analysis, at
least three independent experiments were performed, each with several technical replicates.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/plants13172489/s1: Table S1: Primers used in RT-PCR and qRT-
PCR; Table S2: The content of anthocyanins in the leaves of S. lycopersicum grown under the control
and anthocyanin-inducing conditions.
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Abstract: The application of double-stranded RNAs (dsRNAs) to plant surfaces has emerged as a
promising tool for manipulating gene expression in plants and pathogens, offering new opportu-
nities for crop improvement. While research has shown the capability of exogenous dsRNAs to
silence genes, the full spectrum of their impact, particularly on the intricate network of microRNAs
(miRNAs), remains largely unexplored. Here, we show that the exogenous application of chalcone
synthase (CHS)-encoding dsRNA to the rosette leaves of Arabidopsis thaliana induced extensive alter-
ations in the miRNA profile, while non-specific bacterial neomycin phosphotransferase II (NPTII)
dsRNA had a minimal effect. Two days after treatment, we detected 60 differentially expressed
miRNAs among the 428 miRNAs found in the A. thaliana genome. A total of 59 miRNAs were
significantly changed after AtCHS-dsRNA treatment compared with water and NPTII-dsRNA, and
1 miRNA was significantly changed after AtCHS-dsRNA and NPTII-dsRNA compared with the
water control. A comprehensive functional enrichment analysis revealed 17 major GO categories
enriched among the genes potentially targeted by the up- and downregulated miRNAs. These
categories included processes such as aromatic compound biosynthesis (a pathway directly related
to CHS activity), heterocycle biosynthesis, RNA metabolism and biosynthesis, DNA transcription,
and plant development. Several predicted targets of upregulated and downregulated miRNAs,
including APETALA2, SCL27, SOD1, GRF1, AGO2, PHB, and PHV, were verified by qRT-PCR. The
analysis showed a negative correlation between the expression of miRNAs and the expression of
their predicted targets. Thus, exogenous plant gene-specific dsRNAs induce substantial changes in
the plant miRNA composition, ultimately affecting the expression of a wide range of genes. These
findings have profound implications for our understanding of the effects of exogenously induced
RNA interference, which can have broader effects beyond targeted mRNA degradation, affecting the
expression of other genes through miRNA regulation.

Keywords: exogenous dsRNA; miRNA; gene silencing; RNA interference; chalcone synthase; plant
gene regulation

1. Introduction

Spray-induced gene silencing (SIGS), also known as exogenous RNA interference
(exo-RNAi), is a novel approach in plant science that utilizes externally applied RNA
molecules to manipulate plant traits [1–5]. In this method, plant surfaces are sprayed with
solutions containing double-stranded RNA (dsRNA) or short-interfering RNA (siRNA).
These RNA molecules act like tiny blueprints that instruct the plant’s RNA interfer-
ence (RNAi) machinery to degrade specific mRNA molecules, effectively silencing the
targeted genes.

The most promising application of SIGS lies in plant fungal and virus protection [5–7].
By delivering dsRNAs designed to match the virulence genes in attacking pathogens or
plant viruses, researchers can achieve targeted silencing, essentially disarming the invaders.
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This approach offers a significant advantage over traditional methods such as chemical
pesticides, as it is specific and avoids harming beneficial organisms or leaving harmful
substances. SIGS is considered a potential alternative to genetically modified (GM) plants,
addressing public concerns surrounding GMOs [5,8].

Beyond disease control, SIGS holds immense potential for tailoring plant traits. Re-
searchers have successfully used exogenous dsRNAs to silence specific plant genes and
observed the resulting biochemical and phenotypic changes in the plant [9–15]. This ap-
proach has provided opportunities to understand the role of individual plant genes in plant
development [9], metabolism [10–13], and the stress response [14,15]. While research in
this area is still emerging, several studies have shown promise, revealing that SIGS can be
used to have an effect on plants and change their properties over a certain period of time.
These studies applied dsRNAs targeting specific genes in Arabidopsis, tobacco, amaranth,
orchid, tomato, and grapevine. The results showed a decrease in the targeted gene’s mRNA
levels, indicating successful gene silencing. The exogenously induced silencing of plant
endogenous genes translated into desirable changes in the plants, such as altered flower
morphology [9], improved resistance to downy mildew [14], enhanced tolerance to drought
stress [15], and anthocyanin biosynthesis [11–13]. Researchers are also exploring novel de-
livery methods for dsRNAs to target plant endogenes, such as nanoparticle carriers [16,17]
and laser-assisted treatments [18], to improve the dsRNA uptake and efficacy within
plant cells.

In our recent study, we demonstrated that the silencing of genes involved in an-
thocyanin production was demonstrated in Arabidopsis thaliana [11,13] and Solanum ly-
copersicum [12]. Derived from the phenylpropanoid biosynthetic pathway, anthocyanins
represent a category of pigmented secondary metabolites responsible for the rich colors
of fruits, flowers, and vegetables. They are also recognized for their beneficial proper-
ties, including antioxidant and anti-inflammatory activities, and applications in the food
industry and horticulture [19,20]. By applying dsRNAs targeting the chalcone synthase
AtCHS, a specific anthocyanin biosynthesis gene, or negative regulatory genes directly
to the plant surface, we observed a significant decrease or increase in the anthocyanin
pigment production in A. thaliana. This highlights the potential of exogenous exo-RNAi for
manipulating plant pigment production and potentially other plant traits.

In addition to the degradation of mRNA, RNAi has also been found to trigger epi-
genetic modifications, such as alterations in DNA methylation, histone modifications, or
microRNA (miRNA)-mediated processes [21,22]. These modifications can persist for a
certain period of time after the initial RNAi event, potentially leading to unintended conse-
quences. Consideration of potential unintended consequences and the specificity of gene
silencing is crucial. Studies have demonstrated the ability of external dsRNA to silence
genes; however, the comprehensive effects, especially on the complex system of miRNAs,
have yet to be fully investigated. miRNAs are short, noncoding RNAs that are encoded in
the genome and bind to target mRNAs to regulate gene expression by controlling mRNA
translation and decay [23,24]. miRNAs can also be regulated by epigenetic modifications,
creating a feedback loop between miRNAs and the epigenetic pathway.

In this study, we aimed to investigate the effect of external AtCHS-specific dsRNAs on
the miRNA transcriptome in A. thaliana. We found that the exogenous application of AtCHS-
dsRNA to the A. thaliana leaves induced significant changes in the miRNA transcriptome.
These findings have profound implications for our understanding of RNAi-mediated gene
silencing in plants and highlight the need to analyze the potential epigenetic effects of
external dsRNA application.

2. Results
2.1. The Analysis of Small RNA Fraction in dsRNA-Treated Arabidopsis Plants

To investigate the effects of exogenous dsRNA on the miRNA population, we analyzed
six RNA-sequencing (RNA-seq) libraries generated in our previous study using the Illumina
NovaSeq 6000 platform [25]. These libraries included two from water-treated plants,
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two from plants treated with dsRNA specific to the chalcone synthase AtCHS gene of
A. thaliana (dsCHS), and two from plants treated with dsRNA specific to NPTII, a non-
related bacterial neomycin phosphotransferase II gene (dsNPTII). The NPTII-dsRNA was
synthesized as a control to determine whether any observed effect of exogenous dsRNA
on the miRNA profiles or other effects were sequence-specific. For each plant, 100 µL of
dsRNAs (equivalent to 35 µg) or 100 µL of sterile water was spread onto the leaf surfaces
of four-week-old A. thaliana rosettes, ensuring coverage of both the upper and lower leaf
areas with sterile brushes.

Following the dsRNA treatments, the A. thaliana rosettes were incubated under condi-
tions that promote AtCHS expression and anthocyanin production (7 ◦C with 23 h of light
exposure) for a duration of two days. Two days after the dsRNA treatments, RNA fractions
were isolated from the experimental plants. Low-molecular-weight RNA was used for the
small RNA sequencing using Illumina technology [25]. High-molecular-weight RNA was
used for the cDNA synthesis and quantitative real-time PCR (qRT-PCR) analysis of the
miRNA target gene expression.

After processing and filtering the raw sequencing reads to remove low-quality and
irrelevant sequences (adapters, reads shorter than 20 and longer than 24 nucleotides,
nongenomic reads (except for NPTII)), we obtained 4.4–12.8 million clean reads (Table S1).
These reads were aligned to the A. thaliana genome to identify and quantify individual
miRNAs. We analyzed the proportion and composition of A. thaliana miRNAs across
different read lengths ranging from 20 to 24 nucleotides and also examined the small RNAs
aligned to the CHS and NPTII sequences (Figure 1).
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distribution of miRNAs of 20–24 nucleotides after dsRNA and water treatments (100%—total read
number of all 20–24 nt miRNAs under each treatment). (c) Length distribution and relative abundance
of all small RNAs of 20–24 nt in length. WC—Arabidopsis thaliana plants treated with sterile water
(two plants); dsCHS—A. thaliana treated with AtCHS-coding dsRNA (two plants); dsNPTII—A.
thaliana treated with NPTII-coding dsRNA (two plants). The main classes of analyzed small RNAs are
miRNAs, AtCHS-encoding small RNAs (CHS), NPTII-encoding small RNAs (nptII), and other small
RNAs. Means followed by the same letter were not different using one-way analysis of variance
(ANOVA), followed by the Tukey HSD multiple comparison test (p < 0.05).

The analysis of the A. thaliana genome identified a total of 428 miRNAs (Table S2). For
the miRNA profile analysis, we examined whether exogenous AtCHS-dsRNA and NPTII-
dsRNA influenced the total 20–24 nt miRNA levels within the small RNA pool (Figures 1a
and S1). The data revealed that the proportion of miRNAs was higher after application of
the AtCHS-dsRNA than after treatment with the water and NPTII controls, reaching 17.8%
in relative abundance (Figure 1a). The miRNA length size distribution analysis revealed
that the prevalent miRNA lengths were 20, 21, and 22 nt miRNAs, with 21 nt miRNAs
being the dominant size class, reaching 72–81% of all miRNAs (Figure 1b). The data also
showed that the dsCHS and dsNPTII treatments considerably downregulated all 24 nt
small RNAs compared to the water treatment (Figure 1c). It is important to note that the
24 nt small RNAs constitute the dominant small RNA class in the water control probes,
mostly excluding miRNAs (Figure 1c,b). Therefore, the decrease in the 24 nt small RNA class
(Figure 1c) after the dsRNA treatments contributed to the elevated proportion of miRNAs
up to 17.8% and 13.4% (Figure 1a). The analysis also showed that 0.81% of 20–24 nt reads
obtained after preprocessing from dsCHS-treated A. thaliana contained AtCHS-specific
small RNAs, and 0.41% contained NPTII-specific small RNAs in the dsNPTII-treated
A. thaliana among all the obtained 20–24 nt reads after preprocessing (Figure 1a). In contrast,
no such sequences were found in the reads from the water-treated control plants.

2.2. The Differential Expression Profile of miRNAs in Response to Exogenous dsRNAs

We used the following analysis to determine the effect of the exogenous dsRNAs on
the miRNA population two days after treatment with dsRNA or water. Using a cutoff
threshold of an adjusted p < 0.05, we identified 60 miRNAs (14% of all detected miRNAs)
that exhibited significant differential expression for dsCHS-treated plants or both types
of dsRNA treatments vs. the water control (Figure 2; Tables S3 and S4). These differen-
tially expressed miRNAs can be categorized into two primary groups. In the first group,
35 miRNAs were downregulated upon the AtCHS-dsRNA application in comparison
to the water or NPTII-dsRNA applications (Figure 2b, Table S3). In the second group,
24 miRNAs were, in turn, upregulated upon the AtCHS-dsRNA application in comparison
to the water control and dsNPTII-treated plants (Figure 2b, Table S4). We also identified
ath-miR396a-5p, the level of which was significantly upregulated (p < 0.05) in both the
dsCHS and dsNPTII treatments compared to the water treatment (Table S5). Thus, the total
number of upregulated miRNAs reached 25 miRNAs. The activation of ath-miRNA396a-5p
under the dsRNA treatments indicates the non-sequence-specific dsRNA effect.

A principal component analysis (PCA) of the miRNA profiles indicated that exogenous
AtCHS-dsRNA was the primary factor affecting the overall miRNA expression in the
leaves of A. thaliana (Figure 2a). Principal component 1 (PC1), accounting for 60% of the
total variance, distinctly differentiated dsCHS-treated plants from the water and dsNPTII
treatments (Figure 2a). While typically miRNAs downregulate target gene transcription
via the control of mRNA translation or mRNA decay [23,24], our analysis revealed a higher
number of underexpressed miRNAs after the AtCHS-dsRNA application. This suggests
that the predominant secondary effect of gene-specific dsRNA application may be the
alleviation of the silencing of the expression of certain target plant genes.
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2.3. Target Prediction for dsRNA-Affected miRNAs and Gene Enrichment Analysis

miRNAs play a crucial role in post-transcriptional gene regulation [23,24], and their
ability to target multiple transcripts simultaneously, or, in turn, the ability of a single
transcript to bear several miRNA target sites, highlight the complexity of miRNA-mediated
regulation. To elucidate the potential functions of miRNAs affected in response to ex-
ogenous dsRNAs, computational target prediction and gene enrichment analysis could
provide valuable insights.

Candidate mRNA targets for the differentially expressed miRNAs observed in A.
thaliana under exogenous dsRNA treatments were predicted with the TarDB database
using sequence complementarity (Tables S6 and S7). The analysis revealed that the
35 miRNAs underexpressed only after the AtCHS-dsRNA application (Table S3) had
282 predicted mRNA targets (Table S6), while the 24 upregulated miRNAs (Table S4)
exhibited 582 predicted mRNA targets (Table S7). These target gene mRNAs represent
potential candidates for miRNA-mediated regulation in response to dsRNA treatment.
We also identified targets of ath-miR396a-5p, the expression of which was significantly
upregulated (p < 0.05) in both the dsCHS and dsNPTII treatments compared to the water
treatment (Table S8).

Gene Ontology (GO) analysis is a widely used technique to uncover the putative
biological functions of genes [26]. By categorizing target genes based on their functional an-
notations, GO analysis could aid in understanding the overall impact of miRNA regulation
in response to external dsRNA. Enrichment analysis of miRNA targets is a common ap-
proach to uncovering the hierarchical activities of miRNAs in gene regulation networks [27].
Using the R package gprofiler2 (version 0.2.3), GO-based enrichment analysis was per-
formed on the mRNA targets of the differentially expressed miRNAs (Figure 3a,b). Gene
list functional enrichment analysis of the targets of the 25 dsRNA-upregulated miRNAs
(Figure 3a) showed the enrichment of processes associated with aromatic and heterocy-
cle biosynthetic processes, the regulation of primary metabolism, DNA-templated tran-
scription, and RNA biosynthesis and RNA metabolism; for a complete list of terms, see
Tables S9 and S11. Notably, these processes were inferred to be downregulated by the
miRNA-mediated regulation. This finding suggests that the 25 upregulated miRNAs may
contribute to the suppression of these biological pathways.

Plants 2024, 13, x FOR PEER REVIEW 7 of 14 
 

 

 
Figure 3. Gene set functional enrichment analysis performed with predicted targets of differentially 
expressed miRNAs. (a) Target genes of the upregulated miRNAs after the AtCHS-dsRNA treatment; 
(b) Target genes of the downregulated miRNAs after the AtCHS-dsRNA treatment. The vertical axis 
shows the biological processes and molecular functions of the top 10 enriched GO terms. The hori-
zontal axis represents the gene ratio, which is defined as the ratio of the targets of differentially 
expressed miRNAs in a pathway to the total number of genes. The different bubble sizes represent 
the number of genes for that pathway. The different colors of the bubbles represent the p-values. 
The dot plots were generated using the enrichplot R package. GO analysis was performed using the 
gprofiler2 R package. 

2.4. Validation of miRNA Target Gene Data by qRT-PCR 
By qRT-PCR analysis, we confirmed that the application of AtCHS-dsRNA to the A. 

thaliana leaves resulted in a significant 4-fold reduction in the AtCHS mRNA levels com-
pared to the water treatment (Figure 4). Conversely, the unrelated NPTII-dsRNA showed 
no significant effect on the AtCHS expression. Then, the investigation turned to validating 
several predicted targets of seven distinct miRNA families either dsCHS-upregulated 
(ath-miR171, ath-miR172, ath-miR398, ath-miR396) or dsCHS-downregulated (ath-
miR166, ath-miR165, ath-miR403) in comparison with the water control and dsNPTII ap-
plication. The selected miRNAs were chosen due to their significant differential expres-
sion between the dsCHS-treated plants vs. the water and dsNPTII treatments (Figure 2; 
Tables S3 and S4) and the established roles of their corresponding mRNA targets [28–32]. 
Their respective mRNA targets, including APETALA2, SCL27, SOD1, GRF1, AGO2, PHB, 
and PHV, are associated with diverse biological functions ranging from plant develop-
ment to stress responses.  

To verify the miRNA-target interactions, we measured the expression levels of the 
chosen target genes in the treated A. thaliana by qRT-PCR (Figure 4). It is known that miR-
NAs negatively regulate gene expression either by inhibiting mRNA translation or pro-
moting RNA degradation [23,24]. Therefore, the expected outcome is a negative correla-
tion between the expression of a specific miRNA and its corresponding target mRNA. In 
other words, downregulation of an miRNA should lead to the increased expression of its 
target gene, while upregulation of an miRNA should result in the decreased expression 
of its target gene.  

The qRT-PCR analysis reveals a strong negative correlation in the expression of the 
pairs of miRNAs and their predicted targets (Figure 2 and Figure 4). For example, three 
closely related miR172 family members, ath-miR172a, ath-miR172b-3p, and ath-miR172e-
3p, were upregulated after treatment with AtCHS-dsRNA (Figure 2), while the expression 
of their target—a floral homeotic APETALA2 gene—decreased in comparison with the 
water treatment and NPTII controls (Figure 4). Similarly, closely related family members 

Figure 3. Gene set functional enrichment analysis performed with predicted targets of differentially
expressed miRNAs. (a) Target genes of the upregulated miRNAs after the AtCHS-dsRNA treatment;

67



Plants 2024, 13, 2335

(b) Target genes of the downregulated miRNAs after the AtCHS-dsRNA treatment. The vertical
axis shows the biological processes and molecular functions of the top 10 enriched GO terms. The
horizontal axis represents the gene ratio, which is defined as the ratio of the targets of differentially
expressed miRNAs in a pathway to the total number of genes. The different bubble sizes represent
the number of genes for that pathway. The different colors of the bubbles represent the p-values.
The dot plots were generated using the enrichplot R package. GO analysis was performed using the
gprofiler2 R package.

At the same time, gene list functional enrichment analysis of the genes targeted by the
35 dsCHS-downregulated miRNAs showed the enrichment of development-related pro-
cesses involved in meristem initiation, organization, and specification (Figure 3b; Table S10).
It is possible that these processes were upregulated in response to the AtCHS-dsRNA treat-
ment. However, the support of the gene overrepresentation of the downregulated miRNAs
was considerably lower than that of the upregulated miRNAs.

2.4. Validation of miRNA Target Gene Data by qRT-PCR

By qRT-PCR analysis, we confirmed that the application of AtCHS-dsRNA to the
A. thaliana leaves resulted in a significant 4-fold reduction in the AtCHS mRNA levels
compared to the water treatment (Figure 4). Conversely, the unrelated NPTII-dsRNA
showed no significant effect on the AtCHS expression. Then, the investigation turned
to validating several predicted targets of seven distinct miRNA families either dsCHS-
upregulated (ath-miR171, ath-miR172, ath-miR398, ath-miR396) or dsCHS-downregulated
(ath-miR166, ath-miR165, ath-miR403) in comparison with the water control and dsNPTII
application. The selected miRNAs were chosen due to their significant differential expres-
sion between the dsCHS-treated plants vs. the water and dsNPTII treatments (Figure 2;
Tables S3 and S4) and the established roles of their corresponding mRNA targets [28–32].
Their respective mRNA targets, including APETALA2, SCL27, SOD1, GRF1, AGO2, PHB,
and PHV, are associated with diverse biological functions ranging from plant development
to stress responses.
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To verify the miRNA-target interactions, we measured the expression levels of the
chosen target genes in the treated A. thaliana by qRT-PCR (Figure 4). It is known that
miRNAs negatively regulate gene expression either by inhibiting mRNA translation or
promoting RNA degradation [23,24]. Therefore, the expected outcome is a negative correla-
tion between the expression of a specific miRNA and its corresponding target mRNA. In
other words, downregulation of an miRNA should lead to the increased expression of its
target gene, while upregulation of an miRNA should result in the decreased expression of
its target gene.

The qRT-PCR analysis reveals a strong negative correlation in the expression of
the pairs of miRNAs and their predicted targets (Figures 2 and 4). For example, three
closely related miR172 family members, ath-miR172a, ath-miR172b-3p, and ath-miR172e-
3p, were upregulated after treatment with AtCHS-dsRNA (Figure 2), while the expression
of their target—a floral homeotic APETALA2 gene—decreased in comparison with the
water treatment and NPTII controls (Figure 4). Similarly, closely related family members
ath-miR171a-3p/ath-miR171b-3p/ath-miR171c-3p, ath-miR398b-3p/ath-miR398c-3p, and
ath-miR396b-5p were upregulated after the AtCHS-dsRNA treatment (Figure 2), while
the expression of their respective targets—GRAS family transcription factor SCL27, the
superoxide dismutase SOD1 gene, and growth regulating factor GRF1 genes—was down-
regulated (Figure 4). Conversely, while the ath-miR403-3p and seven ath-miR166 family
members were downregulated by AtCHS-dsRNA, their target genes AGO2, PHB, and PHV
were activated (Figure 4).

3. Discussion

The potential of using exogenous dsRNA to manipulate gene expression in plants and
pathogens is gaining significant attention. This innovative approach, known as exo-RNAi
or SIGS, offers a promising alternative to traditional crop management methods, providing
environmentally friendly and low-risk solutions for crop trait tailoring [1–5]. Recently,
we showed that applying gene-specific dsRNAs and siRNAs to the leaves of A. thaliana
considerably diminished the expression of the target genes implicated in anthocyanin
biosynthesis regulation, including AtCHS and five repressors of anthocyanin biosynthe-
sis [11,13]. This reduction in AtCHS expression, a key enzyme in the anthocyanin pathway,
was accompanied by the emergence of specific small RNAs against AtCHS, indicating the
involvement of RNAi in the plant response to the exogenous dsRNA [25]. Furthermore, a
study revealed that exogenous AtCHS-dsRNA not only penetrates individual plant cells
but also travels through the vascular system, reaching various parts of the plant. This
systemic movement suggests the wide-reaching potential for dsRNA-based treatments [11].

Several other studies have shown that exogenous dsRNAs applied to plant leaves
are capable of regulating plant endogenes [9,10,12,14,15], yet little is known about the
exogenous plant dsRNA treatment impacts on plant epigenetics, including miRNA profiles.
In this study, we found that the exogenous application of AtCHS-dsRNA to the leaves of
A. thaliana induced extensive changes in the miRNA transcriptome, considerably affecting
the expression of 59 miRNAs, while the non-sequence-specific bacterial NPTII-dsRNA
had a low effect, affecting the expression of only 1 miRNA. The miRNA profile after the
AtCHS-dsRNA application was considerably different from that after the control treatments.
First of all, this finding revealed that gene-specific dsRNAs induce specific and massive
cellular responses at the epigenetic level after exogenous application. Thus, AtCHS-dsRNA
induced not only specific AtCHS gene downregulation but also extensive changes in the
epigenetic environment after treatment. Recently, exogenous dsRNA targeting a plant
promoter sequence was shown to induce the de novo methylation of promoter sequences
in tobacco plants [33]. To the best of our knowledge, no other reports on the epigenetic
environment after dsRNA plant treatments have been published. The dsRNA-induced
miRNA alterations that are presumably the result of the inhibited AtCHS gene expression
suggest that the AtCHS gene is tightly epigenetically regulated by miRNAs. It is possible
that our treatment disrupts this miRNA-mediated feedback.
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The qRT-PCR analysis revealed a strong negative correlation between the expression
of miRNAs and their predicted targets. This compelling evidence solidifies the validity
of these predicted interactions, providing valuable insight into the intricate regulatory
networks orchestrated by these miRNA families. For example, ath-miR403 was downregu-
lated after the AtCHS-dsRNA application, and verification confirmed the increased gene
expression of its target AGO2, which is the key effector component of the RNAi machin-
ery [34]. This indicates an activated RNAi system in response to exogenous gene-specific
dsRNA application.

The miR171-SCL and miR396 modules are involved in the regulation of chlorophyll
biosynthesis and leaf growth in A. thaliana [29,30]. This study showed that three closely
related miR171 family members (ath-miR171a-3p, ath-miR171b-3p, and ath-miR171c-3p)
were upregulated after the AtCHS-dsRNA application, while the expression of the target
gene SCL27 was inhibited. The data suggest that the dsCHS treatment had a negative effect
on chlorophyll biosynthesis and new organ formation in the A. thaliana. SOD1 is implicated
in the regulation of plant stress resistance and immune reactions [32]. Activation of ath-
miR398b-3p, ath-miR398b-3p, and ath-miR398c-3 was associated with the downregulation
of the SOD1 target gene. Thus, it is possible that the exogenous dsRNA compromises
plant stress resistance mechanisms. Downregulated miR165 and miR166 levels correlated
with the increased expression of the PHB and PHV genes, suggesting the positive effect
of exogenous AtCHS-dsRNA on shoot apical meristem and floral development, which
are regulated by miR166/165. Thus, this study indicates that exogenous dsRNA activates
RNAi-mediated processes, meristem formation, and flowering, and it downregulates new
plant organ formation and stress tolerance.

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

The seeds of wild-type Arabidopsis thaliana from the Columbia (Col-0) ecotype under-
went a sterilization process using vapor-phase sterilization. Then, the seeds were sown
on solid 1/2 Murashige and Skoog (MS) medium as described [25]. One week later, the
germinated seedlings were planted in 7 cm × 7 cm pots filled with 100 g of commercially
available, rich soil. The plants were cultivated in a controlled environmental chamber at
22 ◦C under plastic wrap for an additional three weeks without extra watering [25]. To
induce anthocyanin production and allow for the evaluation of the gene silencing effi-
ciency after the dsRNA treatment, the four-week-old plants were incubated without further
irrigation for an additional two days in a growth chamber (KS-200, Smolenskoe SKTB
SPU, Smolensk, Russia) with a temperature of 7 ◦C and daily light period of 23 h before
RNA isolation.

4.2. dsRNA Synthesis

The T7 RiboMAX™ Express RNAi System (Promega, Madison, WI, USA) was em-
ployed as described to generate AtCHS-dsRNA and NPTII-dsRNA [25]. For this purpose, a
large cDNA fragment of AtCHS (AT5G13930.1, 736 bp out of 1188 bp) was amplified via
PCR for in vitro transcription and dsRNA synthesis. Additionally, a significant portion of
NPTII (GenBank AJ414108, 599 bp out of 798 bp) was amplified using the pZP-RCS2-nptII
plasmid [35]. In a single PCR for each gene, the T7 promoter sequence was added to both
the 5′ and 3′ ends of the amplified AtCHS or NPTII as detailed [25]. These PCR fragments
were then run on a 1% agarose gel for separation and subsequently purified. The purified
PCR products served as templates for the in vitro transcription and dsRNA synthesis ac-
cording to the manufacturer’s instructions. The resulting dsRNAs were assessed through
gel electrophoresis and spectrophotometry to determine their purity, integrity, and quantity.

4.3. Plant dsRNA Treatment

For the dsRNA application, four-week-old wild-type A. thaliana rosettes were treated
by applying AtCHS- and NPTII-dsRNAs to the leaf surfaces with individual sterilized soft
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brushes made from natural pony hair, which had been sterilized in an autoclave [11,36].
Each treatment involved diluting 35 µg of the dsRNAs in 100 µL of nuclease-free water
and covering all rosette leaves on both the upper and lower surfaces with the mixture [25].
Two rosettes per treatment condition were treated, with 35 µg of dsRNA administered
to each rosette. Plant dsRNA treatments were performed during late evening hours
(21:00–21:30) under conditions of low soil moisture [25]. This method of dsRNA application
has been shown to be effective in recent studies [11,36].

4.4. RNA Isolation

To extract RNA from samples, we collected two whole four-week-old rosettes of
A. thaliana two days post-treatments: water treatment (rosettes WC-1, WC-2), AtCHS-dsRNA
treatment (rosettes dsCHS-1, dsCHS-2), and NPTII-dsRNA treatment (rosettes dsNPTII-1,
dsNPTII-2). The RNA isolation process involved separating high-molecular-weight and low-
molecular-weight RNA fractions by a modified protocol based on cetyltrimethylammonium
bromide (CTAB) and lithium chloride (LiCl) application as described [25]. Initially, total
RNA extraction was initiated using the CTAB–polyvinylpyrrolidone K30 (PVP) extraction
buffer prepared as detailed [37]. Subsequently, high-molecular-weight RNAs were isolated
by treating the pellets as described [25]. The pellets after air drying were resuspended in
sterile, filtered water and utilized for complementary DNA (cDNA) synthesis. To obtain the
low-molecular-weight RNA fraction, after precipitating with LiCl, 400 µL of the subsequent
upper aqueous layer was moved to a new, clean 1.5 mL collection tube and precipitated [25].

4.5. Reverse Transcription and qRT-PCRs

Synthesis of cDNAs was performed with 1.5 µg of total RNA according to the proce-
dure described [37]. To ensure the absence of DNA contamination, 1 µL aliquots of reverse
transcription products were subjected to PCR amplification with specific primers for the
AtCHS gene (Table S9). Reverse transcription and the qRT-PCRs were conducted using
SYBR Green I Real-Time PCR dye and a real-time PCR kit (Evrogen, Moscow, Russia),
as described [38], with UBQ and GAPDH serving as internal controls. These genes were
previously identified as appropriate reference genes for qRT-PCRs in Arabidopsis [39]. A
DTprime real-time thermocycler (DNA Technology, Moscow, Russia) was used for am-
plification with an initial step of 2 min at 95 ◦C, followed by 50 cycles at 95 ◦C for 10 s
and at 62 ◦C for 25 s. The calculation of the expression was performed using the 2−∆∆CT

method [40]. The data analysis was carried out utilizing RealTime_PCR version 7.3 (DNA
Technology, Russia). Table S12 contains all gene identification numbers along with the
primers employed.

4.6. Sequencing of Small RNAs

The RNA fractions with low molecular weights, isolated through ethanol precipitation,
were sent to Evrogen in Moscow, Russia, for high-throughput sequencing utilizing Illumina
technology [25]. Quality control of the incoming samples, RNA preparation, and small
RNA sequencing were conducted as previously described [25]. After performing quality
control and measuring the DNA concentration, the library collection was sequenced using
an Illumina NovaSeq 6000 system with single-read sequencing at 100 bp according to the
established protocol [25]. This process yielded a total of 526,174,120 reads. An overview
of the read numbers is provided in Table S1. The sequences from the sRNA library have
been deposited in the National Center for Biotechnology Information (NCBI) with Acces-
sion Number PRJNA827691 and are also accessible in the database of the Laboratory of
Biotechnology at the Federal Scientific Center of East Asia Terrestrial Biodiversity, Far East-
ern Branch of the Russian Academy of Sciences, Russia (https://biosoil.ru/downloads/
biotech/RNAseq/Arabidopsis/2021-03-20012551-data1(Our-RNAseq-1(2))/ (accessed on
4 July 2024)).
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4.7. Small RNA Identification and Analysis

Adaptor sequences (5′AACTGTAGGCACCATCAAT, 5′AGATCGGAAGAGCACACGT)
were cut off, and reads of poor quality as well as those shorter than 20 nucleotides and
longer than 24 nucleotides were filtered out from the obtained high-throughput sequencing
data using the BBDuk program (version 39.06) [41]. Using the Bowtie program (version
1.3.1), allowing 0 mismatches [42], reads aligned to the A. thaliana TAIR10.1 genome [43]
(NCBI Accession Number GCF_000001735.4) with the added NPTII gene and unaligned
reads were excluded from analysis. The obtained SAM format files were converted into
BAM files and indexed using SAMtools (version 1.20) [44]. The processing of the data was
performed using the R programming language. Using the GenomicAlignments R package
(version 1.38.0) [45], we analyzed the small RNAs aligned to AtCHS and NPTII sequences
and miRNAs obtained from the TAIR10.1 genome (Table S1) with miRBase accession
IDs [46]. AtCHS, NPTII, and miRNA reads were counted using the summarizeOverlaps
function from the GenomicAlignments R package. The bar plots of the relative abundance
of small RNA fractions were plotted using the ggplot2 (version 3.5.0) [47] and ggbreak
(version 0.1.2) [48] R packages based on 20–24 nt reads.

4.8. Differential Expression Analysis of miRNAs

Using DESeq2 (version 1.44.0) [49], we analyzed differentially expressed miRNAs
for the dsCHS treatment compared to the water and dsNPTII controls, and for the dsCHS
and dsNPTII treatments compared to the water control. We identified differentially ex-
pressed miRNAs according to the standard algorithm [50–53]. For the differential miRNA
expression analysis, we used counts of reads aligned to Arabidopsis miRNAs as input for
the DESeq2 tool [49]. MiRNA count data were transformed using the variance-stabilizing
transformation method and visualized on a PCA ordination plot using the vst and plotPCA
functions of the DESeq2 R package, respectively. Differentially expressed miRNA counts
were visualized on a heatmap using the ComplexHeatmap R package (version 2.20.0) [54].

4.9. Target Gene Prediction and Functional Annotation

The target genes of differentially expressed miRNAs were obtained using the TarDB
database [55]. Gene set enrichment analysis (GSEA) of target genes was performed using
the gProfiler2 R package (version 0.2.3) [56] across the Gene Ontology–Biological Process
(GO–BP) database [26], and the results were visualized using the enrichplot R package
(version 1.24.2) [57].

4.10. Statistical Analysis

The distribution data of miRNAs, which are 20–24 nucleotides long, are shown as the
mean ± standard error (SE) and were analyzed using a one-way ANOVA, followed by the
Tukey HSD test for multiple comparisons. In the DESeq2 analysis, p-values were corrected
for multiple testing using the Benjamini–Hochberg procedure. In the GSEA, the default
p-value correction method g:SCS was used. The RT-qPCR validation data are presented as
the mean ± SE and were evaluated using a paired Student’s t-test. A p-value of less than
0.05 was determined as the threshold for statistical significance in all the tests. For each
treatment type, two whole rosettes of A. thaliana, four weeks old, were collected two days
post-treatment (yielding two biological replicates for each type of treatment).

5. Conclusions

This study found that the external AtCHS-specific dsRNAs had a profound effect
on the miRNA transcriptome in A. thaliana, inducing significant changes in the miRNA
composition and affecting the expression of the miRNA target genes. These findings
provide new insights into the complex interplay between dsRNA treatments and miRNA
expression in plants. Further research is needed to determine whether external dsRNAs
can trigger epigenetic alterations that persist over time, and to assess the potential risks and
benefits of using exo-RNAi approaches. In addition, this study sheds light on the delicate
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interplay between miRNAs and their target genes, highlighting their crucial role in shaping
the complex biological processes in A. thaliana.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/plants13162335/s1, Figure S1. 10–100 nt RNAs obtained af-
ter high-throughput sequencing and aligned on the Arabidopsis genome. Table S1. Samples analyzed
by sRNA-seq and read numbers of 20–24 nt small RNAs obtained after high-throughput sequencing
(Illumina NovaSeq 6000 instrument). Table S2. MicroRNAs in A. thaliana TAIR10.1 genome. Table S3.
Significantly downregulated microRNAs after dsCHS treatment compared to water and dsNPTII
treatment (adjusted p < 0.05). Table S4. Significantly upregulated microRNAs after dsCHS treatment
compared to water and dsNPTII treatment (adjusted p < 0.05). Table S5. Significantly upregulated
microRNAs after both dsCHS and dsNPTII dsRNA treatments compared to water treatment (ad-
justed p < 0.05). Table S6. Targets of significantly downregulated microRNAs after dsCHS treatment
compared to water and dsNPTII treatment according to the TarDB database. Table S7. Targets
of significantly upregulated microRNAs after dsCHS treatment compared to water and dsNPTII
treatment according to the TarDB database. Table S8. Targets of significantly upregulated microRNAs
after both dsCHS and dsNPTII dsRNA treatments compared to water treatment according to the
TarDB database. Table S9. List of significantly enriched functions in predicted mRNA targets of
dsCHS-upregulated miRNAs. Table S10. List of significantly enriched functions in predicted mRNA
targets of dsCHS-downregulated miRNAs. Table S11. Targets of significantly upregulated microR-
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the TarDB database. Table S12. Primers used in RT-PCR and qRT-PCRs.
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Abstract: Anther length is the critical floral trait determining hybrid rice seed production and is
controlled by many quantitative trait loci (QTL). However, the cloning of genes specifically controlling
anther size has yet to be reported. Here, we report the fine mapping of qAL5.2 for anther size using
backcross inbred lines (BILs) in the genetic background of Oryza sativa indica Huazhan (HZ). Gene
chip analysis on the BC4F2 and BC5F1 population identified effective loci on Chr1, Chr5, and Chr8 and
two genomic regions on Chr5, named qAL5.1 and qAL5.2. qAL5.2 was identified in both populations
with LOD values of 17.54 and 10.19, which explained 35.73% and 25.1% of the phenotypic variances,
respectively. Ultimately qAL5.2 was localized to a 73 kb region between HK139 and HK140 on
chromosome 5. And we constructed two near-isogenic lines (NILs) for RNA-seq analysis, named
NIL-qAL5.2HZ and NIL-qAL5.2KLY, respectively. The result of the GO enrichment analysis revealed
that differential genes were significantly enriched in the carbohydrate metabolic process, extracellular
region, and nucleic acid binding transcription, and KEGG enrichment analysis revealed that alpha-
linolenic acid metabolism was significantly enriched. Meanwhile, candidate genes of qAL5.2 were
analyzed in RNA-seq, and it was found that ORF8 is differentially expressed between NIL-qAL5.2HZ

and NIL-qAL5.2KLY. The fine mapping of qAL5.2 conferring anther length will promote the breed
improvement of the restorer line and understanding of the mechanisms driving crop mating patterns.

Keywords: anther length; outcrossing; Oryza sativa; fine mapping; hybrid rice

1. Introduction

Rice is one of the most populous crops in the world, and hybrid rice technology
is an important technique for improving rice yield. Hybrid rice technology breaks the
limitations of self-pollinating crops, using outcrossing pollination between restoring and
sterile lines to obtain offspring and exhibiting strong heterosis in F1 generation, which
can significantly improve rice yield [1]. Hybrid rice technology mainly includes the
“three-line system” and the “two-line system”. The earliest hybrid varieties were ob-
tained through the three-line system. Hybrid varieties developed with a three-line (CMS,
maintainer, and restorer) system can improve 20–40% higher yields and are widely recom-
mended since 1976 in China [1].

Three-line hybrid technology includes rice cytoplasmic male sterile lines, a rice cyto-
plasmic male sterile maintainer line, and a rice cytoplasmic male sterile restorer line [2,3].
WA352 and Rf4 were the first genes to be cloned from wild abortive cytoplasmic male
sterility (CMS-WA) [4,5]. It consists of two main steps, first breeding the female sterile
parent by crossing the sterile line with the maintainer line and then crossing the ster-
ile line with the restorer line to produce the F1 hybrid seed. In subsequent research,
scientists discovered the photoperiod/thermo-sensitive male sterile lines and achieved
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“two-line system” technology without the maintainer line, which effectively simplified the
process of hybrid rice seed production [6,7]. Since rice is a self-pollinating crop and needs
to be pollinated artificially, enough restorer lines should be planted to ensure that the sterile
line can obtain sufficient pollen to complete fertilization, whether the three-line system or
the two-line system [8]. However, the overplanting of restorer lines will reduce the area
of sterile lines, causing a decrease in the yield of hybrid seed production. In recent years,
the high labor cost and low yield in hybrid rice seed production led to high seed prices,
severely limiting the promotion and application of hybrid rice [9,10].

Improving the anther size of the restoring line or the exsertion rate of the sterile line
stigma can effectively increase the yield of hybrid seed production [11]. Some researchers
have detected QTL for anther length by different populations. Tazib et al. detected four
major QTL located on chromosomes 2, 3, 5, and 7 through backcross inbred lines derived
from the backcrossing of the rice cultivars (Nipponbare × Kasalath) × Nipponbare [12].
Four QTL for anther length were also detected on chromosomes 2, 3, and 8 by populations
derived from a cross between an indica (SPR1) and a common wild rice [13]. Recently,
some new anther QTL were identified by the advanced backcross line of O. longistaminata
accession W1508 and chromosomal segment substitution lines in the genetic background
of O. sativa Taichung 65 and found anther size was regulated by cell elongation and cell
proliferation in two different ways [14]. However, the region of these QTL is too rough for
accurate mapping, making it challenging to apply in hybrid seed production.

In this study, we detected six QTL by backcross inbred lines derived from two rice
cultivars HZ and Koliya (KLY). And qAL5.2 was narrowed down to a 73 kb region by
fine mapping. Regulatory pathways of anther size were analyzed by RNA-seq, and it
was revealed that anther size might be regulated by pathways related to alpha-linolenic
acid metabolism.

2. Results
2.1. Anther Morphology of NIL-HZ and NIL-KLY

To discover probable quantitative trait loci (QTL) controlling anther length, we inves-
tigated the parental phenotype of the restore line Huazhan (HZ, Oryza sativa ssp. Indica)
and Koliya (KLY) from south-east Asia (Figure 1). The anther length of HZ and KLY were
1.96 ± 0.04 mm and 2.53 ± 0.09 mm, respectively. However, KLY exhibits much shorter
grain length than HZ (Figure 1F). The grain length of KLY was only 6.5 mm, which is
23% shorter than that of HZ, resulting in a much higher anther/glume length ratio
(Figure 1E,F). Subsequently, we constructed a mapping population and the near-isogenic
line (NIL) using anther length as the trait for selection (Figure S1). At the same time,
we investigated the phenotype of NIL-HZ and NIL-KLY derived from BC4F1 with the
genetic background of HZ (Figure 2). The anther length of NIL-HZ and NIL-KLY were
2.00 ± 0.1 mm and 2.52 ± 0.05 mm, respectively (Figure 2C,D). At the same time, there
were no noticeable significant differences in anther width, 1000-grain weight, grain length,
or grain width but there were in plant height (Figure 2E–I).
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Figure 1. The phenotypic characterization of Huazhan (HZ) and Koliya (KLY). (A,B) The gesta-
tional stage (A) and maturation stage (B) of HZ and KLY grown under natural field conditions, Bar 
= 25 cm. (C) The grain length of HZ (down) and KLY (up), Bar = 5 cm. (D) The anther of the spikelet 
of HZ (left) and KLY (right), Bar = 1 cm. (E–H) The statistics of the agronomic traits of HZ and KLY: 
anther length (E), grain length (F), grain width (G), and plant height (H). Values are means ± SD 
from three biological replicates. Asterisks indicate statistical significance as determined by Stu-
dent�s t-test (** p < 0.01). 

Figure 1. The phenotypic characterization of Huazhan (HZ) and Koliya (KLY). (A,B) The gestational
stage (A) and maturation stage (B) of HZ and KLY grown under natural field conditions, Bar = 25 cm.
(C) The grain length of HZ (down) and KLY (up), Bar = 5 cm. (D) The anther of the spikelet of
HZ (left) and KLY (right), Bar = 1 cm. (E–H) The statistics of the agronomic traits of HZ and KLY:
anther length (E), grain length (F), grain width (G), and plant height (H). Values are means ± SD from
three biological replicates. Asterisks indicate statistical significance as determined by Student’s t-test
(** p < 0.01).
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Figure 2. The phenotypic characterization of NIL-HZ and NIL-KLY. (A) The gestational stage of 
NIL-HZ and NIL-KLY grown under natural field conditions, Bar = 10 cm. (B,C) The length of the 
spikelet (B) and anther (C) of NIL-HZ (left) and NIL-KLY (right), Bar = 5 mm and 2 mm. (D–I) The 
statistics of the agronomic traits of NIL-HZ and NIL-KLY: anther length (D), anther width (E), the 
weight of 1000 grains (F), grain length (G), grain width (H), and plant height (I). Values are means ± 
SD from three biological replicates. Asterisks indicate statistical significance as determined by 
Student�s t-test (* p < 0.05; ** p < 0.01). 

2.2. Effects of qAL5.2 for Anther Length 
For mapping quantitative trait loci (QTL) of anther length, the BC4F2 population was 

constructed with the genetic background of HZ (Figure S1). BC4F2 individuals with ex-
tremely large or small anthers were pool sampled, respectively, for gene chip analysis 
(Figure 3A). In the BC4F2 population (n = 20), five loci on Chr1-1, Chr5, Chr6, Chr8-1, and 

Figure 2. The phenotypic characterization of NIL-HZ and NIL-KLY. (A) The gestational stage of
NIL-HZ and NIL-KLY grown under natural field conditions, Bar = 10 cm. (B,C) The length of the
spikelet (B) and anther (C) of NIL-HZ (left) and NIL-KLY (right), Bar = 5 mm and 2 mm. (D–I) The
statistics of the agronomic traits of NIL-HZ and NIL-KLY: anther length (D), anther width (E), the
weight of 1000 grains (F), grain length (G), grain width (H), and plant height (I). Values are means
± SD from three biological replicates. Asterisks indicate statistical significance as determined by
Student’s t-test (* p < 0.05; ** p < 0.01).

2.2. Effects of qAL5.2 for Anther Length

For mapping quantitative trait loci (QTL) of anther length, the BC4F2 population
was constructed with the genetic background of HZ (Figure S1). BC4F2 individuals with
extremely large or small anthers were pool sampled, respectively, for gene chip analysis
(Figure 3A). In the BC4F2 population (n = 20), five loci on Chr1-1, Chr5, Chr6, Chr8-1, and
Chr9 (Figure 3A) were detected. Subsequently, six loci were detected on Chr1-2, Chr3, Chr5,
Chr8-2, Chr10, and Chr12 in the BC5F1 population (n = 10) (Figure 3B).
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The draft mapping results revealed that two genomic regions in Chr5 were repeat-
edly detected in the BC4F2 and BC5F1 populations and thereafter named as qAL5.1 and 
qAL5.2, respectively. To fine map QTL of anther length, we constructed seven BC5F2 
populations with the segregating regions covering the chip mark R0516540382GA- 
F0520537816TG in qAL5.2, and QTL analysis was performed (Figure 4). The result 
showed that qAL5.2 was observed in LY-2 and LY-3 populations. In LY-2 and LY-3 popu-
lations, the peak LOD values were 17.54 and 10.19, and the additive effects were 0.12 mm 
and 0.08 mm, explaining 35.73% and 25.1% of the phenotypic variances, respectively 
(Figure S2). There were no significant QTL in other populations (Table 1). So qAL5.2 
might be localized to a 73 kb interval between HK139 and HK140 on chromosome 5. 

Figure 3. Primary mapping of QTL for anther length using gene chips containing 10 K molecular
markers. (A) Analysis of plants with extremely short and long anther size in BC4F2 (n = 20).
(B) Analysis in F1 of BC5F1 (n = 10). AA stands for HZ; BB stands for KLY. Red circles represent
QTL locations.

The draft mapping results revealed that two genomic regions in Chr5 were repeatedly
detected in the BC4F2 and BC5F1 populations and thereafter named as qAL5.1 and qAL5.2,
respectively. To fine map QTL of anther length, we constructed seven BC5F2 populations
with the segregating regions covering the chip mark R0516540382GA- F0520537816TG in
qAL5.2, and QTL analysis was performed (Figure 4). The result showed that qAL5.2 was
observed in LY-2 and LY-3 populations. In LY-2 and LY-3 populations, the peak LOD values
were 17.54 and 10.19, and the additive effects were 0.12 mm and 0.08 mm, explaining
35.73% and 25.1% of the phenotypic variances, respectively (Figure S2). There were no
significant QTL in other populations (Table 1). So qAL5.2 might be localized to a 73 kb
interval between HK139 and HK140 on chromosome 5.

Table 1. QTL detected for anther length in seven BC5F2 populations. A, the additive effect of
replacing an HZ allele with a KLY allele; D, dominance effect; R2, the proportion of phenotypic
variance explained by the QTL effect; ns, no significance.

Population Heterozygous
Interval LOD A D R2

LY-1 HK134–HK03 ns - - -
LY-2 HK134–HK62 17.54 0.12 0.01 35.73
LY-3 HK03–HK62 10.19 0.08 - 25.10
LY-4 HK134–HK138 ns - - -
LY-5 HK140–HK62 ns - - -
LY-6 HK61–HK62 ns - - -
LY-7 HK134–HK139 ns - - -
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2.3. Enrichment Analysis of RNA-Seq

To analyze how qAL5.2 affects the development of the anther, we conducted an
RNA-sequence experiment using the anther samples in the S4-stage (pollen microspore
metaphase stage) from the near-isogenic lines NIL-qAL5-2HZ and NIL-qAL5-2KLY, respec-
tively. Compared with NIL-qAL5-2KLY, there were 952 genes observably up-regulated and
541 genes significantly down-regulated in the S4-stage anther in differential expression gene
(DEG) analysis (Figure 5A and Table S3). In order to verify the DEG results, three genes
were randomly detected by qRT-PCR, and the results showed that the relative expression
of the three genes was consistent with the DEG results (Figure 5B). So it could be used in
the following analysis.
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Figure 5. Differential expression analysis in RNA-seq. (A) Volcano plot of mRNA expression in
S4 anther (pollen microspore metaphase stage). (B) Verification of DEG by qRT-PCR. Asterisks
indicate statistical significance as determined by Student’s t-test (** p < 0.01).

The result of the GO enrichment analysis showed that differential genes were mainly
enriched in the carbohydrate metabolic process, extracellular region, and nucleic acid
binding transcription (Figure 6A). The result of the KEGG enrichment analysis revealed
that they were significantly (p < 0.05) enriched in alpha-linolenic acid metabolism, por-
phyrin and chlorophyll metabolism, and amino sugar and nucleotide sugar metabolism
pathways (Figure 6B), indicating qAL5.2 is involved in the regulation of the energy
metabolism of anthers.
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expressed mRNAs. (B) Bubble plot of pathways for differentially expressed mRNAs. BP biological
process; CC cellular component; MF molecular function.

2.4. Candidate Gene Analysis of qAL5.2

There were eight predicted reading frames (ORFs) covered by qAL5.2. We analyzed the
expression of all eight candidate genes using the data from the Rice Genome Annotation
Project. We found that only ORF1, ORF3, ORF4, and ORF8 showed expression in the rice
anther, and ORF8 had a particularly high level (Table 2 and Figure S3). And only ORF8
expression has a significant difference in RNA-Seq.

Table 2. Candidate genes in the target region of qAL5.2.

ORF ID Gene Product The Highest Expression

ORF1 LOC_Os05g29900 expressed protein Seed-S4

ORF2 LOC_Os05g29910 retrotransposon protein, putative,
expressed No

ORF3 LOC_Os05g29920 expressed protein Seed-S5

ORF4 LOC_Os05g29930 late embryogenesis abundant
protein, expressed SAM

ORF5 LOC_Os05g29940 expressed protein No
ORF6 LOC_Os05g29950 expressed protein No
ORF7 LOC_Os05g29960 expressed protein No
ORF8 LOC_Os05g29974 lipase, putative, expressed Anther

According to the Sanger sequencing results, there was a nonsynonymous mutation
with T to C in exon 8 of ORF8, resulting in one amino acid substitution form Ala to
Val. ORF3 also had a nonsynonymous SNP with G to C in exon and caused one acid
substitution from Ser to Trp. (Figure 7A). A subcellular localization analysis of ORF3
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and 8 was performed. The result showed that ORF3-GFP localized in plasma mem-
branes and cytosol, and ORF8-GFP localized in the nucleus, plasma membranes, and
cytosol (Figure 7B).
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Figure 7. The identification of candidate genes for anther length. (A) A schematic diagram of the SNP
of the candidate genes between HZ and KLY. An SNP occurred in ORF3, resulting in the residues
being changed from Ser in HZ to Trp in KLY. An SNP occurred in ORF8, resulting in the residues being
changed from Ala in HZ to Val in KLY. White boxes indicate UTR, black boxes indicate exons, and the
lines between them represent introns. (B) Free green fluorescent protein (GFP) and ORF3/ORF8-GFP
fusion protein were transiently expressed in rice protoplasts. Green fluorescence shows GFP.

3. Discussion

The anther length was an essential trait in improving the outcrossing yield in rice,
and the majority of QTL controlling anther size could be used in marker-assisted selection
breeding. In this research, we constructed advanced backcross populations of HZ and KLY,
and eight QTL sites of anther length were obtained by gene chip analysis. qAL5.2 was fine
mapped to a 73 kb region between HK139 and HK140 on chromosome 5 by seven BC5F2
populations, and candidate genes were analyzed by RNA-sequence.

In the past decade, wild rice segregating populations were used for the QTL analysis
of anther size, such as O. longistaminata and O. rufipogon [13,14]. Although there were
significant differences in anthers between wild rice and cultivated rice, the fine mapping
of the genes remains difficult, primarily due to the challenges in phenotyping. We used
two cultivated rice HZ and KLY for a QTL analysis of anther size. The significant difference
in the anther/glume ratio between KLY and HZ helped to rule out the influence of the
grain length QTL on anther length (Figures 1 and 2). At the same time, it quickly generated
the mapping populations, and we obtained seven BC5F2 populations for qAL5.2 mapping.
The genotypes of LY-1, LY-4, and LY-5 were HZ homozygous in qAL5.2 (Figure 4), and the
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average anther length was 2.03 mm, 2.12 mm, and 2.15, respectively (Table S1). The anther
length of LY-1 was similar to HZ; LY-4 and LY-5 were longer than HZ. We speculated that
LY-4 and LY-5 populations closer to the heterozygous range were more prone to genetic
recombination. The genotypes of LY-6 and LY-7 were KLY homozygous range in qAL5.2,
named qAL5.2KLY, and the average anther length of LY-6 was 2.26 mm, which was the
longest anther in all BC5F2 populations. Notably, the anther of homozygous qAL5.2KLY is
not identical to KLY, indicating that other QTL may co-regulate anther size.

