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Editorial on the Research Topic
Genetic validation and its role in crop improvement

Gene discovery for economically important traits has remained a challenging Frontier
in crop genomics and breeding. The recent advances in DNA sequencing technologies and
genetic analysis approaches paved the way for discovering many genes and hotspot
genomic regions controlling target traits. The detection of novel genomic regions or
candidate genes is very useful for plant breeders and geneticists to improve crops, dissect
the genetics of complex traits, and understand the biological mechanisms of genes
underpinning traits of interest. Quantitative trait loci (QTL) mapping and genome-
wide association studies (GWAS) dominated recent crop gene discovery research. These
studies are becoming routine activities to discover the genetic basis of important
phenotypes and result in underlying allelic variations, marker-traits associations, and
frequency of favorable alleles in the target germplasm to help in understanding crop
functional genomics (Rasheed and Xia 2019). However, the discovered loci need further
validation before consideration to be used in breeding. In most GWAS cases, the outputs
can be ambiguous due to problems of confounding population structure with low-
frequency causal alleles leading to false-negative results and other unaccounted factors
including low-accuracy genotype calls at some loci (Browning and Yu, 2009) and small
population size (Finnoet al., 2014; Alqudah et al., 2020). Therefore, further validation is
necessary, using cross-population approaches where candidate loci are either validated in
bi-parental populations or independent germplasm collections (Finnoet al., 2014).

Genetic validation (QTL, genomic regions, candidate genes, gene expression, marker
development, etc.) is one of the basic steps for marker-assisted and genomic selection for
any breeding or genetic program to achieve its goals. Genetic validation examines whether
the same QTL or gene tends to be significantly detected when the material is grown in
other locations or years and whether its effect can still be significantly detected when
tested in different genetic backgrounds (Sallam et al., 2016). Furthermore, validation of
the polymorphic DNA markers in different populations is useful for further genetic
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diversity studies. The cost of sequencing and genotyping for
genetic diversity studies could be an obstacle for some
researchers. Providing validated and highly polymorphic
markers could save time and effort in breeding programs.

The current Research Topic was planned to seek articles that
aim to validate putative genetic results controlling target traits for
the genetic improvement of crops. In total, 18 manuscripts were
published in this Research Topic. The Research Topic covered
many studies presenting proof of genetic validation which can be
used for supporting future research studies.

Quan et al. conducted GWAS for salinity tolerance in wheat
and identified five candidate genes including kinase family
protein, E3 ubiquitin-protein ligase-like protein, and
transmembrane protein. Tian et al. identified 41 loci in wheat
underpinning such wheat flour properties and validated loci on
chr3B and chr7B as important haplotypes. Likewise, Irshad et al.,
discovered nucleotide variations in gene encoding starch
branching enzymes TaSBEIII and developed a KASP marker
to identify the causal mutation. They also identified the allele
frequencies of TaSBEIIl in wheat collections from different
countries. For gene validation, Ur Rehman et al. developed
and validated KASP markers for drought tolerance related
genes in wheat and validated their effect in different
germplasm resources. Xu et al. demonstrated the effect of
asymmetric somatic hybridization on synonymous codon
usage bias in wheat. The validation approach was also used
for disease resistant genetic region. Eltaher et al., identified
and validated a high linkage disequilibrium region on chrlB,
chr2A, and chr7B in wheat harboring stem rust resistance.

Maize lethal necrosis (MLN) is a viral disease with a
devastating effect on maize production. Combined use of
QTL and GWAS identified a major effect QTL, qMLNO06_
157, on chr6 and this QTL was proposed to be used in both
marker-assisted forward breeding and marker-assisted
backcrossing schemes to improve MLN resistance of
breeding populations and key lines for eastern Africa
(Murithi et al.). The maize (Zea mays L.) ZmCNRI3 gene,
encoding a protein of fw2.2-like (FWL) family, has been
demonstrated to be involved in cell division, expansion, and
differentiation. In the present study, the genomic sequences of
the ZmCNR13 locus were re-sequenced in 224 inbred lines,
56 landraces and 30 teosintes, and the nucleotide
polymorphism and selection signature were estimated (Zuo
et al.). It was validated that natural variations of ZmCNRI13
might be involved in ear development and can be used in the
genetic improvement of maize ear-related traits. Ahmed et al.
evaluated maize inbred lines for pollen viability related traits
under heat stress and identified five loci associated with
these traits that had been validated and can be
incorporated in maize breeding programs for improving heat
stress tolerance.

Elattar et al. identified and validated seven major QTLs for
soybean seed size and shape. Based on gene annotation analyses
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and RNA-Seq, they identified candidate genes which are
potentially involved in seed-related traits.

The gelatinization of wheat flour is an important
characteristic and useful in evaluating the eating and cooking
quality of wheat. Mesocotyl is a crucial organ for pushing plants
out of the soil, which plays a vital role in seedling emergence and
establishment in direct-seeded rice. Eighteen QTLs for mesocotyl
length were identified in rice, out of which 6 QTLs were validated
in two mapping populations (Wang et al.). Further association
analysis and gene expression studies confirmed the cross-
population effect of two loci on chrl and chr7 on mesocotyl
length. Tomato is among the most valuable fruit crop and sugar
and organic acids contribute to the overall flavor intensity of
tomato. Metabolome and transcriptome studies in two tomato
cultivars TM-1 and TM-38 identified that citric acid may play a
more dominant role in the sugar/organic acid ratio of the tomato
fruit (Li et al.). The contribution of both L-malic acid and citric
acid to the fruit Brix was much greater than that of D-glucose and
D-fructose. Genes involved in CHO and TCA metabolism, which
have a significant correlation with the sugar/organic acid ratio
were considered to be the contributing factors of fruit Brix.

Choudhury et al. used 36 SNP markers to identify the core set
of 247 rice accessions from India’s east coast and validated the
utility of using these SNP markers for the development of core
collection and diversity studies. In another study, the genetic
architecture of grain yield in wheat was revealed using a 50K SNP
array, and 38 loci were identified (Li et al.). Khan et al.
characterized the DECT1 gene in rice and the GUS and qRT-
PCR analysis indicated that DCETI is specifically expressed in
the anther till the developmental stage 9, consistent with the
observed phenotype. The characterization of DCET1I in callose
regulation, pollen wall patterning, and tapetal programmed cell
death (PCD) strengthens our knowledge for knowing the
regulatory pathways involved in rice male reproductive
development and has prospects in hybrid rice breeding. The
phenomenal increase in the use of nitrogenous fertilizers coupled
with poor nitrogen use efficiency is among the most important
threats to the environment, economic, and social health. Sandhu
et al. performed a meta-QTL analysis on 1,330 QTL from
29 studies published in the past 2 decades. A hot spot region
associated with correlated traits on Chr 1, 4, and 8 and candidate
genes associated with nitrate transporters, nitrogen content, and
ammonium uptake on chromosomes 2, 4, 6, and 8 have been
identified.

Igbal et al. performed GWAS to identify the loci associated
with single fiber quality in Asian cotton (Gossypium arboreum).
They further identified 56 differentially expressed genes among
the trait-associated SNPs to pinpoint the candidate genes.

Because, the functional gene validation is very important step to
understand the mechanisms, Riaz et al. reviewed the recent
breakthroughs in Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR) and CRISPR-associated protein (Cas) mediated
gene editing in cereal grasses and overviewed 25 different studies about
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it. The importance of CRISPR technology application in cultivated
grasses improvement had been extensively explained.

In conclusion, a proof of genetic validation provides a very
promising improvement in the production and productivity of
crops for future research. Unfortunately, few research studies
validated their genetic findings. The results of genetic validation
in different crops (e.g. wheat, rice, maize, and cotton, efc.)
presented in this Research Topic can be used for future and
necessary genetic validation studies.
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of Crop Sciences, National Wheat Improvement Center, Chinese Academy of Agricultural Sciences, Beijjing, China

Soil salinity is a serious threat to wheat yield affecting sustainable agriculture. Although
salt tolerance is important for plant establishment at seedling stage, its genetic
architecture remains unclear. In the present study, we have evaluated eight salt
tolerance—related traits at seedling stage and identified the loci for salt tolerance by
genome-wide association study (GWAS). This GWAS panel comprised 317 accessions
and was genotyped with the wheat 90 K single-nucleotide polymorphism (SNP) chip.
In total, 37 SNPs located at 16 unique loci were identified, and each explained 6.3
to 18.6% of the phenotypic variations. Among these, six loci were overlapped with
previously reported genes or quantitative trait loci, whereas the other 10 were novel.
Besides, nine loci were detected for two or more traits, indicating that the salt-tolerance
genetic architecture is complex. Furthermore, five candidate genes were identified
for salt tolerance-related traits, including kinase family protein, E3 ubiquitin-protein
ligase-like protein, and transmembrane protein. SNPs identified in this study and the
accessions with more favorable alleles could further enhance salt tolerance in wheat
breeding. Our results are useful for uncovering the genetic mechanism of salt tolerance
in wheat at seeding stage.

Keywords: candidate gene, GWAS, Na/K, QTL, salt tolerance, wheat

INTRODUCTION

Soil salinity is a serious abiotic stress affecting more than 800 million hectares of total agricultural
land worldwide (Song and Wang, 2015; Ding et al., 2018; Li W. H. et al., 2020). Plant growth and
development, including seed germination, shoot height (SH), root length (RL), and biomass, are
significantly inhibited under salt stress (Hasan et al., 2017; Liu et al,, 2018; Fiizy et al.,, 2019). It
continues to be a serious threat to agricultural sustainability as greater than 50% of agricultural land
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will be salinized by 2050 because of unscientific irrigation
management, such as flood irrigation (Flowers, 2004; Demiral
and Tirkan, 2006). Hence, developing salt-tolerant cultivars is
one of the most effective and sustainable ways to utilize the
saline alkali land.

Salt stress damages plant tissues through osmotic stress and
ionic toxicity to cells (Zhu, 2003; Munns and Tester, 2008).
Osmotic stress is the first stress to confront when plants are
subjected to salt stress, because salt stress first decreases root
water-uptake ability by reducing soil water potential (Liang et al.,
2018). Subsequently, Na™ at high concentrations is absorbed by
the roots and transported to the shoots. Excessive cellular Na™t
has a negative effect on metabolic processes and photosynthetic
efficiency (Munns, 2005; Ahmadi et al., 2011), and it also makes
it difficult to maintain intracellular ion homeostasis due to
impeding K* absorption (Munns and Tester, 2008; Shabala
and Cuin, 2008). Both osmotic stress and ion toxicity cause
oxidative damage of membrane lipids and proteins and further
disturb plant growth rate and development (Mittler, 2002;
Imlay, 2003).

Plant salt tolerance is controlled by a series of quantitative trait
loci (QTLs) or genes and is a typically genetic and physiological
trait (Flowers, 2004; Munns and Tester, 2008). The complexity
of mechanisms involved in salt stress tolerance for plants limits
the progress toward salt-tolerance breeding. Mapping the QTLs
for salt tolerance-related traits and breeding cultivars with high
salt tolerance have become an effective way to reduce the losses
caused by salt threat (Akram et al., 2020). QTL mapping based
on biparental populations is a traditional approach to dissect the
genetic mechanisms of complex quantitative inheritance traits
(Kumar et al., 2015). However, only two allelic effects in any single
locus can be evaluated in a biparental mapping, which limits
its power to uncover the nature of genetic variation in wheat
(Shi et al., 2017). Thus, the genome-wide association analysis
(GWAS) method, which is based on linkage disequilibrium (LD),
has become an alternative way to identify markers significantly
associated with complex agronomic traits (Mackay and Powell,
2007; Cockram et al., 2010; Wang et al., 2014; Winfield et al,,
2015; Liu et al,, 2017; Akram et al., 2020), biotic stress (Singh
et al., 2020; Dababat et al., 2021), and abiotic stress (Rehman-
Arif and Borner, 2020). Compared with traditional biparental
mapping, GWAS is more efficient and less expensive with no
need to develop biparental population and a more representative
gene pool. More recently, GWAS has become an effective
tool for dissecting the genetic architecture of salt tolerance-
related traits in crops such as wheat (Liu et al., 2017), rice
(Kumar et al., 2015), barley (Long et al.,, 2013), and soybean
(Kan et al., 2015).

Land salinization has become a serious threat in China
because of the increased irrigation management, climate change,
and fertilizer use. Breeding for salt-tolerant cultivars could
be greatly improved by the identification and application of
molecular markers. Furthermore, plants are the most sensitive
to salinity at seeding stage, other than flowering, and the grain
filling stage (Gerona et al., 2019). Thus, it is of great significance
to identify loci related with salt tolerance at seedling stage of
wheat. We investigated a diverse panel of 317 elite wheat cultivars

employing GWAS to (1) uncover the genetic mechanism of salt
tolerance, (2) detect the markers associated with salt tolerance,
and (3) search the candidate genes and accessions with more
favorable alleles for salt tolerance.

MATERIALS AND METHODS

Plant Materials and Treatments

To evaluate the salt tolerance of the modern cultivars, 317
various wheat accessions, mainly including modern cultivars and
improved accessions, comprising 260 accessions from China, and
57 accessions from other countries (Supplementary Table 1)
were used for GWAS. The experiment was carried out in a growth
chamber at 20 £ 2°C with a photoperiod of 16-h light/8-h dark
and a light intensity of 300 pwmol m~2 s~!. Seeds of all the
accessions were germinated and grown to 7-day-old seedlings.
The uniform seedlings were transplanted into 20-L containers
covered with polystyrol plates with 60 evenly spaced holes.
Half-strength modified Hoagland’s solution was used for the
cultivation of the seedlings with continuous aeration (Wu et al.,
2015; Shan et al., 2018). The cultivation solution was renewed
every 5 days. Completely randomized experiment was designed
with four replicates, involving 16 plants grown separately.
Each experiment comprised eight randomized units allocated to
control (0 mM NacCl) and salt (200 mM NacCl) treatment groups.
Two-leaf seedlings were treated with 200 mM NaCl; NaCl was
gradually added with a 100-mM increment per day.

Phenotypic Measurement and Data

Analysis

The plants were harvested for measuring SH, RL, shoot fresh
weight (SFW), and root fresh weight (RFW) after 1 week of
salt treatment. Shoots and roots were separated after washing
with distilled water and oven-dried at 105°C for 30 min and
then dried further at 80°C for 72 h. Record shoot dry weight
(SDW) and root dry weight (RDW). And then 100 mg fine
powder of dried shoot was incubated with 5 mL extraction buffer
in a 90°C water bath for 30 min. The extraction buffer was
a mixture of 60% trichloroacetic acid, nitric acid, and sulfuric
acid (2:10:1). The supernatant was taken after centrifugation.
Na® and Kt content was estimated using atomic absorption
spectrophotometer (TAS-990).

Analyses of variance (ANOVA) of all the tested traits among
genotypes and replicates were determined with SAS v9.3 (SAS,
Institute, http://www.sas.com), and the differences at P < 0.01
were considered highly significant. The salt-tolerance index was
employed the relative changes of SDW, RDW, SFW, REW, SH,
RL, and shoot K content (labeled as RSDW, RRDW, RSFW,
RRFW, RSH, RRL, and RK, respectively), as well as the values
of Na content and Na/K ratio under salt stress (Munns and
James, 2003; Long et al., 2013). The relative change of each trait
was calculated by the value of salt stress/control, for example,
RSDW = SDW (salt)/SDW (control). Basic statistical analysis of
the data of all the phenotypic traits under both treatments and all
the salt-tolerance indices was performed using Microsoft Excel
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2019. Pearson correlations of the salt-tolerance indices of 317
wheat accessions were conducted in SPSS version 16.0.

Genotyping and Population Structure
Analysis

All the 317 accessions were genotyped with the wheat
90 K single-nucleotide polymorphism (SNP; Illumina, 81,587
SNPs) chip by Capital Bio'. SNPs used for subsequent
GWAS analysis were obtained after quality control (minor
allele frequency > 0.05 and missing data < 20%; Liu
and Muse, 2005). The physical positions of SNPs were
obtained from the International Wheat Genome Sequencing
Consortium website (IWGSC, http://www.wheatgenome.org/;
IWGSCvl.1).

Population structure was analyzed using 1,000 filtered SNPs
with Admixture 1.3.0 program’*. ADMIXTURE ran from K = 2
to K = 12 clusters to identify the optimal K value. Principal
components analysis (PCA) with a number of five components
and phylogenetic trees [neighbor-joining (NJ)] were also used
to uncover the population information with the software
GAPIT (Lipka et al, 2012) based on R 3.5.3 and Tassel
v5.1 (Bradbury et al., 2007), respectively. Besides, the LD was
estimated using GAPIT software (Lipka et al., 2012) according
to Liu et al., 2017.

Genome-Wide Association Analysis
Genome-wide association analysis was conducted on the salt-
tolerance indices of phenotypic traits by employing the kinship
matrix (K matrix) in a mixed linear model (MLM) to avoid
the spurious marker trait associations (MTAs) caused by genetic
background. In the present study, the P value indicated whether
an SNP was associated with corresponding trait, and the R?
indicated the phenotypic variation explained by the markers.
As Bonferroni-Holm correction (Holm, 1979) for multiple
testing (o = 0.05) was too conserved and no significant MTA
was detected with this criterion, markers with an adjusted -
logio (P value) > 3.0 were selected as significantly associated
markers (Gurung et al, 2014; Houston et al., 2014; Bellucci
et al., 2015; Liu et al.,, 2017, 2019). Besides, Manhattan and Q-
Q plot were drawn using CMplot package (Yin et al., 2020)
implemented in R 3.5.3.

Allelic Effects and Candidate Genes

Candidate genes were identified as all the genes located in LD
block region around the significant SNP (+3 Mb based on
LD decay analysis) of each important locus from the physical
position of IWGSC? (IWGSC vl1.1). In the present study, alleles
with positive effects on higher salt tolerance at seeding stage
are referred to as “favorable alleles,” and those contributing
to lower tolerance are “unfavorable alleles.” The peak SNPs
for each locus were used to count the alleles frequencies
and allelic effects. Regression analysis between favorable or

'http://www.capitalbiotech.com/
Zhttp://software.genetics.ucla.edu/admixture/
Shttp://www.wheatgenome.org/

unfavorable alleles and corresponding traits were conducted
using Microsoft Excel 2019.

RESULTS

Marker Coverage, Population Structure,

and LD

In total, 54,121 SNPs (14,063.9 Mb, 0.26 Mb per marker) was
applied to GWAS for salt tolerance-related traits in 317 wheat
cultivars (Supplementary Tables 1, 2). In total, 18,623 (34.41%),
21,091 (38.97%), and 14,407 (26.62%) markers were from the
A, B, and D genomes, with 4,934.5, 5,179.0, and 3,950.4 Mb,
respectively. The average genetic diversity for the whole genome
was 0.356 (0.009-0.500; Supplementary Table 2). All the 317
accessions could be divided into three subgroups based on the
population structure, PCA, and NJ tree analysis (Figure 1). Of
these, the subgroup I carried 93 accessions and was dominated
by Anhui, Henan, Shandong, and foreign cultivars; subgroup
IT included 89 accessions and mainly comprising varieties from
Hebei, Shanxi, and Shandong provinces; most accessions (135)
belonged to subgroup III and mainly from Henan, Shandong,
and Sichuan province (Supplementary Table 1). The LD decay
analysis indicated that the LD decay distance was about 3 Mb for
the whole genome (Supplementary Figure 1).

Phenotypic Variations for Salt

Tolerance—-Related Traits

The salt-tolerance indices for SDW, RDW, SFW, RFW, SH,
RL, and K content (labeled as RSDW, RRDW, RSFW, RRFW,
RSH, RRL, and RK, respectively) were estimated in the current
study. The contents of Na and Na/K in shoot under salt stress
were also assessed as salt-tolerance index. Continuous variation
was observed across all traits with approximately normal
distributions (Supplementary Figure 2 and Supplementary
Tables 2-4). The result showed that RRL, RSH, RRFW, RSFW,
RRDW, RSDW, and RK contents ranged from 0.31 to 0.9,
0.62 to 1.03, 0.18 to 1.05, 0.26 to 0.78, 0.17 to 0.94, 0.41 to
0.94, and 0.58 to 1.32, respectively (Table 1). Meanwhile, the
contents of Na and Na/K under salt stress ranged from 24.67 to
88.10 mg/g DW and 0.33 to 1.58, respectively. It indicated a wide
range of variation in each salt tolerance-related trait. ANOVA
for salt tolerance-related traits revealed significant differences
(P < 0.01) among genotypes (G; Supplementary Table 4),
suggesting that much of the phenotypic variation was derived
from genetic factors. However, the broad sense heritability (h?)
could not be calculated because of the phenotype evaluated
only in laboratory.

Pearson correlations among the salt tolerance-related traits
(salt-tolerance indices) of seedlings under salt stress were
calculated, and the correlation coefficients for nine traits
are shown in Table 2. RSDW showed significantly negative
correlation with Na and Na/K and positive correlation with
the other traits. Pairwise positive correlation among six traits
(RRDW, RSFW, RRFW, RSH, RRL, and RK) was observed.
Notably, RSHs were uncorrelated with Na, Na/K, and RK in
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FIGURE 1 | Population structure analysis of 317 wheat accessions. (A) Estimated AK over five repeats of structure analysis; (B) three subgroups inferred by
structure analysis; (C) principal components analysis (PCA) plots; and (D) neighbor-joining (NJ) tree.
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TABLE 1 | Phenotypic variation of salt-tolerance index traits in the 317 wheat accessions.

Trait Minimum Maximum Mean SD CV (%) Skewness Kurtosis
RSDW 0.41 0.94 0.62 0.09 12.96 0.43 0.76
RRDW 0.17 0.94 0.52 0.11 19.65 0.31 0.97
RSFW 0.26 0.78 0.43 0.07 16.34 0.63 2.10
RRFW 0.18 1.05 0.47 0.12 24.55 0.66 1.71
RSH 0.62 1.03 0.79 0.06 7.25 -0.05 0.33
RRL 0.31 0.90 0.62 0.08 12.82 -0.13 0.80
RK 0.58 1.32 0.98 0.12 12.67 -0.24 0.26
Na (mg/g DW) 24.67 88.10 50.40 11.60 23.35 0.58 0.34
Na/K 0.33 1.58 0.74 0.23 30.93 0.84 0.61

RSDW, ratio of shoot dry weight under salt stress and control; RRDW, ratio of root dry weight under salt stress and control; RSFW, ratio of shoot fresh weight under salt
stress and control; RRFW, ratio of root fresh weigh under salt stress and control; RSH, ratio of shoot height under salt stress and control; RRL, ratio of root length under
salt stress and control; RK, ratio of shoot K content under salt stress and control; and Na, shoot Na content under salt stress.

Values of minimum, maximum, and mean for each trait except Na represent ratio of each trait value between salt stress and control.

SD, standard deviation; CV (%), coefficient of variation.

shoot, whereas Na and Na/K negatively correlated with all the
other traits except RSH.

MTA Analysis

At P value of 0.001 (—logjo value of 3), a total of 37 significantly
associated SNPs (MTAs) for eight salt tolerance-related traits
including RSDW, RRDW, RRFW, RSH, RRL, RK, Na content,
and Na/K were identified (Figure 2, Supplementary Figure 3,

and Table 3). The 37 associated SNPs were distributed on
16 unique loci and located on chromosomes 1B, 1D, 2A (2),
4A, 5A, 5B (4), 6B, 7A (4), and 7B, respectively (Table 3),
explaining phenotypic variation ranging from 6.3 to 18.6%.
The number of loci found most in the A genome (8) and B
genome (7), whereas only one locus was identified in the D
genome (Table 3). Among these loci, four were detected for
RSDW, four for RRDW, six for RRFW, five for RSH, one
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TABLE 2 | Correlation coefficients among nine traits of seedlings under salt stress.

Pearson correlation RSDW RRDW RSFW RRFW RSH RRL RK Na Na/K
RSDW 1.0 0.687** 0.777* 0.611* 0.393** 0.369** 0.163** —0.269* —0.272*
RRDW 0.687** 1.0 0.619** 0.832** 0.207** 0.469** 0.142* —0.406™* —0.390**
RSFW 0.777** 0.619** 1.0 0.618** 0.395** 0.379** 0.211* —0.485* —0.467**
RRFW 0.611** 0.832** 0.618* 1.0 0.200** 0.490** 0.253** —0.404** —0.413*
RSH 0.393** 0.207** 0.395** 0.200** 1.0 0.304** 0.108 0.009 0.006
RRL 0.369** 0.469** 0.379** 0.490** 0.304** 1.0 0.107 —0.125% 0171
RK 0.163** 0.142* 0.211* 0.253** 0.108 0.107 1.0 —0.408** —0.606**
Na —.269* —0.406** —0.485*" —0.404** 0.009 —0.125* —0.408* 1.0 0.927**
Na/K —0.272** —0.390"* —0.467** —0.413*" 0.006 —-0.171* —0.606** 0.927** 1.0

RSDW, ratio of shoot dry weight under salt stress and control; RRDW, ratio of root dry weight under salt stress and control; RSFW, ratio of shoot fresh weight under salt
stress and control; RRFW, ratio of root fresh weigh under salt stress and control; RSH, ratio of shoot height under salt stress and control; RRL, ratio of root length under
salt stress and control; RK, ratio of shoot K content under salt stress and control; and Na, shoot Na content under salt stress.

**Correlation is significant at the 0.01 level. *Correlation is significant at the 0.05 level.
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FIGURE 2 | Manhattan plots for salt tolerance—related traits in 317 wheat accessions by the mixed linear model (MLM) in Tassel v5.0. (A) Relative shoot dry weight;
(B) relative shoot fresh weight; (C) relative shoot height; (D) relative root dry weight; (E) relative root fresh weight; (F) relative root length; (G) relative shoot K content;
(H) shoot Na content under salt stress; and (l) Na/K in shoot under salt stress. The —log1o(P) values from a genome-wide scan are plotted against positions on each
of the 21 chromosomes. Horizontal lines indicate genome-wide significance thresholds.

-logio(p) T

© " NN i i o e 5 S e 5508 B 101 S0 M e S S
R T N S

Chromosome

w0 om0 W

Cnmmasome

for RRL, two for RK, one for Na content, and five for Na/K
(Table 3). Notably, nine loci (IAAV8839, Kukri_rep_c68263_453,
RAC875_¢25567 1204,  GENE-3440_199,  Ku_c15213_388,
Ku_c5191_340, BS00022442_51, BobWhite_c149_3064, and
BS00071025_51) were identified for two or more traits, proving
the existence of pleiotropic regions. To add it, the quantile and
quantile (Q-Q) plots of all the traits (Supplementary Figure 3)
show that the expected —log10(p) value was close to the observed
distribution (Supplementary Figure 2), indicating that the
GWAS analysis through MLM (PC + K) was appropriate
to locate MTAs related to salt tolerance in the germplasm
under investigation.

Relationship Between Salt Tolerance and

the Number of Tolerance Alleles

Here, the RSDW of plants was used to stand for plant
tolerance to salt stress (Szira et al, 2008). According to the
relation between RSDW and other salt tolerance-related traits,
favorable alleles for salt tolerance were counted as favorable

alleles for RSH, RRDW, RRFW, RRL, RK, and unfavorable
alleles for Na content and Na/K. To further understand the
combined effects of alleles on salt tolerance, we examined the
number of favorable alleles for salt tolerance in each accession
(Supplementary Table 1). Interestingly, the number of favorable
and unfavorable alleles in single accession both ranged from 1 to
15 (Supplementary Table 1). Linear regression analysis showed
that RSDW displayed significantly positive correlation with total
number of favorable alleles for salt tolerance (R* = 0.616;
Figure 3A) and notably negative correlation with number of
unfavorable alleles (R?> = 0.581; Figure 3B). Thus, accessions
with more favorable alleles and less unfavorable alleles were more
tolerant to salt stress.

DISCUSSION

To date, many studies involved in physiological and molecular
mechanisms on salt tolerance have been carried out in wheat,
but the studies on identification of salt tolerance-related QTLs
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TABLE 3 | Loci for salt tolerance-related traits in 317 wheat accessions identified by Tassel v5.0.

Trait? Marker Chr? Pos® P value® Marker R?f QTL/gened Favorable allele?
SH Excalibur_c112015_118 1B 566.8 4.94E-04 8.5 Li L. et al., 2020 T
SH Ku_c956_1797 1B 571.4 3.63E-04 8.4 C
RFW IAAV8839 1D 430.4 5.51E-04 7.9 LiL. etal., 2020 T
RDW IAAV8839 1D 430.4 8.46E-04 7.2 T
SDW IAAV8839 1D 430.4 9.53E-04 71 T
SDW Ex_c18035_602 1D 430.6 8.81E-04 71 G
SDW IACX1549 1D 431.4 9.00E-04 7.3 A
SDW Kukri_c59519_362 1D 431.7 9.61E-04 7.0 A
SH Tdurum_contig11803_306 2A 36.0 1.22E-04 9.7 A
SH wsnp_Ex_c19556_28530243 2A 36.1 2.19E-05 12.2 C
SH BobWhite_c26374_339 2A 36.1 9.00E-04 7.6 T
NavK Ku_c1217_312 2A 182.3 8.09E-04 7.0 G
Na/K Ra_c22724_1137 2A 182.3 9.14E-04 7.0 A
RFW JD_c21248_511 4A 2.8 7.29E-04 7.5 Li L. et al., 2020 A
RFW BS00074614_51 4A 3.0 5.61E-04 9.5 A
SH Kukri_rep_c68263_453 5A 464.5 5.60E-04 7.9 T
SH Kukri_c17430_972 5A 468.5 3.87E-04 8.6 C
RFW BS00027465_51 5A 471.7 1.99E-04 9.0 G
RDW BS00027465_51 5A 471.7 3.10E-04 8.4 T
RFW BS00027466_51 5A 471.7 2.28E-04 8.9 C
RDW BS00027466_51 5A 471.7 7.22E-04 7.5 C
RFW BS00022509_51 5A 472.3 3.61E-04 8.5 A
RFW Kukri_c2326_1037 5A 476.6 3.40E-04 8.4 T
RDW Kukri_c2326_1037 5A 476.6 7.62E-04 7.3 G
RFW Kukri_c2326_995 5A 476.6 2.39E-04 8.8 C
RDW RAC875_c25567_1204 5B 273.1 3.13E-04 8.7 G
SDW RAC875_c25567_1204 5B 2731 4.46E-04 8.2 G
RDW GENE-3440_199 5B 445.5 1.36E-04 9.5 A
RFW GENE-3440_199 5B 445.5 2.99E-04 8.7 C
Na Ku_c15213_388 5B 515.2 6.18E-04 18.6 T
NavK Ku_c15213_388 5B 515.2 9.25E-04 16.5 A
K Kukri_c16864_398 5B 684.6 9.81E-04 7.3 Li L. et al., 2020 C
K Tdurum_contig65330_190 5B 684.6 4.61E-04 8.4 Oyiga et al., 2018 G
NavK Ku_c5191_340 6B 668.8 1.84E-04 8.8 T
Na/K RAC875_rep_c69963_514 6B 668.8 6.49E-04 7.4 C
K Kukri_rep_c101126_469 6B 705.8 5.25E-04 8.4 A
NavK BS00022442 51 7A 30.1 5.93E-04 7.4 C
SH BS00062724_51 7A 36.5 9.61E-04 7.2 A
SDW BS00040929_51 7A 83.9 3.16E-04 8.6 G
SDW IAAV1971 7A 84.7 4.65E-04 7.9 T
SH BobWhite_c149_3064 7A 670.8 1.23E-04 114 C
RL wsnp_Ku_c19943_29512612 7A 675.4 7.66E-04 7.2 C
NavK IAAVE119 7A 709.4 7.10E-04 7.2 LiL. etal., 2020 T
Na/K BobWhite_c46250_98 7A 709.4 9.89E-04 6.7 C
SFW BS00071025_51 B 730.2 2.81E-04 6.3 Li L. et al., 2020 T
SDW BS00071025_51 7B 730.2 6.81E-04 8.3 C

aRSDW, ratio of shoot dry weight under salt stress and control; RRDW, ratio of root dry weight under salt stress and control; RSFW, ratio of shoot fresh weight under salt
stress and control; RRFW, ratio of root fresh weigh under salt stress and control; RSH, ratio of shoot height under salt stress and control; RRL, ratio of root length under
salt stress and control; RK, ratio of shoot K content under salt stress and control; and Na, shoot Na content under salt stress.

bChr: chromosome.

CThe physical positions of SNP markers based on wheat genome sequences from the International Wheat Genome Sequencing Consortium (IWGSC, http://www.
wheatgenome.org/).

9Favorable allele (SNP) for traits is underlined.

©The P values were calculated by Tassel v5.0.

"Percentage of phenotypic variance explained by the MTA from the results of Tassel v5.0.

9The previously reported QTL or genes within the same chromosomal regions.
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FIGURE 3 | Linear regression between relative shoot dry weight and the number of favorable alleles (A) and unfavorable alleles (B) for salt tolerance.

TABLE 4 | Candidate gene for salt tolerance-related traits.

Marker Candidate gene Gene position mRNA position Annotation

Tdurum_contig11803_306 TraesCS2A01G079300 chr2A:36037402- chr2A:36037725- Kinase family protein
36042137 36041668

GENE-3440_199 TraesCS5B01G261000 chr5B:445453118- chr5B:445453337- ES3 ubiquitin-protein
445459346 445459168 ligase-like protein

Ku_c5191_340 TraesCS6B071G393800 chr6B:668776400- chr6B:668776660- Transmembrane 9
668778663 668778663 superfamily member

Kukri_rep_c101126_469 TraesCS6B01G441700 chréB:705756764- chr6B:705756764- Leucine-rich repeat
705758664 705758664 Receptor-like protein

Kinase family protein

BS00022442_51 TraesCS7A01G060900 chr7A:30062542- chr7A:30062602- Transmembrane protein

30064125 30063750

are limited (Ma et al., 2007; Genc et al., 2010; Xu et al., 2013;

identification of much more QTLs/genes and further study

Asif et al., 2018; Oyiga et al., 2018). The information achieved were needed to improve salt tolerance in wheat. Association

is far from enough in salt tolerance improvement. Therefore,

analysis is a highly efficient tool for the identification of
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QTLs for complicated quantitative traits. It makes possible
to identify markers significantly associated with salt tolerance,
thereby facilitating salt-tolerance breeding in wheat by MAS.
The panel used in the present study showed a high genetic
diversity of salt tolerance, consisting of landraces, advanced
lines, and released cultivars from different ecological regions and
countries (Table 1).

It has been reported that the biomass parameters of RSFW,
RRFW, RSDW, and RRDW have been used together to determine
salt tolerance under abiotic stress in previous studies (Zhao et al.,
2010; Liu et al., 2018). RRL and RSH were also taken as important
indicators to show plant salt tolerance in numerous studies
(Hasan et al., 2017; Liu et al., 2018; Fizy et al., 2019). Moreover,
the agronomic characters are always the primary targets in plant
breeding (Zeng et al., 2003). In addition, shoot Na content and
Na/K ratio were also considered as two of the key determinants
for plant salt tolerance (Liang et al., 2018). Thus, these characters
were used to identify QTLs for salt tolerance in the present
study. Salt tolerance at seedling stage is important because
the initial plant growth will affect the final production. Our
study demonstrated large variation in various parameters among
different wheat varieties at seedling stage under salinity stress
(Table 1). The salt-tolerance index was employed for GWAS, as
it is considered a reliable measure for assessing salt tolerance,
which permits the control for background effects among different
genotypes (Karan and Subudhi, 2012; Long et al., 2013; Kan
etal., 2015). Significant genetic variations for the agronomic traits
measured and shoot Na contents and Na/K ratio in this panel
indicated the possibility of genetic improvement of salt tolerance
(Yong et al., 2015; Oyiga et al., 2018).

The diverse panel consisted of 317 wheat accessions
originating from 10 countries and could belong to three unique
subgroups (Figure 1). The subgroups were generally consistent
with geographic origins and pedigrees. For example, the CA1005,
CA1062, and the CA1133 shared the common parent of Jing
411 in subgroup I; the released wheat cultivars Zhongmai 871,
Zhongmai 875, and Zhongmai 895 were derived from Zhoumai
16, clustered with Zhoumai 16 in subgroup II; the Xiaoyan 54
and Xiaoyan 81 were clustered with Xiaoyan 6 in the subgroup
III. To avoid spurious MTAs caused by population structure and
kinship, MLM model (Q + K) based on Tassel v5.1 was adopted
for association analysis (Zhao et al., 2007; Stich et al., 2008; Long
etal., 2013). The LD decay is influenced by population structure,
allele frequency, recombination rate, etc., and affects the precision
of GWAS. Previous studies have been reported that LD decay
in common wheat ranged between 1.5 and 15 cM using SSR,
DArT, or SNP markers and various in landraces and cultivars
(Liu et al, 2017), which showed a longer LD decay distance
(Breseghello and Sorrells, 2006; Liu et al., 2017; Akram et al,,
2020). Most of the accessions used in our study originated from
the released cultivars and the improved cultivars. In this panel,
the LD decay distance was approximately 3 Mb for the whole
genome, in accordance with the previous studies (Breseghello and
Sorrells, 2006; Liu et al., 2017; Akram et al., 2020). The marker
densities for the whole genome are higher than LD decay distance
and thus highly reliable for detecting MTAs in the diverse panel
according to Breseghello and Sorrells (2006).

Among 16 QTLs discovered, nine co-associated QTLs
(IAAV8839,  Kukri_rep_c68263_453, RAC875_c25567_1204,
GENE-3440_199, Ku_c15213_388, Ku_c5191_340,
BS00022442_51, BobWhite_c149_3064, and BS00071025_51)
were detected for two or more traits, suggesting that the genetic
mechanisms of salt tolerance are complex. During the past two
decades, more than 50 QTLs/genes for salt tolerance-related
traits in wheat were identified using linkage or association
mapping. Munns et al. (2003) have identified two major genes
for Nat exclusion, named NaxI and Nax2. Of these, Naxl
was located on chromosome 2A and was identified by fine
mapping as an Na™ transporter of the HKT gene family HKT7
(HKT1;4; Huang et al.,, 2006), whereas Nax2 was located on
chromosome 5A and identified as HKT8 (HKT1;5; Byrt et al.,
2007). A locus for Na/K was identified in chromosome 2AS
(182.3 Mb) in this study and is different with the NaxI. Besides,
one locus for K content was identified in the 5B chromosome.
The flanking sequence of the SNP Kukri_c16864_398 and
Tdurum_contig65330_190 was compared with the homologous
gene sequence in 5B, and the result demonstrated that the locus
identified in this study is different with Nax2. Six common loci
were identified in the present study in comparison with the
QTLs detected previously based on the physical map of IWGSC
V1.0 and integrated map of Maccaferri et al. (2015). Li L. et al.
(2020) have found 269 associated loci on all 21 chromosomes
in wheat for salt-responsive traits based on GWAS in a diverse
panel of 323 wheat accessions and 150 doubled haploid lines;
these overlapped with Excalibur_c112015_118 (RSH, 1B),
Ku_c956_1797 (RSH, 1B), IAAV8839 (RRFW, RRDW, and
RSDW, 1D), Kukri_c16864_398 (RK, 5B), BobWhite_c46250_98
(Na/K, 7A), and BS00071025_51 (RSDW and RSDW, 7B) in the
present study. Oyiga et al. (2018) have identified a hub locus on
chromosome 5B was simultaneously associated with germination
vigor and index of dry root weight under different salt stress
conditions by GWAS corresponding to Kukri_c16864_398 for
RK content in our study. Also, this locus was identified for
germination rate under salt stress by Li L. et al. (2020). The
results confirmed that GWAS is a powerful and reliable tool for
identification of complex quantitative genes. The alignment of
several loci for salt tolerance-related traits with previous studies
also serves as a validation of the accuracy and powerfulness of the
GWAS. The remaining 10 loci located on chromosomes
2A  (Tdurum_contigl1803_306 and Ku_cI217 312), 5A
(BS00027465_51), 5B (RAC875_c25567_1204, GENE-
3440199, and Ku_c15213_388), 6B (Ku_c5191_340), and 7A
(BS00022442_51, BS00040929_51, and BobWhite_c149_3064)
are likely novel, which may contribute to uncover the genetic
mechanism of salt tolerance, and provide more opportunities
for MAS breeding.

To identify candidate genes for the loci of salt tolerance,
the sequences of SNPs associated with salt tolerance-related
traits were used to BLAST against the National Center for
Biotechnology Information. In total, five candidate genes were
identified (Table 4). The SNP marker Tdurum_contigl1803_306
on chromosome 2AL corresponded to kinase family protein with
2.89 Mb, which may play crucial role in plant responses to salt
stress by regulating the hypersensitivity to Na* and superfluous
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accumulation of Na‘t (Liang et al, 2018). Marker GENE-
3440_199 on chromosome 5B corresponded to E3 ubiquitin-
protein ligase-like protein with 1.96 Mb, which plays an
important role in plant growth and development (Cyr et al,
2002; Craig et al, 2009). It has been reported that the E3
ubiquitin protein ligase was involved in the regulation of the
development of shoot and roots under abiotic stress (Guerra et al.,
2012; Wang et al., 2020). Marker Ku_c5191_340 on chromosome
6B and BS00022442_51 on chromosome 7A corresponded to
transmembrane 9 superfamily member with 2.31 Mb and
transmembrane protein with 2.98 Mb, respectively. Various
transmembrane transporters, such as H*/glycerol symporters,
Na®/H* antiporters, and the P-type ATPases HWENA1/2, either
directly or through the electrochemical driving force of the
proton gradient to respond to the salt stress in plants (Montpetit
et al., 2012). In addition, many NaxI and Nax2 (HKTI1;4 and
HKTI;5) genes, well known as Na™ transporter genes, have been
cloned and demonstrated to contribute to leaf Nat exclusion
and salt tolerance in wheat (Byrt et al., 2007, 2014; Tounsi
et al., 2016). Kukri_rep_c101126_469 on 6B encoded leucine-
rich repeat receptor-like protein kinase family protein with
1.32 Mb, which may trigger multiple physiological pathways
(Montenegro et al., 2017).

For crops, we are concerned with yield much more than other
characters. Biomass yield is often taken as a salt tolerance-related
indicator because of its permission of the direct estimation of
economic return under salt stress (Munns and James, 2003).
Thus, in this study, biomass was considered the most important
parameter related to growth under salt stress at seedling stage.
The number of favorable alleles showed a significant positive
effect on RSDW by the linear regression analysis, suggesting that
pyramiding of favorable alleles may favor plant salt tolerance.
Nine of the 16 loci were identified for two or more traits and
should be applicable for MAS breeding. Some accessions with
higher salt tolerance and relatively more favorable alleles, such
as Xinong 291, Lumai 14, Wengnong 5, and Bima 4, should be
excellent germplasms for breeding.

CONCLUSION

In this study, a GWAS for salt tolerance in a diversity panel was
conducted with the 90 K SNP chip. In total, 16 loci explained
6.3 to 18.6% of the phenotypic variations, demonstrating that
GWAS can be used as a powerful and reliable tool for dissecting
complex traits in wheat. The markers and accessions identified
in this study can be used as valuable markers and excellent
parent materials for salt tolerance breeding. This study improves
our understanding of the genetic architecture of salt tolerance
in common wheat.
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Nanjing, China, 2 Agronomy Department, Faculty of Agriculture, Minia University, Minia, Egypt, ° Agronomy Department,
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Understanding the genetic mechanism underlying seed size, shape, and weight
is essential for enhancing soybean cultivars. High-density genetic maps of two
recombinant inbred line (RIL) populations, LM6 and ZM6, were evaluated across multiple
environments to identify and validate M-QTLs as well as identify candidate genes
behind major and stable quantitative trait loci (QTLs). A total of 239 and 43 M-QTLs
were mapped by composite interval mapping (CIM) and mixed-model-based composite
interval mapping (MCIM) approaches, from which 180 and 18, respectively, are novel
QTLs. Twenty-two QTLs including four novel major QTLs were validated in the two
RIL populations across multiple environments. Moreover, 18 QTLs showed significant
AE effects, and 40 pairwise of the identified QTLs exhibited digenic epistatic effects.
Thirty-four QTLs associated with seed flatness index (FI) were identified and reported
here for the first time. Seven QTL clusters comprising several QTLs for seed size,
shape, and weight on genomic regions of chromosomes 3, 4, 5, 7, 9, 17, and 19 were
identified. Gene annotations, gene ontology (GO) enrichment, and RNA-seq analyses of
the genomic regions of those seven QTL clusters identified 47 candidate genes for seed-
related traits. These genes are highly expressed in seed-related tissues and nodules,
which might be deemed as potential candidate genes regulating the seed size, weight,
and shape traits in soybean. This study provides detailed information on the genetic
basis of the studied traits and candidate genes that could be efficiently implemented by
soybean breeders for fine mapping and gene cloning, and for marker-assisted selection
(MAS) targeted at improving these traits individually or concurrently.

Keywords: Glycine max, QTL mapping, QTL clusters, marker assisted breeding, epistatic interactions, candidate
genes
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Validation of Soybean Seed Traits QTLs

INTRODUCTION

Soybean (Glycine max L. Merr.) is one of the most important
food crops, being a rich source of dietary protein (69%) and
providing over 50% edible oil globally, and has a significant
role in health and biofuel (Hoeck et al., 2003). Besides
improving soil fertility by integrating atmospheric nitrogen in
the soil through a synergistic interaction with microorganisms,
because of its high nutritional value, soybean is used in
human food and animal feed (Wang et al., 2019). Throughout
the last five decades, soybean production in China slightly
increased. To meet domestic demands, China imports almost
80% of its requirements of soybean; therefore, improving
soybean production is a major aim of soybean breeders
to make the country self-sufficient (Liu et al., 2018). Most
plant breeders are targeting yield-related traits to improve
soybean production.

Seed size is an essential trait in flowering plants and plays
a critical role in adaptation to the environment (Tao et al,
2017). However, these traits are complex quantitative traits
regulated by polygenes and strongly influenced by environment
and genotype x environment (G x E) interaction, and hence
it is more difficult to select for based on phenotype (Yao
et al., 2014). All soybean varieties developed in tropical and
subtropical countries have small seed size compared to the
temperate-region varieties. Besides, seed size, shape, and weight
are important seed quality traits with significant influence on seed
use (Basra, 1995; Teng et al., 2017; Wu et al,, 2018). A positive
correlation between seed size/weight and seed yield has been
reported in several studies. Seed size/weight revealed a positive
association with seed germination capability and vigor, thereby
significantly affecting the competitive capability of the seedling
for nutrient and water resources and light, hence enhancing stress
tolerance (Edwards and Hartwig, 1971; Haig, 2013). Dissecting
the genetic factors underlying seed size, shape, and weight and
their relationship to the ambient environment is essential for
improving soybean yield and quality-related traits. In addition,
understanding the additive and additive x environment (AE)
effects of quantitative trait loci (QTLs) and their contribution to
the phenotypic variations would facilitate the application marker-
assisted selection (MAS) because it will prominently lead the
breeders in the QTL selection and expectation of the outcomes
of MAS (Jannink et al., 2009).

A major aim of utilizing linkage mapping in plant breeding
is to deepen our understanding of the inheritance and genetic
architecture of quantitative traits and detect markers that can be
employed as indirect selection tools in plant breeding (Bernardo,
2008; Abou-Elwafa, 2016a). In this regard, QTL mapping has
been regularly used for detecting the QTL/gene underlying the
quantitative traits such as seed size, shape, and weight in crop
plants. As known, parental diversity and marker density greatly
influence the accuracy and precision of QTL mapping. Besides,
the population size used in most of the previously published
reports for genetic mapping studies usually varied from 50
to 250 individuals; however, larger populations are needed for
high-resolution mapping. A high-density genetic map facilitates
the detection of closely linked markers associated with QTLs

and provides an effective base for investigating quantitative
traits (Mohan et al.,, 1997; Galal et al., 2014; Tewodros and
Zelalem, 2016). The statistical difference between phenotypic
data obtained from various environments could enhance the
accuracy to detect QTL position (Zhao and Xu, 2012). Previous
studies identified important seed size and shape QTLs, which
were also associated with hundred seed weight (HSW); however,
most of the studies used low-density genetic maps based
on restriction fragment length polymorphism, simple-sequence
repeat markers, and biochemical and morphological markers
which have a large confidence interval with a low resolution
of QTLs that are not suitable for candidate gene identification
(Bernardo, 2008; Han et al, 2012; Abou-Elwafa, 2016a,b).
Therefore, it is crucial to employ high-density genetic maps
to detect more new recombination in a population, which
will increase the accuracy of QTL mapping, candidate gene
identification, and MAS (Mahmoud et al., 2018; Cao et al., 2019;
Hina et al., 2020). Recent advances in genetic and genomic
tools and approaches have facilitated the identification of QTLs
associated with various agronomic traits in different crop species,
including soybean, and the identification of candidate genes
underlying these genomic regions (Peterson et al., 2012; Sun
et al, 2012; Xie et al, 2018; Zhang F. et al, 2019; Hina
et al, 2020; Kajiya-Kanegae et al,, 2020). Although epistatic
interaction has a stronger effect on inbreeding depression,
heterosis, adaptation, speciation, and reproductive isolation (Ma
et al., 2015), previous studies focused mostly on identifying
main-effect QTLs associated with seed sizes, shapes, and 100-
seed weight in soybean. To date, at least 441, 52, and 297
QTLs for seed size, shape, and HSW have been reported' based
on various genetic contexts, advances in marker technology,
statistical methods, and multiple environments. However, most
of these QTLs are minor (R* < 10%), not stable, and with
larger genomic regions/confidence intervals (Han et al., 2012;
Hu et al, 2013; Kato et al.,, 2014). Recently, there have been
limited studies on detecting QTLs with epistatic effects and their
interactions with the environment (QEs) (Panthee et al., 2005;
Zhang et al,, 2011, 2018; Liang et al., 2016). Knowledge about
the molecular mechanisms underlying soybean seed size, shape,
and weight is still limited. So far, only two seed sizes/weight-
related genes have been cloned and characterized from the
soybean, i.e., the Glyma20g25000 (In) gene that has a significant
impact on seed size and number of seeds per pod (Jeong et al.,
2012) and the PP2C-1 gene that enhances seed size/weight
(Lu et al, 2017). Therefore, it is essential to identify major
and stable QTLs and candidate genes related to seed size,
shape, and weight to improve our understanding of genetic
mechanisms controlling these important traits in soybean (Kato
et al, 2014; Zhang et al., 2018). The present study aimed
to (i) map main-effect QTLs (M-QTLs), additive x additive
(AA) QTLs, and QE for seed size, shape, and weight traits;
(ii) employ two QTL mapping approaches to validate the
identified QTLs in two mapping populations across multiple
environments; (iii) analyze the epistatic QTL pairs and their
interactions with the environment for further utilization of
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these QTLs in soybean genetic improvement; and (iv) mine
potential candidate genes for the major (R* > 10%) and stable
(identified across multiple environments or populations) QTLs.
We hypothesize that the results of this study would provide
comprehensive knowledge on the genetic bases for these traits
and mined candidate genes would serve as a foundation
for functional validation and verification of some genes for
seed size, shape, and weight in soybean. Besides, the results
would be useful for the application of marker-assisted breeding
(MAB) in soybean.

MATERIALS AND METHODS

Plant Materials and Experiments

Two recombinant inbred line (RIL) populations, i.e., ZM6 and
LMBS6, comprising 126 and 104 lines, respectively, were used in the
present study. The two populations were developed by single seed
descent (SSD) from crosses between the genotypes Zhengyang
(Z) and Linhefenqingdou (L) as female parents and the M8206
(M6) genotype as the male parent. The two female parents,
Z and L, have an average 100-seed weight of 17.1 and 35 g,
respectively, whereas the male parent has an average 100-seed
weight of 13.7 g.

The two RIL populations along with their parents were
evaluated for seed size, shape and HSW across multiple
environments. Experiments were conducted in the Jiangpu
Experimental Station (33° 030’ N and 63° 118 E), Nanjing,
Jiangsu Province, in the 2012, 2013, 2014, and 2017 growing
seasons (designated as 12JP, 13]JP, 14JP, and 17]JP, respectively),
the Fengyang Experimental Station, Chuzhou, Anhui Province
(32° 870’ N and 117° 560" E), in the 2012 growing season
(designated as 12FY), and the Yancheng Experimental Station,
Yancheng, Jiangsu Province (33° 410° N and 120° 200
E), in 2014 (designated as 14YC). Plants were sown in
June and harvest was done in October of the same year.
Experiments were designed in a randomized complete blocks
design (RCBD) with three replications. The experimental plot
was one row of 2-m-long at 5-cm plant-to-plant distance
and 50-cm row-to-row distance. Planting and post-planting
operations were carried out following the recommended
agronomic practices.

Phenotypic Evaluation and Statistical
Analysis

Eight seed-related traits including seed length (SL), seed width
(SW), seed thickness (ST), seed length/width (SLW), seed
length/thickness (SLT), seed width/thickness (SWT), flatness
index (FI), and 100-seed weight (HSW) were evaluated in LM6
and ZM6 populations under all environments. Phenotypic data
were measured and recorded according to standard procedures
(Tomooka et al., 2002; Cheng et al., 2006). In brief, seeds
harvested from 10 guarded plants in the middle of each row
were used for estimating SL, SW, ST, and HSW. The SL was
measured as the longest dimension over the seed equivalent to
the hilum. SW was measured as the longest dimension across
the seed vertical to the hilum. ST was measured as the longest
dimension from top to bottom of the seed. The SL, SW, and ST
were estimated in millimeters (mm) using the Vernier caliper
instrument, according to Kaushik et al. (2007) (Figure 1). Seed
shape was identified by calculating three different ratios, i.e.,
SL/SW (SLW), SL/ST (SLT), and SW/ST (SWT), and FI. The
ratios between the SL, SW, and ST were estimated from the
individual values of the length, width, and thickness of the seeds
according to Omokhafe and Alika (2004), while FI was calculated
following the formula elaborated by Cailleux (1945) and Cerda
and Garcia-Fayos (2002) to describe seed shape:

_(L+W)
Too2T

where L is the SL, W is the SW, and T is the ST.

It extended from a value of 1 for the round seeds to more than
2 for skinny seeds. The HSW was expressed as an average of five
measurements of 100 randomly selected seeds.

Descriptive statistics of the seed size, seed shape, and HSW
traits were calculated using the SPSS software, version 24°.
Analysis of variance (ANOVA) for each environment and the
combined overall environments (CE) was performed using the
PROC GLM procedure in SAS software based on the random
model (SAS Institute Inc. v. 9.02, 2010, Cary, NC, United States).
Broad-sense heritability (h?) in individual environments was
estimated as:

FI

W = og/(og+o;)

Zhttp://www.spss.com

SW

SL

FIGURE 1 | Measuring seed width (SW), length (SL), and thickness (ST).

ST
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whereas in the CE h? was estimated as follows:
2 2,02 2 2
h® = cg/(og—i—cge/n—l—ce/nr)

where ozg, o2,, and 0_de are the variance components
estimated from the ANOVA for the genotypic, error, and
genotype X experiment variances, respectively, with r as the
number of replicates and n as the number of environments.
All the parameters were assessed from the expected mean
squares in ANOVA. The Pearson correlation coefficient (r)
between seed size, seed shape, and HSW traits was calculated
from the mean data using the SAS PROC CORR with
data obtained for CE (average across environments) for
each population.

Construction of Genetic Maps and QTL
Analysis

Genetic map information was obtained from the National Center
for Soybean Improvement, Nanjing Agricultural University.
High-density genetic maps of the ZM6 and LM6 populations
comprise 2601 and 2267 bin markers by using the RAD-seq
technique, respectively (Supplementary Table 1), which were
constructed as previously reported (Karikari et al., 2019; Zhang X.
etal., 2019). The total lengths of the ZM6 and LM6 genetic maps
were 2630.22 and 2453.79 cM, with an average distance between
the markers 1.01 and 1.08 cM, respectively (Supplementary
Table 1). The average marker per chromosome was 130 and 113
for the ZM6 and LM6 maps, respectively, with average genetic
distances per chromosome of 131.51 and 122.69 cM, respectively
(Figure 2 and Supplementary Table 1).

Mapping of Main- and Epistatic-Effect
QTLs

The WinQTLCart 2.5 software (Wang et al., 2006) was employed
to identify the M-QTLs using the average values of seed
size, seed shape, and 100-seed weight from the individual
environments and overall environments with the composite
interval mapping model (CIM) (Zeng, 1994). The software
running features were 10 ¢cM window size, 1 ¢cM running
speed, the logarithm of odds (LOD) (Morton, 1955) threshold
which was computed using 1000 permutations because of an
experiment-wide error proportion of P < 0.05 (Churchill and
Doerge, 1994), and the confidence interval which was determined
using a 1-LOD support interval, which was controlled by
finding the local on the two sides of a QTL top that is
compatible with a reduction of the 1 LOD score. QTLs detected
within overlapping intervals in different environments were
considered the same (Qi et al., 2017). To identify the genetic
effects of the QTLs, i.e., additive QTLs, additive x additive
(AA), AE, and AA x environment (AAE), the mixed-model-
based composite interval mapping (MCIM) procedure was
employed in the QTLNetwork V2.1 software (Yang et al,
2008). The critical F-value was calculated by a permutation
test with 1000 permutations for MCIM. The effects of QTLs
were assessed using the Markov Chain Monte Carlo (MCMC)
approach. Epistatic effects, candidate interval selection, and

FIGURE 2 | The genetic linkage map of two soybean RIL populations. (A) The
genetic linkage map for the LM6 population, and (B) the genetic linkage map
for the ZM6 population. Map distances are shown in centimorgans (cM).

putative QTL detection were estimated with an experiment-
wide error proportion of P < 0.05 (Yang et al, 2007;
Xing et al., 2012).

In silico Identification of Candidate
Genes

QTLs identified in two or more environments with an
R?> > 10% were considered as stable and major QTLs (Qi
et al., 2017). Genomic regions with several M-QTLs related
to different studied traits were identified as a QTL cluster.
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The Phytozome® and SoyBase (see text footnote 1) online
platform repositories were employed to retrieve all model
genes within the physical interval position of the QTL clusters.
Potential candidate genes were identified based on gene
annotations (see text footnotes 1 and 3) and the reported
putative function of genes implicated in these traits. Gene
ontology (GO) enrichment analysis was performed for the
identified candidate genes within each QTL cluster region
using AgriGO V2.0* (Tian et al, 2017). Gene classification
was then carried out using the Web Gene Ontology (WeGO)
Annotation Plotting tool, Version 2.0 (Ye et al, 2006). The
publicly available RNA-Seq database on the SoyBase website
was used to analyze the expression of the candidate genes
in various soybean tissues and developmental stages. A heat
map to visualize the fold-change patterns of these candidate
genes was constructed using the TBtools_JRE 1.068 software
(Chen C. et al., 2020).

RESULTS

Phenotypic Variations in RIL Populations

in Multiple Environments

All measured (SL, ST, SW, and HSW) and calculated (SLW, SLT,
SWT, and FI) phenotypic traits exhibited significant differences
among the three parental lines across all environments as
indicated by the ANOVA (Supplementary Tables 2 and 3).
ANOVA revealed that all studied traits were significantly (P < 0.
001 or <0.05) influenced by the environment, genotypes,
and the genotype x environment interaction (Supplementary
Tables 4, 5), indicating the differential response of the
genotypes to the changes in environmental cues. The two
populations showed continuous phenotypic variations in all
studied traits, implying a polygenic inheritance of these
traits (Figure 3). The differences in mean phenotypic values
among the three parental lines for seed size, seed shape,
and HSW traits were constantly high across all studied
environments, and their multi-environment means for both
populations (Figure 4). Compared to the male parent, the female
parent of the LM6 population, Linhefenqingdou, exhibited
an average increase of 27.80, 28.19, 31.10, and 41.37% in
SL, ST, SW, and HSW, respectively. Meanwhile, in the
ZM6 population the female parent Zhengyang surpassed the
male parent M8206 by an average of 11.00, 9.66, 7.65, and
17.53% in SL, ST, SW, and HSW across all environments,
respectively (Figure 4, Supplementary Tables 2, 3). In both
populations, several lines overstep their parents in both
directions in all studied traits across all environments, suggesting
the occurrence of transgressive segregations within the two
populations (Figures 3, 4). The broad-sense heritability (h?)
under individual environments ranged from 66.75 to 98.08%,
64.39 to 95.72%, and 81.45 to 99.36% for seed size, HSW,
and seed shape, respectively (Supplementary Tables 2, 3).
Meanwhile, 42 under combined environments (CE) ranged

3http:/phytozome.jgi.doe.gov
“http:/systemsbiology.cau.edu.cn

from 78.25 to 87.31%, 65.70 to 90.80%, and 92.95 to 95.72%
for seed size, shape, and HSW, respectively. The correlation
coefficient (r?) among SL, ST, and SW exhibited significant
positive correlations with each other and with two of the
seed shape traits (SLT and SLW) in both populations with
2 values ranging from 0.79 to 0.91. Meanwhile, SL, ST,
and SW exhibited significant negative correlations with the
other two seed shape traits (SWT and FI) (Supplementary
Table 6). Except for the correlation between SLW and
SWT, all the seed shape traits showed significant positive
correlations with each other in both populations with 2
values ranged from 0.33 to 0.95. All seed size traits, i.e.,
SL, SW, and ST, showed significant positive correlations
with HSW with r?> values ranging from 0.29 to 0.70 in
both populations.

Validation of Identified QTLs Employing

Two Mapping Approaches

A total of 92, 99, and 48 M-QTLs associated with seed
size, seed shape, and HSW, respectively, were mapped
by the CIM approach (Supplementary Tables 7-9).
Meanwhile, forty-three QTLs were identified for seed size,
shape, and HSW by using MCIM approach (Tables 1, 2).
Among these, 22 QTLs were identified and validated by
both approaches within the same physical chromosomal
position, indicating the dependability and stability of these
QTLs. A comparison of the physical chromosomal regions
of the QTLs detected by both approaches revealed the
identification and validation of four QTLs, ie., gSL-7-Irps6,
qSW-19-21 06, qFI-3-1ppm6, and qHSW-3-2pp6, for the first
time in the two populations (LM6 and ZM6) with an
R? > 10%. Therefore, we considered these QTLs as novel
stable and major QTLs that could be used for map-based
cloning, candidate gene identification, and QTL stacking
into elite cultivars targeted at improving seed size, shape,
and HSW in soybean.

Identification of the Main Effects of the

Stable Additive Seed Size QTLs

A total of 92 M-QTLs were mapped for seed size-related
traits, i.e., SL, SW, and ST, on all soybean chromosomes,
except chromosomes 1 and 12, with LOD scores and R? values
ranging from 2.5 to 10.3 and 5.0 to 19.7%, respectively, in the
two populations (Supplementary Table 7 and Supplementary
Figures la-c). Out of these, 30 M-QTLs for SL, 35 for SW,
and 27 for ST with alleles underlying QTLs inherited from
either of the parents. Seventy-two M-QTLs were mapped in
one environment while the remaining 20 were mapped within
overlapping regions in at least one environment with or without
CE. Forty-seven QTLs exhibiting R?> > 10% were considered
as major QTLs. The most prominent QTL was the gSW-17-
21m6 (LOD = 6.70-10.29, and R? = 16.60-18.30%), which was
detected within the physical position 6,844,412-9,645,325 bp
in 14JP and CE (Figure 5b). Likewise, the gSL-10-27r6.1.M6
(LOD = 6.08-6.89, and R? = 15.4-17.1% in ZM6 (17JP) and LM6

Frontiers in Genetics | www.frontiersin.org

May 2021 | Volume 12 | Article 666440


http:/phytozome.jgi.doe.gov
http:/systemsbiology.cau.edu.cn
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Elattar et al.

Validation of Soybean Seed Traits QTLs

A
X o
1 9.0 2 80 £ 13
_— -3
E T 85 £ £
£ 9 £ s0 @ 7.01 3 124
) < o s
H 5 75 é 6.5 _a
-4 8 £ i 114
T 2 70 £ 60 5
2 2 T 55
& 4 & 65 & 3 10
Y 504 & "
6.0 . . : . , . -
FY12 P12 P14 IP17 FY12 P12 P14 IP17 FY12 P12 P14 IP17
2 g 135 1.45 30
€15/ < 1301 1.40 - .
8 & 1.25] x )
2 gt 3 135 225 .
2 $ 120, 2 130/ 2
£ E s 8 3 |
< 1.34 e e ] 1.25- 3 20
El 3 110 = ] 4 1
g 2 ® 1.20 S
3 1.2 3 1.054 w - k3
3 7 k- 115 15 €
&1 = R T — ol : M T -
FY12 P12 P14 IP17 FY12 P12 P14 IP17 FY12 P12 P14 IP17 FY12 JP12 JP13 JP14YC14 JP17
Environment Environment Environment Environment
1.30
9.0 7.5 £
: - E 654 & 1.25
E 85 T 70 £ £
E E 2 | 2 1.20
£ 8.0 = 651 g 60 E
1) = = £
g 5 e 5115
8 751 5 6.0 E55 E
2 70 3 55 3 % 3 M0
8 [ @ 5.0 . s A
651 : ; . 50 y - ; . : . : . 1051 " .
FY12 JP12 JP14  JP17 FY12 JP12 JP14 JP17 FY12 JP12 JPW4 JPI7 FY12  JP12
S 164 S 135 20
K] & ER 18
@ 9 130 P
8151 @ S 16
£ 125 2
el s =
E 14 E 1.20 §
B 3 8 124
5134 £115 s =
: 3 % °”° 10 <2
& o2
812 & 110 2 = 8 s
FY12 JP12 JPW4  JP17 FY12 JP12 JPH4 FY12 JP12 JP14  JPIT FY12 JP12 JP13 JP14 JP17 YC14
Environment Environment Environment Environment
FIGURE 3 | Boxplot for seed size, seed shape, and 100-seed weight traits. The black line in the middle of the box shows the median, the white box indicates the
range from the lower quartile to the upper quartile, and the dashed black line and yellow dots represent the dispersion and frequency distribution of the phenotypic
data in each of the six environments, i.e., 12FY, 12JP, 13JP, 14JP, 14YC, and 17JP, while (A,B) represent LM6 and ZM6 populations.