This research showed that the genomic regions were located on Chr1, Chr3, Chr5,
Chr6, Chr8, Chr9, Chr10, and Chr12 by DNA microarray mapping (Figure 3A,B). Previously,
several other groups have attempted to map QTL for anther size. Eighteen QTL for anther
traits were detected using five mapping populations, and the QTL sites of Chr1, Chr3, Chr5,
Chr8, and Chr9 overlapped with the current study’s locations [15]. It suggested that gene
chip mapping was reliable for QTL preliminary mapping. There was no coincident QTL
that was detected by all mapping populations in Uga et al., and it was similar to other
research [14,16]. Therefore, we supposed that anther length was regulated by different
minor QTL in different populations, and major QTL have yet to be touched. The qAL5.2
site was close to the RM18569 marker, and a similar site was detected in multiple popula-
tions, including O. longistaminata (W1508), O. rufipogon (P16), and indica (IR24, T65, Aijiao
Nante) [14–16]. qAL5.2 should be a major QTL for anther length.

Although qAL5 has been detected before, the candidate gene remains elusive. Based
on the expression profile, there were eight predicted reading frames in the qAL5.2 region,
and only four genes showed expression in rice (Table 2). ORF1 and ORF3 were mainly
expressed during seed development; ORF4 and ORF8 were mainly expressed in the pani-
cle formation stage, and the expression of ORF4 was also higher during the young seed
stage (Table 2 and Figure S3). Only ORF3 and ORF8 had a nonsynonymous variation
between HZ and KLY (Figure 7A), and ORF8 encoded a lipase belonging to the alpha/beta-
hydrolase (ABH) family, and have been reported in regulating plant development [17,18].
SDP1 encodes lipase with a patatin-like acyl-hydrolase domain, mainly expressed in de-
veloping seeds, and sdp1 exhibited a post-germinative growth arrest phenotype in Ara-
bidopsis [19]. RVMS (Reversible Male Sterile) encodes a GDSL lipase/hydrolase protein
predominantly expressed in anthers. The mutant of rvms is fertile at a low temperature
(17 ◦C) but is male-sterile at normal temperature (24 ◦C), so lipase is also necessary for
anther development [20,21]. And CSE, the Arabidopsis homolog protein of ORF8, has been
reported to be involved in lignin synthesis, and cse2 shows severe dwarfing and reduction
in lignin content, so we thought ORF8 was probably a candidate gene of qAL5.2 [22,23].

The development of the anther is a complex process involving many regulatory
pathways, such as the hormone pathway, phosphorylation pathway, and ubiquitination
pathway [24,25]. In this research, we conducted an RNA-sequence experiment using an
S4-stage anther of the near-isogenic line of qAL5.2 to analyze possible regulatory pathways.
The differentially expressed genes were highly enriched in the nucleic acid binding tran-
scription and alpha-linolenic acid metabolism pathway, indicating that many enzymes or
substrates related to lipid synthesis are transcribed. So we guess qAL5.2 may be involved
in regulating transcription factors and lipid metabolism in developing anthers.

In conclusion, we detected a new QTL and narrowed in a 73 kb region by fine mapping.
At the same time, candidate genes of qAL5.2 were analyzed, and RNA-sequence analysis
showed that qAL5.2 was involved in the regulation of the anther’s energy metabolism.

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

Oryza sativa L. ssp. indica Huazhan (HZ) was a recurrent parent. Oryza sativa L. ssp.
Japonica Poliya (PLY) was the donor parent. F1 of a big anther was identified from the
HZ/KLY population derived from the cross between HZ and KLY. The BC4F2 popula-
tion was derived from F1 with the recurrent parent HZ for four consecutive generations.
NIL-qAL5.2HZ and NIL-qAL5.2KLY were derived from BC5F3. All plants were grown in the
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nature field at Hangzhou, Zhejiang Province of China, from May to October and at Linshui,
Hainan Province of China, from January to April.

4.2. Measurement of Traits

The agronomic traits, including plant height, anther length, grain length, grain width
and 1000-grain weight, were measured with more than three replicates at the mature stage.
The anther length, anther width, grain length, and grain width were measured by SC-G
software (Wanshen Detection Technology Co., Ltd., Hangzhou, China). The phenotypic
variance was calculated by SPSS 17.0 software.

4.3. Genotype Analysis

The genomic DNA of each plant was extracted by the CTAB method [26]. For PCR
amplification, a 20 µL reaction mixture consisted of 0.2 µM primers, 10 µL 2 × Taq PCR
MasterMix (LSC, Hangzhou, China), and ∼15 ng of a genomic DNA sample. The PCR
amplified profile was as follows: a pre-denaturation of 5 min at 94 ◦C, 30 cycles of 30 s at
94 ◦C, 30 s at 55 ◦C, and 30 s at 72 ◦C, and a final elongation at 72 ◦C for 5 min. Insertion
and deletion markers were designed with NCBI and Primer5, and the primer sequences
are listed in Table S2. The amplified products were electrophoresed in 3% agarose gel in
1× TAE buffer.

4.4. Genetic Mapping

The BC4F2 and BC5F1 population, individuals with extreme phenotypes of a big an-
ther or small anther, were used for gene chip bulked segregation analysis by the company
(Shuang Lv Yuang Bioinformatics Technology, Wuhan, China). Fine mapping was exper-
imented with seven populations and nine markers by the method described previously.
Briefly, genotype and phenotype analyses were conducted using Mapmaker/Exp 3.0, in
which genetic distances between markers were presented in centiMorgans (cM) derived
with the Kosambi function. QTL analysis was performed with the IM method by Windows
QTL Cartographer 2.5, and an LOD value of 2.5 was taken as the threshold value [27].

4.5. Transcriptomics Analysis

About 1 g of the S4-stage (pollen microspore metaphase stage) anther of NIL-qAL5.2HZ

and NIL-qAL5.2KLY was collected for Transcriptomics sequence. Different expression anal-
yses, GO and KEGG, were performed by Tianjin Novogene Bioinformatics Technology. In
brief, the PCR products were purified by AMPure XP system (Beckman Coulter, Pasadena,
CA, USA), and the library quality was assessed using the Agilent Bioanalyzer 2100 system
(Agilent, Santa Clara, CA, USA). After cluster generation, the library preparations were se-
quenced on the Illumina HiSeq platform (Illumina, San Diego, CA, USA) and 125 bp/150 bp
paired-end reads were generated [28].

4.6. Subcellular Localization of qAL5

CDS of ORF3 and ORF8 without the stop codon were cloned into a transient expression
vector PAN580-GFP to determine the subcellular localization. The fusions of GFP were
transformed into protoplasts that were extracted from 15 d old HZ seedlings based on the
CaCl2-PEG4000 method [29]. An empty PAN580-GFP vector was the control.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/plants13081130/s1, Figure S1: Development of advanced backcross lines;
Figure S2. The LOD score plots by WinQTLCart. (A) The LOD score of LY2 population. (B) The LOD
score of LY3 population; Figure S3. The expression profiles of the candidate genes in different tissues;
Table S1: Anther length of populations; Table S2: Prime list used in this study; Table S3: Differential
expression genes list.
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Abstract: Grain yield in rice is a complex trait and it is controlled by a number of quantitative trait
loci (QTL). To dissect the genetic basis of rice yield, QTL analysis for nine yield traits was performed
using an F2 population containing 190 plants, which was developed from a cross between Youyidao
(YYD) and Sanfenhe (SFH), and each plant in the population evaluated with respect to nine yield
traits. In this study, the correlations among the nine yield traits were analyzed. The grain yield per
plant positively correlated with six yield traits, except for grain length and grain width, and showed
the highest correlation coefficient of 0.98 with the number of filled grains per plant. A genetic map
containing 133 DNA markers was constructed and it spanned 1831.7 cM throughout 12 chromosomes.
A total of 36 QTLs for the yield traits were detected on nine chromosomes, except for the remaining
chromosomes 5, 8, and 9. The phenotypic variation was explained by a single QTL that ranged from
6.19% to 36.01%. Furthermore, a major QTL for grain width and weight, qGW2-1, was confirmed
to be newly identified and was narrowed down to a relatively smaller interval of about ~2.94-Mb.
Collectively, we detected a total of 36 QTLs for yield traits and a major QTL, qGW2-1, was confirmed
to control grain weight and width, which laid the foundation for further map-based cloning and
molecular design breeding in rice.

Keywords: rice; yield trait; grain width; grain weight; quantitative trait locus

1. Introduction

Adequate food is extremely vital for people all over the world, and it can satisfy
people’s basic sense of security, achieve social stability, and ensure national security. The
agricultural crisis, especially the grain price crisis from 2008 to 2011, triggered global
unrest [1]. In 2017, approximately 11% of the world’s population suffered from hunger, and
it is expected that by 2050, climate change will put an additional 77 million people at risk
of hunger [2]. In 2019 alone, approximately 340 million children worldwide suffered from
micronutrient deficiency, and 144 million children under the age of 5 had developmental
delays (http://www.fao.org/worldfoodsituation/csdb/en/, accessed on 21 February 2024).
In the face of natural disasters, including rising global temperatures and unstable climate
events, cultivating crops with high yield potential is crucial for ensuring food security [3].
Rice is one of the most important cereal crops and serves as a stable food for more than
half the world’s population [4]. Rice is grown in over 100 countries around the world [5],
and increasing rice production can eliminate hunger and ensure food security. However, rice
production faces many challenges. The increase in carbon dioxide concentration in the air
will reduce the nutritional quality levels of B vitamins, proteins, iron, and zinc in rice [6]. In
rice variety improvement, it is often found that one yield trait has improved while another
yield trait has deteriorated, resulting in the phenomenon of trade-offs [7,8]. To enhance rice
production, more attention is directed to deeply exploring the genetic mechanisms of rice yield.
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As a complex agronomic trait, grain yield per plant (GYPP) is mainly determined
by three key components: number of panicles per plant (NPPP), number of filled grains
per panicle (NFGPP), and grain weight [9]. The three component traits and other related
yield traits are typical quantitative traits and are controlled by quantitative trait loci (QTL).
During the last 30 years, large numbers of QTLs for the yield traits have been identified by
the approaches of classical QTL mapping and genome-wide association analysis (GWAS)
with biparental populations and the natural populations, respectively. Biparental genetic
populations have been widely used in the identification of QTLs for rice yield traits with
PCR-based or genome-resequenced linkage maps. In comparison with biparental genetic
populations, natural populations with a large scale of rice varieties contain more genetic
diversity, and their corresponding GWAS can improve map resolution. However, rare
alleles are difficult to identify in GWAS studies. Plentiful recombination events and allele
differences play an important role in detecting the QTLs underlying rice yield traits. In
recent decades, great advances in rice functional genomics have provided the foundation
to increase rice production. The elucidation of the genetic mechanisms underlying each
yield component will certainly benefit the improvement of rice variety.

The NPPP is closely related to tillering ability and is easily affected by environment,
with low heritability and regulation by multiple genes [10]. Tillering is a fundamental trait
in rice that ensures the number of panicles and sink size [11]. Rice tillers include primary,
secondary, and tertiary tillers, of which the secondary and tertiary tillers in the late tillering
stage contribute little to yield. Rice tillering involves two processes: one is the formation of
the axillary meristem, and the other is the outgrowth of the tiller bud [12]. MOC1, MOC2,
and MOC3 are three vital genes related to rice tillering, and they affect the growth of rice
tiller buds and the formation of axillary meristems, respectively. The MOC1 plant mutant
almost completely loses its tillering ability and only produces one main culm, while the
wild-type plant has multiple tillers. MOC1 encodes a putative GRAS family nuclear protein,
which is mainly expressed in axillary buds and functions to initiate axillary bud formation
and promote its outgrowth [13]. MOC2 mutant plants show a significant decrease in tiller
number, reduced growth rate, and dwarfing characteristics. The MOC2 mutation leads to
a deficiency in FBPase activity, resulting in an insufficient supply of sucrose and possibly
ultimately inhibiting the growth of tillering buds [14]. MOC3 mutant plants only have a
monoculm and are sterile. Morphological and histological studies have shown that the
disruption of tillering bud formation in MOC3 leads to a monoculm phenotype in the
plant [15]. Outgrowth of the rice tiller bud is mainly regulated by phytohormones. As
one of the direct factors affecting rice yield, the NPPP has been widely studied in recent
years. In a previous study, a set of rice populations were used to genotype 700,000 single
nucleotide polymorphisms (SNPs). A total of 15 novel QTL loci related to rice tillering
were identified by the GWAS. The DNA sequences of the above 15 novel QTL loci were
analyzed using extreme tiller number phenotypic accessions, and a total of five candidate
genes were identified [16].

The NFGPP, directly determining grain yield, is affected by the number of primary
branches (NPB) and the number of secondary branches (NSB) [17]. There are extensive
variations in the NFGPP and its correlation among different accessions. A large number
of QTL mappings have been carried out by using biparental genetic populations [18–20].
The QTLs controlling the NFGPP are distributed on 12 chromosomes, with the most
on chromosome 1, and more than 180 QTLs have been located by incomplete statistics
(www.grarene.org, accessed on 1 April 2023). Abundant QTLs controlling the NFGPP and
its directly related panicle traits have been identified by GWAS [21,22]. Gn1a, encoding the
enzyme osckx2 that degrades cytokinin, was the first QTL to be cloned in rice to control the
NFGPP. Gn1a delected leads to the accumulation of cytokinin and increases the NFGPP [23].
GNP1 encodes an essential enzyme GA20 oxidase in the gibberellin synthesis pathway,
which affects the NFGPP by affecting the number of secondary branches [24].

Grain weight is generally estimated by 1000-grain weight (TGW), which is mainly
related to grain size and the filling process [25]. The heritability of grain size is relatively
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high, and so is affected by genetic factors, while the filling degree is easily influenced by
the environment [26]. Grain size is composed of grain length (GL), grain width (GW), and
grain thickness (GT), of which the first two are essential factors affecting yield [27,28]. Up to
now, 21 QTLs controlling rice grain weight and grain size have been cloned and distributed
on 8 chromosomes, except for chromosomes 1, 10, 11, and 12. Except for GLW7 [28] and
GW5 [29] which were identified by GWAS, OsLG3 [30] was identified by linkage analysis
and association analysis, and the remaining eighteen QTLs were all identified by map-
based cloning. Among these QTLs, 13 were found to mainly control GL and GW, including
GS2 [31] on chromosome 2; GS3 [32], SG3 [33], OsLG3 [30], qLG3 [34], GL3.1 [35], TGW3 [36]
and GSA1 [37] located on chromosome 3; GL4 [38] on chromosome 4; TGW6 [39], GW6a [40],
and GL6 [41] located on chromosome 6; and GLW7 [28] on chromosome 7. GL7 [42] on
chromosome 7 and GS9 [43] on chromosome 9 only control grain size, without affecting
grain weight. The remaining six QTLs mainly control GW and TGW, including GW2 [44]
and TGW2 [45] on chromosome 2; GS5 [46] and GW5 [29] on chromosome 5; and GW6 [47]
and GW8 [48] on chromosomes 6 and 8, respectively.

In this study, the correlations among nine yield traits, GYPP, NPPP, number of total
grains per plant (TNSP), NFGPP, number of grains per panicle (NSPP), seed-setting rate
(SSR), GL, GW, and TGW, were analyzed, and a linkage map covering the whole genome
was constructed through genotyping each plant with the selected polymorphic markers
using a YYD/SFH F2 population. Subsequently, QTLs controlling yield traits were identi-
fied using the combined information of genotype and phenotype. Furthermore, a QTL for
GW and TGW, qGW2-1, was validated and narrowed down to smaller marker intervals
with a set of near-isogenic line (NIL) population and the populations derived from the
residual heterozygotes.

2. Results
2.1. Phenotypic Variation

To dissect the genetic basis of rice yield, two indica varieties, Youyidao (YYD) and
Sanfenhe (SFH), that showed significant differences inn yield traits were selected as parents
to develop an F2 population (Figure 1a,b).
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Figure 1. Comparison of grain size and plant type characters of YYD and SFH. (a) Grain phenotypes
of two rice parents, YYD and SFH, bar: 5.00 mm. (b) Plant phenotypes of two rice parents, YYD and
SFH, bar: 25 cm.

Nine yield traits were investigated in the parental varieties and the corresponding
F2 population. The female parent YYD showed 284.6%, 512.2%, 611.6%, and 62.7% more
NPPP, TNSP, NFGPP, and NSPP; as well as 17.54% and 264.8% higher SSR and GYPP than
the male parent SFH. However, the grains of YYD were 31.7% shorter, 21.0% narrower, and
48.5% lighter than those of SFH (Figure 2).
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In the F2 population, we found that wide variations existed in the phenotypic distribu-
tion of the nine yield traits (Figure 3). Significant transgressive segregations were observed
in the distribution of the NFGPP, NSPP, SSR, and GYPP. All the traits showed continuous
segregation, suggesting that they were controlled by multiple genes and were suitable for
QTL analysis.
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Figure 2. Comparison of 9 yield traits of YYD and SFH. Significant α = 0.01 **.
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Figure 3. Frequency distribution of yield trait in the YYD/SFH F2 population. GYPP, grain
yield per plant; NPPP, number of panicles per plant; TNSP, total number of spikelets per plant;
NFGPP, number of filled grains per plant; NSPP, number of spikelets per panicle; SSR, seed-setting
rate; GL, grain length; GW, grain width, and TGW, 1000-grain weight. Trait values of the parental
materials are indicated by black arrows.

2.2. Correlations between Yield Traits

The correlation coefficients between yield traits are exhibited in Figure 4.
GYPP positively correlated with all six of the yield traits except for the grain size traits.
No correlation was observed between GYPP, GL, and GW. NPPP showed positive correla-
tions with TNSP, NFGPP, GYPP, and negative correlations with NSPP, SSR, and GW. For the
relationship among the four grain/spikelet number traits including TNSP, NFGPP, NSPP,
and SSR, significantly positive correlations were observed among all the traits, except that
TNSP showed a negative correlation with SSR. For the relationships among the three grain
size/weight traits including GL, GW, and TGW, significantly positive correlations were found
among them. Negative or no correlations were observed between the three grain size/weight
traits and the four grain/spikelet number traits, except that GW showed a slight positive
correlation with SSR.
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2.3. Creation of a Linkage Map

Based on genotyping 190 individuals with 133 DNA markers (82 SSR, 51 InDel), a
linkage map was constructed with 12 linkage groups corresponding to 12 rice chromosomes
(Figure 5). The linkage maps spanned 1831.7 cM. The genetic distances between neighboring
markers ranged from 0.5 to 36.4 cM, with an average interval of 15.1 cM.

94



Plants 2024, 13, 770Plants 2024, 13, x FOR PEER REVIEW 7 of 16 
 

 

 
Figure 5. Genetic linkage map showing QTL positions detected in the F2 population. GYPP, grain 
yield per plant; NPPP, number of panicles per plant; TNSP, total number of spikelets per plant; 
NFGPP, number of filled grains per plant; NSPP, number of spikelets per panicle; SSR, seed-setting 
rate; GL, grain length; GW, grain width, and TGW, 1000-grain weight. 

2.4. QTLs for Rice Yield Traits 
2.4.1. QTLs for GYPP and NPPP 

Using the YYD/SFH F2 population, three QTLs for GYPP with relatively small effects 
were identified on chromosome 3, and the LOD peak values ranged from 4.34 to 5.86 
(Figure 5, Table 1). All the three QTLs explained 31.34% of the GYPP’s variations, with 
the additive effects for enhancing the GYPP contributed by the YYD allele. No major QTL 
for the GYPP were detected. Four QTLs controlling NPPP were mapped on chromo-
somes 3, 4, 10, and 12. These QTLs collectively accounted for 47.01% of the total pheno-
typic variation. One major QTL with a peak LOD value of 7.61, qNPPP3, was mapped on 
chromosome 3 and was responsible for 17.85% of the NPPP’s variation. The additive and 
dominance effects showed opposite directions. Although the male parent SFH only had 3 
to 5 tillers, the SFH allele at qNPPP3 increased the NPPP with a positive additive effect of 
5.5 and showed a negative dominant effect of −4.1. 

  

20CM

NPPP TNSP NFGPP NSPP SSR TGWGWGYPP GL

JD8009
RM22248

YS8006

RM4955

RM22477
RM5556
YS8001

RM23047
RM23077

RM23312
YS8008

YS8003

YS8009

RM264
JD8019

Chr.8

JD9008
JD9002

RM24134
JD9005

RM24303
JD9010
JD9011
RM24631

Chr.9

JD12014
JD12010
RM27507

JD12018
RM27867
YS12002

JD12019

RM1226

Chr.12Chr.7

RM20960

RM2006
RM3484

RM21230
JD7009

RM21719

RM21993
RM22039

JD7015

Chr.10
JD10002
RM24934

JD10003
RM25176
RM3152

RM25367

RM25717

Chr.11
RM26023
RM8216

RM3133

RM26567
JD11002

RM26851
RM26969
RM206

JD11003

RM2136

RM17769
JD5008

RM17952

RM18111
JD5011
JD5005
HX5008

RM5558

RM19185

Chr.5Chr.3
RM14281

JD3011

YS3041

RM14633
RM14635
JD3005
JD3006
RM14849
RM15029

RM15217
RM15353
RM16
RM15576
RM3513

RM15981

RM16184

Chr.4
JD4001

RM16429

YS4002

YS4003

RM16592

YS4005

YS4008

YS4010

RM17096

RM17303
RM2636

RM17562

Chr.6
RM8106

RM19356

RM19472

RM19572

RM4128

JD6002
RM19917
RM20049
RM3
RM20238
RM20271
RM20429
RM20495
JD6008
JD6010

Chr.2Chr.1

RM10609

RM10881
RM11054

RM11258
RM11570

RM11811

RM1282

JD1016

JD1007

YS1001

JD1004

RM3403
JD1009

RM12360

JD2028

RM13021
JD2001
JD2029
JD2030

RM1367
RM6
JD2008
JD2009
RM14221

GW2

GS2

TGW2

Figure 5. Genetic linkage map showing QTL positions detected in the F2 population. GYPP, grain
yield per plant; NPPP, number of panicles per plant; TNSP, total number of spikelets per plant;
NFGPP, number of filled grains per plant; NSPP, number of spikelets per panicle; SSR, seed-setting
rate; GL, grain length; GW, grain width, and TGW, 1000-grain weight.

2.4. QTLs for Rice Yield Traits
2.4.1. QTLs for GYPP and NPPP

Using the YYD/SFH F2 population, three QTLs for GYPP with relatively small effects
were identified on chromosome 3, and the LOD peak values ranged from 4.34 to 5.86
(Figure 5, Table 1). All the three QTLs explained 31.34% of the GYPP’s variations, with the
additive effects for enhancing the GYPP contributed by the YYD allele. No major QTL for
the GYPP were detected. Four QTLs controlling NPPP were mapped on chromosomes 3, 4,
10, and 12. These QTLs collectively accounted for 47.01% of the total phenotypic variation.
One major QTL with a peak LOD value of 7.61, qNPPP3, was mapped on chromosome
3 and was responsible for 17.85% of the NPPP’s variation. The additive and dominance
effects showed opposite directions. Although the male parent SFH only had 3 to 5 tillers,
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the SFH allele at qNPPP3 increased the NPPP with a positive additive effect of 5.5 and
showed a negative dominant effect of −4.1.

Table 1. QTLs for yield traits detected in the F2 population.

Traits QTL Chr. Marker Interval Position LOD A D R2 (%)

GYPP
qGYPP3 3 JD3011-YS3041 22.34 5.86 −5.37 1.12 12.35
qGYPP6 6 RM19472-RM19572 30.43 4.43 −4.29 −1.11 8.95
qGYPP7 7 RM22039-JD7015 111.44 4.34 −3.83 −3.11 10.04

NPPP

qNPPP3 3 RM14849-RM15029 89.92 7.61 5.5 −4.1 17.85
qNPPP4 4 RM17096-RM17303 176.06 5.83 −3.0 0.3 10.82
qNPPP10 10 RM25367-RM25717 59.62 5.35 −3.3 −0.3 10.76
qNPPP12 12 JD12010-RM27507 11.64 3.76 1.6 2.0 7.58

TNSP

qTNSP1 1 JD1016-JD1007 24.55 3.37 −243.3 27.6 6.19
qTNSP3 3 RM15029-RM15217 114.19 3.61 492.0 −462.3 11.30
qTNSP7 7 RM21719-RM21993 80.99 4.18 −300.3 17.1 8.56
qTNSP10 10 RM25367-RM25717 59.70 3.75 −330.9 −170.3 13.15
qTNSP12 12 JD12010-RM27507 11.64 4.05 341.9 −5.8 8.30

NFGPP

qNFGPP3 3 JD3011-YS3041 22.34 5.44 −200.6 46.1 11.36
qNFGPP6 6 RM19472-RM19572 30.43 3.86 −146.1 −53.7 7.71
qNFGPP7 7 RM22039-JD7015 111.44 6.19 −179.1 −148.1 16.54
qNFGPP12 12 YS12002-JD12019 50.69 3.20 7.9 218.0 8.16

NSPP

qNSPP1 1 RM11570-JD1004 133.83 5.03 −18.8 −15.4 10.40
qNSPP3 3 RM15029-RM15217 114.15 4.47 −26.7 16.3 7.19
qNSPP4 4 RM17096-RM17303 176.00 3.39 16.9 −5.4 6.76
qNSPP7 7 RM22039-JD7015 111.44 11.92 −31.0 −11.4 25.11

SSR

qSSR1 1 RM11811-RM3403 174.36 4.55 −8.82 −5.22 8.70
qSSR3 3 JD3011-YS3041 22.32 3.86 −10.07 −1.27 9.16
qSSR6 6 RM19472-RM19572 30.53 5.00 −5.18 −12.31 11.88
qSSR10 10 RM25367-RM25717 59.66 4.00 13.88 −5.66 10.64
qSSR12 12 JD12014-JD12010 0.04 3.35 −0.84 −13.08 8.08

GL
qGL3 3 RM3513-RM15981 148.73 9.40 0.50 −0.41 36.01
qGL7 7 RM22039-JD7015 111.46 3.75 0.20 0.18 9.71
qGL11 11 RM3133-RM26567 38.72 3.49 0.28 0.05 12.06

GW

qGW1 1 JD1007-RM10609 43.43 3.47 −0.01 0.10 8.26
qGW2-1 2 JD2001-JD2029 70.21 9.02 0.12 0.02 23.58
qGW2-2 2 JD2030-RM1367 99.12 9.85 0.13 −0.01 25.89
qGW3 3 RM16-RM15576 140.87 4.34 0.11 −0.04 10.81
qGW10 10 RM25367-RM25717 59.69 3.89 0.06 0.10 17.81

TGW
qTGW2 2 JD2030-RM1367 99.14 4.40 1.62 −0.43 11.51
qTGW3 3 RM15029-RM15353 114.32 8.01 2.68 −0.73 20.67
qTGW7 7 RM22039-JD7015 111.32 3.94 0.97 1.35 10.07

A: additive effect, positive addictive effect means SFH allele increasing trait values; D, dominance effect; R2,
proportion of phenotype variance explained by the QTL. GYPP, grain yield per plant; NPPP, number of panicles
per plant; TNSP, total number of spikelets per plant; NFGPP, number of filled grains per plant; NSPP, number of
spikelets per panicle; SSR, seed-setting rate; GL, grain length; GW, grain width and TGW, 1000-grain weight.

2.4.2. QTLs for Grain Number Traits

Four grain number traits including TNSP, NFGPP, NSPP, and SSR were evaluated to
perform QTL analysis in this study (Figure 5, Table 1). For TNSP, five minor QTLs were
detected on chromosomes 1, 3, 7, 10, and 12, and accounted for 6.19% to 13.15% of the phe-
notypic variation. For NFGPP, four QTLs were identified on chromosomes 3, 6, 7, and 12,
with the LOD peak values ranging from 3.20 to 6.19. Together, these QTLs were responsible
for 43.77% of the total phenotypic variation. One major QTL located on chromosome 7,
qNFGPP7, scored a peak LOD value of 6.19 and showed the additive effect of −179.1 with
the YYD allele increasing the filled grain number. For NSPP, four QTLs were mapped
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on chromosomes 1, 3, 4, and 7, and showed peak LOD values ranging from 3.39 to 11.92.
All four of the QTLs collectively explained 49.96% of the observed phenotypic variation.
Noticeably, one major QTL for NSPP, qNSPP7, was co-located with qNFGPP7 in the same
marker interval RM22039-JD7015 and showed an additive effect of −31.0 and a domi-
nant effect of −11.4. Similarly, the female parent YYD allele increased the spikelets. Five
minor QTLs regulating the SSR were identified on chromosomes 1, 3, 6, 10, and 12, respec-
tively. These QTLs together accounted for 48.46% of the SSR’s variation and scored peak
LOD values from 3.35 to 5.00.

2.4.3. QTLs for Grain Size and Weight

Three grain size and weight traits, including the GL, GW, and TGW, were measured to
perform QTL analysis in the YYD/SFH F2 population (Figure 5, Table 1). For the GL, three
QTLs were detected on chromosomes 3, 7, and 11, which collectively accounted for 57.78%
of phenotypic variation. One major QTL with an LOD value of 9.40, qGL3, was detected
on chromosome 3 and was responsible for 36.01% of the total phenotypic variation, with
the increasing GL contributed by the SFH allele. For GW, five QTLs were identified on
chromosomes 1, 2, 3, and 10, which explained 81.23% of the phenotypic variation. On
chromosome 2, two major QTLs with LOD values of 9.02 and 9.85, qGW2-1 and qGW2-2,
were identified to be responsible for 23.58% and 25.89% of the GW’s variations. For TGW,
three QTLs were detected on chromosomes 2, 3, and 7, which explained 11.51%, 20.67%,
and 10.07% of the total phenotypic variation, respectively. One major QTL, qTGW3, was
identified in the marker interval RM15029-RM15353. The SFH allele underlying qTGW3
showed an additive effect and increased the TGW.

2.5. Validation of qGW2-1

Three RH-derived populations in F7 with sequential heterozygous segments covering
the target interval JD2001-JD2029, named YM1, YM2, and YM3, were developed to confirm
the genetic effect and location of qGW2-1. The GL, GW, and TGW were continuously
distributed in the three F7 populations (Figure S1). Three segmental linkage maps were
constructed for the YM1, YM2, and YM3 populations (Figure 6). Based on the combina-
tion of genotype and phenotype information of each individual in the three populations,
qGW2-1 for the GW and TGW were identified in each population. No significant QTL effects
for the GL were found in the three populations. The enhancing alleles for the GW and TGW
contributed to the positive additive effects and were derived from the male parent SFH in all
the three populations (Table 2). The variations explained in the GW were 31.54%, 28.28%, and
45.79% in the YM1, YM2, and YM3 populations. Based on the above results, we concluded
that qGW2-1 was located at the common segregating interval YS2005-YS2006 of the three popu-
lations, and the two flanking cross-over intervals YS2004-YS2005 in YM2 and YS2006-YS2027
in YM1. Therefore, qGW2-1 was delimitated to the marker interval YS2004-YS2027, that is, it
corresponded to ~2.94-Mb region in the Nipponbare genome (Figure 6).
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Table 2. QTLs of grain size in three F7 populations.

Population Trait Interval Sample LOD A D R2 (%)

YM1 GL W236-YS2006 128 ns ns ns ns
GW W236-YS2006 128 8.14 0.09 −0.01 31.54
TGW W236-YS2006 128 4.10 1.21 −0.55 19.07

YM2 GL YS2024-JD2029 140 ns ns ns ns
GW YS2024-JD2029 140 13.07 0.05 −0.01 45.79
TGW YS2024-JD2029 140 3.56 0.57 −0.04 14.70

YM3 GL W236-YS2010 179 ns ns ns ns
GW W236-YS2010 179 3.33 0.06 0.01 11.17
TGW W236-YS2010 179 4.24 0.97 −0.18 17.77

A: additive effect, positive addictive effect means SFH allele increasing trait values; D, dominance effect;
R2, proportion of phenotype variance explained by the QTL. ns, no significance.

For further validation of qGW2-1, one set of NIL plants in F8 that were produced
through selecting from the YM3 population were planted during the growth season in
Hangzhou. The phenotypic values of GL, GW, and TGW showed continuous distributions
(Figure 7a). Obvious differentiations in the GW and TGW between the YYD and SFH
homozygous genotypes were observed in the NIL population (Figure 7a–d). The YYD and
SFH homozygous lines were in the low- and high-value areas of the GW and TGW, which
suggests that qGW2-1 is responsible for GW and TGW (Figure 7a).
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Figure 7. Comparative analysis of grain traits between NILYYD and NILSFH for qGW2-1. (a) Distributions
of GL, GW, and TGW in the NIL population. Blue column: the plants carrying the homozygous YYD
allele; orange column: the plants carrying the homozygous SFH alleles. (b) GL, scale bar: 10 mm.
(c) GW, scale bar: 5 mm. (d) Phenotypes of NILYYD and NILSFH in GL, GW, and TGW.
* and ** represent significance levels at 0.05 and 0.01, respectively.

3. Discussion
3.1. QTLs Dissect the Genetic Basis of Rice Yield Traits

To dissect the genetic basis of rice yield traits, we designed an F2 population that
was derived from a cross of YYD and SFH with contrasting yield traits. As we expected,
wide variations in the nine yield traits were observed in the population. After genotyping,
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phenotyping, and QTL mapping, we created a linkage map covering the rice genome and
identified a total of 36 QTLs for the nine yield traits. The identified QTLs were distributed
throughout the whole genome, except for chromosomes 5, 8, and 9 and explained from
6.19% to 36.01% of the total phenotypic variation. Except for the GYPP, TNSP, and SSR,
one or two major QTLs that explained > 15% of the phenotypic variation were identified
for the remaining six yield traits. For each yield trait, the number of QTLs that were detected
in the YYD/SFH F2 population ranged from three to five. Similar to the earlier studies, the
smallest number of QTLs was observed for the most complex trait, the GYPP, and no QTL
could explain > 15% of the phenotypic variation. Through QTL analysis, it was found that
there are QTLs that control different traits within the same molecular marker interval. In the
molecular marker interval RM22039-JD7015 on chromosome 7, there are QTLs that control
the GYPP, NFGPP, TNSP, GL, and TGW, respectively. It is believed that there may be a single
factor for multiple effects or closely linked QTLs within a molecular marker interval.

3.2. Construction of Genetic Linkage Maps Is Important to Identify QTLs

Genetic linkage maps are the basis of QTL mapping, and appropriate molecular
marker density is the key to the accuracy of QTL mapping. In this study, we constructed a
low-density PCR-based genetic map containing 133 markers, of which the distance between
some marker intervals was large, which may have caused some minor QTLs not to be
detected. In order to confirm the reliability of the results of this map, we compared the
QTL of yield-related traits found in this study with the previous mapping results. In this
study, qTNSP12 for the TNSP was identified in similar regions to the previous qnspp12.1
and qfgn12.1 controlling the TNSP and NFGPP, respectively [49]. qGYPP3 and qNFGPP3 for
the GYPP and NFGPP were located in the intervals consistent with qGY_S-3-1 controlling
the GYPP and qFG_S-3-1 controlling the NFGPP, which were detected by a high-density
genetic map, respectively [50]. In our study, among the 11 QTLs for grain size and grain
weight, qGL3, qGW2-2, and qTGW3 were found adjacent to the cloned genes GSA1 [37],
GS2 [31], and SG3 [33], respectively.

3.3. Complex Correlations among Rice Yield and Yield Traits

Complex correlations were observed among rice yield and yield traits. Rice yield
could be enhanced via the improvement of yield traits since the GYPP positively correlated
with the yield traits (Figure 4). To improve the efficiency of rice breeding, elucidation of the
relationship between yield and yield traits is very important and has been investigated in
many studies [51,52]. Similar to our result, the GYPP was also found to positively correlate
with the NPPP, NSPP, NFGPP, TGW, and SSR in the Pusa1266/Jaya recombinant inbred
line population [53]. In the rice varieties released in China from 1978 to 2017, rice yield
positively correlated with the NFGPP, TGW, NSPP, and SSR in the indica ecotype, whereas
it positively correlated with panicle number per unit area in the japonica ecotype [26].
Previous studies have found that the colocation of QTLs responsible for different traits
resulted in complex correlations [54–56]. In the present study, eight marker intervals each
had at least two QTLs. All three of the QTLs for the GYPP, qGYPP3, qGYPP6, and qGYPP7,
were all co-localized in the same genomic regions with the three QTLs for the NFGPP,
qNFGPP3, qNFGPP6, and qNFGPP7, and their additive effects acted in the same direction,
which might have resulted in the significant positive correlation between the GYPP and
NFGPP, with the highest coefficient being 0.98.

3.4. qGW2-1 Is Confirmed to Be a Novel QTL for Grain Width and Weight

The genetic background of the population used for the initial mapping is generally
complex, which may cause certain deviations in QTL interval. Before conducting QTL fine
mapping and marker-assisted selection in variety breeding, it is necessary to verify the
genetic effects and determine the region of the target QTL. In this study, one major QTL
for GW and TGW, qGW2-1, was detected on chromosome 2, and was further validated
and delimited to the target interval YS2004-YS2027 (~2.94 Mb). For grain size and weight,

99



Plants 2024, 13, 770

three major QTLs, including GW2, GS2 and TGW2, were map-based cloned, and many
minor QTLs were detected on chromosome 2. GW2 negatively regulates GW and encodes a
RING-type protein with E3 ubiquitin ligase activity [44]. TGW2, a semi-dominant QTL for
GW and TGW, was mapped on the bottom of chromosome 2 and encodes
CELL NUMBER REGULATOR 1 [45]. Another semi-dominant QTL, GS2/OsGRF4, encodes
Growth-Regulation Factor 4 and increases GL, GW, and TGW through elevating its expres-
sion [31]. Although GW2, GS2, and TGW2 are all located on chromosome 2, their locations
are completely different from qGW2-1. Furthermore, many QTLs controlling grain size and
weight are mapped on chromosome 2 and most of them are collected in the Gramene and
Q-TARO databases (http://qtaro.abr.affrc.go.jp and http://qtaro.abr.affrc.go.jp, accessed
on 8 April 2023). After comparing the QTL locations, no QTL for GW and TGW showed
any overlapping interval with qGW2-1. Therefore, qGW2-1 which was detected in this study
is a novel QTL for GW and TGW.

4. Materials and Methods
4.1. Plant Materials and Field Trials

Two indica varieties that show very significant differences in rice yield traits, including
NPPP, NGPP, NSPP, SSR, GYPP, grain size and weight, YYD, and SFH, were selected to
construct an F2 mapping population containing 190 individuals (Figure 1a). Three plants
with heterozygous chromosomal segments covering qGW2-1 were selected and self-crossed
three times to produce three F7 populations by marker screening.

The field trials were carried out in two locations. We planted 190 plants of the
F2 population and the two parents in Lingshui (110.0◦ E, 18.5◦ N) in Hainan Province, China.
Three F7 populations and the parents, with each population containing of 190 plants, were
grown in a paddy field in Hangzhou (120.2◦ E, 30.3◦ N) in Zhejiang Province, China. All the
rice materials in this study were planted with a planting density of 16.7 cm × 26.5 cm during
the rice-growing season. All kinds of field management were performed as in normal
agriculture practice.

4.2. Phenotypic Measurement

After maturity, the panicles of each plant in the populations were harvested, respec-
tively. The NPPP was counted manually. All the grains were threshed from the panicle,
and the unfilled grains were separated from the filled grains and calculated artificiality. The
filled grains were sun-dried and stored at room temperature for about three months. Then,
the NFGPP and GYPP were measured by SC-A seed counting and grain weighting device
(Wanshen Ltd., Hangzhou, China). Fully filled grains were separated by 3.5 mol/L NaCl
solution and dried to measure the TGW, GL, and GW following the procedure reported by
Zhang et al. [57]. Finally, the NGPP, NSPP, NSP, SSR, and GYPP were calculated.

4.3. DNA Extraction and DNA Marker Analysis

Total DNA was extracted from the young leaves of each plant in the populations
according to the method of Zheng et al. [58]. PCR amplification was performed, and the
products were visualized with 2.5% agarose gels with GelRed staining (Biotium, Fremont,
CA, USA). The DNA markers used in this study included SSR markers and InDel mark-
ers. The SSR markers with the prefixes “RM” were selected from the public database
(www.gramene.org, accessed on 9 April 2023). The InDel markers with the prefixes “JD”
were taken from our previous study [36], and the InDel markers with the prefixes “YS” were
newly designed using the online tool of Primer3.0 based on the 30× genome re-sequence
of the parents YYD and SFH (Table S1).

4.4. Construction of the Linkage Map

Based on the genotyping of the 190 plants of the F2 population with 133 SSR and InDel
markers, twelve linkage groups corresponding to 12 chromosomes were established by
using the computer program MAP-MAKER/EXP 3.0 [59]. The recombination frequencies
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among the markers in the same linkage group were converted into genetic distances using
the kosambi function. An LOD score of 3.0 was used to determine the order of markers
and the linkage group.

4.5. QTL Analysis and Statistical Analysis

Composite interval mapping using the Windows QTL Cartographer 2.5 was conducted
to detect the QTLs for rice yield traits and further validate qGW2-1 [60]. QTL analysis
was carried out with 1000 permutations at the 0.05 probability level. An LOD score of
3.0 was fixed as the thresh value based on the 500 permutation tests for each trait. The
correlation coefficients among different traits in the F2 population were evaluated by using
Correlation Plot in the Origin2022 software.

5. Conclusions

The correlations among nine yield traits were analyzed using an F2 population de-
rived from a cross of YYD and SFH with significant phenotypic differences. The GYPP
positively correlated with six yield traits, except for GL and GW, and showed the highest
correlation coefficient of 0.98 with the NFGPP. A genetic map was constructed and spanned
1831.7 cM throughout 12 chromosomes, with an average interval of 15.1 cM. A total of 36 QTLs
for yield traits were detected on nine chromosomes, except for the remaining chromosomes
5, 8, and 9. The phenotypic variation that could be explained by a single QTL ranged from
6.19% to 36.01%. Furthermore, a major QTL, qGW2-1, was confirmed to control the GW and
was narrowed down to relatively smaller intervals, defined in the marker interval of about
~2.94-Mb using three RH-derived populations in F7 and one set of NIL plants in F8. These
results lay the foundation for further map-based cloning and molecular design breeding in rice.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants13060770/s1, Figure S1: Frequency distribution of GL, GW
and TGW in the three F7 populations. a: YM1. b:YM2. c: YM3, GL: grain length, GW: grain width;
TGW: 1000-grain weight; Table S1: Sequence and physical location of the markers.
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Abstract: Plant surface treatment with double-stranded RNAs (dsRNAs) has gained recognition
as a promising method for inducing gene silencing and combating plant pathogens. However, the
regulation of endogenous plant genes by external dsRNAs has not been sufficiently investigated.
Also, the effect of the simultaneous application of multiple gene-specific dsRNAs has not been
analyzed. The aim of this study was to exogenously target five genes in Arabidopsis thaliana, namely,
three transcription factor genes (AtCPC, AtMybL2, AtANAC032), a calmodulin-binding protein gene
(AtCBP60g), and an anthocyanidin reductase gene (AtBAN), which are known as negative regulators
of anthocyanin accumulation. Exogenous dsRNAs encoding these genes were applied to the leaf
surface of A. thaliana either individually or in mixtures. The mRNA levels of the five targets were
analyzed using qRT-PCR, and anthocyanin content was evaluated through HPLC-MS. The results
demonstrated significant downregulation of all five target genes by the exogenous dsRNAs, resulting
in enhanced expression of chalcone synthase (AtCHS) gene and increased anthocyanin content.
The simultaneous foliar application of the five dsRNAs proved to be more efficient in activating
anthocyanin accumulation compared to the application of individual dsRNAs. These findings hold
considerable importance in plant biotechnology and gene function studies.

Keywords: dsRNA plant surface treatment; gene expression; RNAi; anthocyanin biosynthesis;
dsRNA foliar application

1. Introduction

The task of developing innovative approaches to modify various plant traits, while
keeping their genome intact, is of great importance in modern plant biotechnology. While
transgenic plants and transgene-free genome editing [1] have proven to be effective ap-
proaches to managing plant traits, there is still a significant lack of understanding of the
potential consequences of genetic modifications and genome editing in plants. This has
sparked intense debates surrounding the safety of genetically modified or edited organisms,
leading to numerous countries imposing legal restrictions on the production and cultivation
of such organisms [2,3].

Plant surface treatment with aqueous solutions of double-stranded RNAs (dsRNAs),
which is known as spray-induced gene silencing or SIGS, is an emerging strategy for
manipulating plant characteristics. This innovative technique is currently being extensively
researched as a viable alternative to genetically modified plants [4–6]. dsRNAs are a key
inducer of the RNA interference (RNAi)-based gene silencing processes in eukaryotic
organisms. During RNAi-mediated gene silencing, specialized enzymes known as Dicer-
like or DCL, convert the dsRNAs into short interfering RNAs or siRNAs [7,8]. Subsequently,
these siRNAs are integrated into the RNA-induced silencing complex (RISC). The primary
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function of the RISC is to degrade any RNA molecules that possess a similarity to the
dsRNAs. Consequently, the mRNAs of genes that share significant homology with the
dsRNA-derived siRNAs are destroyed, resulting in decreased expression of these genes.

At present, the RNAi phenomenon has become a prevalent technique utilized in experi-
mental biology to effectively inhibit gene expression in plants. This technique is instrumental
in studying gene functions as well as modifying desirable plant characteristics to meet spe-
cific needs and requirements [9–11]. However, the application of this approach necessarily
involves the stage of obtaining a transgenic plant transformed by a dsRNA-encoding vec-
tor construct or the application of dsRNA-encoding constructs based on attenuated plant
viruses for subsequent plant infection without viral infection symptoms [9,12].

At present, multiple studies have been conducted reporting on plant pathogen pro-
tection using the SIGS approach with the application of exogenous dsRNAs designed to
inhibit the expression of virulence-associated genes in the attacking pathogens [4,11,13,14].
It has been established that fungal pathogens can efficiently internalize exogenous dsRNAs
applied to the plant surface. Once internalized, these dsRNAs undergo processing and
subsequently trigger the silencing of the targeted pathogen genes [13,15,16]. Furthermore,
several intriguing studies have demonstrated that external dsRNAs, which are designed to
target plant genes, may lead to the down-regulation of the gene targets in the plant genome
with the consequent biochemical or phenotypic changes, such as altered flower morphology,
reductions in glucose and fructose content, drought stress tolerance, changed anthocyanin
production, or fungal stress resistance [17–22]. There have also been studies demonstrat-
ing that the suppression of targets in plants was attained through nanoparticle-mediated
or laser light-guided external treatments with dsRNAs [23–25]. The externally applied
dsRNAs have been detected in the plant cells and the plant vascular system [15,19,23].
However, the number of reports on externally induced silencing of plant targets is scarce
in the current literature, and further studies are required. The discovery of the ability to
regulate the level of plant gene expression by applying dsRNA to the surface of the plant
opens up new possibilities for functional studies on plant genes and for regulating plant
traits for the desired time in agriculture.

Our recent work has shown that external treatment of the Arabidopsis thaliana leaf
surface with aqueous solutions of dsRNAs and siRNAs that specifically target the chalcone
synthase AtCHS and two transcription repressor AtMybL2 and AtANAC032 genes, which
are implicated in anthocyanin biosynthesis and its regulation, led to a significant target
down-regulation and corresponding changes in anthocyanin levels [19]. Anthocyanins,
which are derived from the phenylpropanoid biosynthetic pathway (as shown in Figure 1),
are a type of colored secondary metabolites. These compounds are well-known for their
valuable properties that have significant applications in various fields such as medicine,
the food industry, cosmetology, and ornamental horticulture [26,27]. It has been shown
that exogenous AtCHS-dsRNA penetrates into the vascular system and individual plant
cells of A. thaliana and spreads through the vascular system and in groups of parenchymal
cells [19]. We also found that the decrease in the AtCHS expression levels was associated
with the appearance of a fraction of AtCHS-specific small RNAs against this gene and was
presumably induced by RNAi-mediated processes [28].

This investigation was aimed to increase the content of anthocyanins in A. thaliana by
utilizing exogenous dsRNAs that specifically target five genes in A. thaliana, namely, three
transcription factor genes (AtCPC, AtMybL2, AtANAC032), a calmodulin-binding protein
gene (AtCBP60g), and an anthocyanidin reductase gene (AtBAN). The genes of single-repeat
R3 MYB transcription factors AtCPC and AtMybL2 [29,30], a NAC transcription factor
AtANAC032 [31], and a calmodulin-binding protein AtCBP60g [32] are known as negative
regulators (Figure 1) of anthocyanin accumulation in A. thaliana [29–31], while the AtBAN
(AtANR) gene encodes an anthocyanin reductase (Figure 1) converting anthocyanidins
to 2,3-cis-flavan-3-ols in a competing pathway [33]. According to data in the literature,
mybl2, cpc-1, cbp60g mutant plant lines and chimeric repressor line ANAC032-SRDX
(phenotype similar to loss-of-function mutants) exhibited upregulated expression levels of
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AtCHS and some other anthocyanin biosynthetic genes in A. thaliana [29–32]. This was also
accompanied by an increased content of anthocyanins. At the same time, overexpression
lines were, in turn, characterized by downregulated AtCHS. Therefore, downregulation
of these “negative regulators” should lead to increased mRNA levels of the AtCHS gene
and anthocyanin production. To our understanding, there is no information regarding the
simultaneous application of several dsRNAs in a mixture for the downregulation of gene
targets in plants. We also evaluated individual effects of the five dsRNAs on target gene
expression, anthocyanin content, and AtCHS expression.
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Figure 1. The pathway of anthocyanin biosynthesis. The 4-coumarate-CoA ligase (4CL) is the en-
zyme involved in general phenylpropanoid pathway. The enzymes participating in the anthocyanin
biosynthesis pathway encompass chalcone synthase (CHS), chalcone isomerase (CHI), flavanone
3-hydroxylase (F3H), dihydroflavonol 4-reductase (DFR), anthocyanidin synthase (ANS or LDOX),
anthocyanidin/flavonol 3-O-glucosyltransferase (UFGT), flavanonol synthase (FLS), leucoantho-
cyanidin reductase (LAR), and anthocyanidin reductase (ANR or BAN). Enzymes of each step are
shown in purple. Negative regulators of the anthocyanin biosynthesis and the gene target from a
competing pathway are shown in red.

2. Results
2.1. Effect of Exogenous dsRNAs Encoding AtANAC032, AtBAN, AtCBP60g, AtCPC, and
AtMYBL2, Applied Separately, on the Accumulation of mRNAs of These Target Genes in A. thaliana

In order to assess the effectiveness of five external dsRNAs in inhibiting gene expression
in A. thaliana, five genes of AtANAC032, AtCBP60g, AtCPC, and AtMYBL2, and AtBAN were
selected. Five gene-specific dsRNAs of 762, 724, 218, 588, and 486-bp in length, respectively,
were synthesized using PCR and an in vitro transcription protocol based on the AtANAC032,
AtCBP60g, AtCPC, AtMYBL2, and AtBAN gene sequences of A. thaliana for the exogenous
RNAi experiments (Figure 2). In order to confirm the specificity of the observed effects
induced by dsRNAs, we synthesized dsRNA targeting an unrelated gene of a bacterial
neomycin phosphotransferase II NPTII (Figure 2). The full-length cDNAs of AtANAC032,
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AtCPC, and AtMYBL2, and large cDNA fragments of AtCBP60g and AtBAN, were amplified
using primers that contained the T7 RNA polymerase promoter (Figure 2; Table S1).
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Figure 2. The dsRNA design and primer positions used to assess the impact of exogenous dsRNAs on
the AtANAC032, AtCBP60g, AtCPC, AtMYBL2, and AtBAN gene expressions. The coding regions of
each gene along with the dsRNA and primer positions are depicted as follows: (a) AtANAC032 along
with the dsRNA and primer positions; (b) AtCBP60g along with the sRNA and primer positions;
(c) AtCPC along with the dsRNA and primer positions; (d) AtMYBL2 along with the dsRNA and
primer positions; (e) AtBAN along with the dsRNA and primer positions; (f) NPTII along with the
dsRNA and primer positions. The black arrows show the primer pair positions (s1-a1, s2-a2, s3-a3,
s4-a4, s5-a5, s6-a6) employed for the analysis of the mRNA levels of the AtANAC032, AtCBP60g,
AtCPC, AtMYBL2, and AtBAN genes. UTR—untranslated region, 2 × 35S—the double 35S promoter
of the cauliflower mosaic virus (CaMV), Tnos—nopaline synthase terminator.

PCR products were subjected to modification by incorporating T7 promoters at both
ends, facilitating their utilization as templates during the in vitro transcription process.
To treat external plant surfaces, a solution containing 35 µg of a dsRNA was prepared by
diluting it in 100 µL of water (0.35 µg/µL). This solution was then gently spread onto the
leaves of each individual A. thaliana plant using sterile soft brushes [19,34]. According to
our previous analyses [19,34,35], our observations showed that considerable gene silencing
of a transgene in A. thaliana can be achieved by treating four-week-old rosettes during the
late hours of the day (21:00–21:30) under conditions of low soil moisture conditions. Thus,
we decided to focus on these parameters during the current experiments.

We then investigated the effect of the individual exogenous AtANAC032, AtCBP60g,
AtCPC, AtMYBL2, and AtBAN applied separately on the accumulation of mRNAs of the
target genes compared to the control water and NPTII-dsRNAs treatments (Figure 3). Due
to the insufficient anthocyanin levels and limited activity of anthocyanin biosynthesis genes
observed under normal growth conditions, the treated A. thaliana rosettes were categorized
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into two groups and subjected to post-treatment incubation. The first group was exposed to
control conditions (+22 ◦C, 16 h light), while the second group was exposed to anthocyanin-
inducing conditions (+7 ◦C, 23 h light) for two and seven days. This differential treatment
aimed to stimulate anthocyanin biosynthesis for further analysis.
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Figure 3. The relative fold change in the mRNA levels of AtANAC032 (a), AtCBP60g (b), AtCPC (c),
AtMYBL2 (d), and AtBAN (e) after treatment with individual dsRNAs in Arabidopsis thaliana compared
to untreated plants. The treatment groups included A. thaliana treated with sterile water (WC),
ANAC032-dsRNA (ANA), AtCBP60g-dsRNA (CBP), AtCPC-dsRNAs (CPC), AtMYBL2-dsRNAs
(MYB), AtBAN-dsRNAs (BAN), and NPTII-dsRNA (NPT). Total RNA was extracted at two and seven
days following the application of dsRNA, with subsequent gene expression analysis performed using
qRT-PCR. The treated A. thaliana rosettes were separated into two groups for incubation. The first
group was exposed to control conditions (+22 ◦C, 16 h light), while the second group to anthocyanin-
inducing conditions (+7 ◦C, 23 h light). The data are presented as the mean ± SE (three independent
experiments). Means in each figure followed by the same letter were not different when Student’s
t test was used (p < 0.05).
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qRT-PCR was utilized to examine the expression of the five target genes (Figure 3).
According to the analysis, the expression levels of the AtANAC032, AtCBP60g, AtCPC,
AtMYBL2, and AtBAN target genes were lower after foliar treatments with the five in-
dividual dsRNAs compared to the water or the non-specific NPTII-dsRNA treatments.
Spreading the AtANAC032, AtCBP60g, AtCPC, AtMYBL2, and AtBAN dsRNAs under the
conditions of reduced temperature and prolonged illumination lowered the expression of
the target genes by 2–5.9-fold. It is important to note that the external application of the
non-specific NPTII-dsRNA to plants did not have a substantial impact on the expression
levels of AtANAC032, AtCBP60g, AtCPC, AtMYBL2, and AtBAN genes when compared to
the control group treated with water. This finding confirms that the gene silencing effects
induced by dsRNA were sequence-specific.