(14JP) populations) was located to the physical position between
41,454,163 and 43,944,243 bp.

Main Effects of the Stable Additive Seed

Shape QTLs

In total, 99 M-QTLs related to seed shape traits (SLT, SLW, SWT,
and FI) were mapped to 19 soybean chromosomes excluding
chromosome 2 in both populations across four environments
and the CE with LOD scores of 2.50-10.44 and R of 5.12-
31.56% by the CIM approach (Supplementary Table 8 and
Supplementary Figures 1d-g). From the 99 M-QTLs, 22, 33, 11,
and 22 were detected for SLT, SLW, SWT, and FI, respectively
(Supplementary Table 8). Among them, 71 M-QTLs were
detected in multiple environments, while 28 were mapped in

at least one environment either with or without the CE. Eight
M-QTLs for SLW (qSLW-3-21 6, qSLW-5-3zp6,1m6> qSLW-9-
3rme,zme> GSLW-13-47p16, 16> QSLW-15-11016, QSLW-15-3 1165
qSLW-16-27p16, and qSLW-16-3zp16) were mapped in at least
one environment with or without the CE. Similarly, seven
M-QTLs for SLT (qSLT-1-31m6, qSLT-5-3zp6, qSLT-11-1pp:6,
qSLT-13-11m6> qSLT-14-11 06, qSLT-16-11M65 and qSLT-20-1z7p6)
were mapped in at least one environment with or without the
CE (Supplementary Table 8 and Supplementary Figure le).
Likewise, four M-QTLs (qgSWT-8-1rms, qSWT-11-27p6, 106>
qSWT-13-1zp16, and gSWT-17-1zp16) were mapped for SWT in at
least one environment with or without the CE (Supplementary
Table 8 and Supplementary Figure 1f). Also, a total of 10
M-QTLs (gFI-1-1zp6, qFI-1-2zMm6.1M6> qFI-1-31m6,  qFI-1-
4zme,LM6> qFI-3-11m6> qFI-3-3zm6, qFI-5-27pm6, qFI-11-11M6,
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FIGURE 4 | Performance of the parents of the two RIL populations, i.e., LINHE and M8206 (A) and Zhengyang and M8206 (B) along with the two derived RIL
populations, LM6 and ZM8, respectively for seed size and shape traits as well as 100-seed weight among multiple environments. 12JP, 13JP, 14JP, and 17JP
indicate phenotyping at the Jiangpu Experimental Station in the 2012, 2013, 2014, and 2017 growing seasons, respectively. 12FY indicates the Fengyang
Experimental Station, Chuzhou in the 2012 growing season. 14YC indicates the Yancheng Experimental Station in 2014. SL, seed length (mm); SW, seed width
(mm); ST, seed thickness (mm); SLW, seed length to width ratio; SLT, seed length to thickness ratio; SWT, seed width to thickness ratio; Fl, flatness index; HSW,

100-seed weight (g).

qFI-14-11p6, qFI-17-17p6, and qFI-20-17)y6) were considered
as stable QTLs as they were detected in multiple environments.
Several physical regions which harbored at least two seed
shape-related traits were identified, e.g., the chromosomal
region between 1,730,667 and 3,014,518 bp on chr01 harbors
qSLT-1-2zp6, qSWT-1-1zp6, and  qFI-1-2zp6.1m6, and  the
chromosomal region between 4,946,300 and 35,955,471 bp on
chr01 which comprises gSLT-1-31p6, gSWT-1-21p16, and qFI-1-
3rm6 (Supplementary Figure 2 and Supplementary Table 8).
Two M-QTLs (gSLW-3-21p6 and qFI-3-11pp6) located to the
physical region between 1,509,548 and 3,515,594 bp on chr03.
The QTLs qSLT-5-3zp6, qFI-5-27p6, and qSLW-5-37p6,1M6
reside the physical region between 38,035,798 and 41,186,985 bp
on chr05 (Supplementary Figure 2 and Supplementary
Table 8) The qSLT-l]-lLM6 and qFI'll'lLM6, qSLT—13-1LM6,
qSLW-13-4zp6,1M6 and qSWT-13-1zy6, and  qFI-14-1pp6,
qSLT-14-11p6 and qFI-14-1rp6 were located to the physical
regions of 17,145,381-23,469,672, 33,303,067-39,562,563, and
3,468,251-8,668,367 bp on chrll, chrl3, and chrl4, respectively

(Supplementary Figure 2 and Supplementary Table 8). The
qSLW-16-2zp6, qSLT-16-1106 and gSLW-16-3zp6, gFI-17-17p6
and gSWT-17-1zp16, and gqSLT-20-17p16 and qFI-20-17p16 were
located to the chromosomal regions of 26,903,205-31,959,397 on
Chrl6, 40,207,655-41,672,092 bp on Chrl7, and 1-1,115,156 bp
on Chr20, respectively (Supplementary Figure 2 and
Supplementary Table 8).

Main Effects of the Stable Additive Seed

Weight QTLs

A total of 48 M-QTLs for HSW were detected, from which 27
were detected in a specific environment and 21 were mapped in
at least one environment with or without the CE (Supplementary
Table 9 and Supplementary Figure 1h). The LOD scores and
R? values of these M-QTLs ranged from 2.51 to 10.61 and 4.8
to 24.5%, respectively. The highest number of M-QTLs (six
QTLs) was mapped on Chr 04 followed by Chr10 with five
M-QTLs, and the lowest number of one M-QTL was mapped
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TABLE 1 | 1 QTL naming followed nomenclature g for quantitative trait locus, trait name seed size [seed length (SL), thickness (ST), and width (SW)] and seed shape [length to-thickness (SLT), length-to-width (SLW),
width-to-thickness (SWT) ratios, and flatness index (Fl)] followed by chromosome number, number of QTLs detected on each chromosome for each trait and subscripted by name of recombinant inbred line population
(LM6 and ZM8). 2 Genetic position of QTL (cM). 3 Additive effect (A) and phenotypic variation explained by QTL(PVE). 4 Additive by environment effect in FY2012 (AE1); JP2012 (AE2); JP2014 (AE3); and JP2017 (AE4).

QTL! Marker interval Position (cM)? Physical position (bp) Additive - effect (A)® Additive x environment effect (AE)* References

A H2% AE1 AE2 AE3 AE4 H2%
qSL-7-11m6 bin744-bin745 15.25 3,324,836-3,459,470 0.16™* 17.45 NS NS NS NS 0.07 Huetal., 2013
gSL-13-61 6 bin1535-bin1536 140.15 43,244,220-44,026,619 0.13* 6.08 NS NS NS NS 0.28 Salas et al., 2006
qSW-13-5 6 bin1536-bin1537 143.04 43,953,331-44,408,971 0.51* 10.52 0.18* -0.18* 0.16* 0.21** 0.15 Salas et al., 2006
qSW-19-2 6 bin2100-bin2101 42.57 34,493,194-34,882,495 0.18** 19.47 —-0.13* -0.11* 0.06* 0.09* 0.18 New
gST-9-5, 16 bin1022-bin1023 51.88 7,308,659-7,459,924 0.12* 8.6 NS NS NS NS 0.038 Salas et al., 2006
qST-18-41 6 bin1979-bin1980 43.69 9,222,099-10,402,370 0.06** 11.34 NS NS NS NS 0.07 Fang et al., 2017
qSLT-3-11m6 bin247-bin248 19.49 3,119,582-3,515,594 0.12** 2.67 NS —.22" NS NS 4.93 New
QSLT-14-1/m6 bin1586-bin1587 42.38 7,850,227-8,143,5622 —0.09** 1.96 NS 0.27* NS NS 6.73 Lietal, 2010
qSLT-17-51 6 bin1883-bin1884 70.26 13,441,932-13,696,232 —0.13* 2.41 NS NS NS NS 1.05 New
qSWT-7-5, 6 bin816-bin817 79.69 29,822,346-35,034,728 —0.67* 12.58 NS NS NS NS 1.27 Fang et al., 2017
gFI-3-3m6 bin244-bin245 17.30 2,790,829-2,980,527 0.16™ 11.48 NS NS NS NS 0.13 New
qFl-5-1 6 bin476-bin477 0.21 1-5,29,217 0.17* 21.22 NS NS NS NS 0.15 New
qFl-8-6.m6 bin954-bin955 95.88 35,158,414-37,964,850 0.17** 15.74 0.21* -0.19* 0.14** 0.21* 0.11 New
qFI-9-5, 6 bin1030-bin1031 56.45 20,192,294-27,035,074 —0.13* 4.27 NS NS NS NS 0.21 New
gFI-11-316 bin1290-bin1291 69.93 18,546,688-18,767,705 0.1 2.27 NS NS NS NS 1.47 New
qFl-16-11v6 bin1745-bin1746 1.66 6,97,999-9,08,917 —0.08** 14.74 NS NS NS NS 0.11 New
qSL-1-4z6 bin4—bin5 3.23 7,54,691-1,375,000 0.05* 3.33 NS NS NS NS 0.08 New
gSL-9-2716 bin1174-bin1175 90.55 3,850,7474-38,736,001 0.04* 2.06 NS NS 0.07* NS 2.29 New
qSL-10-1216 bin1236-bin1237 24.62 3,150,454-3,297,961 0.05** 13.67 NS NS NS NS 1.4 New
qSL-10-27 bin1334-bin1335 106.35 44,226,599-44,378,813 0.05* 5.57 —-0.1* 0.06* 0.09* -0.07* 3.58 Lietal, 2010
gSL-12-4z7y6 bin1553-bin1554 97.99 38,615,116-38,812,896 —0.05* 3.17 NS NS NS NS 0.83 New
qSL-13-22116 bin1612-bin1613 71.65 25,830,321-26,065,585 —0.08** 6.17 NS NS NS NS 1.33 Fang et al., 2017
qSL-15-5z75 bin1918-bin1919 85.59 17,503,5617-17,963,129 0.14* 3.56 NS NS NS NS 0.08 Salas et al., 2006
qSW-8-576 bin959-bin960 73.74 11,970,511-12,228,336 0.04* 3 NS NS NS NS 0.65 New
gST-10-5z6 bin1334-bin1335 106.35 44,226,599-44,378,813 0.42** 3.99 NS NS NS NS 3.07 Huetal., 2013
qST-10-6218 bin1336-bin1337 107.17 44,378,814-44,741,960 —0.41* 2.25 NS NS 0.15** NS 3.17 New
qST-13-5z6 bin1609-bin1610 67.36 24,985,496-25,641,179 —0.41* 4.1 0.8 —0.6* —-0.7 0.61* 3.41 New
qST-14-3z6 bin1809-bin1810 104.68 47,489,495-47,717,306 0.04** 2.87 NS NS 0.05** NS 2.42 New
qST-20-1 78 bin2463-bin2464 4.37 6,62,753-1,045,131 —0.06"* 3.78 NS NS NS NS 0.71 New
QSLW-9-476 bin1172-bin1173 89.06 38,139,739-38,507,473 0.99* 2.51 NS NS NS NS 1.25 Lietal, 2010
qSLW-10-22116 bin1275-bin1279 60.40 14,218,565-17,808,941 0.82** 12.74 NS —0.92* 0.95* NS 2.3 New
qSLW-13-57116 bin1653-bin1654 102.63 32,704,220-33,303,066 —0.1* 1.15 NS 0.3** NS NS 3.95 Salas et al., 2006
qSLT-5-3z16 bin600-bin599 93.89 40,328,493-40,882,874 0.013* 11.18 NS NS NS NS 0.32 Salas et al., 2006
qFl-17-6zu6 bin2177-bin2178 130.75 41,009,636-41,399,912 0.06** 14.81 NS NS NS NS 0.6 New
qF1-20-1zus bin2461-bin2462 2.80 1-6,62,752 0.08** 5.45 NS NS 0.12* 0.09* 0.28 New

*p < 0.05; **p < 0.01; NS, non-significant. A indicates additive effects, those with positive values show beneficial alleles from parents Zhengyang and Linhefenqgingdou, while those with negative values show beneficial
alleles from parent Meng 8206.
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5 = 3 to Chr 02, 09, 17, and 18. The most prominent M-QTLs
5 = o 8 2 were gHSW-14-2716, gHSW-10-31 06, and gHSW-10-41 p16 with
= — [}
g = " g 3 s < LOD scores and R? values of 10.61 and 24.50% (Figure 5),
(]
e £ § & 2 K g 7.57 and 17.60%, and 7.20 and 16.90%, respectively. Among
g % g g . § . % : z z § those 21 M-QTLs, gHSW-4-31.m6, zme> gHSW-6-21016, gHSW-
= o 22220222 ¢ 10-11pm6, qHSW-13-17p6, qHSW-15-21016, and gHSW-15-41 16
g2 2 were mapped in at least three environments with an average
£ Tlegyggeor~rog § R? 0f 13.01%.
o = N\ . d - - [9)
c £ T S~ oo+~ o« o | ¢
O © <
= T S - oy
§3 o s s Analysis of Additive-Effect QTLs and
5 |, 822222232 ¢ Additive x Environment QTL Interactions
_ (0]
2 E u g The mixed-MCIM approach implemented in the QTL Network
8 <
5 O 3 o 5 V2.1 software for both RIL populations across multiple
T > 10 ©
2 = % w2 S er 22222 é environments identified 35 AA QTLs on 17 chromosomes related
o< c IS to seven seed size and seed shape traits. These comprise 9, 3, 7,
ot | % d d seed sh Th 9,3,7
5 2 E Y oot oonbo ﬁ 3,4, 1, and 8 A QTLs associated with SL, SW, ST, SLW, SLT,
€5 .g < 223222328 SWT, and FI, respectively, in the LM6 and ZM6 populations
2 = . .
€ g & % across all environments (Table 1). The contributed allele of
é 5 - 2 oo 8 oo D 11 QTLs of them which reduces seed size and seed shape
a T
E% :_% < £2s29=s=72 S values through significant additive effects is inherited from
qgé 3 %’ the M8206 parent. Meanwhile, the contributed allele of the
é 2 g 22222222 2 remaining 24 QTLs, which enhances seed size and shape values
g s 2 through significant additive effects, is inherited from either
o< - N o ook oo s Zhengyang or Linhefengingdou parent of the ZM6 or LM6
8]
%% < g22zz49z % population, respectively (Table 1). Thirteen out of 35 QTLs
3 e 3 revealed significant AE effects in at least one environment.
E% % o ?‘2 However, five QTLs, ie., gSW-13-51pm6, qSW-19-2106, qFI-8-
s 5 o; S § ; i =5 e R & S 61M6> qSL-10-27p6, and qST-13-5zp6, showed significant or
% = % . g highly significant AE among all studied environments (Table 1).
-%ﬁ ! S The influence of AE effects on seed size and seed shape values
i o 3 fr 11 LBy | @ was environmentally dependent (Table 1). Eight AA QTLs
35 = -0 o0 ®m20x-|g
$co 3 TleIgF S S S8 3 associated with HSW were identified on six chromosomes,
o S W > . .
SE < ° ie., Chr 03, 08, 09, 13, 14, and 16, in LM6 and ZM6
g %,’: a N3] g g *§, populations across six environments (Table 2). Six of those eight
=20 o
gy | 8 o s radrr |2 QTLs displayed a positive additive effect with the beneficial
g8 s = % % % 5 & L% E allele that could increase HSW which is inherited from the
4% |8 SIT2YFIT|8 female parents (Linhefenqgingdou or Zhengyang). Meanwhile,
o © v o I © © © O ﬁf 0 < .. .
-7Y 3 Nh SRS § a7 the remaining two QTLs, ie., gHSW-13-3zp6 and qgHSW-14-
g 2y g e § 5 @ 3 © % oy g.g 27Mm6, revealed negative additive effects with the allele that
® T T N N P .
= g% T cEYEL8TN Y i‘j reduces HSW which is inherited from the common male
= j 7 ES parent (Meng8206) (Table 2). Two QTLs associated with HSW,
%%g(‘ﬂ % § ie, qHSW-14-31p6 and qHSW-8-3zp16, displayed significant
832« ¢ IR i o N I I AE effects in two environments, whereas gHSW-13-3zp6
o 9o 5 g - g ﬁ g g 08 h ionifi Iv i . h
o of | B 8o 8RBT T showed a significant AE only in one environment (the 13JP
S ES @ = . ..
=2 8 < environment). The gHSW-14-47p16 QTL revealed significant AE
g £ 5(0-') S effects across three different environments, i.e., 12FY, 12JP, and
~ O
Sto |5 T ganoy § 17JP (Table 2).
s 2 t E 8 £E 508058685805 . . g .
Rl s32371533 28 Validation of QTLs and Identification of
= wl © 5  ©
255 5 S8z 8 Se QTL Clusters
§25 e A chromosomal region comprising several identified M-QTLs
g g %_ ° 6 © © © é ) for different studied seed phenotypic traits was designated as a
—oo (;59 § E ED § N% 5 5 £ § QTL cluster. Accordingly, 24 QTL clusters on 17 chromosomes
« *Gé% o T hHp2IIR ES with the exception to Chr 02, 12, and 18 were identified
32 o R 3% (Supplementary Table 10 and Supplementary Figure 2). Among
22c o 55555555 0% the identified 24 clusters, seven clusters harbored QTLs related
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FIGURE 5 | Position of the most prominent QTL detected by the CIM approach associated with seed size and seed shape traits in the LM6 and ZM6 RIL populations
grown in multiple environments indicated as with E1, FY2012; E2, JP2012; E3, JP2013; E4, JP2014; E5, YC2014; E6, JP2017, respectively, in addition to the
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to seed size, seed shape, and HSW, five clusters harbored
QTLs related only to seed size and seed shape traits, nine
clusters comprised QTLs related to seed size and HSW traits,
and three clusters harbored QTLs for only seed shape traits

(Supplementary Table 10). QTLs within 15 clusters revealed
positive additive effects with the beneficial alleles which are
inherited from the big seed size and heavy seed weight
parents (Zhengyang or Linhefengingdou). Seven out of 24
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clusters contain QTLs that have been detected and validated
in the low RIL populations (Supplementary Table 10). The
most prominent M-QTL (gFI-1-31p16) with a LOD score of
3.71-10.44 and R?> (10.45-31.50%) was located to Cluster-
01. Each cluster comprised a different number of QTLs,
with the highest number of QTLs, i.e., seven, associated with
seed size, shape, and HSW traits which were in cluster-03
at the physical position of 1,509,548-6,780,840 bp allocated
as two QTLs related to seed size (qSL-3-Irme and gSL-3-
21m6)> four QTLs for seed shape (gSLW-3-2 a6, qFI-3-11p65
qSLT-3-11pm6, and qFI-3-21p6), and one QTL HSW (gHSW-
3-I1rm6)- Except for gHSW-3-I1p6, all QTLs in this cluster
were major QTLs (with an R? > 10%). Each of the clusters-
13, 16.2, and 17.1 comprises five to six M-QTLs related to
seed size and HSW traits identified in one of the two RIL
populations and displayed R? values of 8.85-13.43, 5.96-11.26,
and 6.8-18.30%, respectively (Supplementary Figure 2 and
Supplementary Table 10). Another rich region of QTLs was
cluster-20 on chr20 that harbors five seed size and shape M-QTLs,
i.e., qFI-20-1zp6, qSLT-20-1z0m6, qSLW-20-17p6, qST-20-1706,
and gSW-20-1zxs6, from which three are major QTLs with R? of
11.2-19.2% within a physical region of 1.2 Mb (Supplementary
Table 10). Cluster-09 comprises five stable (identified in the two
populations) seed size, shape, and HSW QTLs with R? values
ranging from 12.5 to 16.3%. Cluster-14.1 comprises four major
M-QTLs in both populations with R? values ranging from 10.4
to 18.4% within the chromosomal region between 5,834,015
and 9,844,637 bp, one from which gSW-14-256 is associated
with seed size traits, whereas the other three (gSLW-14-11,
qFI-14-11p6, and gSLT-14-11p16) were associated with seed shape
traits (Supplementary Table 10). Six clusters harboring four
M-QTLs each were identified, from which four clusters, i.e.,
cluster-07, cluster-19.1, cluster-08, and cluster-14.2, comprise
QTLs associated with HSW, seed size, and shape trait cluster-
10.2 that comprises M-QTLs for seed size and shape traits,
and cluster-16.1 that comprises only M-QTLs related to seed
shape traits (Supplementary Table 10). The remaining nine
clusters have three QTLs each; out of them, cluster-01 and
cluster-17.2 comprise major QTLs related only to seed shape
traits. Meanwhile, cluster-04.1 and cluster-19.2 contain minor
M-QTLs associated with SW, SL, and HSW. Another two
clusters comprise M-QTLs for both seed size and shape traits
(Supplementary Table 10). The other three M-QTL clusters,
i.e., cluster-10.1, cluster-11, and cluster-15, comprise both major
and minor QTLs for seed size traits and HSW. Cluster-04.2
comprises the two QTLs gHSW-4-316, zm6 and gSL-4-1 716 with
R? values of 13.1-17.7%.

Analysis of Epistatic-Effect QTLs and
Epistatic x Environment QTL

Interactions

Analysis of the seed size and shape trait data under all
environments identified 38 pairwise epistatic effects (AA) QTLs,
from which 2, 13, 6, 2, 3, 5, and 7 pairs were related to SL,
SW, ST, SLW, SLT, SWT, and FI traits, respectively, with R?
values ranging 0.51-11.35% (Table 3). All QTL pairs displayed

a high significant AA effect. Further analyses revealed that 20 AA
QTLs showed significant or highly significant pairwise additive-
additive-environment (AAE) interaction effects in at least one
environment with R? values ranging from 0.13 to 5.31% (Table 3).
Ten pairs showed significant AAE in two environments, i.e., 12FY
(AAE1) and 12JP (AAE2), while three pairs displayed significant
AAE in 12]JP (AAE2) and 14JP (AAE3) environments (Table 3).
This shows the effect of the environment on gene expression
on phenotype development through epistatic effects. Out of the
38 QTLs, 16 pairwise interactions exhibited negative epistatic
effects (AA) that decrease the values of seed size and shape traits,
whereas 22 pairwise interactions exhibited positive epistatic
effects (AA) that increase the values of seed size and shape
traits (Table 3). The pairwise interaction between gFI-1-1zp16 and
qFI-7-37)6 revealed the strongest positive epistatic effect (0.65),
whereas the pairwise gSLT-6-11p6 and gSLW-9-11)r6 revealed
the weakest positive epistatic effect (0.02). Conversely, gSWT-
3-Irm6 and qSWT-13-11p6 resulted in the strongest negative
epistatic effect (—0.71), whereas the gSLW-2-6z)16 and gSLW-
18-37p6 pairwise resulted in the weakest negative epistatic
effect (-0.02) (Table 3). Two digenic positive pairwise epistatic
QTLs for HSW with highly significant additive x additive
(AA) effects were identified on four chromosomes (Table 4).
The first pairwise is composed of two QTLs, gHSW-11-11pm6
and gHSW-20-1116, with an R? of 3.46%, whereas the second
pairwise comprises the two QTLs gHSW-9-1zy6 and gHSW-
16-3706 with an R? of 1.38%. However, the two pairs did
not show any significant AAE interaction effects across all six
environments (Table 4).

Candidate Gene Mining of the

Main-Effect QTLs

The 24 M-QTL clusters were filtered based on the richness
in QTLs associated with all or some of the seed size, shape,
and HSW traits. As a result, seven QTL clusters, i.e., cluster-
03, 04.1, 05.1, 07, 09, 17.1, and 19.1, were used to identify
candidate genes based on publicly available databases such as
SoyBase and Phytozome and published papers. According to
the physical intervals of the seven QTL clusters, 242, 190, 444,
367, 437, 523, and 116 genes were identified within cluster-
03, 04.1, 05.1, 07, 09, 17.1, and 19, respectively, which were
retrieved from the SoyBase database (see text footnote 1;
Supplementary Table 11). GO enrichment analyses via AgriGO
V2.0 (see text footnote 4) (Tian et al., 2017) were used to
classify the model genes in each cluster. The classification was
based on molecular function, biological process, and cellular
components visualized on the Web-based GO (WeGO) V2.0
https://wego.genomics.cn (Ye et al., 2006). In all seven QTL
clusters, high percentages of genes were related to catalytic
activity, cell part, cell, cellular process, binding, and metabolic
process terms, besides the response to stimulus in cluster-03
(Figure 6). These indicate the essential roles of these terms
in the seed size, shape, and seed weight development in
soybean. Probable candidate genes underlying these QTL clusters
responsible for seed size, shape, and HSW in soybean were
further predicted based on gene annotations, GO enrichment
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TABLE 3 | Estimated epistatic effects (AA) and environmental (AAE) interaction of QTLs for soybean seed size traits (SL, SW, and ST) and seed shape (SLW, SLT, SWT, and Fl) traits across all environments.

RIL  Trait QTL_i Chr_i Interval_i Pos_i QTL j Chr_j Interval_j Pos_j Epistasis - effect (AA) Epistasis x environment effect (AAE)
AA H?2% AAE1 AAE2 AAE3 AAE4 H?%
LM6  SW  gSW-2-2/ s 2 bin124-bin125 23.92 qSW-16-21 6 16 bin1757-bin1758  18.19 0.08* 7.24 NS NS NS NS 1.1
qSW-16-2; 6 3 bin229-bin230 1.96  qgSW-13-T1 e 13 bin1509-bin1510  107.72  —0.1** 5.40 NS NS NS NS 0.24
qSW-4-2; 16 4 bin353-bin354 13.86 gSW-15-31 e 15 bin1738-bin1739 106.86 —0.53** 2.85 NS NS NS NS 2.34
qSW-4-2 16 4 bin353-bin354 13.86  qSW-15-41 8 15 bin1740-bin1741  110.00  0.33** 7.30 0. 11 —-0.11* NS NS 3.95
qSW-5-1 8 5 bin525-bin526 7476  qSW-12-1.m6 12 bin1352-bin1353 21.59 —0.11** 3.96 NS NS NS NS 0.96
qSW-7-1.6 7 bin784—bin785 53.84  qSW-15-41 6 15 bin1740-bin1741  110.00 —0.10** 5.83 NS NS NS NS 0.05
qSW-8-1, 6 8 bin984-hin985 130.62 qSW-10-316 10 bin1219-bin1220 97.61 —-0.21* 3.20 —-0.13* 0.12* NS NS 1.39
qSW-10-11 6 10 bin1184-bin1185  62.20  qSW-20-1, s 20 bin2231-bin2232  69.64 —0.09* 2.20 NS NS NS NS 1.19
qSW-10-3 6 10 bin1219-bin1220  97.61  qSW-16-4; 6 16 bin1810-bin1811  87.22 0.14** 1.47 NS NS NS NS 0.18
qSW-11-116 11 bin1291-bin1292  70.56  qSW-15-1,6 15 bin1715-bin1716  85.15  —0.17** 4.79 NS NS NS NS 1.08
qSW-11-2 8 11 bin1292-bin1296  71.58  qSW-15-2 6 15 bin1717-bin1718  85.58 0.23* 9.22 NS NS NS 0.10* 1.48
ST qST-3-T.uwe 3 bin237-bin238 812  qST-3-31me 3 bin344-bin345 114.06  0.05* 0.51 NS NS NS NS 0.56
gST-6-31 16 6 bin647-bin648 109.3  gST-11-1.v8 Ihl bin1274-bin1275  54.45 0.1** 5.55 NS NS NS 0.12* 1.40
qST-7-2 8 7 bin749-bin750 19.81  gST-16-3.u6 16 bin1755-bin1756  17.12 0.09* 6.31 NS NS NS NS 0.57
qST-7-3.v6 7 bin783-bin784 53.32 qST-15-2 8 15 bin1741-bin1742 1105 -0.12** 5.74 NS NS NS NS 0.69
qST-16-118 16 bin1744-bin1745 1.66  qST-17-21m8 17 bin1886-bin1887  72.87  —0.14** 9.36 0.06* —0.06* NS NS 2.04
SLW  qSLW-8-2 6 8 bin941-bin942 86.24  qST-14-318 14 bin1625-bin1626  84.91 0.03** 11.35 NS NS NS NS 1.41
SLT  qSLT-5-3m6 5 bin560-bin543 92.74  qSLW-6-2; 6 6 bin625-bin626 82.38  —0.04* 5.40 0.03* NS NS NS 2.85
QSLT-6-11m6 6 bin584-bin585 28.72  qSLW-9-1,6 9 bin1095-bin1096 128.66  0.02** 1.61 —0.03* 0.03* NS NS 3.00
SWT  gSWT-3-71m6 3 bin236-bin237 7.79  qSWT-13-11 6 13 bin1435-bin1434 1523 —-0.71* 5.19 0.81* —-0.8* NS NS 4.57
qSWT-6-1, 6 6 bin588-bin589 33.52  qSWT-18-1, 6 18 bin2036-bin2037  95.49  —0.62** 3.88 —0.64* 0.63* NS NS 0.67
qQSWT-11-11 8 1 bin1262-bin1263  40.91  qSWT-20-7,8 20 bin2177-bin2178  19.84 0.14** 8.03 —-0.11*  0.156™ NS NS 4.19
qSWT-16-118 16 bin1744-bin1745 1.66  qSWT-17-3.v6 17 bin1886-bin1887  72.87 0.11* 11.08 —-0.15"  0.17* NS NS 5.31
FI gFI-1-5. 6 1 bin59-bin60 55.61  gFI-14-4; 6 14 bin1627-bin1628  85.96 017 2.89 NS NS 0.09* NS 2.24
gFI-5-2LM6 5 bin516-bin517 65.79  gFI-10-2; s 10 bin1223-bin1224 108.26  0.04* 10.02 NS NS NS NS 0.02
gFl-16-2; 6 16 bin1745-bin1746 1.66  qSWT-17-21 6 17 bin1886-bin1887  38.76 0.02* 6.76 —-0.18* 0.02* NS 0.03* 2.75
SL  gSL-12-4zys 12 bin1553-bin1554  97.99  qSL-15-5z6 15 bin1919-bin1920 85.99  —0.06™ 1.88 NS NS NS NS 0.13
qSL-2-3z26 2 bin214-bin211 96.57  gSL-8-6z18 8 bin1084-bin1085  186.90 0.2 8.61 NS NS NS NS 0.10
ZM6  SW  qSW-4-4z6 4 bin434-bin435 62.42  qSW-20-5z5 20 bin25690-bin2591  97.79  —0.12* 6.68 NS NS NS 0.07* 0.33
qSW-6-3z6 6 bin684—bin685 86.36 qSW-6-5z 6 bin703-bin704 109.84  0.05™ 0.66 -0.08"  0.08" NS NS 3.35
ST qST-10-5z6 10 bin1334-bin1335 106.35 qST-10-626 10 bin1336-bin1337 107.17  —0.7** 2.36 NS NS NS NS 0.48
SLW  qSLW-2-6z6 2 bin260-bin261 168.24  qSLW-18-3z116 18 bin2336-bin2337  123.90 —0.02** 1.14 NS 0.04*  —0.03** NS 3.74
SLT  qSLT-1-4z7y6 1 bin53-bin54 43.95 qSLT-7-27ve 7 bin884-bin885 103.56  0.03** 4.22 NS —0.03*  0.03* NS 2.58
SWT  gSWT-1-8zu6 1 bin62-bin63 47.73  gSWT-8-1zys 8 bin914-bin915 15.98 0.13* 5.30 NS NS NS NS 0.29
Fl qFl-17-6 2118 17 bin2177-bin2178  130.756  gFI-20-1zys 20 bin2461-bin2462 2.79 0.51* 1.75 NS NS NS NS 1.20
qFl-1-1z2116 1 bin58-bin59 46.05  qFI-7-3zve 7 bin884—hin885 103.56  0.65™ 5.14 NS NS 1.01* NS 1.26
gFI-1-32116 1 bin72-bin73 66.36  gFI-7-1zys 7 bin872-bin873 96.62 0.3 6.01 NS NS NS NS 0.65
gFI-3-126 3 bin289-bin290 27.39  gFI-18-2zys 18 bin2313-bin2314  112.03  0.12** 7.29 NS 0.9* —0.86* NS 1.88

Chr_i and Chr_j indicate the two sites involved in epistatic interactions, Pos indicates genetic position for each of the sites. *p < 0.05; **p < 0.01, NS, non-significant. AA indicates epistatic effects between two QTLs;
those with positive values showing two-locus genotypes being the same as those in parent Linhefengingdou and Zhengyang (or Meng 8206) have the beneficial effects, while the two-locus recombinants take the

negative effects. The case of negative values is the opposite. H? indicates phenotypic variation explained by epistatic effects. AE1, FY2012; AE2, JP2012; AE3, JP2014; and AE4, JP2017.
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J

Chr_j and Chr.

analysis, and the previously known putative biological function
of the gene. Based on these, 19, 12, 26, 18, 22, 30, and 16
candidate genes were identified within the QTL clusters-03,
04.1, 05.1, 07, 09, 17.1, and 19.1, respectively (Supplementary
Table 12). These genes may function directly or indirectly in
regulating seed development in soybean, which regulates seed
size, shape, and HSW. These genes are involved in response
to brassinosteroid stimulus, regulation of cell proliferation
and differentiation, regulation of transcription, secondary
metabolism and signaling, storage of proteins and lipids,
hormone-mediated signaling pathway, regulation of the cell
cycle process, transport, ubiquitin-dependent protein catabolic
process, embryonic pattern specification, and response to auxin
stimulus (Table 5). However, the RNS-seq data of genes in
the soybean genome (Severin et al, 2010) that is publicly
available on SoyBase was used to heatmap the expression of
those candidate genes in the young leaf, flower, pod, seed, root,
and nodule (Figure 7 and Supplementary Table 13). From the
heatmaps, 47 genes out of the identified 143 candidate genes
are highly expressed during seed developmental stages and in
seed-related tissues (Figure 7 and Supplementary Table 13);
hence, they could be potential seed size, shape, and HSW
regulatory genes.