2.2. Simultaneous Application of Five dsRNAs Encoding the Genes AtANAC032, AtCBP60g,
AtCPC, AtMYBL2, and AtBAN in Mixtures for the Target Gene Silencing in A. thaliana

To analyze the effect of the five dsRNAs applied in combination externally for the
regulation of the AtANAC032, AtCBP60g, AtCPC, AtMYBL2, and AtBAN genes, we prepared
mixtures of the five gene-specific dsRNAs containing 10, 20, or 30 µg of each dsRNA, i.e.,
50 µg, 100 µg, or 150 µg of the dsRNAs mixed together (in 100 µL of water per individual
plant). The leaf surface of four-week-old A. thaliana rosettes was treated externally with
three different dsRNA mixtures. The mixtures of five dsRNAs targeting the AtANAC032,
AtCBP60g, AtCPC, AtMYBL2, and AtBAN genes were applied to the leaf surface of four-
week-old A. thaliana rosettes, both on the upper (adaxial) and lower (abaxial) sides, following
the procedure described above for the individual application of the five dsRNAs.

We then investigated the effect of the exogeneous application of the multiple dsRNAs
in mixtures on the expression of the five target genes in A. thaliana compared to the
control group treated with water or NPTII-dsRNA two and seven days after treatment
(Figure 4). For this purpose, the treated A. thaliana rosettes were separated into two groups
for incubation. The first group was kept under control conditions, with a temperature
of +22 ◦C and 16 h of light. The second group was exposed to conditions that induce
anthocyanin production, with a temperature of +7 ◦C and 23 h of light.

Exogenous application of 100 and 150 µg dsRNA mixtures resulted in a marked
decrease in the transcript level of AtANAC032 (Figure 4a). This down-regulation effect
was observed to be statistically significant at both two and seven days after treatment
under the conditions of modulating anthocyanin biosynthesis. However, under control
conditions, the down-regulation effect was only observed at two days post-treatment
(Figure 4a). AtCBP60G and AtBAN expression exhibited a significant decrease after two
and seven days of treatment with dsRNA under anthocyanin-inducing conditions for all
types of mixtures (Figure 4b,e). We also observed significantly reduced AtCBP60G and
AtBAN transcript levels for control conditions, and the effect was statistically significant
for 50 and 150 µg for AtCBP60G and for 100 and 150 µg for AtBAN. AtCPC expression was
considerably downregulated two days after treatment only under the anthocyanin-inducing
conditions for all types of mixtures and for 50 µg seven days after treatment (Figure 4c).
Similar to AtANAC032, mRNA levels of AtMYBL2 were markedly downregulated two
days after the application of 100 and 150 µg dsRNA mixtures under both control and
anthocyanin-inducing conditions compared to the water-treated control, while the down-
regulation effect of 50 µg dsRNA mixture was not statistically significant (Figure 4d). We
also observed a similar effect of a decrease in the expression of this gene seven days after
the application of all types of mixtures under control conditions and for 50 µg and 150 µg
under anthocyanin-inducing conditions.

2.3. The Effect of Individual dsRNAs on the AtCHS mRNA Levels and Anthocyanin Content
in A. thaliana

Using qRT-PCR, we also analyzed the effect of exogenous AtANAC032, AtBAN,
AtCBP60g, AtCPC, and AtMYBL2-coding dsRNAs (separately) on the transcript levels
of AtCHS, which encodes an important enzyme involved in anthocyanin biosynthesis
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(Figure 1). The anthocyanin content was analyzed using the HPLC with a high-resolution
mass spectrometry (HPLC-MS) analysis (Figures 5 and 6).
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specific dsRNAs); 100—mixture of the five gene-specific dsRNAs containing 20 µg of each dsRNA; 
150—mixture of the five gene-specific dsRNAs containing 30 µg of each dsRNA; WC—plants 
treated with sterile water. Total RNA was extracted at two and seven days following the application 
of dsRNA, with subsequent gene expression analysis performed using qRT-PCR. The treated A. 
thaliana rosettes were separated into two groups for incubation. The first group was exposed to 
control conditions (+22 °C, 16 h light), while the second group to anthocyanin-inducing conditions 
(+7 °C, 23 h light). The data are presented as the mean ± SE (three independent experiments). Means 
in each figure followed by the same letter were not different when the Student’s t test was used (p < 
0.05). 

Exogenous application of 100 and 150 µg dsRNA mixtures resulted in a marked 
decrease in the transcript level of AtANAC032 (Figure 4a). This down-regulation effect was 
observed to be statistically significant at both two and seven days after treatment under 
the conditions of modulating anthocyanin biosynthesis. However, under control 
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Figure 4. The relative fold change in the mRNA levels of AtANAC032 (a), AtCBP60g (b), AtCPC (c),
AtMYBL2 (d), and AtBAN (e) after treatment with dsRNA mixtures in Arabidopsis thaliana compared
to untreated plants. The dsRNA mixtures used were as follows: 50—mixture of the five gene-specific
dsRNAs containing 10 µg of each dsRNA (AtANAC032, AtCBP60g, AtCPC, AtMYBL2, and AtBAN-
specific dsRNAs); 100—mixture of the five gene-specific dsRNAs containing 20 µg of each dsRNA;
150—mixture of the five gene-specific dsRNAs containing 30 µg of each dsRNA; WC—plants treated
with sterile water. Total RNA was extracted at two and seven days following the application of
dsRNA, with subsequent gene expression analysis performed using qRT-PCR. The treated A. thaliana
rosettes were separated into two groups for incubation. The first group was exposed to control
conditions (+22 ◦C, 16 h light), while the second group to anthocyanin-inducing conditions (+7 ◦C,
23 h light). The data are presented as the mean ± SE (three independent experiments). Means in each
figure followed by the same letter were not different when the Student’s t test was used (p < 0.05).
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Figure 5. The relative fold change in AtCHS mRNA level after treatment of Arabidopsis thaliana with
individual dsRNAs encoding the AtANAC032 (a), AtCBP60g (b), AtCPC (c), AtMYBL2 (d), AtBAN
(e), and NPTII genes compared to untreated plants. The treatment groups included A. thaliana
treated with sterile water (WC), ANAC032-dsRNA (ANA), AtCBP60g-dsRNA (CBP), AtCPC-dsRNAs
(CPC), AtMYBL2-dsRNAs (MYB), AtBAN-dsRNAs (BAN), and NPTII-dsRNA (NPT). Total RNA
was extracted at two and seven days following the application of dsRNA, with subsequent gene
expression analysis performed using qRT-PCR. The treated A. thaliana rosettes were separated into
two groups for incubation. The first group was exposed to control conditions (+22 ◦C, 16 h light),
while the second group to anthocyanin-inducing conditions (+7 ◦C, 23 h light). The data are presented
as the mean ± SE (three independent experiments). Means in each figure followed by the same letter
were not different using Student’s t test (p < 0.05).

The results demonstrated that under anthocyanin-inducing conditions, the cultivation
of A. thaliana resulted in a notable increase in AtCHS transcript levels compared to the
control conditions (Figure 5a–e). This indicated the successful activation of anthocyanin
biosynthesis under the applied conditions. Specifically, we observed a 1.1–16.5-fold increase
in AtCHS mRNA levels two days after treatment, and a 1.1–6.7-fold increase seven days
after treatment following the application of the gene-specific dsRNAs.
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Figure 6. Anthocyanin content in the leaves of Arabidopsis thaliana seven days after treatment with
the individual dsRNAs. (a) The total anthocyanin content; (b) the content of individual antho-
cyanins under control conditions; (c) the content of individual anthocyanins under the anthocyanin
modulatory conditions. The treatment groups included A. thaliana treated with sterile water (WC),
ANAC032-dsRNA (ANA), AtCBP60g-dsRNA (CBP), AtCPC-dsRNAs (CPC), AtMYBL2-dsRNAs
(MYB), AtBAN-dsRNAs (BAN), and NPTII-dsRNA (NPT). The data are presented as the mean ± SE
(three independent experiments). Means in each figure followed by the same letter were not different
when using Student’s t test (p < 0.05). A8—Cyanidin 3-O-[2′′-O-(xylosyl) 6′′-O-(p-O-(glucosyl) p-
coumaroyl) glucoside] 5-O-[6′′′-O-(malonyl) glucoside]; A10—Cyanidin 3-O-[2′′-O-(2′′′-O-(sinapoyl)
xylosyl) 6′′-O-(p-O-(glucosyl) p-coumaroyl) glucoside] 5-O-glucoside; A11a, A11b*—Cyanidin 3-O-
[2′′-O-(6′′′-O-(sinapoyl) xylosyl) 6′′-O-(p-O-(glucosyl)-p-coumaroyl) glucoside] 5-O-(6′ ′ ′ ′-O-malonyl)
glucoside; A7—Cyanidin 3-O-[2′′-O-(2′′′-O-(sinapoyl) xylosyl) 6′′-O-(p-coumaroyl) glucoside] 5-O-
glucoside; A5—Cyanidin 3-O-[2′′-O-(xylosyl)-6′′-O-(p-coumaroyl) glucoside] 5-O-malonylglucoside;
A9a, A9b*—Cyanidin 3-O-[2′′-O-(2′′′-O-(sinapoyl) xylosyl) 6′′-O-(p-O-coumaroyl) glucoside] 5-O-
[6′ ′ ′ ′-O-(malonyl) glucoside]. * Asterisk indicates a tautomer. The names of the anthocyanins are
presented in accordance with previously published data [35].
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The HPLC analysis of total anthocyanin profile revealed that plants treated with
AtMYBL2 and AtBAN-dsRNAs displayed a significantly higher total anthocyanin content
compared to the control group treated with either water or NPTII-dsRNA (Figure 6a).
The anthocyanin content in the dsRNA-treated plants reached 0.08–0.10 mg/g FW under
anthocyanin-inducing conditions. While treatment with AtANAC032, AtCBP60g, and
AtCPC-dsRNAs also resulted in increased total anthocyanin content (up to 0.07 mg/g
FW), the increase was not statistically significant. The application of AtMYBL2-dsRNA
resulted in the highest total anthocyanin level of 0.10 mg/g FW and was associated with
a pronounced upregulation of the AtCHS1 gene expression (Figures 5d and 6a). AtBAN-
dsRNA modulated total anthocyanins both in the control and anthocyanin-modulated
groups (Figure 6a).

Eight individual anthocyanin compounds were identified through the HPLC-MS
analysis in the externally treated leaves of A. thaliana of all groups both under control
conditions (Figures 6b and S1, Table S2) and conditions where anthocyanin levels were
modulated (Figures 6c and S1, Table S2). Compared to the control conditions, we found
that the plants grown under the high-light and cold-stress conditions exhibited higher
levels of most individual anthocyanins (Figure 6b,c). Plant treatments with exogenous
AtMYBL2, AtANAC032, AtCBP, and AtBAN-dsRNAs significantly enhanced the levels
of several individual anthocyanins, with these changes being statistically significant for
A11a and A9a (Figure 6b,c). It is important to note that the control non-specific dsRNA on
NPTII did not affect the total level of anthocyanins (Figure 6a), the variety of anthocyanin
compounds (Figure 6b,c), or AtCHS transcript levels (Figure 5). The findings provide
further evidence of the targeted gene silencing effects mediated by gene-specific dsRNA.

2.4. The Effect of the Five dsRNAs Applied in Mixtures on the AtCHS mRNA and Anthocyanin
Levels in A. thaliana

We then analyzed the influence of exogenous AtANAC032, AtBAN, AtCBP60g, AtCPC,
and AtMYBL2-encoding dsRNAs applied simultaneously in mixtures on the expression of
the AtCHS gene through qRT-PCR (Figure 7a) and anthocyanin content through HPLC-MS
analysis (Figure 7b–d).

The expression of AtCHS and anthocyanin content were significantly increased in the
control WC plants under the anthocyanin modulatory conditions, indicating that antho-
cyanin biosynthesis was successfully induced (Figure 7a,b). We found that the AtCHS tran-
script levels were increased 1.9–13.0 times two days post treatment and 3.8–5.7 times seven
days post treatment after the application of the gene-specific dsRNA for both anthocyanin-
inducing and control conditions (Figure 7a).

The HPLC analysis of the anthocyanin profile showed that A. thaliana treated with
all three types of dsRNA mixtures (i.e., 50, 100, and 150 µg) contained significantly higher
total amounts of anthocyanins, reaching 0.06–0.29 mg/g FW, than the plants treated with
water under both control and anthocyanin-inducing conditions, except for 50 µg under
control conditions (Figure 7b). Utilizing high doses of dsRNA under anthocyanin-inducing
conditions resulted in the most notable accumulation of total anthocyanins at 0.29 mg/g
FW, accompanied by the highest increase in expression of the AtCHS gene (Figure 7b).

HPLC-MS analysis demonstrated that leaves of A. thaliana treated with water and
dsRNA contained identical eight anthocyanin compounds as observed under the control
conditions (Figure 7c) and anthocyanin modulation conditions (Figure 7d). Plant treatment
with the three dsRNA mixtures resulted in considerable elevation in the levels of most
individual anthocyanins under anthocyanin-inducing condition, except for A8 (Figure 7d).
Under control conditions, we observed less pronounced elevations in the content of antho-
cyanins with considerable changes in the content of A10, A11a, and A11b.
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Figure 7. AtCHS transcript and anthocyanin levels in Arabidopsis thaliana leaves examined seven days
after treatment with dsRNA mixtures of five dsRNAs of AtANAC032, AtCBP60g, AtCPC, AtMYBL2,
and AtBAN genes. (a) Relative fold change in AtCHS mRNA level after treatment of A. thaliana with
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dsRNAs mixtures; (b) the total anthocyanin content; (c) the content of individual anthocyanins
under control conditions; (d) the content of individual anthocyanins under anthocyanin-inducing
conditions. The dsRNA mixtures used were as follows: 50—mixture of the five gene-specific dsRNAs
containing 10 µg of each dsRNA; 100—mixture of the five gene-specific dsRNAs containing 20 µg
of each dsRNA; 150—mixture of the five gene-specific dsRNAs containing 30 µg of each dsRNA.
Data are presented as the mean ± SE (three independent experiments). Means in each figure
followed by the same letter were not different when using Student’s t test (p < 0.05). A8—Cyanidin
3-O-[2′′-O-(xylosyl) 6′′-O-(p-O-(glucosyl) p-coumaroyl) glucoside] 5-O-[6′′′-O-(malonyl) glucoside];
A10—Cyanidin 3-O-[2′′-O-(2′′′-O-(sinapoyl) xylosyl) 6′′-O-(p-O-(glucosyl) p-coumaroyl) glucoside]
5-O-glucoside; A11a, A11b*—Cyanidin 3-O-[2′′-O-(6′′′-O-(sinapoyl) xylosyl) 6′′-O-(p-O-(glucosyl)-p-
coumaroyl) glucoside] 5-O-(6′ ′ ′ ′-O-malonyl) glucoside; A7—Cyanidin 3-O-[2′′-O-(2′′′-O-(sinapoyl)
xylosyl) 6′′-O-(p-coumaroyl) glucoside] 5-O-glucoside; A5—Cyanidin 3-O-[2′′-O-(xylosyl)-6′′-O-(p-
coumaroyl) glucoside] 5-O-malonylglucoside; A9a, A9b*—Cyanidin 3-O-[2′′-O-(2′′′-O-(sinapoyl)
xylosyl) 6′′-O-(p-O-coumaroyl) glucoside] 5-O-[6′ ′ ′ ′-O-(malonyl) glucoside]. * Asterisk indicates a
tautomer. The names of the anthocyanins are presented in accordance with previously published
data [35].

3. Discussion

In modern society, there is a need to develop new effective approaches to protect
and increase plant productivity using safe and environmentally friendly technologies.
The increasing human population and the adverse effects of environmental stresses are
driving the need for new molecular tools to improve and protect crops without altering
the plant genome. Recently, a new approach, SIGS, has gained popularity for altering
plant characteristics in the desired direction [4,5,36,37]. This approach includes treating
plant surfaces with dsRNA solutions and induces RNAi-mediated silencing of a target
gene in the plant genome or in the genome of the infecting pathogen, which is important
for the regulated process or for the viability of the pathogen. There have been numerous
studies where the utilization of exogenous dsRNA for virulence gene silencing in plant
fungal pathogens has been documented [4,11,13], as well as studies on dsRNA antiviral
effects [4,14,38]. However, there are only a few studies that have explored the effective
silencing of plant genes through plant surface treatments with dsRNAs. Some studies and
a patent have reported on the downregulation of plant genes through the external surface
treatments with dsRNAs/siRNAs [17–22,39]. According to the studies, treating plants
with dsRNAs encoding plant endogenous targets can downregulate mRNA levels of these
genes. For instance, in tobacco and amaranth leaves, the transcript levels of the EPSPS
gene were suppressed [39] and in orchid flower buds, the Myb1 gene was silenced [17].
Similarly, treating grapevine with dsRNAs specific to the LBDIf7 [21] and GST40 [22]
genes resulted in their downregulation. These studies have shown that exogenous plant
treatments with target-specific dsRNAs can lead to desirable changes in plant phenotype or
biochemistry, such as altered flower morphology, fungal resistance, and enhanced drought
stress tolerance. In addition, the nanoparticle-mediated delivery of dsRNAs [24,26] and
laser light-accompanied exogenous dsRNA treatments [25] have also been explored as a
means to achieve plant gene silencing. However, exploring the efficient silencing of plant
genes through surface treatments with dsRNAs is a relatively new area of research. Further
research is needed to develop efficient approaches to inducing RNAi and specifically
downregulating target genes in plants.

In this investigation, the implications of applying five different dsRNAs, both indi-
vidually and simultaneously, to the leaves of A. thaliana were examined. The goal was to
suppress the expression of five specific genes that play a role in blocking or competing
with the biosynthesis of anthocyanins, thereby influencing anthocyanin accumulation in
the leaves of A. thaliana. Although anthocyanins can be found in various plant species, they
are often found in limited quantities or are nonexistent in numerous plants as a result of
the restricted activity of the flavonoid biosynthetic pathway [40,41].
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The process of anthocyanin biosynthesis in Arabidopsis and other plants is regulated
by the coordinated action of various transcription factors. These transcription factors work
together to form a protein complex called the MYB–bHLH–WD repeat (MBW) complex.
This complex consists of basic helix–loop–helix (bHLH), R2R3-MYB, and WD40-repeat
proteins [42]. However, there are also specific single repeat R3-MYB transcription factors
that negatively regulate anthocyanin biosynthesis. These include TRIPTYCHON (TRY),
MYBL2, CAPRICE (CPC), ENHANCER OF TRY AND CPC 1 (ETC1), and ETC2, which
interfere with the formation of the MBW protein complex, thereby inhibiting anthocyanin
accumulation [30,42]. Furthermore, other molecular players such as ubiquitin protein
ligases or additional transcription factors also contribute to the regulation of anthocyanin
biosynthesis in Arabidopsis and other plants. For instance, a recent discovery identified
the NAC transcription factor ANAC032 as a suppressor of anthocyanin biosynthesis in
A. thaliana [31]. In our study, we focused on four negative regulators of anthocyanin
biosynthesis (AtANAC032, AtCPC, AtMYBL2, AtCBP60g) and a competing enzyme AtBAN,
and we demonstrated that the applied individual dsRNAs downregulated their expression
while simultaneously increasing the expression of AtCHS.

By applying dsRNAs encoding the five regulators of anthocyanin accumulation to the
leaves of A. thaliana plants, we observed a decrease in the expression of the five targets,
while there was a simultaneous elevation in the mRNA levels of anthocyanin synthesis
genes. This resulted in a significant elevation in the anthocyanin levels, as confirmed
through HPLC-MS analysis. This study demonstrated that A. thaliana leaves contained
a total of 0.01 to 0.02 mg/g FW anthocyanins when the five dsRNAs were separately
applied under control conditions. However, when dsRNAs were applied simultaneously,
the anthocyanin levels reached between 0.05 and 0.07 mg/g FW under control conditions.
The simultaneous foliar application of all five dsRNAs proved to be more effective in
promoting anthocyanin accumulation compared to individual dsRNA treatments. Overall,
under anthocyanin-modulating conditions, the application of the exogenous dsRNAs in
our study successfully boosted the anthocyanin levels in A. thaliana leaves to 0.29 mg/g FW,
representing a significant increase. Thus, the efficiency of the exogenously induced RNAi
appears to be stronger under the anthocyanin-inducing conditions, presumably due to
activated anthocyanin biosynthesis, where the overall negative regulation of anthocyanin
accumulation is restrained. While the exogenous dsRNAs reduced the expression of the
five genes of anthocyanin negative regulators, there were a larger number of blockers that
continued to restrain the biosynthesis of anthocyanins under control conditions at 22 ◦C.
However, under the conditions stimulating the biosynthesis of anthocyanins (+7 ◦C, 23 h
light), the effect of other blockers decreased, and the RNAi effects were modulated.

Several research studies have presented evidence supporting the involvement of
AtCPC [29], AtMYBL2 [30], and AtANAC032 [31] transcriptional factors in exerting in-
hibitory effects on the production of anthocyanins in A. thaliana. In addition, several reports
indicate that the calmodulin-binding protein AtCBP60g has a role in plant defense, drought
tolerance, and abscisic acid sensitivity [43,44]. Recently, AtCBP60g has been found to re-
press levels of anthocyanins induced by kinetin, sucrose, or drought [33], while the AtBAN
gene acts as an anthocyanin reductase that converts anthocyanidins to 2,3-cis-flavan-3-ols
through a competing pathway [34]. Our findings confirm that silencing of AtANAC032,
AtBAN, AtCBP60g, AtCPC, and AtMYBL2 genes, which are all involved in anthocyanin
biosynthesis repression or competition, leads to the activation of anthocyanin biosynthesis
in A. thaliana. Thus, this study showed that these factors act as negative regulators of
anthocyanin biosynthesis or suppress the biosynthesis of anthocyanins due to activity in
a close competing biosynthetic pathway. Importantly, the application of the nonspecific
NPTII-dsRNAs to A. thaliana had no impact on the production of anthocyanins or the ex-
pression of the AtCHS gene in the plant. This illustrates that the observed dsRNA-induced
silencing effect on anthocyanin biosynthesis-related genes was specific to the sequence and
not due to the application of the dsRNA itself.
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In conclusion, these results shed new light on the exogenous plant foliar treatments
utilizing a combination of gene-specific dsRNAs in terms of future applications. This
innovative approach can be considered as a rapid and effective tool for silencing plant
genes, enabling a comprehensive investigation of plant gene function. Moreover, it holds
great promise for inducing the yield of valuable secondary compounds in the field of
plant biotechnology.

4. Methods and Materials
4.1. Plant Materials

To ensure sterility, the wild-type A. thaliana (cv. Columbia) seeds were subjected
to vapor-phase sterilization according to a described procedure [45]. Subsequently, the
sterized seeds were plated on solid 1

2 Murashige and Skoog (MS) medium for two days at a
temperature of 4 ◦C. Then, the plates were transferred to a growth chamber (Sanyo MLR-
352, Panasonic, Osaka, Japan) set at a light intensity of approximately 120 µmol m−2s−1 for
a daily light period of 16 h at 22 ◦C. After one week, the one-week-old A. thaliana seedlings
were transplanted into pots measuring 7 cm × 7 cm and filled with 100 g of nutrient-
rich soil (the soil was irrigated using filtered water applied at the bottom of each pot).
Thereafter, the plants were cultivated in the growth chamber, covered with a plastic wrap,
for additional three weeks without further irrigation at 22 ◦C. Subsequently, the dsRNA
treatments were applied exogenously to the four-week-old A. thaliana plants. Following
the dsRNA application, the plants were placed in a growth chamber (KS-200, Smolenskoye
SKTB SPU, Smolensk, Russia) and incubated for an additional seven days under either
control conditions (22 ◦C, 16 h daily light period) or anthocyanin-inducing conditions
(7 ◦C, 23 h daily light period), without further irrigation. This was performed to trigger the
expression of AtCHS and subsequent accumulation of anthocyanins.

4.2. Isolation, Cloning, and Sequencing of AtANAC032, AtCPC, AtCBP60g, AtMYBL2, and
AtBAN Genes

Full-length coding cDNA sequences of AtANAC032 (AT1G77450, 762 bp), AtCPC
(AT2G46410, 285 bp), AtCBP60g (AT5G26920, 1080 bp), AtMYBL2 (AT1G71030.1, 588 bp),
and AtBAN (AF092912, 1029 bp) genes were amplified through RT-PCR using RNA samples
extracted from the adult leaves of A. thaliana. The RT-PCRs were carried out in a Bis-
M1105 Thermal Cycler (Bis-N, Novosibirsk, Russia) with the primers listed in Table S1.
Subsequently, the RT-PCR products were subcloned into pJET1.2/blunt and subjected to
sequencing following a previously described protocol [46].

4.3. Design and Synthesis of dsRNAs

In order to produce the dsRNAs, we utilized the T7 RiboMAX™ Express RNAi
System (Promega, Madison, WI, USA) to amplify the cloned full-length cDNAs of AtCPC,
AtMYBL2, and AtANAC032 as well as the large cDNA fragments of AtCBP60g (724 bp
out of 1080 bp) and AtBAN (486 bp out of 1029 bp) via PCR. Additionally, we amplified a
large fragment of NPTII (GenBank AJ414108, 599 bp out of 798 bp) using pZP-RCS2-nptII
plasmid [47]. To achieve this, the T7 promoter sequence was introduced into both the 5′

and 3′ ends of the amplified AtCPC, AtCBP60g, AtBAN, AtMYBL2, AtANAC032, and
NPTII in a PCR for each gene using primers listed in Table S1. The PCRs were conducted
in the Bis-M1105 Thermal Cycler following the instructions of the T7 RiboMAX™ Express
RNAi System. Subsequently, the obtained PCR products were employed as templates
for in vitro transcription and dsRNA synthesis, in accordance with the manufacturer’s
protocol. After in vitro transcription, the dsRNAs were treated with DNAse and RNAse and
reprecipitated with ethanol according to the manufacturer’s recommendations (Promega,
Madison, WI, USA). We assessed the resulting dsRNAs using gel electrophoresis (Figure S2)
and spectrophotometry to verify dsRNA purity, integrity, and amount.
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4.4. Application of Exogenous dsRNAs

To apply the dsRNAs, including the AtCPC, AtCBP60g, AtBAN, AtMYBL2, AtANAC032,
and NPTII-dsRNAs, to individual four-week-old rosettes of wild-type A. thaliana, we used
sterilized individual soft brushes (made of natural pony hair) [34]. For a separate applica-
tion of dsRNA, we diluted 35 µg of the dsRNA in 100 µL of nuclease-free water for each
treated rosette and spread it on the foliar surface using the brushes. Both the adaxial (upper)
and abaxial (lower) sides of all leaves of one rosette were treated for each type of dsRNA. In
the case of mixture application, we diluted equal quantities of each dsRNA (10, 20, or 30 µg
of each dsRNA or 50, 100, and 150 mg total dsRNA in mixtures, respectively) in 100 µL
of nuclease-free water and spread them on the foliar surface of each treated rosette. This
resulted in a final concentration of 0.1, 0.2, or 0.3 µg/µL of each dsRNA, equivalent to
0.5, 1.0, or 1.5 µg/µL of total dsRNAs. Both the adaxial and abaxial sides of all leaves of
one rosette were treated for each type of mixture. In each independent experiment, one
plant of A. thaliana was treated with 100 µL of the dsRNA of each type, while another plant
received 100 µL of sterile filtered water. It should be noted that the dsRNAs were applied
to four-week-old rosettes of A. thaliana late in the day (21:00–21:30) under low soil moisture
conditions. This was based on our recent analysis, which determined these conditions as
crucial parameters for successful target gene suppression in A. thaliana [34]. The soil water
content before dsRNA treatment was 50–60%.

4.5. RNA Isolation and Reverse Transcription

To isolate total RNA, we collected a typical adult L3 leaf [48] from a single A. thaliana
plant before any treatment. Additionally, we collected leaves two days and seven days after
each specific treatment. The cetyltrimethylammonium bromide (CTAB)-based protocol [49]
was employed to extract total RNA. Subsequently, complementary DNAs were synthesized
as previously described [50].

4.6. Analysis of Gene Expression Using qRT-PCR

The PCR-amplified reverse transcription products were examined for the absence of
DNA contamination using primers listed in Table S1. qRT-PCR was performed using SYBR
Green I Real-time PCR dye and a real-time PCR kit (Evrogen, Moscow, Russia), following
the methodology described by [51]. Two internal controls, GAPDH and UBQ, which were
previously validated as suitable reference genes for qRT-PCR analysis in Arabidopsis [52],
were included. The expression levels were determined using the 2−∆∆CT method [53]. The
obtained data for target gene expression at seven and two days post treatment were divided
to the expression levels of the target gene before treatment, indicating fold change in target
gene expression relative to the respective data before treatment. The gene identification
numbers and the primers used in this study are listed in Table S1.

4.7. HPLC-MS Analysis of Anthocyanins

The frozen A. thaliana rosettes that underwent treatment were homogenized using
a mortar and pestle. Shredded tissue was weighed and then subjected to extraction in
1 mL of 1% (v/v) hydrochloric acid and methanol for 24 h at 4 ◦C. Afterwards, the mixture
was centrifuged at 13,200 rpm for 15 min. To prepare samples for HPLC–MS analysis,
a 0.45-um nylon filter was used for sample filtration. All anthocyanins present were
identified using an Agilent Technologies 1260 Infinity analytical HPLC system (Santa Clara,
CA, USA) coupled with Bruker HCT ultra PTM Discovery System (Bruker Daltonik GmbH,
Bremen, Germany) that featured an electrospray ionization (ESI) source, according to a
protocol described previously [20]. A Shimadzu HPLC LC-20AD XR analytical system
(Kyoto, Japan) equipped with diode array detection (HPLC–DAD) was employed for
quantification of all anthocyanins following previously described procedures [20]. The
anthocyanin contents were determined using an external standard method with the four-
point regression calibration curves constructed using available standards. As a control,
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the commercial standard cyanidin chloride, obtained from Sigma-Aldrich (St. Louis, MO,
USA), was used.

4.8. Statistical Analyses

The data are presented as mean ± standard error (SE) and were tested through a
paired Student’s t-test. The level of p < 0.05 was chosen as the point of minimal statistical
significance in all analyses. Each type of analysis was repeated in a minimum of three
independent experiments.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants13040541/s1, Figure S1: HPLC chromatogram of antho-
cyanins in Arabidopsis thaliana leaves examined seven days after treatment with dsRNA mixture of
five dsRNAs of AtANAC032, AtCBP60g, AtCPC, AtMYBL2, and AtBAN gene under anthocyanin-
induction conditions (A. 150 mg total dsRNA, +7 ◦C, 23 h light) or with water (B. H2O); Figure S2:
Electrophoretic separation of used dsRNAs in 2% agarose gel. ANAC032-dsRNA (a), AtCBP60g-
dsRNA (b), AtCPC-dsRNA (c), AtMYBL2-dsRNA (d), AtBAN-dsRNA (e), and NPTII-dsRNA (f);
Table S1: Primers used in RT-PCR and qRT-PCRs; Table S2: List of anthocyanins identified in the
methanol extracts of Arabidopsis thaliana rosettes.
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Abstract: Kenaf (Hibiscus cannabinus L.), in the Malvaceae family, is an important crop for not only
fiber production, but also various other industrial materials. We performed phylogenetic analysis and
a genome-wide association study (GWAS) of seven agronomic traits: days to flowering, plant height,
fresh weight, dry weight, flower color, stem color, and leaf shape, using 96 kenaf genotypes, including
gamma-irradiation-derived mutant lines. Genotypes were determined by genotyping-by-sequencing
(GBS) and a total of 49,241 single-nucleotide polymorphisms (SNPs) were used in the analysis. Days
to flowering, plant height, fresh weight, and dry weight were positively correlated with each other,
and stem color was also correlated with fresh weight and dry weight. The phylogenetic analysis
divided the 96 lines into nine related groups within two independent groups, and the GWAS analysis
detected a total of 49 SNPs for days to flowering, plant height, fresh weight, dry weight, flower color,
stem color, and leaf shape with −log10(P) ≥ 4, of which 22 were located in genic regions. The detected
SNPs were located in genes with homology ranging from 45% to 96% to plants of the Malvaceae and
Betulaceae, and these genes were found to be involved in plant growth and development via various
pathways. Our identification of SNP markers related to agronomic traits is expected to help improve
the quality of selective breeding programs for kenaf.

Keywords: kenaf; genome-wide association study; genotyping-by-sequencing; single-nucleotide
polymorphism

1. Introduction

A member of the Malvaceae family, kenaf (Hibiscus cannabinus L.), is a diploid (2n = 2X = 36)
annual herbaceous plant native to Africa [1]. Originating in North Africa, kenaf is now
cultivated in many countries, including India, Russia, China, and the United States, and
is known to thrive in temperate and tropical environments with abundant sunlight and
precipitation [1,2]. Kenaf has a variety of valuable industrial uses, including as a source of
edible seed oil, stem fiber, plastic raw materials, and pharmaceuticals. In the past, the main
purpose of kenaf production was to produce fiber for the manufacture of carpets, canvas
bags, and rope. During World War II, the use of kenaf fiber for rope production came
to the forefront, leading to research into its cultivation, production, and processing [3,4].
In Africa, kenaf leaves and stems were used to treat Guinea-worm disease and anemia,
while in Ayurvedic medicine, an ancient Indian Hindu tradition, kenaf leaves were used
to treat bile, blood, coughing, and diabetes [5,6]. Kenaf is known to have a crude protein
content of 6% to 23% in the whole plant, and in particular, the crude protein content
in the leaves reaches 14% to 34%, making it suitable as a feed source for livestock [2].
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Recently, kenaf fiber has been attracting attention as a material for biodegradable, eco-
friendly composites that can replace glass fiber composites [7,8]. Additionally, kenaf is
an important medicinal crop as it contains high amounts of phytochemical compounds
including polyphenols and anthocyanins. Thus, kenaf has been used in Indian traditional
medicine (Ayurvedic medicine) as an aphrodisiac, purgative, and digestive aid including
antioxidant, hepatoprotective, and anticancer activities [5].

The yield of kenaf stalks varies from 11 to 18 tons/ha, with cropping season, temper-
ature, and soil moisture acting as major factors [2]. Kenaf plants are mainly known for
their light yellow and cream-colored flowers with green stems [2]. Kenaf varieties can be
categorized into three maturation groups, determined by their photosensitivity: ultra-early
maturing, early-to-medium maturing, and late maturing [3]. Kenaf maturity is closely
related to yield: to increase fiber yield, it is advantageous to delay flowering to increase
growth rate [9]. However, if flowering is delayed too much, it is disadvantageous for
seed maturation, so the photoperiod of the cultivation area according to latitude must be
taken into consideration [4]. Mutation breeding involves the use of a mutagen to develop
plants, exhibiting novel mutated characteristics that do not disturb elite cultivar traits [10].
Novel kenaf cultivars generated by radiation mutagenesis and showing improved seed and
biomass yield characteristics have been developed using radiation breeding techniques.
The cultivars of Hibiscus species have been generated via hybridization, but the floriculture
and/or pharmaceutical industry relies on a limited number of mutated traits established
based on specific flower quality parameters and consumer palatability [11–13].

Genetic change, or mutation, is a natural process that creates new genetic variants.
Since the frequency of natural mutations is quite low, it is difficult to discover useful
genetic variations in a short period of time. Therefore, generating genetic variations by
treating crops with physical or chemical mutagens has been used successfully in mu-
tation breeding [14,15]. Among physical mutagens, gamma rays have been used to in-
duce mutations in various crops, such as rice, soybean, and kenaf, and to breed new
cultivars [10,14,16]. Anthocyanins play an important role in plant pigmentation, which is
strongly associated with the coloration in kenaf. Our research group has also developed
novel kenaf cultivars via gamma irradiation on seeds of the introduced cultivars and reg-
istered them in the Korea Seed and Variety Service. In our previous work, we explored
the potential of a novel flower or stem color mutation cultivar, ‘Jeokbong’ and ‘Bora’, as a
functional food [14].

Detection of genomic sequences related to particular traits has the potential not only
to study the function of genes, but also to accelerate the speed of future breeding [17–19].
Advances in next-generation sequencing (NGS) have made the rearrangement of plant
genomes efficient and economical, and have also made it possible to detect the loci, types,
and rates of mutations on a genome-wide scale [20,21]. GBS is a sequence-based genotyping
method that is characterized by the use of restriction enzymes to sequence multiple samples
simultaneously on an NGS platform using a reduced label of the target genome and a DNA
barcode adapter [22,23]. GWAS is a method for detecting associations between phenotypes
and genes in a population. While linkage mapping methods use bi-parental populations,
GWAS is an approach that exploits diverse natural populations [24–26]. This approach
has been applied to a variety of crops, including rice [27], soybean [28], maize [29], and
sorghum [20], and it is being used in breeding programs. To date, no GWAS analyses of
kenaf have been reported.

Although the potential industrial value of kenaf is quite high, genetic diversity and
genetic studies of the crop are scarce. Therefore, in this study, 96 kenaf genetic resources,
including gamma ray mutant lines, were sequenced using GBS, and GWAS analyses were
performed for seven agronomic traits: days to flowering, dry weight, fresh weight, plant
height, flower color, stem color, and leaf shape.
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2. Results
2.1. Phenotypic Variation and Correlation Analysis

The 96 kenaf lines were determined for four quantitative traits: days to flowering,
plant height, fresh weight, and dry weight, and three qualitative traits: flower color, stem
color, and leaf shape (Table 1 and Figure 1). The days to flowering ranged from 72 to 125 d
(mean 92 d) and plant height was 223–444 cm (mean 315 cm). The fresh and dry weights
were 472–2400 g and 110–672 g, respectively (mean 1209 and 312 g). The coefficients of
variation for days to flowering and plant height were 16.1% and 14.6%, respectively, which
were significantly lower than for fresh and dry weight (43.4% and 47.9%). The skewness
of all four traits was close to zero, and the height of the distribution was lower than the
normal distribution. Ivory was the most common flower color (55 lines), followed by
white (25) and purple (1). The most common stem color was green (89 lines), followed by
dark purple (6) and brown (1). For leaf shape, there were 53 palmate types and 43 entire
types. The correlations between the seven agricultural traits are shown in Table 2. The four
agronomic traits, days to flowering, plant height, fresh weight, and dry weight, each had a
positive correlation (p ≤ 0.01). In contrast, stem color showed a negative correlation with
fresh and dry weight (p ≤ 0.05).

Table 1. Descriptive statistics for agronomic traits in 96 kenaf lines.

Trait Mean Min Max SD CV (%) Skew Kur

Days to flowering (d) 92 72 125 14.77 16.1 0.463 −0.410
Fresh weight (g) 1209 472 2400 525.45 43.4 −0.046 −1.211
Dry weight (g) 311 110 672 149.12 47.9 0.117 −1.043

Plant height (cm) 315 223 444 46.14 14.6 0.229 −0.309

Min, minimum; Max, maximum; SD, standard deviation; CV, coefficient of variation; Skew, skewness;
Kur, Kurtosis.
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Figure 1. Frequency distribution of agronomic traits in 96 kenaf lines.

2.2. Genotyping by Sequencing of 96 Kenaf Lines

The GBS library was constructed from 96 kenaf lines, including gamma-ray-derived
mutations, and sequenced using the Illumina Hiseq 2000 platform. A summary of the GBS
results is presented in Table 3. Using two biological replicates, a total of 702 million reads
comprising 106,096,097,764 nucleotides (106 Gb) were generated, with 7.3 million reads per
genotype on average (Table 3). After trimming low quality sequences, 664,405,534 clean
reads remained, with 6.6 million reads per genotype on average. The total length of the
mapped region was 3,263,929,064 bp, with an average of 33,999,261 bp per sample, which
covered approximately 3.17% of the whole genome; the sequences were mapped to the
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reference genome sequence. Among the 96 lines, the average depth of read mapping ranged
from 10.84× to 21.49×.

Table 2. Correlation coefficients for agronomic traits in 96 kenaf lines.

Days to
Flowering

Flower
Color

Stem
Color

Leaf
Shape

Fresh
Weight

Dry
Weight

Flower color −0.159
Stem color −0.128 −0.123
Leaf shape 0.05 −0.067 −0.039

Fresh weight 0.744 ** −0.054 −0.243 * 0.012
Dry weight 0.725 ** −0.084 −0.229 * −0.022 0.992 **
Plant height 0.876 ** 0.054 −0.192 −0.002 0.909 ** 0.905 **

* significant at p ≤ 0.05, ** significant at p ≤ 0.01.

Table 3. Summary of GBS sequence data and alignment to the reference genome sequence.

Total Mean/Genotype

Raw data
Reads 702,623,164 7,318,991

Bases (bp) 106,096,097,764 1,105,167,685
After trimming

Reads 635,581,208 6,620,638
Bases (bp) 63,782,931,221 664,405,534

Mapped to reference genome
Reads 631,887,178 6,582,158

Bases (bp) 3,263,929,064 33,999,261
Reference genome coverage (%) 3.17

2.3. Construction of Phylogenetic Tree and Genome-Wide Association Study for Agronomic Traits

Phylogenetic analysis was performed on 96 kenaf lines, including gamma-ray-derived
mutants, based on the UPGMA method, and a dendrogram was generated with 49,241 filtered
SNPs using the neighbor-joining method (Figure 2). In the cluster analysis, the 96 kenaf
genotypes were divided into nine related groups within two independent groups, with the
exception of seven lines (2012_WFM_2_3, C_11_P, C12, jangbaek_72, A19_dae, C15, and
Z_1) that could not be grouped.

By plotting r2 against the distance (in kb) between a pair of SNPs, it was a very modest
decrease in LD decay. When we estimated LD decay for the entire genome, the maximum
r2 was halved at around 1433 kb, and as a result, the size of the LD block was considered
quite large (Figure S1).

The GWAS was conducted using a multi-locus mixed model for seven agronomic
traits: days to flowering, dry weight, fresh weight, plant height, flower color, stem color,
and leaf shape. Using a threshold of −log10(P) ≥ 4, a total of 49 SNPs were detected across
13 chromosomes for seven agronomic traits (Table 4 and Figure 3). Of these, 12 SNPs
associated with days to flowering were detected on chromosomes 1, 4, 5, 7, 10, 14, 16, and
18; 11 SNPs associated with plant height were detected on chromosomes 1, 5, 15, 16, and 18;
three SNPs associated with fresh weight and dry weight were detected on chromosomes 1,
2, and 13; seven SNPs associated with flower color were detected on chromosomes 1, 2, 4,
7, and 18; five SNPs associated with stem color were detected on chromosomes 1, 11, and
17; and eight SNPs associated with leaf shape were detected on chromosomes 1, 2, 9, 11,
13, and 16. Among the 49 SNPs detected, 27 were located in intergenic regions and 22 in
genic regions.
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Table 4. SNPs associated with seven agronomic traits detected in GWAS analysis.

Trait Chr Position −log10(P) Reference Allele MAF Genic/Intergenic

Days to
flowering

1 1,024,914 18.66 A G/A 0.058 Genic
1 42,517,384 19.30 G A/G 0.209 Intergenic
4 6,472,359 6.86 T C/T 0.435 Genic
5 6,215,497 18.86 G A/G 0.167 Genic
7 47,923,332 6.31 T T/C 0.065 Genic

10 41,332,261 4.20 T A/T 0.310 Intergenic
14 9,697,002 5.15 T G/T 0.137 Genic
14 31,710,078 14.47 C A/C 0.069 Intergenic
16 13,124,040 4.12 T C/T 0.441 Intergenic
16 23,595,487 4.51 C T/C 0.383 Intergenic
16 38,590,756 9.43 A G/A 0.368 Intergenic
18 1,013,873 7.86 A G/A 0.291 Intergenic
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Table 4. Cont.

Trait Chr Position −log10(P) Reference Allele MAF Genic/Intergenic

Plant height 1 21,588,612 4.02 G C/G 0.149 Intergenic
1 48,009,505 4.40 C T/C 0.375 Genic
5 23,514,194 4.59 T T/G 0.060 Intergenic

15 48,486,135 4.25 T A/T 0.284 Genic
15 50,639,175 4.14 G A/G 0.295 Genic
15 51,634,174 4.13 G A/G 0.327 Intergenic
16 7,227,452 4.17 C T/C 0.113 Genic
16 7,227,677 4.31 A T/A 0.122 Genic
16 7,227,739 4.37 C C/T 0.117 Genic
18 42,282,127 4.70 A G/A 0.298 Genic
18 42,294,729 4.15 C T/C 0.266 Intergenic

Fresh weight 1 30,956,363 4.96 A G/A 0.218 Intergenic
2 34,266,740 4.70 C T/C 0.071 Intergenic

13 36,194,770 4.57 T G/T 0.880 Intergenic

Dry weight 1 30,956,363 4.96 A G/A 0.218 Intergenic
2 34,266,740 4.70 C T/C 0.071 Intergenic

13 36,194,770 4.57 T G/T 0.880 Intergenic

Flower color 1 32,661,009 4.34 G A/G 0.169 Intergenic
2 4,123,503 4.01 T G/T 0.426 Intergenic
4 26,157,173 4.15 C C/T 0.163 Intergenic
7 54,080,566 4.02 T C/T 0.500 Genic
7 54,146,827 4.49 C A/C 0.489 Genic
7 56,094,620 5.66 A G/A 0.240 Genic

18 1,155,161 4.07 G A/G 0.486 Intergenic

Stem color 1 59,001,068 10.81 G T/G 0.069 Genic
11 13,785,162 4.13 G A/G 0.085 Genic
11 13,785,316 4.47 A A/G 0.065 Genic
11 14,130,866 4.34 G T/G 0.089 Intergenic
17 44,726,748 4.23 T A/T 0.121 Intergenic

Leaf shape 1 76,940,299 11.01 A T/A 0.059 Genic
2 70,676,156 6.67 A G/A 0.161 Genic
9 22,789,371 6.17 G T/G 0.109 Intergenic

11 4,977,859 4.89 C T/C 0.307 Genic
11 10,223,305 4.42 T T/A 0.095 Intergenic
13 28,565,139 5.38 C A/C 0.104 Intergenic
13 33,269,519 8.96 T C/T 0.175 Intergenic
16 6,361,215 4.59 A G/A 0.317 Genic

Chr, chromosome; MAF, minor allele frequency.

2.4. Gene Annotation

The gene annotations of SNPs located in genic regions detected in the GWAS analysis
are shown in Table 5. The genic regions had a 45.53% to 96.34% identity with genes from
the Malvaceae family (Herrania umbratica, Gossypium mustelinum, Hibiscus syriacus, Durio
zibethinus, Gossypium hirsutum, and Gossypium australe) and the Betulaceae family (Carpinus
fangiana). Except for fresh weight and dry weight, where no SNPs were detected in the
genic region, the majority of SNPs were located in the exon of the respective genic regions:
three out of five SNPs were detected for days to flowering, four out of five SNPs for plant
height, two out of three SNPs for flower color, one out of two SNPs for stem color, and
four SNPs for leaf shape. The highest level of SNPs located in an exon of a gene associated
with days to flowering was found on chromosome 5 with −log10(P) = 18.86 and a 90.50%
homology to the gene encoding an uncharacterized protein LOC120130459 from Hibiscus
syriacus. The next highest −log10(P) values were found for SNPs associated with other
traits: plant height showed a 64.05% homology with the gene encoding the abrin-b-like of
Durio zibethinus on chromosome 18, flower color showed a 66.89% homology with the gene
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encoding the hypothetical protein FH972_000750 of Carpinus fangiana on chromosome 7,
stem color showed an 88.18% homology with the gene encoding the pentatricopeptide
repeat-containing protein of Hibiscus syriacus on chromosome 11, and leaf shape showed an
82.24% homology with the gene encoding the protein DETOXIFICATION 3-like of Hibiscus
syriacus on chromosome 1.
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Table 5. SNPs and candidate genes associated with seven agronomic traits in 96 kenaf genotypes.

Trait Chr Position Gene ID Feature Identity
(%) Location (bp) Gene Description Species

Days to
flowering 1 1,024,914 GWHTACDB000043.1 Intron 81.36 1,021,982–

1,029,723

serine/threonine-
protein kinase

STY46

Herrania
umbratica

4 6,472,359 GWHTACDB042287.1 Exon, CDS 45.53 6,472,165–
6,473,223

hypothetical protein
E1A91_D11G253500v1

Gossypium
mustelinum

5 6,215,497 GWHTACDB046286.1 Exon, CDS 90.50 6,207,495–
6,233,844

uncharacterized protein
LOC120130459

Hibiscus
syriacus

7 47,923,332 GWHTACDB055842.1 Intron 90.04 47,918,661–
47,925,788

serine/threonine-
protein kinase

CTR1-like

Hibiscus
syriacus

14 9,697,002 GWHTACDB019052.1 Exon, CDS 90.14 9,690,988–
9,697,964

putative LRR
receptor-like

serine/threonine-
protein
kinase

Hibiscus
syriacus

Plant
height 1 48,009,505 GWHTACDB002361.1 Intron 92.05 47,985,685–

48,016,384
DNA polymerase I-like

isoform X2
Hibiscus
syriacus

15 48,486,135 GWHTACDB023623.1 Exon, CDS 87.60 48,483,244–
48,490,781

E3 ubiquitin-protein
ligase BRE1-like 1

Hibiscus
syriacus

15 50,639,175 GWHTACDB023849.1 Exon, CDS 87.81 50,636,950–
50,639,279

IQ domain-containing
protein IQM2-like

Hibiscus
syriacus

16 7,227,452 GWHTACDB024773.1 Exon, UTR 92.59 7,227,353–
7,229,462

uncharacterized protein
LOC120203503

Hibiscus
syriacus

18 42,282,127 GWHTACDB032363.1 Exon, CDS 64.05 42,280,976–
42,289,390 abrin-b-like Durio

zibethinus

Flower
color

7 54,080,566 GWHTACDB056744.1 Exon, CDS 94.14 54,076,502–
54,080,857

coatomer subunit
epsilon-1

Durio
zibethinus

7 54,146,827 GWHTACDB056753.1 Exon, CDS 66.89 54,135,157–
54,148,228

hypothetical protein
FH972_000750

Carpinus
fangiana

7 56,094,620 GWHTACDB057049.1 Intron 94.14 56,091,648–
56,099,189

PREDICTED: stomatal
closure-related

actin-binding protein
1-like

Gossypium
hirsutum

Stem
color 1 59,001,068 GWHTACDB003133.1 Intron 96.34 59,000,335–

59,006,569

serine/threonine-
protein kinase

tricornered-like

Hibiscus
syriacus

11 13,785,162 GWHTACDB010323.1 Exon, UTR 88.18 13,784,863–
13,787,951

Pentatricopeptide
repeat-containing

protein

Hibiscus
syriacus

Leaf
shape 1 76,940,299 GWHTACDB005392.1 Exon, CDS 82.24 76,939,400–

76,941,687

protein
DETOXIFICATION

3-like

Hibiscus
syriacus

2 70,676,156 GWHTACDB036463.1 Exon, CDS 52.79 70,673,908–
70,679,842

uncharacterized protein
LOC111277501

Durio
zibethinus

11 4,977,859 GWHTACDB009089.1 Exon, CDS 91.19 4,975,419–
4,978,563

glutathione
S-transferase DHAR3,

chloroplastic-like
isoform X1

Hibiscus
syriacus

16 6,361,215 GWHTACDB024720.1 Exon, UTR 94.85 6,358,025–
6,361,424

protein
FAR1-RELATED
SEQUENCE 11

Gossypium
australe

Chr, chromosome; CDS, coding sequence; UTR, untranslated region.

3. Discussion

Kenaf has wide utility value as it can be used as a source of fiber, edible and phar-
maceutical ingredients, as well as for plastic materials, but the crop’s genetics remain
underresearched. The main objective of kenaf breeding has been to develop new culti-
vars that have high yields, are resistant to pests and diseases, are drought tolerant, or
can be locally adapted to different environmental and growing conditions [5]. Breeding
methods mainly used in kenaf include introduction breeding, exploiting natural variation,
hybridizations, and mutation breeding. Recently, cultivars with new characteristics have
become required because of changes in various cultivation environments and industrial
demands [5,11]. Therefore, remote crossing and modular and mutation breeding are grad-
ually being more widely used. However, the identification of genetic information and
relationships using NGS technologies has been limited in kenaf. It is necessary to better
understand the genetic basis of important traits in kenaf to improve production and to
lay the foundation for molecular breeding efforts [11–13]. Our current study was the first
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to attempt GBS analysis targeting kenaf genetic resources and breeding lines for various
agronomic traits and/or useful traits for the pharmaceutical industry.

In this study, we performed GWAS to investigate candidate genes for agronomic traits
using 96 kenaf genotypes, including gamma-irradiation-derived mutant lines. Mutation
induced using gamma radiation has been widely used to create genetic diversity via a
variety of gene mutations [27]. In GWAS analyses, progeny lines can be highly correlated
between samples and are liable to overestimate the genetic association because of false
positives [30–32]. In addition, because progeny lines are derived from one or a few parent
plants, they do not represent a wide range of genetic diversity, which makes it difficult to
capture the many variations in the plant genome and the unusual variants that can occur
via any pathway. Therefore, it is common to apply GWAS analyses to natural populations.
In our results, among the lines used in the GWAS analysis, we found the phylogeny of
the radiation mutant lines was sometimes close to the original line, such as the C14 lines,
while in other cases, such as the Auxu and Jinju lines, they diverged into several branches
(Table S1 and Figure 2). These results suggest that gamma-irradiation-derived mutant lines
can be phylogenetically separated by GWAS, which uses genetic diversity wider than the
original lines.