DISCUSSION

The present study has implemented high-density genetic maps
constructed from two-related RIL populations LM6 and ZM6
comprising 2,267 and 2,601 bin markers, respectively (Li et al.,
2017), to validate QTLs associated with seed size, shape,
and weight. To minimize the environmental errors, the two
RIL populations were evaluated in four environments. The
transgressive segregation and continuous variations observed in
the two populations in all studied phenotypic traits facilitate
the identification of a high number of both major and minor
effect QTLs including some novel QTLs associated with all
studied traits (Teng et al., 2009; Xu et al, 2011; Zhang et al,
2018). All measured and calculated traits in both populations
were significantly (P < 0.01) influenced by genotype (G),
environment (E), and their interactions (G x E), suggesting that
the seed size, shape, and weight traits are not only governed
by both genetic and environment; however, there was an effect
of the G x E interaction as well (Sun et al., 2012; Hu et al,,
2013; Liang et al., 2016). This explains the observed high h?
(99.04%) and accordingly deduces that these traits are amenable
to manipulation by selection without the help of molecular
markers. Except for SL, SW, and ST that exhibited a highly
significant correlation between each other and with HSW,
our data showed that seed size, shape, and weight traits are
not correlated, which is favorable when breeding for a round
type with smaller or bigger seed size (Cober et al, 1997;
Salas et al., 2006).

For validation of identified QTLs, a comparative QTL analysis
using the CIM QTL mapping approach with the SoyBase database
identified 69, 82, and 29 novel QTLs for seed size, shape, and
HSW, respectively, indicating the distinct genetic architecture
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of the LM6 and ZM6 populations. These novel QTLs together
explain over 88.00% of phenotypic variance for seed size,
shape, and weight, signifying their potential value for improving
soybean cultivars. Besides, the identification of novel QTLs in
the present study suggests that more germplasms are required

for unraveling the complex genetic basis for seed size and shape
traits in soybean. Among these novel QTLs, eight novel major
QTLs associated with HSW where their physical intervals did
not overlap with any of the previously reported HSW QTLs,
suggesting them as potential loci for HSW and major QTLs for
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TABLE 5 | Candidate genes identified within the seven QTL clusters that are highly expressed in soybean seed.

QTL clusters Gene Start Stop Gene functional annotation
Cluster-03 Glyma03g01880 1668601 1674475 Seed dormancy process; protein ubiquitination; lipid storage
Glyma03g03210 3001933 3005606 Pollen development; embryo sac egg cell differentiation; DNA-dependent
Glyma03g03760 3581308 3584468 Maintenance of shoot apical meristem identity; cell differentiation
Glyma03g04330 3581308 3584468 Embryo development; regulation of seed maturation
Glyma03g04620 4798039 4801122 Regulation of meristem growth; protein deubiquitination
Cluster-04.1 Glyma04g02970 2146489 2152500 Embryo sac egg cell differentiation
Glyma04g03210 2347024 2349849 Fatty acid beta-oxidation; response to auxin stimulus; ovule development
Glyma04g03610 2630227 2632308 Brassinosteroid mediated signaling pathway; seed development; ovule development
Glyma04g04460 3305860 3308715 Response to cytokinin stimulus; response to brassinosteroid stimulus; seed development
Glyma04g04540 3395831 3397238 Response to ethylene stimulus; seed dormancy process; floral organ morphogenesis
Glyma04g04870 3628743 3634478 Embryo development ending in seed dormancy
Cluster-05.1 Glyma05g28950 34669156 34678593 Nucleotide biosynthetic process; embryo development ending in seed dormancy
Glyma05g29700 35236284 35242029 Brassinosteroid biosynthetic process; starch biosynthetic process
Glyma05g30380 35754306 35755603 Embryo development; protein ubiquitination; lipid storage; anther development
Glyma05g31450 36578952 36583516 Post-embryonic development
Glyma05g31490 36611301 36615160 Embryo development ending in seed dormancy
Glyma05g31830 36870586 36873840 Ubiquitin-dependent protein catabolic process
Glyma05g32030 37026301 37031440 Ubiquitin-dependent protein catabolic process; multicellular organismal development
Glyma05g33790 38337126 38341410 Phosphatidylcholine biosynthetic process; metabolic process
Glyma05g34070 38511154 38513219 Cellular response to abscisic acid stimulus
Cluster-07 Glyma07g13230 11764552 11784123 Embryo sac egg cell differentiation; protein ubiquitination; lipid storage
Glyma07g13730 12749034 12753558 Embryo development; positive regulation of gene expression
Glyma07g14460 13903037 13906228 Embryo development ending in seed dormancy
Glyma07g15050 14900705 14909235 Seed dormancy process; regulation of cell cycle process
Glyma07g15640 156378798 15384642 Response to hormone stimulus and auxin stimulus; response to brassinosteroid stimulus
Glyma07g15840 15528948 15544150 Ubiquitin-dependent protein catabolic process; regulation of lipid catabolic process
Cluster-09 Glyma09g28640 35573357 35579018 Embryo development ending in seed dormancy; cellular response to abscisic acid stimulus
Glyma09g29030 35989729 35993075 Ubiquitin-dependent protein catabolic process; fatty acid beta-oxidation
Glyma09g29720 36540972 36548174 Response to auxin stimulus; auxin metabolic process
Glyma09g30130 37014420 37023261 Protein import into nucleus; embryo sac egg cell differentiation
Glyma09g30650 37426876 37433118 Phosphatidylcholine biosynthetic process; metabolic process; pollen development
Glyma09g31620 38298193 38307446 Response to abscisic acid stimulus; embryo development
Glyma09g32600 39100482 39107332 Translational elongation; embryo development ending in seed dormancy
Glyma09g32680 39173955 39183935 Regulation of protein phosphorylation
Glyma09g33630 40063507 40067999 Response to auxin stimulus; seed dormancy process
Cluster-17.1 Glyma17g09320 6889969 6894069 Seed maturation; histone deacetylation; response to abscisic acid stimulus
Glyma17g09690 7171761 7186015 Seed maturation; protein ubiquitination; lipid storage
Glyma17g10290 7707775 7711360 Pollen tube growth; seed dormancy process; ovule development
Glyma17g10380 7768561 7778131 Ubiquitin-dependent protein catabolic process
Glyma17g10990 8262700 8267178 Carbohydrate metabolic process
Glyma17g11410 8557013 8563158 Regulation of embryo sac egg cell differentiation
Glyma17g12950 9873806 9891306 Protein folding; embryo development response to starvation
Glyma17g15490 12218497 12226562 Ubiquitin-dependent protein catabolic process
Glyma17g15550 12302621 12306143 N-terminal protein myristoylation; pollen development; pollen tube growth
Cluster-19.1 Glyma19g32990 40666918 40669847 Glucose catabolic process; response to auxin stimulus
Glyma19g33620 41194146 41196743 Maltose metabolic process; starch biosynthetic process; glucosinolate biosynthetic process
Glyma19933650 41237306 41242657 Abscisic acid biosynthetic process; plant-type cell wall modification; pollen tube growth

future fine mapping to delimit the physical interval. Numerous
QTLs associated with SW, HSW, SLW, and SLT identified in this
study are co-localized with previously reported corresponding
QTLs (Salas et al., 2006; Li et al., 2010; Moongkanna et al., 2011;
Hu et al,, 2013; Jun et al., 2014; Fang et al., 2017; Hacisalihoglu

et al.,, 2018; Hina et al., 2020). Our study identified for the first
time 13 major QTLs (R? > 10%) related to FT; thus, we considered
them as novel QTLs. Besides, Chr01 and Chr03 harbored four
and three FI QTLs, suggesting crucial roles of Chr 01 and
03 in controlling the inheritance of seed FI in soybean. The
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positive alleles for seed size, shape, and HSW traits were inherited
from both parents of the two RIL populations. Therefore, it is
likely that not only the higher seed size and heavyweight parent
(Linhefenqingdou or Zhengyang) contributed favorable alleles
but also the lighter seed weight parent (M8206) might play a role
(Cao et al., 2019; Hina et al., 2020).

Mapping of QTLs associated with seed size, shape, and
weight-related traits using the MCIM approach was performed
to (i) dissect the additive effect QTLs and Q x E interactions,
which is essential for selecting the most compatible varieties
adapted to particular environments, and (ii) further validate
the QTLs identified by the CIM approach. The MCIM
approach identified 18 QTLs for seed sizes, shapes, and
weight traits that are co-localized in the same physical
interval of the CIM-mapped QTLs. Therefore, these QTLs
could also be stable QTLs for further fine mapping and
map-based cloning to uncover the genetic control and
mechanisms of seed size, shape, and weight traits in soybean,
and molecular markers tightly linked to these QTLs could
be used for MAS.

Dissecting the epistatic and QTL X environment effects
are crucial for understanding the genetic mechanisms that
contributed to the phenotypic variations of complex traits
(Kaushik et al., 2007). Disregarding intergenic interactions will
lead to the overestimation of individual QTL effects, and the
underestimation of genetic variance resulting in a large drop

in the genetic response to MAS especially in late generations
(Nyquist and Baker, 1991; Zhang et al., 2004). The identified 40
pairwise digenic epistatic QTLs for seed size, shape, and weight-
related traits in the present study could be considered as
modifying genes that do not exhibit only additive effects but
could affect the expression of seed size, shape, and weight-
related genes through epistatic interactions. Similar results for
the epistatic interaction of seed size, shape, and weight QTLs
have been also previously reported by Xin et al. (2016) and
Zhang et al. (2018). The appearance of epistatic interactions
for a specific trait makes selection difficult. Noteworthily,
all main-effect QTLs detected in our study had no epistatic
effect, which raises the heritability of the trait guiding to
easier selection.

Genomic regions were identified as QTL clusters based
on the presence of several QTLs related to all or some of
the seed size, shape, and HSW traits. Accordingly, 24 QTL
clusters were identified on 17 chromosomes each containing
three or more QTLs related to seed size, shape, and HSW
traits. These QTL clusters have not been previously reported,
which enhances the developing knowledge of the genetic control
of these traits. The co-localization of QTLs for seed size,
shape, and HSW and how they have exceptionally corresponded
support the highly significant correlation with each other (Cai
and Morishima, 2002) (Supplementary Table 10). Besides, the
occurrence of the QTL clustering could signify a linkage of
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QTLs/genes or outcome from the multiple effects of one QTL
in the same genomic region (Wang et al, 2006; Cao et al.,
2017; Liu et al, 2017). The QTL clusters reveal that the
QTL linkage/gathering could make the enhancement of seed
size and shape easier than single QTLs (Hina et al, 2020).
Significant positive correlations of soybean seed protein and oil
contents and seed yield with seed size and seed shape have
been shown; therefore, these traits are directly associated with
seed size and shape in soybean (Qi et al., 2011; Hacisalihoglu
and Settles, 2017; Wu et al., 2018). This notion would explain
the co-localization of QTLs associated with seed protein and
oil contents in the genomic regions of several QTL (Panthee
et al., 2005; Salas et al., 2006; Vieira et al., 2006; Moongkanna
et al,, 2011; Yang et al,, 2011). The position of the first flower
and the number of days to flowering have large effects on seed
number per plant in soybean (Tasma et al., 2001; Yamanaka
et al,, 2001; Khan et al., 2008), which affects seed size and
HSW indicating the existence of common genetic factors for
these traits. QTLs associated with the position of the first
flower identified previously (Tasma et al, 2001; Han et al,
2012) are located to the genomic region of clusters 16.1, 19.2,
and 20 (Hyten et al., 2004). The extensive analysis of QTL
clusters in our study suggests that breeding programs aiming
to improve seed size, shape, and weight with enhanced quality
should focus on QTL clustering and select QTLs within these
regions. Besides, the existence of QTL clusters provides evidence
that some traits-related genes are more densely concentrated
in specific genomic regions of crop genomes than others
(Fang et al., 2017).

Identification of candidate genes underlying QTL regions is
of great interest for breeding programs (Abou-Elwafa, 2018;
Abou-FElwafa and Shehzad, 2018). A bioinformatics pipeline
implementing genomic sequences of identified QTL clusters
was employed to identify candidate genes. The pipeline
comprises three complementary steps, ie., (1) retrieving
candidate genes from the SoyBase database, (2) visualizing
the molecular function of candidate genes by GO enrichment
analyses and gene classification, and (3) implying candidate
genes in seed size, shape, and weight based on their expression
profiles. Accordingly, 47 genes were considered as potential
candidates. Most of the identified candidate genes are related
to the terms of catalytic activity, cell part, cell, cellular
process, and binding and metabolic process as indicated by
GO enrichment and gene classification analyses. These terms
have functions related/involved in seed development, which
influence the size, shape, and weight of seeds (Mao et al,
20105 Li and Li, 2014). For example, the Glyma07g14460 gene
underlying QTL cluster-7 belongs to the oxygenase (CYP51G1)
protein class, which has been confirmed to regulate seed size
in soybean (Zhao et al, 2016). Furthermore, 10 candidate
genes were identified as a regulator of ubiquitin-dependent
protein catabolic process, RING-type E3 ubiquitin ligases, and
lipid catabolic process (Table 5). Several components of the
ubiquitin pathway such as the ubiquitin-activating enzyme (E1),
ubiquitin-conjugating enzyme (E2), and ubiquitin protein ligase
(E3) have been reported to play important roles in regulation
seed and organ size (Li and Li, 2014). Similarly, 16 candidate

genes have functions in pollen tube development, embryo sac
egg cell differentiation, post-embryonic development, regulation
of seed maturation, positive regulation of gene expression,
regulation of cell cycle process, ovule development, anther
development, seed dormancy process, and seed maturation
(Table 5), and hence they are likely to participate in regulating
seed size, shape, and weight in plants, including soybean
(Meng et al, 2016). Ten candidate genes are involved in
response to auxin stimulus, response to ethylene stimulus,
and abscisic acid biosynthetic process which are known to be
implicated in promoting seed size and weight in Arabidopsis
(Table 5) (Xie et al, 2014). Six genes play functions in
the glucose catabolic process, phosphatidylcholine biosynthetic
process, carbohydrate metabolic process, maltose metabolic
process, and starch biosynthetic process and are implicated
in the partitioning and translocation of photoassimilates
and grain filling in rice (Table 5) (Chen J. et al, 2020;
Zhang et al., 2020).

CONCLUSION

QTLs associated with seed size, shape, and weight in soybean
were identified and validated using two mapping approaches in
two populations across multiple environments. This is the first
comprehensive investigation of the identification and validation
of QTLs for the FI as a seed shape trait in soybean. Employing
a bioinformatics pipeline identified candidate genes behind
genomic regions harboring major and stable QTL clusters
underlying the inheritance of seed size, shape, and weight.
The implemented bioinformatics pipeline delimits the number
of the identified candidate genes to 47-gene genomic regions
involved directly or indirectly in seed size, shape, and weight.
These genes are highly expressed in seed-related tissues and
nodules, indicating that they may be involved in regulating
these traits in soybean. Furthermore, some of the potential 47
candidate genes have been included in our ongoing projects for
functional validation to confirm their effect on seed size, shape,
and weight. Our study provides detailed information for genetic
bases of the studied traits and candidate genes that could be
efficiently implemented by soybean breeders for fine mapping
and gene cloning and for MAS targeted at improving seed size,
shape, and weight.
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Supplementary Figure 1 | Seed size, shape, and seed weight traits related QTLs
mapped using CIM approach in the two soybean RIL populations LM6 and ZM6
across multiple environments indicated with E1, FY2012; E2, JP2012; ES3,
JP2013; E4, JP2014; E5, YC2014; E6, JP2017 respectively, in addition to the
combined environment (CE). (a) Seed length associated QTLs, (b) seed width
associated QTLs, (c) seed thickness associated QTLs, (d) seed length/width
associated QTLs, (e) seed length/thickness associated QTLs, (f) seed
width/thickness associated QTLs, (g) Fl associated QTLs, and (h) QTLs
associated with HSW. The LOD threshold (2.5) is indicated by a green line. The X
and Y-axis represent chromosomes and LOD score, respectively.

Supplementary Figure 2 | Diagram showing Chromosomal locations of the
identified 24 QTL clusters on 17 different chromosomes, i.e., Chr 01, 03, 04, 05,
06, 07, 08, 09, 10, 11, 13, 14,15, 16, 17, 19, and 20 in LM6 and ZM6 RIL
populations for SL, SW, ST, SLW, SLT, SWT, FI, and HSW traits under

multiple environments.

Supplementary Table 1 | Distribution of SNPs, recombination bins and markers
mapped on soybean chromosomes/linkage groups. Bin-map (RAD-sequencing).

Supplementary Table 2 | Descriptive statistics, variance components, and
broad-sense heritability (h2) of seed shape and size traits evaluated in two
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recombinant inbred lines (RILs) LM6 and ZM6. The RILs and their parents were
grown under different environments. * and ** represent significance at 5 and
1%, respectively.

Supplementary Table 3 | Descriptive statistics, variance components, and
broad-sense heritability (h2) for 100-Seed weight trait evaluated in two
recombinant inbred lines (RILs) LM6 and ZM6. The RILs and their parents were
grown under different environments. * and ** represent significance at 5 and
1%, respectively.

Supplementary Table 4 | Combined analysis of variance (ANOVA) for Seed
shape and size trait (SL, SW, ST, SLW, SLT, SWT, Fl) in ZM6 and LM6 RIL
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High-throughput genotyping for functional markers offers an excellent opportunity
to effectively practice marker-assisted selection (MAS) while breeding cultivars. We
developed kompetitive allele-specific PCR (KASP) assays for genes conferring drought
tolerance in common wheat (Triticum aestivum L.). In total, 11 KASP assays developed
in this study and five already reported assays were used for their application in
wheat breeding. We investigated alleles at 16 loci associated with drought tolerance
among 153 Pakistani hexaploid wheat cultivars released during 1953-2016; 28 diploid
wheat accessions (16 for AA and 12 for BB) and 19 tetraploid wheat (AABB) were
used to study the evolutionary history of the studied genes. Superior allelic variations
of the studied genes were significantly associated with higher grain yield. Favored
haplotypes of TaSnRK2.3-1A, TaSnRK2.3-1B, TaSnRK2.9-5A, TaSAP-7B, and TaLTPs-
1A predominated in Pakistani wheat germplasm indicating unconscious pyramiding and
selection pressure on favorable haplotypes during selection breeding. TaSnRK2.8-5A,
TaDreb-B1, 1-feh w3, TaPPH-7TA, TaMOC-7A, and TaPARG-2A had moderate to low
frequencies of favorable haplotype among Pakistani wheat germplasm pointing toward
introgression of favorable haplotypes by deploying functional markers in marker-assisted
breeding. The KASP assays were compared with gel-based markers for reliability and
phenotypically validated among 62 Pakistani wheat cultivars. Association analyses
showed that the favorable allelic variations were significantly associated with grain
yield-contributing traits. The developed molecular marker toolkit of the genes can be
instrumental for the wheat breeding in Pakistan.

Keywords: gel-free markers, KASP markers, drought related genes, Pakistani wheat, genetic diversity
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INTRODUCTION

Crop improvement strategies have always circumambulated
yield-enhancing genes. Therefore, exploitation of gene
diversity in breeding germplasm and identification of superior
genetic variations are prioritized activities in crop genetic
improvement. Such exploitations enable breeders to identify
desirable germplasm for breeding and to devise strategies for
pyramiding superior genetic variations for targeted traits. Wheat
is one of the most important cereal crops, and there is demand
for a yield increase of up to 50% by 2050 (Curtis and Halford,
2014). Being a staple food crop in Pakistan, wheat growth and
development is severely influenced by abiotic stress, resulting
in a significant reduction in grain yield. Moreover, the genetic
structure of modern Pakistani wheat cultivars built around only a
few cultivars such as Bluebird, Kauz, Kalyansona, and Buho, and
there is an urgent need to introduce new diversity for sustainable
wheat production in Pakistan. Therefore, the utilization of genes
conferring drought tolerance is regarded as an effective way
to ensure high and sustainable yield in wheat. Marker-assisted
selection (MAS) based on pyramiding superior alleles/haplotypes
is considered as a potential strategy to wheat improvement
for economically important traits. The challenge is to deploy
such strategy in breeding programs in a time- and cost-efficient
manner for different scenarios (Richards et al., 2014).

TaSnRK2.3-1A/1B (Miao et al,, 2017), TaSnRK2.9-5A (Ur
Rehman et al., 2019), TaPARG-2A (Li B. et al., 2016), TaSAP-
7B (Wang et al, 2018), TaPPH-7A (Wang et al, 2019),
and TaMOCI-7A (Zhang B. et al, 2015) are associated with
higher grain yield under water stress conditions. TaSnRK2.8-
5A associated with higher seedling biomass under normal
conditions and water-soluble carbohydrates under limited
irrigation conditions (Zhang et al., 2013), TaLTPs-1A associated
with ideal plant height under drought conditions (Li Q.
et al., 2016), and TaDreb-B1 (Wei et al., 2009) and 1-feh w3
(Zhang J. et al., 2015) are also reported as drought tolerance-
conferring genes.

Functional markers (FMs) of the aforementioned genes were
successfully applied in Chinese wheat cultivars and provided
the concept of screening of genotypes for wheat breeding in
Pakistan. Various single-marker methods have been developed
for single-nucleotide polymorphism (SNP) genotyping, such as
cleaved amplified polymorphic sequences (CAPS), and derived
cleaved amplified polymorphic sequences (dCAPS). The CAPS
and dCAPS markers are relatively low throughput, laborious, and
cost ineffective, as they rely upon site-specific cleavage of PCR
products with restriction enzymes and require gel electrophoresis
to separate products. At present, more than 150 FMs are available
for important genes, giving plant breeders a molecular toolkit for
the selection of favorable traits (Liu et al., 2012). Although FMs
are available for wheat, their deployment retains limited courtesy
cost and time needed to exploit larger populations.

Kompetitive allele-specific PCR (KASP) is a uniplex and
flexible genotyping platform which achieves high throughput in
a time- and cost-effective way (Semagn et al., 2014). Conversion
of conventional FMs into KASP assays could greatly speed up
improvement in breeding programs. Therefore, the aims of the

present study are (i) to develop KASP-based assays of FMs for
higher grain yield and drought-conferring genes in wheat, (ii) to
perform marker trait association analyses among Pakistani wheat
cultivars and to investigate the distribution of FMs in wheat
cultivars across Pakistan, and (iii) to know the genetic diversity
of given genes among diploid, tetraploid, and hexaploid wheat.
The information will be useful in breeding wheat for higher grain
yield and drought tolerance by MAS.

MATERIALS AND METHODS

Germplasm

One hundred and fifty-three wheat cultivars from Pakistan
released during 1953-2016 were used to identify favorable
haplotype frequencies of drought tolerance-conferring genes
(Supplementary Table 1). The wheat collection comprised four
groups based on time of release, i.e., pre-green revolution 1953
1965, post-green revolution 1966-1985, 1986-2005, and post-
2005. Besides Triticum aestivum germplasm, nine genotypes of
T. urartu (AA), four genotypes of T. boeoticum Bioss (AA),
three genotypes of T. monococcum (AA), 12 genotypes Aegilops
speltoides (BB), five genotypes of T. dicoccum L. (AABB),
three genotypes of T. persicumn Vav (AABB), five genotypes of
T. dicoccoides Koern (AABB), four genotypes of T. polonicum
L., and two genotypes of T. turgidum (AABB) (Supplementary
Table 2) were also used to identify the polymorphic information
contents (PIC) and gene diversity of the studied genes. Wheat
genotypes such as Chinese Spring, MexiPak-65, and Parwaz-94
were used as controls for the identification of particular alleles.
A subset of 62 wheat genotypes (55 modern cultivars and seven
landraces) from 153 wheat cultivars were also grown at MNS
University of Agriculture, Multan and Quaid-e-Azam University,
Islamabad, under two water regimes, i.e., under water stress
at flowering stage and under normal conditions. Randomized
complete block design was followed with duplicates at both
locations. Standard agronomic practices were followed to ensure
proper plant stand. Wheat sown under normal conditions was
irrigated initially after 25 days of sowing followed by irrigation
at flowering and grain filling stages. The wheat grown under
the water stress regime was irrigated only once after 25 days of
sowing. Precipitation mainly occurred at the end of March at
both locations. Water contents of different soil profiles are given
in Supplementary Table 3. Each experimental plot was 6 m in
length with six rows having a row spacing of 30 cm with ~40
seeds per row. The cultivars were sown in mid-November 2019
and harvested in April of the following year. These 62 genotypes
were planted for traits, i.e., plant height (PH), thousand kernel
weight (TKW), and grains per spike (GPS), under both water
regimes. Association analysis was performed on the average of
all the parameters from both water regimes, and a phenotypic
comparison of allelic variations was presented.

Genotyping

Five KASP assays were selected from published reports
including two SNPs for TaSnRK2.9-5A (Ur Rehman et al,
2019) and one each for TuMOCI-7A, TaDreb-1B, and I1-feh
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w3 (Rasheed et al., 2016). The remaining 11 KASP assays were
developed in this study (Figure 1). The information on the
selected genes, the sequence polymorphism, KASP assays, and
their sources are provided in Supplementary Table 4.

For the KASP assays developed in this study, the nucleotide
sequences of drought tolerance-causing genes were retrieved
from the published literature. The diagnostic polymorphic sites
were identified, and KASP primers were developed following
standard KASP guidelines. The allele-specific primers were
designed carrying the standard FAM and HEX tails and with the
targeted SNP at the 3’ end. A common primer was designed so
that the total amplicon length was less than 120 bp. The primer
mixture comprised 46 pl ddH,0, 30 pl common primer (100
uM), and 12 pl of each tailed primer (100 wM). Assays were
tested in 96-well formats and set up as 5 l reaction mixture (2.4
ul of 25 ng/pl DNA, 2.4 pl of 2 x KASP master mixture, 0.06
ul of primer mixture, 0.04 MgCl,, and 0.1 wl of ddH,0). PCR
cycling was performed using the following protocol: hot start at
95°C for 15 min, followed by 10 touchdown cycles (95°C for 20 s;
touchdown at 65°C initially and decreasing by —1°C per cycle
for 25 s), followed by 32-35 additional cycles of annealing (95°C

for 15 s, 57°C for 1 min). Fluorescence levels were detected and
analyzed by using CFX Connect Real-Time PCR detection system
(Bio-Rad® laboratories Inc. United States) and QuantStudio 7
Flex Real-Time PCR systems.

Statistical Analyses

Students t-test at P < 0.05 was used to check the effect of
SNP/haplotype on the studied agronomic traits. Allele/haplotype
frequencies were calculated for all loci. PIC and gene diversity
(H,) were calculated for each locus using https://www.gene-calc.

pl/pic.

RESULTS

Comparison of KASP Markers and
Conventional Gel-Based PCR Markers

The results from KASP markers were compared to contrasting
gel-based markers for all the genes. All studied KASP assays
produced consistent results when compared to conventional PCR
markers in 23 diverse wheat genotypes (Supplementary Table 5),

FIGURE 1 | Scatter plot for selected KASP assays showing clustering of genotypes on the Y- and X-axes. Genotypes colored red have a HEX-type allele; genotypes
colored blue have a FAM-type allele; black dots represent non-template control. Top left and right corners, KASP assays for TaSnRK2.3-1A and TaSnRK2.3-1B,
respectively. Bottom left and right corner, KASP assays for TaSAP-7B and TaLTPs, respectively.
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but for TaPARG-2A-KASP-10 (C/T), the concentration of each
tailed primer increased up to 15 M to obtain satisfactory results.

KASP Assays for Grain
Yield-Contributing Traits

Association analyses of allelic variations of the studied genes
showed that the favorable allelic variations were significantly
associated with higher grain yield traits among the studied 62
Pakistani wheat germplasm (Figure 2). Haplotypes associated
with grain-related traits are Hap-1 (CA) of TuSnRK2.3-1A and
Hap-1 (CG) of TaSnRK2.3-1B which are favored for higher
GPS and TKW (Figure 2). Hap-1/3 (A-A/G allele accessions) of
TaSnRK2.8-5A showed a non-significant association with higher
GPS and TKW. Hap-1 (TA) and Hap-4 (CA) of TaSnRK2.9-
5A are also associated with higher GPS and TKW (Figure 2).
For TaSAP-7B, accessions carrying the “C” allele possess ideal
plant height (99 cm) and higher GPS and TKW. Accessions
carrying Hap-H of TuMOCI-7A possess higher GPS and TKW
than Hap-L. Hap-3 (GC) of TaLTPs associated with ideal plant
height (100 cm) and higher GPS and TKW. TaDreb-B1 and
I-feh w3 accessions carrying the Hap-1 “A-allele” and Hap-1
“C-allele,” respectively, are associated with higher grain yield
contributing parameters (Figure 2). Hap-1 (CC) of TaPARG-
2A showed an association with higher GPS. Favorable allelic
variation of TaPPH-7A-1 (“A” allele) also showed an association
with higher GPS among Pakistani wheat cultivars (Figure 2).

In general, frequencies of favored haplotypes and/or alleles
were higher in 153 Pakistani wheat germplasm released from
1953 to 2016. For TuaSnRK2.3-1A, 127 (83.01%) Pakistani wheat
cultivars had the desirable haplotype (Hap-1). The favorable

haplotype (Hap-1) of TaSnRK2.3-1B was also present in 127
(83.01%) Pakistani wheat cultivars (Table 1). For TaSnRK2.8-
5A, the frequency of preferred allele “A” was low (33.99%)
in given wheat cultivars. The frequency of favored haplotypes
for TaSnRK2.9-5A (Hap-1 and Hap-4) was 75.82% and 2.61%,
respectively. The favored allele for TaSAP-7B was predominant
in 129 (84.31%) wheat cultivars; at TaMOCI-7A, 33 (21.57%)
desirable haplotypes (Hap-H). The favorable haplotype (Hap-3)
of TaLTPs was present in 146 (95.42%) wheat cultivars. Superior
alleles for TuDreb-B1, 1-feh w3, and TaPPH-7A were present in
48 (31.37%), 44 (28.75%), and 67 (43.79%) wheat cultivars. The
favorable haplotypes of TaPARG-2A (Hap-2 (1.31%) and Hap-3
absent) were present in very low frequencies among given wheat
germplasm (Table 1).

Certain combinations of two or more desirable alleles or
haplotypes tended to occur in higher frequencies in one group
more than the other; for example, TaSnRK2.3-1A + TaSnRK2.3-
1B + TaSnRK2.9-5A + TaSAP-7B + TaLTPs-1A were present in
110 (71.89%) wheat cultivars.

Selection Frequencies of Favored
Alleles/Haplotypes in Pakistan Since

1953

Since 1953, the frequency distribution of favored haplotypes
of given drought tolerance-responsible genes varied among
Pakistani wheat germplasm (Figure 3). For TuSnRK2.3-1A/1B,
83.01% wheat accessions contained favored haplotypes. For
TaSnRK2.9-5A, TaLTPs-1A, and TaSAP-7B, 78.41%, 95.42, and
84.31% Pakistani wheat accessions possessed favorable allelic
variations, respectively. Based on released time, Pakistani

TuSnRK2.3-A1 TaSnRK2.3-B1 TaSnRK2.8-5A TaSnRK2.9-5A
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FIGURE 2 | Phenotypic comparison of allelic variations. Traits are thousand kernel weight—TKW, grains per spike—GPS, and plant height—PH. *P < 0.05,
**P < 0.01. Error bar denotes standard deviation.
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TABLE 1 | Allelic frequencies in 153 Pakistani wheat cultivars.