On the basis of their geographic origin, the phylogenetic analysis revealed an unclear
pattern of division among the genotypes. Given that the kenaf genotypes evaluated in this
study originated from various breeding methods and mixed pedigrees, it is likely that the
phylogenetic analysis using many origins and races was not able to differentiate among all
the genotypes. Kenaf originated in South Africa and was then introduced into India, China,
Russia, and the Americas in the eighteenth century. Nowadays, kenaf is commercially
cultivated in more than 20 countries, but the dissemination of genetic information about the
crop worldwide is limited. Genotypes collected from Asia and central and North America
were found to have close genetic relationships [33].

Correlations between agronomic traits can be used to predict yields or control harvest
timing, but they are also important for breeding programs. In various crops, including
kenaf, flowering time and biomass traits, such as fresh weight, dry weight, and plant
height, are known to be positively correlated [34], and our results in Table 2 show the same
pattern. Korean Kenaf cultivars are divided into three maturation groups depending on
the flowering date: early maturing, mid–late maturing, and late maturing. Early-maturing
groups mature in 70–80 d after sowing, which enables seed harvests, but at the cost of lower
biomass. Late-maturing groups grow vegetatively for 130–140 d and yield significantly
higher biomass, but late maturation reduces seed quality [14,15]. Therefore, a breeding
goal in new Korean kenaf cultivars is to increase both biomass and seed yields per unit
area [35,36]. Mutation breeding has the merits of creating new mutant characteristics and
adding only few traits without disturbing the other characteristics of a cultivar [37]. The
mid–late cultivars ‘Jangdae’ and ‘Wandae’, which afford both high biomass and high seed
yield, have been registered with the Korea Seed and Variety Service.

Notably, there is a weak correlation between stem color and biomass. The population
used in the analysis had three stem colors: green, dark purple, and brown, with stem colors
other than green having a slightly lower biomass content. Although the non-green stem
color was associated with lower biomass, such lines are valuable as breeding material
because they produce functional substances such as anthocyanins [14]. In general, plant
pigments are functional substances with various activities, such as antioxidant, antidiabetic,
and anti-inflammatory compounds. Therefore, changes in stem color and flower color are
accompanied by changes in the contents of functional compounds that might be valuable
in various food and pharmaceutical industries. The Jeokbong, RS1, and RS2 genotypes
has distinctive morphological characteristics such as dark purple color. The high levels of
phenolic compounds, such as anthocyanin, observed in the previous study for the purple
genotypes and their antioxidant activity are approximately 4~5 times higher than other
cultivars caused by anthocyanin [14]. In the kenaf plant, the genes of phenylpropanoid
biosynthetic enzymes, including HcPAL, Hc4CL, HcC4H, and HcCHS, have been isolated
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in previous studies [38,39]. Recent progress, including NGS technology, has facilitated
various transcriptome analyses in kenaf. Previously, we successfully undertook transcrip-
tome analysis of leaf coloration in ‘Jeokbong’, which exhibited dramatic changes in eight
flavonoid structural genes. Identifying genes related to the biosynthesis of anthocyanins
and kaempferitrin in kenaf leaves, 29 differentially expressed genes were assigned to eight
structural genes, namely 4CL, CHS, CHI, F3H, DFR, ANS, FLS, and 3GT [12,14]. In addition,
we performed comparative transcriptome analysis using RNA sequencing and identified
putative genes (CHS, F3’H, FLS, DFR, MAT, UFGTs, TT12, GST, and RNS) involved in
flower coloration at different flower developmental stages in three kenaf mutants, namely
white flower, ivory flower, and purple flower [13]. When the color of petals was changed to
purple or white by radiation mutation breeding, the total amount of flavonoids and pheno-
lic compounds was more [12,13,36]. It was assumed that the accumulation of flavonoids
and phenolic acids was accelerated. In the reports on the function of inside the plants,
flavonoid glycosides were involved in protection against radiation stress and in producing
a purple pigment [5,12,13]. We selected the SNPs in the flowers of new kenaf mutants,
including white petal, purple petal, and moral types (ivory petal), as well as candidate
gene data to better understand the mechanism of flower coloration via radiation.

GWAS analysis confirmed that the gene regions in which the SNPs detected for each
trait were located were highly homologous to known gene regions in the Malvaceae and
Betulaceae families, but no clearly identified genes for the traits were found. The LRR
receptor-like serine/threonine-protein kinase (LRR-RLKs) detected as associated with flow-
ering might be involved in several aspects of plant development, such as cell growth,
differentiation, organ formation, and stress responses. Its roles might be similar to those of
LRR-RLK BRASSINOSTEROID INSENSITIVE 1 (BRI1), a receptor for brassinosteroids, a
class of plant hormones that regulate cell elongation and division [40–42]. The E3 ubiquitin-
protein ligase BRE1-like 1 (HUB1), detected as associated with plant height, is known to
regulate floral development in Arabidopsis by monoubiquitinating H2B [43]. The penta-
tricopeptide repeat-containing protein (PPR), detected as associated with stem color, is
involved in the regulation of genes related to chlorophyll biosynthesis, photosynthesis, and
flowering. It is also known to be involved in defense mechanisms against abiotic stresses,
such as drought and salinity, and pathogens, such as viruses and bacteria [44]. The Korea
Atomic Energy Research Institute discovered a variant with dark purple stems generated
using gamma radiation as a mutation source and registered a cultivar ‘Jeokbong’ that is
rich in anthocyanins (delphinidin-3-O-sambubioside). This is the same as the anthocyanin
reported in roselle (Hibiscus sabdariffa L.). The antioxidant (2,2-diphenyl-1-picrylhydrazyl
radical scavenging activities) and angiotensin-converting enzyme inhibitory activity of
‘Jeokbong’ was approximately four times higher than that of three other cultivars [14].
However, ‘Jeokbong’ and other purple stem color mutants (RS1, C14_RS1, jangjeok_S7,
jangjeok_S26, and jangjeok_S25) showed poor salt tolerance. These results suggest it should
be possible to develop an SNP marker for selection of stem anthocyanin and salt tolerance
in kenaf.

The protein FAR1-RELATED SEQUENCE 11 (FRS11), detected as associated with leaf
shape, is a member of the FRS family of transcription factors that play important roles
in plant growth and development, light signaling, plant hormone responses, and stress
resistance. Using a mutant with knocked out FRS11, it was confirmed that FRS11 regulates
plant growth and development in response to light via its response to far-infrared light. It
delayed flowering in potatoes [45] and is involved in leaf senescence in Arabidopsis [46].
It is clear that most of the genes identified in our study might play important roles in
growth and development. However, it is likely that they influence each trait via a complex
mechanism rather than a direct causal link, so further research is needed. Our findings will
provide useful information for a better understanding of kenaf genetics and demonstrate
the utility of mutations, either directly in breeding programs, or indirectly as a research tool.
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4. Materials and Methods
4.1. Plant Materials and DNA Isolation

Ninety-six genotypes were studied (Table S1). These included 55 mutant genotypes
derived from gamma irradiation (300 Gy) of seed. Thirty genotypes were obtained from
the Genebank of Rural Development Administration (RDA) in Korea and the Bangladesh
Jute Mills Corporation (BJC) (Dhaka, Bangladesh). These kenaf lines were collected from
South Korea (1), United States of America (1), Iran (1), India (2), Russia (2), China (7),
Italy (2), and Bangladesh (14). Eight white flower mutant genotypes were generated from
selection breeding (natural variants). Four genotypes were developed from hybridization
between ‘Jangdae’ and ‘Baekma’ (JangXbaek21, jangXbaek21a), ‘Jeokbong’ and ‘Baekma’
(jeokXbaek66), and ‘Jinju’ and ‘Baekma’ (jinjuXbaekma). The agronomic traits investigated
were days to flowering, plant height, fresh weight, dry weight, flower color, stem color, and
leaf shape. Genomic DNA was isolated from 20 mg of lyophilized leaf tissue using a DNeasy
Plant Mini Kit (QIAGEN, Valencia, CA, USA) according to the manufacturer’s protocol.

4.2. Sequence Pre-Processing and Alignment to Reference Genome

For demultiplexing, we used barcode sequences, adapter sequence trimming with
cutadapt (version 1.8.3) [47], and sequence quality trimming with DynamicTrim and Length-
Sort programs from the SolexaQA (v.1.13) package [48]. DynamicTrim trims bad quality
bases at both ends of short reads on the basis of their phred score and refines them into
good-quality cleaned reads, while LengthSort removes reads with too many bases trimmed
by DynamicTrim. DynamicTrim uses a phred score ≥ 20 and the LengthSort process uses a
short read length ≥ 25 bp. The cleaned reads that passed the pre-processing were mapped
to the reference genome using the BWA (0.7.17-r1188) program [49].

4.3. Raw SNP Detection and Generation of SNP Matrix

BAM-formatted files generated by mapping clean reads to the reference genome were
used to perform SNP validation and raw SNP (In/Del) detection using the SAMtools (0.1.16)
program [50] and SEEDERS own scripts [51], as well as to extract matching sequences.
Default values were used except for the following options: minimum mapping quality
for SNPs (−Q) = 30, minimum mapping quality for gaps (−q) = 15, minimum read depth
(−d) = 3, maximum read depth (−D) = 398, minimum indel score for filtering nearby
SNPs (−G) = 30, SNPs within INT bp around gaps to filter (−w) = 15, and window size
for filtering high density SNPs (−W) = 15. We created a unified SNP matrix between
samples to perform SNP comparison analysis between analytes. In this method, the raw
SNP positions obtained by comparing each sample with the reference genome are used as
candidate SNP positions to build a unified list, and the empty regions (non-SNP loci) are
filled with the consensus sequence of the sample to create a matrix. The final SNP matrix is
then created by filtering out mis-called SNP (In/Del) loci via SNP comparisons between
samples. Among these loci, SNPs (In/Del) are classified according to the following type
classification criteria: Homozygous, SNP read depth ≥ 90%; Heterozygous, 40% ≤ SNP
read depth ≤ 60%; etc.: 20% ≤ read rate < 40% and 60% < read rate < 90%.

4.4. Linkage Disequilibrium Estimation

LD decay analysis with PopLDdecay program (https://github.com/BGI-shenzhen/
PopLDdecay accessed on 5 December 2023) using a VCF file of 49,241 SNP loci from
96 kenaf samples. PopLDdecay Option was set as follows: Min minor allele frequency
filter: 0.05, Max ratio of het allele filter: 0.6, and Max ratio of miss allele filter: 0.3. Using
the calculated LD values, the LD decay plot was plotted using the HW method (the Hill
and Weir method) [52] in R package.

4.5. Genome-Wide Association Study and Phylogenetic Analysis

To perform association analysis, we used an SNP filter process with the following
conditions: SNP loci of biallelic, minor allele frequency > 5%, and missing data < 30%. The
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representative SNP loci and trait information selected via the filter process were used for
association analysis using GAPIT [53]. The GWAS analysis was performed using a multiple
mixed linear model. A total of 49,241 positions were used in the final dataset and the
phylogenetic analysis was performed in MEGA6 [54]. Bootstrap consensus trees inferred
from 1000 replicates were used to represent the evolutionary history of the analyzed taxa
using the UPGMA method.

5. Conclusions

In this study, we performed phylogenetic and GWAS analyses using GBS data to
investigate candidate genes for agronomic traits in 96 kenaf genotypes, including mutant
lines derived from gamma irradiation. Gamma-irradiation-derived mutant lines were
phylogenetically separated using wider genetic diversity compared with the original
varieties. As a result of our GWAS analysis of agronomic traits, kenaf genes showing
homology to known genes related to growth were discovered. The results of our study
identified mutant genotypes and 19 candidate genes significantly associated with five traits
of kenaf. This is the first study describing the SNPs generated using GBS and an association
analysis to identify genes related to the large variability in morphological characteristics
and yield-related traits among kenaf mutants derived from gamma-ray irradiation. The
mutants obtained in this study will be useful genetic resources for the development of novel
kenaf cultivars with improved ornamental value and chemical compound profiles. Our
results may help breeders select kenaf mutants with suitable SNPs as optimal genotypes for
the bioplastics and pharmaceutical industry. These findings highlight the value of mutant
lines in genetic analyses and should prove useful for kenaf breeding programs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants13020249/s1, Table S1: Country of origin for the 96 kenaf
assessed in this study. Figure S1: Distribution of the marker density and decay of the linkage
disequilibrium (LD) over distance presented as an accumulative distribution.
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Abstract: Glucosinolates are sulfur-containing phytochemicals generally abundant in cruciferous
vegetables such as pak choy. Glucosinolates participate in a range of biological activities essential
for promoting a healthy human body. In this study, we aimed to elucidate glucosinolate variability
present in pak choy germplasm that are under conservation at the Rural Development Administra-
tion Genebank, Jeonju, Republic of Korea. The Acquity Ultra-Performance Liquid Chromatography
(UHPLC) analytical system was used in profiling the glucosinolate content in leaf samples of various
accessions. We identified a total of 17 glucosinolates in the germplasm. Based on principal compo-
ment analysis performed, three separate groups of the accessions were obtained. Group 1 contained
the cultivar cheongsacholong which recorded high content of glucobrassicin (an indole), glucoerucin
(aliphatic), gluconasturtiin (aromatic) and glucoberteroin (aliphatic). Group 2 consisted of six acces-
sions, BRA77/72, Lu ling gaogengbai, 9041, Wuyueman, RP-75 and DH-10, predominatly high in
aliphatic compounds including glucoiberin, glucocheirolin, and sinigrin. Group 3 comprised the
majority of the accessions which were characterized by high content of glucoraphanin, epiprogoitrin,
progoitrin, and glucotropaeolin. These results revealed the presence of variability among the pak
choy germplasm based on their glucosinolate content, providing an excellent opprtunity for future
breeding for improved glucosinolate content in the crop.

Keywords: Brassica; compounds; germplasm; glucosinolates; pak choy; phytochemicals

1. Introduction

Plant bioactive compounds or phytochemicals continue to attract extensive multidis-
ciplinary research attention due to their known essential roles in the human body [1,2].
In particular their antioxidant prospects and consequently their involvements in many
human disease prevention therapies make these compounds worthy of research [3,4].
A broad diversity of phytochemicals is reported in fruit and vegetable species which
underscores the importance of consuming diets that are rich in essential bioactive com-
pounds [5,6]. Pak choy (Brassica rapa subsp. chinensis), a member of the family Brassicaceae,
is widely recognized as an important leafy vegetable not only for its remarkable culinary
adaptability and nutritional richness but also its association with health benefits in hu-
mans [7,8]. Pak choy has characteristic non-heading leaves, which makes the crop distinct
from its close relatives, mainly Chinese cabbage and yellow sarson [9,10]. As a result
of the presence of a wide range of variability in the crop such as its morphological fea-
tures, there are diverse accessions of pak choy found in many major Genebanks across the
globe [9]. As a cruciferous vegetable, pak choy contains glucosinolates (GSL), a category of
sulfur-containing secondary plant metabolites that have come under intense scrutiny for
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their bioactive properties and potential health-enhancing effects [11,12]. GSLs are famous
based on their linkage with a broad range of health benefits such as their antioxidant,
antimicrobial, and anti-inflammatory activities, and perhaps most notably their anticancer
properties [12–14]. By examining GSLs within pak choy germplasm, researchers can gain
a thorough understanding of their composition and concentrations across different geno-
types and populations [15,16]. Such a comprehensive chemical profiling facilitates the
identification of germplasm with high glucosinolate content. Germplasm containing GSLs
at a desirable level of composition can be leveraged to develop functional foods or dietary
strategies aimed at harnessing specific health benefits [17]. This further presents a treasur-
able resource for research aimed at investigating the composition and variations of GSLs
present in different accessions of the crop for the purpose of crop improvement.

Technological advancements, particularly in the domain of analytical techniques like
Ultra-Performance Liquid Chromatography-Tandem Mass Spectrometry (UPLC) integrated
with mass spectrometry (MS), have considerably increased the precision and accuracy level
of GSLs analyses [18,19]. Such cutting-edge techniques ease the identification, separation,
and quantification process of the numerous GSLs present in pak choy tissues. The enhanced
ability to accurately measure and quantify GSLs leads to comprehensive profiling, fostering
a profound understanding of the GSL content in pak choy germplasm [20,21]. We are of the
view that investigating GSL content in pak choy germplasm stored in Genebanks coincides
with the growing global interest in enhancing nutritionally rich diets and promoting the
consumption of functional foods [22,23]. By extracting the composition and assessing
the presence of variability of GSLs in pak choy, researchers can help devise strategies
that maximize the potential health benefits associated with these bioactive compounds.
Therefore, in this study, we profiled GSLs content in pak choy germplasm selected from
the Rural Development Administration genebank (RDA-Genebank), the Republic of Korea
using the Acquity Ultra-Performance Liquid Chromatography (Milford, CT, USA) [24].
We analyzed the compositional variation in the compounds and identified accessions that
exhibited desirably high GSLs contents, thus providing substantial insights for breeders.
Overall, our results confirmed that the information on GSLs profiled in this study is useful
for metabolic differentiation within the pak choy germplasm. Detailed knowledge about
the diversity of GSLs in pak choy will shed light on the phytochemical composition of
this vegetable; also, the study underscores the potential of the compound as a functional
food with significant health implications, emphasizing the importance of incorporating this
vegetable into a balanced diet for disease prevention and overall well-being.

2. Materials and Methods
2.1. Chemicals and Glucosinolate Standards

We used analytical-grade chemicals sourced from ThermoFisher Scientific Korea Ltd.
(Seoul, Republic of Korea) and Sigma-Aldrich (St. Louis, MO, USA) for the extraction
and analyses of the GSLs. Seventeen commercially available GSL standards used for the
analyses were procured either from Phytoplan (Neuenheimer, Heidelberg, Germany) or
Phytolab (Martin Baue, KG, Vestenbergsgreuth, Germany). The entire GSL standards had a
purity ≥98%. Table 1 shows details of GSL standards used in this study.

2.2. Plant Materials, Sample Preparation and Compound Extraction

The National Agrobiodiversity Center of the Rural Development Administration
(RDA), Jeonju, Republic of Korea has over 90 pak choy accessions under conservation in
its National Genebank (RDA-Genebank). In this study, we selected 65 different pak choy
accessions, classified as either cultivar or landrace, originating from different geographical
locations (Table S1). First, seeds of the various accessions were multiplied under greenhouse
conditions from February to June, 2019–2021. High-quality seeds from the various pak choy
accessions were then selected for planting in the experimental field of the National Institute
of Agricultural Sciences, Jeonju, and Republic of Korea form September to November 2021.
For each accession, leaves of 18 plants, all of uniform phenotype, were collected, pooled
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together and kept in polyvinyl bags and stored at −80 ◦C until they were used for GSL
extraction. The mixed leaf samples per each of three replications were analyzed. The
extraction of the GSLs was performed based on the procedure as used previously in the
work of Kim et al. [24]. Briefly, a 0.1 g sample containing 5 mL methanol (80%) that had
been stored in a temperature of 25 ◦C for 30 min was thoroughly shaken to mix the contents
at 120 rpm for 30 min at room temperature. The mixture was centrifuged (14,000 rpm at
4 ◦C for 10 min) and the supernatants transferred to fresh vials for GSL analyses using
UPLC-MS/MS.

Table 1. List of glucosinolate standards procured and used in the study.

Class Glucosinolate Abbreviation Molecular
Formula

Molecular Weight
(g/mol) Source

Aliphatic GSL

Glucoiberin GIB C11H21NO10S3 423.5 Phytolab
Sinigrin SIN C10H16KNO9S2 397.5 Phytoplan

Glucocheirolin GCH C11H20KNO11S3 477.6 Phytoplan
Glucoerucin GER C12H23NO9S3 421.5 Phytoplan

Glucoraphanin GRA C12H23NO10S3 437.5 Phytoplan
Gluconapin GNA C11H10NO9S2 373.4 Phytoplan
Progoitrin PRO C11H19NO10S2 389.4 Phytolab

Epiprogoitrin EPI C11H19NO10S2 389.4 Phytolab
Glucoraphasatin GRH C12H21NO10S3 435.5 Phytoplan
Glucoraphanin GRE C12H23NO10S3 437.5 Phytolab
Glucoberteroin GBE C13H25NO9S3 435.5 Phytoplan

Glucobrassicanapin GBN C12H21NO9S2 387.4 Phytolab

Aromatic GSL

Glucotropaeolin GTL C14H19NO9S2 409.4 Phytoplan

Gluconasturtiin GNS C15H21NO9S2 423.5 Phytoplan
Glucobarbarin GBB C15H21NO10S2 439.5 Phytoplan

Sinalbin SNB C14H19NO10S2 425.4 Phytolab

Indolic GSL Glucobrassicin GBC C16H20N2O9S2 448.5 Phytoplan

2.3. Identification and Quantification of GSLs Using UPLC-MS/MS

The Acquity Ultra-Performance Liquid Chromatography (UPLC) System (Waters,
Milford, CT, USA) provides an advanced level of chromatographic performance for the sep-
aration and detection of compounds [25]. This system reduces the likelihood of undetected
analytes, consequently ensuring increased efficiency and confidence of results [20,21]. In
this experimental study, analyses of the GSL content of each sample was performed using
the Acquity UPLC System coupled to a Xevo™ TQ-S system (Waters, MS Technologies,
Wilmslow, UK). Here, 5 µL of the GLS sample was analyzed with the Acquity UPLC BEH
C18 (1.7 µm, 2.1 × 100 mm) column. For the elution, 0.1% trifluoroacetic acid in water
was used as Eluent A, with Eluent B mobile phase of 0.1% trifluoroacetic acid in methanol.
The flow rate was maintained at 0.5 mL/min, column temperature at 35 ◦C and injection
volume of 5 µL. The elution conditions were set as 100% of A from 0.0 to 1.0 min, 100% of A
from 1.0 to 7.0 min, 100–80% of A from 7.0 to 10 min, 80–0% of A from 10 to 11 min, 0–100%
of A from 11 to 15 min, and 100% of A thereafter. For the detection of the GSLs, negative
ion electrospray ionization (ESI-) and multiple reaction monitoring (MRM) modes were
employed. The MS/MS parameters were set using capillary and con voltages set at 3 kV
and 54 V, respectively, for ionization. The ionization source was set at a 150 ◦C temperature
while the dissolution temperature was set at 350, 150 ◦C. For cone and dissolution gas,
temperature was set at 150 and 650 Lh-, respectively. The identification of the GSLs was
carried out through direct comparison involving the retention times and MS and MS/MS
fragmentation spectra with the commercially procured standards. We measured the linear,
intraday, and interday precision in order to validate the precision and accuracy of the
method used. For standards preparation, 10 mg of each GSL was dissolved in methanol to
obtain stock solutions (1 mg mL−1). To calculate GSL concentrations, calibration curves
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were plotted based on the corresponding standards and the results expressed as µmol GSLs
kg−1 sample dry weight (DW). The LOD (limit of detection) and LOQ (limit of quantifi-
cation) values were taken as three and ten times, respectively, the standard error of the
intercept of the regression equation of the linear calibration curve divided by the slope
(Table 2). Fresh batches of test solutions were always prepared before sample analysis.

Table 2. Results of the UPLC spectroscopy analysis showing the seventeen glucosinolates, retention
time (RT), calibration curves, and multiple reaction monitoring (MRM) conditions for quantitation of
glucosinolates by negative ion MRM.

Class Name Abbreviation RT (min) MRM
Transition

CID
(ev)

Dwell Time
(sec)

Calibration Curve
Parameters

Aliphatic

Progoitrin PRO 5.94 387.77 > 194.85 25 0.029 Y = 8.2526X + 28.1501
(r2 = 0.961)

Sinigrin SIN 6.56 357.75 > 161.84 25 0.029 Y = 12.7878X − 11.1181
(r2 = 0.999)

Gluconapin GNA 7.78 371.74 > 258.74 25 0.029 Y = 8.36216X + 29.5397
(r2 = 0.994)

Glucoiberin GIB 7.98 421.62 > 357.73 25 0.029 Y = 33.6632X + 446.334
(r2 = 0.997)

Epiprogoitrin EPI 8.06 387.7 > 258.74 25 0.029 Y = 7.4939X − 6.76519
(r2 = 0.999)

Glucocheirolin GCH 8.38 437.71 > 258.74 25 0.029 Y =20.7762X + 39.3608
(r2 = 0.986)

Glucoraphanin GRA 8.39 435.59 > 177.78 25 0.029 Y = 25.0808X +60.584
(r2 = 0.983)

Glucoraphenin GRE 8.53 433.66 > 258.81 25 0.029 Y = 15.2565X + 3.62242
(r2 = 0.988)

Glucobrassicanapin GBN 8.60 385.71 > 258.87 25 0.029 Y = 7.2514X + 47.2841
(r2 = 0.992)

Glucoerucin GER 8.73 419.69 > 258.74 25 0.029 Y = 6.77393X + 73.6679
(r2 = 0.984)

Glucoberteroin GBE 9.18 433.72 > 275.06 25 0.029 Y = 6.09397X + 63.1212
(r2 = 0.997)

Glucoraphasatin GRH 9.62 417.63 > 258.81 25 0.029 Y = 15.5149X − 5.95281
(r2 = 0.997)

Aromatic

Glucobarbarin GBB 8.64 437.71 > 274.75 25 0.029 Y = 9.29915X− 0.454779
(r2 = 0.999)

Glucotropaeolin GTL 8.88 407.72 > 258.87 25 0.029 Y = 18.2122X − 3.93949
(r2 = 0.999)

Sinalbin SNB 9.10 423.62 > 258.74 25 0.029 Y = 49.7228X − 33.0636
(r2 = 0.999)

Gluconasturtiin GNS 9.34 421.69 > 274.87 25 0.029 Y = 4.36109X − 90.233
(r2 = 0.961)

Indolyl Glucobrassicin GBC 9.31 446.69 > 204.94 25 0.029 Y = 6.39827X + 2.6232
(r2 = 0.997)

2.4. Statistical Analysis

All the analyses were performed using three independent samples as biological repli-
cates. The resulting data were subjected to analysis of variance (ANOVA) using the
XLSTAT software v2019 (Addinsoft, Paris, France). The quantification data obtained were
used for principal component analysis. The Pearson’s correlation coefficient method was
used to visualize the association of GSL compounds in the data. To obtain optimal clus-
tering, we employed the K-means method to present a dendrogram. We also used the
Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA), first to study the
distribution and second to identify the key variables of GSL compounds responsible for
cluster differentiation.

3. Results and Discussion
3.1. Variability of GSL Metabolite Composition in Pak Choy Germplasm

Glucosinolate compounds are famous for their potential health benefits. The break-
down of GSLs provides many useful products such as isothiocyanates, indoles, and sul-
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foraphane which are associated with several biological activities in the human body [26,27].
The composition of GSLs in pak choy naturally differs across different geographical regions
as well as on the basis of their type, such as cultivar or landrace. Details of the raw data
of GSL content of the accessions used in the current study would be made available and
accessed from the RDA-Genebank at http://genebank.rda.go.kr/. In order to satisfy our
curiosity on the presence of variability of GSL content in pak choy, we employed the
Acquity Ultra-Performance Liquid Chromatography-Tandem Mass Spectrometry (UPLC-
MS/MS) analysis system to determine the GSL composition of diverse pak choy accessions
that are under conservation in the national gene bank of the Rural Development Admin-
istration (RDA-Genebank), Jeonju, Republic of Korea. Our analyses detected a total of
17 glucosinolate-derived metabolites in the germplasm. Details of the Acquity UPLC
spectroscopy analysis results of the 17 GSLs are shown in Table 3. In a previous study,
Ju-Hee and co-workers [28] identified eight GSLs based on quantification of leaf samples
from five commercial varieties and 45 accessions of diverse Brassica species including
Kimchi cabbage, turnip and leaf mustard. Earlier, using 13 pak choy cultivars, Wiesner and
colleagues [26] detected 11 GSLs that were predominantly composed of members of the
aliphatic class. We examined the composition of the GSLs in the 65 pak choy accessions by
calculating their concentration expressed in median values (µmol·kg−1 DW). Generally,
significant variability was observed across the different classes of the GSLs (aliphatic, aro-
matic and indolic) (Table 3). The most predominant GSLs detected were in the aliphatic
class. In line with a previous study by Wiesner et al. [26] in which pronounced variation in
total aliphatic GSLs (18.7–61.7 µmol g−1 dw) was observed, we found significant variation
among the aliphatic GSLs in the present study. A similar finding was presented in another
study in which aliphatic compounds represented the predominant GSLs detected [28].

Table 3. Profile of individual glucosinolates in pak choy (µmol·kg−1 DW).

Class Glucosinolates Range Median

Aliphatic GSL

Glucoiberin 0~35.069 0.375
Sinigrin 0.162~7878.972 4.722
Glucocheirolin 0.078~239.664 5.256
Glucoerucin 0~2564.479 49.366
Glucoraphanin 0.162~1558.413 172.591
Gluconapin 117.379~19,009.896 6713.083
Progoitrin 2.303~4116.955 1132.364
Epiprogoitrin 1.629~3333.335 843.059
Glucoraphasatin 0.025~6.134 0.231
Glucoraphenin 0.0168~228.202 0.981
Glucoberteroin 0~3491.342 148.188
Glucobrassicanapin 0.263~8744.337 3139.729

Aromatic GSL

Glucotropaeolin 0.311~30.651 6.451
Gluconasturtiin 74.282~2148.237 678.72
Glucobarbarin 0.937~10.505 3.171
Sinalbin 0~3.704 0.086

Indolic GSL Glucobrassicin 77.984~1294.483 351.011

In this study, among the aliphatic GSLs, Gluconapin (GNA) recorded the highest
concentration (median: 6713.083 µmol·kg−1 DW), while Glucoraphasatin represented the
lowest concentration (median: 0.231 µmol·kg−1 DW). For the aromatic GSLs, Gluconas-
turtiin and Sinalbin recorded the highest and least concentrations with median values
of 678.72 µmol·kg−1 DW and 0.086 µmol·kg−1 DW, respectively. An indolic GSL, Gluco-
brassicin had a concentration of 351.011 µmol·kg−1 DW higher than 50% and 75% of the
aromatic and aliphatic compound, respectively, contrasting with that reported by Wiesner
et al. [26], where indolic GSL occurred at low levels (0.6 to 2.35 µmol·g−1 dw). This con-
tradiction perhaps resulted from differences in pak choy genetic materials as well as the
extraction protocol used [28,29].
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Previous studies on GSLs from various B. rapa vegetables revealed that choi sum
has high GNA content compared to other Brassica vegetables [12,30]. However, the least
detected GSL was GBC according to He and co-workers [30], contrasting with the Sinalbin
(SNB) compound that is observed in our current study [31]. Clear variations in GSL content
and individual GSL profiles exists among Brassica vegetables [30,32]. For example, leaf
mustard (B. juncea), turnips (B. rapa var. rapa), collards (B. oleracea var. viridis), and kale
(B. oleracea var. sabellica) exhibit higher total GSL levels compared to pak choy and choy
sum (B. chinensis var. parachinensis) [30]. While aliphatic GSLs are generally abundant in
Brassica species [33], choi sum and Chinese cabbage mainly contain GNA and GBN [24].
Pak choy, on the other hand, is very rich in GNA and PRO among aliphatic GSLs (Table 3).
Furthermore, Gluconasturtiin displayed the highest median value (678.72 µmol·kg−1 DW)
among aromatic GSLs. Glucotropaeolin and Glucobarbarin also demonstrated significant
median values of 6.451 and 3.171 µmol·kg−1 DW, respectively. Glucobrassicin, the only
compound detected as an indolic GSL in this study exhibited appreciably high median
value (351.011 µmol·kg−1 DW).

Our results highlight promising genetic resources, offering breeders advanced cul-
tivars to develop nutritionally superior vegetables in pak choy breeding programs. In
the present finding, IT23558 had the highest GNA content with a median value of
19,009.9 µmol·kg−1 DW. This value surpassed the average GNA content in choy sum
(B. chinensis var. parachinensis) by a notable margin of 2997.62 µmol·kg−1. This germplasm,
collected in 2001 from the RDA-Genebank to enhance genetic diversity, is available for
purchase in the Republic of Korea. However, due to absence of detailed passport informa-
tion, the origin or country of the breeding company remains unclear. Along with its high
GNA content, this cultivar also contains progoitrin (PRO) levels of 2483 µmol·kg−1 DW,
approximately twice the median value. PRO is recognized for its anti-inflammatory proper-
ties. As demonstrated by Jang and colleagues [31], it has increased antibacterial activity
against Aeromonas hydrophilic [18]. Yet, it is crucial to note that PRO levels exceeding
3000 µmol·kg−1 DW can introduce a bitter taste, potentially affecting palatability and
hindering growth in certain animals [34]. This might require selective use, depending on
breeding objectives. The germplasm with the second highest GSL content, IT275755 (9039),
contained 18,268.9 µmol·kg−1 DW. Cultivated in 2013 by the Asia Seed Company (Seoul,
Korea), this germplasm was subsequently deposited at the RDA-Genebank. Morphologi-
cally, it is characterized as an overwintering type and developed as a red-headed cabbage
cultivar. Its foliage is green, with a mid-season bolting pattern, displaying a dwarf growth
habit. Significantly, its PRO content is exceptionally low at 5.993 µmol·kg−1, signifying
reduced bitterness, a distinguishing trait of this cultivar.

3.2. Multivariate Analysis
3.2.1. Correlation Analysis

Genetic correlation represents the relationship between two variables in a data set and
provides a clue to the understanding of the shared biological network or the magnitude of
association between variables [4,35]. Understanding the correlation or association between
traits is important in deciding whether or not selection for a specific trait will influence
the other [36,37]. Correlation analysis can be applied conveniently in determining the
relationships among different phytochemical compounds [38,39]. Pearson’s correlation
coefficient (r) is used in measuring the linear association of two variables and has been
used for establishing the association between different bioactive compounds [4,40]. In this
study, the Pearson’s correlation coefficient (r) of GSLs was estimated using the XLSTAT
analysis software v.2019 (Addinsoft, Paris, France) (Figure 1). A very strong positive associ-
ation characterized a number of aliphatic compounds including SIN and GIB (r = 0.988;
p ≤ 0.0001), GCH and GIB (r = 0.986; p ≤ 0.0001), GCH and SIN (r = 0.968; p ≤ 0.0001),
GBE and GER (r = 0.845; p ≤ 0.0001) and EPI and PRO (r = 0.956; p ≤ 0.0001). A positive
association between two GSL indicates that the two variables or compounds are located in
biologically tightly linked pathways, and as a result of their shred biochemical nature, these
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compounds likely share the same cluster [4]. Thus, in crop breeding, indirect selection or
improvement of one GSL compound could simultaneously contribute to enhancing the
content of the other [41]. Similarly, a positive correlation was observed between GRH and
GER (r = 0.614; p ≤ 0.0001), SNB and GER (r = 0.641; p ≤ 0.0001), and GRE and GNA
(r = 0.624; p ≤ 0.0001). Other noticeable positive associations were observed between GBS
and GER (R = 0.485; p ≤ 0.0001), SNB and GBE (r = 0.490; p ≤ 0.0001), SNB and GRH
(r = 0.468; p ≤ 0.0001), GBC and GBE (r = 0.499; p ≤ 0.0001), GTL and GNA (r = 0.476;
p ≤ 0.0001), GTL and GRE (r = 0.527; p ≤ 0.0001), GNS and GTL (r = 0.468; p ≤ 0.0001), GBC
and GTL (r = 0.475; p ≤ 0.0001), GCB and GNS (r = 0.542; p ≤ 0.0001). The above results
reveal that Brassica genotypes containing higher amount of one or more of the GSLs could
be used in crop breeding [42] to increase the composition of other compounds since the
compounds are likely to be biosynthetically linked. In correlation analyses, two variables
display a negative correlation coefficient suggesting that indirect selection or improvement
of one of the variables does not potentially contribute to enhanced expression of the other.
In this study, generally, GSL compounds that are negatively correlated had weak correlation
coefficient (Figure 1). The highest negative correlation coefficient was observed between
GBN and GIB (r = −0.250; p ≤ 0.05), GBN and GCH (r = −0.279; p ≤ 0.05). Thus, genetic
improvement of one of GBNs with the aim to enhance the composition of GIB or GCH is
likely less useful.

Plants 2024, 13, x FOR PEER REVIEW 9 of 14 
 

 

 
Figure 1. Pearson’s correlation analysis of glucosinolates detected in pak choy. ***, **, * indicate 
correlation is significant at p ≤ 0.0001, p ≤ 0.01, and p ≤ 0.05, respectively. Glucoiberin (GIB), Sinigrin 
(SIN), Glucocheirolin (GCH), Glucoerucin (GER), Glucoberteroin (GBE), Gluconapin (GNA), Pro-
goitrin (PRO), Epiprogoitrin (EPI), Glucoraphasatin (GRH), Glucoraphanin (GRA), Glucoraphenin 
(GRE), Glucobrassicanapin (GBN), Glucotropaeolin (GTL), Gluconasturtiin (GNS), Glucobarbarin 
(GBB), Sinalbin (SNB)and Glucobrassicin (GBC). 

3.2.2. Variability of GSLs in Pak Choy based on PCA 
Principal component analysis (PCA) is a typical chemometric tool commonly used in 

multivariate analysis for extracting and interpreting experimental results [4,43]. In order 
to investigate diversity in the GSL composition within the analytes, the quantification data 
of the 17 GSL compounds detected in the study were subjected to principal component 
analysis. PCA was used to determine the most relevant components with the largest var-
iation. The data dimension was reduced to three principal components by employing the 
eigenvector values greater than or equal to one. The first three principal components ac-
counted for 56.567% of the cumulative total variation (Table 4). PC1 accounted for 22.604% 
of the total variation while PC2 and PC3 accounted for 19.373 and 14.591% of the total 
variance, respectively. The two highest ranking components PC1 and PC2) accounted for 
41.976% of the total variance with eigenvector values 3.843 and 3.293, respectively, lower 
than those obtained in some previous studies. For instance, Wiesner et al. [26] recorded 
86% of total variation derived from the first three PCs, with the highest ranking PCs, PC1 
and PC2, accounting for 49% and 22%, respectively. Generally, the PCs had many positive 
loading relative to the negative loadings (Table 4). The highest positive loading in PC1 
corresponded with GBC (0.395), GER (0.365), GNS (0.331), and GBE (0.317), representing 
all the three classes of compounds. PC2 showed strong positive loading with three ali-
phatic GSL compounds, GIB (0.478), GCH (0.461) and SIN (0.455), which mainly ac-
counted for the variability in GSLs profiled in this experiment. PCA revealed three distinct 
groups of all the pak choy accessions (Figures 2A and 3A,B) and the GSL compounds 
(Figure 2B), suggesting the presence of variability in GSLs among the genetic materials 
used in the study. A similar finding was previously reported in the works of Wiesner and 

Figure 1. Pearson’s correlation analysis of glucosinolates detected in pak choy. ***, **, * indicate
correlation is significant at p ≤ 0.0001, p ≤ 0.01, and p ≤ 0.05, respectively. Glucoiberin (GIB),
Sinigrin (SIN), Glucocheirolin (GCH), Glucoerucin (GER), Glucoberteroin (GBE), Gluconapin (GNA),
Progoitrin (PRO), Epiprogoitrin (EPI), Glucoraphasatin (GRH), Glucoraphanin (GRA), Glucoraphenin
(GRE), Glucobrassicanapin (GBN), Glucotropaeolin (GTL), Gluconasturtiin (GNS), Glucobarbarin
(GBB), Sinalbin (SNB)and Glucobrassicin (GBC).

3.2.2. Variability of GSLs in Pak Choy Based on PCA

Principal component analysis (PCA) is a typical chemometric tool commonly used in
multivariate analysis for extracting and interpreting experimental results [4,43]. In order to
investigate diversity in the GSL composition within the analytes, the quantification data
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of the 17 GSL compounds detected in the study were subjected to principal component
analysis. PCA was used to determine the most relevant components with the largest
variation. The data dimension was reduced to three principal components by employing
the eigenvector values greater than or equal to one. The first three principal components
accounted for 56.567% of the cumulative total variation (Table 4). PC1 accounted for
22.604% of the total variation while PC2 and PC3 accounted for 19.373 and 14.591% of the
total variance, respectively. The two highest ranking components PC1 and PC2) accounted
for 41.976% of the total variance with eigenvector values 3.843 and 3.293, respectively,
lower than those obtained in some previous studies. For instance, Wiesner et al. [26]
recorded 86% of total variation derived from the first three PCs, with the highest ranking
PCs, PC1 and PC2, accounting for 49% and 22%, respectively. Generally, the PCs had
many positive loading relative to the negative loadings (Table 4). The highest positive
loading in PC1 corresponded with GBC (0.395), GER (0.365), GNS (0.331), and GBE (0.317),
representing all the three classes of compounds. PC2 showed strong positive loading
with three aliphatic GSL compounds, GIB (0.478), GCH (0.461) and SIN (0.455), which
mainly accounted for the variability in GSLs profiled in this experiment. PCA revealed
three distinct groups of all the pak choy accessions (Figures 2A and 3A,B) and the GSL
compounds (Figure 2B), suggesting the presence of variability in GSLs among the genetic
materials used in the study. A similar finding was previously reported in the works of
Wiesner and colleagues who found aliphatic glucosinolates as the predominant GSL class
in pak choi [26]. Nonetheless, the unexplained 44% of variability of the glucosinolates
may be due to additional underlying biochemical pathways or metabolites not captured
by the three principal components. This unaccounted variation could also be a result of
the influence of environmental factors or complex interactions among multiple metabolites
not emphasized by the primary components. Therefore, further investigations, potentially
through targeted analyses or additional statistical methods, are necessary to elucidate the
specific contributors to this remaining variance.

Table 4. Principal component analysis of GSL content in pak choy.

Principal Component (Eigenvectors)

GSL PC1 PC2 PC3

GIB −0.156 0.478 0.225
SIN −0.192 0.455 0.210

GCH −0.135 0.461 0.292
GER 0.365 0.251 −0.268
GBE 0.317 0.228 −0.304
GNA 0.180 −0.099 0.290
PRO 0.187 −0.187 0.324
EPI 0.145 −0.187 0.327

GRH 0.271 0.098 −0.167
GRA −0.006 0.003 −0.064
GRE 0.230 0.001 0.366
GBN 0.119 −0.181 −0.007
GTL 0.268 −0.008 0.320
GNS 0.331 0.034 0.229
GBB 0.197 0.296 −0.053
SNB 0.285 0.150 −0.188
GBC 0.395 0.063 0.033

Eigen value 3.843 3.293 2.480
Proportion (%) 22.604 19.373 14.591
Cumulative (%) 22.604 41.976 56.567

The bold values represent the highest loadings in principal component analysis, which essentially accounted for
the presence of variability in GSL profiles.
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Figure 2. Principal Component Analysis showing Score plot of the 65 pak choy accessions (A) and
Loading plot of the 17 pak choy accessions (B). Glucoiberin (GIB), Sinigrin (SIN), Glucocheirolin
(GCH), Glucoerucin (GER), Glucoberteroin (GBE), Gluconapin (GNA), Progoitrin (PRO), Epipro-
goitrin (EPI), Glucoraphasatin (GRH), Glucoraphanin (GRA), Glucoraphenin (GRE), Glucobrassi-
canapin (GBN), Glucotropaeolin (GTL), Gluconasturtiin (GNS), Glucobarbarin (GBB), Sinalbin (SNB)
and Glucobrassicin (GBC).
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Since PCA is limited by accuracy of clustering, we employed the K-means method to
obtain optimal clustering [44] and this was presented as a dendrogram of three clusters
(Figure 3A). By its dimension reduction property, the Orthogonal Partial Least Squares Dis-
criminant Analysis (OPLS-DA) is more suitable for sample distinction relative to PCA [45].
So, in order to gain additional insight into the diversity of pak choy germplasm, the OPLS-
DA was used to identify the key accessions that contributed to the cluster differentiation
based on Variable Importance in Projection (VIP) values [46,47]. Here, three separate groups
of pak choy were obtained as indicated with a yellow circle, a blue rectangle and a red
triangle (Figure 3A,B). Group 1 contained the Korean cultivar cheongsacholong which
recorded high content of GBC (indolic), GER (aliphatic), GNS (aromatic) and GBE (aliphatic)
(Figures 2B and 3A,B). Conversely, this accession recorded lower levels of GIB, SIN, GCH,
and GRA, all of which are aliphatic compounds. Group 2 consisted of six accessions,
BRA77/72, Lu ling gaogengbai, 9041, Wuyueman, RP-75, DH-10, which were predominatly
high in aliphatic compounds including GIB, GCH, and SIN. Also, these accessions recorded
lower levels of aliphatic compounds GNA, PRO, EPI, GBN, and GTL. Group 3 comprised
the majority of the accessions (Figures 2A and 3A,B). This group of accesstions showed
a characteristic high content of aliphatic GSLs encompassing GRE, EPI, PRO, and GTL,
but low content of GER, GBE, GRH, GRA, GBN, GBB and SNB. These results reveal the
presence of distinct variation among the pak choy germplasm based on their GSL content,
providing an excellent opprtunity for future breeding for improved GSL content in pak
choy using reommended accesions [48]. The presence of diversity among pak choy ac-
cessions was reported in other studies [26,49]. Figure 3C indicates individual GSLs and
their contibutions to the three clusters based on VIP values. According to Park et al. [50],
in a given data set, variables with VIP values greater than one are the most significant
contributors to the observed variablity. Based on the VIP values, the most influencial class
of compounds responsible for variation in the germplasm were mainly attributed to nine
metabolites including six aliphatic (GER, GIB, SIN, GBE, GCH and GRH), two aromatic
(GBB and SNB) and one indolic (GBC) compounds (Figure 3C).

Overall, our results confirmed that the GSL compounds profiled in this study pro-
vide useful information for metabolic differentiation within the pak choy germplasm and
provided useful information to facilitate breeding in pak choy.

4. Conclusions

In this study, we identify 17 GSLs among 65 pak choy accessions, indicating the
presence of variability of the compound within pak choy germplasm. The identification
and characterization of various GSLs, along with their potential health benefits, highlight
the importance of pak choy as a valuable functional food with significant implications for
human health. In the future, there is the need for further research on GSLs profiles in pak
choy in relation to other cruciferous vegetables. Additionally, further investigations are
required in elucidating the precise mechanisms through which these GSLs exert their health-
promoting effects, particularly their roles in cancer prevention, anti-inflammatory activity,
and detoxification pathways within the body. Studies are also needed to bridge the gap
between laboratory analyses and practical applications, seeking methods to optimize GSL
content in pak choy through agricultural practices or breeding strategies. This can enhance
the nutritional value of the crop, thus increasing the crop’s potential health benefits for
consumers. Still, additional studies are warranted to understand the impact of cultivation
conditions, and processing methods on the levels and types of these bioactive compounds
in pak choy. Overall, the exploration of GSLs diversity in pak choy germplasm provides a
promising avenue for harnessing the health benefits of these phytochemicals. The present
study provides a basis for future research directions aimed at maximizing the potential of
pak choy as a functional food for promoting human health and well-being.
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Abstract: Shoot branching is a complex and tightly regulated developmental process that is essential
for determining plant architecture and crop yields. The outgrowth of tiller buds is a crucial step
in shoot branching, and it is influenced by a variety of internal and external cues. This review
provides an extensive overview of the genetic, plant hormonal, and environmental factors that
regulate shoot branching in several plant species, including rice, Arabidopsis, tomato, and wheat. We
especially highlight the central role of TEOSINTE BRANCHED 1 (TB1), a key gene in orchestrating
bud outgrowth. In addition, we discuss how the phytohormones cytokinins, strigolactones, and
auxin interact to regulate tillering/branching. We also shed light on the involvement of sugar, an
integral component of plant development, which can impact bud outgrowth in both trophic and
signaling ways. Finally, we emphasize the substantial influence of environmental factors, such as
light, temperature, water availability, biotic stresses, and nutrients, on shoot branching. In summary,
this review offers a comprehensive evaluation of the multifaced regulatory mechanisms that underpin
shoot branching and highlights the adaptable nature of plants to survive and persist in fluctuating
environmental conditions.

Keywords: bud outgrowth; tillering; branching; plant hormones; axillary meristem (AM); sugars;
light; temperature; water; nutrients; biotic stresses

1. Introduction

The plasticity exhibited by plants in their shoot development is remarkable, as it
allows them to adapt to various harmful external and internal conditions in order to
survive and thrive. Shoot architecture in seed plants is primarily determined by factors
such as the number, position, orientation, and size of shoot branches. The regulation of
shoot branching/tillering constitutes a critical survival and propagation strategy governed
by a complex, sophisticated regulatory network.

Initiation of the primary shoot axis can be traced back to the shoot apical meristem
(SAM), a group of mitotic cells that forms during embryogenesis. Subsequently, the
derivatives of this meristem give rise to all above-ground parts of plants [1]. The SAM
produces aerial organs by continuously adding growth units called phytomers, generally
comprising three parts: an internode, a leaf, and an axillary meristem (AM) that emerges at
the leaf axil [2].

AMs are new stem cell niches derived from the SAM during post-embryonic de-
velopment. AM activity plays a vital role in generating the intricate branching pat-
terns that contribute to a plant’s fractal architecture. Given its significant influence
on shoot branching/tillering and panicle branching, the AM has been a focal point in
breeding selection for improving crop production and management [3–5]. For the conve-
nience of readers to understand the influence of crop yield, please refer to Figure 1 and
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Supplementary Video S1, which dynamically indicates the process of AMs’ outgrowth and
their impact on grain yield.
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formation and their outgrowth to generate more panicles than in (B). The primary tiller buds (arrows
indicated) arise from the leaf axils of the main stem. Secondary tiller buds occur from leaf axils of the
primary tillers and so on. We have highlighted with red arrows the abolished tiller buds that cannot
grow to form tillers in (B).

Numerous studies conducted over the past decades have aimed to unravel the mecha-
nisms underlying shoot branching. The prevailing understanding is that various inputs,
such as endogenous factors, developmental cues, and environmental signals, interlock to
regulate shoot branching. For instance, among multiple essential genes controlling shoot
branching in plants, TEOSINTE BRANCHED 1 (TB1) acts locally in buds to inhibit bud
outgrowth and is considered to be an integrator of diverse phytohormonal, trophic, and
environmental signaling networks (Figure 2) [6,7]. In addition, the signals defined by
phytohormones, nitrogen, light, and sugars have been shown to significantly affect shoot
branching (Figure 2) [8–21].

Significant advances have been made in our understanding of shoot branching, and
numerous essential genes described in the literature have been demonstrated to influ-
ence shoot branching. However, the underlying mechanisms involving these genes are
complicated, such as the effect of plant resistance genes on branching/tillering (in addi-
tion to resistance) when disrupted [22,23]. This review aims to provide a comprehensive
summary of recent advances in our understanding of shoot branching, with a primary
focus on Arabidopsis (Arabidopsis thaliana), wheat (Triticum aestivum), tomato (Solanum
lycopersicum), and rice (Oryza sativa). Elucidating and differentiating the complex mecha-
nisms underlying shoot branching will contribute to the field of crop breeding, as shoot
branching/tillering crucially determines plant architecture, which directly influences yield
and overall productivity.
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Figure 2. Summary of phytohormones and key genes involved in shoot branching. Blue arrows
represent promotion, whilst red flat-ended lines denote inhibition. In this model, BRC1/TB1 acts
as an integrator to interact with other genes, such as SPL genes and phytohormones, to mediate
shoot branching. Abbreviations: SL, strigolactone; ABA, abscisic acid; CK, cytokinin; GA, gib-
berellin; PIN1, PIN-FORMED1; SCF, Skp-Cullin-F-box; Aux/IAA, Auxin/Indole-3-Acetic Acid; IPT,
ADENYLATE ISOPENTENYLTRANSFERASE; PAT, polar auxin transport; CYP735A, cytochrome P450
monooxygenase 735A; LOG, LONELY GUY; tRNA-IPT, transfer RNA isopentenyltransferase; CKX, cy-
tokinin oxidase; ARR5 and ARR6, RESPONSE REGULATOR5 and 6; NRT1.2, nitrate transporter 1.2;
PCNA1, PROLIFERATING CELL NUCLEAR ANTIGEN1; SPL9, SPL14 and SPL15, SQUAMOSA
PROMOTER BINDIN PROTEIN-LIKE9,14 and 15; BRC1/TB1, BRANCHED1/TEOSINTE BRANCH 1;
NCED3, 9-CIS-EPOXYCAROTENOID DIOXYGENASE3; HB21, HOMEOBOX PROTEIN 21; HB40,
HOMEOBOX PROTEIN 40; HB53, HOMEOBOX PROTEIN 53; DELLA, aspartic acid–glutamic acid–
leucine–leucine–alanine; D14, DWARF 14; MAX3, 2, 1, and 4, more axillary growth 3, 2, 1, and 4;
TPRs, TOPLESS-RELATED PROTEINs; TFs, transcription factors; D53-like SMXLs, DWARF53-LIKE
SMAX1-LIKEs; BES1, bri1-EMS-suppressor 1; AM, axillary meristem.

2. Mechanisms Regulating Shoot Branching

Once a branch/tiller bud is formed, the plant is confronted with a critical decision
to stimulate bud sprouting, giving rise to a branch/tiller, or to maintain bud dormancy.
Bud outgrowth typically progresses through three discernible stages: dormancy, transition,
and sustained growth [24–26]. The fate of buds in the transition stage is influenced by the
complex interplay of environmental and endogenous cues, ultimately determining whether
buds return to dormancy or enter a sustained growth phase [27]. Consequently, the final
count of branches/tillers is not solely determined by the number of axillary buds but is
also influenced by the potential of buds to undergo growth [28]. In the following sections,
we primarily focus on elucidating shoot branching through the lens of endogenous cues
and environmental signals. For a visual representation of the interplay among various
components, please refer to the conceptual model of bud outgrowth shown in Figure 2.
The genes mentioned in this section are referred to in Table 1.
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Table 1. List of genes related to lateral bud outgrowth. The table below lists a number of genes that
have been identified and characterized for functions in the mentioned plant species.

Gene Names Accession Numbers Reported Species
(Homolog) Functional Annotation References

OsTB1 Os03g0706500 Arabidopsis, rice, maize,
pea, tomato Transcription factor TCP family [6,29–31]

OsSPL14 (IPA1),
OsSPL15

Os08g0509600,
Os08g0513700 Rice, Arabidopsis SQUAMOSA promoter binding

protein-like transcription factors [5,32,33]

AXR1 AT1G05180 Arabidopsis A subunit of the RUB1
activating enzyme [34]

YUCCA AT4G32540 Arabidopsis A flavin monooxygenase-like
enzyme, auxin biosynthesis [35]

PIN1 Os02g0743400 Rice An auxin transporter [36]
OsPIN5b Os09g0505400 Rice An auxin transporter [37]

MKK7 AT1G18350 Arabidopsis MAP kinase kinase7 [38]
MKK6 AT5G56580 Arabidopsis MAP kinase kinase 6 [39]

TIR1 Os05g0150500,
AT1G72930 Rice, Arabidopsis Auxin receptor [9,40]

IAA12 AT1G04550 Arabidopsis An auxin-responsive gene [41]
AFB2 Os04g0395600 Rice Auxin signaling f-box 2 [42]
RUB1 AT1G31340 Arabidopsis A ubiquitin-related protein [9]
D27 Os11g0587000 Rice An iron-containing protein [12,43]

CCD7/MAX3 AT2G44990,
Os04g0550600 Arabidopsis, rice Carotenoid cleavage

dioxygenases [44]

CCD8/MAX4 AT4G32810,
Os01g0746400 Arabidopsis, rice Carotenoid cleavage

dioxygenases [45]

MAX1 AT2G26170 Arabidopsis Belonging to the CYP711A
cytochrome P450 family [46]

MAX2/D3 AT2G42620,
Os06g0154200 Arabidopsis, rice Belonging to a member of the

F-box leucine-rich repeat family [46]

D14 Os03g0203200,
AT3G03990 Rice, Arabidopsis An alpha/beta hydrolase [47]

D53 Os11g0104300 Rice The substrate of SCF-D3
ubiquitin complex [48]

SMXL6, SMXL7,
SMXL8

AT1G07200,
AT2G29970, AT2G40130 Arabidopsis D53-like proteins [48,49]

IPT AT3G23630 Arabidopsis An isopentenyl transferase [50]

SPS AT1G16410 Arabidopsis Belonging to a member of
CYP79F [51]

AMP1 AT3G54720 Arabidopsis A glutamate carboxypeptidase [8]
PsCKX2 LOC127082854 Pea Cytokinin dehydrogenase 6-like [52]

NCED3 AT3G14440 Arabidopsis A 9-cis-epoxycarotenoid
dioxygenase [53]

ABA2 AT1G52340 Arabidopsis A cytosolic short-chain
dehydrogenase [54]

HB21, HB40, HB53 AT2G02540,
AT4G36740, AT5G66700 Arabidopsis Homeobox proteins [14]

SLR1 Os03g0707600 Rice A DELLA protein [32]
BES1 AT1G19350 Arabidopsis A transcription factor [55]

MOC2 Os01g0866400 Rice A cytosolic fructose
1,6-bisphosphatase [56]

OsNPF7.7 Os10g0579600 Rice One nitrate transporter [57]
TaNAC2-5A AY625683 Wheat A transcription factor [58]
OsMADS57 Os02g0731200 Rice A MADS transcription factor 57 [59]
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Table 1. Cont.

Gene Names Accession Numbers Reported Species
(Homolog) Functional Annotation References

OsBZR1, BES1 Os07g0580500,
AT1G19350 Rice, Arabidopsis

A key transcription factor
involved in brassinosteroid

(BS) signaling
[60]

DLT Os06g0127800 Rice A GRAS protein [61]

GSK2 Os05g0207500 Rice A conserved glycogen synthase
kinase 3-like kinase [61]

RLA1 Os05g0389000 Rice An APETALA2 (AP2) DNA
binding domain protein [62]

BRI1/D61 Os01g0718300 Rice A BR receptor [61]

2.1. Internal Inputs Determine Bud Outgrowth
2.1.1. TB1/BRC1 Acts as a Key Integrator of Branching

The expression of TB1, encoding a non-canonical basic helix–loop–helix (bHLH) tran-
scription factor of the TCP family, is negatively correlated with bud growth [63,64]. This
TCP protein family is represented by four founding members: TB1, CYCLOIDEA (CYC),
PROLIFERATING CELL NUCLEAR ANTIGEN FACTOR1 (PCF1), and PCF2. These family
members were identified by their functions in plant development or their DNA binding
capacity [63,65–68]. The maize (Zea mays) tb1 mutant exhibits an uncontrolled proliferation
of tillers, resulting in a bushy architecture reminiscent of its ancestor, teosinte [29]. The
inhibitory effect of TB1 on bud outgrowth is spatially restricted to axillary buds as soon as
they become visible [29]. By contrast, in teosinte, TB1 is not expressed in axillary buds, al-
lowing axillary bud outgrowth [29]. The role of TB1 in suppressing axillary bud outgrowth
is conserved in rice, as ectopic overexpression of its ortholog OsTB1 under the control of
the actin promoter leads to reduced tillering [69]. Conversely, loss-of-function mutants of
OsTB1, such as fine culm 1 (fc1), show increased tillering [69]. TB1 and its orthologs (e.g.,
OsTB1 or FC1 in rice, BRANCHED1 (BRC1) in Arabidopsis, PsBRC1 in pea [Pisum sativum],
and SlBRC in tomato) operate in conjunction with other vital genes and plant hormones
to regulate bud outgrowth [6,30,31,70]. These genes and phytohormones are discussed in
subsequent sections. The coordinated action of TB1 with these factors has earned it the title
“branching integrator” (Figure 2).

It is worth noting that several studies have indicated that inhibition of bud outgrowth
can occur independently of TB1 and its orthologs [2,31,71,72]. Hence, TB1 may condition
bud activation potential, thus contributing to the regulation of branching.

2.1.2. SQUAMOSA Binding Proteins Inhibit Bud Outgrowth

SQUAMOSA promoter binding protein-like (SPL) transcription factors, which are
specific to plants, mediate various aspects of plant development, including branching [32].
Different members of the SPL gene family in Arabidopsis are post-transcriptionally regu-
lated by miR156 [73]. Overaccumulation of miR156 leads to a considerably bushy pheno-
type [74,75]. Notably, double mutants of the Arabidopsis paralogs SPL9 and SPL15 exhibit
an increased branching phenotype, highlighting the crucial role of miR156-targeted SPL
genes in regulating shoot branching [33] (Figure 2). Accumulation of the SPL9 and SPL15
ortholog OsSPL14 results in fewer tillers and increased yield in rice [5]. These findings
highlight the roles of SPL proteins in inhibiting branching. Additionally, OsSPL14, whose
encoding transcripts are targeted by miR156, directly activates OsTB1 expression [5].

2.1.3. Auxin Indirectly Inhibits Sustained Bud Outgrowth

A principal function of auxin, as observed in various studies, is mediating apical
dominance, as lateral bud outgrowth is inhibited by auxin. For instance, the auxin-resistant
1 (axr1) mutant of Arabidopsis exhibits a lower sensitivity to auxin than wild-type plants,
resulting in weak apical dominance and an increased number of branches, due to the release
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of axillary buds, highlighting the role of auxin in inhibiting axillary bud outgrowth [34].
Conversely, auxin-overproducing mutants with elevated levels of free auxin, such as the
Arabidopsis yucca mutants, exhibit stronger apical dominance than wild-type plants [35].

Moreover, apical dominance largely depends on polar auxin transport (PAT) mediated
by PIN-FORMED (PIN) proteins in the stem [76]. Studies involving RNA interference
(RNAi)-mediated knockdown and overexpression of OsPIN1 have demonstrated the nega-
tive effect of OsPIN1 on tillering in rice [36]. In addition, overexpression and knockdown
experiments with OsPIN5B revealed the influence of this gene on tiller numbers [37].
Mitogen-activated protein kinase (MAPK) cascades are essential for transducing external
and internal cues into adaptive and programmed responses. The MKK7 (MAPK KINASE
7)-MPK6 signaling pathway regulates PAT by phosphorylating the specific substrate PIN1,
thereby modifying shoot branching in Arabidopsis [38,39].

In addition to the crucial role of PAT in regulating branching/tillering, the auxin
signaling pathway also influences shoot branching/tillering via SKP1-CULLIN1-F-box
(SCF)-mediated protein degradation. Auxin receptors, including TRANSPORT INHIBITOR
RESPONSE 1 (TIR1) and closely related family numbers (AUXIN SIGNALING F-BOX
[AFB]) [9,40,41], bind to auxin to stabilize the interactions between TIR1/AFBs and mem-
bers of the Aux/IAA (Auxin/INDOLE-3-ACETIC ACID INDUCIBLE) family of tran-
scriptional repressors [77]. Their interaction with TIR1/AFBs leads to the degradation of
Aux/IAA, permitting auxin-mediated upregulation of transcription [78–80]. By contrast,
loss of function of IAA12 in Arabidopsis leads to auxin-resistant stabilization of the SCF
complex and, thus, constitutive suppression of target auxin-upregulated genes [41], re-
sulting in a bushy phenotype. Overexpressing OsMIR393, whose mature miRNA product
OsmiR393 targets and downregulates the transcripts of the auxin receptor genes OsTIR1
and OsAFB2, leads to increased tiller production [42].

Moreover, many Aux/IAA genes are rapidly transcriptionally induced by auxin in a
SCFTIR/AFB-dependent manner [81]. TIR1/AFB genes encode F-box proteins that interact
with the cullin CUL1 and the SKP1-like proteins ASK1 or ASK2 to form an SCF ubiquitin
protein ligase (E3). TIR1/AFB genes function as transcription factors that bind to auxin-
response elements (AuxREs) located in the upstream regions of auxin-inducible genes [82].
Auxin resistant 1 (AXR1) is required for proper SCF function as it facilitates conjugation of
the ubiquitin-like protein RELATED TO UBIQUITIN 1 (RUB1) to the cullin subunit [9,83,84].
Correspondingly, mutations in AXR1 result in changes in the expression of SCFTIR1/AFB-
dependent auxin-responsive genes, leading to defects in downstream auxin responses [9]
(Figure 2).

It should be noted that the effect of auxin on branching/tillering is indirect, as api-
cally derived auxin cannot enter buds [85]. Two primary models have been proposed to
explain this phenomenon: the canalization model and the second-messenger-based model.
According to the canalization model, axillary buds are activated when the amount of auxin
initially flowing out of the bud is sufficient to trigger the establishment of polar auxin trans-
port connected to the auxin stream in the stem, thereby promoting bud outgrowth [86,87].
Conversely, the continuous flow of auxin in the stem originating from the apex restricts the
export of auxin from the axillary buds on the same axis, thereby maintaining apical domi-
nance [88]. The establishment of auxin transport involves a positive regulatory feedback
loop between the polarization of auxin efflux-facilitating PINs at the plasma membrane
in the direction of the initial flow and the directional flow [89]. In addition, strigolactones
(SLs) act upstream of auxin by stimulating the removal of PIN1 from the plasma mem-
brane, thereby reducing the ability of the bud to create its own polar auxin transport [90].
According to the second-messenger-based model, auxin flow in the main stem negatively
modulates cytokinin (Ck) biosynthesis [52] and positively regulates SL levels [91], with
these two phytohormones acting antagonistically on buds by inducing and inhibiting their
outgrowth, respectively [92,93]. Furthermore, the antagonistic effects of Cks and SLs in
buds are integrated by BRC1, the Arabidopsis homolog of TB1 that is mainly expressed in
dormant axillary buds [6,31,93].
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The transition of a bud from dormancy or quasi-dormancy to more active outgrowth
is associated with increased expression of genes involved in the cell cycle [25,94,95]. Ex-
pression of cell cycle-related genes is repressed by auxin biosynthesized in the shoot apex,
leading to suspension of cell division and bud dormancy [25].

2.1.4. Strigolactones Have an Inhibitory Effect on Bud Outgrowth

SLs are a collection of carotenoid-derived lactones secreted by plants. These phyto-
hormones are primarily known for their roles as rhizosphere signals used by root-parasitic
plants to detect their hosts [96] and as cues for mycorrhizal fungi to form symbiotic associa-
tions [97]. Importantly, SLs also inhibit the outgrowth of axillary buds. This inhibitory effect
was initially observed in ramosus (rms) mutants in pea, which exhibit excessive branching,
as well as decreased apical dominance (dad) mutants in petunia (Petunia hybrida) and more
axillary growth (max) mutants in Arabidopsis [45,98–104].

SL biosynthesis involves several enzymes. DWARF27 (D27) is responsible for iso-
merizing all-trans-β-carotene at the C-9 position to form 9-cis-carotene [12,43]. Carotenoid
cleavage dioxygenase 7 (CCD7, also named MAX3) and CCD8 (also named MAX4) then
cleave 9-cis-carotene to produce carlactone, a key endogenous SL precursor [44,45]. The
conversion of carlactone to SLs is catalyzed by MAX1, an Arabidopsis cytochrome P450 that
acts downstream of MAX4 and MAX3 [46]. MAX1 converts carlactone to carlactonoic acid,
which is further converted to methyl carlactonoate, an SL-like compound (Figure 2) [105].

SLs are perceived by MAX2, an ortholog of D3 from rice, which plays a crucial
role in regulating plant branching. Disruption of MAX2 leads to a bushy phenotype in
Arabidopsis [46]. Moreover, the perception and signaling roles of SLs in rice require their
interaction with D14, a putative SL receptor. D14 interacts with D3, an F-box protein of
the SCF E3 ubiquitin ligase complex, to form an SL-induced D14-D3 complex [47]. This
complex targets proteins for ubiquitination and degradation, resulting in changes in plant
branching/tillering [48] (Figure 2).

The dominant d53 mutant in rice is characterized by a high-tillering and dwarf pheno-
type and is resistant to the exogenous application of GR24, a synthetic SL. D53 is targeted
for SL-dependent degradation by the SCFD3 ubiquitination complex [106]. In addition,
SL treatment results in D53 degradation via the ubiquitin–proteasome system in a D14-
and D3-dependent manner [48]. D53 interacts with members of the TOPLESS-RELATED
PROTEIN (TPR) family of transcriptional co-repressors, which may suppress the activities
of their downstream transcription factors (Figure 2) [47,107].

In Arabidopsis, D53-like proteins, including SMAX1-LIKE6 (SMXL6), SMXL7, and
SMXL8, are targeted for proteolysis by MAX2-mediated SL signaling [48,49]. Their over-
accumulation in SL signaling mutants (such as max2) leads to increased branching and
constitutively low BRC1 expression in buds. Conversely, disruption of SMXL6, SMXL7,
and SMXL8 completely restores branching of max2 to wild-type levels and leads to very
high levels of BRC1 transcript in inhibited buds [48,49]. This effect highlights the role of
SLs in inhibiting bud outgrowth by upregulating BRC1 transcription. Additionally, these
SMXL proteins can form a complex with TPR2 and function as transcriptional repressors.
However, D14 interacts with SMXLs and MAX2 in an SL-dependent manner, thereby
inhibiting axillary bud outgrowth in Arabidopsis [48].

The relationship between SLs and BRC1 and its corresponding orthologs suggests that
the SL pathway acts upstream of FC1/OsTB1 in rice. For example, the fc1 mutant does not
respond to application of GR24, and the phenotype of the fc1 d17 double mutant is similar
to that of the SL-deficient mutant d17, suggesting the involvement of SLs in regulating
FC1/OsTB1 expression in rice [70]. In line with this notion, PsBRC1 expression levels are
significantly lower in SL-deficient mutants (rms1, rms2, and rms4) than in wild-type pea
plants [31] but are upregulated in rms1 and rms2 after GR24 application, further supporting
the idea that SLs act upstream of BRC1. Specifically, BRC1 is repressed in non-elongated
max2 and max3 axillary buds but induced in the smxl6 smxl7 smxl8, max2 smxl6 smxl7 smxl8,

155



Plants 2023, 12, 3628

and max3-9 smxl6 smxl7 smxl8 mutants of Arabidopsis, suggesting that SMXL6, SMXL7,
and SMXL8 inhibit BRC1 expression [48].

2.1.5. Other Phytohormones Regulate Tillering/Branching

The inhibitory role of auxin in bud outgrowth is exerted indirectly within buds, as
apically derived auxin is not transported into buds [108] and exogenous auxin directly
supplied to buds fails to prevent their growth [109]. Cytokinins (CKs) are believed to be
crucial in relaying the auxin signal into buds and promoting axillary branching. CKs are an
important class of phytohormones that participate in various aspects of plant development,
including organ formation, apical dominance, and leaf senescence [110]. Therefore, CKs
facilitate the growth and development of axillary buds by serving as a second messenger
for the auxin signal.

Several studies have demonstrated that CKs can promote the outgrowth of buds
that would otherwise remain inhibited and that CK levels in or near the bud are well
correlated with bud fate [50,111]. For example, in chickpea (Cicer arietinum L.) plants,
CK levels dramatically increased in axillary buds within 24 h of shoot decapitation [112].
Elevated levels of CKs, as achieved by overexpressing ISOPENTENYL TRANSFERASE
(IPT) (encoding a key enzyme in CK biosynthesis), lead to reduced apical dominance
(Figure 2) [50]. Continuous treatment of pea plants with synthetic CKs overcomes the
inhibition of lateral bud release, turning these into dominant organs [113]. In Arabidopsis,
basally applied CKs suppress the inhibitory effects of apically supplied auxin in isolated
nodes [114]. Conversely, low local CK levels can limit bud outgrowth, even in auxin- and
strigolactone-deficient plants [115]. The supershoot (sps) mutant of Arabidopsis displays
overproliferating branching due to cytokinin-promoted bud initiation as well as bud out-
growth, as endogenous cytokinin levels are elevated in this mutant [51]. The Arabidopsis
altered meristem program 1 (amp1) mutant, with increased cytokinin levels, shows enhanced
AM formation and bud elongation to generate branches [8]. Interestingly, in this mutant,
BRC1 is slightly downregulated, suggesting that Cks downregulate BRC1 expression [6].

In addition to their biosynthesis, the metabolism of CKs also determines endogenous
cytokinin levels. Cytokinin oxidase (CKX) is the enzyme responsible for inactivating
CKs by irreversibly degrading active CKs, thereby regulating endogenous levels of active
CKs [116,117]. Various CKXs, such as PsCKX2 in pea, predominantly regulate CK levels
in the stem [52]. Notably, the expression pattern of PsCKX2 in the stem is opposite to that
of CK levels before and after decapitation, suggesting that PsCKX2 induces a decrease in
CK levels in the stem. Overall, these findings support the notion that CKs promote bud
outgrowth.

While abscisic acid (ABA) is predominantly recognized for its roles in seed dormancy,
growth inhibition, and stress responses, emerging evidence indicates that this phytohor-
mone also influences plant branching/tillering. Mutations in key genes involved in ABA
biosynthesis, such as 9-CIS-EPOXYCAROTENOID DIOXYGENASE3 (NCED3) and ABA
DEFICIENT2 (ABA2), enhance bud outgrowth [53,54]. Notably, ABA levels are elevated
in buds with delayed outgrowth but are reduced in elongated buds [54]. Exogenous ap-
plication of ABA partially suppresses branch elongation, suggesting that ABA functions
downstream or independently of genes responsible for bud growth [54]. Unlike the IAA
biosynthesis gene TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS 1 (TAA1)
and the auxin transporter gene PIN1, exogenously supplied ABA does not affect BRC1
expression, confirming the downstream role of ABA in regulating BRC1. Furthermore,
BRC1 binds to the promoter of and positively regulates the transcription of three genes
encoding related homeodomain leucine zipper proteins (HD-ZIP): HOMEOBOX PROTEIN
21 (HB21), HB40, and HB53. Together with BRC1, these three proteins promote NCED3
expression, resulting in ABA accumulation and triggering a phytohormonal response,
thereby suppressing bud development [14] (Figure 2). Finally, ABA treatment represses the
expression of the cell cycle-related gene PROLIFERATING CELL NUCLEAR ANTIGEN1
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(PCNA1), suggesting that ABA modulates bud outgrowth by regulating cell cycle-related
gene expression [54].

Gibberellins (GAs) are renowned for their ability to regulate internode elongation.
Dwarfism is often associated with an increase in shoot branching. GA-deficient mutants in
Arabidopsis, rice, and pea exhibit higher levels of branching/tillering than their wild-type
counterparts [10,118]. Likewise, overexpressing GA catabolism genes decreases GA levels,
resulting in increased branching/tillering [10]. Moreover, mutants with disruption of
DELLA proteins, the major negative regulators of GA signaling, display reduced shoot
branching and/or altered branching patterns [32]. Additionally, in rice, DELLA SLEN-
DER RICE 1 (SLR1) was found to interact with the SL receptor D14 in an SL-dependent
manner [32] (Figure 2).

Brassinosteroids (BRs) are important plant hormones that regulate various develop-
mental processes, including stem elongation, leaf development, senescence, and branch-
ing [119]. A series of BR-deficient mutants have been used to elucidate the function of
BR. For instance, reduced expression of Brassinazole Resistant 1 (OsBZR1) in rice leads to
a dwarf phenotype with erected leaves and reduced BR sensitivity [60]. Dwarf and Low
Tillering (DLT), encoding a GRAS family protein, is another BR-related gene. Disruption
of DLT results in a semi-dwarf mutant with fewer tillers and decreased BR responses.
The promoter of DLT can be targeted by OsBZR1 [61]. GLYCOGEN SYNTHASE KINASE
2 (GSK2) encodes a conserved glycogen synthase kinase 3-like kinase. Gain-of-function
mutations within the GSK2 coding sequencing or its overexpression suppress BR signaling,
leading to plants with phenotypes resembling BR-deficient mutants [120]. The reduced leaf
angle 1 (rla1) mutant encodes a transcription factor containing an APETALA2 (AP2) DNA
binding domain that is required for OsBZR1 function [62]. RLA also can interact with
GSK2 [62].

A BR-defective rice mutant displays reduced branching like dlt [61], while in Ara-
bidopsis, the bri1-EMS-suppressor 1 (bes1) mutant displays a highly branched phenotype. In
contrast, BES1-RNAi lines have fewer branches than the wild type [55,119]. Interestingly,
the dominant bes1-D mutant does not respond to GR24 treatment, and BES1 can interact
with MAX2 and act as its substrate for degradation, which is regulated by SLs [15]. There-
fore, SL and BR signaling pathways converge on the same transcription factor BES1, an
Arabidopsis homolog of OsBZR1, to control branching [15]. However, other components
upstream of AtBES1 in the BR signaling pathway do not alter branching in Arabidop-
sis [15]. In rice, BRs bind to the receptor Brassinosteroid insensitive 1 (BRI1), activating the
receptor complex and inhibiting the ability of OsGSK2 [120] to phosphorylate members of
the downstream transcriptional module, including OsBZR1, DLT, and RLA1, and thereby
regulate their stability [62]. Furthermore, BRs strongly enhance tillering by promoting bud
outgrowth in rice through regulating the stability of D53 and/or the OsBRZ1-RLA1-DLT
module, a transcriptional complex in the BR signaling pathway [15]. In addition, D53
interacts with OsBZR1 to inhibit the expression of OsTB1. This interaction depends on
direct DNA binding by OsBZR1, which recruits D53 to the OsTB1 promoter in axillary
buds [15].

2.1.6. Phytohormones Interact Influencing Bud Outgrowth

The regulation of axillary bud outgrowth involves a complex network of phytohor-
mones. Plant hormones, including auxin, CKs, and SLs, play central roles in bud outgrowth.
Furthermore, plant hormones can mutually affect each other, ultimately regulating branch-
ing/tillering.

Auxin is an indispensable player in plant architecture, particularly branching, and
a central component of interacting networks that regulate branching. Auxin exerts its
role indirectly in buds [85], whereas SLs are direct components that act on buds via auxin
to inhibit bud outgrowth. Auxin inhibits bud outgrowth by regulating SL biosynthesis,
as observed in Arabidopsis and rice [92,121,122]. For example, auxin that originates in
the shoot apex modulates SL levels in pea by maintaining RMS1 and RMS5 transcript
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abundance [123,124]. The iaa12 mutant exhibits increased numbers of branches and shows
reduced expression of the SL biosynthesis genes MAX3 and MAX4 [92], while MAX3 and
MAX4 transcription is mediated by auxin [125]. Conversely, Arabidopsis mutants defective
in SL biosynthesis (such as max4) exhibit increased branching and resistance to auxin [45].
Additionally, branching is inhibited by SL treatment in auxin-response mutants such as
axr1 and the tir1 afb1 afb2 afb3 quadruple mutant [126], providing compelling evidence
that loss of auxin signaling promotes bud outgrowth via SL depletion. Moreover, both
auxin biosynthetic and auxin signaling mutants respond to SL treatment, indicating that
SLs function downstream of auxin [91].

SLs also inversely affect polar auxin transport by limiting the accumulation of the
auxin efflux carrier PIN1 in cells involved in polar auxin transport [87]. The Arabidopsis
max mutants, with defects in the SL pathway, show enhanced polar PIN accumulation
and auxin transport [127–129]. Similarly, the rice d27 mutant (characterized by low SL
concentrations) displays enhanced auxin transport [12]. Therefore, auxin and SLs inter-
act via interconnected feedback loops, where each phytohormone regulates the level of
the other.

Auxin and CKs play antagonistic roles in regulating bud outgrowth. Auxin inhibits
AM outgrowth, whereas CKs counteract auxin activity in Arabidopsis by promoting
bud activation [20]. The inhibitory effect of auxin is probably mediated, at least in part,
by its ability to reduce both CK export from roots and CK biosynthesis locally at the
node [130,131]. Stem girdling in pea, which prevents polar auxin transport via a mechanism
similar to decapitation, increases the expression of CK biosynthesis genes and promotes
the growth of buds below the girdling site [115]. Decapitated bean (Phaseolus vulgaris L.)
plants (with a decrease or loss of polar auxin transport) have higher CK concentrations in
xylem exudates than control plants. However, applying auxin to the shoots of decapitated
plants eliminates the effect of shoot-tip removal on CK concentration, further supporting
the antagonistic relationship between auxin and CKs [130]. Auxin inhibits expression of the
CK biosynthesis gene IPT in the stem [111,115,130,132]. In Arabidopsis, auxin-mediated
suppression of CK biosynthesis is dependent on AXR1 [131]. However, in addition to
repression by auxin, CKs also enhance auxin production and promote downward auxin
transport out of growing buds. This, in turn, suppresses the production of CKs lower
within the stem, limiting their accessibility to other buds [52,111,133].

In addition to the inhibitory roles of auxin on CKs, ABA represses CK signaling by
inducing the expression of type-A response regulator genes, such as RESPONSE REGU-
LATOR5 (ARR5) and ARR6, encoding negative regulators of CK signaling [134] (Figure 2).
Moreover, ABA inhibits the accumulation of CKs in the roots and shoots of wheat and
promotes CKX activity, contributing to the decrease in CK levels [135]. Conversely, overex-
pression of IPT results in reduced ABA abundance in petunia flowers [136]. ABA suppresses
auxin biosynthesis and auxin transport out of axillary buds [54].

2.1.7. Sugars Play an Essential Role in Bud Release

Sugars such as sucrose serve not only as a carbon source for plant metabolism but also
as essential signaling compounds [137–139]. Bud outgrowth responds to limiting nutrients
and resources, and thus sugars have been attracting increasing interest. Axillary buds are
often maintained in a dormant state or their growth is suppressed by the growing shoot
apex long after their initial formation. Intriguingly, changes in sugar availability can facili-
tate the first visible growth of buds, a phenomenon known as axillary bud release [16]. The
term “apical dominance” is commonly used to describe shoot branching, referring to the
role of the shoot tip in preventing the growth of the axillary buds below it [140]. However,
in several plant species, auxin supplementation to the decapitated stump, even at high
levels, fails to fully restore apical dominance [109,141]. Therefore, it is unlikely that auxin
is the first component inhibiting axillary bud outgrowth. Rather, after decapitation, sugars
are rapidly redistributed over a significant distance and accumulate in axillary buds, coin-
ciding with the timing of bud release, before auxin depletion occurs in the corresponding
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axillary buds [16,142]. This observation suggests that sugars have the potential to promote
bud release.

Enhancing the sugar supply alone is sufficient for bud release. Plants employ various
mechanisms to maintain apical dominance, one of which is limiting the sugar supply to
axillary buds [16]. This effect can be observed in the wheat tiller inhibition (tin) mutant,
whose reduced tillering is associated with a decreased sucrose content in axillary buds [143].
Likewise, reduced tiller formation in the rice monoculm 2 (moc2) mutant is attributed to
a disruption in fructose-1,6-bisphosphatase, an enzyme involved in sucrose biosynthesis,
resulting in a decline in the sucrose supply [56]. The requirement for sugars for bud out-
growth has been demonstrated in rose (Rosa hybrida), where sugar is required for triggering
bud outgrowth in single nodes cultivated in vitro [88,144]. Sucrose can also modulate the
dynamics of bud outgrowth in a concentration-dependent manner, especially during the
transition phase between bud release and sustained bud elongation [88]. Additionally,
removal of competing sugar sources or sinks within buds through defoliation further
supports the role of sugars in bud release [16,145]. Collectively, these lines of evidence
highlight the trophic role of sugars in bud release.

Besides the roles of sugars as nutrients, an effect of sugars on phytohormone home-
ostasis has been demonstrated in single nodes of R. hybrida [88]. For instance, sucrose
stimulates CK biosynthesis in bud-bearing stem segments by upregulating the expression
of two CK biosynthesis-related genes [88]. Sucrose can also modulate auxin metabolism, as
treatment with sucrose or its non-metabolizable analogs increases auxin levels in R. hybrida
buds in a concentration-dependent manner [88]. Furthermore, elevated sucrose levels in
buds promote the export of auxin from the bud to the stem, which is favorable for bud
outgrowth according to the auxin canalization model [88]. When exogenously supplied to
rose, sucrose reduces the expression of MAX2, a gene involved in SL signaling [88]. A dose-
dependent inhibitory effect by sucrose has also been detected for RhBRC1 expression, which
is decisive in preventing bud outgrowth [31,146]. Notably, palatinose, a non-metabolizable
sucrose analog, can trigger bud outgrowth [144]. These findings collectively demonstrate
the crucial role of sugar signaling in regulating bud release.

From a trophic perspective, axillary buds are sink organs that require imported sug-
ars to fulfill their metabolic demands and support their growth. In the context of apical
dominance, the supply of sugars to lateral buds is the first signal that releases bud dor-
mancy, preceding detectable auxin depletion. Thus, the growth potential of a bud can be
determined by its sink strength, representing its ability to acquire and utilize sugars. The
interplay in the demand for sugar between the apical bud and lateral buds is thus crucial
for the systemic regulation of shoot branching, encompassing both nutritional support and
signaling mechanisms.

2.2. Effects of Environmental Inputs on Bud Outgrowth

Bud outgrowth and the transition to dormancy are tightly regulated by various envi-
ronmental factors, including photoperiod, light intensity, nutrient availability, and stress
conditions [26,147]. Notably, ABA, a pivotal phytohormone involved in regulating bud
outgrowth, strongly accumulates under stressful conditions such as osmotic stress [148].
Interestingly, ABA levels are elevated in buds with delayed outgrowth but are reduced in
elongated buds [54]. This dynamic modulation of ABA levels underscores the remarkable
ability of plants to adjust their branching capability in response to diverse environmental
cues. Such adaptability represents a successful evolutionary trait that has evolved to ac-
commodate the sessile nature of plants. Here, we focus on environmental cues reported so
far. The genes mentioned in this section are referred to in Table 2.
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Table 2. List of genes related to lateral bud outgrowth response to environmental inputs. The
table below lists a number of genes that have been identified and characterized for functions in the
mentioned plant species.

Gene Names Accession
Numbers

Reported Species
(Homolog) Functional Annotation References

PHYB LOC8081072 Sorghum bicolor Phytochrome B [149]
SbTB1 LOC8062930 Sorghum bicolor Belonging to transcription factor of the TCP family [149]

NCED3 AT3G14440 Arabidopsis A 9-cis-epoxycarotenoid dioxygenase [53]
ABA2 AT1G52340 Arabidopsis A cytosolic short-chain dehydrogenase/reductase [53]

OsNPF7.7 Os10g0579600 Rice Belonging to the peptide transporter (PTR)
gene family [57]

OsNR2 Os02g0770800 Rice NADH/NADPH-dependent NO3
− reductase 2 [150]

NGR5 Os05g0389000 Rice One APETALA2-domain transcription factor [151]

PRC2 Os03g0108700 Rice A polycomb repressive complex 2-associated
coiled-coil protein [151]

D14 Os03g0203200 Rice A strigolactone receptor [151]

SPL14 Os08g0509600 Rice A squamosa promoter-binding-like
transcription activator [151]

OsDEP1 Os09g0441900 Rice One unknown phosphatidylethanolamine-binding
protein (PEBP)-like domain protein [152]

OsAFB2 Os04g0395600 Rice An auxin receptor [153]
OsTIR1 Os05g0150500 Rice A F-Box auxin receptor protein [153]

OsTCP19 Os06g0226700 Rice A class-I TCP transcription factor [154]
TaNAC2-5A LOC606326 Wheat NAC domain-containing protein 2 [58]
OsMADS57 Os02g0731200 Rice A MADS-box transcription factor [59]

OsPHR2 Os07g0438800 Rice A MYB-CC family protein [155]
NSP1 Os03g0408600 Rice A GRAS-domain transcription factor [156]
NSP2 Os03g0263300 Rice A GRAS-domain transcription factor [156]

OsHAK5 Os01g0930400 Rice A potassium transporter [157]
OsABCB14 Os04g0459000 Rice An auxin transport [158]

WOX11 Os07g0684900 Rice A WUSCHEL-related homeobox protein [159]
OsHAK16 Os03g0575200 Rice A high-affinity potassium transporter [159]
OsAUX1 Os01g0856500 Rice An auxin transporter [42]

LRK2 Os02g0154000 Rice A leucine-rich repeat receptor-like kinase [160]

GHD7 Os07g0261200 Rice
A CCT(CONSTANS, CONSTANS-LIKE, and

TIMING OF CHLOROPHYLL A/B BINDING1)
domain protein

[161]

OsRAN1 Os01g0611100 Rice A small GTPase [162]

2.2.1. Light Plays a Critical Role in Bud Outgrowth

Light intensity is pivotal for regulating bud outgrowth across numerous plant species.
For instance, low-intensity light inhibits tillering in wheat [163]. By contrast, high-intensity
light stimulates branching, as observed in Rosa species [164].

Photoperiod also has a significant influence on the distribution of bud outgrowth
along the plant stem. For example, under short-day conditions, the formation of basal
branches is enhanced in pea. Bud outgrowth in the upper nodes often coincides with the
onset of flowering and may also be controlled by photoperiod [165,166].

At high density, shade also regulates bud dormancy in cultivated plants [167]. When
plants intercept incident light, the light intensity decreases, preferentially in the red part
of the light spectrum. Shade is, therefore, characterized by a reduction in the red (R) to
far-red (FR) light ratio (R:FR) due to R light absorption and FR reflection by leaves [168].
This decrease in R:FR serves as a signal of shade or competition for light, prompting plants
to respond by inhibiting axillary bud outgrowth, elongating their stature, and accelerat-
ing flowering to evade the detrimental consequences of shading. This suite of responses,
known as shade avoidance syndrome, is mediated by the R- and FR-absorbing photore-
ceptor phytochrome B (PHYB) [169]. In densely grown sorghum (Sorghum bicolor) plants
experiencing shade, inhibition of bud outgrowth due to an enriched FR-light environment
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is associated with activation of the TB1-like gene SbTB1 in buds [13,149]. Conversely, in the
absence of shade, a higher proportion of phyB in the active form induces bud outgrowth by
downregulating SbTB1. Shade signals with their low R:FR ratios decrease the proportion
of the active form of phyB, thereby enhancing the expression of SbTB1 and promoting
bud dormancy (Figure 3). Interestingly, ABA also controls bud growth in response to
R:FR shifts [53]. Furthermore, branching in response to a low R:FR ratio is defective in the
ABA-deficient mutant aba2-1 and the ABA biosynthetic mutant nced3-2 [53].
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REDUCTASE 2; OsWRKY94, Oryza sativa WRKY transcription factor 94; TaNAC2-5A, Triticum aestivum
NAC transcription factor 2-5A; miR393, microRNA 393; CK, cytokinin; SL, strigolactone; OsAFB, Oryza
sativa AUXIN SIGNALING F-BOX 2; OsTIR1, Oryza sativa TRANSPORT INHIBITOR RESPONSE;
OsTCP19, TEOSINTE BRANCHED1/CYCLOIDEA/PROLIFERATING CELL FACTOR 19; DLT, DWARF
AND LOW-TILLERING; NSP1/2, Nodulation Signaling Pathway 1/2; Pi, phosphorus; OsHAK5, Oryza
sativa High-Affinity K+ Transporter 5; K+, potassium; CCD7/8, Carotenoid cleavage dioxygenase 7/8.

2.2.2. Impacts of Nutrients on Bud Outgrowth

Nitrogen (N) is an essential macronutrient that dominates plant growth and plant
productivity [170,171]. N limitation can significantly limit the tiller numbers in rice [170].
Furthermore, high branching ability is positively correlated with the capacity for N uptake.
Several N transporters have been identified that regulate shoot branching in rice. One such
transporter is peptide transporters family 7.7 (OsNPF7.7), whose increased abundance
facilitates the influx of NO3

− and NH4
+, thereby promoting the outgrowth of axillary

buds [57]. Indica NADH/NADPH-DEPENDENT NITRATE REDUCTASE 2 (OsNR2) pro-
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motes NO3
− uptake through interaction with OsNRT1.1B, a low-affinity NO3

− transport
gene, and increases effective tillers in japonica rice. Similarly, the japonica allele of OsNR2
also promotes tillering but not to the extent observed in indica OsNR2-overexpression
lines [150,172]. The rice APETALA2-domain transcription factor encoded by a NITROGEN
MEDIATED TILLER GROWTH RESPONSE 5 (NGR5) allele is upregulated under conditions
of increased nitrogen availability. NGR5 interacts with a component of the polycomb repres-
sive complex 2 (PRC2) to regulate the expression of D14 and OsSPL14 by mediating levels
of histone methylation (H3K27me3) modification, thereby regulating rice tillering [151,172].
Overexpression of DENSE AND ERECT PANICLE1 (OsDEP1) can increase tiller numbers
under high N supply [152]. OsSPL14 can directly activate the expression of OsDEP1 and
OsTB1 to regulate tiller bud outgrowth [173]. A microRNA, miR393, can target and repress
the expression of OsTB1 and the two auxin receptors OsAFB2 and OsTIR1 under NO3

− con-
ditions, which influences the transport of auxin and eventually regulates tillering [153]. The
rice TEOSINTE BRANCHED1/CYCLOIDEA/PROLIFERATING CELL FACTOR 19 (OsTCP19)
transcription factor can directly bind and repress the activity of the tiller-promoting DLT
gene, thereby negatively regulating tillering in the presence of nitrogen (N). Further in-
vestigation revealed a 29-bp insertion/deletion polymorphism in the OsTCP19 promoter
that confers differential transcriptional response to N among rice varieties [154]. In wheat,
the NO3

−-inducible CEREAL-SPECIFIC NAM, ATAF, and CUC (NAC) transcription factor
TaNAC2-5A, whose gene expression is induced by a limited NO3

− supply, directly binds to
the promoters of genes encoding NO3

− transporters and glutamine synthetase, thereby
enhancing N acquisition and assimilation. Notably, TaNAC2-5A overexpression leads to
enhanced tiller numbers [58]. OsMADS57, a NO3

−-inducible MADS-box transcription
factor, interacts with OsTB1 and targets D14 to control the outgrowth of axillary buds in
rice [59] (Figure 3).

Following decapitation, the primary forms of available and transported N are amino
acids through the phloem, which might be easy for buds to obtain [17]. This notion is
supported by the finding that the levels of three key amino acids, aspartate, asparagine,
and glutamine, increase in axillary buds after decapitation, coinciding with the initiation of
bud outgrowth. Interestingly, sucrose fails to trigger bud outgrowth in excised rose nodes
in the absence of asparagine in the growth medium.

Given that N availability influences CK and SL levels, it is plausible that N functions
as a second messenger to mediate branching/tillering [174–176]. In several species, limited
N availability promotes SL production, subsequently inhibiting branching/tillering. N
limitation also leads to a reduction in CK production. N fertilization can suppress the
expression of SL biosynthesis genes [171,177]. Collectively, these findings highlight the
important role of N (as with sugars) in influencing branching.

Phosphorus (Pi) is an essential macronutrient for plant growth and metabolism. How-
ever, the availability of Pi in soils is often low due to chemical fixation and poor diffusion,
resulting in low-Pi environments that can limit plant development and processes like tiller-
ing [178]. For example, Pi deficiency has been shown to reduce tiller numbers in rice [179],
with the transcription factor Oryza sativa PHOSPHATE STARVATION RESPONSE2 (Os-
PHR2) implicated in the repression of tillering under low Pi conditions [155]. Pi deficiency
also induced SL biosynthesis by increasing transcription of SL biosynthetic genes like
the β-carotene cis-trans isomerase DWARF27 (D27), the carotenoid cleavage dioxygenase 7
(CCD7)/D17, and CCD8/D10 [2,179,180], which play a key role in regulating tillering, as
described above. Additionally, nodulation signaling pathway 1 (NSP1) and NSP2, two
GRAS family transcription factors, have been shown to promote SL production in rice under
low-Pi conditions by directly binding to SL biosynthetic gene promoters as a complex [156].
Moreover, Pi deficiency represses tiller numbers by promoting the degradation of D53 and
the expression of OsTB1. Further examination of the mechanisms of genes in response to Pi
availability will provide a deeper understanding of nutrient-mediated tillering.

Potassium (K+) is the most abundant cation in plants and an essential macronu-
trient [157,181]. Adequate K+ availability can increase tillering in plants, as evidenced
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by enhanced tillering in rice overexpressing Oryza sativa High-Affinity K+ Transporter 5
(OsHAK5). In contrast, knockout of OsHAK5 reduces tillers in rice [157], producing a
phenotype resembling loss-of-function mutants of the auxin transporter OsABCB14 [158],
implying a potential interaction between K+ and auxin. Furthermore, driving expression
of the WUSCHEL-related homeobox transcription factor gene WOX11 using the promoter of
OsHAK16, which encodes a low K+-induced K+ transporter, leads to increased effective
tiller numbers in rice [159]. Together, these findings indicate that K+ availability modulates
tillering at least through effects on K+ transporters like OsHAK5 and associated transcrip-
tional networks [159]. However, the specific molecular mechanisms by which K+ influences
tiller development remain unclear. Further research is needed to elucidate the signaling
pathways and gene regulatory networks through which K+ is perceived and transduced in
axillary buds, promoting bud outgrowth.

2.2.3. Water Availability Influences Bud Outgrowth

Tillering/branching processes are susceptible to drought stress, one of the most limit-
ing factors affecting agricultural yields. Optimal water availability is critical for normal
plant growth and development, including tillering. Tolerance to this stress is multigenic and
complex in nature. Drought stress triggers specific alterations of gene-expression patterns
in plant tissues [182]. For instance, the drought-inducible microRNA miR393 was shown
to be upregulated in Arabidopsis [183], and miR393 also regulates tiller number increases
in rice by modulating auxin signaling through auxin receptor genes like OsAUX1 and
OsTIR1. In addition, overexpression of OsmiR393 downregulates the rice tillering inhibitor
OsTB1, leading to increased tiller numbers [42] (Figure 3). Overexpression of LRK2, which
encodes a leucine-rich receptor-like kinase gene, increases drought tolerance and tiller
numbers in rice [160]. Grain number, plant height, and heading date7 (GHD7) encoding a
CCT (CONSTANS, CONSTANS-LIKE, and TIMING OF CHLOROPHYLLA/B BINDING1)
domain protein regulates the rice flowering pathway and also contributes to rice yield
potential. Overexpression of GHD7 increases drought sensitivity, while knock-down of
GHD7 raises drought tolerance. Moreover, GHD7 also regulates the plasticity of tillering by
mediating the PHYTOCHROME B-TEOSINTE BRANCHED1 pathway [161]. In summary,
water availability or drought stress regulates tillering/branching in plants through effects
on gene expression, microRNA levels, and modulation of hormonal signaling pathways
like auxin signaling.

2.2.4. Effects of Temperature on Tillering

Temperature is a critical factor influencing tillering in crops [184]. High temperatures
caused by extreme weather events can reduce tiller numbers, as evidenced in B. distachyon.
Tiller numbers declined linearly in B. distachyon from 24 to 36 ◦C at a rate of approximately
one tiller for every 1.7 ◦C increase in temperature [185]. Genes involved in heat stress play
an important role in tillering. For instance, in rice, miR159 is downregulated by heat stress,
and its overexpression increases heat sensitivity and significantly reduces tillering [186].
At the other extreme, chilling also detrimentally impacts tillering. Chilling tolerance is a
complex agronomic trait governed by intricate genetic networks and signal transduction
cascades. Mechanistic insights into cold-stress effects on tillering are emerging. For example,
overexpression of OsMADS57 maintains rice tiller growth under chilling stress. OsMADS57
directly binds and activates the defense gene OsWRKY94 for cold-stress responses while
suppressing its activity under normal temperatures [187]. Additionally, OsWRKY94 is
directly targeted and repressed by the tillering inhibitor OsTB1 during chilling. D14
transcription was directly promoted by OsMADS57 for suppressing tillering under chilling
treatment, whereas D14 was repressed for enhancing tillering under normal conditions [187]
(Figure 3). Likewise, overexpression of OsCYP19-4 results in cold-resistance phenotypes
with significantly increased tiller numbers [188]. Ran is a small GTPase that involves
various developments like nuclear assembly and cell-cycle control [189]. The levels of
mRNA encoding OsRAN1 were greatly increased by chilling, and OsRAN1 overexpression
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in Arabidopsis increased tiller numbers [162]. Elevated expression of miR393 also improves
chilling tolerance and tillering [190]. In summary, modulation of chilling-tolerance genes
may benefit crop-breeding efforts to sustain tiller development under temperature extremes
caused by climate change.

2.2.5. Biotic Stresses Impact Tiller Bud Outgrowth

Biotic stress affects plant development, including tillering, fundamentally disrupting
and depriving plants of the nutrients they rely on for survival. More specifically, biotic
stresses caused by plant pathogens, insect pests, and parasitic organisms can impair growth
and developmental processes such as tillering and branching (Figure 3). These biotic agents
injure plant tissues both directly through feeding/infection and indirectly by inhibiting the
uptake and utilization of water, nutrients, and photoassimilates required for plant growth.
Pathogens, insects, and parasites disrupt key physiological processes like metabolism,
resource allocation, and energy balance, ultimately reducing the plant’s capacity for pro-
ducing new tillers or branches. Here, we take some examples to elucidate these processes.
For instance, Striga is an obligate parasitic plant that can attach to host roots to deplete them
of nutrients [191]. The rice cultivar Azucena, belonging to the japonica subspecies, exudes
high SL levels and induces high germination of the root-parasitic plant Striga hermonthica.
In contrast, Bala, an indica cultivar, is a low-SL producer, stimulates less Striga germination,
and is highly tillered [192]. Plants relocate resources while fighting against pathogens
and exhibit reduced tillering/branching. For example, the UNI gene encodes a coiled-coil
nucleotide-binding leucine-rich repeat protein that belongs to the disease-resistance (R)
protein family involved in pathogen recognition. The uni-1D mutation induces the upreg-
ulation of the pathogenesis-related gene while evoking some morphological defects like
increased branches [22]. Further research into mitigation strategies against prevalent biotic
agents would benefit efforts to secure plant growth and crop yields.

3. Concluding Remarks

Shoot branching is a highly intricate regulatory developmental program that involves
the complex interplay of multiple genes, plant hormones, and environmental cues. A thor-
ough understanding of the underlying mechanisms governing shoot branching/tillering
is crucial for crop breeding and improving productivity (Video S1 and Figure 1). In this
review, we provide a comprehensive overview of current advances in understanding the
intricate regulatory mechanisms of shoot branching. We have highlighted key genes such
as TB1, several phytohormones such as auxin, and environmental and internal inputs such
as N, Pi, K+, light, water availability, and biotic stresses, underscoring the interplay of these
components.

However, the complex regulation of shoot branching/tillering requires further inves-
tigation. The interplay of the various underlying internal and external cues is still not
entirely understood. For example, further research is needed to fully understand how
sugars collaborate with other factors to regulate shoot branching/tillering. Notably, plants
with strong resistance to some pathogens often display fewer branches/tillers, but the
exact mechanisms at play require further study. Importantly, AMs, which give rise to shoot
branches/tillers, can also influence the patterns of panicles, hence affecting crop yields, an
important factor in crop production and management [3–5]. With new achievements in
understanding shoot branching, a comprehensive landscape of factors controlling shoot
branching will be established. A better understanding of shoot branching will ultimately
facilitate the control of the process.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants12203628/s1, Video S1: Illustration of the dynamic process of
tiller formation and comparisons between plants with normal and defective tiller bud outgrowth.
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Abstract: Dongfudou 3 is a highly sought-after soybean variety due to its lack of beany flavor.
To support molecular breeding efforts, we conducted a genomic survey using next-generation
sequencing. We determined the genome size, complexity, and characteristics of Dongfudou 3.
Furthermore, we constructed a chromosome-level draft genome and speculated on the molecular
basis of protein deficiency in GmLOX1, GmLOX2, and GmLOX3. These findings set the stage for
high-quality genome analysis using third-generation sequencing. The estimated genome size is
approximately 1.07 Gb, with repetitive sequences accounting for 72.50%. The genome is homozygous
and devoid of microbial contamination. The draft genome consists of 916.00 Mb anchored onto
20 chromosomes, with annotations of 46,446 genes and 77,391 transcripts, achieving Benchmarking
Single-Copy Orthologue (BUSCO) completeness of 99.5% for genome completeness and 99.1% for
annotation. Deletions and substitutions were identified in the three GmLox genes, and they also lack
corresponding active proteins. Our proposed approach, involving k-mer analysis after filtering out
organellar DNA sequences, is applicable to genome surveys of all plant species, allowing for accurate
assessments of size and complexity. Moreover, the process of constructing chromosome-level draft
genomes using closely related reference genomes offers cost-effective access to valuable information,
maximizing data utilization.

Keywords: genome survey; next-generation sequencing; Glycine max; Dongfudou 3; k-mer analysis;
organellar DNA; GmLox genes

1. Introduction

Soybean (Glycine max (Linn.) Merr.), a member of the family Fabaceae, is a crucial crop
that provides a major source of proteins and oils for human consumption and livestock
feed worldwide [1]. In addition to its nutritional value, soybean plays a pivotal role in
sustainable agriculture by fixing atmospheric nitrogen through a symbiotic relationship
with microorganisms [2,3]. Moreover, soybean is also a crop that is highly sensitive to
photoperiod and temperature, and there may be significant variations in regional adapt-
ability and yield among different soybean varieties [4,5]. It is generally believed to have
originated in China and was domesticated from wild soybean (Glycine soja Siebold and
Zucc.) [6]. Research on the soybean genome began relatively early. As early as 2010, the
soybean cultivar Williams 82’s genome was sequenced and has been consistently updated
since then [7]. Over the past decade, several high-quality soybean genomes have been
obtained, and a soybean pan-genome has been constructed, ushering in the era of crop
pan-genomics [8–10]. The abundant genomic information has greatly advanced various
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studies on soybean. However, compared to the vast number of soybean varieties, the
number of varieties with completed whole-genome sequencing remains rare.

With the continuous maturation of third-generation sequencing technologies, par-
ticularly PacBio HiFi and ONT ultra-long sequencing, soybean genomes at T2T or even
gap-free levels are gradually becoming achievable [11]. However, even with the decrease
in the cost of third-generation sequencing, it is still not feasible to sequence thousands
of soybean varieties. As a result, next-generation sequencing remains the mainstream
approach, with hundreds or thousands of completed sequencing data already stored in
public databases. The challenge remains how to better utilize these data. Genome survey
sequencing is a technique used to analyze the overall structure of a genome without se-
quencing it completely. It is often used as a first step in the process of genome sequencing
as it provides a broad overview of the genome, such as the genome size, heterozygosity,
and the proportion of repetitive sequences, and can help guide subsequent sequencing
efforts. Further detailed analysis of these data with a depth of over 50× may provide
additional information, including species ploidy, symbiotic microorganisms, historical
effective population size, and even a chromosome-level genome assembly. In fact, this
already satisfies the needs of a considerable portion of research studies.

Soybean and its products are rich and balanced in nutrients, but a significant portion
of the population is sensitive to the “beany flavor” in soybean, which directly reduces
their desire to consume soybean. Research shows that lipoxygenases (LOXs) in mature
soybean seeds can catalyze the oxidation of unsaturated fatty acids, such as linoleic acid
and linolenic acid, producing conjugated unsaturated fatty acid hydroperoxides, which are
then converted into volatile compounds, resulting in the beany flavor [12,13]. Dongfudou
3 is a special-purpose soybean variety bred by Northeast Agricultural University and
Fumin Seed Group Co. Ltd. (Wudalianchi, China) in Wudalianchi, Heilongjiang Province.
The approval number is Heishendou 20190045. The main characteristic of this variety
is its lack of “beany flavor”. Protein analysis shows that its seeds do not contain three
main types of lipoxygenases: GmLOX1, GmLOX2, and GmLOX3. Due to its excellent
characteristics, Dongfudou 3 has been favored by many soybean farmers and downstream
processing enterprises. To further understand its genetic features and utilize them in
breeding programs, we initiated high-quality whole-genome sequencing. Prior to third-
generation sequencing, we conducted a comprehensive genome survey of Dongfudou
3 using next-generation sequencing data. This involved analyzing its genome character-
istics, constructing a chromosome-level draft genome assembly, annotating genes, and
investigating the molecular mechanism behind the deficiency of LOX proteins. In this study,
we attempted to improve the workflow of plant genome k-mer analysis by removing the
interference of organellar-derived DNA. This approach has broader applicability to genome
surveys of various plant species, facilitating more precise assessments of genome size
and complexity. At the same time, we also attempted to establish a simple and fast plant
genome survey pipeline, which could quickly obtain chromosome-level draft genomes and
annotation files, to assist more researchers in obtaining more beneficial information at a
lower cost.