Gene Locus Haplotype Genotype Number of Phenotype Frequency Reference (of phenotype)
accession (%)
TaSnRK2.3 TaSnRK2.3-1A Hap-1 CA 127 Higher TKW 83.01 Miao et al., 2017
Hap-2 TG 24 15.69
Hap-3 CG 2 1.31
TaSnRK2.3-1B Hap-1 CG 127 Higher TKW 83.01
Hap-2 TC 7 4.58
Hap-3 CC 19 12.42
TaSnRK2.8 TaSnRK2.8-5A Hap-1 A 52 Seedling biomass and 33.99 Zhang et al., 2013
water-soluble carbohydrates
Hap-2 G 69 45.10
AG 32 20.92
TaSnRK2.9 TaSnRK2.9-5A Hap-1 TA 116 Higher TKW 75.82 Ur Rehman et al., 2019
Hap-2 TC 2 1.31
Hap-3 CC 31 20.26
Hap-4 CA 4 Higher GPS 2.61
TaSAP TaSAP-7B Hap-1 C 129 Higher TKW and short PH 84.31 Wang et al., 2018
Hap-2 T 24 15.69
TaMOC TaMOC1-7A Hap-H G 33 Higher grain number 21.57 Zhang B. et al., 2015
Hap-L A 120 Lower grain number 78.43
TaLTPs TaLTPs-1A Hap-1 AC 0 0.00 LiQ.etal., 2016
Hap-2 GT 7 4.58
Hap-3 GC 146 Ideal plant height 95.42
TaPARG TaPARG-2A Hap-1 CC 151 98.69 LiB. etal., 2016
Hap-2 TC 2 Lower PH, ETN, and higher TKW 1.31
Hap-3 T 0 0.00
TaDreb TaDreb-B1 Hap-1 A 48 Drought tolerance 31.37 Wei et al., 2009
Hap-2 C 105 68.63
1-FEH W3 1-feh w3-6B Hap-1 C 44 Drought tolerance 28.76 Zhang J. et al., 2015
Hap-2 T 109 71.24
TaPPH TaPPH-TA Hap-1 A 67 Higher TKW and short PH 43.79 Wang et al., 2019
Hap-2 G 86 56.21

wheat cultivars were divided into four groups. From 1953
to 2016, the frequency of favored haplotypes for TaSnRK2.3-
1A, TaSnRK2.3-1B, TaSnRK2.9-5A, TaSAP-7B, and TaLTPs-1A
increased remarkably. The combined frequencies of favored
alleles/haplotypes of aforementioned genes increased from
35.78% in the pre-1965s to 93% in the post-2005s, showing a
progressive selection of favored alleles/haplotypes over the years.
The frequencies of favored alleles/haplotypes of other drought-
conferring genes remain low (<22%) since 1953, suggesting the
potential of favored allele/haplotype introgression through FMs
developed in this study.

Diversity Pattern in Wheat Germplasm

To survey the evolutionary history of given drought tolerance-
responsible genes, we analyzed the given genes in wheat
progenitor The results showed that during
polyploidization events, diversity decreased in a given set
of genes. Diploid wheat accessions showed an average of 0.265
(PIC) and 0.0.331 (H,) in the investigated genes. The studied
tetraploid (AABB) accessions showed an average 0.361 (PIC)
and 0.418 (H,) in the given genes. Hexaploid Pakistani wheat
showed an average 0.270 (PIC) and 0.317 (H,) in the given genes

accessions.

(Table 2). The results depict that the overall diversity for the
given genes (except TaSnRK2.8-5A, TaDreb-B1, and TaPPH-7A)
among Pakistani wheat accession reduced.

DISCUSSION

Novel genomic tools provide an opportunity in meeting the
challenge of enhanced genetic gain to safeguard sustainable
production. The application of molecular markers to accelerate
MAS has proven successful in wheat breeding programs (Rasheed
et al, 2016). Moreover, the concepts of MAS in wheat are
now transformed into genomic selection methods to improve
genetic gains (Zhao et al.,, 2019). It has been reported that the
use of functional markers for individual genes can significantly
improve prediction accuracies (Rutkoski et al., 2014). Using
functional markers and genes for wheat breeding, the appropriate
breeding material should be selected based on production needs
(Hao et al., 2020). Breeder friendliness, high throughput, and
cost-effectiveness are the main considerations in selecting an
appropriate genotyping platform for genomic selection and
MAS (Semagn et al., 2014). Here we have demonstrated
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FIGURE 3 | The frequency of drought-tolerant genes’ haplotypes in Pakistani wheat cultivars released in different eras.

TABLE 2 | Polymorphic information contents and gene diversity in diploid, tetraploid, and hexaploid Pakistani wheat.

Genes Diploid wheat Tetraploid wheat Hexaploid wheat
Alleles/Haplotypes PIC He Alleles/Haplotypes PIC He Alleles/Haplotypes PIC He

TaSnRK2.3-1A 2 0.304 0.375 3 0.414 0.498 3 0.250 0.285
TaSnRK2.3-1B 3 0.504 0.570 3 0.270 0.294
TaSnRK2.8-5A 2 0.370 0.490 2 0.357 0.466 3 0.562 0.637
TaSnRK2.9-5A 3 0.512 0.575 4 0.334 0.381
TaSAP-7B 2 0.276 0.331 2 0.232 0.268
TaMOC1-7A 2 0.368 0.487 2 0.284 0.343
TaLTPs-1A 2 0.276 0.331 3 0.090 0.095
TaPARG-2A 2 0.121 0.130 2 0.487 0.368 3 0.019 0.019
TaDreb-B1 2 0.090 0.09 2 0.335 0.427
1-feh w3 2 0.374 0.498 2 0.327 0.411
TaPPH-7A 2 0.310 0.384 2 0.371 0.492
Sum 0.796 0.995 25 3.973 4.607 29 2.707 3.165
Average 2 0.265 0.331 2.27 0.361 0.418 2.64 0.270 0.317

the effectiveness of newly developed KASP assays for genes
conferring drought tolerance in wheat. These assays offer fast-
track ways to deploy drought tolerance-causing genes in wheat
improvement in a cost-effective manner.

Reliability of Developed KASP Assays

Identification and validation of SNPs is a significant challenge
in wheat due to the large genome size, polyploidy, and
high percentage of repetitive sequences (Ramirez-Gonzalez
et al, 2015). Hence, it is necessary to validate the SNPs.

The developed KASP assays were validated for reliability.
The KASP assays were compared to their equivalent gel-
based markers on a small but diverse set of Chinese wheat
germplasm and check cultivars with known alleles at each
gene. One KASP assay (TaSnRK2.8-5A-KASP-7) showed
inconsistent outcomes in the form of heterozygous conditions
for the given alleles. Overall, the conversion rate for newly
developed KASP assays was > 98% and were able to
convert gel-based PCR markers into breeder friendly gel-free
KASP markers.
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Allelic Variation at Loci Influencing Grain
Related Traits

MAS of superior alleles in breeding programs is important for
the ongoing improvement of wheat. The deployment of superior
alleles in improved cultivars could be enhanced if efficient
molecular diagnostics are available (Rasheed et al., 2017). TKW,
GPS, and PH are important yield-contributing traits in wheat,
and recently several genes affecting these traits were cloned.
Favorable allelic variations of the genes studied in this work have
been reported to be associated with higher grain weight and
higher grain number under normal and water stress conditions
in Chinese wheat germplasm (Table 1). The investigation of
Pakistani wheat germplasm for these genes is necessary for
assessing the effect of selection pressure on favorable haplotypes
and to alert wheat breeders for these favorable variations for grain
yield. Our results suggested strong selection pressure on favorable
haplotypes at TaSnRK2.3-1A/1B, TaSnRK2.9-5A, TaSAP-7B, and
TaLTPs-1A among Pakistani wheat accessions. A moderate
frequency of favored haplotypes was observed at TaSnRK2.8-5A,
TaDreb-B1, TaPPH-7A, and 1-feh w3, indicating that exploitation
of these alleles may be continued to gain a yield increase in
Pakistan. This unconscious selection of favorable haplotypes is
likely due to the high linkage disequilibrium of important genes
selected during selection breeding. The given Pakistani wheat
germplasm had high frequencies of unfavorable allelic variations
for TaMOC-7A and TaPARG-2A, suggesting the potential of
favorable haplotype introgression through functional markers.
Previously, selection pressure was observed on TaSnRK2.3-1A/B
(Miao et al., 2017), TaSnRK2.9-5A (Ur Rehman et al., 2019),
TaSAP-7B (Wang et al, 2018), TaMOC-7A (Zhang B. et al,,
2015), TaLTPs-1A (Li Q. et al.,, 2016), TaPARG-2A (Li B. et al.,
2016), and TaPPH-7A (Wang et al, 2019) favorable allelic
variations in Chinese wheat cultivars where the frequencies of
favored haplotypes had gradually increased from the beginning
of the last century.

Both PIC and H, values were higher in tetraploid wheat as
compared to Pakistani hexaploid wheat. Lower PIC and H, values
in Pakistani hexaploid wheat concluded a severe domestication
genetic bottleneck. The probable reason for bottlenecking is the
genetic structure mainly built around relatively few cultivars such
as Bluebird, Kalyansona, Kauz, and Buho, causing serious threat
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Asymmetric somatic hybridization is an efficient strategy for crop breeding by introducing
exogenous chromatin fragments, which leads to whole genomic shock and local
chromosomal shock that induces genome-wide genetic variation including indel
(insertion and deletion) and nucleotide substitution. Nucleotide substitution causes
synonymous codon usage bias (SCUB), an indicator of genomic mutation and natural
selection. However, how asymmetric somatic hybridization affects SCUB has not been
addressed. Here, we explored this issue by comparing expressed sequence tags of a
common wheat cultivar and its asymmetric somatic hybrid line. Asymmetric somatic
hybridization affected SCUB and promoted the bias to A- and T-ending synonymous
codon (SCs). SCUB frequencies in chromosomes introgressed with exogenous
fragments were comparable to those in chromosomes without exogenous fragments,
showing that exogenous fragments had no local chromosomal effect. Asymmetric
somatic hybridization affected SCUB frequencies in indel-flanking sequences more
strongly than in non-flanking sequences, and this stronger effect was present in both
chromosomes with and without exogenous fragments. DNA methylation-driven SCUB
shift was more pronounced than other SC pairs. SCUB shift was similar among seven
groups of allelic chromosomes as well as three sub-genomes. Our work demonstrates
that the SCUB shift induced by asymmetric somatic hybridization is attributed to
the whole genomic shock, and DNA methylation is a putative force of SCUB shift
during asymmetric somatic hybridization. Asymmetric somatic hybridization provides an
available method for deepening the nature of SCUB shift and genetic variation induced
by genomic shock.

Keywords: introgression line, genomic shock, synonymous codon usage bias, somatic hybridization, wheat

INTRODUCTION

During domestication and improvement processes, the genetic base and diversity of crops gradually
become low. The wild relatives of crops retain genetic diversity, and therefore are a valuable
genetic resource for crop breeding. The genetic materials of wild relatives can be introduced intro
crops via remote sexual hybridization and somatic hybridization (Tanksley and McCouch, 1997;
Zamir, 2001). Somatic hybridization comprises symmetric and asymmetric somatic hybridization
(Xia, 2009). Symmetric somatic hybridization is that protoplasts of two species are fused to form
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fused cells, and fused cells regenerate into seedlings. Asymmetric
somatic hybridization is that protoplasts of one species (donor)
are irradiated by UV to fragment the genome prior to fusion
and then irradiated protoplasts are fused with unirradiated
protoplasts (recipient) (Xia, 2009). During asymmetric somatic
hybridization, very small amounts of chromatin fragments of
the donor are introgressed into the recipient genome (Wang
et al., 2004; Cui et al., 2015); thus, asymmetric somatic hybrid
is a special allopolyploidy. The transient co-emergence of donor
and recipient genomes in fused cell as well as the introgression
of exogenous chromatin segments into the genome lead to a
strong genomic shock. Similar to diploydization of polyploydies
(McClintock, 1984; Chen, 2007), the genomic shock can induce
genome-wide genetic variation [mainly insertion and deletion
(indel) and single-nucleotide substitution] in somatic hybrids
(Liu and Xia, 2014).

Single-nucleotide substitution is a major force of evolution.
Single-nucleotide substitution in protein-coding sequences
produces either a synonymous codon (SC) or a non-synonymous
codon. Except for methionine and tryptophan, all amino
acids are encoded by at least two SCs. SCs of an amino
acid appear to have a different frequency in the genome,
which is referred to as synonymous codon usage bias (SCUB).
Nucleotide substitution between SCs is generally considered
to be functionally neutral (King and Jukes, 1969; Nei and
Gojobori, 1986). In fact, SCs affect recombination rates, splicing
regulation, transcription efficiency, RNA secondary structure,
mRNA stability, translational efficiency, and accuracy in the
regulation of gene expression, protein folding, and so on (Marais
et al.,, 2001; Warnecke and Hurst, 2007; Zhang et al., 2009; Tuller
et al.,, 2010; Presnyak et al., 2015). Thus, SCUB has proved to
reflect the mutation, genetic drift, and natural selection (Akashi
and Eyre-Walker, 1998; Akashi, 2001; Guo and Yuan, 2009;
Wang Z. et al, 2014) and to be closely associated with plant
evolution (Qin et al., 2013; Qi et al., 2015; Xu et al.,, 2015).
The induction of genome-scale genetic variation induced by
asymmetric somatic hybridization is under selection pressure in
wheat (Wang et al., 2018). Given that the nucleotide substitution
between SCs suffers from less selection pressure than the
substitution between non-SCs, the interesting question is that
whether asymmetric somatic hybridization affects SCUB in the
recipient genome.

Unlike allopolyploidy that the genomes of progenitors stably
co-emerge in the nucleus, the recipient genome is introgressed
several donor chromatin fragments in asymmetric somatic
hybrids. In wheat, the introgressed exogenous fragments results
in both whole genome shock and local chromosomal shock,
which induces genome-scale genetic variation and nucleotide
substitution in indel-flanking sequence, respectively, in a non-
random manner (Wang et al., 2018). This indicates that the
introgression of exogenous fragments has an effect on genetic
variation in chromosomes possessing chromatin fragments.
However, whether the introgressed fragments influence SCUB
through local chromosomal shock has not been addressed.

We previously bred a common wheat cultivar Shanrong 3
(SR3) via asymmetric somatic hybridization with the wheat
cultivar Jinan 177 (JN177) as the recipient and tall wheatgrass

(Thinopyrum elongatum, wheat’s close relative) as the donor (Xia
et al., 2003). SR3 genome possesses six exogenous fragments
(Wang et al., 2005; Liu et al., 2015) and occurs in genome-scale
genetic variation including nucleotide substitution and insertion
and deletion (indel) (Feng et al., 2004; Liu et al., 2007, 2009,
2015; Wanget al., 2015, 2018), which contributes to salt tolerance
of SR3. Thus, it is necessary to uncover whether this genetic
variation was along with SCUB alteration, which will provide
evidence for further understanding the characteristics of genetic
variation induced by asymmetric somatic hybridization, and
how genetic variation accounts for the salt tolerance of SR3
as well as the change in traits of introgression lines. Here, we
used the unigenes of SR3 and JN177 (Wang et al,, 2015) and
found that asymmetric somatic hybridization caused SCUB shift,
and introgressed fragments had no stronger effect on SCUB in
local chromosome.

MATERIALS AND METHODS

The Introduction of Wheat Introgression

Cultivar Shanrong 3

The common bread wheat cultivars Jinan 177 (JN177) and
Shanrong 3 (SR3) were used for analysis (Wang et al., 2018), both
of which were bred by our lab (Dr. Guangmin Xia) and have not
been deposited in a publicly available herbarium. The detail of
JN177 and SR3 was introduced in our previous study (Xia et al.,
2003). Briefly, SR3 is a wheat cultivar with high salt and drought
tolerance bred via asymmetric hybridization with the common
wheat cultivar JN177 (modest salt and drought tolerance) as the
recipient and wheat’s close relative tall wheatgrass (T. elongatum,
topmost salt tolerance) as the donor, and SR3 genome is
introgressed with several chromatin fragments of the donor (Xia
et al, 2003). The genome of SR3 took place with genome-wide
genetic and epigenetic variation (Liu et al., 2015; Wang et al.,
2015, 2018).

EST Sequencing, Chromosomal
Localization, and Genetic Variation

Analysis

The methods of expressed sequence tag (EST) sequencing,
chromosomal localization, and genetic variation analysis were
present in the previous study. Briefly, the ESTs of JN177 and SR3
were used for constructing cDNA library, which were used for
large-scale EST sequencing with the Sanger sequencing method.
After sequence cleaning, highly qualified EST sequences (>100
nt) were assembled to produce unigenes, and PCR was conducted
to confirm the quality of unigene assembly. The chromosomal
localization was determined by BLASTing the unigenes against
wheat survey database (http://wheat-urgi.versailles.inra.fr/Seq-
Repository). The local BLASTN was carried out to analyze the
genetic variation between the unigenes of SR3 and JN177. The
local BLASTX against the non-redundant protein database was
performed to extract CDS of unigenes.

Frontiers in Genetics | www.frontiersin.org

48

June 2021 | Volume 12 | Article 682324


http://wheat-urgi.versailles.inra.fr/Seq-Repository
http://wheat-urgi.versailles.inra.fr/Seq-Repository
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Xu et al.

SCUB in Wheat Introgression Lines

SCUB Frequency Calculation

The frequency of a SC was calculated by the ratio of the amount
of this codon to the amount of 59 SCs encoding 18 amino
acids except for three stop codons TAA, TAG and TGA, ATG
(methionine) and TGG (tryptophan) in CDS of all unigenes
according to our previous study [8]. The SCUB frequency of a
given amino acid was defined as the amount of SCs with C and
G at the third position to the amount of SCs with A and T at
the third position in CDS of all unigenes. For instance, alanine
is coded by GCA, GCT, GCC, and GCG, so the SCUB frequency
of alanine was defined as the ratio of GCC and GCG amount to
GCA and GCT amount. Total SCUB frequency was defined as
the ratio of the amount of all SCs with A, T, C, or G at the third
position (NNA, NNT, NNC, or NNG) to the amount of all SCs in
CDS of all unigenes.

DNA methylation is a major source of DNA variation in the
nuclear genome, given that methylated cytosine (5 mC) is readily
converted into thymine [21]. Methylation is mainly present in
C of CpG, and the conversion of 5 mC produces TpG in sense
strand and CpA in antisense strand. Given the lower selection
pressure on the third position of codons, the conversion of NCG
to NCA (the second-third position) as well as NC|G to NT|G
(the third-next codon’s first position) would be dominant, which
leads to the bias to A- and T-ending codons [6]. Thus, the ratios
of NXA/NXG (X = A, T, C, or G) can reflect the effect of the
second nucleotide on the conversion from G to A at the third
positon, and the ratios of NT|X/NG|X (X = A, T, C, or G at the
first position of the next codon) can reflect the first nucleotide
of the next codon on the conversion from C to T at the third
position. If DNA methylation contributes to SCUB, the ratio
of NCA/NCG would be higher than those of NXA/NXG (X =
A, G, T), and the ratio of NT|G/NC|G would be higher than
those of NT|X/NG|X (X = A, T, C). Based on this, the difference
between the ratios of NCA/NCG and NAA/NAG, NGA/NGG,
and NTA/NTG as well as the difference between the ratios
of NT|G/NC|G and NT|A/NC|A, NT|C/NC| NT|G/NC|G, and
NT|T/NGJ|T were calculated to assess the potential association
between DNA methylation and SCUB.

The association between DNA methylation and SCUB was
also analyzed using the ratio of NXA/NXG of amino acids (Ala,
Arg, Gln, Glu, Gly, Leu, Lys, Pro, Ser, Thr, and Val) that are
encoded by SCs including A and G at the third position. The ratio
of NXA/NXG ratio of SR3 to NXA/NXG ratio of JN177 was used
to access the putative contribution of DNA methylation to the
change in SCUB induced by asymmetric somatic hybridization.

Indel-Flanking and Indel-Remote

Sequence Extraction

Fifteen codons (45 nt) of 5’- and 3'-flanking sequences of indels
(insertions and deletions) were extracted for calculating SCUB
frequency. The indels with instance >45 nt from start and
stop codons were used for analysis to avoid the terminal effect.
Sequences with length <90 nt between two indels were not
considered as flanking sequences to avoid the effect of adjacent
indels. The sequences with distance >45 nt from indels were
extracted as non-flanking sequences.

Statistical Analysis

The chi square (x2) test of the cross-table analysis was performed
to establish the significance of differences in the SCUB frequency
based on SCs in CDS sequences of all unigenes, mapped unigenes,
introgressed unigenes, and non-introgressed unigenes between
SR3 and JN177. The difference in SCUB frequencies of each
of the 18 amino acids between SR3 and JN177 was performed
using the amount of A- and T-ending SCs and C- and G-
ending SCs of a given amino acid. The difference in total SCUB
frequencies between SR3 and JN177 was performed using the
amount of all SCs with A, T, C, or G at the third position (NNAs,
NNTs, NNCs, or NNGs). The significance of differences in SCUB
frequency related to the third nucleotide position concerning
DNA methylation between SR3 and JN177 was also analyzed with
the 2 test of the cross-table analysis. For example, the difference
in NCA/NCG ratio (the second-third nucleotide combination)
between SR3 and JN177 was analyzed by the amounts of NCA
and NCG of SR3 and JN177; the difference in NT|G/NC|G ratio
(the third nucleotide and the first nucleotide of next codon
combination) between SR3 and JN177 was analyzed by the
amounts of NT|G and NC|G of SR3 and JN177. Besides, the
difference of SCUB frequencies in other comparisons such as
those between introgressed and non-introgressed sequences as
well as those between indel 5'-flanking and 3’-flanking sequence
were also conducted using the x? test of the cross-table analysis.
The difference in NXA/NXG SCs of an amino acid encoding by
A- and G-ending SCs (Ala, Arg, Gln, Glu, Gly, Leu, Lys, Pro, Ser,
Thr, and Val) between SR3 and JN177 was calculated with the
x? test of the cross-table analysis, and the amounts of NXA and
NXG of SR3 and JN177 were used for calculation. The difference
in the ratios of NCG/NCA of Ala, Pro, Ser, and Thr between
SR3 and JN177 from the ratios of N(G/T)G/N(G/T)A of Arg,
Gln, Glu, Gly, Leu, Lys, and Val between SR3 and JN177 was
calculated with the ¢-test. The fluctuation was assessed by the
coefficient of variation (CV), which is calculated as the ratio of
standard deviation to mean. The consistency of SCUB frequency
was detected via reliability analysis (model was set as alpha), and
Cronbach’s alpha value was used to indicate the consistency.

RESULTS

SCUB Appeared to Be Different Between
Shanrong 3 and Jinan 177

We previously large-scale sequenced the cDNA libraries and
obtained 9,634 and 7,107 unigenes from Shanrong 3 (SR3)
and Jinan 177 (JN177), respectively (Wang et al, 2015).
SR3 genome took place at a high frequency of genetic
variation such as nucleotide substitution (Liu et al., 2015;
Wang et al, 2015, 2018); therefore, we analyzed here to
know the SCUB alteration. Approximately 77.1% of SR3 and
79.2% of JN177 in length were coding sequences (CDS)
(Supplementary Figure 1A), which included ~1.4 x 10° and 1.3
x 10° codons (Supplementary Figure 1B). Among the 59 SCs
that encode 18 amino acids, the frequencies of both codons with
A/T at the third position (NNAs/NNTs) and NNCs/NNGs were
various, and NNCs and NNGs were more dominant than NNAs
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and NNTs; the frequency of each of the codons was comparable
among JN177 and SR3 (Supplementary Figure 2).

SCUB frequency of a given amino acid encoded by SCs was
calculated as the ratio of NNCs/NNGs amount to NNAs/Ts
amount (Figure 1A). The SCUB frequencies of 18 amino
acids were 0.844 to 2.118 in JN177 and SR3, and they were
different among each other [coefficient of variation (CV) =
0.069-0.501] (Supplementary Table 1). The SCUB frequencies
of amino acids was almost comparable between two cultivars
(Figure 1A), except that the frequencies of Ala, Pro, Ser, and
Thr were different between JN177 and SR3 (P < 0.05, ¥? test)
(Supplementary Table 1).

Total SCUB frequencies of four types of codons with A, T,
C, and G at the third positon (NNA, NNT, NNC, and NNG),
calculated as the ratios of the amounts of four types of codons to
the amount of all codons, were used to compare SCUB between
JN177 and SR3. NNC and NNG were more pronounced than
NNA and NNT (Figure 1B). Generally, the frequencies of NNA,
NNT, NNC, and NNG showed a significant difference between
JN177 and SR3 (P = 3.96 x 1079, x? test). In comparison with
JN177, SR3 had higher frequencies of NNA and NNT (P =
0.040 and 0.002), but lower frequencies of NNC and NNG (P =
0.024 and 0.067). The results indicate that asymmetric somatic
hybridization affected SCUB.

Introgression of Exogenous Fragments
had No Genome-Wide Effect on SCUB

In the genome of SR3, six exogenous fragments were found
to be introgressed in chromosomes 1BL, 1DL, 2AL, 2DL, 5BS,
and 6DS (Wang et al., 2004). We previously found that genetic
variation in these chromosomes had no significant difference to
that in the other chromosomes without introgressed fragments
(Wang et al., 2018). To know the effect of exogenous fragments

on SCUB in introgressed chromosomes, the SCUB frequencies
of unigenes mapped to 21 chromosomes were compared. In
general, the SCUB frequencies of the amino acids encoded by SCs
were similar between JN177 and SR3 when mapped (unigenes
mapped to chromosomes), introgressed (unigenes mapped
to chromosomes introgressed with exogenous fragments), or
non-introgressed (unigenes mapped to chromosomes without
exogenous fragments) unigenes were used for calculation,
respectively (P > 0.05, x? test), except for Ala and Pro of
mapped unigenes (P = 0.023 and 0.043, X2 test) (Figure 2A;
Supplementary Table 2). However, the total SCUB frequencies
of either mapped or non-introgressed unigenes were significantly
different between JN177 and SR3 (P = 3.70 x 10~ and 3.09 x
1074, x? test), but the difference was weakened in introgressed
unigenes (P = 0.196, X2 test) (Figure 2B). Moreover, each of
the NNA, NNT, NNC, and NNG frequencies were obviously
different between SR3 and JN177 when total, mapped, and non-
introgressed unigenes were calculated, and SR3 had higher NNA
and NNT ratios but lower NNC and NNG ratios. Although
the ratio values were similar to non-introgressed unigenes, the
difference in each of the NNA, NNT, NNC, and NNG ratios of
introgressed unigenes between JN177 and SR3 were statistically
not obvious (P = 0.281-0.652, x? test) (the reason was that the
codon amounts of introgressed unigenes were drastically fewer
than those of non-introgressed unigenes). The findings showed
that SCUB in chromosomes introgressed with and without
exogenous fragments was both shifted.

The SCUB frequencies of the amino acids encoded by
SCs were generally comparable among total unigenes, mapped
unigenes, non-introgressed unigenes, and introgressed unigenes
in either IN177 (CV = 6.94 x 107 to 0.0064, Cronbach’s alpha
= 1.00) and SR3 (CV = 1.79 x 107* to 0.0059, Cronbach’s
alpha = 1.00) (Figure 2A; Supplementary Table 3). The SCUB
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frequencies of these amino acids in introgressed unigenes had no
significant difference from those in non-introgressed unigenes
as well as mapped unigenes and total unigenes in either JN177
or SR3 (Figure 2A; Supplementary Table 2). Moreover, the total
SCUB frequencies of introgressed unigenes, illustrated by the
ratios of NNA, NNT, NNC, and NNG, were also similar to
those of non-introgressed unigenes, mapped unigenes, and
total unigenes in JN177 (P = 0.926-0.966) and SR3 (P =
0.976-0.988) (Figure 2B). These results indicated that SCUB in
chromosomes introgressed with exogenous fragments was not
affected more strongly than SCUB in chromosomes without
exogenous fragments.

SCUB Was Promoted in Indel-Flanking

Sequences
We previously found that nucleotide substitution preferred
sequences adjacent to indels in SR3 genome (Wang et al,
2018). To clarify whether SCUB had a similar effect, the CDS
sequences aligned between JN177 and SR3 were extracted, and
sequences flanking to indels between JN177 and SR3 as well
as sequences not flanking to indels were used for calculating
SCUB frequency. The SCUB frequencies of amino acids encoded
by SCs were also similar between introgressed sequences and
non-introgressed sequences as well as aligned and mapped
sequences (P = 1.000, x> test) (Supplementary Figure 3A;
Supplementary Table 4); the total SCUB frequencies were also
comparable in these comparison combinations (P = 0.123-0.484,
x? test) (Supplementary Figure 3B).

The total SCUB frequencies of flanking and non-flanking
(remote) sequences of indels were calculated. For mapped
sequences, the total SCUB frequencies showed a significant

difference between JN177 and SR3 when the whole aligned
sequences were compared (P = 0.003, x? test) (Figure 3A).
Consistently, the total SCUB frequencies of indel-flanking
sequences (two-sides) and non-flanking sequences of SR3 were
also obviously different from those of JN177 (P = 0.030 and
0.041, x? test). In comparison with JN177, SR3 had slightly
higher frequencies of NNA and NNT but lower frequencies of
NNC and NNG in whole and non-flanking sequences, while
an increase of NNA and NNT frequencies and a decrease of
NNC and NNG frequencies were stronger in SR3 (Figure 3A;
Supplementary Table 5). To further evaluate the effect of
indels on SCUB, we calculate the ratio of NNC/G to NNA/T
(Figure 3D). When compared with JN177, SR3 had significantly
lower ratios in whole, indel flanking (5'-, 3’-, and two sides),
and non-flanking sequences (P = 0.0003-0.066, X2 test).
On the other hand, for mapped sequences, the total SCUB
frequencies were comparable among whole, indel flanking, and
non-flanking sequences in JN177 (Figure 3A). In SR3, the total
SCUB frequencies of whole sequences and indel non-flanking
sequences were comparable (P = 0.927, x? test), and they were
both higher than that of indel-flanking sequences (P = 0.091 and
0.045, x? test); two sides of indel-flanking sequences had similar
total SCUB frequency with either 5'- or 3'-side. Consistently,
the ratio of NNC/G to NNA/T of indel-flanking sequences was
lower than those of whole and non-flanking sequences in SR3
(P = 0.012 and 0005, x?2 test), as was not found in JN177 (P
= 0.775 and 0.860, x? test) (Figure 3D). These data were also
found in introgressed sequences and non-introgressed sequences
(Figures 3B,C,E,F). Note that, in introgressed sequences,
although difference values of the ratios were similar to those
of mapped and non-introgressed sequences, some P-values of
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the comparisons were more than 0.05 (Figures 3B,E), which
resulted from the SC amount of indel-flanking sequences
being drastically fewer than whole and non-flanking sequences.
These results indicate that SCUB shift was promoted in
indel-flanking sequences.

The total SCUB frequencies of whole sequences were
comparable between introgressed sequences and non-
introgressed sequences/mapped sequences in SR3 (P = 0.265
and 0.484, x? test) (Figures 3A-C). Similarly, the total SCUB
frequencies of both indel-flanking sequences and non-flanking
sequences were almost the same in these comparisons. The
ratios of NNC/G to NNA/T of indel-flanking, non-flanking,
and whole sequences in introgressed sequences were also not
different from those in mapped sequences of SR3 (P = 0.121,
X2 test) (Figures 3D,E). In comparison between introgressed
and non-introgressed sequences, the ratios of NNC/G to NNA/T
of indel-flanking sequences were similar (P = 0.998, x? test)
but those of whole and non-flanking sequences appeared to be
slightly different (P = 0.049 and 0.036, %2 test) (Figures 3E,F).
These data show that the preference of SCUB in the sequences

adjacent to indels was not improved in the chromosomes with
exogenous fragments.

The Association Between DNA Methylation
and SCUB

Asymmetric somatic hybridization induced genome-scale
epigenetic variation (DNA methylation) in SR3 genome (Liu
et al,, 2015). DNA methylation mediated C-to-T conversion and
partially accounts for genetic variation induced by asymmetric
somatic hybridization (Wang et al, 2018); thus, we analyzed
whether it is also associated with SCUB in SR3 genome. The
conversion produces C to T and G to A in sense and antisense
strands, respectively, so the conversions lead to the NCG-to-
NCA shift (the second-third position) and the NC|G-to-NT|G
shift (the third-next codon’s first position).

In mapped, introgressed, and non-introgressed sequences,
the NCA/NCG ratio (illustrating the conversion of C to T in
antisense strand) was higher in SR3 than in JN177 (P = 3.99 x
107, x? test), but the NGA/NGG, NAA/NAG, and NTA/NTG
ratios were comparable between two cultivars (P = 0.893-0.990,
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%2 test) (Figure 4A). On the other hand, we calculated the NT|G
and NC|G frequencies to evaluate the effect of C-to-T conversion
of sense strand. In mapped sequences, the NC|G frequency of
SR3 was significantly lower than JN177’s frequency (P = 0.014,
%2 test), and the ratio of SR3’s NC|G frequency to JN177’s NC|G
frequency was <1 (P = 0.004, x? test); the frequencies of NA|G,
NG|G, and NT|G were comparable between SR3 and JN177 (P
= 0.504-0.834, x? test), and the ratios of the frequencies were
all around 1 (P = 0.488-0.830, x? test) (Figure 4G). Oppositely,

the NT|G frequency of SR3 was significantly higher than JN177’s
frequency (P = 0.006, x> test), and the ratio of SR3’s NC|G
frequency to JN177’s NC|G frequency was more than 1 (P =
0.009, x? test); the frequencies of NA|G, NG|G, and NT|G were
similar between SR3 and JN177 (P = 0.504-0.834, x? test), and
the ratios of the frequencies were also near to 1 (P = 0.488-
0.830, x? test) (Figure 4G). The NT|G/NC|G ratio exhibited a
significant difference between JN177 and SR3 (P = 0.0001), but
NT|A/NC|A, NT|C/NC|C, and NT|T /NC|T ratios were similar
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(P = 0.365-0.853). These results were repeated in introgressed
and non-introgressed sequences (Figures 4B,C,H,I). Moreover,
the NCA/NCG ratio in introgressed sequences was similar
to non-introgressed and mapped sequences (P = 0.819 and
0.858, x2 test) (Figures 4A-C); the NT|G/NC|G ratios were
also comparable between introgressed sequences and non-
introgressed/mapped sequences (Figures 4G-I). These results
indicated that DNA methylation affected SCUB in SR3, and
the effect appeared to be similar in introgressed and non-
introgressed sequences.