2. Results
2.1. Sequencing and Data Cleaning

To minimize the risk of contamination by endophytic microorganisms, pests, or dis-
eases, strict management practices were implemented throughout the sequencing process.
Measures such as seed and substrate sterilization, isolated cultivation, and pest and disease
control were employed. After removing adapters and primers, a total of approximately
133.62 Gb of raw data was obtained. Subsequently, trimming was performed to remove
low-quality bases at the beginning and end of reads, resulting in clean reads with a length
of 140 bp and a total size of 116.28 Gb. The average percentages of Q20 and Q30 were
97.94% and 91.47%, respectively. The filtering rate was approximately 12.98%, and the
insert size peak was approximately 260 bp.
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2.2. Genome Size Estimation by k-mer Analysis

To accurately assess the genome size of Dongfudou 3, it was necessary to remove
reads originating from organelles. By carefully controlling the alignment parameters, we
aimed to eliminate organelle-derived reads while minimizing the erroneous removal of
similar sequences from the nuclear genome. As a result, approximately 11.52% of the reads
were discarded, leaving us with 102.88 Gb of clean reads derived from the nuclear genome.
Based on the published genome information of several soybean varieties, we estimated
the genome size of Dongfudou 3 to be around 1 Gb. Therefore, we set k = 17 for k-mer
analysis. Figure 1 illustrates a main peak at a depth of 83×, while on the right side of
the peak, around 165× depth, there is a minor peak formed due to repetitive sequences.
Based on the results from GCE, we estimated the genome size of Dongfudou 3 to be
approximately 1.07 Gb, with repetitive sequences accounting for approximately 72.50% of
the whole genome. Based on these preliminary assessments, the genome of Dongfudou
3 reached a state of near purity, with no significant heterozygous peaks observed.
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2.3. Preliminary Genome Assembly and GC Content Assessment

In order to obtain higher-quality genome scaffolds, we assessed the optimal assembly
k-mer. A value of 117 was chosen according to the k-mer estimation of KmerGenie. Using
SOAPdenovo, we combined short reads to generate a draft assembly, which consisted of
2,196,169 contigs and 2,080,395 scaffolds and covered 1.17 Gb. The overall GC content
of the whole contigs was 35.70%. To assess the GC content and sequencing coverage of
contigs, and to check for potential contamination such as bacterial sequences, we aligned
the clean reads back to the contigs assembled by SOAPdenovo. We selected 49,090 contigs
with a minimum length of 5000 bp and calculated their coverage and GC content. As
shown in Figure 2, most of the contigs were concentrated in the 30–40% GC content and
70–90× average depth area. In areas over 150× depth, there was also a small number of
contigs, which may be repetitive sequences in the genome. We did not observe any
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clustering of contigs in regions with GC content exceeding 60%, indicating a lack of
contamination by bacteria or other organisms in the sample.
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2.4. Reference-Guided Chromosome Anchoring and Gene Annotation

Thanks to the utilization of the RagTag and Liftoff tools, along with the availabil-
ity of a high-quality reference genome for soybean, we were able to efficiently perform
chromosome-level assembly of the soybean genome. A total of 175,378 scaffolds was
successfully anchored onto 20 chromosomes, resulting in a cumulative size of 848.26 Mb,
which represents approximately 72.89% of the total genome size. After closing the gaps,
the final assembly yielded a chromosome-level genome with a size of 916.00 Mb. The
longest contig obtained was 298.19 kb, and the contig N50 was 39.37 kb. We assessed the
completeness of our assembly by remapping the BGI short reads, and found that 99.94% of
the DNA reads could align properly and the coverage ratio reached 96.04%. The complete-
ness of the assembly was assessed using BUSCO, with a score of 99.5% (S: 43.1%, D: 56.4%,
F: 0.3%, and M: 0.2%). Using Liftoff, we mapped the reference genome’s GFF file onto the
assembled genome of Dongfudou 3 and performed some corrections to the CDS structures.
Initially, we identified 47,794 genes, and after further filtering out genes with incomplete
structures, we obtained a final set of 46,446 annotated genes and 77,391 transcripts. We
extracted the longest transcript as the primary transcript for each gene and re-evaluated the
completeness of the annotated genes using BUSCO. The results showed the Benchmarking
Single-Copy Orthologue (BUSCO) completeness was 99.1% (S: 45.7%, D: 53.4%, F: 0.4%, and
M: 0.5%). Subsequently, we used the GFF file and the file containing the primary transcripts
to extract genes, cDNA, CDS, and protein sequences. For gene functional annotation,
we focused on the widely used GO and KEGG databases. In the GO database, a total of
30,797 genes were successfully annotated, accounting for 66.31% of all genes. In the KEGG
database, 19,737 genes were annotated, representing 42.49% of all genes. Table 1 presents
key statistics for genome assembly and annotation.
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Table 1. Statistics for the genome assembly and annotation.

Item Value

Assembled genome size (Mb) 916.00
Number of contigs 60,936
Number of Scaffolds 20
N50 of contigs (bp) 39,370
N90 of contigs (bp) 9078
Longest contig (bp) 298,193
GC content (%) 34.3
BUSCO complete of the genome (%) 99.5
BUSCO complete of the genes (%) 99.1
Number of protein-coding genes 46,446
Number of genes annotated to GO terms 30,797
Number of genes annotated to KEGG terms 19,737

2.5. Mutation Analysis of Lipoxygenase Deficiency

During the previous variety approval process, Dongfudou 3 was identified as a variety
with complete deletions of GmLOX1, GmLOX2, and GmLOX3. Here, we first examined the
variations in these three genes at the DNA level. Previous studies have indicated that the
three proteins are qualitative traits controlled by two linked genes located on chromosome
13 (SoyZH13_13G319810, GmLox1; SoyZH13_13G319800, GmLox2) and one gene located on
chromosome 15 (SoyZH13_15G025600, GmLox3). Based on the principles of collinearity
and sequence similarity, we mapped the positions of the allelic genes GmLox1, GmLox2,
and GmLox3 within the Dongfudou 3 genome and examined their potential variations.
Specifically, we initially identified the genomic locations of these genes as follows: GmLox1
on chromosome 13, spanning from 40,034,891 to 40,038,646 bp; GmLox2 on chromosome
13, spanning from 40,027,569 to 40,031,512 bp; and GmLox3 on chromosome 15, spanning
from 2,052,600 to 2,056,693 bp. During subsequent gene structure annotation, we focused
on the variations observed in the coding sequences (CDSs) of the three genes. As shown in
Figure 3, compared to the corresponding alleles in Zhonghuang 13, GmLox1 in Dongfudou
3 exhibited three mutations: a T to A mutation at position 114, which did not alter the
amino acid residue; a C to A mutation at position 157, resulting in the substitution of
asparagine with histidine; and a fragment deletion from position 1575 to 1648. GmLox2 had
one mutation: a T to A mutation at position 1596, leading to the substitution of histidine
with glutamine. GmLox3 exhibited one mutation: a deletion of a G base at position 101,
resulting in premature termination of the encoded protein. These variations were also
confirmed by Sanger sequencing (Figure 4).

2.6. Impact of GmLox Genes Variations on Transcription and Translation Processes

To verify the expression status of these three mutated genes in Dongfudou 3 at the RNA
level, we conducted qRT-PCR analysis. The results in Figure 5 demonstrate that compared
to the control Zhonghuang 13, the expression levels of GmLox1 and GmLox3 in Dongfudou
3 are close to negligible, while the expression level of GmLox2 is only approximately 1/8 of
the control. These findings indicate that these genes in Dongfudou 3 exhibit either near-zero
expression or extremely low expression levels at the RNA level.
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Figure 3. Schematic representation of sequence variations in the GmLox1, GmLox2, and GmLox3
genes in Dongfudou 3. The structural diagram represents the corrected structure of the longest
transcript corresponding to GmLox1, GmLox2, and GmLox3 in Zhonghuang 13. The positions of
variations between Zhonghuang 13 and Dongfudou 3 are highlighted in red dashed boxes. The
labels “DFD3” and “ZH13” represent Dongfudou 3 and Zhonghuang 13, respectively. Please note
that the coordinates in the figure are based on the CDS file of the modified Zhonghuang 13 reference
gene, where the first base of the start codon is designated as coordinate 1. The coordinates do not
include intronic or other non-coding sequences. The coordinates in the figure are depicted in a 5′

to 3′ orientation, progressing from left to right. (a) Schematic representation of the variant sites in
GmLox1. (b) Schematic representation of the variant sites in GmLox2. (c) Schematic representation of
the variant sites in GmLox3.
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Figure 4. Validation of mutations in the GmLox1, GmLox2, and GmLox3 genes in Dongfudou 3 using
Sanger sequencing. The labels “DFD3” and “ZH13” represent Dongfudou 3 and Zhonghuang 13,
respectively. Mutations are indicated by red and black dashed lines at their respective positions.
(a) Schematic representation of the mutation at position 114 in the CDS of GmLox1. (b) Schematic
representation of the mutation at position 157 in the CDS of GmLox1. (c) Schematic representation
of the base deletion in the CDS of GmLox1. (d) Schematic representation of the mutation at position
1596 in the CDS of GmLox2. (e) Schematic representation of the base deletion in the CDS of GmLox3.
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To further analyze whether a single nucleotide variation in the GmLox2 gene CDS of 
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the GmLOX2 proteins from Zhonghuang 13 and Dongfudou 3. Figure 7 illustrates the 
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the GmLOX2 protein does not alter the overall spatial structure of the protein. However, 
it leads to the absence of an imidazole group at the mutation site. 

Figure 5. qRT-PCR measurement of 3 GmLox genes in Zhonghuang 13 and Dongfudou 3 seeds. In
the experiments, we assumed an amplification efficiency (E) of 100%, and each sample was subjected
to 3 biological replicates. The internal reference gene chosen was GmCYP2 (SoyZH13_12G024400.m2).
The labels “DFD3” and “ZH13” represent Dongfudou 3 and Zhonghuang 13, respectively.

To determine the presence or absence of the three lipoxygenase enzymes (GmLOX1,
GmLOX2, and GmLOX3) in Dongfudou 3 seeds at the protein level, we employed a
colorimetric assay. As controls, we included the non-deficient variety Zhonghuang 13,
which is known to possess three lipoxygenase enzymes. Figure 6 shows that in comparison
to the controls, Dongfudou 3 maintains the color of the substrate solution in all treatments,
indicating the absence of GmLOX1 (solution remains blue), GmLOX2 (solution remains
blue), and GmLOX3 (solution remains yellow). These results align with the SDS-PAGE
gel electrophoresis conducted during the variety assessment of Dongfudou 3, providing
further confirmation of the protein-level deficiency of GmLOX1, GmLOX2, and GmLOX3.
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Figure 6. Determination of soybean GmLOX1, GmLOX2, and GmLOX3 activities using a colorimetric
assay. The labels “DFD3” and “ZH13” represent Dongfudou 3 and Zhonghuang 13, respectively.

To further analyze whether a single nucleotide variation in the GmLox2 gene CDS of
Dongfudou 3 affects its protein structure, we utilized AlphaFold2 to predict and compare
the GmLOX2 proteins from Zhonghuang 13 and Dongfudou 3. Figure 7 illustrates the
structural representation of the two proteins overall and in the vicinity of the mutation site.
The results reveal that the substitution of asparagine for histidine at position 532 of the
GmLOX2 protein does not alter the overall spatial structure of the protein. However, it
leads to the absence of an imidazole group at the mutation site.
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3. Discussion

The estimation of genome size is a crucial task in genome surveys. Determining the
genome size is of significant importance for selecting sequencing strategies, sequencing
depth, and evaluating assembly outcomes. Initially, flow cytometry was predominantly
used to assess genome size, but the results varied widely, making it challenging to establish
a unified standard [14,15]. Therefore, it is currently employed as a rough estimation method
for genome size. Currently, the most prevalent method for genome size estimation is pri-
marily based on k-mer analysis [16]. This approach is widely regarded as highly accurate
and enables the assessment of genome heterozygosity and repetitive sequence content. As
a result, it has been extensively applied and has given rise to various evaluation software
tools. Currently, this strategy has demonstrated relatively accurate performance in genome
size estimation for the majority of microorganisms and animals. However, its performance
in plant genome surveys has been less satisfactory. In practice, there are often significant
differences in the results obtained from sequencing different individuals or different tissue
types, or when using different evaluation software. These discrepancies are difficult to
explain solely based on measurement errors or other factors. This discrepancy may be
attributed to the fact that plant cells generally contain a larger number of organelles, such
as mitochondria and plastids, the genomes of which are significantly larger than those
of organelles in animal cells. Due to the current use of sequencing data that include the
entire DNA content of plant cells in most plant genome surveys, the inevitable presence of
organelle DNA can affect the total count and distribution of k-mers, thereby leading to inac-
curate assessment results. Additionally, the variation in the number of organelles in plant
cells among different individuals, tissues, or growth stages further contributes to varying
proportions of organelle-derived DNA in sequencing results, which can have a significant
impact on the final outcomes [17]. In fact, a few researchers have already recognized this
issue and incorporated strategies to remove high-frequency k-mers that may originate
from organelle sequences into relevant software tools [18]. However, it is evident that this
strategy of filtering out organelle sequences can only serve as a temporary solution. High-
frequency k-mers derived from nuclear sources, such as telomeres, centromeres, or other
repetitive regions, are often inadvertently filtered out as well. Moreover, if plant samples
are contaminated with microorganisms or harbor endophytic bacteria, the indiscriminate
removal of high-frequency k-mers may compromise the subsequent assessment of sample
purity. In this study, we employed a direct mapping approach, aligning reads to a reference
genome of soybean organelles, to filter out sequences originating from organelles. This
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approach is primarily based on the highly conserved nature of plant organelles. On the one
hand, plastid genomes exhibit a high degree of sequence and structural conservation across
different species [19]. On the other hand, although plant mitochondrial genomes may
display higher recombination rates among different varieties or individuals, their overall
mutation rate is extremely low, resulting in a high level of sequence conservation [20].
Therefore, the impact of this filtering method on the accurate retrieval of most short reads is
minimal. In this study, we selected the plastid and mitochondrial genomes of the Williams
82 soybean as references. There is an important consideration to note here. During the
course of extensive evolution, certain sequences from organelle genomes originating from
endosymbiotic events have been transferred to the nucleus [21,22]. Although accumulated
mutations have resulted in sequence differences between the two, to minimize the excessive
removal of similar sequences from the nucleus during the alignment process, we also con-
trolled the alignment parameters and modified the scoring matrix accordingly. Considering
the error rate of next-generation sequencing and the sequence variations among different
varieties, we made several attempts and examined the BAM files. Eventually, we allowed a
maximum of three base mismatches or two base deletions, or one base deletion combined
with one base mismatch in each aligned read. In fact, during the examination of the BAM
files, we focused on the detection of heterozygous variant sites and coverage. Since most an-
giosperm organelles are maternally inherited, the likelihood of multiple variants occurring
at the same position in a single sample is extremely low. Therefore, an excessive number of
detected heterozygous sites after alignment is likely due to mismatches. Additionally, the
conservation of organelle genomes among closely related species means that low coverage
may indicate overly stringent alignment parameters or significant differences between the
selected organelle reference genome and the sample. In such cases, parameter adjustments
or the selection of a more suitable organelle reference genome are necessary. In order to
better determine the sequence differences between the organelle genomes of Dongfudou
3 and Williams 82, we also attempted a preliminary assembly of the organelle genome of
Dongfudou 3 using GetOrganelle. We compared it roughly with the sequence of Williams
82 to evaluate our parameter settings and scoring matrix. This approach can also be applied
to samples without closely related reference organelle genomes or samples with significant
differences from the reference organelle genome. During the assembly process, we did not
concern ourselves with the completeness of the organelle genome. In fact, the results of
assembly software, such as GetOrganelle, typically include most of the organelle genome,
which is usually sufficient for filtering out organelle-derived DNA. The impact of a small
amount of remaining or excessively filtered sequences on the results is minimal and can
be ignored. We also attempted an evaluation without removing the organelle DNA. With
all other parameters unchanged, the resulting size was approximately 1.21 Gb, which is
about 140 Mb larger than the result obtained after removing organelle DNA. This size
difference is significantly larger than several published soybean genomes and deviates
from the general understanding. However, after filtering out organelle-derived DNA, our
results were more consistent with the recently assembled high-quality soybean genome
using third-generation sequencing, demonstrating the effectiveness and accuracy of our
strategy for estimating plant genome size.

GC content evaluation is also an important component of plant genome surveys. It in-
volves plotting the GC content and coverage distribution of preliminary assembled contigs
to determine if there are multiple enrichment centers, which can indicate heterozygosity
and contamination levels. Although not absolute, there is generally a difference in GC con-
tent between plant genomes and microbial genomes [23,24]. Researchers often use scatter
plots on the GC content axis to preliminarily assess the presence of microbial contamination
in plant samples. The existence of multiple enrichment centers on the GC content axis
can indicate the potential presence of microorganisms. Additionally, highly heterozygous
regions of the genome are often assembled, which can result in lower coverage during the
alignment of reads. Researchers also use scatter plots on the coverage axis to preliminarily
assess the homogeneity of the sample genome based on the presence of multiple enrichment
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centers. Indeed, we had concerns about the heterozygosity of the selected Dongfudou
3 sample prior to sequencing. Despite soybean being a self-pollinating crop, the creation of
new varieties often involves hybridization. Dongfudou 3 is a variety obtained through hy-
bridization, and although it has undergone ten consecutive generations of self-pollination,
theoretically approaching homozygosity, we still had doubts. Therefore, we conducted
an analysis of its heterozygosity using k-mer analysis and GC content distribution to gain
more insights. Another concern of ours was bacterial contamination, particularly from en-
dophytic bacteria. During the genome assembly of previous species, we often encountered
cases where samples were contaminated with endophytic bacteria, leading to significant
issues during subsequent assembly and annotation processes [25]. Given the symbiotic
nitrogen fixation and other characteristics of soybean, the likelihood of microbial presence,
including endophytic bacteria, in its tissues is relatively high. Some preliminary studies
have also confirmed the abundance of symbiotic microorganisms in soybean [26,27]. While
we took certain disinfection measures during the experiments, the entire process was con-
ducted in an open environment, making it difficult to completely avoid the introduction
of microorganisms. However, it was crucial to ensure that their presence in the DNA was
minimal and would not significantly impact the genome survey. According to the results of
this study, the GC content and coverage of contigs assembled from the Dongfudou 3 sample
were concentrated around a single center, indicating a low level of genome heterozygosity
and no apparent contaminants. This finding demonstrates that the sample fully meets the
requirements for subsequent deep third-generation sequencing.

In this study, we also attempted to construct chromosome-level genome scaffolds
and annotate gene structures and functions using survey sequencing data. This clearly
expanded the application scope of the data and improved their utility. Clearly, this low-cost
sequencing and assembly approach may not suffice for the detection and analysis of repeats,
heterozygosity, or complex regions. However, the BUSCO assessment results indicate that
the majority of the gene regions have been well assembled and annotated. This approach
may be particularly effective for species or varieties that lack genome information but have
high-quality reference genomes from closely related species. It is especially suitable for
experiments that do not require a high level of chromosome-level genome assembly, such
as gene cloning, gene editing, transcriptomics, SNP or indel variant mining, and other
studies with lower demands for chromosome-level genome resolution. This simple and
cost-effective approach for draft genome construction provides a convenient solution for
researchers working with understudied species, those with lower requirements for genome
quality, or those facing budget constraints.

Dongfudou 3, a commercially available non-beany soybean cultivar, has gained wide
market acceptance. However, the molecular basis underlying the absence of proteins,
such as GmLOX1, GmLOX2, and GmLOX3, in this cultivar has remained unclear for a
long time due to the lack of genomic information. Here, based on the survey genome
draft, we aimed to preliminarily speculate the molecular mechanisms underlying the
absence of lipoxygenase enzymes and demonstrate that such assembly results can fulfill
the requirements for detecting small fragment variations in most gene regions. Leveraging
collinearity and sequence similarity, we conveniently mapped the positions of the GmLox1,
GmLox2, and GmLox3 genes in the Dongfudou 3 genome and identified their variation
sites. The reliability of the sequencing assembly was also confirmed through Sanger
sequencing results. Additionally, we employed fluorescent quantitative PCR to detect that
the expression levels of GmLox mutant genes at the RNA level were reduced to nearly zero
or only about 1/8 of the control. We also utilized colorimetric assays to detect the absence
or inactivation of these three proteins at the protein level.

Clearly, it is easy to understand that the DNA-level base deletions in GmLox1 and
GmLox3 lead to incomplete CDS structures. Concurrently, the expression of the two genes
was also close to zero at the RNA level, and protein-level detection indicated the absence
of these two proteins. The nucleotide substitution in the GmLox2 gene, however, did not
alter the CDS structure. Although its expression is significantly reduced at the RNA level,
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we still harbor concerns regarding the potential function of the protein it may translate
into. Therefore, we focused on whether a single nucleotide mutation in the GmLox2 gene
affects protein activity. Protein structure prediction revealed that the overall structure of the
GmLOX2 protein remained largely unchanged before and after the mutation. However, the
mutation caused the amino acid residue to change from histidine to asparagine, resulting in
the loss of an imidazole moiety at the mutation site. Previous studies have underscored the
critical importance of histidine residues in protein–metal ion interactions. The imidazole
side chain of histidine often serves as a ligand in metalloproteins, engaging in coordination
bonds with metal ions. This is facilitated by the imidazole side chain’s pair of nitrogen
atoms, with one acting as a positively charged ligand. Histidine’s ability to bind metal ions,
such as iron, copper, and zinc, enables its involvement in a range of essential biological
functions [28]. Among these, six histidine residues are conserved across all lipoxygenase
sequences and are considered potential iron ligands [29]. Further investigations on soybean
GmLOX1 and GmLOX3 proteins have provided additional evidence for the crucial role
of these six histidines in maintaining Fe binding and protein activity [30,31]. Indeed,
preliminary analysis of soybean varieties with a deletion in the GmLOX2 protein revealed
that the substitution of histidine with asparagine at position 532 in GmLOX2, aligned
with histidine at position 504 in GmLOX1, is a common occurrence. It is likely to disrupt
the binding of the protein to iron, leading to the loss of GmLOX2 activity [32]. However,
it is evident that we cannot definitively confirm, at this stage, that these mutations are
responsible for the deficiency or inactivation of these three proteins. This is because gene
transcription and translation involve multiple processes influenced by complex factors,
including, but not limited to, variations in the coding region, promoter region, upstream
transcription factors, and various epigenetic regulations. Another point of interest for us
is the significant reduction in the expression level of the GmLox2 gene in Dongfudou 3.
Given its close linkage with GmLox1, we investigated whether mutations in GmLox1 could
potentially impact the transcription of GmLox2. The preliminary assembly of the genome
only assists us in preliminarily identifying gene variations; the accurate determination of
their causes will rely on further molecular experiments for validation in the future.

In summary, this study utilized deep second-generation sequencing to perform a
genome survey analysis of the soybean variety Dongfudou 3. It accurately assessed its
genome size, complexity, and contamination status. A particular focus was placed on
optimizing the k-mer analysis process and filtering out potential influences from organelle
DNA sequences on genome size estimation. This strategy is applicable not only to soybeans
but also to all plant species. It significantly reduces the risk of over-assembly or collapse
in the later stages of genome assembly caused by erroneous genome size estimation.
However, it should be noted that the reference genome and alignment parameters used in
this study may not be optimal for other species and would require further optimization and
adjustment. Furthermore, the study also attempted to construct chromosome-level draft
genomes using only deep second-generation sequencing data combined with information
from closely related reference genomes. The exploration of the molecular mechanisms
behind the loss of three GmLOX proteins demonstrated that the draft genomes obtained
through this strategy could meet the needs of a substantial portion of research and have
practical value. This strategy is also applicable to other species, with the assembly quality
highly dependent on the quality of the selected reference genome and its phylogenetic
relationship with the study species. In the future, this information will be used to design
and optimize sequencing and assembly protocols for the Dongfudou 3 genome, aiming to
obtain a high-quality genome.

4. Materials and Methods
4.1. Plant Materials and Sequencing

Healthy and plump seeds of the self-pollinated 10th generation of Dongfudou 3 were
surface sterilized with 75% ethanol for 30 s, washed 3 times with sterile water, and soaked
in the dark for 4 h. The soaked seeds were placed in a Petri dish with moistened filter paper
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and germinated in the dark at 24 ◦C for 5 d, then transferred to a hydroponic tank and
grown in 1/2 Hoagland nutrient solution at 24 ◦C, 12 h light/12 h dark cycle. When the
plantlets reached the V3 stage, a fully expanded trifoliate leaf was taken and DNA was
extracted using a genomic DNA kit (DP3111, Biotake Corporation, Beijing, China). The
DNA was transported to Frasergen Bioinformatics Co. Ltd. (Wuhan, China) on dry ice
for library construction and sequencing. A paired-end library with reads of 150 bp and
an average insert size of ~300 bp was constructed and sequenced on the MGISEQ-2000RS
platform (BGI, Shenzhen, China). Figure 8 illustrates the morphological characteristics of
the plants and seeds of Dongfudou 3.
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4.2. Quality Control and Data Cleaning

To obtain high-quality and vector/adaptor-free reads, raw reads were filtered using
fastp (v.0.23.2, main options: -f 8, -t 2, -n 0, -l 140, -q 20, -u 20), with quality checks by
FastQC (v.0.11.9) before and after filtering.

4.3. Genome Size and Repeat Rate Estimation by k-mer Analysis

To remove the sequences derived from organelles in the DNA, we downloaded the
plastid (MZ964145.1) and mitochondrial (MW331583.1 and MW331584.1) genomes of
soybean Williams 82 from NCBI as references. We then used Bowtie2 (v.2.4.4) to align the
clean reads to the reference sequences. We strictly controlled the alignment parameters and
allowed, at most, one alignment with no more than 3 mismatches or 2 gaps, or 1 gap plus 1
mismatch. Then, samtools (v.1.15.1) was used to convert the format, and bedtools (v.2.29.2)
was used to extract the unmapped fastq files, which only came from the nuclear genome
of soybean. Finally, genome size, repeat rate, and heterozygous rate were calculated
using KmerFreq (v.4.0) and GCE (v.1.0.2) based on a 17-mer distribution [16]. The k-mer
distribution was drawn using Excel 2019.

4.4. Preliminary Genome Assembly and GC Content Analysis

Before assembly, KmerGenie (v.1.7051) was used to select optimal k-mer sizes for
assembly [33]. Then, SOAPdenovo2 (v.2.04) was used to build the initial contigs and
scaffolds using the selected optimal k-mer. Next, we remapped the clean reads to the
assembled contigs using bwa-mem2 (v.2.0pre2) and then converted the SAM file to BAM
file using samtools. Subsequently, we utilized a self-written script to extract the GC content
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and coverage depth of contigs longer than 5000 bp. Finally, the densCols function in R
(v.4.1.3) was used to plot the GC depth distribution of the contigs.

4.5. Fast Reference-Guided Chromosome Anchoring and Gene Annotation

Draft scaffolds were ordered and oriented by aligning them to the reference genome
of Glycine max var. Williams 82-ISU-01 (v.2.0, downloaded from Phytozome V13 website)
using RagTag v2.1.0 to generate a chromosome-level draft genome [34]. Subsequently,
we removed the fragments that did not successfully anchor to the chromosomes and
applied GapCloser (v.1.12) to fill the gaps, resulting in the final chromosome-level genome
assembly. Next, the gff3 file of the reference genome Williams 82-ISU-01 was transferred
into our new draft genome utilizing Liftoff (v.1.6.3) to perform gene annotation with default
parameters [35]. We further filtered the results by protein integrity and obtained the final
gff3 annotation file. Subsequently, we extracted the longest transcript to generate the
primary-transcript-only gff3 file and used the two gff3 files to generate corresponding gene,
cDNA, CDS, and protein fasta sequence files.

For gene function annotation, we only performed the primary GO and KEGG annota-
tions on the predicted genes. GO terms were assigned using Interproscan (v.5.54-87.0) and
eggNOG database (v.6.0, http://eggnog6.embl.de/, accessed on 12 April 2023). We inte-
grated the two annotation results and filtered them based on go-basic.obo (v.1.2, released
on1 April 2023, downloaded from http://geneontology.org/, accessed on 12 April 2023) to
ensure that the results were acyclic and non-redundant. KEGG ortholog (KO) annotation
was performed using KofamKOALA (v.1.3.0, released on 1 April 2023) [36].

To assess the quality of genome assembly and annotation, QUAST (v.5.2.0) was used
to calculate some basic statistics such as the number of contigs, contig N50, and GC
content [37]. Then, bwa-mem2 (v2.0pre2) was utilized to remap the DNA short reads
to the draft genome; then, the mapping rate and coverage ratio were calculated with
samtools to assess the correctness and completeness of the draft genome. In addition,
BUSCO (v.5.3.2) analysis was used to assess the completeness, redundancy, and accuracy
of the draft genome and the predicted genes with the embryophyte_odb10 dataset, which
contains 1614 Embryophyta single-copy orthologs [38].

4.6. Sequence Variations of Seed Lipoxygenases and Their Detection at the Transcriptional and
Translational Levels

At the DNA level, we used the modified GmLox1, GmLox2, and GmLox3 gene sequences
from Glycine max var. Zhonghuang 13 to locate the corresponding alleles on the Dongfudou
3 genome, utilizing blastn (v.2.12.0+) and chromosomal collinearity information [39]. Se-
quences were aligned using MUSCLE in BioEdit (v.7.2.5), followed by manual identification
of the variation sites. We also designed primers (Table 2) based on the variant site informa-
tion for PCR amplification, and sent the products to Shanghai Sangon Biotechnology Co.
Ltd. (Shanghai, China) for Sanger sequencing to confirm the accuracy of variant detection.
At the transcriptional level, total RNA was extracted from Zhonghuang 13 and Dongfudou
3 seeds using a Plant RNA Extraction Kit (RP3301, BioTeke, China), followed by reverse
transcription into cDNA using a ReverTra Ace® qPCR RT Kit (FSQ-101, Toyobo, Japan).
GmCYP2 (SoyZH13_12G024400) served as the internal reference, and quantitative PCR
primers were designed for the three GmLox genes in non-mutated regions. These primers
were also synthesized by Shanghai Sangon Biotechnology Co. Ltd (Shanghai, China).
And are listed in Table 2. Three technical replicate qRT-PCRs were performed for each
biological replicate using SYBR Green Realtime PCR Master Mix (QPK-201, Toyobo, China)
in an AriaMx real-time PCR system (Agilent Technologies, Santa Clara, CA, USA). The
amplification conditions were as follows: pre-denaturation at 95 ◦C for 1 min, denaturation
at 95 ◦C for 15 s, 45 cycles, extension at 60 ◦C for 1 min, with Rox as the reference dye.
After the last polymerase chain reaction cycle, the melting curve was generated under the
conditions of 95 ◦C for 15 s, 65 ◦C for 1 min, and 95 ◦C for 15 s. The 2−∆∆CT method was
employed to calculate the gene expression data [40], with Zhonghuang 13 genes used as the
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control. At the protein level, as previously described, we used a colorimetric assay method
to measure the activity of lipoxygenases GmLOX1, GmLOX2, and GmLOX3 in soybean
seeds [13,41,42]. Finally, AlphaFold (v.2.3.2) was used to predict the potential impact of
point mutations in GmLOX2 on protein structure [43]. Visualization and comparison of
protein structures were performed using PyMOL (v.2.5).

Table 2. Primers for amplification of variant sites.

Primer Name 1 Primer

GmLox1-snp-F AGCTTTGGTTGATTTTCTCACAGGT
GmLox1-snp-R CGGGGATTCCCATGCTTCCG
GmLox1-del-F CGAGGTAAACATGCGAAGCG
GmLox1-del-R GCAGCCCATATCTCCAGTCC
GmLox2-snp-F TGCCACATCCTGCTGGGGA
GmLox2-snp-R CCGCTGAAGACATCTCAACGGAA
GmLox3-del-F TACCACCAGGGGCTGTGCTT
GmLox3-del-R GAAGACACACAAGGAGGACACGC
GmLox1-qPCR-F ATTGGTTAAATACTCATGCGGC
GmLox1-qPCR-R CCGAAGACATCTCCACAGAATA
GmLox2-qPCR-F TCCTGAACAGAGGAGGAGGG
GmLox2-qPCR-R GTGCCTATGAGTCCCCCAAC
GmLox3-qPCR-F GCTTGGGGGTCTTCTCCATAG
GmLox3-qPCR-R GCTGGAGAGACACGGATCG
GmCYP2-qPCR-F CAAAAACCCTGTCACGCAGT
GmCYP2-qPCR-R CACTTTCTCTCAAGGGCACCA

1 “snp”, “del”, and “qPCR” in primer names indicate that the primer is designed to detect single nucleotide
polymorphisms, base deletions, or qRT-PCR, respectively. “F” and “R” represent the forward and reverse
primers, respectively.

5. Conclusions

In this study, we performed a genome survey analysis of the soybean variety Dongfu-
dou 3 using next-generation sequencing, accurately assessing its genome size and complex-
ity. The estimated genome size of Dongfudou 3 was approximately 1.07 Gb, with repetitive
sequences accounting for about 72.50% of the genome. The sample appeared to be nearly
homozygous, and no significant microbial contamination was detected. Leveraging the
soybean reference genome, we assembled a chromosome-level draft genome of Dongfudou
3, with a total of 916.00 Mb sequences anchored onto 20 chromosomes. Through genome
annotation, we identified 46,446 genes and 77,391 transcripts. The genome and annotation
completeness were evaluated using BUSCO, with assessment scores of 99.5% and 99.1%,
respectively. Based on the draft genome, we also conducted a preliminary analysis of the
molecular mechanisms underlying the protein loss of GmLOX1, GmLOX2, and GmLOX3 in
Dongfudou 3. We identified several base deletions and frameshift mutations in the coding
regions of GmLox1 and GmLox3, which may lead to protein inactivation. Additionally, a
single-base mutation in the coding region of GmLox2 resulted in the substitution of glu-
tamine with histidine in the iron-binding active site, which may lead to loss of enzymatic
activity. This study not only helps us design further strategies for constructing a high-
quality genome of Dongfudou 3 using third-generation sequencing, but also provides a
preliminary understanding of certain characteristics of Dongfudou 3 through the assem-
bled draft genome. Moreover, this research has improved the accuracy of estimating plant
genome size based on k-mer analysis and tested the process of constructing draft genomes
using next-generation data and closely related reference genomes. These findings serve as
a valuable reference for conducting plant genome survey analyses on other species.
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Abstract: DNA methylation plays important roles through the methyl-CpG-binding domain (MBD) to
realize epigenetic modifications. Thirteen AtMBD proteins have been identified from the Arabidopsis
thaliana genome, but the functions of some members are unclear. AtMBD3 was found to be highly
expressed in pollen and seeds and it preferably binds methylated CG, CHG, and unmethylated DNA
sequences. Then, two mutant alleles at the AtMBD3 locus were obtained in order to further explore
its function using CRISPR/Cas9. When compared with 92.17% mature pollen production in the
wild type, significantly lower percentages of 84.31% and 78.91% were observed in the mbd3-1 and
mbd3-2 mutants, respectively. About 16–21% of pollen from the mbd3 mutants suffered a collapse
in reproductive transmission, whereas the other pollen was found to be normal. After pollination,
about 16% and 24% of mbd3-1 and mbd3-2 mutant seeds underwent early or late abortion, respectively.
Among all the late abortion seeds in mbd3-2 plants, 25% of the abnormal seeds were at the globular
stage, 31.25% were at the transition stage, and 43.75% were at the heart stage. A transcriptome
analysis of the seeds found 950 upregulated genes and 1128 downregulated genes between wild type
and mbd3-2 mutants. Some transcriptional factors involved in embryo development were selected to
be expressed, and we found significant differences between wild type and mbd3 mutants, such as
WOXs, CUC1, AIB4, and RGL3. Furthermore, we found a gene that is specifically expressed in pollen,
named PBL6. PBL6 was found to directly interact with AtMBD3. Our results provide insights into
the function of AtMBD3 in plants, especially in sperm fertility.

Keywords: MBD protein; DNA methylation; pollen; embryo development; male germ cell division

1. Introduction

DNA methylation is an older epigenetic modification in eukaryotes that plays many
important roles in the regulation of gene expression and embryo development [1]. It is
essential for mammalian embryo development, as well as in plants [2]. DNA methylation
can occur in all sequence contexts in plants, including CG, CHG (which are symmetrical
sites), and CHH (H = A, T, or C), which is considered asymmetrical. Two met1b null mutants
of OsMET1b in rice showed abnormal seed phenotypes [3]. The Oscmt3a mutants exhibited
a severe decrease in CHG methylation and pleiotropic developmental abnormalities [4].
Double mutants of maize (Zmet2/Zmet5 and Chr101/Chr106) result in seed problems [5].

Plant DNA methylation mainly occurs at transposons and repetitive DNA elements [6,7].
Its process involves writer, reader, and editor proteins. The reader proteins can specifically
bind methylated CpG dinucleotides through methyl-CpG-binding domains (MBDs) or
SET- and ring-finger-associated domains [8–10]. MBDs are the earliest proteins found to
specifically read and bind methylated sequences, playing important roles in the regulation
of DNA methylation, chromatin remodeling, and histone modification [11,12].
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The MBD protein family includes 13 members in Arabidopsis thaliana, 17 in rice, 14 in
Populus, 14 in maize, and 6 in wheat [13]. In A. thaliana, only AtMBD5, AtMBD6, and
AtMBD7 have been found to specifically bind to methylated CG sites, whereas AtMBD4
binds to unmethylated DNA [14,15]. AtMBD4 negatively regulates the phosphate starvation
response, altering root morphology [16]. AtMBD5 performs an important function in
maintaining chromatin structure and mitosis [17]. The AtMBD7 gene is associated with
active DNA demethylation and transcriptional gene silencing [18,19]. Other AtMBDs, such
as AtMBD8, result in a delay in flowering time during both long and short days [20]. The
mutation of AtMBD9 results in a significantly earlier flowering than that of wild-type
plants [21]. AtMBD11 displays a variety of phenotypic effects, including abnormal flower
position, fertility problems, and late flowering [22]. However, to this day, the functions of
the other AtMBD members are poorly understood.

In mammals, the MBD3 knockout is embryonically lethal in mice [23], suggesting the
decisive role of mbd3 in early embryonic development and late embryonic stages. To further
explore the function of AtMBD3 in plants, especially throughout embryo development,
CRISPR/Cas9 technology was used to form the mbd3 mutants of A. thaliana and to obtain
developmental phenotypes. These mutants will help us understand the regulation of gene
expression, particularly in relation to essential and cell cycle genes from the gametophytic
to sporophytic phases. Our results provide insights into the function of MBD3 in pollen
and embryo development.

2. Results
2.1. AtMBD3 Was Highly Expressed in Pollen and Seeds

A high degree of amino acid sequence conservation was found among MBD1-13 of
A. thaliana. The distinct expression profiles of ten MBD proteins were presented from the
A. thaliana eFP Browser, and the results showed that these proteins had different expression
patterns but similar evolutionary characteristics (Figure S1).

A quantitative RT-PCR analysis was performed to evaluate the gene expression of
13 AtMBDs (Table S1). Except for AtMBD4 and AtMBD11, most of the AtMBDs were highly
expressed in seeds. AtMBD3 was also found to be highly expressed in pollen among all the
13 members (Figure 1).
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2.2. AtMBD3 Preferred to Bind Symmetric Methylated and Unmethylated Sequences

EMSA (electrophoretic mobility shift assays) was used to detect the binding potential
of fusion protein GST-MBD3 and DNA sequences in vitro. The result showed that AtMBD3
had a strong binding preference to symmetrically methylated CG and CHG DNA sequences,
and to unmethylated DNA sequences, except for methylated CHH (Figure 2). Although
AtMBD3 could bind unmethylated DNA sequences, its binding ability was weaker than
that of methylated CG and CHG. The EMSA result of fusion protein MBP-SUVH1 was
used to test the labeled DNA sequence (Figure S2, Table S2).

Plants 2023, 12, x FOR PEER REVIEW 3 of 14 
 

 

Figure 1. Gene expression of MBDs in Arabidopsis thaliana. The expression of 13 MBDs in 9 tissues of 
wild-type Col-0 were determined using qPCR. ACTIN2 was used as an internal control. The error 
bars represent standard deviations. 

2.2. AtMBD3 Preferred to Bind Symmetric Methylated and Unmethylated Sequences 
EMSA (electrophoretic mobility shift assays) was used to detect the binding potential 

of fusion protein GST-MBD3 and DNA sequences in vitro. The result showed that 
AtMBD3 had a strong binding preference to symmetrically methylated CG and CHG 
DNA sequences, and to unmethylated DNA sequences, except for methylated CHH (Fig-
ure 2). Although AtMBD3 could bind unmethylated DNA sequences, its binding ability 
was weaker than that of methylated CG and CHG. The EMSA result of fusion protein 
MBP-SUVH1 was used to test the labeled DNA sequence (Figure S2, Table S2). 

To further determine the binding potential of MBD3 in vivo, ChIP assay was per-
formed by expressing pJIM(Bar)-GFP:MBD3/Col-0 in seedlings. Then, a total of 711 peaks 
were obtained (Table S3), among which 687 had a higher DNA methylation in transgenic 
plants than in Col-0. A total of 320 peaks had an overlap with mCG methylation regions, 
218 peaks overlapped with mCHG regions, and 149 peaks overlapped with mCHH re-
gions. This difference also confirmed the binding preference of the MBD3 protein.  

  

Figure 2. The binding capacity of MBD3 with different mCG, mCHG, mCHH, and unmethylated 
sequences. (A) EMSA results showed that MBD3 protein had the priority to bind mCG, mCHG, and 
unmethylated sequences. 3′-Fam-labeled substrates (160 nM) were incubated with concentrations of 
MBD3. The protein concentrations in lanes 1, 2, 3, and 4 were 0, 0.8, 1.6, and 1.6 µM, respectively. 
For competition analysis, 32 µM of substrates with or without methylation labeling were used as 

Figure 2. The binding capacity of MBD3 with different mCG, mCHG, mCHH, and unmethylated
sequences. (A) EMSA results showed that MBD3 protein had the priority to bind mCG, mCHG, and
unmethylated sequences. 3′-Fam-labeled substrates (160 nM) were incubated with concentrations of
MBD3. The protein concentrations in lanes 1, 2, 3, and 4 were 0, 0.8, 1.6, and 1.6 µM, respectively.
For competition analysis, 32 µM of substrates with or without methylation labeling were used as
cold probes and incubated with GST-MBD3; and of 3′-Fam-labeled substrates in every fourth lane.
For EMSA, at least three independent biological replicates were performed. “Bound” represents
the binding band, and “free” represents the free probe. (B) ChIP-seq assay was carried out with
transgenic pJIM(Bar)-GFP-linker::MBD3/Col-0 seedlings, showing the binding potential of AtMBD3
with different methylated regions. The gray column “random” was the control, representing the
binding regions in Col-0. The blue columns “GFP-MBD3”represent the binding regions in MBD3.

To further determine the binding potential of MBD3 in vivo, ChIP assay was performed
by expressing pJIM(Bar)-GFP:MBD3/Col-0 in seedlings. Then, a total of 711 peaks were
obtained (Table S3), among which 687 had a higher DNA methylation in transgenic plants
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than in Col-0. A total of 320 peaks had an overlap with mCG methylation regions, 218 peaks
overlapped with mCHG regions, and 149 peaks overlapped with mCHH regions. This
difference also confirmed the binding preference of the MBD3 protein.

2.3. MBD3 Is Important for Plant Embryo Development

We designed two sgRNAs that target the MBD domain of MBD3 by using CRISPR/Cas9,
and obtained two homozygous transgenic plants, named mbd3-1 and mbd3-2 (Figure S3A).
Both mutants were found to affect embryo development. In mbd3-1 (n = 1068) and mbd3-2
(n = 1144) siliques, 5.71% and 5.77% of seeds underwent early abortion in plants, respec-
tively. A total of 10.86% and 18.88% of seeds in the mbd3-1 and mbd3-2 plants were wrinkled,
respectively (Figure 3).
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Figure 3. Phenotype of mbd3 mutant 9 days after pollination. (A) Seeds set of Col-0, mbd3-1, mbd3-2,
and complementation lines Com #1 and Com #2. Com #1 and Com #2 represent two individual
proMBD3::MBD3/mbd3-2 transgenic plants. Ovules with development problems are indicated by ar-
rows. “Blue “ and “yellow “ arrows represent early- and late-aborted seeds, respectively. Bars = 1 mm.
(B) Seed abortion rates of Col-0 (n = 701), mbd3-1 (n = 1068), mbd3-2 (n = 1144), Com #1 (n = 1213), and
Com #2 (n = 1156) plants. (C) Differential interference contrast (DIC) microscopy of whole-mount-
cleared ovules showed abnormal cell division. (C1–C3) Embryo patterns and percentages of normal
and aborted embryos in mbd3-2 siliques (n = 96) are shown. (C3-1–C3-3) Three stages of late-aborted
embryos in mbd3-2. Bars = 100 µm.
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When the normal embryos in mbd3-2 (n = 96) were at the cotyledon stage, 25% of
abnormal seeds were at the globular stages, 31.25% at the transition stage, and 43.75% at
the heart stage. This means that the embryogenesis defects in mbd3 plants lead to a delayed
embryo development, and that these abnormal seed developments could be divided into
three stages.

2.4. MBD3 Mutation Impairs Pollen Development

To understand why these seeds underwent abortion, we first examined the anther
development in Col-0 and mbd3 mutant plants by using cryo-SEM. The anther and pollen
morphologies were not aberrant obviously (Figure S3B). The pollen viability was evaluated
by Alexander’s staining, and it was found to produce no effects (Figure S3C). The in vitro
germination of pollen was also examined. The germination time, pollen length or quantity
of mbd3 mutant were all found to have no significant difference from Col-0 (Figure S3D).

To further evaluate the effect of mbd3 mutation on pollen development. Mature pollens
from Col-0 and mbd3 plants were stained with DAPI, and observed with fluorescence
microscopy. About 16~21% of pollen from mbd3-1 and mbd3-2 plants all suffered a collapse
in reproductive transmission. Compared with 92.17% of mature pollen production in Col-0,
significantly lower percentages of 84.31% and 78.91% were found in mbd3-1 and mbd3-2
plants, respectively. Of them, about 1.61% and 3.45% contained one vegetative nucleus,
lacking condensed sperm cells. Approximately 9.82% and 12.42% contained one vegetative
nucleus and one condensed sperm cells. Approximately 4.25% and 5.17% did not contain
any nuclei. The percentage of two complementary lines, Com #1 and Com #2, approached
that of Col-0 (Figure 4).
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Figure 4. Mutation of MBD3 impairs pollen development. (A–E) DAPI staining of mature pollen
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Red arrows represent binuclear pollen; blue arrows represent mononuclear pollen; yellow arrows

193



Plants 2023, 12, 2654

represent nonnuclear pollen. Bright area of (C1) was zoomed in (C2). Bars = 50 µm. (F) Phenotypical
percentages in uninucleate microspores (UM), binucleate (BC), trinucleate (TC), and nonnucleate (NC)
pollen of Col-0, mbd3-1, mbd3-2, Com #1, and Com #2 plants (n > 300, for each genotype). (G) Relative
gene expression levels with significant differences in the mature pollen of Col-0 and mbd3 plants.
ACTIN2 was used as an internal control. Two independent experiments were conducted with similar
results. Data from one experiment with four technical replicates. Error bars indicate the mean ± SD;
a, b, and c are significant differences (p < 0.05, one-way ANOVA).

A quantitative RT-PCR was performed to dissect the gene expression involved in the
male gametophyte development of mbd3. The expression of seven genes, including male
germline-specific R2R3 MYB transcription factor DUO1; two DUO1 target genes DUO1-
ACTIVATED ZINC FINGER1/2 (DAZ1/2); POLLEN RECEPTOR-LIKE KINASE3 (PRK3);
PRK6; and MYB transcription factors MYB97 and MYB120 showed a distinct pattern in mbd3-
1 and mbd3-2 (Figure 4G). Meanwhile, duo1 mutant and daz1/daz2 double-mutant were
found to block generative cell division, producing high percentages of binuclear pollen.

2.5. mbd3 Embryo Development Delay Caused by Asymmetric Divisions

The RNA-seq results analysis of embryos between Col-0 and mbd3-2 mutant was
performed, in which 950 upregulated genes and 1128 downregulated genes were found
(Figure 5; Table S4). Some transcriptional factors, which were selected, were reported to be
involved in embryonic development (Table S5), such as CUC1 (CUP-SHAPED COTYLE-
DON1) [24], WOX2 (WUSCHEL-related homeobox2), WOX8/STIMPY-LIKE/STPL [25], PID1
(PINOID) [26], ABI4 [27], RGE1/ZOU (RETARDED GROWTH OF EMBRYO1/ZHOUPI) [28],
and AGL67 [29]. The expression pattern of these involved genes indicated that MBD3 may
play an important role in embryo development.

2.6. Interaction Protein Screening of AtMBD3

Y2H and IP-MS were used to screen the interaction proteins of MBD3. BD-MBD3 plas-
mid was used as bait, while the prey library was the A. thalinana cDNA library. The resulting
progenies were selected on SD/-Leu/-Trp/-His/-Ade plates by adding β-galactosidase to
eliminate false positives. A total of 69 positive progenies were obtained (Table S6). PCR was
adopted to verify these proteins. Through sequencing and blasting the 69 verified proteins,
12 repeatedly identified positive proteins were selected and listed in Table 1. Finally, only
the PBL6 (PBS1-like 6, At2G28590) was found to interact with MBD3 (Figures 6 and S4).
PBL6 was specifically expressed in pollen, which was confirmed with the IP-MS of GFP-
tagged PBL6 transgenic plants (Table 2).

Table 1. Positive proteins selected to screen the interaction with MBD3.

Frequency ID Name Description

13 AT4G25110 ATMC2 Encodes a type I metacaspase.
11 AT2G21620 RD2 Encodes a gene that is induced in response to desiccation
4 AT5G20740 Plant invertase/pectin methylesterase inhibitor superfamily protein
4 AT3G51780 BAG4 Plant homologs of mammalian regulators of apoptosis
3 AT2G28590 PBL6 Protein kinase superfamily protein
2 AT3G18810 PERK6 Encodes a member of the PERK family
2 AT4G39960 DJA5 Molecular chaperone Hsp40/DnaJ family protein
2 AT1G75690 LQY1 DnaJ/Hsp40 cysteine-rich domain superfamily protein
2 AT1G02410 COX11 Encodes a member of the cytochrome c oxidase 11 protein family
2 AT4G17510 UCH3 Ubiquitin C-terminal hydrolase 3
2 AT5G20890 CCT2 TCP-1/cpn60 chaperonin family protein
2 AT4G11260 EDM1 Functions in plant-disease-resistance signaling

‘Frequency’ indicates the number of positive reactions that the protein was identified through RT-PCR.
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Table 2. Identification of co-purified proteins of GFP-tagged PBL6.

ID Gene Description Unique Peptides

AT2G28590.1 PBL6 Protein kinase superfamily protein 40
AT4G00416.1 MBD3 Methyl-CPG-binding domain 3 7
AT5G59380.1 MBD6 Methyl-CPG-binding domain 6 5
AT3G46580.1 MBD5 Methyl-CPG-binding domain 5 2
AT5G20890.1 CCT2 TCP-1/cpn60 chaperonin family protein 1

Plants 2023, 12, x FOR PEER REVIEW 6 of 14 
 

 

len. Red arrows represent binuclear pollen; blue arrows represent mononuclear pollen; yellow ar-
rows represent nonnuclear pollen. Bright area of C1 was zoomed in (C2). Bars = 50 µm. (F) Pheno-
typical percentages in uninucleate microspores (UM), binucleate (BC), trinucleate (TC), and nonnu-
cleate (NC) pollen of Col-0, mbd3-1, mbd3-2, Com #1, and Com #2 plants (n > 300, for each genotype). 
(G) Relative gene expression levels with significant differences in the mature pollen of Col-0 and 
mbd3 plants. ACTIN2 was used as an internal control. Two independent experiments were con-
ducted with similar results. Data from one experiment with four technical replicates. Error bars in-
dicate the mean ±SD; a, b, and c are significant differences (p < 0.05, one-way ANOVA). 

A quantitative RT-PCR was performed to dissect the gene expression involved in the 
male gametophyte development of mbd3. The expression of seven genes, including male 
germline-specific R2R3 MYB transcription factor DUO1; two DUO1 target genes DUO1-
ACTIVATED ZINC FINGER1/2 (DAZ1/2); POLLEN RECEPTOR-LIKE KINASE3 (PRK3); 
PRK6; and MYB transcription factors MYB97 and MYB120 showed a distinct pattern in 
mbd3-1 and mbd3-2 (Figure 4G). Meanwhile, duo1 mutant and daz1/daz2 double-mutant 
were found to block generative cell division, producing high percentages of binuclear pol-
len.  

2.5. mbd3 Embryo Development Delay Caused by Asymmetric Divisions 
The RNA-seq results analysis of embryos between Col-0 and mbd3-2 mutant was per-

formed, in which 950 upregulated genes and 1128 downregulated genes were found (Fig-
ure 5; Table S4). Some transcriptional factors, which were selected, were reported to be 
involved in embryonic development (Table S5), such as CUC1 (CUP-SHAPED COTYLE-
DON1)[24], WOX2 (WUSCHEL-related homeobox2), WOX8/STIMPY-LIKE/STPL[25], PID1 
(PINOID)[26], ABI4 [27], RGE1/ZOU (RETARDED GROWTH OF EMBRYO1/ZHOUPI) 
[28], and AGL67 [29]. The expression pattern of these involved genes indicated that MBD3 
may play an important role in embryo development. 

 
Figure 5. MBD3 is important for embryogenesis in A. thaliana. (A) The upregulated and down-
regulated genes in seeds of Col-0 and mbd3-2 mutant plants. (B) Heat map showing the different
expression patterns between Col-0 and mbd3-2 mutant plants. (C) The relative expression level of
different transcription factors regulated embryo development by using RT-qPCR analysis. Tublin8
was used as internal control, given that the expression of Actins changed in mbd3-2. Two independent
experiments were conducted and obtained similar results. Data from one experiment with four
technical replicates. Error bars indicate the mean ± SD; a, b, and c are significant differences (p < 0.05,
one-way ANOVA).

195



Plants 2023, 12, 2654
Plants 2023, 12, x FOR PEER REVIEW 8 of 14 
 

 

 
Figure 6. Positive proteins selected to screen interaction with MBD3 by using Y2H. Detailed infor-
mation on proteins listed in Table 1. Proteins that interacted with AD or BD were negative controls 
to detect self-activated. The red rectangle is the positive result. The empty wells on the images sig-
nify no direct interaction. 

3. Discussion 
The MBD protein family in plants has been known to act as both “readers” and “eras-

ers” of DNA methylation [30], but the detailed functions of its members are poorly under-
stood. Only a few of them have been reported, and most remain to be characterized. A 
previous study failed to amplify the RT-PCR products of AtMBD3 due to its low expres-
sion level [22]. In this study, we successfully obtained mbd3-mutant plants and found that, 
despite a low expression level of AtMBD3, it played important roles in regulating the 
plant’s reproductive development. Similarly, mbd3 knockout in mice proved to be embry-
onically lethal [23]. Furthermore, we verified the binding capability of methylated and 
unmethylated DNA sequences of MBD3 protein both in vitro and in vivo. 

3.1. MBD3 Have the Ability to Bind Sequences More than Methylated DNA 
Zemach and Grafi first demonstrated that AtMBD5, AtMBD6, and AtMBD7 can bind 

the methylated sequences of CG dinucleotides in vitro [14]. Despite its high homology, 
AtMBD5 can bind both symmetrically methylated CG and asymmetrically methylated 
CHH sequences, whereas AtMBD6 can only bind methylated CG complexes [31]. Mam-
malian MBD3 was found not to be able to bind mCG [32]. Our results of AtMBD3, which 
has a high level of amino acid homology with mammalian MBDs, showed a capability to 
bind both symmetrically methylated and unmethylated DNA sequences. This result was 
firstly confirmed both in vitro and in vivo. The capability is more prominent in symmet-
rically methylated sequences. The ability of MBD5 to bind to mCG may be due to the 
interaction between conserved 5mCpG residues and residue pairs of R-D and R-E. How-
ever, in AtMBD3, residue pairs were changed into R-V and K-E pairs [33]. These substitu-
tions may allow AtMBD3 to not only bind symmetrically methylated DNA sequences, but 
also guide AtMBD3 to target-specific DNA sequences. 

  

Figure 6. Positive proteins selected to screen interaction with MBD3 by using Y2H. Detailed informa-
tion on proteins listed in Table 1. Proteins that interacted with AD or BD were negative controls to
detect self-activated. The red rectangle is the positive result. The empty wells on the images signify
no direct interaction.

3. Discussion

The MBD protein family in plants has been known to act as both “readers” and
“erasers” of DNA methylation [30], but the detailed functions of its members are poorly
understood. Only a few of them have been reported, and most remain to be character-
ized. A previous study failed to amplify the RT-PCR products of AtMBD3 due to its low
expression level [22]. In this study, we successfully obtained mbd3-mutant plants and found
that, despite a low expression level of AtMBD3, it played important roles in regulating
the plant’s reproductive development. Similarly, mbd3 knockout in mice proved to be
embryonically lethal [23]. Furthermore, we verified the binding capability of methylated
and unmethylated DNA sequences of MBD3 protein both in vitro and in vivo.

3.1. MBD3 Have the Ability to Bind Sequences More than Methylated DNA

Zemach and Grafi first demonstrated that AtMBD5, AtMBD6, and AtMBD7 can bind
the methylated sequences of CG dinucleotides in vitro [14]. Despite its high homology,
AtMBD5 can bind both symmetrically methylated CG and asymmetrically methylated CHH
sequences, whereas AtMBD6 can only bind methylated CG complexes [31]. Mammalian
MBD3 was found not to be able to bind mCG [32]. Our results of AtMBD3, which has a
high level of amino acid homology with mammalian MBDs, showed a capability to bind
both symmetrically methylated and unmethylated DNA sequences. This result was firstly
confirmed both in vitro and in vivo. The capability is more prominent in symmetrically
methylated sequences. The ability of MBD5 to bind to mCG may be due to the interaction
between conserved 5mCpG residues and residue pairs of R-D and R-E. However, in
AtMBD3, residue pairs were changed into R-V and K-E pairs [33]. These substitutions may
allow AtMBD3 to not only bind symmetrically methylated DNA sequences, but also guide
AtMBD3 to target-specific DNA sequences.
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3.2. MBD3 Participates in Embryo Development with Other Genes

DNA methylation affecting plant development has been found in many species. The
mutation of OsMET1b leads to abnormal seed phenotypes in rice, which is associated with
either viviparous germination or early embryonic lethality [3,34]. In this study, MBD3
was also found to be highly expressed in seeds. At the same time, some transcriptional
factor genes involved in embryo development were expressed after transcriptome analysis,
including WOX and PID (Figure 5). WOXs have been found to make cell-fate decisions
during early embryogenesis. WOX1, WOX2, and WOX3 were highly expressed in mbd3
mutants, whereas WOX8 was not. Both WOX2 and WOX8 are initially co-expressed in
egg cells and zygotes, and then specifically expressed in apical and basal cell lineages,
respectively, after zygotic division [35]. PID regulates PIN [36], which is responsible for
establishing auxin gradients in early embryogenesis [37]. Except for WOXs and PID, the
other expressed genes also showed clear differences between Col-0 and mbd3 mutants, such
as CUC1, AIB4, AGL67, and ZOU. Although AtMBD3 and these genes are significantly
regulated by MBD3 in mbd3-mutant plants, but their relationship has not been confirmed
in this paper, it is clear that they coordinately participate in embryo development in some
specific manner.

3.3. MBD3 Regulates Pollen and Embryo Development with Other Genes

DNA methylation is also important for the fertility of male plants. Many differentially
methylated regions have been identified during tomato fruit development [38]. In Capsella
rubella, NRPD1 knockout leads to the interruption of pollen development at the microspore
stage [39]. Pollen formation in A. thaliana is associated with the reprogramming of CHH
methylation in pollen vegetative cells and a locus-specific restoration in sperm [40]. Our
investigation found that AtMBD3 was expressed in pollen, and it obstructed the develop-
ment of male germ cell division in the pollen of two mbd3 mutants. The selected genes in
this paper were confirmed to be involved in germ cell development, such as DUO1, DAZ1,
and DAZ2, and also found to be downregulated in the pollen of mbd3 mutants. Moreover,
mbd3, duo1, and daz1/daz2 double mutants all have problems undergoing fertilization.
Therefore, we suspect that MBD3 and DUO1 may coordinately play roles in the same
pathway. Although DUO1 and DAZ2 have no DNA methylation site in genes or promoter
regions [41], MBD3 may have the ability to bind them.

PBL6, a specific expressed gene in pollen, was found to directly interact with MBD3 to
form a complex. Both PBL6 and MBD3 were also found to interact with MBD5 and MBD6
(Table 2). It has been reported that MBD5 and MBD6 are important in pollen vegetative
cell development [42], which indicates that the interaction of MBD3 and PBL6 is important
for pollen development, and may interact with MBD5 and MBD6. We hypothesize that
through the methylation DNA sequences’ binding ability, MBD3 and PBL6 complex may
be recruited into MBD5 and MBD6 binding sites and then impair pollen development. Our
study provides direct clues for further research on AtMBD3 and a theoretical basis for a
better understanding of AtMBDs family.

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

Arabidopsis thaliana of Columbia-0 (Col-0) ecotype was used as the wild type reference,
and all mutant seeds were Col-0 in this study. Seeds were sterilized with 75% ethanol and
5% sodium hypochlorite and then washed three times with 100% ddH2O. Sterilized seeds
were sown on a 1/2 Murashige and Skoog (1/2 MS) solid medium containing 1% sucrose
and 0.7% plant agar powder (w/v). After being wrapped with aluminum foil at 4 ◦C for 2 d,
the plates were grown at 20–22 ◦C under cycles of 16 h of light and 8 h of dark in growth
chambers. The 2-week-old seedlings were harvested for further experiments or transferred
into soil.
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4.2. Phylogenetic Analysis of MBD Genes

The search for an HMM profile of the MBD domain (PS50982) in 40 representative
species, which are in 11 phyla, including Rhodophyta, Glaucophyta, Chlorophyta, Streptophyta,
Phragmoplastophyta, Marchantiophyta, Bryophyta, Lycopodiophyta, Polypodiophyta, Gymnosper-
mae, and Angiospermae (Table S5), was performed by using the InterProScan software.
Phylogenetic trees were constructed in IQTREE software by using maximum likelihood
and WAG+R5 with 1000 replicates.

4.3. Generation of the CRISPR Allele of mbd3 Mutants

Given the absence of available T-DNA alleles of mbd3, the CRISPR/Cas9 system was
used to generate the mbd3 (AT4G00416) mutant, named as mbd3-1 and mbd3-2. The guide
for a 20 bp targeting sequence of sgRNAs was selected from the CRISPR-PLANT platform
(https://www.genome.arizona.edu/crispr/CRISPRsearch.html) (accessed on 11 March
2018), and cloned into a YAO promoter-driven CRISPR/Cas9 system in A. thaliana [43].
The CRISPR/Cas9 construction was transformed into the Agrobacterium tumefaciens strain
GV3101, and the floral dip method was used to transform A. thaliana Col-0 plants [44]. The
T1 transformants were selected on hygromycin plates. After sequencing the AT4G00416
gene from these T1 plants, three of them revealed that they had homozygous deletion,
which occurred at the tail of the MBD domain.

4.4. ChIP-seq

ChIP-seq experiments were performed by using 2 g of 11-day-old seedlings with
biological duplicates on Col-0 and pJIM(Bar)-GFP-linker::MBD3/Col-0 transgenic lines. The
samples were fixed in 1% formaldehyde. Then, chromatin was extracted from fixed tissue
and fragmented using a Bioruptor® Pico (Diagenode, Belgium) of 200–500 bp fragments.
The sheared chromatin was immunoprecipitated overnight by using the following anti-
bodies: anti-GFP (ab290, abcam, Cambridge, dilution 1:100) and antibody IgG (ab6730).
Protein A Sepharose beads CL-4B (GE Healthcare, California) were used to capture im-
munocomplexes. Protein-A beads were washed before use. Chromatin was eluted and
de-crosslinked at 65 ◦C overnight. DNA from immunoprecipitated chromatin was treated
with RNase and proteinase K, and then purified by phenol–chloroform extraction and
ethanol precipitation. For ChIP-seq, two independent biological replicates of immunopre-
cipitations were treated to prepare the next-generation sequencing libraries. The Ovation®

Ultralow Library Systems (NuGEN, Shanghai) was used for end repair, A-tailing, and the
ligation of Illumina-compatible adapters. The data analysis was performed as previously
described [45]. The clean reads were mapped to TAIR10 with Bowtie2 and default parame-
ters after using fastqc, multiqc, and trimmomatic to obtain clean reads. Bigwig files were
generated by bamCoverage from deeptools, and RPKM was normalized to remove PCR
duplication by PICARD. Lastly, the data quality was checked by an integrative genomics
viewer (IGV).

4.5. Electrophoretic Mobility Shift Assay (EMSA)

MBD3 protein was cloned behind GST (glutathione S-transferase tag). MBD3 was
amplified and cloned into bacterial expression vector pGEX-4T-1. The control protein in
Figure S2 was cloned behind MBP tag. The construction for expression was transformed
into Escherichia coli strain BL21 and purified with glutathione Sepharose 4B. A 98 ◦C water
bath was performed on single-stranded nucleotide primers labeled with FAM at the 3′ end,
which were used for EMSA, for 10 min and then cooled to room temperature away from
light to form labeled double-stranded nucleotides primers. The labeled double-stranded
nucleotides primers (160 nM) were incubated with purified AtMBD3 protein or with cold
competitors (32 µM) in a total volume of 20 µL reactive system, including 4 µL binding
buffer (100 mM Tris-HCl (pH 7.6), 50 mM MgCl2, 1% NP40); 5 mM DTT was added
before each reaction. Binding reactions were carried out away from light for 20 min, in
room temperature, and 1 µL of loading buffer (Beyotime, GS006, Shanghai) was added
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to each reaction. The protein–substrate complexes were resolved on 6% nondenaturing
polyacrylamide gels at 80 V for at least 90 min on ice in a pre-cold 0.5× TBE buffer (44.6 mM
Tris, 44.5 mM boric acid, and 1 mM disodium EDTA). After electrophoresis, the gels were
detected by using a Typhoon FLA 9500.

4.6. Affinity Purification and Mass Spectrometry

The GST-MBD3 fusion protein was used for the binding assays. A total of 2.5 g WT
seedlings was ground into fine powder, suspended in 10 mL lysis buffer (50 mM Tris-HCl
(pH = 8.0), 230 mM NaCl, 5 mM MgCl2, 10% glycerin, 0.2% NP-40, 0.5 mM dithiothreitol
(DTT), 1 mM phennylmethysulfonyl fluoride (PMSF) and proteinase inhibitor cocktail
tablets (Roche, 14696200)) at 4 ◦C for 30 min with rotation. Then, 150 µL GST-MBD3 fusion
protein was added. After incubation at 4 ◦C for 3 h, 13,500 g centrifugation for 15 min at
4 ◦C was performed. The supernatant was incubated with the GST fusion protein beads at
4 ◦C for 3 h. The bound proteins were boiled in SDS loading buffer after elution with lysis
buffer three times, and resolved on 15% denaturing poly-acrylamide gels.

Mass spectrometric identification of the affinity-purified proteins was performed as
described previously (Table 2) [46]. Protein bands on the SDS-PAGE were de-stained
and in-gel digested with sequencing grade trypsin (0.5 ng/µL). Peptides were extracted
by HPLC and sprayed into an LTQ Orbitrap Elite System mass spectrometer (Thermo
Scientific, Massachusetts). Database search was performed on an in-house Mascot server
(Matrix Science Ltd., London, UK) against the IPI (International Protein Index) A. thaliana
protein database.

4.7. Microscopy Analysis

The morphologies of anther and pollen were observed using cryogenic scanning
electron microscopy (cryo-SEM). The dehiscent anthers and pollens were placed on glass
slides with double-sided tape, and transferred to the cold stage of chamber under vacuum
for sublimation (90 ◦C, 5 min) after quickly freezing in liquid nitrogen and coated with
platinum sputter (10 mA, 30 s) with three repetitions. Finally, the samples were transferred
to another cold stage in the scanning electron microscope and imaged. The morphology
of anther and pollen was observed under a spinning disc confocal microscope (Zeiss Cell
Observer SD; Zeiss, Oberkochen, Germany).

4.8. Alexander Dye and 4′,6-Diamidino-2-Phenylindole Staining

An appropriate amount of Alexander dye or 4′,6-diamidino-2-phenylindole (DAPI)
was dropped onto glass slides, and the dehiscent anthers were placed on glass slides with
dissecting needles. The pollen were gently and quickly suspended in Alexander dye or
DAPI, and then the glass slides were covered. After staining, the pollen were observed
under the fluorescence microscope (Olympus BX53, Miyazaki). DAPI staining was carried
out in the dark.

4.9. In Vitro Pollen Germination Analysis

The pollen of newly blooming flowers was collected and placed on the surface of a
solid pollen germination medium (SPGM) (18% sucrose, 0.01% boric acid, 2 mM CaCl2,
1 mM Ca(NO3)2, 1 mM KCl, 1 mM MgSO4, adjusted to pH = 7, 1.5% agar). The medium
was placed in a humid box at 22 ◦C for at least 6 h of incubation, and then the pollen
germination was observed. The ImageJ software was used to measure and calculate the
length of the pollens’ tubes and their germination.

4.10. RNA Isolation and Quantitative Real-Time RT-PCR (qPCR)

Total RNA was extracted by using Quick RNA isolation kit (Huayueyang, Beijing) and
treated with in-column DNase. About 2 µg mRNA was used to amplify the first-strand
cDNA by using the superScriptIII First-Strand Synthesis SuperMix Kit. The RT-qPCR was
performed using SYBR Green Mastermix (Bio-Rad). An amount of 1 µL cDNA reaction
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mixture was used as template after dilution in a 20 µL reaction system. The reaction
conditions were as follows: firstly, 95 ◦C for 10 min; secondly, 95 ◦C for 15 s and 60 ◦C
for 1 min, this step is repeated 40 times; and thirdly, 95 ◦C for 15 s and 60 ◦C for 1 min,
95 ◦C for dissociation. The calculation of the expression level was used as 2−∆∆Ct. Two
biological replicates from WT and mbd3 mutants were performed. All analyses of variance
were performed in SPSS software by using t-test of the ANOVA program.

Mature pollen were collected from 2 to 3 bunches of unbloomed floral buds from each
plant in the same tray. Nine DAP seeds were collected from about 15~20 mature siliques.
The fruit pod was removed by using a dissecting needle, after placing siliques on a clean
glass slide. The seeds were collected by using tweezers and put in liquid nitrogen for quick
freezing.

4.11. Yeast Two-Hybrid Screening

Both pGADT7 vector containing the GLA4 AD and pGBKT7 vector containing the
GLA4 BD for the yeast (Saccharomyces cerevisiae) were used for two-hybrid assay. BD-MBD3
was constructed by cloning the full-length sequence of MBD3 into the pGBKT7 vector at
the NdeI and EcoR1 sites to be fused in-frame with the sequence encoding the GAL4 DNA-
binding domain (BD). The A. thaliana cDNA library cloned into the prey vector pGADT7-
RecAB was constructed by Clontech. The AtMBD3 interaction proteins were screened by
using the yeast two-hybrid system, according to the manufacturer’s instructions (Clontech,
Matchmaker GAL4 Two-Hybrid System 3 and Libraries User Manual, PT3247-1). The bait
plasmid with BD-MBD3 and the prey library DNA were co-transformed into the yeast strain
AH109. The resulting progenies were first selected on SD/-Leu/-Trp/-His/-Ade plates,
then, β-galactosidase were added for the activity detection to eliminate false positives.
Plasmids harboring positive-prey cDNAs were isolated for RT-PCR and sequenced to verify
the proteins that interact with AtMBD3.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants12142654/s1, Figure S1: Comparison analysis of MBDs in
plantae.; Figure S2: The binding potential of SUVH1 as a positive control.; Figure S3: Deletion of mbd3
has no influence on pollen viability.; Figure S4: Self-activation of MBD3.; Table S1: Primers and sgR-
NAs used in this study.; Table S2: The oligonucleotide sequences used in this study.; Table S3: ChIP-
seq results of MBD3.; Table S4: Genes involved in embryo development. Related to Figure 5;
Table S5: Selected genes from RNA-seq results of mbd3 embryo development. Related to Figure 5;
Table S6: Y2H screening results of BD-MBD3.; Table S7: Identification of co-purified proteins of MBD3
by mass spectrometry. GST-MBD3 protein was used for IP/MS.; Table S8: The species involved in
phylogenic tree.
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Abstract: Purple rice (Oryza sativa L.) contains anthocyanin, which acts as an antioxidant and
functional food for humans. The levels of anthocyanin growth and production in rice are mainly
controlled by the availability of light. However, shade can affect anthocyanin biosynthesis genes.
Therefore, the objective of this study was to determine the yield and anthocyanin content among four
purple rice varieties, which provide the difference in colors of purple and green leaves. This study
also evaluated gene expression affected by shading treatment to understand the relation of grain
anthocyanin and expression level. This research was conducted using a split plot design using four
levels of shading (levels of shading from anthesis to maturity) with three replications, no shading,
30% shading, 50% shading, and 70% shading, as the main plots and purple rice varieties as subplots,
KJ CMU-107, K2, K4, and KDK10, from anthesis to maturity. Shading significantly decreased yield
and yield components, but increased grain anthocyanin content. Nonetheless, the response of yield
and grain anthocyanin content to shading did not show a significant different between purple and
green leaf varieties. In addition, the level of OsDFR gene expression was different depending on the
shading level in four rice varieties. The OsDFR gene presented the highest expression at shading
levels of 30% for K4 and 50% for KDK10, while the expression of the OsDFR gene was not detected in
the purple rice varieties with green leaves (KJ CMU-107 and K2). The response of grain anthocyanin
and gene expression of OsDFR to light treatment did not show significantly differences between the
purple and green leaf varieties, suggesting that the appearance of anthocyanin in leaves might be not
related to anthocyanin synthesis in the grain. Taken together, the results suggest that some purple
rice varieties were more suitable for planting under low light intensity based on a lower level of grain
yield loss, strong shade tolerance, and high anthocyanin content in leaf and grain pericarp. However,
it is necessary to explore the effects of light intensity on genes and intermediates in the anthocyanin
synthesis pathway for further study.

Keywords: shading stress; purple rice; anthocyanin content; yield; OsDFR; low light intensity

1. Introduction

Purple rice is commonly grown in the northern and northeastern regions of Thailand.
Purple color appears in different parts of the purple rice plant, such as the pericarp, leaf
sheath, leaf blade, and petals [1]. Today, increasingly more health-conscious consumers
and researchers are turning to various rice varieties with black and purple seed coats that
contain anthocyanins [2]. These substances are beneficial for health due to their antioxidant
properties, which can improve blood flow in small vessels and reduce the risk of cancer
and viral infection [3].

Light is essential for plant growth and development, but excess high-energy UV
irradiance can cause damage to a cell. Anthocyanin accumulation in plants benefits plants
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by enhancing resistance to UV stress [4]. Light is a factor involved in plant growth since
light is the source of energy used by plants in photosynthesis to produce sugar and starch.
In addition, light plays an important role in various physiological processes within plants,
such as protein synthesis, transpiration, and growth [5]. Ultimately, proper light intensity
improves plant growth, including through the accumulation of antioxidants, which plants
can synthesize to protect against the harmful effects of UV rays [6]. Therefore, the synthesis
of anthocyanin, which is an antioxidant in the genetic system of plants, increases with
increasing light intensity to a certain level, then decreases when light intensity is too
great [7].

Shading with a black shading net reduces light intensity on plants and filters light [8].
Low light reduces photosynthesis and reduces plant yield [9,10]. This factor causes plants
to adapt to survive and increases photosynthesis sources, stimulating the production of
more anthocyanin in plants compared to plants grown under normal light conditions.
In addition, anthocyanin is degraded if the light intensity is coupled with too high a
temperature [11]. A previous report showed that anthocyanins in shoot and rice grain are
sensitive to low light intensity, which suggests that anthocyanins could serve as a target
compound for investigating low-light stress conditions [12]. Nevertheless, the anthocyanin
biosynthesis gene related to the appearance of anthocyanin in various rice varieties has not
been determined.

Anthocyanin pigment combines to form compounds with the ability to dissolve in the
water found in plants. Such pigments play beneficial roles in visual activity, cancer, heart
disease, and age-related neurodegenerative disorders [3]. Anthocyanins have protective
effects during plant development through absorbing excess UV light, preventing lipid
peroxidation, and suppressing the activity of ROS. Plants have evolved such that the
biosynthetic pathways of anthocyanins can resist various abiotic stresses including UV
irradiation, drought, high salinity, and low temperature [13]. The factors affecting the
amounts of anthocyanins are either internal or external. The internal factors are related
to plant genetics, which can be studied through genes that help regulate anthocyanin
biosynthesis. The functions of genes that work together can be divided into two types:
structural genes and regulatory genes [14]. External factors are factors in the natural
environment or the occurrence of chemical reactions that affect the stability of anthocyanins,
e.g., pH, light, temperature, and nutrients [15]. Both internal and external factors are directly
related to increases and decreases in anthocyanin [16]. A previous study found that shade
or low light intensity can affect anthocyanin levels. For example, although shade was found
to reduce the production of upland rice, the anthocyanin content increased [11].

Usually, rice is a green plant; however, the biosynthesis of anthocyanin can impart
purple, red, and black colors in leaf blades, leaf sheaths, stigmas, and pericarps [17].
Previous research and a growing body of experimental evidence suggest that anthocyanin
provides plants with physiological benefits. However, the relevant mechanism has not
been fully determined. The results of both chlorophyll content analysis and transmission
electron microscopy revealed that anthocyanin has a negative impact on the photosynthetic
machinery of purple-leaf compared to green-leaf wild-type plants [18]. A purple leaf color
is an important morphological marker and valued as an important trait for the study of rice
domestication and breeding [19]. In addition, previous research found that shade stress
in plants leads to an increased amount of chlorophyll (chlorophyll a, chlorophyll b, and
total chlorophyll) corresponding to the higher level of shade [11]. However, a previous
study found that in purple rice varieties with purple leaves, the relative gene expression
of OsPL6 led to greater anthocyanin accumulation than that in purple rice varieties with
green leaves [18]. Thus, we studied the differences in purple rice with both purple-leaf and
green-leaf varieties under low-light conditions.

Anthocyanin biosynthesis is regulated by structural genes, yet the expression intensity
of those genes is controlled by the interaction of regulatory genes, which are encoded by
transcription factors (TFs) known as the MBW complex. Rice tissues are mainly controlled
by three factors, C (Chromogen), A (activator), and P (Purple, distributor), where C and
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A are essentially color-producing genes, and P is a tissue-specific regulator of both C and
A [20]. A combination called OsDFR results in a red grain color [21]. Two classes of genes
are required for anthocyanin biosynthesis, the structural genes encoding the enzymes that
directly participate in the formation of anthocyanins and other flavonoids and the regula-
tory genes that control the transcription of structural genes [22]. A previous study showed
that enzyme activities in the various branch pathways are highly regulated (Figure 1).
Genes code for the enzyme dihydroflavonol 4-reductase (DFR), which is involved in the
process of changing dihydroflavonols to leucoanthocyanidins, which are colorless com-
pounds, before being synthesized into anthocyanidin as the main structure of anthocyanins
in the next step [23]. Anthocyanin biosynthesis was also found to be controlled in response
to different developmental and environmental cues [22]. Therefore, the present study
aimed to determine the yield and anthocyanin content among four purple rice varieties that
provide the difference in color of purple and green leaves. This study also evaluated gene
expression affected by shading treatment to understand the relation of grain anthocyanin
to the expression level. The variety that responds well to light stress in terms of stability
of grain yield and anthocyanin content would be useful for breeders in selecting plant
varieties as parents in the assembly of new varieties.

Figure 1. Pathway of anthocyanin biosynthesis. The DRF gene in red represents the candidate gene
in the present study. Adapted from information in [24].

2. Results
2.1. Yield and Yield Components

Grain yield, straw yield, grain weight, and filled grain amounts were significantly
affected by the interactions between shading treatment and rice variety (Figure 2). The
shading treatment strongly decreased grain yield by 17% to 81% in all varieties compared
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to no shading treatment. However, the level of decrease was dependent on rice variety.
Shading at 30% resulted in 44% and 31% decreases in KJ CMU-107 and KDK10, respectively,
and 19% and 17% decreases in K2 and K4. Similarly, shading treatment significantly
decreased the straw yield. The straw yields of KJ CMU-107 and KDK10 grown under
shading at 30% were reduced by 8% and 15%, respectively, compared to no shading
treatment, whereas shading treatment showed no significant difference in K2 and K4. The
result of the 100-grain weight of all varieties steadily reduced by 11% to 36% with an
increase in shading level compared to the control treatment. A reduction in filled grain was
found in all rice varieties and was obviously reduced when plants were treated with the
50% and 70% shading treatments.
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Figure 2. The interaction effects of yield and yield components between shading treatments (S); no
shading with 30%, 50%, and 70% and purple rice varieties (V); KJ CMU-107, K2, K4, and KDK10.
(a) Grain yield; (b) straw yield; (c) 100-grain weight; (d) filled grain. Different letters above bars
indicate significant differences based on the least significant difference (LSD) at p < 0.05.

Table 1 shows the number of tillers per plant, number of panicles per plant, number of
spikelets per panicle, panicle length, and culm length in response to the shading treatment
performed on the four varieties. Shading treatment had no effect on number of tillers per
plant, number of panicles per plant, number of spikelets per panicle, or panicle length;
however, the result was significantly different depending on rice variety. For instance,
the highest number of tillers and panicles per plant, number of spikelets per panicle, and
panicle length were observed in K2, while the lowest values were found in KDK10. By
contrast, culm length differed according to shading treatment and rice variety. Shading
at 50% resulted in a 3% reduction in culm length compared to the control treatment. KJ
CMU-107 was the tallest followed by KDK10, K2, and K4, in that order.
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Table 1. Responses of number of tillers per plant, number of panicles per plant, number of spikelets
per panicle, panicle length, and culm length.

No. of Tillers
Plant−1

No. of Panicles
Plant−1

No. of Spikelets
Panicle−1

Panicle Length
(cm)

Culm Length
(cm)

Shading treatment
No shading 6.51 ± 0.27 5.96 ± 0.26 118.63 ± 0.24 24.65 ± 0.35 86.72 ± 1.66 AB

30% 6.42 ± 0.28 5.81 ± 0.28 118.93 ± 0.23 24.29 ± 0.34 87.10 ± 1.65 A
50% 6.28 ± 0.26 5.76 ± 0.29 119.06 ± 0.24 24.71 ± 0.31 84.25 ± 1.66 C
70% 6.25 ± 0.27 5.63 ± 0.28 119.24 ± 0.25 24.83 ± 0.32 85.40 ± 1.64 BC

Variety
KJ CMU-107 6.53 ± 0.21 B 6.25 ± 0.22 B 98.57 ± 0.23 D 24.14 ± 0.33 B 121.98 ± 1.81 A

K2 8.23 ± 0.19 A 7.58 ± 0.23 A 140.97 ± 0.25 A 25.65 ± 0.34 A 71.07 ± 1.85 D
K4 4.93 ± 0.21 C 4.33 ± 0.22 D 122.08 ± 0.23 B 25.23 ± 0.33 A 74.18 ± 1.82 C

KDK10 6.43 ± 0.22 B 5.72 ± 0.21 C 113.97 ± 0.24 C 23.39 ± 0.32 C 76.23 ± 1.81 B

F-test
Shading treatment (S) ns ns ns ns *

LSD0.05 (S) 1.65

Variety (V) *** *** *** *** ***
LSD0.05 (V) 0.42 0.45 0.48 0.63 1.81

SxV ns ns ns ns ns

The data were analyzed using F-tests (*: p < 0.05, ***: p < 0.001, ns: not significant p < 0.05). Different letters
indicate the least significant differences in each parameter within the column at p < 0.05. The values are expressed
as the mean ± SE.

2.2. Total Anthocyanin and Total Chlorophyll Content

The total anthocyanin contents in the leaves of two purple-leaf varieties at days 7, 14,
and 21 after shading treatment present a significant interaction between shading treatment
and rice variety (Figure 3a–c). Overall, an increase in shading level increased anthocyanin
contents in the leaves, with an increase of 30% to 66% in K4 and 30% to 54% in KDK10
compared to the control plants. In addition, the grain anthocyanin contents of the four
varieties were found to be significantly different based on the interaction between shading
treatment and variety (Figure 3d). Shading at 30% yielded no significant increase in grain
anthocyanin content in KJ CMU-107, K4, or KDK10 compared to the control shading but did
show a 22% increase in K2. Across all varieties, shading at 50% resulted in the highest grain
anthocyanin content, with increases of approximately 48%, 51%, 77%, and 51% in KJ CMU-
107, KDK10, K2, and K4, respectively, compared to the control treatment. Nonetheless,
grain anthocyanin content decreased when plants were grown under 70% shade, which
was observed for all varieties, except KDK10. However, the color of pericarp when put
under 30%, 50%, and 70% shade became darker compared to the plants grown with no
shading. We also observed that the shapes of the seeds became smaller and abnormal when
subjected to shading at 70% (Figure 4).

There was a significant interaction between shading treatment and rice variety in terms
of total leaf chlorophyll content at days 7, 14, and 21 after shading treatment (Figure 5).
At day 7, the total chlorophyll content steadily increased from 30% to 70% based on the
shading level. However, the magnitude of the chlorophyll response was different between
the green and purple-leaf varieties (Figure 5a). Total chlorophyll contents in the green
leaves of KJ CMU-107 and K2 increased by approximately 13% to 32% compared to that
for the plant with no shading treatment. Meanwhile, an increase of 26% to 60% was
observed in the purple-leaf varieties, K4 and KDK10. Similarly, at day 14, the response
of leaf chlorophyll content to the shading level continued to increase with an increase in
shading level (Figure 5b). Shading treatment from 30% to 70% increased the chlorophyll
content by 15% to 37% and 22% to 37% in the green-leaf varieties of KJ CMU-107 and K2,
respectively, compared to the control plant. However, K4 and KDK10 presented strong
increases in chlorophyll content of 37% to 77%. In addition, shading treatment had an effect
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on leaf chlorophyll content at day 21 for all varieties (Figure 5c). The chlorophyll contents
of KJ CMU-107 and K2 increased by 41% to 79% in plants grown under 30% to 70% shade
compared to the control plants and increased by 31% to 82% in K4 and KDK10, respectively.

Figure 3. The interaction effect of total anthocyanin content between shading treatment (S); no
shading treatment at 30%, 50%, and 70% with purple rice varieties (V); and KJ CMU-107, K2, K4,
and KDK10. (a) Anthocyanin content in leaves at day 7; (b) anthocyanin content in leaves at day
14; (c) anthocyanin content in leaves at day 21; (d) anthocyanin content in grain pericarp. Different
letters above the bars indicate significant differences based on the least significant difference (LSD) at
p < 0.05.

Figure 4. Grains of the K2 variety grown under varied shading: no shading and 30%, 50%, and
70% shading.
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Figure 5. The interaction effect of total chlorophyll content between shading treatment (S); no
shading at 30%, 50%, and 70 with purple rice varieties (V); and KJ CMU-107, K2, K4, and KDK10.
(a) Chlorophyll content in leaves at day 7; (b) chlorophyll content in leaves at day 14; (c) chlorophyll
content in leaves at day 21. Different letters above the bars indicate significant differences based on
the least significant difference (LSD) at p < 0.05.

2.3. Expression of OsDFR

The expression of OsDFR in the leaves at day 14 after shading was detected only
in purple-leaf varieties K4 and KDK10, but no expression was detected in the green-leaf
varieties of KJ CMU-107 and K2 (Figure 5). The expression level of OsDFR was significantly
affected by the interaction between shading treatment and rice variety (Figure 6). The
treatments of shading at 30% and 50% resulted in high expression levels of OsDFR in
K4, which were 18% and 35% higher, respectively, than those in plants with no shading.
However, a 70% shading treatment decreased the expression level by 57%. In contrast,
the expression level of OsDFR of KDK10 grown under 30% shading treatment was not
different compared to the level under no shading treatment, but the expression levels
did significantly decrease by 78% and 82% when the plants were grown under shading
treatments of 50% and 70%, respectively.

Figure 6. Relative gene expression of the OsDFR gene compared with OsActin (housekeeping gene)
grown under varied shading; no shading, 30%, 50% and 70% with purple rice varieties; KJ CMU-107,
K2, K4, and KDK10 in leaf at day 14 after shading. Different letters above the bars indicate significant
differences based on the least significant difference (LSD) at p < 0.05.
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3. Discussion

This study shows that yield and yield components significantly decreased with in-
creased levels of shading. A shading level of 70% produced the lowest yield as the plants
received the lowest light intensity. Based on the results, grain filling was strongly affected
by low light intensity compared to normal light conditions. Moreover, shading stress
decreased the dry matter accumulation of rice plants, as well as the grain weight. Plant
productivity was found to be mainly controlled by the photosynthesis rate since reduced
light intensity generally reduced the amount of source [11,25]. A previous study reported
that shading stress reduces the supply of photosynthetic products, thereby remarkably
decreasing starch biosynthesis in grains and postponing caryopsis development [26]. When
plants were disrupted by shading at the heading stage, a decrease in sink capacity was ob-
served, leading to a strong reduction in grain-filling rate and grain yield [9,27]. Meanwhile,
shading reduced the energy and nutrient supply, which affected grain-filling progress,
pollen germination, and tube elongation [28]. Therefore, the grain-filling progress of rice,
especially for spikelets at the bottom and middle positions, was significantly decreased by
shading after the heading stage.

The magnitude of the decline in rice production due to shade depends on the level of
tolerance and growth phases of each variety [29]. The results of this experiment suggest
that shading treatment interfered with the source of the plant, which reduced grain filling,
but the sink storage remained the same. As a result, the seeds became more withered
because the leaves were unable to synthesize enough carbohydrates to produce sufficient
amounts of source for all the seeds. This study found an 11–36% reduction in grain weight
across all rice varieties in the shading treatment. Nonetheless, the KDK10 variety showed
more stable 100-grain weight under the various shade levels compared to other varieties.
A rice variety with stable yield parameters would be useful for selecting rice varieties to
be planted under natural low-light conditions in order to achieve higher productivity in
the future.

Shading treatment significantly increased anthocyanin levels in both the leaf and
grain pericarp of purple rice. This result indicates that light could be the main factor
in the anthocyanin synthesis of rice plants grown under shade conditions, which is in
accordance with previous reports [10,12,30]. This study is the first observation on the
responses of anthocyanin synthesis to low light intensity among various rice varieties.
Interestingly, this research shows that different varieties yielded different anthocyanin
accumulation results. For instance, the level of grain anthocyanin content in K2 and K4
varieties responded less strongly to reduced light intensity compared to other varieties.
Meanwhile, the severe condition of low light intensity did not increase anthocyanin in the
rice grains. Under the lowest light intensity treatment (70% of shading), the anthocyanin
contents of all rice varieties tended to decrease, except in KDK10. However, the mechanism
and function of anthocyanins in each variety remain unclear. Even though anthocyanins
are not directly involved in plant growth, they can protect against plant damage from
abiotic stress. A previous study reported that abiotic stresses inhibits plant growth and
reduces crop productivity and that plants produce anthocyanins after ROS signaling via
the transcription of anthocyanin biosynthesis genes, enabling increased anthocyanin to
alleviate plants under stress conditions [13,31]. Nonetheless, the increased anthocyanin
content in leaf and grain samples in the present study was not found to be related to
the stability of grain yield. This result agrees with the response of anthocyanin to the
shading of green- and purple-leaf varieties. The appearance of leaf anthocyanin in the
purple-leaf variety could not maintain stable yield productivity. This result suggests that
light is a necessary factor for rice production, especially during the flowering stage because
carbohydrate accumulation in grains mainly depends on the photosynthesis rate. Although
anthocyanin synthesis in leaf and pericarp was not found to be correlated in this experiment,
this phenomenon should be studied in further research on anthocyanin transport from
leaf to pericarp in purple rice. The gene expression of OsDFR was induced by low light
intensity, which is similar to the response of grain anthocyanin. Under increased shading

210



Plants 2023, 12, 2582

levels, the gene expression and grain anthocyanin of K4 tended to increase, but this result
contrasts with that of KDK10. This result suggests that OsDFR gene expression could
alert anthocyanin synthesis in the grain but might differ by rice variety. Other genes,
such as OsANS, were reported to have an impact on grain anthocyanin [32]. However, a
previous study found that OsC1 and OsRb are tissue-specific regulators that do not influence
anthocyanin biosynthesis in the pericarp [33].

Dihydroflavonol 4-reductase (DFR) uses NADPH as a cofactor to catalyze the re-
duction of dihydroflavonols to their respective colorless, unstable leucoanthocyanidins,
which are common precursors for anthocyanin and proanthocyanidin biosynthesis [34].
The results show that the OsDFR gene was expressed only in purple leaves in K4 and
KDK10 since these genes are important genes in anthocyanin biosynthesis that contain the
enzyme generation code dihydroflavonol 4-reductase (DFR) in the process of changing
dihydroflavonols to leucoanthocyanidins, which is a colorless compound, before being
synthesized into anthocyanidin as the main structure of anthocyanins [35]. The genes that
encode DFR and related proteins have been isolated from many plant species and have
been well characterized in terms of their functions [36]. The gene expression at a shading
level of 50% in K4 featured the highest gene expression of OsDFR due to the acceleration of
anthocyanin biosynthesis in plants caused by high light shading stress. However, the gene
expression of OsDFR was decreased under a shading level of 70%, which indicates that the
plants were exposed to too little light for anthocyanin biosynthesis to occur. The OsDFR
gene may not be involved in anthocyanin synthesis in K4 and KDK10, which should be fur-
ther studied in other genes if the genes involved in anthocyanin content in K4 and KDK10
are to be investigated. The OsDFR gene has the ability to synthesize dihydroflavonol into
leucoanthocyanidin. These compounds have no color of their own, but in acidic environ-
ments and at elevated temperatures, they are converted to the color of anthocyanidins [37].
A previous study found that OsDFR and other anthocyanin biosynthesis genes become pur-
ple in the apiculi and stigmas [36]. However, in the present research, we studied the OsDFR
gene with shading treatment in the leaf and grain pericarp. No correlation was found in
either rice tissue, so we suggest studying the other genes that result in a direct correlation
of shading treatment to explore the total anthocyanin content and relative gene expression.
The results of this experiment suggest that the OsDFR gene may not directly affect rice
leaves’ transformation into a purple color caused by anthocyanin accumulation and that
there may be another gene that interacts with the OsDFR gene. A previous study found that
the accumulation of anthocyanin in rice leaves is caused by the interaction of OsC1, OsRb,
and OsDFR genes, which are key genes for determining anthocyanin biosynthesis in rice
leaves [38]. Experiments on the relative gene expression affected by shading treatment may
be of greater interest when the ANS gene is studied in purple rice in the future in order to
directly identify the genes affecting the purple color caused by anthocyanin accumulation
in purple rice leaves during shading.

4. Materials and Methods
4.1. Expression of OsDFR

Purple rice seeds were obtained from the Division of Agronomy, Faculty of Agriculture,
Chiang Mai University. This study used four purple pericarp rice varieties consisting of
two purple colors in the shoot and grain varieties, K4 and KDK10, and two non-purple
colors in the shoot varieties, K2 and Kum Jao Morchor 107 (KJ CMU-107). The experiment
used a split-plot design for three replications. Four rice varieties were used as a subplot,
and four shading treatments were used as the main plot, arranged as follows: no shading
(control) and 30%, 50%, and 70% light reduction compared to normal light.

The study was conducted in a glasshouse from August to December 2021, at the
Agronomy Division, Faculty of Agriculture, Chiang Mai University, Chiang Mai, Thailand.
Seeds (paddy rice) were sown after soaking in water overnight. Two-week-old seedlings
were transferred into pots (30 cm in diameter and 25 cm in height). The plants were grown
with a single seedling per hill and five hills per pot. The shading treatment was set up with
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black polypropylene netting that reduced the light intensity to 30%, 50%, and 70% of full
light from anthesis to the mature stage in planting pots 30 cm in diameter and 25 cm in
height, with 5 plants per pot. The light intensity was measured daily using a light meter
(AS one LM-332, Osaka, Japan) above the plant canopy. A fertilizer formula of 15-15-15
(N-P-K) was applied at a rate of 3 g pot−1, and fertilizer in the form of urea (46-0-0) was
applied at a rate of 5 g pot−1 before planting.

4.2. Yield Measurement and Sample Preparation

At maturity, five plants in each pot were harvested, from which the yield components
were determined. The paddy rice was threshed manually and dried until the moisture
content reached 14% before being weighed and measured for grain yield. The collected
data on yield components consisted of tiller number plant−1, panicle number plant−1,
percentage of filled grain, 100-grain weight, number of spikelets panicle−1, and culm and
panicle lengths. The straw samples were weighed and recorded as straw dry weight after
being dried in a hot air oven at 75 ◦C for 72 h [12]. Two fully expanded leaves from the
top position were sub-sampled at days 7, 14, and 21 after shading treatment to determine
chlorophyll content and gene expression, and the remaining samples were freeze-dried
in a freeze dryer (CHRIST, Beta 2–8 LSCbasic, Harz, Germany) for 24 h and mechanically
ground in a hammer mill (Scientific Technical Supplies D–6072 Dreieich, West, Germany) to
determine anthocyanin content. The paddy rice was de-husked with a laboratory husking
machine (Model P-1 from Ngek Huat Co., Ltd., Bangkok, Thailand) to produce brown rice
for the determination of anthocyanin content.

4.3. Determination of Total Anthocyanin Content

The total anthocyanin contents in leaves at days 7, 14, and 21 after shading treatment
and grains were determined using the modified pH-differential method of [39]. About 2.5 g
of freeze-dried sample was added into a 25 mL tube. Then, we pipetted 24 mL of acidified
methanol (70% methanol and 30% of 1.5 mol L−1 HCl) into the tube and shook the tube for
60 min. Exactly 2 mL of supernatant was added to two buffer solutions. The potassium
chloride buffer (0.025 mol−1, pH 1) was measured for absorbance at a wavelength of 520 nm,
and a sodium acetate buffer (0.400 mol L−1, pH 4.5) was measured for absorbance at a
wavelength of 700 nm using a UV–VIS spectrophotometer (Biochrom Libra S22, Cambridge,
UK). The absorbance was calculated in the diluted sample (A) as A = (A520 − A700) −
(A520′ − A700′), where A520 and A700 are the absorbance values at 520 and 700 nm under
pH 1.0, respectively, while A520′ and A700′ are the absorbance values at 520 and 700 nm
under pH 4.5, respectively. The total anthocyanin content was calculated as follows:

Total anthocyanin content = (A ×MW × DF × 1000)/ε × L

where MW is the molecular weight of cyanidin-3-glucoside (449.2 g mol−1); DF is the
dilution factor; ε is 26,900 M absorbance, and L is the cell path length (1 cm). Total
anthocyanin content was expressed as milligrams of cyanidin-3-glucoside per kg of dry
weight (mg kg−1) [12].

4.4. Determination of Total Chlorophyll Content

The total chlorophyll content in leaves at days 7, 14, and 21 after shading was deter-
mined using the method of Lichtenthaler and Wellburn, 1983. About 0.2 g of fresh sample
was extracted with methanol under cold conditions in the darkness. The extraction process
was performed with four replicates. The supernatant was warmed to room temperature
before measurement in a spectrophotometer at 665 and 652 nm to assess chlorophyll a and
chlorophyll b, respectively. The chlorophyll a (Chl a), b (Chl b), and total chlorophyll (Total
Chl) content (mg L−1) were calculated as follows:

Chl a = (16.29 × A665) − (8.54 × A652)
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Chl b = (30.66 × A652) − (13.58 × A665)

Total Chl = (22.12 × A652) − (2.71 × A665)

where A665 and A652 are the absorbance of Chl a and Chl b, respectively. Chlorophyll
contents were expressed as milligrams per gram of fresh weight [12].

4.5. Gene Expression of OsDFR
4.5.1. RNA Extraction

Total RNA was extracted from the leaves at day 14 after shading using a PureLinkTM
RNA Mini Kit (Invitrogen, Thermo Fisher Scientific, MA, USA). The fresh tissues were
ground in liquid nitrogen. The extracted RNA samples were verified for quantity and
quality using a nanodrop spectrophotometer and 1.5% agarose gel electrophoresis. The
genomic DNA was removed from the RNA preparations in the following conditions: 1 µg
of total RNA, 2 µL of 10× reaction buffer, 1 µL of DNase1, and 9–15 µL of DEPC-treated
water (total volume 20 µL); next, the reaction was incubated at 37 ◦C for 30 min, 1 µL of
50 mM EDTA was added, and the mixture was incubated at 65 ◦C for 10 min. The total
RNA was diluted to a 100 ng/µL concentration and used for the qRT-PCR experiments.

4.5.2. cDNA Synthesis

The cDNA was synthesized from 1 µg of total RNA using a RevertAid first-strand
cDNA synthesis Kit (Thermo scientific). PCR was carried out using 1 µg of total RNA
(DNase I-treated), 1 µL of Oligo (dT)18, 2 µL of 10 mM dNTP mix, 6 µL of 5× RT buffer,
1 µL of RiboLock Rnase Inhibitor (20 U/µL), 1 µL of RevertAid RT (200 U/µL), and 1–5 µL
of DEPC-treated water (total volume 30 µL) and a RevertAid first strand cDNA synthesis
Kit (Thermo Scientific). Next, we incubated the reaction at 42 ◦C for 60 min and terminated
the reaction by incubating it at 70 ◦C for 5 min. Then, we stored the mixture at −20 ◦C. The
cDNA was verified for quantity and quality using a nanodrop spectrophotometer and 1.5%
agarose gel electrophoresis.

4.5.3. Gene Expression via Semi-Quantitative RT-PCR Analysis

The gene expression levels of OsDFR were analyzed via semi-quantitative RT-PCR
using gene-specific primers of OsDFR and OsActin1 (housekeeping gene) (Table 2). The
PCR was performed in triplicate to amplify cDNA templates with OsDFR and OsActin
using the following reaction: 2 µL of 1:20 diluted cDNA from 1 µg total RNA, 14 µL of water
(ddH2O), 4 µL of 5×MyTaq Reaction Buffer, 0.2 µL of forward and reverse primer, 0.1 µL
of 5 unit MyTaqTM HS DNA Polymerase (Bioline, London, UK), and 0.6 µL of DMSO (total
volume 20 µL). The PCR was performed by denaturing the solution at 95 ◦C for 2 min,
followed by 35 cycles at 95 ◦C for 30 s, primer annealing at 53 ◦C for 30 s, extension at
72 ◦C for 30 s, and a final extension at 72 ◦C for 5 min. For the semi-quantitative RT-PCR
assays, the total amount of cDNA in the samples was standardized after the amount of
actin mRNA was evaluated with an OsActin primer pair.

Table 2. Primer used for studying the gene expression of OsDFR and OsActin genes.

Gene Primer Names and Sequences (5′
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4.5.4. Statistical Analysis

Statistical analyses were carried out using analysis of variance (ANOVA) (Statistic
version 8.0 for Windows) for a spit plot design, and shading treatment and rice variety
were used as the main plot and sub plot, respectively. The least significant difference (LSD)
at p < 0.05 was used to compare the means for significant differences among parameters.
The significance of the correlation coefficients was analyzed using Pearson correlations at
p < 0.05.

The gene expression levels were analyzed by relative intensity compared to the ref-
erence gene (Actin) using the ImageJ software version 1.50i (Wayne Rasband National
Institutes of Health, MD, USA). The relative intensity of gene expression was subjected
to statistical analysis using the Statistica 8 software (analytical software SX, version 8,
Tallahassee, FL, USA).

5. Conclusions

This study demonstrates that shading at the reproductive stage corresponds to a
significant decrease in the yield productivity of all rice varieties. However, some varieties
presented stable yield parameters such as grain filling, suggesting that there are potential
useful characteristics for selecting varieties to be grown under natural low-light conditions.
Shading increased the biosynthesis of anthocyanin and chlorophyll contents in the leaves
of all rice varieties. Similarly, an increase in anthocyanin was found in the grain pericarp
when the level of shading was increased, whereas the response was different between rice
varieties. In addition, the responses of grain yield and increasing anthocyanin content
to shading were not different between green- and purple-leaf varieties, suggesting that
light intensity plays an important role in rice productivity and anthocyanin synthesis,
especially during the flowering stage. Expression of the OsDFR gene, which aids in the
biosynthesis of total anthocyanin content, was found only in K4 and KDK-10 plants with
purple leaves. Nonetheless, the OsDFR gene expression levels of K4 and KDK-10 varieties
showed different responses to shading treatments. Meanwhile, a correlation between
expression and grain anthocyanin was not found in this study. This result suggests that
under low-light conditions, other genes may be related to anthocyanin biosynthesis in rice
grains. These results provide useful data for future studies to understand the biosynthesis
of anthocyanin in purple rice grown under biotic stress conditions to maintain grain
anthocyanin content and grain yield. This research suggests some varieties of purple rice
can adapt and grow under low-light conditions, which may be useful for commercial
cultivation of purple rice using an ideal shading technique to increase antioxidants from
purple rice grains.

Author Contributions: Conceptualization, T.P., S.J. and C.P.-u.-t.; methodology, N.D., S.Y., S.J.,
C.P.-u.-t. and T.P.; writing—original draft preparation, N.D., S.Y. and T.P.; writing—review and
editing, N.D., S.Y. and T.P.; supervision, T.P.; project administration, T.P.; funding acquisition, T.P. All
authors have read and agreed to the published version of the manuscript.

Funding: This research project was supported by the Agricultural Research Development Agency
(Public Organization) or “ARDA” (GSCMU(HRD65050085)/02/2565) and the Fundamental Fund
2022 (FF65) of Chiang Mai University.

Data Availability Statement: All data, tables, and figures in this manuscript are original.

Acknowledgments: We thank the members of CMUPN lab, Division of Agronomy, Faculty of
Agriculture, Chiang Mai University for advice throughout this study.

Conflicts of Interest: The authors declare no conflict of interest.

214



Plants 2023, 12, 2582

References
1. Fongfon, S.; Pusadee, T.; Prom-u-thai, C.; Rerkasem, B.; Jamjod, S. Diversity of Purple Rice (Oryza sativa L.) Landraces in Northern

Thailand. Agronomy 2021, 11, 2029. [CrossRef]
2. Yamuangmorn, S.; Prom-U-Thai, C. The Potential of High-Anthocyanin Purple Rice as a Functional Ingredient in Human Health.

Antioxidants 2021, 10, 833. [CrossRef] [PubMed]
3. Khoo, E.H.; Azlan, A.; Tang, T.S.; Lim, M.S. Anthocyanidins and anthocyanins: Colored pigments as food, pharmaceutical

ingredients, and the potential health benefits. Food Nutr. Res. 2017, 61, 1361779. [CrossRef] [PubMed]
4. Landi, M.; Tattini, M.; Gould, K.S. Multiple functional roles of anthocyanins in plant-environment interactions. Environ. Exp. Bot.