To further confirm this effect, A- and G-ending SC pairs
encoding a given amino acid sharing the same nucleotides
in their first and second positions were analyzed. In mapped
sequences, the frequencies of NCA/NCG pairs (encoding alanine,
proline, serine, and threonine) of SR3 were higher than those
of JN177 (P = 0.004-0.037, x? test), while the frequencies of
N(A/G/T)A/N(A/G/T)G pairs (encoding Lys, Gln, Glu, Arg, Gly,
Leu, and Val) were similar between SR3 and JN177 (P = 0.855-
0.954, x?2 test) (Figure 4D). The ratios of the frequencies of
NCA/NCG of SR3 to JN177 were larger than 1, and significantly
larger than those of N(A/G/T)A/N(A/G/T)G pairs (around 1) (P
= 1.78 x 10710, t-test). In introgressed and non-introgressed
sequences, SR3 also had higher frequencies of NCA/NCG pairs
but comparable frequencies of other pairs in comparison with
JN177 (Figures 4E,F).

SCUB in Allelic Chromosomes and

Sub-genomes

Allohexaploid wheat has seven groups of allelic chromosomes
originating from A, B, and D sub-genomes. The genetic variation
exhibited different frequencies and patterns among seven allelic
chromosomes as well as three sub-genomes in SR3 (Wang
et al., 2018), so we further analyzed the heterogeneity of
their SCUB alteration. Here, the SC frequencies of 18 amino
acids in each of seven allelic chromosomes totally had no
statistical difference between JN177 and SR3 (Figure 5A), and the
frequencies among seven allelic chromosomes were drastically
consistent in both JN177 (CV = 0.001-0.009, Cronbach’s alpha
1.00) and SR3 (CV = 0.001-0.012, Cronbach’s alpha
1.00). The total SCUB frequencies of NNA, NNT, NNC, and
NNG in each of seven allelic chromosomes were also similar
between JN177, although the difference values were similar to
those calculated using all unigenes (Figure 5B). On the other
hand, the SC frequencies of 18 amino acids in each of the
three sub-genomes were comparable between JN177 and SR3
(Figure 5C), and the consistency of the frequencies among
three sub-genomes was also very strong in two cultivars (CV
= 0.001-0.007 in JN177 and 0.0003-0.013 in SR3, Cronbach’s
alpha was 1.00). The total frequencies of NNA, NNT, NNC,
and NNG in sub-genomes of SR3 were different from those of
JN177 (P = 0.040-0.073) (Figure 5D). However, the difference
in each of the NNA, NNT, NNC, and NNG frequencies
between JN177 and SR3 appeared to be weak. The weaker
difference was majorly due to the fewer amounts of SCs for
statistical analysis.

DISCUSSION

Genetic variation serves as a driver of SCUB. Asymmetric
somatic hybridization induces high frequency of genome-scale
genetic variation such as nucleotide substitutions and indels
(Feng et al., 2004; Liu et al, 2007, 2009, 2015; Wang et al,
2015, 2018). Here, we found that the SCUB frequencies exhibited
difference between Shanrong 3 (SR3) and Jinan 177 (JN177)
(Figure 1), showing that asymmetric somatic hybridization can
affect SCUB. Moreover, genetic variation is suffered from
selection pressure during plant evolution, and the coding
sequence of the gene is under stronger selection pressure than
untranslated regions (UTR) (Vinogradov, 2004). We previously
found that genetic variation being stably reserved in SR3 is under
selection pressure (Wang et al., 2018). SCUB is associated with
a balance between mutation, genetic drift, and natural selection
(Akashi, 2001; Adams and Wendel, 2005). Thus, the shift of
SCUB in the genome of SR3 mirrors the selection pressure of
genetic variation induced by asymmetric somatic hybridization.

Genomic shock has proved to induce genetic variation
during natural evolution and dipolyploidization of polyploidies
(McClintock, 1984; Chen, 2007). Introgression lines are
specific polyploidies, but unlike polyploidies, chromosome
rearrangement and large fragment deletion that are the force of
genomic shock do not usually take place (Xia, 2009). However,
our previous studies found that the genomic shock induced
by the introgression of exogenous fragments led to the high
frequency of genetic variation at the whole-genome scale rather
than local chromosomal scale (Wang et al., 2018). Consistently,
the shift of SCUB also occurred at the whole-genome scale, and
the frequency in chromosome introgressed with and without
exogenous fragments was similar (Figure 2), further confirming
that the introgression of exogenous fragments predominantly
leads to whole genomic shock so that high frequency of genetic
variation is induced at the whole-genome scale. The possible
causes are as follows: (1) end-joining of fragments as the
mechanism of the introgression of donor chromatin segments
usually results in point mutations and deletions during repair
(Grundy et al., 2014); (2) besides visible fragments by GISH,
small invisible exogenous fragments may contribute to the
genomic shock.

There has a close association between indel and nucleotide
substitution. Nucleotide substitution has higher frequency in
flanking sequences of indel than non-flanking sequences (Tian
et al., 2008), and substitution frequency appears to increases
following the distance decrease to indels (Zhang et al., 2008;
Guo et al,, 2016). Thus, indel serves as a local “mutator” (Tian
et al.,, 2008; Conrad et al., 2010; De and Babu, 2010; Hollister
etal., 2010). In SR3 genome, indel-flanking sequences has higher
nucleotide substitution frequency, and the frequency increases
close to indels (Wang et al., 2018), showing that indel is also
a local “mutator” under the whole genomic shock induced by
the introgression of exogenous fragments. Here, SCUB frequency
was also altered more strongly in indel-flanking sequences than
non-flanking sequences in SR3 genome (Figure 3), consistent
with the rule of indel as a local “mutator.” Moreover,
the introgression of exogenous fragments performs a local
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chromosomal shock to promote higher nucleotide substitution
frequency at 5'-side flanking sequences of indels in chromosomes
with exogenous fragments than that in chromosomes without
exogenous fragments (Wang et al.,, 2018). However, the SCUB
frequency of two-side flanking sequences of indels was similar
between chromosomes with and without exogenous fragments
(Figure 3), indicating the difference in the patterns of nucleotide
substitution and SCUB.

The alteration of cytosine methylation, a kind of variation
induced by genomic shock, often occurs in the genomes of
allopolyploidies (Comai, 2000; Shaked et al., 2001; Kashkush
et al., 2002, 2003) and newly synthesized allohexaploid wheat
(Shaked et al., 2001). Similarly, asymmetric somatic hybridization
also alters cytosine methylation patterns in wheat (Wang M.

et al, 2014; Liu et al, 2015). Methylated cytosines can be
converted to thymine (Ossowski et al., 2010), and therefore is
a major source of SNP formation (C— T, and G— A in
complementary strand) (Laird, 2010). We previously proved that
epigenetic modification-mediated nucleotide substitution is one
of the major forces of genetic variation induced by asymmetric
somatic hybridization in wheat (Wang et al., 2018). Here, DNA
methylation was also closely associated with SCUB shift in
SR3 genome (Figure 4). In line with the association of DNA
methylation and SCUB differentiation during plant evolution
(Qin et al, 2013; Qi et al., 2015; Xu et al., 2015), it could be
concluded that epigenetic variation may play crucial roles in
genetic variation induced by genomic shock, and there have been
a close association between genetic and epigenetic variation.
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As two major types of genetic variation, both nucleotide
substitution and small indels suffer from selection pressure
(McNally et al, 2006). In wheat, asymmetric somatic
hybridization induces similar genetic variation among non-
allelic chromosomes that suffer from similar selection pressure,
but different genetic variation among three sub-genomes
that suffer from different selection pressure, showing that
the induction of genetic variation is a non-random but
regulatory process (Wang et al,, 2018). However, the SCUB
frequencies in seven non-allelic as well as three sub-genomes
chromosomes exhibited similar difference values of SCUB
frequencies between SR3 and JN177, but the difference
values were similar to those calculated using all unigenes
(Figure 5), indicating the consistency and specificity between
nucleotide substitution and SCUB induced by asymmetric
somatic hybridization.

SR3 is a salt-tolerant cultivar with stronger salt tolerance
capacity and higher yield than JN177 (Xia et al., 2003). Our
previous work found that there was a remarkable difference
in transcriptomic and proteomic profiles between these two
cultivars under normal and saline conditions (Wang et al., 2008;
Peng et al., 2009; Liu et al., 2012), which is partially attributed
to the whole-genome scale genetic and epigenetic variation in
SR3, including transposon activation, DNA methylation, as well
as indels and nucleotide substitution in the promoters. For
instance, the variation in promoter of a salt-tolerant associated
gene TaCHP offers its transcription increase in SR3. Besides,
large-scale EST comparison showed that a set of genes possessing
genetic variation in CDS exhibits differential transcriptional
profile between SR3 and Jn177. More importantly, the variation
in CDS of some salt-tolerant associated genes alters the function
of encoding products in salt response, of which the amino acid
substitutions in TaSRO1, the putative salt-tolerant major QTL
candidate gene, and TaSOD2 enhances their PARP and SOD
activities, respectively. On the other hand, given the role of
SCs in transcription efficiency, mRNA stability, translational
efficiency, and accuracy and other aspects (Marais et al., 2001;
Warnecke and Hurst, 2007; Zhang et al., 2009; Tuller et al., 2010;
Presnyak et al., 2015), the SCUB shift may also account for the
superior salt tolerance of SR3. Although there are no good or
established tests for functional SCs so far, it is worthy of studying
the biological performance in asymmetric somatic hybridization,
natural evolution, and other events.

CONCLUSIONS

This work firstly addressed the patterns of asymmetric
somatic hybridization-induced SCUB shift. Asymmetric
somatic hybridization induced a whole-genome scale shift
of SCUB, and introgressed exogenous fragments did not
induce a stronger shift of SCUB in introgressed chromosomes,
showing that SCUB was shifted via whole genomic shock
rather than local chromosomal shock. Asymmetric somatic
hybridization induced indels that promoted SCUB shift
in flanking sequences. DNA methylation was a driver of
SCUB shift, indicating the complicated association between

genetic and epigenetic variation induced by asymmetric
somatic hybridization.
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Manipulation of genes involved in starch synthesis could significantly affect wheat grain
weight and yield. The starch-branching enzyme (SBE) catalyzes the formation of branch
points by cleaving the a-1,4 linkage in polyglucans and reattaching the chain via an a-1,6
linkage. Three types of SBE isoforms (SBEI, SBEIl, and SBEII) exist in higher plants, with
the number of SBE isoforms being species-specific. In this study, the coding sequence
of the wheat TaSBEIll gene was amplified. After the multiple sequence alignment of
TaSBEIll genome from 20 accessions in a wheat diversity panel, one SNP was observed
in TaSBEIII-A, which formed the allelic marker allele-T. Based on this SNP at 294 bp
(C/T), a KASP molecular marker was developed to distinguish allelic variation among
the wheat genotypes for thousand grain weight (TGW). The results were validated using
262 accessions of mini core collection (MCC) from China, 153 from Pakistan, 53 from
CIMMYT, and 17 diploid and 18 tetraploid genotypes. Association analysis between
TaSBEIIl-A allelic variation and agronomic traits found that 7TaSBEII-A was associated
with TGW in mini core collection of China (MCC). The accessions possessing Allele-T
had higher TGW than those possessing Allele-C; thus, Allele-T was a favorable allelic
variation. By analyzing the frequency of the favorable allelic variation Allele-T in MCC,
it increased from pre-1950 (25%) to the 1960s (45%) and increased continuously from
1960 to 1990 (80%). The results suggested that the KASP markers can be utilized in
grain weight improvement, which ultimately improves wheat yield by marker-assisted
selection in wheat breeding. The favorable allelic variation allele-T should be valuable
in enhancing grain yield by improving the source and sink simultaneously. Furthermore,
the newly developed KASP marker validated in different genetic backgrounds could be
integrated into a breeding kit for screening high TGW wheat.

Keywords: wheat, association analysis, KASP, TaSBEIII, polymorphisms, molecular marker
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INTRODUCTION

Wheat is the staple food for ~33% of the population across
the globe (Su et al,, 2011). According to a worldwide survey,
food demand will increase by 40% in the post-2020 era due to
the rapid increase in global population (Su et al.,, 2011; Wang
et al, 2019). To ensure this food security issue, there is a
need to develop high-yield varieties through advanced molecular
breeding (Wang et al., 2019). The valuable source in plants for
energy and carbon is starch. The production of starch takes
place in green leaves of plants during photosynthesis and surplus
glucose is produced (Irshad et al., 2019). There is a relation of
source and sink at the physiological level that helps to determine
the yield of the crops (Rossi et al, 2015). Sink capacity is
more important in wheat as compared to source so there is a
need to explore the starch synthesis enzymes to accelerate the
wheat yield through breeding (Hou et al., 2014). Starch mainly
consists of amylose and amylopectin in which amylopectin
contributed 75% in the starch granule (Pfister and Zeeman, 2016).
The metabolism process of different enzymes [ADP-glucose
pyrophosphorylases, starch synthases, starch-branching enzymes
(SBEs), and starch-debranching enzymes] helps in the formation
of starch (Bertoft, 2017).

Metabolism of starch significantly affects the yield and quality
of wheat because it accounts for about 65-80% of the grain
endosperm (Xia et al., 2020). Functional changes in starch
genes dramatically influence the starch content, amylose content,
and other agronomic traits. One of the most important yield
contributing trait in wheat is the thousand grain weight (TGW).
Different starch synthesis genes played a role in TGW in wheat
such as decreasing the expression of GWD via RNAi and
significantly increasing the grain number per plant and TGW
(Ral et al,, 2012). Similarly, three haplotypes were detected in
TaSSIV-A, and these haplotypes were associated with TGW.
Hap-2-1A showed a significant difference from the other two
haplotypes and had higher TGW (Irshad et al., 2019). It can
be suggested that optimizing starch metabolism might improve
the TGW, and its value can be increased with significant genetic
improvement in wheat grain yield (Zheng et al., 2011).

The main function of SBE is the formation of branch points
through cleavage of the polyglucan chains from «-1,4 linkage and
reattachment of these polyglucan chains via a-1,6 linkage. Based
on physiological and biochemical properties, SBE has three types
of isoforms (SBEI, SBEII, and SBEIII) (Yan et al., 2009). SBEIIa
and SBEIIb are two further subclades of SBEII. SBEI is present
in wheat, rice, maize, and other plants except for Arabidopsis
(Kang et al., 2013). Different research work has been done on
SBE proteins especially on SBEI, SBEIIa, and SBEIIb (Stamova
et al., 2009; Jeon et al., 2010). There is limited information about
SBEIII due to the challenging tasks in isolation and purification
of the coded protein of this gene (Yan et al., 2009). In wheat,
the TaSBEIII CDS sequence, which consists of 3780 bp with an
open reading frame of 2748 bp, was identified through the RACE
method from common wheat, which reveals the existence of the
SBEIII gene in common wheat. SBEIII has special characteristics
based on the predicted protein of 916 amino acids with four
highly conserved domains (Kang et al., 2013). The SBEIII gene is

reported in many higher plants but there remains no information
in lower plants (Han et al., 2007). Based on this information, it
is depicted that SBEIII is different from SBEI, and when higher
plants were separated from lower plants, then this gene could
have arisen during the evolutionary process of gene divergence
and duplication. The expression of TaSBEIII was consistent
during grain filling period in wheat, giving the idea that its
function is different from other SBE enzymes and its main
function is the formation of A and B granules in the grains of
wheat (Kang et al., 2013).

To accelerate the process of the wheat breeding program,
the potential approach is the marker-assisted selection (MAS)
(Zheng et al., 2017). Single nucleotide change and deletion
or insertion in a nucleotide sequence is referred to as single
nucleotide polymorphism (SNP) (Liu et al., 2012). SNP markers
are more reliable as compared to other markers (RFLP, RAPD,
AFLP, SSR, and ISSR) due to their high relative stability and
high-throughput scoring (Wang et al., 2015). Similarly, it has
been reported that SNPs are effective markers in fine mapping,
association analysis, and functional marker development (Zhang
et al,, 2013; Qi et al,, 2014). By using the SNPs in association
analysis, it has been documented that it is an effective tool for
the identification of relationship between the polymorphic site
of target gene and quantitative traits. These analyses have been
widely used in many crops such as in Arabidopsis, maize, rice,
and wheat (Hayashi et al., 2004; Li et al., 2010, 2016; Nemri et al.,
20105 Irshad et al., 2019). Different methodologies have been used
in the development of markers for different genes such as high-
resolution melting (HRM) and cleaved amplified polymorphism
(CAPS) (Chen etal., 2014; Luo et al., 2014). However, due to some
limitations, the utilization of these markers is limited because the
HRM method needs multiple PCR cycles for their unique PCR
product and CAPS markers also need special enzymes for special
pair digestion. Due to these reasons, the breeder needs a friendly
and high-throughput marker methodology for diverse breeding
programs. The utilization of the newly developed Kompetitive
Allele Specific PCR (KASP), which is a gel-free assay that has
an allele-specific PCR, has addressed this issue. These markers
are suitable for high-throughput genotyping of SNPs and also for
insertion/deletion (He et al., 2014). Multiple alleles arise due to
the presence of SNPs and InDels in the sequence of nucleotides
(Rasheed et al., 2016). These SNPs contribute directly to the
phenotypic variation, and this type of polymorphism is important
for the development of functional markers. The efficiency of
selection in wheat breeding and speed can be improved by
conversion of the functional markers into KASP (Rasheed et al.,
2018a). The TaSBEIII is present in chromosome seven in the A, B,
and D genome and plays an important role in granule formation
during the grain filling stage, but still, polymorphism of TaSBEIII
is unclear in wheat.

The main purposes of this study were to (a) identify the
polymorphic site and development of the high-throughput KASP
marker; (b) identify variation in favorable alleles; (c) identify
the geographic distribution of the allelic variations in Chinese,
CIMMYT, and Pakistani wheat germplasms; (d) identify gene
diversity in diploid, tetraploid, and hexaploid wheat germplasm;
and (e) analyze the association between polymorphic sites
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FIGURE 1 | The schematic display of research work.

Analysis of allelic variation

germplasm

and phenotypic traits. The research work scheme is shown
in Figure 1.

MATERIALS AND METHODS
Plant Material and Morphological Data

A diversity panel of 20 accessions was selected, which consists
of Chinese wheat landraces (7), Chinese modern wheat cultivars
(7)m and wheat accessions from Pakistan (6) to detect the
polymorphism in TaSBEIII (A, B, and D sub-genomes). The
Chinese wheat mini core collection (MCC) consisted of 262
accessions representing more than 70% genetic diversity of
wheat germplasm in China (Supplementary File 1; Hao et al,,
2008), 153 accessions from Pakistan, 53 CIMMYT accessions,
and 16 diploid and 19 tetraploid wheat accessions, which were
used to evaluate the newly developed molecular markers and
their distribution and frequency in different zones. The MCC
collection was planted at the Chinese Academy of Agricultural
Sciences (CAAS) experimental station in Beijing 2017-2018
(111.6°E, 33.8°N). The plants were grown with two replications,
and each single-row plot was 4 m long with a 75-cm space
between rows. The plant spacing within the row was 10 cm.
Field management was done according to the normal agricultural
practices. The data of yield-related traits (TGW, number of grains
per spike, plant height, and spike length) were collected from
the MCC 262 accessions and used in the present study. Grain
numbers were calculated per spike with three replications and

TGW was calculated after harvesting the crop by counting the
1,000 seeds from each accessions with three replications. Plant
height and spike length were measured at the maturing stage of
the crop with the help of a centimeter scale.

Isolation of DNA, Amplification of PCR,

Sequencing, and Alignment

DNA of all the accessions was extracted by using the CTAB
method (Gawel and Jarret, 1991). The purification of DNA was
done by “RNase A” treatment and isoamyl alcohol precipitation
(Sambrook, 1987). Agarose gel was used to check the quality
and quantity of the DNA. The gene primer TaSBEIII-F/R
was used to amplify all three genomes simultaneously for
the TaSBEIII gene covering the CDS sequence (Table 1).
PCR reaction was carried out in a total volume of 15 pl
as initial denaturation at 95°C for 3 min, followed by 32
cycles at 95°C for 30 s, annealing at 58°C for 30 s, and
extension at 72°C for 3 min, with a final extension at 72°C
for 10 min. Agarose gel of ~1% was used to resolve the
PCR product by electrophoresis. The resulting PCR fragment
was directly sequenced from both directions by a commercial
company (Sangon Biotech Co., Ltd., China) to find out the
polymorphisms. MEGA software' was used to align this 20-
genotypes sequence, and Chinese Spring sequence was used as a
reference sequence that was downloaded from the NCBI database
with accession no. JQ34619.

'https://www.megasoftware.net/

Frontiers in Genetics | www.frontiersin.org

July 2021 | Volume 12 | Article 697294


https://www.megasoftware.net/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Irshad et al.

Development and Validation of Molecular Marker

TABLE 1 | Primers used in the experiments.

Primer name Primer sequence 5 to 3 Purpose
TaSBEIII-F/R F: GGACCTAGAGTCCGCAAGAAGT Genomic
R: CTACCCTTCACCTCTGCAGTGCT fragment
amplification
KASP F: GAAGGTGACCAAGTTCATGCTACTGCTCTCCGCCGGTCGGCTGCC KASP assay
F: GAAGGTCGGAGTCAACGGATTACTGCTCTCCGCCGGTCGGCTGCT for SNP at 294
R: CCACAACTTCCTGCCAGGGGCCAC nt (C/T)
qRT-PCR-T-Allele F: GATGGGGACATGCCTAGCAATA TaSBEII-A
R: CTGGACACGGGCTCCACCCAC expression in
qRT-PCR-C-Allele F: GCCACGGTAACGCGTAACTGCT different
R: TCCGGACGGAGAAGACTATGCT tissues of

gRT-PCR-TaActin

F: CTCCCTCACAACAACAACCGC

wheat plants

Control for
endogenous

R: TACCAGGAACTTCCATACCAAC

Total RNA Extraction

RNAprep pure Plant Kit was used for the extraction of RNA by
following the instruction of the manufacturer. Similarly, by using
FastQuant RT Kit (Tiangen Beijing), cDNA was synthesized.

Expression Analysis

Two genotypes (Chinese Spring and Aikang-58) were planted on
the basis of their C and T alleles in the field at the experimental
station of the Institute of Crop Sciences, CAASChinese Academy
of Agricultural Sciences with normal management. Samples were
collected at different stages of both genotypes. The stages that
were selected for sampling were leaves/shoot, seedling, spikes at
the vegetative growth phase, grains at the reproductive phase
(15 days after pollination), roots at the reproductive phase,
leaves/shoot at the vegetative stage, spikes at the vegetative phase,
spikes at the reproductive phase (after formation of spikes), and
root seedling and roots at the vegetative growth phase.

One microgram of RNA was used to synthesize the cDNa
with a TranScript Kit (TransGen, AT341) by following the
manufacturer’s instructions. The concentration of cDNA was
quantified with the help of NanoDrop and all the samples were
made uniform for qRT-PCR. Two sets of primers were designed
for qRT-PCR according to C and T alleles (Table 1). TransStart
SuperMix Kit (TransGen, AQ131) was used for qRT-PCR and ran
on a CFX96 system (Bio-Rad Co., United States). The process
of amplification was initiated at 94°C for 30 s, followed by 43
cycles of denaturing for 5 s, annealing for 15 s, and extension
for 10 s and then a melting curve stage. Both genotypes were
used for qRT-PCR with three biological replications and three
technical replications, and actin was used as a housekeeping gene
for internal control. The relative expression value was calculated
by Microsoft Excel.

KASP Marker Development

On the variant of TaSBEIII-A, KASP primer was
designed for high-throughput genotyping by following the
standard KASP guidelines” (Table 1). The specificity of

Zhttp://www.lgcgenomics.com

primer was developed based on the standard FAM (5'-
GAAGGTGACCAAGTTCATGCT-3") and HEX (5'-GAAGGT
CGGAGTCAACGGATT-3’) tails with a targeted SNP at the 3’
end. To check the diversity, the developed KASP marker was
applied across the entire studied population. The methodology
of KASP assay was followed as reported by Rehman et al. (2019).
The clustering of accessions was shown on the scatter plot at the
x (FAM) and y (HEX) signal.

Association Analysis Between SNPs and
Yield-Related Traits

Descriptive statistics and estimates of variance were done by
using Microsoft Excel 2016. To check the effect of allelic variants
on yield-related traits, Student’s ¢-test was used at p < 0.05 (even
0.01). The polymorphic information content (PIC) and gene
diversity (H.) were measured online: https://www.gene-calc.pl/

pic.

RESULTS

Identification of Novel SNP in the CDS

Sequence of TaSBEIII-A

PCR amplification and sequencing of TaSBEIII-A in 20 accessions
allowed the identification of a SNP in the exon region
of TaSBEIII-A at 294 bp. The transversion of SNP was
“C” substituted into “T”. The SNP was non-synonymous and
proline changed into serine amino acid. The alignment of
sequences with Chinese Spring accession revealed that SNP
is novel and was reported for the first time (Supplementary
Figure 1). The sequence had been submitted to the NCBI
GenBank and the accession number is MZ261926.

High-Throughput KASP Marker for

TaSBEIII-A

A KASP marker was developed for the identified polymorphic
site in the CDS sequence of TaSBEIII-A and named as a KASP1
marker. The frequency of this KASP1 marker was more than
5% in the MCC. In the scatter plot, the accession in blue circles
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(FAM) and y-axis (HEX). Accessions with blue color represent the FAM type of allele C while accession in red color denotes the Hex type of allele T. Black dots

KASP1

J@'

have a “C” allele while the accessions in red circles have “T”
alleles for the TaSBEIII-A gene (Figure 2). The polymorphism for
this marker was identified in MCC, Pakistani wheat accessions,
CIMMYT wheat accessions, and diploid and tetraploid wheat
accessions (Figure 2).

Association Between Allele and
Yield-Related Ttraits

Mini core collection consisted of 262 accessions that were used
to detect the association of TaSBEIII-A alleles with yield-related
traits. Different yield-related traits data were collected such as
TGW, number of grains per spike, spike length, and plant height.
The data were collected with three replications and the average of
these replications was used for association analysis. Allele-T was
significantly associated with higher TGW (Figure 3). All other
yield-related traits (spike length, number of grains per spike, and
plant height) showed non-significant association between these
two alleles. Therefore, on the basis of this result, it can be said
that Allele-T significantly associated with yield-related traits and
has the potential as a functional marker and that it can be used in
MAS from improving starch content, which ultimately affects the
yield of the grain.

Expression Analysis of TaSBEIII-A

Two wheat accessions (Chinese Spring and Aikang-58) were
selected based on allelic variation (Allele-C and Allele-T,
respectively) to test the expression level of TaSBEIII-A in different
stages of wheat plant. Primer specificity was checked on the basis
of the melting curve of qQRT-PCR for TaSBEIII-A, and TaActin
gene was used as an internal control. qRT-PCR revealed that
Aikang-58 with Allele-T had higher relative expression levels
as compared with Chinese Spring having Allele-C at the spike
reproductive stage and grain reproductive stage (Figure 4). These

findings suggested that Allele-T might be responsible for high
TGW and help to maintain a high starch content.

PIC and Gene Diversity in Chinese and

Non-Chinese Wheat Germplasm

To study the evolutionary history of TaSBIII-A, we analyzed
TaSBIII-A in wheat ancestors. The results illustrated that during
polyploidization events, diversity in TaSBIII-A increased. Diploid
(AA) wheat accessions showed no diversity for TaSBIII-A.
Tetraploid accessions (AABB) showed 0.3108 PIC and 0.3848
H, for TaSBIII-A. PIC and H. ranged between 0.3318 and 0.420
in hexaploid Chinese wheat landraces, respectively. For Chinese
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FIGURE 3 | Interaction of favorable allele with yield-related traits. TGW,
thousand grain weight; GN, grain number; *p < 0.05, **p < 0.01. The 2-year
data of 2017 and 2018.

Frontiers in Genetics | www.frontiersin.org

July 2021 | Volume 12 | Article 697294


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Irshad et al.

Development and Validation of Molecular Marker

modern wheat cultivars, the PIC and H, ranged between 0.3701
and 0.4902, respectively (Table 2). Among non-Chinese wheat
germplasm, CIMMYT wheat accession showed 0.3749 PIC and
0.4998 H., while Pakistani wheat accessions showed 0.3648 PIC
and 0.48 H..

Geographic Distribution of TaSBEIII-A

Allelic Variation

In China, wheat zones are divided on the basis of temperature,
growing season, moisture contents, varietal response to
photoperiod, and biotic and abiotic stress (Zhang et al., 2015).
In this study, MCC was used to survey allelic variation of
TaSBEIII-A in China, Pakistan, and CIMMYT wheat collections.
Based on cultivation and production, zones I-IV are the major
zones and cover 75% of the wheat area of China. The frequency
of the favored allele Allele-T was lower in landraces and Allele-C
was dominant in all the major zones of China. However, the
frequency of favored Allele-T in modern cultivars was >50% in
four major zones of wheat. The frequency of Allele-T showed a
significant increment from 35 to 65% in zone I, 27 to 85% in zone
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FIGURE 4 | A heatmap of two genotypes having different alleles and their
gene expression profile at different stages by using hierarchical clustering.
XLSTAT was used to create a heatmap. R,S: root seedling; R,V: roots at the
vegetative growth phase; R,R: roots at the reproductive phase; L/S,S:
leaves/shoot seedling; L/S,V: leaves/shoot, vegetative; S,V: spikes at the
vegetative growth phase; SR: spikes at the reproductive phase; GR: grains at
the reproductive phase.

TABLE 2 | Polymorphic information content (PIC) and gene diversity (He) values in
studied wheat germplasms.

262MCC CL CM CIMMYT Tetra PAK
He 0.455 0.42 0.4902 0.4998 0.3848 0.48
PIC 0.315 0.3318 0.3701 0.3749 0.3108 0.3648

MCC, Mini core collection of China; CL, Chinese landraces; CM, Chinese modern
cultivars; Tetra, Tetraploidy accessions; PAK, Pakistan.

I1, 20 to 66% in zone III, and 19 to 85% in zone IV from landraces
to modern cultivars, respectively (Figure 5). These results
support the idea that favorable allelic variation was positively
selected in all major zones and other zones of China with the
passage of time. Therefore, this allele can be used further in
breeding programs in China to increase the grain yield of wheat.

The geographic distribution of TaSBEIII-A was also
investigated among Pakistani wheat accessions. The frequency
of Allele-T was higher in Pakistan major zones such that its
frequency was 64% in the Punjab irrigated zone and 55% in
the Punjab rainfed zone. Similarly, the frequency in Khyber-
Pakhtunkhwa was 65% and that in Sindh was 70%. There was a
positive selection of the favorable allele in all zones of Pakistan
(Figure 6). Similarly, in the CIMMYT germplasm, the frequency
of Allele-T was higher than that of Allele-C.

Positive Selection of Allele-T of
TaSBEIII-A in Wheat Breeding History of
China and Pakistan

To evaluate the favorable allelic variation of Allele-T, MCC was
used with known released dates and was divided into six groups
(pre-1950, 1950s, 1960s, 1970s, 1980s, and 1990s). In general,
accessions that were released before 1950 possessed Allele-C and
few accessions had Allele-T (25%). The frequency of the favorable
allele (Allele-T) increases from 1950 to 1960 (up to 38%) but
remained stable from the 1960-1970 era. The frequency of the
favorable allele increased from 1971 to 1990 (38 to 70%) and it
became 80% in 2000 (Figure 7). From the 1960s onward, TGW
also showed a continuous increasing trend (Supplementary
Figure 2). These results indicated that this favorable variation
is valuable and could be selected to further improve TGW in
Chinese wheat germplasm.

Similar results had been depicted in the Pakistan accessions,
which consist of 153 genotypes and divided into two groups
(1953-1980 and 1981-2016). The two groups were determined
on the basis of pre-green revolution (1953-1980) and post-green
revolution (1981-2016). The initiation of green revolution started
in Pakistan from the early 1970s. The frequency of Allele-T was
15% in 1953, and the frequency of Allele-C was 80%, but with
passage, the frequency of the favorable allele increased. From
1981 to 2016, the frequency of the favorable allele was 55%
(Figure 7). So, the favorable allele was also selected positively with
the passage of time in Pakistani wheat accessions.