2015, 119, 4–17. [CrossRef]
5. Formisano, L.; Moreno, M.B.; Ciriello, M.; Zhang, L.; Pascale, D.S.; Lucini, L.; Rouphael, Y. Between Light and Shading:

Morphological, Biochemical, and Metabolomics Insights into the Influence of Blue Photoselective Shading on Vegetable Seedlings.
Front. Plant Sci. 2022, 13, 830. [CrossRef]

6. Chen, Y.; Li, T.; Yang, Q.; Zhang, Y.; Zou, J.; Bian, Z.; Wen, X. UVA Radiation Is Beneficial for Yield and Quality of Indoor
Cultivated Lettuce. Front. Plant Sci. 2019, 10, 1563. [CrossRef]

7. Zoratti, L.; Sarala, M.; Carvalho, E.; Karppinen, K.; Martens, S.; Giongo, L.; Häggman, H.; Jaakola, L. Monochromatic light
increases anthocyanin content during fruit development in bilberry. BMC Plant Biol. 2014, 14, 377. [CrossRef]

8. Petrella, D.; Sessoms, B.F.; Watkins, E. Layering contrasting photo selective filters improves the simulation of foliar shade. Plant
Methods 2022, 18, 16. [CrossRef]

9. Li, Q.; Deng, F.; Chen, H.; Zeng, Y.; Li, B.; Zhong, X.; Wang, L.; Zhou, W.; Chen, Y.; Ren, W. Shading decreases rice yield by
impeding grain-filling progress after heading. Agron. J. 2020, 112, 4018–4030. [CrossRef]

10. Zhu, H.; Li, X.; Zhai, W.; Liu, Y.; Gao, Q.; Liu, J.; Ren, L.; Chen, H.; Zhu, Y. Effects of low light on photosynthetic properties,
antioxidant enzyme activity, and anthocyanin accumulation in purple pak-choi (Brassica campestris ssp. Chinensis Makino).
PLoS ONE 2017, 12, e0179305. [CrossRef]

11. Syam’un, M.; Musa, Y.K.; Sadimantara, R.G.; Leomo, S.U.; Rakian, C.T. Shading effect on generative characters of upland red rice
of Southeast Sulawesi, Indonesia. IOP Conf. Ser. Earth Environ. Sci. 2018, 157, 012017.

12. Yamuangmorn, S.; Jumrus, S.; Jamjod, S.; Sringarm, K.; Arjin, C.; Prom-u-thai, C. Responses of purple rice variety to light
intensities and soil zinc application on plant growth, yield and bioactive compounds synthesis. J. Cereal Sci. 2022, 106, 103495.
[CrossRef]

13. Naing, A.H.; Kim, C.K. Abiotic stress-induced anthocyanins in plants: Their role in tolerance to abiotic stresses. Physiol. Plant.
2021, 172, 1711–1723. [CrossRef]
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Abstract: Watermelon is one of people’s favorite fruits globally. Fruit size is one of the important
characteristics of fruit quality. Low light can seriously affect fruit development, but there have been no
reports concerning molecular mechanism analysis in watermelons involved in fruit expansion under
low-light stress. To understand this mechanism, the comparative transcriptomic file of watermelon
fruit flesh at four different developmental stages under different light levels was studied. The
results showed that the fruit size and content of soluble sugar and amino acids at low-light stress
significantly decreased compared to the control. In addition, 0–15 DAP was the rapid expansion
period of watermelon fruit affected by shading. In total, 8837 differentially expressed genes (DEGs)
were identified and 55 DEGs were found to play a role in the four different early fruit development
stages. We also found that genes related to oxidation-reduction, secondary metabolites, carbohydrate
and amino acid metabolism and transcriptional regulation played a key role in watermelon fruit
expansion under low-light stress. This study provides a foundation to investigate the functions of
low-light stress-responsive genes and the molecular mechanism of the effects of low-light stress on
watermelon fruit expansion.

Keywords: watermelon; low-light stress; fruit expansion; RNA-seq; differentially expressed genes;
transcription factors

1. Introduction

Fruit setting, cell division and cell expansion also play a crucial role in fruit devel-
opment. These processes of growth largely determine the initiation and final form of
fruit growth. Cell cycle-related genes play an important role in cell division and nuclear
replication. Some enzyme-coding genes involved in cell wall extension play an important
role in cell enlargement and maturation [1,2].

Light is essential for plant growth, development and productivity. Low light unbal-
ances carbon assimilation, resulting in the inhibition of physiological attributes, morphol-
ogy parameters and yields [3]. Many studies have shown that low light can seriously affect
fruit development [4,5]. Shading treatments have been shown to significantly decrease
photosynthesis, total nitrogen (T-N) of the stems and roots and the fruits and yields of
strawberry plants. At the same time, the lower yield was due to the decreased photosyn-
thesis of plants under low light [6]. The reduced growth of apple fruit in shade treatment
was because of reduction in cell production and expansion. Moreover, shading results
in coordinated changes in the expression of carbohydrate metabolism-related genes, key
transcription factors related to fruit growth and genes associated with cell production and
expansion [7]. During the early peach developmental stage, the formation of starch grains
was inhibited and fewer photoassimilates were translocated from source leaves to fruit
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sinks [8]. After shading, the imported assimilates of the melon were reduced in number and
galactosyl-sucrose oligosaccharide unloading was inhibited. In addition, the activity of key
enzymes related to sucrose synthesis changed after shading, which affected sucrose content
in melon fruit [9]. Crosstalk between the flavonoid biosynthetic genes and the involvement
of key transcription factors such as McMYB4, McMYB7, McMYB10 and McMYB16 in the
regulation of the ratio of anthocyanins and flavanols accounted for the different coloration
of the fruit peel and softening of the flesh under shade conditions [10].

Watermelon (Citrulluslanatus) is a highly popular and economic horticultural crop.
Approximately 3.48 million hectares were planted with watermelon in 2014 all over the
world, making it among the top five most consumed fresh fruits, and China is the largest
watermelon producer in the world. The watermelon plant produces large, edible fruit,
the flesh of which is about 91% water by weight, and is a rich source of bioavailable
compounds including lycopene and other carotenoids, vitamins A and C, and the non-
essential amino acid L-citrulline, and is about 6% sugar by weight [11]. The size and
weight of watermelon fruit are important aspects in agriculture and important directions of
breeding research. In addition, fruit size is not only the important factor of yield, but also
strongly associated with the watermelon’s commercial value. The size of fruit is regulated
by internal heredity and environmental factors. Watermelon is a photophilic plant and
often suffers from low-light stress in protective cultivation in early spring and autumn [12].
Research has shown that watermelon fruit size is significantly decreased as the planting
density is increased, whereas the soluble solids content of the fruits is affected little. The
fruit size of the watermelon is closely related to both the total solar radiation and the
photosynthetic production per plant [13]. Our previous studies also show that the overcast
and rainy climate in early spring and autumn leads to weak light in the facility, which
seriously affects the growth of watermelon plants and the expansion of fruit. However,
there have been no reports concerning transcriptome analysis in watermelon involved in
fruit expansion under low-light stress.

Therefore, in this study, natural full light (CK) was recruited as a control to study
the mechanism of watermelon fruit enlargement in response to low light (LL). We first
analyzed the dynamic changes of fruit development under different light conditions. Then,
the transcriptome of the watermelon fruit at four stages of development under low light
and CK were analyzed using RNA-seq technology. We study and define the differential
expression of genes of watermelon fruit at four different early fruit development stages.
Meanwhile, gene annotation, GO classification, KEGG metabolic pathway, etc., were
studied. Our hypothesis is that (1) the number and type of genes would differ in two
treatments at different stages, and (2) that genes might play important roles during the
process of fruit expansion under low light. Our aim is to find key genes and metabolic
pathways that control fruit enlargement in the early fruit development stage and the
molecular mechanism of low light regulation of the fruit expansion of watermelon. The
outcome provides an important theoretical basis for the regulation of watermelon fruit size
and fruit development.

2. Results and Discussion
2.1. Response of Watermelon Fruits Morphological and Physiological Dynamic Changes to
Low-Light Stress

The early stages of fruit development, including fruit set and exponential growth,
are clearly essential for all fruit. Early fruit development is typified by phases of cell
division and expansion, which are critical determinants of size and yield. So far, most of
studies, including transcriptomic studies, have focused on late development, or a broad
range of developmental stages, with only a few studies focused on early fruit development
stages [14].

In order to clarify the key period of watermelon fruit enlargement affected by low
light, watermelon fruits’ vertical and transverse diameters at different time points after
pollination were studied (Figure 1A,B). The results showed that the fruits’ vertical and
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transverse diameter of CK and LL increased sharply in 0–15 DAP, and then changed
smoothly. The fruits’ vertical and transverse diameter of CK in 0–30 days were significantly
larger than LL. This also indicated that 0–15 DAP was the rapid expansion period of
watermelon fruit enlargement affected by low light intensity. Based on this result, we
compared and analyzed the transcriptome of watermelon fruit at 0–15 DAP under LL
and CK.
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Figure 1. Watermelon fruit dynamic development under low-light stress. (A) Fruit vertical diameter.
(B) Fruit transverse diameter. (C) Fruit soluble sugar content. (D) Fruit amino acid content. Error bars
represent standard errors. Different letters (a, b, c, d, e, f) indicate significant statistical differences
(p < 0.05).

Sugar can provide metabolic energy for plants and act as substrates and signaling
molecules in various metabolic pathways, and could provide carbon skeletons for the
synthesis of amino acids and nucleotides [15]. Amino acids are mainly nitrogen-based
metabolites that affect watermelon quality. During the increase in pollination days, the
soluble sugar content and amino acid content of the LL group and the CK group showed
a continuous upward trend, and the soluble sugar content and amino acid content of
the LL group were significantly lower than the control group (p < 0.05), except that the
amino acid at 9 DAP between the LL group and the control group was not significant
(Figure 1C,D). Low-light stress reduces the photosynthetic performances of the plants, and
the transportation of photosynthetic products from leaves to fruits are also affected [6,9],
which ultimately leads to the reduction in the sugar content in fruits. Similar research results
have been reported on melon [16], strawberry [6] and jujube [17]. Nitrogen metabolism was
disturbed by shading, which induced the decrease in dry matter accumulation, ultimately
resulting in the failure of watermelon fruits to expand normally [18]. This means that
low-light stress affects the carbon and nitrogen metabolism of watermelon fruit, hindering
the formation and transport of substances when watermelon fruit expands under low-light
stress, thus making it difficult for watermelon fruit to expand normally.
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2.2. Overview of Sequencing and Transcriptome Assembly

In order to explore the transcriptome of watermelon fruit expansion under low-light
stress more comprehensively, we established 24 cDNA libraries and carried out RNA-
seq, and 545.71 million raw reads were generated (Supplementary Table S1). In total,
527.59 million (96.68% of the raw reads) clean reads (approximately 158.28 Gb clean data)
were obtained. On average, 21.98 million clean reads (6.59 Gb clean data) were obtained
from each sample. The Q30 percentages ranged from 90.89% to 94.56%, and the average
GC percentage was 44.32%. Among the 24 samples, 95.76–96.55% of the clean reads were
mapped to the reference genome, and 89.77–91.36% of clean reads were uniquely mapped
(Supplementary Table S1).

Analysis of saturation curves of 24 cDNA libraries (genes with FPKM ≥ 0.01) reveals
that the gene coverage began to become saturated when clean reads exceeded 10 million
(Supplementary Figure S1a). The average clean reads were 21.98 million, which exceeded
the saturation threshold, indicating that the sequencing depth was enough for transcrip-
tome studies. The sequencing reads of 24 samples were uniformly distributed from 5′ to 3′

of genes (Figure S1b).
In all, 27,063 unigenes were generated through cufflinks program, including 23,800 genes

aligned to the watermelon reference genome and 3623 new genes. Among them, 82.70%
(21,116 mapped unigenes and 1263 new genes) of genes were successfully annotated in
at least one of seven databases, and only 5.73% (1550) of genes annotated in all databases
(Table 1).

Table 1. Summary of the gene annotations in seven databases.

Annotation Database 1 Annotated_Number Percentage

COG_Annotation 8060 36.02%
GO_Annotation 9037 40.38%

KEGG_Annotation 5156 23.04%
KOG_Annotation 11,715 52.35%
Pfam_Annotation 17,006 75.99%

Swissprot_Annotation 16,206 72.42%
nr_Annotation 22,343 99.84%

Annotated in all seven Database 1550 5.73%
Annotated in at least one Database 22,379 82.70%

All_Annotated 27,063 100.00%
1 Clusters of orthologous groups of proteins (COG) database, gene ontology (GO), KEGG ontology (KO), eukary-
otic orthologous groups (KOG), protein family (Pfam), reviewed protein sequence database (Swiss-Prot), NCBI
non-redundant protein database (NR).

2.3. Identification of Differentially Expressed Genes (DEGs) in Watermelon Fruit

Compared with control, 8837 genes were differentially expressed in watermelon fruits
under low-light stress using the criteria of FDR ≤ 0.01 and |log2 fold change| ≥ 1. There
were 466, 1576, 752 and 3380 up-regulated genes and 689, 2346, 1007 and 2112 down-
regulated genes after 0, 3, 9 and 15 DAP of low-light stress, respectively (Figure 2a). The
numbers of up- and down-regulated genes were similar. At 0 DAP under low-light stress,
alanine, aspartate and glutamate metabolism (ko00250) were the most significantly enriched
KEGG entries in the down-regulated DEGs, while phenylpropanoid biosynthesis (ko00940)
were the most in the up-regulated DEGs. At 3 DAP under low-light stress, genes involved
in DNA replication (ko03030) were most enriched in down-regulated DEGs, while genes
involved in plant hormone signal transduction (ko04075) were the most enriched in up-
regulated DEGs. At 9 DAP of low-light stress, phenylpropanoid biosynthesis (ko00940)
were the most significantly entries in down-regulated DEGs, while plant hormone signal
transduction (ko04075) were the most entries in up-regulated DEGs. At 15 DAP, genes
involved in the biosynthesis of secondary metabolites (ko01110) were most enriched in
down-regulated DEGs, while genes involved in phenylpropanoid biosynthesis (ko00940)
were enriched in up-regulated DEGs.
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Figure 2. The numbers of up- and down-regulated differentially expressed genes (DEGs) between
low light and control under different developments (a), Venn diagram of the differentially expressed
genes (DEGs) between low light and control (b).

The results of Venn diagram showed that 390, 2077, 433 and 3072 DEGs were specif-
ically at 0, 3, 9 and 15 DAP, respectively. 84 DEGs were all at 0, 3 and 9 DAP, 55 DEGs
were shared in four time points (Figure 2b), suggesting their importance in the watermelon
fruit expansion response to low-light stress. Among these 55 genes, three genes were up-
regulated at four time points, suggesting their importance in watermelon fruit expansion
response to low-light stress, while there was no gene down-regulated at four time points.
The three genes included iron-sulfur binding oxidoreductase (Cla008418), two-component
response regulator ARR12-like (Cla016659) and AT-hook motif nuclear-localized protein
(Cla006543).

These 55 genes could be classified into five different categories according to KEGG
pathway classification: metabolism, environmental information procession, genetic infor-
mation processing, organismal systems and stress-related genes (genes with no KEGG
pathway classification were assigned to this item). Most of the genes were classified into
stress-related genes (Table 2).

Table 2. 55 DEGs that were shared at all four time points.

Gene ID Gene Description CK0_vs
_LL0

CK3_vs
_LL3

CK9_vs
_LL9

CK15_vs
_LL15

Metabolism
Carbohydrate metabolism

Cla005337 glucan endo-1,3-beta-glucosidase 13 Up Up Down Up
Cla018009 pyruvate decarboxylase 1 Down Down Up Down

Cla004587 pyrophosphate—fructose 6-phosphate 1-phosphotransferase
subunit beta-like Up Down Down Down

Cla017722 fructose-bisphosphate aldolase cytoplasmic isozyme
isoform X2 Down Down Up Down

Cla003920 probable ribose-5-phosphate isomerase 1 Up Up Down Down
Cla015028 alcohol dehydrogenase 1 Down Down Up Down

Amino acid metabolism

Cla010147 LOW QUALITY PROTEIN: protein NRT1/PTR FAMILY
2.13-like Up Up Down Down

Cla010146 protein NRT1/PTR FAMILY 2.13-like Up Up Down Down
Cla019134 protein NRT1/PTR FAMILY 2.11-like Up Up Down Down
Cla013371 asparagine synthetase [glutamine-hydrolyzing] Down Up Up Up

Nucleotide metabolism
Cla022500 deoxyuridine 5&apos;-triphosphate nucleotidohydrolase Up Down Down Down

Lipid metabolism
Cla013862 acyl-[acyl-carrier-protein] desaturase 6, chloroplastic Down Down Up Down
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Table 2. Cont.

Gene ID Gene Description CK0_vs
_LL0

CK3_vs
_LL3

CK9_vs
_LL9

CK15_vs
_LL15

Cla012276 cytochrome P450 734A1-like Up Up Down Up
Cla001235 cytochrome P450 86A8-like Up Up Down Up

Biosynthesis of other secondary metabolites

Cla001815 LOW QUALITY PROTEIN: salicylic acid-binding protein
2-like Up Up Down Up

Cla016032 scopoletin glucosyltransferase-like Up Down Down Down
Cla017208 cinnamoyl-CoA reductase 2-like Up Down Up Up
Cla017207 cinnamoyl-CoA reductase 2-like Up Down Up Up

Environmental Information Procession
Signal transduction

Cla002572 BTB/POZ and TAZ domain-containing protein 1 Down Down Up Up
Cla017611 uncharacterized protein LOC103486691 Down Down Up Up
Cla016659 two-component response regulator ARR12-like Up Up Up Up
Cla008326 putative cell division cycle ATPase Up Up Down Up
Cla008169 uncharacterized protein LOC101203772 Down Down Up Up

MSTRG.1055 defensin-like protein 6 Up Up Up Down
Cla006543 AT-hook motif nuclear-localized protein 15 Up Up Up Up

genetic information processing
Folding, sorting and degradation

Cla023118 U-box domain-containing protein 26 Down Down Up Up
Mitochondrial biogenesis

Cla009892 mitochondrial translocator assembly and maintenance
protein 41 homolog isoform X1 Down Down Up Down

Organismal Systems
Environmental adaptation

Cla007307 WRKY70 Down Down Down Up
Cla007656 probable WRKY transcription factor 31 Up Up Down Down
Cla018486 probable receptor-like protein kinase At5g39030 Up Down Down Down
Cla007979 probable transcription factor GLK2 Down Down Up Up

stress-related genes
Cla023376 Early nodulin-like protein 2 [Glycine soja] Down Down Down Up

MSTRG.17433 hypothetical protein Csa_6G059230 Up Up Down Down
Cla010283 hypothetical protein Csa_2G237730 Down Down Up Up
Cla002904 hypothetical protein Csa_3G822280 Down Down Up Up
Cla015065 hypothetical protein Csa_7G397010 Down Down Down Up
Cla008418 Iron-sulfur binding oxidoreductase Up Up Up Up
Cla010875 BAG family molecular chaperone regulator 6-like Up Down Down Down
Cla012888 classical arabinogalactan protein 10-like Up Up Down Up
Cla013835 formin-like protein 20-like Up Up Down Down
Cla013527 seed biotin-containing protein SBP65 Down Down Up Up
Cla004456 uncharacterized protein LOC103491021 Down Down Up Down
Cla007700 uncharacterized protein LOC103495564 Down Down Up Up
Cla011574 14 kDaproline-rich protein DC2.15-like Up Up Down Down

Cla018055 probably inactive leucine-rich repeat receptor-like protein
kinase At3g28040 Down Down Up Up

Cla019959 universal stress protein A-like protein isoform X2 Down Down Up Up
Cla014570 dehydrin DHN1-like Down Up Up Up
Cla017570 F-box/kelch-repeat protein At2g44130-like Down Down Up Up

Cla009891 haloacid dehalogenase-like hydrolase domain-containing
protein 3 Down Down Up Down

Cla021693 sugar transporter ERD6-like 16 isoform X2 Up Down Down Down
Cla011361 bidirectional sugar transporter SWEET4-like Down Up Down Up

MSTRG.15291 no hit found Down Down Up Up
MSTRG.20101 no hit found Down Up Up Up
MSTRG.967 no hit found Up Up Down Down
MSTRG.968 no hit found Up Up Down Down
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Eighteen genes were divided into the metabolism category. Among these, plant glucan
endo-1,3-β-glucosidases have been involved in diverse physiological and developmen-
tal processes including microsporogenesis, pollen germination, fertilization, response to
wounding and cell division [16]. In our study, glucan endo-1,3-β-glucosidases was up-
regulated by low-light stress, except for 9 DAP. Plant pyruvate decarboxylases (PDC)
catalyze the decarboxylation of pyruvate to form acetaldehyde and CO2, and PDC derives
the fermentation pathway involved in energy and material metabolism, responding to
development, biotic and abiotic stresses [19]. PDC was down-regulated by low-light stress
(except for 9 DAP) of watermelon fruit in our study, it may be a way to reduce the energy
supply to fruit development under low-light stress. Through generating various intermedi-
ate products (such as reductant and pyruvate), glycolysis is the main pathway that supports
respiration in plants. During the phosphorylation of Fru-6-P to Fru-1, 6-P2, PFP utilizes
pyrophosphate (PPi) as an alternative phosphoryl donor in place of ATP, thereby providing
an energy advantage to plants [20]. In our study, gene expression of Cla004587 (except for
0 DAP) and Cla017722 (except for 9 DAP) was down-regulated by low-light stress. This
showed that low light can inhibit the energy supply of watermelon fruit development.
Alcohol dehydrogenase (ADHs) gene expression produces enzymes that are not only active
when plants are subjected to various stresses, but also during all developmental stages of
plants under suitable growing conditions [21]. During the development of plant organs,
ADH participates in glycolysis to provide energy for plants and regulate the metabolism of
substances [22]. ADHs showed down-regulated patterns by low-light stress in this study
(except for 9 DAP). This means that low light can affect the energy supply by inhibiting the
expression of ADH during watermelon fruit development.

Three NRT1/PTR family (NPF) proteins can be detected in amino acid metabolism
and were originally identified as nitrate or di/tri-peptide transporters. Recent studies
revealed that this transporter family also transports the plant hormones and secondary
metabolites (glucosinolates) [23]. The gene expression patterns of three NPF genes were
up-regulated at 0 and 3 DAP and down-regulated at 9 and 15 DAP by low-light stress;
this may lead to the changes in amino acid composition, hormone content and secondary
metabolites during watermelon fruit development, which affected the size of watermelon
fruit. Asparagine synthetase is able to assimilate ammonium in plants and it might be
involved in N remobilization [24]. Asparagine synthetase was up-regulated at 0 DAP
and down-regulated at 3, 9 and 15 DAP in our study. The reason may be that low-light
stress can affect N metabolism. Cla013862 encode acyl-[acyl-carrier-protein] desaturase
(AAD) 6 (chloroplastic), and Cla012276 and Cla01235 encode cytochrome P450, which were
classified into lipid metabolism. Interestingly, the expression patterns of AAD (chloroplas-
tic) and cytochrome P450 are just opposite. Four genes (Cla001815, Cla016032, Cla017208,
Cla017207) were classified into biosynthesis of other secondary metabolites. Except for
copoletinglucosyltransferase-like, the expression patterns of the other three genes were
first increased, then decreased and then increased again.

Seven genes involved in signal transduction, such as two-component response reg-
ulator ARR12-like (ARR12), ARR12 mediate the cytokinin regulated gene expression as
myeloblastosis (MYB)-like transcription factors (TFs) and have both receiver and output
domains. Type B Arabidopsis Response Regulators (ARRs) of Arabidopsis thaliana are
transcription factors that act as positive regulators in the two-component cytokinin signal-
ing pathway [25]. In our study, the expression level of ARR12 under low-light stress was
higher than that of CK at four time points. The results showed that high level ARR12 af-
fects watermelon fruit expansion and development by promoting the cytokinin signaling
pathway under low-light stress. The AT-hook motif nuclear-localized protein (AHL) gene
family, which encodes embryophyte-specific nuclear proteins with DNA binding activity,
regulate gene expression and affect various developmental processes in plants, such as the
modulation of GA and auxin biosynthesis, ABA-mediated stress growth regulation [26],
etc. The AHL gene family regulates plant growth and development through forming
DNA-protein and protein-protein homo−/hetero-trimericcomplex [27]. Cla006543 (AT-
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hook motif nuclear-localized protein (AHL) 15) was also shown to exist at a higher level
under low-light stress than CK at four time points. This means the AHL genes may play
important roles through regulation of GA, ABA or auxin biosynthesis in watermelon ex-
pansion under low-light stress. Cla023118 and Cla009892 encode U-box domain-containing
protein and mitochondrial translocator assembly and maintenance protein 41 homolog
isoform X1, respectively, which are involved in genetic information processing. Two genes
showed higher gene expression level at 0 and 3 DAP under low-light stress than CK,
which mean that low light can affect watermelon fruit expansion through inhibiting genetic
information processing.

Four genes are involved in environmental adaptation, which belong to organismal
systems. Among them, two genes (Cla007307, Cla007656) encode WRKY transcription
factor, one gene (Cla018486) encodes receptor-like protein kinase, and one gene (Cla007979)
encodes transcription factor GLK2. Gene expression level of Cla007307 (WRKY70) was
down-regulated by low-light stress (except for 15 DAP), while Cla007656 was up-regulated
by low-light stress at 0 and 3 DAP and down-regulated by low-light stress at 9 and 15 DAP.
Receptor-like protein kinase was down-regulated by low-light stress (except for 0 DAP) and
transcription factor GLK2 was down-regulated at 0 and 3 DAP and up-regulated at 9 and
15 DAP by low-light stress. These results suggested that there is a complicated network for
watermelon expansion and development under low-light stress.

A total of 24 genes were classified as stress-related genes. Among them, Cla023376,
similar to early nodulin-like protein, was important for the transport of nutrients, solutes,
amino acids or hormones and for major aspects of plant development [28]. In our study,
nodulin-like protein 2 was down-regulated by low-light stress (except for 15 DAP), which
showed that low light can inhibit the watermelon expansion and development by affecting
the transportation of nutrients, amino acid, etc., to cause the fruit to be difficult to expand.
Classical arabinogalactan protein 10-like (Cla012888) can play important roles in abiotic
stress resistant, such as cold stress [29], and was up-regulated by low-light stress (except for
9 DAP). Cla014570, encoding dehydrins, belongs to the late embryogenesis abundant (LEA)
protein family and was involved in responses to multiple abiotic stresses, such as cold and
drought stress [30]. In our study, dehydrins were up-regulated by low-light stress (except
for 0 DAP). Two genes (Cla021693, Cla011361) were both sugar transporters, which play
important roles in plant growth and development, as well as biotic and abiotic stresses [31].
In addition, Cla021693 (sugar transporter ERD6-like 16 isoform X2) was down-regulated
by low-light stress (except for 0 DAP), while Cla011361 (bidirectional sugar transporter
SWEET4-like) was down-regulated at 0 and 9 DAP and up-regulated at 3 and 15 DAP
by low-light stress. This indicated that low light affected the sugar transport, which led
to the difficulty of watermelon fruit expansion under low light. It was noteworthy that
Cla008418 (Iron-sulfur binding oxidoreductase) was up-regulated by low-light stress at four
time points.

2.4. Hierachical Clustering Analysis

Hierarchical clustering was performed for the 8837 DEGs based on similarity of gene
expression (Figure 3). These DEGs were classified into nine gene clusters, and the genes’ ex-
pression pattern of CK and LL at different stages was different (Figure 3). Cluster 1 showed
a relatively high expression level of CK compared with LL. The genes in cluster 1 mainly in-
cluded genes encoding proteins related to replication, recombination and repair (Cla003671),
posttranslational modification, protein turnover, chaperones (Cla004677, Cla005777), tran-
scription (Cla000971, Cla015165) and carbohydrate transport and metabolism (Cla011246,
Cla020836). The expression of the above genes was inhibited under low-light stress. The
results showed that these genes may be related to watermelon fruit expansion under
low-light stress. Meanwhile, cluster 3 and cluster 5 showed a relatively high transcript
level in LL compared with CK. For example, these two clusters mainly included genes
encoding proteins related to carbohydrate transport and metabolism (Cla020563, Cla016546
and Cla015950), signal transduction mechanism (Cla016899 and Cla016659), replication,
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recombination and repair (Cla015651, Cla013640), amino acid transport and metabolism
(Cla019133, Cla003285) and transcription (Cla007586, Cla016837). Gene expression levels in
cluster 7 and cluster 8 decreased with the development of fruit, but the gene expression
pattern in cluster 2 and cluster 9 was contrary. The rest of the DEGs were clustered into
cluster 4 and cluster 6.
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GO enrichment analysis of the three clusters may be relevant to watermelon expan-
sion under low-light stress. The results showed that the GO terms related to replication,
recombination and repair, posttranslational modification, protein turnover, chaperones
and transcription were highly enriched in cluster 1, such as GO:0006261 (DNA-dependent
DNA replication), GO:0042138 (meiotic DNA double-strand break formation), GO:0048589
(developmental growth), GO:0003713 (transcription coactivator activity). In addition, we
found that cluster 3 and 5 showed that GO:0007155 (cell adhesion) and GO:0045010 (actin
nucleation) were most highly enriched.

2.5. Weighted Correlation Network Analysis of Low-Light Stress Responsive Genes Related to
Watermelon Fruit Expansion

Weighted gene coexpression network analysis (WGCNA) is used frequently to explore
effectively the relationships between genes and phenotypes. WGCNA can also analyze
the target genes at a network-level [32] in order to identify the low light responsive genes
correlated with watermelon fruit expansion. In this study, 10 modules were identified from
the RNA-seq data (Figure S2a).

The module eigengenes for 10 modules were correlated with different test indica-
tors. Analysis of the module-trait relationship showed that the module ‘MElightpink4’
and ‘MElavenderblush1’ were highly correlated with watermelon fruit expansion under
low-light stress. ‘MElightpink4’ module was positively correlated with FVD (cor = 0.88,
P = 1× 10−8), FTD (cor = 0.87, P = 3× 10−8), SFW (cor = 0.81, P = 2× 10−8), AA (cor = 0.88,
P = 2× 10−8) and SS (cor = 0.85, P = 2× 10−7). ‘MElavenderblush1’ module was negatively
correlated with FVD (cor = −0.95, P = 4 × 10−13), FTD (cor = −0.95, P = 3 × 10−12), SFW
(cor =−0.78, P = 7× 10−6), AA (cor =−0.89, P = 4× 10−9) and SS (cor =−0.88, P = 1× 10−8)
(Figure S2b). The module ‘MElightpink4’ included 4059 genes mainly containing genes
related to “posttranslational modification, protein turnover, chaperones”, “carbohydrate
and amino acid transport and metabolism” and transcription. 5643 genes, mainly including
genes encoding transcription, replication, recombination and repair and signal transduction
mechanisms were identified in the module ‘MElavenderblush1’. The results were almost
consistent with earlier hierarchical clustering analysis.

To further understand the mechanism of watermelon fruit expansion under low-light
stress, the GO enrichment and KEGG pathway of genes in the three modules were an-
alyzed. The unigenes in the “MElightpink4’ module were mainly enriched in aromatic
amino acid family biosynthetic process (GO:0009073), proteolysis (GO:0006508), isopentenyl
diphosphate biosynthetic process (GO:0019288), photorespiration (GO:0009853), ubiquitin-
dependent protein catabolic process (GO:0006511) and glycolytic process (GO: 0006096).
While the highly enriched terms of the ‘MElavenderblush1’ were associated with translation
(GO:0006412) and embryo sac egg cell differentiation (GO:0009560). The most significantly
entries in KEEG analysis of the ‘MElightpink4’ and ‘MElavenderblush1’ module were
biosynthesis of secondary metabolites (Ko:map01110) and ribosome (Ko:map03010), re-
spectively (Tables S2 and S3).

2.6. Functional Classification of DEGs

Through the WEGO database, the DEGs were classified into 14 categories for cellular
components, 11 categories for molecular functions and 22 categories for biological processes.
9037 unigenes and 3217 DEGs were assigned GO terms and a hierarchical relationship
picture is drawn in Figure S3. The DEGs involved in cell part (1187), cells (1179) and
organelles (867) were the most abundant entries in cellular components. The two most
common categories for molecular functions were catalytic activity (1794) and binding (1559).
For biological processes, metabolic processes (2018) and cellular processes (1517) were the
most two abundant catalogs.
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GO enrichment analyses of DEGs were also carried out by topGO. Oxidation-reduction
process (GO: 0055114), salicylic acid-mediated signaling pathway (GO: 0009863) and
cell wall organization (GO: 0071555), were the top three enriched in biological process
(Table S4). Integral component of membrane (GO: 0016021), extracellular region (GO:
0005576), apoplast (GO: 0048046) and plant-type cell wall (GO: 0009505) were the top four
enriched terms in cellular processes (Table S5). Cellulose synthase (UDP-forming) activity
(GO: 0016760), oxidoreductase activity, acting on paired donors, with incorporation or
reduction in molecular oxygen (GO: 0016705) and oxidoreductase activity (GO: 0016491)
were the top three enriched terms in molecular functions (Table S6). It is not surprising
that many of the DEGs identified in this study are involved in or associated with cell wall
metabolism. Plant cell walls are dynamic structures that determine and maintain the size
and the shape of the cells and act as a protective barrier, and they both resist the stresses
generated by the hydrostatic pressure of the cells and have the ability to undergo the
irreversible deformation associated with cell expansion [33]. In our study, gene expression
patterns of the DEGs (with KOG classification was cell wall/membrane/envelop biogenesis
and cell cycle control, cell division, chromosome partitioning) were analyzed (Figure 4).
The results showed that the number of down-regulated genes was higher than that of the
up-regulated genes at 0 DAP and 3 DAP, especially at 3 DAP, which means that genes
related to cell wall and cell division were inhibited by low-light stress and low light affects
cell division and replication at the initial stage of watermelon fruit pollination. The number
of up-regulated genes was significantly more than that of down-regulated genes at 15 DAP,
indicating that these genes can resist low-light stress in watermelon fruit development.

Pathway enrichment analysis can identify the major biochemical and signal transduc-
tion pathways in which the DEGs were involved. As shown in Figure 5, biosynthesis of
secondary metabolites (ko01110), phenylpropanoid biosynthesis (ko00940), phenylalanine
metabolism (ko00360), carotenoid biosynthesis (ko00906), alanine, aspartate and glutamate
metabolism (ko00250), starch and sucrose metabolism (ko00500), glycolysis/gluconeogenesis
(ko00010), carbon fixation in photosynthetic organisms (ko00710), flavonoid biosynthesis
(ko00941), amino sugar and nucleotide sugar metabolism (ko00520) were the ten most
significantly entries.

As a substrate of protein biosynthesis, amino acid phenylalanine is necessary for the
survival of all cells. Thus, the routing of newly synthesized phenylalanine into protein
is a primary metabolic pathway. In plants, phenylalanine is also a substrate of phenyl-
propanoid metabolism [34]. Phenylpropanoids contribute to plant responses to biotic
and abiotic stress. They are not only indicators of plant stress responses upon variation
of light or mineral treatment, but also key mediators of the plant’s resistance towards
pests. The general phenylpropanoid metabolism generates an enormous array of secondary
metabolites based on the few intermediates of the shikimate pathway as the core unit [35].
Secondary metabolites play an important role in the adaptation of plants to the chang-
ing environment and in overcoming stress constraints. Carotenoids, including lycopene,
and flavonoids are secondary metabolites in watermelon fruit, as well as in other fruits
such as tomato, suggesting carotenoids and flavonoids are important to watermelon fruit
expansion or development under low-light stress [36]. These results showed that these
multiple pathways might contribute to fruit development and expansion under low-light
stress within a complicated pathway network. In addition, the roles of oxidation-reduction,
secondary metabolites, carbohydrate and amino acid metabolism are particularly critical.
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Figure 4. The raw FPKM values of the DEGs (with KOG classification was cell
wall/membrane/envelop biogenesis and cell cycle control, cell division, chromosome partition-
ing) were first normalized by logarithmic method and a heat map was constructed to show the
different expression profiles using the Heml software (version 1.0, http://hemi.biocuckoo.org/.
accessed on 9 July 2020). X-axis, samples; Y-axis, differentially expressed gene names.

228



Plants 2023, 12, 935

Plants 2023, 12, x FOR PEER REVIEW 13 of 23 
 

 

Figure 4. The raw FPKM values of the DEGs (with KOG classification was cell wall/membrane/en-

velop biogenesis and cell cycle control, cell division, chromosome partitioning) were first normal-

ized by logarithmic method and a heat map was constructed to show the different expression pro-

files using the Heml software (version 1.0, http://hemi.biocuckoo.org/. Accessed on 9 July 2020). X-

axis, samples; Y-axis, differentially expressed gene names. 

Pathway enrichment analysis can identify the major biochemical and signal trans-

duction pathways in which the DEGs were involved. As shown in Figure 5, biosynthesis 

of secondary metabolites (ko01110), phenylpropanoid biosynthesis (ko00940), phenylala-

nine metabolism (ko00360), carotenoid biosynthesis (ko00906), alanine, aspartate and glu-

tamate metabolism (ko00250), starch and sucrose metabolism (ko00500), glycolysis/gluco-

neogenesis (ko00010), carbon fixation in photosynthetic organisms (ko00710), flavonoid 

biosynthesis (ko00941), amino sugar and nucleotide sugar metabolism (ko00520) were the 

ten most significantly entries. 

  
(a) 

Plants 2023, 12, x FOR PEER REVIEW 14 of 23 
 

 

 

(b) 

Figure 5. KEGG pathway enrichment analysis. (a) Statistic analysis of annotated genes in KEEG 

pathways, (b) scatterplot of KEEG pathway enrichment for DEGs. 

As a substrate of protein biosynthesis, amino acid phenylalanine is necessary for the 

survival of all cells. Thus, the routing of newly synthesized phenylalanine into protein is 

a primary metabolic pathway. In plants, phenylalanine is also a substrate of phenylpro-

panoid metabolism [34]. Phenylpropanoids contribute to plant responses to biotic and 

abiotic stress. They are not only indicators of plant stress responses upon variation of light 

or mineral treatment, but also key mediators of the plant’s resistance towards pests. The 

general phenylpropanoid metabolism generates an enormous array of secondary metab-

olites based on the few intermediates of the shikimate pathway as the core unit [35]. Sec-

ondary metabolites play an important role in the adaptation of plants to the changing 

environment and in overcoming stress constraints. Carotenoids, including lycopene, and 

flavonoids are secondary metabolites in watermelon fruit, as well as in other fruits such 

as tomato, suggesting carotenoids and flavonoids are important to watermelon fruit ex-

pansion or development under low-light stress [36]. These results showed that these mul-

tiple pathways might contribute to fruit development and expansion under low-light 

stress within a complicated pathway network. In addition, the roles of oxidation-reduc-

tion, secondary metabolites, carbohydrate and amino acid metabolism are particularly 

critical. 

2.7. Analysis of Transcription Factors (TFs) Involved in Watermelon Fruit Development and 

Response to Low-Light stress 

Transcription factors are essential for the regulation of gene expression through bind-

ing to specific cis-acting elements in their regulated genes. We found 644 TFs in DEGs, 

which can be classified into 53 TF families that were present in the plantTFcat database 

including ERF (12.27%), bHLH (11.65%), MYB (9.32%), NAC (6.21%), C2H2 (5.90%) and 

WRKY (4.66%) (Figure 6). Of these differentially expressed TFs, bHLH, ERF, NAC and 

WRKY are all the most abundant in the 0, 3, 9 and 15 DAP (Figure S4). This means that 

these four TFs were important for watermelon fruit expansion under low-light stress. ERF 

have been shown to be intimately connected to plant development, defense responses and 

stress signaling pathways. The development of a plant organ to a specific size and shape 

Figure 5. KEGG pathway enrichment analysis. (a) Statistic analysis of annotated genes in KEEG
pathways, (b) scatterplot of KEEG pathway enrichment for DEGs.

229



Plants 2023, 12, 935

2.7. Analysis of Transcription Factors (TFs) Involved in Watermelon Fruit Development and
Response to Low-Light Stress

Transcription factors are essential for the regulation of gene expression through bind-
ing to specific cis-acting elements in their regulated genes. We found 644 TFs in DEGs,
which can be classified into 53 TF families that were present in the plantTFcat database
including ERF (12.27%), bHLH (11.65%), MYB (9.32%), NAC (6.21%), C2H2 (5.90%) and
WRKY (4.66%) (Figure 6). Of these differentially expressed TFs, bHLH, ERF, NAC and
WRKY are all the most abundant in the 0, 3, 9 and 15 DAP (Figure S4). This means that
these four TFs were important for watermelon fruit expansion under low-light stress. ERF
have been shown to be intimately connected to plant development, defense responses
and stress signaling pathways. The development of a plant organ to a specific size and
shape is controlled by cell proliferation and cell expansion. Differentiation of xylem el-
ements involves cell expansion, secondary cell wall (SCW) deposition, etc. The study
shows ERF139 as a transcriptional regulator of xylem cell expansion and secondary cell
wall formation, and possibly in response to the osmotic changes of the cells [37]. Many
studies showed that bHLH plays critical roles in plant growth and development, metabolic
regulation, and response to environmental changes, such as fruit development [38] and
drought and salt stress [39]. MYB plays a vital role in organ development by directly
affecting cell wall structure and/or cytoplasmic growth or indirectly regulating through the
ethylene and/or ABA signaling pathways [40]. As a major component of plant cell walls,
lignin plays important roles in mechanical support, water transport, and stress responses.
The study shows NAC was associated with fruit lignification by activating genes involved
in lignin biosynthesis [41]. WRKY can also play significant roles in stress responses and
cellular growth [42]. Some TFs from the same family were up-regulated while others were
down-regulated (Figure S5). The results demonstrated that members of the same TF family
may play different roles in fruit development under low-light stress, and the transcriptional
network for watermelon fruit expansion under low-light stress is intricate and complex.
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2.8. Validation of RNA-Seq Data by qRT-PCR Analysis

To verify the RNA-seq data, 14 DEGs were selected randomly for qRT-PCR analysis
(Figure 7a). In order to facilitate the comparison of the expression data between RNA-seq
and qRT-PCR, the relative expression level was converted to log2 fold change. The qRT-
PCR results showed a high consistency (linear regression equation y = 0.7687x − 0.0047,
R2 = 0.7475) with RNA-seq data (Figure 7b), indicating the high reliability of RNA-seq
expression profile in this study.
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Figure 7. Verification of the expression of selected DEGs by qRT-PCR. (a) Log2 fold change of 14 genes
under control and low-light stress at four developments of watermelon fruit. The bars represent the
mean of three biological replicates ± standard errors. (b) Log2 fold change of RNA-seq (X-axis) and
qRT-PCR (Y-axis).
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3. Materials and Methods
3.1. Plant Materials

This research was performed in a steel frame plastic greenhouse with internal cir-
culation fan, which can ensure the same temperature in the plastic greenhouse, at Luhe
production base in Jiangsu Academy of Agricultural Sciences. Watermelon variety ‘Sumi
No.8’ (Jiangsu Academy of Agricultural Sciences) was used as plant materials. ‘Sumi No.8’
is a new watermelon hybrid with early maturity and small fruit (an average single fruit
weight is around 1.5 kg). The fruit flesh is yellow, and the fruit development period is
about 30 d after pollination. Seeds were sown in plug tray (54 cm length, 27 cm width,
50 holes) filled with vegetable seedling commercial organic substrate (HengAoda Fertilizer
Technology Co., Ltd., Lianyungang, China). The healthy and uniform size seedlings at the
four-leaf stage were transplanted into the plastic pots (height, 26.5 cm; diameter, 31 cm)
containing the organic culture substrate (cassava residue: peat: vermiculite = 2:1:1 in vol-
ume). Fertilizer, control of diseases and insects and other agronomy control was performed
according to standard management practices.

Treatments were carried out 7 days before pollination. The low light (LL) groups of
watermelon were grown under one layer of black sunshade net (Xinqiao agricultural screen
Co., Ltd., Taizhou, China) and the light intensity of LL was 150–650 µmol quanta m2 s−1, while
the control group (CK) was grown under natural full light (310–1300 µmol quanta m2 s−1).
All flowers for each experiment were hand pollinated in the 9–10 node order, and only one
fruit remained per plant. The flesh of fruit center was harvested at 0, 3, 9 and 15 days after
flowering, and immediately frozen in liquid nitrogen and stored in a −80 ◦C freezer until use.
At each sampling point, three fruits’ flesh were collected in one biological replicate, and three
separate, biological replications of the fruits’ flesh were performed for RNA-seq.

3.2. Morphological and Physiological Index Measurements and Statistical Analysis

Prior to the harvests, fruit vertical and transverse diameter were measured at 0, 1, 3, 6,
9, 12, 15, 18, 21, 24, 27 and 30 DAP. Soluble sugar content and amino acid (AA) content were
measured using a Plant Soluble Sugar Content Assay Kit (Suzhou Keming Biotechnology
Co., Ltd. Suzhou, China) with 0.1 g samples of watermelon flesh at 9, 15, 21, 30 DAP.

3.3. cDNA Preparation and RNA Sequencing

The RNA of 24 samples was extracted using RNAprep Pure Plant Kit (TIAGEN,
Beiing, China). After DNAse I treatment, mRNA was purified from the total RNA using
the Oligotex mRNA Midi Kit (QIAGEN, Dusseldorf, Germany). The first cDNA strand was
synthesized from purified mRNA fragments by reverse transcription with random hexamer
adaptors (Invitrogen, California, MD, USA). Double strand cDNA was then synthesized
using the SMART cDNA Library Construction kit (Clontech, Mountain View, CA, USA)
according to the manufacturer’s instructions. The cDNA fragments with suitable lengths
and insert sizes were selected by AMPure XP beads to construct cDNA libraries. The cDNA
libraries’ quality was checked by Qubit2.0 and Agilent 2100 before they were sequenced
using the IlluminaHiSeq 2500 platform, and the 150 bp paired-end reads were generated
by Genepioneer Biotechnologies Co, Ltd. (Nanjing, China).

3.4. Transcriptomic Analysis

The raw sequence data have been submitted to the National Center for Biotechnology
Information (NCBI) databases, for which the study accession was SRP243255. Clean reads
were obtained by removing duplication sequences, adaptor sequences and low-quality
reads (ambiguous sequences with ‘N’ percentage values ≤ 3 and the percentage of low-
quality bases less than 3 is ≥50%) from raw reads. The cleaned reads were subsequently
mapped to the watermelon reference genome (ftp://cucurbitgenomics.org/pub/cucurbit/
genome/watermelon/97103/v1/watermelon_v1.genome.gz. accessed on 29 September
2018) by HISAT2 software (v2.1.0). Subsequently, the sequencing saturation, coverage
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analysis and the genomic distributions in CDS (exons), introns, and intergenic regions
were analyzed.

3.5. Digital Gene Expression Tag Profiling and Identification of Differentially Expressed Genes (DEGs)

The expression of all genes was determined with FPKM (Fragments PerKilobase of
exon per million fragments Mapped) values using the software Cufflinks software (v2.2.1)
(http://cole-trapnell-lab.github.io/cufflinks, accessed on 29 September 2018). R package
DESeq was used to identify DEGs by comparing the low-light stress and control at the
same time point, with the false discovery rate (FDR) < 0.05 and |log2 fold change|≥ 1.

3.6. Gene Annotation and Functional Annotation and Analysis

All genes were compared against NR, GO, COG, KOG, Swiss-Prot, KO using BLASTn
(v2.2.26) with an E-value cut off at 10−5 and searched against the Protein family (Pfam)
database by hmmscan (v3.0) (https://www.ebi.ac.uk/Tools/hmmer/search/hmmscan/,
accessed on 29 September 2018). Based on GO classification, all genes were analyzed for
their functional characteristics and gene expression profiles under low-light stress and con-
trolled conditions. GO enrichment analyses of DEGs were performed using singular enrich-
ment analysis (SEA) method with p < 0.01 and FDR < 0.05 by topGO, and the watermelon
genome was set as background. KOBAS (v2.0) (https://www.biostars.org/p/200126/)
was employed in validation of gene expression (FDR < 0.05) for pathway enrichment
analysis. All genes were BLAST against the Plant Transcription Factors Database (v3.0)
(http://plntfdb.bio.uni-potsdam.de/v3.0/, accessed on 29 September 2018) with an E-value
cut off at 10−5.

3.7. Weighted Correlation Network Analysis (WGCNA)

We built a correlation network using R package WGCNA. The adjacency matrix
was created through calculating the pearson’s correlations. The pickSoftThreshold was
used to calculate the soft thresholding power β. The topological overlap measure (TOM)
was calculated by the adjacency matrix and TOM dissimilarity was used to build the
dendrogram. The modules were detected as branches of the dendrogram using the dynamic
tree-cut with a cut off height of 0.30 to merge the branches to final modules. The module
eigengene (ME) value was calculated and used to estimate the association of modules with
low-light stress responsive genes related to physiological index.

3.8. qRT-PCR Analysis

We chose 14 DEGs with different expression patterns for validation RNA-seq data by
quantitative reverse transcription-polymerase chain reaction (qRT-PCR). Actin (Cla007792)
was used as reference gene. The primers were designed using Primer 5.0. Primer sequences
and gene annotations are listed in Table S7. QRT-PCR assays were conducted with three
biological and three technical replicates. RNA for each sample was reverse-transcribed into
first-strand cDNA using M-MLV reverse transcriptase (TaKaRa, Tokyo, Japan). QRT-PCR
was conducted on an ABI 7300 real-time PCR system (Applied Biosystems, Foster City, CA,
USA) using the SYBR Premix Ex Taq II reagent (Takara, Tokyo, Japan). QPCR conditions
were set at 95 ◦C pre-denaturation for 3 min, 40 cycles of 95 ◦C for 15 s, 60 ◦C for 30 s, and
72 ◦C for 15 s. Gene expression levels were calculated by previous 2−∆∆Ct method [43]. The
correlation of RNA-seq with qRT-PCR analysis was calculated using SAS (v9.3) proccorr
based on log2 fold changes.

4. Conclusions

In conclusion, this study confirmed that 0–15 DAP was the rapid expansion period
of watermelon fruit under low-light stress and CK. Low light significantly inhibited fruit
expansion, and the contents of soluble sugar and amino acids were also decreased. As
far as we know, this work is the first study to provide comprehensive sequencing and
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DEG profiling data for a dynamic view of the transcriptomic variation in watermelon fruit
development under low-light stress. In total, total 8837 DEGs were obtained in watermelon
fruit flesh under low-light stress compared with the control, and 55 DEGs were shared
among four stages of fruit development. At 0 DAP under low-light stress, alanine, aspartate
and glutamate metabolism (ko00250) were the most significantly enriched KEGG entries in
the down-regulated DEGs, while phenylpropanoid biosynthesis (ko00940) were the most
enriched in the up-regulated DEGs. GO and KEGG analysis of the DEGs showed that these
DEGs were mainly involved in oxidation-reduction, secondary metabolites, carbohydrate
and amino acid metabolism, which indicated that the genes and pathways may be related
to fruit expansion under low-light stress. In addition, the function and metabolic pathway
of up-regulated and down-regulated DEGs at different time points were also different.
At 3 DAP under low-light stress, genes involved in DNA replication (ko03030) were the
most enriched in down-regulated DEGs, while genes involved in plant hormone signal
transduction (ko04075) were the most enriched up-regulated DEGs. At 9 DAP of low-
light stress, phenylpropanoid biosynthesis (ko00940) were the most significantly entries in
down-regulated DEGs, while plant hormone signal transduction (ko04075) had the most
entries in up-regulated DEGs. At 15 DAP, genes involved in the biosynthesis of secondary
metabolites (ko01110) were most enriched in down-regulated DEGs, while genes involved
in phenylpropanoid biosynthesis (ko00940) were enriched in up-regulated DEGs. Through
WGCNA analysis, the modules of ‘MElightpink4’ and ‘MElavenderblush1’ were highly
correlated with watermelon fruit expansion under low-light stress. The unigenes in the
‘MElightpink4’ module were mainly enriched in ubiquitin-dependent protein aromatic
amino acid family biosynthetic process (GO:0009073), proteolysis (GO:0006508), isopentenyl
diphosphate biosynthetic process (GO:0019288), photorespiration (GO:0009853), ubiquitin-
dependent protein catabolic process (GO:0006511) and glycolytic process (GO: 0006096),
while the highly enriched terms of the ‘MElavenderblush1’ were associated with translation
(GO:0006412) and embryo sac egg cell differentiation (GO:0009560). The results were almost
consistent with earlier hierarchical clustering analysis and physiological index analysis. Of
differentially expressed TFs, bHLH, ERF, NAC and WRKY are all the most abundant at
0, 3, 9 and 15 DAP, which means that these four TFs were important for watermelon fruit
expansion under low-light stress. Members from the same TF family may play different
roles in fruit development under low-light stress, and the transcriptional network for
watermelon fruit expansion under low-light stress is intricate and complex. Therefore, our
study elucidated the key genes and pathways related to watermelon fruit expansion under
low-light stress, which provided a theoretical basis and foundation for further research on
fruit expansion under low-light stress.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants12040935/s1, Table S1: The integrated function of 22379 an-
notated genes. Table S2: The genes and annotation in module ‘lightpink4’. Table S3: The genes
and annotation in module ‘lavenderblush1’. Table S4: Top 20 enriched in biological process by GO
enrichment analyses of DEGs. Table S5: Top 20 enriched in cellular processes by GO enrichment
analyses of DEGs. Table S6: Top 20 enriched in molecular functions by GO enrichment analyses of
DEGs. Table S7: Summary of the RNA-Seq data. Figure S1: Sequencing saturation curves (a) and
sequencing gene coverage analysis (b) of the 24 RNA-Seq samples. Figure S2: Weighted correla-
tion network analysis of related genes response to lowlight stress of watermelon fruit expansion.
(a) Heriarchical clustering tree showing co-expression modules. Each leaf in the tree is one gene. The
major tree branches constitute 10 modules labeled by different colors. (b) Module-trait relationship.
The left lane indicates 10 module eigengenes. The right lane indicates the module-trait correlation
from − 1 to 1. FVD: fruit vertical diameter; FTD: fruit trans-verse diameter; SFW: single fruit weight;
SS: soluble sugar; AA: amino acid. Figure S3: Functional classifications of DEGs in watermelon
fruit flesh using WEGO. The X-axis shows the GO functional categories of cellular components,
molecular functions and biological processes. The left Y-axis shows the percentage of each category;
the right Y-axis shows the number of DEGs in each category. Figure S4: TF families of the DEGs
at 0 DAP (a), 3 DAP (b), 9 DAP (c), and 15 DAP (d) of watermelon fruit expansion under low light
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stress. A total of 97, 277, 143 and 419 TFs were differentially expressed at 0 DAP, 3 DAP, 9 DAP and
15 DAP after low light stress, respectively, and the percentages of TF families in DEGs and all genes
in watermelon genome were shown as blue bars and red bars (P < 0.01 and FDR < 0.05), respectively.
Figure S5: The raw FPKM values of TF DEGs were first normalized by logarithmic method and a
heat map was constructed to show the different expression profiles by the Heml software (version
1.0, http://hemi.biocuckoo.org/. accessed on 9 July 2020). X-axis, samples; Y-axis, differentially
expressed gene names. (a) BHLH, (b) ERF, (c) NAC, (d) WRKY.
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