DISCUSSION

Due to domestication, evolution and breeding in wheat help
to create a lot of genetic diversity in wheat germplasm. The
level of polymorphism in wheat was 1 SNP/540 bp based on
the bioinformatic analysis of large wheat EST database of 12
accessions (Somers et al., 2003). Similarly, genomic sequences
consisting of coding and non-coding regions have 1 SNP/334 bp
in the coding region and 1 SNP/267 bp in the genomic region
(Ravel et al., 2006). In this study, TaSBEIII CDS was sequenced
in the 20 diverse cultivars of wheat and polymorphism was
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FIGURE 5 | TaSBEIII-A alleles. Geographic distribution in China. (A) Landraces, (B) modern cultivars. I, Northern winter wheat zone; Il, Yellow, and Huai River valleys
winter wheat zone; Ill, Middle and low Yangtze valleys winter wheat zone; IV, Southwestern winter wheat zone; V, Southern winter wheat zone; VI, Northeastern
spring wheat zone; VII, Northern spring wheat zone; VI, Northwestern spring wheat zone; IX, Qinghai-Tibetan spring-winter wheat zone; X, Xinjiang winter-spring

wheat zone. Pie chart size is directly proportional to the number of genotypes.
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detected. The SNP was detected in the exon region of TaSBEIII-
A (Figure 2). There was no other SNP detected in the CDS
sequence in the rest of the sub-genomes (B and D sub-genomes)
for TaSBEIII. These results suggested that TuSBEIII is a conserved
gene during evolution. Wheat D genome had a narrow genetic
background with a lower level of polymorphism. This might be
due to the fact that no SNPs in the CDS sequence of these sub-
genomes have been reported yet (Rasheed et al., 2018b). Allele
fixation during domestication and low genetic diversity in the
wheat panel can also be other reasons for less polymorphism in
this gene. There is a need to sequence diverse wheat germplasm
to investigate these probabilities.

According to different research, it has been predicted that in
wheat, per year genetic gain is ~0.8 to 1% (Shearman et al,,
2005; Zhou et al., 2007). Grain number per square meter plays
a significant role for achieving genetic gain with a slight change
in the grain weight (Gaju et al., 2009; Zhang et al., 2015). In this
study, a SNP was identified for TaSBEIII-A in the CDS sequence
of gene at 294 bp position and showed a significant association
with TGW, which might be beneficial for improving grain yield.
The expression of TaSBEIII was consistent at the grain filling
stage, and the function of this gene might be different from
other SBE genes (SBEI, SBElla, and SBEIIb) and might help to
improve wheat yield. The function of this gene may be associated
with the formation of A and B starch granules in the grains
of wheat plant, which ultimately help in the wheat yield (Kang
et al., 2013). Similarly in wheat, an open excess browser’ was
developed to check the expression of the gene at different stages.
The expression of this gene is also observed at the grain stage by
using this web browser, which supports the results that show its
function in grains of wheat (Borrill et al., 2016). The final dry
weight of the grain contains 65 to 80% starch (Hurkman et al,,
2003). The endosperm works as a storage tissue and contributes

3http://www.wheat-expression.com

significantly to the yield of the grain. Therefore, the differential
effects of the TuSBEIII-A allele on grain weight detected in the
present study might be caused by different contributions to starch
biosynthesis and hence to endosperm development. Generally,
all over the world, a higher grain weight is the main objective of
wheat breeders (Zhou et al., 2007).

The development of new genetic tools promises to address the
challenges by improving the genetic gains of different crops and
help to meet the world’s food production demand. The use of
functional markers in wheat breeding programs through MAS is
a successful approach to increase yield (Liu et al., 2014; Rasheed
et al., 2018a). Recently the concept of MAS has been changed by
shifting to whole-genome methods to attain maximum genetic
gains in wheat breeding by using different complex traits (Zhao
etal., 2014). The KASP1 marker was developed based on the SNP
present at 294 bp in the CDS sequence of TaSBEIII-A (Figure 3).

TaSBEII-A

Pakistan Genotypes

== Allele-C
ws Allele-T

FIGURE 6 | Distribution of TaSBEIII-A alleles among Pakistan accessions. |,
Punjab rainfed zone; Il, Punjab irrigated zone; Ill, Sindh region; IV, Balochistan
zone; V, Khyber Pakhtunkhwa zone. Pie chart size is directly proportional to
the number of accessions.
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Two allelic variations (Allele-C and Allele-T) were observed in
different wheat populations by using this KASP marker. By using
further association analysis of these alleles, it was observed that
Allele-T showed a significant association with high TGW in
MCC. Based on this, it is depicted that this molecular marker can
be instrumental in MAS to improve the yield of the wheat.

Polymorphic information content helps to understand the
detailed knowledge of the level of polymorphism between
accessions. On the basis of previous reports, PIC can be divided
into three categories: (1) the marker is considered to highly
polymorphic if the value is more than 0.5; (2) similarly, values
between 0.25 and 0.4 indicate that the marker is moderately
informative; and (3) the marker with a 0.25 PIC value is a low
informative marker. In the present study, the average PIC value
for landrace and modern cultivars was 0.32, while the value
was increasing from tetraploid to hexaploid wheat accessions.
This value is in agreement with previous studies using bi-allelic
markers such as SNP or DArT in either common or durum
wheat. In common wheat, a PIC value of 0.24 has been found
for the WAMI population genotyped with the 9K SNP array
(Rasheed et al., 2018a).

The favorable allele was also investigated in landraces and
modern cultivars in China. The selection of the favorable allele
of TaSBEIII-A showed an increasing trend from landraces to
modern cultivars in wheat breeding in China. In major wheat-
producing areas of China (Zones I, II, III, and IV), the frequency
of the favorable Allele-T showed higher trends. Zones I, II, and I1I
contribute about 64% of the total national area of China (Irshad
etal., 2019), and accessions in these zones have a higher frequency
of favorable alleles. The average grain weight in these regions is
42-44 g, especially in zone II (Barrero et al., 2011). Wheat yield
mainly depends on the increase in TGW (Zhang et al., 2012). The
frequency of favorable alleles increased from 1960 onward, and
during that time, Chinese wheat varieties experienced a boom in
their yield. In China, the main objective was to increase TGW
in wheat varieties before 1960 (Wang et al., 2019). With the
passage of time from 1970 to 1990, the breeding objective was also
changed by adding other traits such as plant height, grain number

per spike, and quality traits to improve the yield of Chinese wheat
accessions (He et al.,, 2018). The change in breeding objective
from 1950 to 1980 assisted in the positive selection of favorable
alleles in Chinese wheat with a rapid increase in TGW before
1980 in wheat accessions (Figure 6). The frequency of favorable
alleles increases by about 80% from the 1970s to the 1990s with
an increase in TGW, which may be the reason for selecting
the other favorable genes (Wang et al., 2018). Additionally, the
frequency of favorable alleles increases in all 10 zones of China
from landraces to modern cultivars. So, it can be said that this
allele has large potential to increase TGW, which ultimately
increases the yield of wheat crop.

Wheat accessions from Pakistan were also selected to evaluate
the favorable allele diversity in the different wheat zones. In
all major zones of Pakistan, the favorable allele was positively
selected and with high frequency. From 1953 to 2016, the
favorable allele was positively selected with the passage of time,
showing that there is a positive selection of the favorable allele
in the wheat breeding program of Pakistan. The population
structure of Pakistan and China is different, but the positive
selection of alleles in both germplasms is likely due to the high
linkage disequilibrium of wheat in major yield genes, and these
genes were elected during selection breeding (Semagn et al.,
2014; Rossi et al.,, 2015; Irshad et al., 2019; Rehman et al.,
2019). To confirm these results, there is a need to analyze
this favorable allele in other wheat cultivars such as Europe,
United States, and Australia. Based on the frequency result of
these regions, the conclusion can be made that the selection
of the favorable allele of TuSBEIII-A is due to the major yield-
related genes.

In conclusion, high-throughput genotyping for MAS is of
great importance. The molecular marker that was developed on
the SNP TaSBEIII-A at 294 bp in which Allele-T was significantly
associated with TGW and the frequency of this favorable allele
increased about 80% from 1960 to 1990 in Chinese MCC. This
allele can be used in future studies as selection criteria for
improving yield traits. Thus, it is depicted that favorable alleles
are valuable and could be selected to increase grain yield, and a
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gel-free KASP marker approach can help to improve the speed
of wheat breeding.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in the
NCBI Repository, accession number MZ261926 (https://www.
ncbi.nlm.nih.gov).

AUTHOR CONTRIBUTIONS

Al, HG, JG, and LZ conceptualized the study. AI, SU, HG,
XW, JG, HX, and CW performed the experiments and analyzed
the data. Al, YX, LZ, SZ, and HG wrote the manuscript. LL
reviewed the manuscript and assisted in the completion of the

REFERENCES

Barrero, R. A., Bellgard, M., and Zhang, X. (2011). Diverse approaches to achieving
grain yield in wheat. Funct. Integr. Genomics 11, 37-48. doi: 10.1007/s10142-
010-0208-x

Bertoft, E. (2017). Understanding starch structure: recent progress. Agronomy 7:56.
doi: 10.3390/agronomy7030056

Borrill, P., Ricardo, R. J., and Cristobal, U. (2016). expVIP: a customizable RNA-
seq data analysis and visualization platform. Plant physiol. 170, 2172-2186.
doi: 10.1104/pp.15.01667

Chen, W., Gao, Y., Xie, W., Gong, L., Lu, K., Wang, W., et al. (2014). Genome-
wide association analyses provide genetic and biochemical insights into natural
variation in rice metabolism. Nat. Genet. 46, 714-721. doi: 10.1038/ng.
3007

Gaju, O., Reynolds, M. P., Sparkes, D. L., and Foulkes, M. J. (2009). Relationships
between large-spike phenotype, grain number, and yield potential in spring
wheat. Crop Sci. 49, 961-973. doi: 10.2135/cropsci2008.05.0285

Gawel, N. ], and Jarret, R. L. (1991). A modified CTAB DNA extraction procedure
for Musa and Ipomoea. Plant Mol. Biol. Rep. 9, 262-266.

Han, Y., Sun, F. J., Rosales-Mendoza, S., and Korban, S. S. (2007). Three orthologs
in rice, Arabidopsis, and Populus encoding starch branching enzymes (SBEs)
are different from other SBE gene families in plants. Gene 401, 123-130. doi:
10.1016/j.gene.2007.06.026

Hao, C., Dong, Y., Wang, L., You, G., Zhang, H., Ge, H,, et al. (2008). Genetic
diversity and construction of core collection in Chinese wheat genetic resources.
Chin. Sci. Bull. 53,1518-1526. doi: 10.1007/s11434-008-0212-x

Hayashi, K., Hashimoto, N., Daigen, M., and Ashikawa, L. (2004). Development of
PCR-based SNP markers for rice blast resistance genes at the Piz locus. Theor.
Appl. Genet. 108, 1212-1220. doi: 10.1007/s00122-003-1553-0

He, C., Holme, J., and Anthony, J. (2014). SNP genotyping: the KASP assay.
Methods Mol. Biol. 1145, 75-86. doi: 10.1007/978-1-4939-0446-4_7

He, Z. H., Zhuang, Q. S., Cheng, S. H., Yu, Z. W., Zhao, Z. D, and Liu, X.
(2018). Wheat production and technology improvement in China. J. Agric. 8,
107-114.

Hou, J., Jiang, Q., Hao, C., Wang, Y., Zhang, H., and Zhang, X. (2014). Global
selection on sucrose synthase haplotypes during a century of wheat breeding.
Plant Physiol. 164, 1918-1929. doi: 10.1104/pp.113.232454

Hurkman, W. J., McCue, K. F., Altenbach, S. B., Korn, A., Tanaka, C. K., Kothari,
K. M,, et al. (2003). Effect of temperature on expression of genes encoding
enzymes for starch biosynthesis in developing wheat endosperm. Plant Sci. 164,
873-881. doi: 10.1016/50168-9452(03)00076- 1

Irshad, A., Guo, H., Zhang, S., Gu, J., Zhao, L., Xie, Y., et al. (2019). EcoTILLING
Reveals Natural Allelic Variations in Starch Synthesis Key Gene TaSSIV and
Its Haplotypes Associated with Higher Thousand Grain Weight. Genes 10:307.
doi: 10.3390/genes10040307

experiments. All authors contributed to the article and approved
the submitted version.

FUNDING

This work is supported by the NSFC project (31771791),
the National Key Research and Development Program
(2016YFD0102100), and the China Agriculture Research
System (CARS-03).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fgene.
2021.697294/full#supplementary- material

Jeon, J., Ryoo, N., Hahn, T. Walia, H.,, and Nakamura, Y. (2010). Starch
biosynthesis in cereal endosperm. Plant Physiol. Biochem. 48, 383-392. doi:
10.1016/j.plaphy.2010.03.006

Kang, G., Li, S., Zhang, M., Peng, H., Wang, C., Zhu, Y., et al. (2013). Molecular
cloning and expression analysis of the starch-branching enzyme III gene from
common wheat (Triticum aestivum). Biochem. Genet. 51, 377-386. doi: 10.1007/
510528-013-9570-4

Li, B, Li, Q., Mao, X,, Li, A., Wang, J., Chang, X,, et al. (2016). Hao, C.; Zhang,
X. Jing, R. Two novel AP2/EREBP transcription factor genes TaPARG have
pleiotropic functions on plant architecture and yield-related traits in common
wheat. Front Plant Sci. 7:1191. doi: 10.3389/fpls.2016.01191

Li, Q., Li, L., Yang, X., Warburton, M. L., Bai, G., Dai, J., et al. (2010). Relationship,
evolutionary fate and function of two maize co-orthologs of rice GW2associated
with kernel size and weight. BMC Plant Biol. 10:143. doi: 10.1186/1471-2229-
10-143

Liu, S. Y., Rudd, J. C,, Bai, G. H., Haley, S. D., Ibrahim, A. M. H., Xue, Q. W.,
etal. (2014). Molecular markers linked to important genes in hard winter wheat.
Crop Sci. 54, 1304-1321. doi: 10.2135/cropsci2013.08.0564

Liu, Y. N, He, Z. H.,, Appels, R., and Xia, X. C. (2012). Functional markers
in wheat: current status and future prospects. Theor. Appl. Genet. 125, 1-10.
doi: 10.1007/s00122-012-1829-3

Luo, W. L, Guo, T., Yang, Q. Y., Wang, H,, Liu, Y. Z,, Zhu, X. Y,, et al. (2014).
Stacking of five favorable alleles for amylase content, fragrance and disease
resistance into elite lines in rice (Oryza sativa) by using four HRM-based
markers and a linked gel-based marker. Mol. Breed. 34, 805-815. doi: 10.1007/
§11032-014-0076-5

Nemri, A., Atwell, S., Tarone, A. M., Huang, Y. S., Zhao, K., Studholme, D. J., et al.
(2010). Genome-wide survey of Arabidopsis natural variation in downy mildew
resistance using combined association and linkage mapping. Proc. Natl. Acad.
Sci. U. S. A. 107, 10302-10307. doi: 10.1073/pnas.0913160107

Pfister, B., and Zeeman, S. C. (2016). Formation of starch in plant cells. Mol. Life
Sci. 73, 2781-2807. doi: 10.1007/s00018-016-2250-x

Qi, Z., Huang, L., Zhu, R, Xin, D., Liu, C., Han, X, et al. (2014). A high-
density genetic map for soybean based on specific length amplified fragment
sequencing. PLoS One 9:104871. doi: 10.1371/journal.pone.0104871

Ral, J. P.,, Bowerman, A. F., Li, Z., Sirault, X., Furbank, R., Pritchard, J. R.,
et al. (2012). Down-regulation of Glucan, Water-Dikinase activity in wheat
endosperm increases vegetative biomass and yield. Plant Biotechnol. J. 10,
871-882.

Rasheed, A., Mujeeb-Kazi, A., Ogbonnaya, F. C., He, Z., and Rajaram, S. (2018a).
Wheat genetic resources in the post-genomics era: promise and challenges. Ann.
Bot. 121, 603-616. doi: 10.1093/aob/mcx148

Rasheed, A., Ogbonnaya, F. C., Lagudah, E., Appels, R., and He, Z. (2018b).
The goat grass genome’s role in wheat improvement. Nat. Plant 4, 56-58.
doi: 10.1038/s41477-018-0105- 1

Frontiers in Genetics | www.frontiersin.org

July 2021 | Volume 12 | Article 697294


https://www.ncbi.nlm.nih.gov
https://www.ncbi.nlm.nih.gov
https://www.frontiersin.org/articles/10.3389/fgene.2021.697294/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2021.697294/full#supplementary-material
https://doi.org/10.1007/s10142-010-0208-x
https://doi.org/10.1007/s10142-010-0208-x
https://doi.org/10.3390/agronomy7030056
https://doi.org/10.1104/pp.15.01667
https://doi.org/10.1038/ng.3007
https://doi.org/10.1038/ng.3007
https://doi.org/10.2135/cropsci2008.05.0285
https://doi.org/10.1016/j.gene.2007.06.026
https://doi.org/10.1016/j.gene.2007.06.026
https://doi.org/10.1007/s11434-008-0212-x
https://doi.org/10.1007/s00122-003-1553-0
https://doi.org/10.1007/978-1-4939-0446-4_7
https://doi.org/10.1104/pp.113.232454
https://doi.org/10.1016/S0168-9452(03)00076-1
https://doi.org/10.3390/genes10040307
https://doi.org/10.1016/j.plaphy.2010.03.006
https://doi.org/10.1016/j.plaphy.2010.03.006
https://doi.org/10.1007/s10528-013-9570-4
https://doi.org/10.1007/s10528-013-9570-4
https://doi.org/10.3389/fpls.2016.01191
https://doi.org/10.1186/1471-2229-10-143
https://doi.org/10.1186/1471-2229-10-143
https://doi.org/10.2135/cropsci2013.08.0564
https://doi.org/10.1007/s00122-012-1829-3
https://doi.org/10.1007/s11032-014-0076-5
https://doi.org/10.1007/s11032-014-0076-5
https://doi.org/10.1073/pnas.0913160107
https://doi.org/10.1007/s00018-016-2250-x
https://doi.org/10.1371/journal.pone.0104871
https://doi.org/10.1093/aob/mcx148
https://doi.org/10.1038/s41477-018-0105-1
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Irshad et al.

Development and Validation of Molecular Marker

Rasheed, A., Wen, W., Gao, F., Zhai, S., Jin, H., Liu, J., et al. (2016). Development
and validation of KASP assays for genes underpinning key economic traits in
bread wheat. Theor. Appl. Genet. 129, 1843-1860. doi: 10.1007/s00122-016-
2743-x

Ravel, C., Praud, S., Murigneux, A., Canaguier, A., Sapet, F., Samson, D., et al.
(2006). Single-nucleotide polymorphism frequency in a set of selected lines of
bread wheat (Triticum aestivum L.). Genome 49, 1131-1139. doi: 10.1139/g06-
067

Rehman, S. U., Wang, J., Chang, X., Zhang, X., Mao, X., and Jing, R. (2019). A
wheat protein kinase gene TaSnRK2. 9-5A associated with yield contributing
traits. Theor. Appl. Genet. 132, 907-919. doi: 10.1007/s00122-018-3247-7

Rossi, A., Kontarakis, Z., Gerri, C., Nolte, H., Hoélper, S., Kriiger, M., et al.
(2015). Genetic compensation induced by deleterious mutations but not gene
knockdowns. Nature 524, 230-233. doi: 10.1038/nature14580

Sambrook, J. (1987). Commonly used techniques in molecular cloning. Mol.
Cloning 3, 1-39.

Semagn, K., Babu, R, Hearne, S., and Olsen, M. (2014). Single nucleotide
polymorphism genotyping using kompetitve allele specific PCR (KASP):
overview of the technology and its application in crop improvement. Mol.
Breed. 33, 1-14. doi: 10.1007/s11032-013-9917-x

Shearman, V.., Bradley, R. S., Scott, R. K., and Foulkes, M. J. (2005). Physiological
processes associated with wheat yield progress in UK. Crop Sci. 45, 175-185.
doi: 10.2135/cropsci2005.0175a

Somers, D. J., Kirkpatrick, R., Moniwa, M., and Walsh, A. (2003). Mining single-
nucleotide polymorphisms from hexaploid wheat ESTs. Genome 46, 431-437.
doi: 10.1139/g03-027

Stamova, B. S., Laudencia-Chingcuanco, D., and Beckles, D. M. (2009).
Transcriptomic analysis of starch biosynthesis in the developing grain of
hexaploid wheat. Int. J. Plant Genomics 2009:407426. doi: 10.1155/2009/407426

Su, Z., Hao, C., Wang, L., Dong, Y., and Zhang, X. (2011). Identification and
development of a functional marker of TaGW2 associated with grain weight
in bread wheat (Triticum aestivum L.). Theor. Appl. Genet. 122, 211-223. doi:
10.1007/s00122-010-1437-z

Wang, B., Tan, H. W., Fang, W., Meinhardt, L. W., Mischke, S., Matsumoto,
T., et al. (2015). Developing single nucleotide polymorphism (SNP) markers
from transcriptome sequences for identification of longan (Dimocarpus longan)
germplasm. Hortic. Res. 2, 1-10. doi: 10.1038/hortres.2014.65

Wang, H., Wang, S., Chang, X., Hao, C., Sun, D., and Jing, R. (2019). Identification
of TaPPH-7A haplotypes and development of a molecular marker associated
with important agronomic traits in common wheat. BMC Plant Biol. 19:296.
doi: 10.1186/s12870-019-1901-0

Wang, Y. X,, Xu, Q. F,, Chang, X. P, Hao, C. Y., Li, R. Z, and Jing, R. L. (2018).
A dCAPS marker developed from a stress associated protein gene TaSAP7-
B governing grain size and plant height in wheat. J. Integr. Agr. 17, 276-284.
doi: 10.1016/52095-3119(17)61685-X

Xia, J., Zhu, D., Chang, H., Yan, X,, and Yan, Y. (2020). Effects of water-deficit
and high-nitrogen treatments on wheat resistant starch crystalline structure and
physicochemical properties. Carbohydr. Polym. 234:115905.

Yan, H. B, Pan, X. X,, Jiang, H. W., and Wu, G. J. (2009). Comparison of the
starch synthesis genes between maize and rice: copies, chromosome location
and expression divergence. Theor. Appl. Genet. 119, 815-825. doi: 10.1007/
s00122-009-1091-5

Zhang, B., Liu, X., Xu, W., Chang, J., Li, A., Mao, X,, et al. (2015). Novel function
of a putative MOCI ortholog associated with spikelet number per spike in
common wheat. Sci. Rep. 5, 1-13. doi: 10.1038/srep12211

Zhang, D., Hao, C., Wang, L., and Zhang, X. (2012). Identifying loci influencing
grain number by microsatellite screening in bread wheat (Triticum aestivum
L.). Planta 236, 1507-1517. doi: 10.1007/s00425-012-1708-9

Zhang, Y. X,, Wang, L. H, Xin, H. G,, Li, D. H., Ma, C. X,, and Xia, D. (2013).
Construction of a high-density genetic map for sesame based on large scale
marker development by specific length amplified fragment (SLAF) sequencing.
BMC Plant Biol. 13:141. doi: 10.1186/1471-2229-13-141

Zhao, Y., Mette, M. F., Gowda, M., Longin, C. F., and Reif, J. C. (2014). Bridging
the gap between marker-assisted and genomic selection of head- ing time
and plant height in hybrid wheat. Heredity 112, 638-645. doi: 10.1038/hdy.20
14.1

Zheng, S., Li, Y., Lu, L, Liu, Z., Zhang, C., Ao, D,, et al. (2017). Evaluating the
contribution of Yr genes to stripe rust resistance breeding through marker-
assisted detection in wheat. Euphytica 213:50. doi: 10.1007/s10681-016-1
828-6

Zheng, T. C., Zhang, X. K, Yin, G. H.,, Wang, L. N,, Han, Y. L., Chen, L,
et al. (2011). Genetic gains in grain yield, net photosynthesis and stomatal
conductance achieved in Henan Province of China between 1981 and 2008.
Field Crops Res. 122, 225-233. doi: 10.1016/j.fcr.2011.03.015

Zhou, Y., He, Z. H., Sui, X. X, Xia, X. C., Zhang, X. K, and Zhang, G. S. (2007).
Genetic improvement of grain yield and associated traits in the northern China
winter wheat region from 1960 to 2000. Crop Sci. 47, 245-253. doi: 10.2135/
cropsci2006.03.0175

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Irshad, Guo, Ur Rehman, Wang, Gu, Xiong, Xie, Zhao, Zhao,
Wang and Liu. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org

68

July 2021 | Volume 12 | Article 697294


https://doi.org/10.1007/s00122-016-2743-x
https://doi.org/10.1007/s00122-016-2743-x
https://doi.org/10.1139/g06-067
https://doi.org/10.1139/g06-067
https://doi.org/10.1007/s00122-018-3247-7
https://doi.org/10.1038/nature14580
https://doi.org/10.1007/s11032-013-9917-x
https://doi.org/10.2135/cropsci2005.0175a
https://doi.org/10.1139/g03-027
https://doi.org/10.1155/2009/407426
https://doi.org/10.1007/s00122-010-1437-z
https://doi.org/10.1007/s00122-010-1437-z
https://doi.org/10.1038/hortres.2014.65
https://doi.org/10.1186/s12870-019-1901-0
https://doi.org/10.1016/S2095-3119(17)61685-X
https://doi.org/10.1007/s00122-009-1091-5
https://doi.org/10.1007/s00122-009-1091-5
https://doi.org/10.1038/srep12211
https://doi.org/10.1007/s00425-012-1708-9
https://doi.org/10.1186/1471-2229-13-141
https://doi.org/10.1038/hdy.2014.1
https://doi.org/10.1038/hdy.2014.1
https://doi.org/10.1007/s10681-016-1828-6
https://doi.org/10.1007/s10681-016-1828-6
https://doi.org/10.1016/j.fcr.2011.03.015
https://doi.org/10.2135/cropsci2006.03.0175
https://doi.org/10.2135/cropsci2006.03.0175
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

',\' frontiers
in Genetics

ORIGINAL RESEARCH
published: 19 July 2021
doi: 10.3389/fgene.2021.713446

OPEN ACCESS

Edited by:
Awais Rasheed,
Quaid-i-Azam University, Pakistan

Reviewed by:

Jingguang Chen,

Sun Yat-sen University, China
Nisha Singh,

Cornell University, United States
Shahzad Amir Naveed,

Institute of Crop Sciences, Chinese
Academy of Agricultural Sciences,
China

*Correspondence:
Guoyou Ye
G.Ye@irri.org

Specialty section:

This article was submitted to
Plant Genomics,

a section of the journal
Frontiers in Genetics

Received: 23 May 2021
Accepted: 15 June 2021
Published: 19 July 2021

Citation:

Wang Y, Liu J, Meng Y, Liu H,

Liu C and Ye G (2021) Rapid
Identification of QTL for Mesocoty!
Length in Rice Through Combining
QTL-seq and Genome-Wide
Association Analysis.

Front. Genet. 12:713446.

doi: 10.3389/fgene.2021.713446

Check for
updates

Rapid Identification of QTL for
Mesocotyl Length in Rice Through
Combining QTL-seq and
Genome-Wide Association Analysis

Yamei Wang'?, Jindong Liu'?, Yun Meng?2, Hongyan Liu?3, Chang Liu'? and
Guoyou Ye’24*

! Shenzhen Branch, Guangdong Laboratory for Lingnan Modern Agriculture, Genome Analysis Laboratory of the Ministry of
Agriculture and Rural Affairs, Agricultural Genomics Institute at Shenzhen, Chinese Academy of Agricultural Sciences,
Shenzhen, China, 2 CAAS-IRRI Joint Laboratory for Genomics-Assisted Germplasm Enhancement, Agricultural Genomics
Institute at Shenzhen, Chinese Academy of Agricultural Sciences, Shenzhen, China, ° College of Tropical Crops, Hainan
University, Haikou, China, * Rice Breeding Innovation Platform, International Rice Research Institute, Metro Manila, Philippines

Mesocotyl is a crucial organ for pushing buds out of soil, which plays a vital role in
seedling emergence and establishment in direct-seeded rice. Thus, the identification
of quantitative trait loci (QTL) associated with mesocotyl length (ML) could accelerate
genetic improvement of rice for direct seeding cultivation. In this study, QTL sequencing
(QTL-seq) applied to 12 F» populations identified 14 QTL for ML, which were distributed
on chromosomes 1, 3, 4, 5, 6, 7, and 9 based on the A(SNP-index) or G-value statistics.
Besides, a genome-wide association study (GWAS) using two diverse panels identified
five unique QTL on chromosomes 1, 8, 9, and 12 (2), respectively, explaining 5.3-14.6%
of the phenotypic variations. Among these QTL, seven were in the regions harboring
known genes or QTLs, whereas the other 10 were potentially novel. Six of the QTL were
stable across two or more populations. Eight high-confidence candidate genes related
to ML were identified for the stable loci based on annotation and expression analyses.
Association analysis revealed that two PCR gel-based markers for the loci co-located by
QTL-seq and GWAS, Indel-Chr1:18932318 and Indel-Chr7:15404166 for loci gML1.3
and gML7.2 respectively, were significantly associated with ML in a collection of 140
accessions and could be used as breeder-friendly markers in further breeding.

Keywords: candidate gene, GWAS, mesocotyl, QTL-seq, rice

INTRODUCTION

Rice (Oryza sativa) is one of the most important food crops in the world, providing more than 21%
of the food for the world’s population. Maintaining a higher and stable yield is of great importance
for food security, especially in developing countries in Asia'. Transplanting and direct seeding are
two major rice planting patterns. Direct seeding refers to the process of establishing seedlings into
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puddled or submerged soil without the transplanting process
(Kumar and Ladha, 2011; Zhan et al.,, 2020). Compared with
traditional rice transplanting, direct seeding is water-efficient and
labor-saving (Kato and Katsura, 2014; Liu et al., 2015; Ohno et al.,
2018). However, direct seeding is also facing problems such as
low seedling emergence rate, poor seedling establishment, weed
infestation, and high crop lodging rate (Mahender et al., 2015;
Lee etal., 2017). Mesocotyl, an organ between the coleoptile node
and the basal part of the seminal root in rice seedlings, plays a
key role in pushing buds out of deep water or soil for successful
seedling establishment during germination (Zhan et al., 2020).
Thus, varieties with longer mesocotyl can be used to partially
overcome the problems faced by direct seeding (Lee et al., 2017;
Zhan et al., 2020).

Mesocotyl length (ML) is a quantitative trait controlled by
multiple minor effect genes (Li et al., 2017; Sun et al.,, 2018; Liu
et al., 2020; Zhan et al., 2020). Up to now, over 40 quantitative
trait loci (QTL) on 12 rice chromosomes have been identified,
which could explain 5.7-27.8% of the phenotypic variation (Cao
et al., 2002; Liu et al,, 2020; Rohilla et al., 2020; Zhan et al,
2020). Four genes were cloned: OsGY1 (Xiong et al., 2017),
OsGSK2 (Sun et al., 2018), OsSMAX1 (Zheng et al., 2020), and
OsPAO5 (Lv et al,, 2021). Recently, genome-wide association
study (GWAS) based on linkage disequilibrium (LD) has been
widely applied to identify marker-trait associations (MTAs) for
complex agronomic traits (Meng et al., 2016; Zhan et al., 2020;
Liu et al,, 2021). Compared with traditional biparental linkage
mapping, GWAS provides a more representative gene pool
because all the historical meiotic events can be counted from a
diverse panel and is an efficient tool that bypasses the time and
expand to the developing population (Flint-Garcia et al., 2003;
Breseghello and Sorrells, 2006; Zhu et al., 2008). Now, GWAS has
been adopted to investigate a range of complex traits in crops,
including disease resistance (Liu et al., 2017; Resende et al., 2017;
Prodhomme et al., 2020), grain quality (Yang et al., 2020), yield-
related traits (Meng et al., 2016), salt tolerance (Zhang et al., 2020;
Ponce et al., 2021), and microelements (Chen et al., 2019; Liu
et al., 2020).

To rapidly identify QTL in plants, QTL sequencing (QTL-seq),
an effective and economic approach combining the traditional
bulk segregant analysis (BSA) and high-throughput whole-
genome resequencing, has been developed (Takagi et al., 2013).
For QTL-seq, a mapping population was firstly generated by
crossing two cultivars showing the extreme target phenotypes,
and then two DNA pools from individuals with extreme
phenotype in the population and two pools from the parents were
constructed and sequenced (Takagi et al., 2013). This method has
been successfully used to rapidly identify QTL for a number of
traits in rice, such as blast disease resistance and seedling vigor
(Takagi etal., 2013), cold tolerance (Luo et al., 2018), cooked grain
elongation (Arikit et al., 2019), and low phosphorus tolerance
(Nishida et al., 2018).

In this study, QTL-seq (applied to 12 F, populations)
and GWAS (applied to three diverse panels) were used to
rapidly identify QTL for ML in rice. Candidate genes for
the important QTL were investigated and two breeder-friendly
molecular markers were developed for the loci co-located by
GWAS and QTL-seq.

MATERIALS AND METHODS

Plant Materials

The rice variety “IR 145" with short mesocotyl (0.18 cm)
was crossed with 12 accessions with long mesocotyl (ranging
from 3.39 to 5.13 cm) (Table 1 and Figure 1) to develop
the F, populations for QTL-seq. These populations were
named as Popl to Popl2, respectively. Two diverse panels,
XI-1A (147 accessions) and AUS (171 accessions) of the 3K
Resequencing Project (Wang et al., 2018), were used for GWAS
(Supplementary Tables 1, 2). Most of the accessions in XI-
1A originated from China (Supplementary Table 1), whereas
accessions in the AUS group mainly came from Bangladesh,
India, and Pakistan (Supplementary Table 2). One diverse
panel consisting of 140 accessions originated from the XI-1B
of 3K Resequencing Project (Supplementary Table 3), mainly
from China, which were used to validate the effectiveness
of the markers developed based on QTL-seq and GWAS
(Wang et al., 2018).

Phenotyping of ML

To evaluate ML, high-quality seeds were sown in a plastic tray
containing 6-cm-deep soil according to Liu et al. (2020). The
plastic tray has the following specifications: 50 holes, each with
a size of 9.5 cm in depth, 4.5 cm in top diameter, and 2.1 cm
in bottom diameter. After sowing, the seeds were covered with
nutrient soil until the hole was filled up. Then, the tray was placed
in a plastic pallet with 3-cm-deep nutrient soil and the system
was kept in a dark incubator (30°C/65% relative humidity). The
soil in each pallet was kept water saturated for seed germination
and seedling growth. Three days after all of the seeds germinated
(about 7-10 days after sowing), the seedlings from each hole
were carefully excavated and rinsed with double-distilled water
(ddH,0) for ML measurement with Image] software’. For QTL-
seq, a total of 720 individuals of each population were sown.
Meanwhile, two parents of the corresponding population were
also planted for ML measurement and sampling. For GWAS, 15

Zhttps://imagej.en.softonic.com/

TABLE 1 | Details of the male parents of the 12 F» populations.

Population Male parent Mesocotyl length Origin
name name (cm)

Pop1 79 5.13 Pakistan (XI-1A)
Pop2 Bamla Suffaid 32 4.80 - XI-1A)
Pop3 M 136-20 4.67 India (XI-1A)
Pop4 Cash 4.75 Bangladesh (AUS)
Pop5 Balam 2 4.83 Bangladesh (AUS)
Pop6 Kalasu 4.20 Philippines (XI-1A)
Pop7 Black 28-573 3.39 Bangladesh (AUS)
Pop8 Bhahuri 418 Bangladesh (AUS)
Pop9 Changai 4.74 Bangladesh (AUS)
Pop10 Basmati 385 4.68 India (XI-1A)
Pop11 IR64 3.48 Philippines (AUS)
Pop12 BR11 4.24 Bangladesh (AUS)
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FIGURE 1 | Mesocotyl (red brackets) length of “IR 145” and the 12 male parents of the F» populations. The 13 individuals were “IR 145" (0.18 cm) and the
corresponding male parents of Pop1 to Pop12 (from /eft to right) were as follows: 79 (5.13 cm), Bamla Suffaid 32 (4.80 cm), M 136-20 (4.67 cm), Cash (4.75 cm),
Balam 2 (4.83 cm), Kalasu (4.20 cm), Black 28-573 (3.39 cm), Bhahuri (4.18 cm), Changai (4.74 cm), Basmati 385 (4.68 cm), IR 64 (3.48 cm), and BR 11 (4.24 cm).

seeds from each accession were used to evaluate the ML, and
mean of two replications was used for statistical analysis.

Genotyping

For QTL-seq, the genomic DNA from seedling leaf was isolated
according to the modified cetyl trimethylammonium bromide
(CTAB) method (Doyle and Doyle, 1987). For a specific
F, population, DNA samples with equal amounts from 50
individuals with extremely long mesocotyl were selected to
generate the long mesocotyl (LM) bulk, whereas those from
50 individuals with extremely short mesocotyl were used to
form the short mesocotyl (SM) bulk. The “IR 145" library
and 12 libraries from the male parents, as well as 24 extreme
libraries, were sequenced using the Illumina HiSeq 2500 platform
(lumina, Inc., San Diego, CA, United States) by Berry Genomics
Corporation, Beijing, China’. The paired-end read data (PE150)
with a sequencing depth of approximately 50 x of the rice genome
(~400 Mb) were generated. The clean reads were obtained by
removing reads with adaptors, with a ratio of N larger than 10%,
and those of low quality (the number of bases with Q < 3 accounts
for more than 50% of the whole reads).

The clean reads were aligned to Nipponbare RefSeq (IRGSP-
1.0)* using BWA-MEM (release 0.7.10) (Li and Durbin, 2009).
Then, the mapped reads were sorted and the duplicate ones
were removed by Picard tools®. The variants for each accession
were called for single nucleotide polymorphism (SNP) detection
and annotation by GATK Best Practices (release 3.2-2;°). For
the GWAS panel, the genotype data for XI-1A, AUS, and XI-1B
were obtained from 3K Resequencing Project with Nipponbare
IRGSP-1.0 as the reference genome and at about 11.5x coverage
with an average mapping coverage of 92% (Wang et al., 2018).

QTL-seq Analysis

Reads from the LM bulk and SM bulk of an F, population were
aligned to the “IR 145” variants, respectively. The SNP-index was
calculated at each SNP site according to Takagi et al. (2013). The
polymorphic sites were then filtered according to the following
criteria: (1) the SNP-index values in both bulks were < 0.2 and

3https://www.berrygenomics.com/
“http://rice.plantbiology.msu.edu/
Shttp://broadinstitute.github.io/picard/
Chttps://gatk.broadinstitute.org/hc/en-us

the SNP sequencing depths were < 7; (2) the SNP-index in either
bulk was missing; and (3) GQ < 20 in either bulk. For both bulks,
the average SNP-index in each chromosome was presented using
a sliding window approach with a 200-kb window size to generate
the SNP-index plots for all chromosomes. The A(SNP-index) was
then calculated by subtracting the SNP-index of LM bulk with
that of the SM bulk. The regions in which the average A(SNP-
index) at a locus was significantly greater than the surrounding
regions at 95% confidence interval were considered as candidate
regions (Takagi et al., 2013).

Population Structure and LD Decay
Analysis

The population structures for the AUS and XI-1A panels
were analyzed using 10,000 polymorphic SNP markers with
Admixture 1.3.0 (Alexander et al, 2009). Five independent
runs for each K value from 2 to 7 were performed based
on an admixture model. An ad hoc quantity statistic, AK,
based on the rate of change in log probability of data between
successive K values was used to predict the real number
of subpopulations. Principal component analysis (PCA) and
neighbor-joining (NJ) trees for AUS, XI-1A, and XI-1B were
also used to validate population stratification with Tassel v5.0
(Bradbury et al., 2007). The LD among markers was calculated
using the full matrix and sliding window options in Tassel
v5.0 with 10,000 evenly distributed SNP markers. The squared
allele frequency correlation, 12, values were plotted against
physical distance and a LOESS (locally weighted smoothing)
curve was fitted to the plot to show the association between
LD decay and physical map distance. The intersection of the
fitted curve of r? values with threshold of 95th percentile in the
distribution of r* was considered as the estimate of the LD range
(Breseghello and Sorrells, 2006).

Genome-Wide Association Analysis

Previous studies have reported the details of the genotype data,
LD decay, PCA, and the population structure for the XI-1A
and AUS panels (Wang et al., 2018). Associations between the
genotypic and phenotypic data were analyzed using the kinship
matrix in an MLM (mixed linear model) by GAPIT” based on

“http://www.zzlab.net/ GAPIT/
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R 3.6.1 (Lipka et al., 2012) to control background variations and
eliminate spurious MTAs. Since the Bonferroni-Holm correction
for multiple testing (a 0.05) was too conserved, markers
with an adjusted —log;o(P-value) > 4.0 were regarded as the
significant ones.

Candidate Gene Identification and Gene
Expression Analysis

Candidate genes for the loci consistently identified in two or
more populations were identified. The following steps were
conducted to identify the candidate genes for important QTL.
Firstly, excavate all the genes located in the LD block region
around the peak SNP (%150 kb based on previous LD decay
analysis) of each important QTL from the MSU Rice Genome
Annotation Project®. Then, all available SNPs located inside
of these genes were searched. The genes (except for the
expressed protein, hypothetical protein, transposon protein,
and retrotransposon protein) with SNPs in the coding region
that could further lead to sense mutations were considered

Shttp://rice.plantbiology.msu.edu/cgi-bin/gbrowse/rice/

as candidate genes. A candidate gene with identical SNPs
or InDels in the male parent of the co-localized population
was further selected. As mesocotyl elongation is highly
regulated by various phytohormones, including strigolactones
(SLs), cytokinins (CTKs), brassinosteroids (BRs), abscisic acid
(ABA), jasmonates (JAs), gibberellins (GAs), and auxins (IAAs)
(Watanabe and Takahashi, 1999; Cao et al., 2005; Hu et al,,
2014; Xiong et al., 2017; Sun et al., 2018; Zheng et al,
2020; Lv et al., 2021), those genes involved in phytohormone
metabolism were regarded as high-confidence candidate genes
for mesocotyl elongation.

Quantitative real-time PCR (qRT-PCR) was conducted to
test expression differences of the candidate genes in parents
of the corresponding F, population. The mesocotyl section
of “IR 145”7 and the male parent were sampled for RNA
extraction at 52 h after germination before the coleoptile
was unearthed. Total RNA was extracted according to the
Trizol method. Complementary DNA (cDNA) was synthesized
with the HiScript II 1st Strand ¢cDNA Synthesis Kit (Vazyme,
Nanjing, China) and then diluted 5-10 times with sterile
double distilled water. The primers were designed with Primer

TABLE 2 | QTL-seq for mesocotyl length in 12 F» populations.

Name Chromosome Start (Mb) End (Mb) Length Position of max. Position of max. Population References
(Mb) G-value (Mb) A(SNP-index) (Mb)
gML1.1 1 6.57 8.12 1.55 7.21 7.32 5 -
gML1.2 1 14.21 17.32 3.1 14.22 14.51 4 Luetal., 2016
qML1.3 1 18.59 20.15 1.56 - 19.93 3 Ouyang et al., 2005
1 18.51 20.36 1.85 20.01 20.12 8
1 19.88 21.12 1.24 - 19.83 6
1 20.04 21.12 1.08 20.34 20.34 2
gML1.4 1 36.59 39.01 2.42 37.92 38.57 12 Xiong et al., 2017
1 38.32 39.67 1.35 39.26 38.39 4
1 37.58 39.30 1.82 38.05 38.05 9
gML3.1 3 2512 27.5 2.38 25.24 26.53 3 -
gML3.2 3 27.21 30.13 2.92 29.50 29.84 8 Zhao et al., 2018
3 29.51 32.3 2.79 31.32 31.36 12
gML3.3 3 35.72 36.15 0.43 35.86 36.04 9 -
gML4.1 4 19.59 21.92 2.33 21.37 21.25 10 -
gML4.2 4 25.50 27.13 1.68 25.58 25.92 8 -
gML5.1 5 8.99 11.03 2.04 10.16 10.21 8 -
gML6.1 6 2.59 5.12 2.53 4.99 3.87 8 -
qML7.1 7 4.98 8.62 3.54 7.90 8.84 4 -
7 4.35 7.56 3.21 5.63 6.03 9 -
7 5.52 8.65 3.13 7.31 7.92 6 -
gML7.2 7 13.69 16.25 2.56 15.82 15.88 11 Ouyang et al., 2005;
Zhao et al., 2018; Liu
et al., 2020
7 14.99 1712 2.13 15.85 1713 12
7 14.89 16.52 1.63 16.37 16.12 8
7 15.45 16.98 1.53 15.84 156.03 9
7 15.58 18.24 2.66 17.23 16.92 6
7 16.37 18.49 212 17.68 17.21 4
gML9.1 9 11.53 13.54 2.01 12.29 12.25 12 -
9 11.99 15.28 3.29 15.13 13.56 5 -
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FIGURE 2 | A(SNP-index) of 12 F» populations. The female parents of the 12 F» populations were: 79 (Pop1), Bamla Suffaid 32 (Pop2), M 136-20 (Pop3), Cash
(Pop4), Balam 2 (Pop5), Kalasu (Pop8), Black 28-573 (Pop7), Bhahuri Kalasu (Pop8), Changai Kalasu (Pop9), Basmati 385 Kalasu (Pop10), IR 64 Kalasu (Pop11),

Premier 5.0 software’. PCR procedure was conducted in a
volume of 20 pl, containing 2 pl ¢cDNA, 0.4 pl of each
primer (in micromolars), and 10 pl ChamQ Universal SYBR

“http://www.premierbiosoft.com/

qPCR Master Mix. The reaction was conducted in the ABI
StepOnePlus Real-Time PCR System with Tower (ABI, Waltham,
MA, United States). The gene expression level was analyzed
with 272 A€T method. OsActinl was used as internal control to
normalize the expression levels of different samples. All assays
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FIGURE 3 | G-values of the 12 F» populations. The female parents of the 12 F, populations were: 79 (Pop1), Bamla Suffaid 32 (Pop2), M 136-20 (Pop3), Cash
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were performed in two independent experiments, each with
three repetitions.

Development of Allele-Specific Markers

For InDel markers, the primers were designed by Primer
Premier 5 software (Lalitha, 2000), with a pair of primers
spanning the InDel region and the amplified fragment size
was set to no more than 10 times that of the InDel.
A PCR procedure was implemented for the two markers.
The PCR procedure was conducted in a volume of 25.0 pl,
which includes 12.5 pl of 2x Taq Master Mix (Vazyme,
Nanjing, China), 2 pl of template DNA, 1 pl of each primer
(10 pM), and 8.5 pl of ddH,O. The PCR program was set
as follows: an initial denaturation at 94°C for 5 min, 35
cycles of denaturation at 94°C for 30 s, annealing at 55°C
for 30 s, extension at 72°C for 30 s, and a final extension at
72°C for 10 min.

Statistical Analysis

One-way analysis of variance (ANOVA) was performed using
SPSS Statistics 17.0". Tukey’s multiple test was employed for
multiple comparisons (*P < 0.05 and **P < 0.01).

RESULTS

ML Exhibited Continuous Variation in the

F> Populations and GWAS Panels

ML of the common parental line “IR 145” was 0.18 cm, while the
other 12 parental lines had MLs ranging from 3.39 to 5.13 cm
(Table 1 and Figure 1). The average MLs of 12 F, populations
were: 0.85 (Popl, 0-5.03 cm), 0.75 (Pop2, 0-4.61 cm), 0.78
(Pop3, 0-4.98 cm), 0.91 (Pop4, 0-5.71 cm), 0.72 (Pop5, 0-
4.31 cm), 0.69 (Pop6, 0-5.32 cm), 0.78 (Pop7, 0-4.98 cm), 0.83

http://www-01.ibm.com/software/analytics/spss/
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(Pop8, 0-5.25 c¢m), 0.81 (Pop9, 0-4.91 cm), 0.70 (Popl0, 0-
5.22 ¢cm), 0.95 (Popl1, 0.2-5.13 cm), and 0.84 (Pop12, 0-5.93 cm)
(Supplementary Figure 1). The MLs ranged from 0.0 to 3.41 cm,
with an average of 0.85 cm in the XI-1A panel (Supplementary
Table 1 and Supplementary Figure 2), whereas it ranged
from 0.2 to 4.42 cm with an average of 2.41 cm in the AUS
panel (Supplementary Table 2 and Supplementary Figure 2).
Continuous variation with transgressive segregation on both
sides was observed across both populations with approximately
normal distributions (Supplementary Figures 1, 2).

QTL Identified by QTL-seq

In total, 85-112 Gb clean reads were obtained, and all the
Q30 reached 85%. The average sequencing depth was 46.83x,
and the average mapped ratio and genome coverage have
reached 96.5 and 95.4%, respectively (Supplementary Table 3).
A total of 5,128,693-6,984,215 SNPs were detected in 12 F,
populations (Supplementary Table 4). The marker density
ranged from 14.2 markers/kb (chromosome 3 of Popll) to
22.8 markers/kb (chromosome 7 of Popl), with an average of
18.2 markers/kb.

A total of 14 regions were identified by the A(SNP-
index) value or the G-value (Table 2 and Figures 2, 3).
These loci were located on chromosomes 1, 3-7, and 9, and
the interval size ranged from 0.43 to 3.54 Mb (Table 2).
Four unique QTL for ML—gMLI.1 (Pop5, 6.57-8.12 Mb),

gML1.2 (Pop4, 14.21-17.32 Mb), gML1.3 (Pop2, Pop3, Pop6,
and Pop8, 18.59-21.12 Mb), and qML1.4 (Pop4 and Pop 12,
36.59-39.67 Mb)—were identified on chromosome 1. Three
adjacent QTL were isolated on chromosome 3. Of these, gML3.1
was detected in Pop3 and located at the interval of 25.12-
27.50 Mb, whereas gML3.2 was discovered in Pop8 and Popl2
and fixed at 27.21-32.30 Mb. gML3.3, unearthed in Pop9, was
set at the interval of 35.72-36.15 Mb. Two loci were found
to exist on chromosome 4. Of these, gML4.1 was recognized
at Popl0 and situated at the interval of 19.59-21.92 Mb,
whereas gML4.2, fixed at 25.50-27.13 Mb, was discovered at
Pop8. On chromosome 5, only gML5.1 was identified from
Pop8 and located at the 8.99- to 11.03-Mb region. Another
genomic region (2.59-5.12 Mb) identified on chromosome 6
with A(SNP-index) plots greater than the statistical confidence
intervals (P < 0.05) was named as gML6.1. Two adjacent QTL
(gML7.1 and gML1.2) were identified on chromosome 7. Besides,
qML7.1 (4.35-8.65 Mb) was identified in Pop4, Pop6, and Pop9,
whereas gML7.2 (13.69-18.49 Mb) was identified in Pop4, Pop6,
Pop8, Pop9, Popll, and Popl2. In addition, only one locus,
gML9.1 (11.53-15.28 Mb), was identified on chromosome 9
in Pop5 and Pop12.

QTL Identified by GWAS
In total, 2,338,386 SNPs were left and employed for GWAS. The
chromosome size varied from 22.8 Mb for chromosome 9 to
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43.2 Mb for chromosome 1. These markers spanned a physical
distance of 373 Mb, with an average density of 6.25 markers/kb.

PCA of XI-1A panel indicated that the top three principal
components (PCs) could explain 15.8, 6.2, and 4.1% of total
variation (Figures 4A,B), respectively, and this panel consists
of two subgroups (Figure 4C). The NJ tree showed that
the two clades represented two subpopulations (Figure 4E).
Structure analysis indicated that XI-1A could be divided into
two subgroups, subgroup 1 and subgroup 2 (Figure 4D), whose
characterizations were largely consistent with their geographic
origins. The XI-1A-1 accessions were mainly from South China,
whereas those of XI-1A-2 were mainly from the Yangtze River
plain, China. Also, admixture accessions were observed in the
present study (Figure 4).

For the AUS panel, PCA indicated that the top three
PCs could explain 13.5, 6.5, and 4.2% of the total variation,
respectively (Figure 5A,B). Structure analysis indicated that
the AUS panel could be divided into three subgroups, AUS-
1, AUS-2, and AUS-3 (Figure 5C,D), whose characterizations
were largely consistent with their geographic origins and the
results of PCA (Figure 5A) and NJ tree analysis (Figure 5E),
which showed three clades in this panel. AUS-1, AUS-2, and
AUS-3 mainly include accessions from Bangladesh, India, and
Pakistan, respectively. The LD decay along the physical distances
for the XI-1A and AUS panels are shown in Supplementary
Figure 3; the corresponding LD decay distance was about 150 and
175 kb, respectively.

Manbhattan plots for the markers significantly associated
with ML are shown in Figure 6. For the XI-1A panel, three

unique loci located on chromosomes 8 (gML-XI-1A-8.1, 8.98-
9.38 Mb), 9 (gML-XI-1A-9.1, 14.52-14.58 Mb), and 12 (gML-
XI-1A-12.1, 5.58-5.76 Mb) were detected, which explained
5.5-11.3% of the ML variance (Table 3 and Supplementary
Table 5). Notably, gML-XI-1A-9.1 overlapped with the gML9.1
(11.53-15.28 Mb) identified in Pop5 and Popl2 (Table 2). In
the AUS panel, two unique loci located on chromosomes 1
(gML-AUS-1.1, 16.03-17.82 Mb) and 12 (gML-AUS-12.1, 18.29-
18.50 Mb) were detected, which explained ML variations of 5.3
and 14.6%, respectively (Table 3 and Supplementary Table 6).
Among which, the gML-AUS-1.1 locus overlapped with the
gML1.2 (14.21-17.32 Mb) identified in Pop4 (Table 2 and
Table 3).

Candidate Genes in the Important QTL
Regions

The genes located in the LD block region around the peak
SNP (£150 kb based on previous LD decay analysis) of each
important QTL were excavated from the MSU Rice Genome
Annotation Project®. Then, all available SNPs located inside of
these genes were searched. Fifty-seven genes (except for the
expressed protein, hypothetical protein, transposon protein, and
retrotransposon protein) with SNPs in the coding region that
lead to sense mutations were considered as candidate genes
(Supplementary Table 7). A candidate gene with identical SNPs
or InDels in the male parents of the 12 F, populations showing
overlapping QTL was further selected. In total, 12 genes were
screened by this method.
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FIGURE 6 | Genome-wide association study (GWAS) for mesocotyl length in the XI-1A and AUS panels.
TABLE 3 | GWAS for mesocotyl length in the XI-1A and AUS panels.
Population Locus name Chromosome Peak Interval (Mb) Peak R2 (%) Others
Position (bp) P-value
XI-1A gML-XI-1A-8.1 8 8,982,811 8.98-9.38 2.81E-05 6.69
gML-XI-1A-9.1 14,572,632 14.52-14.58 7.39E-07 11.27 qML9.1
gML-XI-1A-12.1 12 5,716,291 5.568-5.76 0.000025 6.75
AUS gML-AUS-1.1 1 17,551,160 16.03-17.82 9.82E-06 14.57 Luetal, 2016; gML1.2
qQML-AUS-12.1 12 18,365,206 18.29-18.50 2.28E-04 6.52 Rohilla et al., 2020

The expressions of 12 candidate genes in the parents of
the corresponding F, populations were detected using qRT-
PCR (Figure 7 and Supplementary Table 8). Four genes,
LOC_0s01g36580, LOC_Os01g67670, LOC_Os04g44240, and
LOC_0s07g08540, showed no significant differences between the
extreme ML parental accessions. Four genes—LOC_0Os01¢13200,
LOC_0s06g09660, LOC_0s07g13634, and LOC_0s09¢20350—
showed more than 2.0- to 4.9-fold higher expressions in the long
mesocotyl accessions compared to the short ones. Four genes,
namely, LOC_0s01g66100, LOC_Os03g56060, LOC_Os04g33360,
and LOC_0s07g28060, showed more than 1.9- to 7.6-fold lower
expressions in the long mesocotyl accessions (Figure 7).

The eight genes showing obvious differences involved in
the biological metabolism of phytohormones, cell elongation,
and division were selected as the high-confidence candidate
genes for mesocotyl elongation (Table 4). LOC_Os01g13200 for
gML1.1 related to abscisic acid insensitive 8, LOC_Os01g66100
from gML1.4 encodes gibberellin oxidase, LOC_Os03¢56060
for gML3.2 is a member of the cellulose synthase-like
family, LOC_Os04g33360 for qML4.1 encodes gibberellin
2-beta-dioxygenase, LOC_0s06409660 for qML6.1 is an
auxin response factor, LOC_Os07g13634 for qML7.1

(7,815,442 bp) encodes cytokinin-N-glucosyltransferase 1,
LOC_0s07g28060 for gML7.2 is an ethylene receptor, and
LOC_0s09g20350 for gML9.2 is an ethylene-responsive
transcription factor.

Marker Development and Validation

For the loci (gML1.3 and gML?7.2) identified by both the QTL-seq
and GWAS, a 22-bp insertion in the 18,932,318 bp for gML1.3
at chromosome 1 and a 30-bp insertion in the 15,404,166 bp for
gML7.2 at chromosome 7 were selected for marker development
to validate their effects. DNA fragments larger than 10 bp can
be easily identified by agarose gel electrophoresis. To facilitate
breeders utilizing the polymorphic information, we attempted
to transfer all the InDels into PCR gel-based markers. The two
molecular markers for gML1.3 and gML7.2 were named Indel-
Chr1:18932318 and Indel-Chr7:15404166, respectively (Table 5,
Supplementary Table 9, and Figure 8).

X1-1B, with no obvious population structure (Supplementary
Figure 4), was used to validate the effectiveness of the two
markers. Indel-Chr1:18932318 could divide the 140 accessions
into two groups: the amplified fragment of group 1 was
275 bp, whereas that of group 2 was 297 bp (Figure 8A).
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TABLE 4 | Candidate genes for mesocotyl length by QTL-seq and GWAS.

Loci Candidate gene Start (bp) End (bp) Functional annotation
gML1.1 LOC_0s01g13200 7,352,175 7,357,620 Abscisic acid insensitive 8
gML1.4 LOC_0s01g66100 38,382,382 38,385,504 Gibberellin 20 oxidase 2
gML3.2 LOC_0s03g56060 31,930,541 31,934,624 CSLC9—cellulose synthase-like family C
gML4.1 LOC_0s04g33360 20,200,072 20,201,885 Gibberellin 2-beta-dioxygenase 7
qML6.1 LOC_0Os06g09660 4,926,492 4,932,177 Auxin response factor

qML7.1 LOC_0s07913634 7,815,442 7,832,311 Cytokinin-N-glucosyltransferase 1
qgML7.2 LOC_0s07928060 16,368,462 16,368,840 Ethylene receptor

qgML9.2 LOC_0s09g20350 12,216,432 12,218,346 Ethylene-responsive transcription factor

TABLE 5 | Primer information on the two developed markers for gML1.3 and
gML7.2.

Primer names Primer sequence (5'-3') Amplicon size (bp)

InDel-Chr1:18932318-F ~ AGAACCCTTTTATCCTCATTA 275 (297)
InDel-Chr1:18932318-R  ACAAAGGGACTTGATGATGG
InDel-Chr7:15404166-F ~ CACTAGCAAGAGTGCTCCCA 230 (200)
InDel-Chr7: 15404166-R ~ TTCTCAATACCCATGCCAAC

The amplicon size of ’IR 145" with the two markers were 275 bp and 230 bp
respectively; whereas that of the female parent of Pop6, Kalasu, were 297 bp and
200 bp, respectively.

Similarly, Indel-Chr7:15404166 could divide the 140 accessions
into two groups, with the amplified fragments being 230
and 200 bp (Figure 8B). An association analysis between the
genotypes and phenotypes was conducted with 140 accessions
from XI-1B of the 3K Resequencing Project, and significant
differences in ML were detected. For Indel-Chrl:18932318,
the mean ML of Hap2 was significantly higher than that of
Hapl by 0.42 cm (P < 0.05). For Indel-Chr7:15404166, the
mean ML of Hap2 was significantly higher than that of Hapl
by 0.41 cm (P < 0.05) (Figure 9). ANOVA indicated that
Indel-Chr1:18932318, Indel-Chr7:15404166, and the interaction

A

Hap1: 275 bp Hap2: 297 bp

Hap1: 230 bp

Hap2: 200 bp

FIGURE 8 | Two PCR gel-based markers based on the 22-bp InDel at
chromosome 1 and the 30-bp InDel at chromosome 7. (A) Marker
Indel-Chr1:18932318. (B) Marker Indel-Chr7:15404166.

between the two markers could explain ML variations at 2.68,
2.71, and 1.71%, respectively (Table 6).

DISCUSSION

Considerable variations were present in the two panels used
for GWAS and the panel for validating the developed markers.
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TABLE 6 | ANOVA for mesocotyl length in the XI-1B panel by two markers.

Marker df Sum of squares Mean square F-value Pr(>F)
Indel-Chr1:18932318 1 1.178 1.776 2.984 0.0464
Indel-Chr7: 156404166 1 1.185 1.853 3.003 0.0354
(Indel-Chr1:18932318) x (Indel-Chr7:15404166) 2 0.737 0.737 1.867 0.174
Residuals 136 40.678 0.395

The existence of a wide range of genetic variation has also
been reported previously by many studies (Wu et al., 2005,
2015; Liu et al., 2020). Thus, identifying new loci and the
associated markers is urgent and important for ML improvement
in released cultivars, and breeding for long mesocotyl is feasible
and has great potential. Although mesocotyl is a crucial rice
developmental trait and is imminently required to improve crop
adaptability to modern cultivation modes, QTL and genes are still
not adequate, and more QTL and long mesocotyl donors need
to be identified.

Traditional QTL mapping includes the construction of a
mapping population and the phenotypic identification of a large
number of individuals in the segregation population, which
largely restricted the progress of QTL mapping (Salvi and
Tuberosa, 2005). With the reduction of sequencing cost, QTL-
seq has become an optimized strategy to rapidly identify the
region harboring the genes/QTL of interest (Takagi et al., 2015).
Besides, GWAS also provides a more representative gene pool
and is an efficient tool that bypasses the time and expand
to the developing population (Zhu et al., 2008). In total, 20
QTL for ML were identified in this study and indicated that
the combination of GWAS and QTL-seq is an effective and
reliable strategy for the rapid identification of major QTL for
mesocotyl elongation.

In this study, 12 long mesocotyl accessions were selected
as male parents to cross with the same female parent “IR
145 a typical variety with a short mesocotyl. Six of the 14
unique loci identified by QTL-seq were detected in two or
more populations, namely, gMLI1.3, gML1.4, gML3.2, gML7.1,
gML7.2, and gML9.1, whereas the other loci were identified
in one population. Also, the parents of Pop4, Pop5, Pop6,
Pop7, Pop8, Pop9, and Popl2 were originated from the AUS
panel, whereas the parents of Popl, Pop2, Pop3, Popl0,

and Popll were originated from the XI-1A panel. The loci
identified in GWAS of the AUS and XI-1A panel were also
detected in QTL-seq. These stable loci could be utilized in
the breeding of long mesocotyl rice. Thus, QTL-seq with
multiple populations based on the same parent could reduce
the sequencing cost effectively while preserving a higher genetic
diversity to identify the shared or unique loci and, thus,
is a cost-saving and effective approach for genetic analysis
of complex traits.

Six of the 14 QTL identified in this study overlapped with
those identified previously by linkage mapping or GWAS. The
QTL gML?7.2 has been reported at least five times using different
biparental mapping populations or GWAS using different panels
(Ouyangetal., 2005; Zhao et al., 2018). The QTL on chromosome
1 (gML1.2, 14.21-17.32 Mb), identified in Pop4 and the XI-
1A panel, coincided with the loci detected by Lu et al. (2016)
(marker: seq-rs303). gML1.3 (18.59-21.12 Mb) and gqML1.4
(36.59-39.67 Mb) overlapped with the loci discovered by Wu
et al. (2015) and Xiong et al. (2017). The gML3.2 locus
(27.21-32.30 Mb) on chromosome 3 crossed with the gML3-
2 isolated by GWAS based on 621 cultivars originated from
the 3K Rice Resequencing Project (Zhao et al.,, 2018). QTL on
chromosomes 8 (8.98-9.38 Mb), identified in the XI-1A panel,
located in the same region with the loci identified from the
Zhaxima/Hanhui 3 population (Yuldashev et al., 2012). Rohilla
et al. (2020) have identified 20 genes significantly associated with
anaerobic germination in a diverse panel with 94 deep-water
rice genotypes of Assam. Of these, two most relevant genes,
OsXDH1 (LOC_0s03¢31550) and SSXT (LOC_Os12¢31350),
have been identified that explain the higher phenotypic variability
(RZ > 20%). The locus on chromosome 12 identified by
Rohilla et al. (2020) overlapped with the gML-AUS-12.1 identified
in the AUS panel.
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According to the results of GWAS and QTL-seq, eight genes
involved in the biological metabolism of plant hormones, cell
elongation, and cell division were selected as high-confidence
candidate genes. A candidate gene (LOC_Os07g¢13634) on
chromosome 7 encoding cytokinin-N-glucosyltransferase 1 was
identified. CTKs are a class of plant hormones firstly identified
as cell division-promoting factors and were subsequently
identified as factors that control various processes in plant
growth and development, including mesocotyl elongation
(Cao et al, 2005). Hu et al. (2014) reported that there
was an antagonistic relationship between SLs and CTKs
in regulating mesocotyl elongation. CTKs downregulate the
expression of OsTCP5 and promote cell division, whereas
SLs upregulate OsTCP5 expression and inhibit mesocotyl
elongation. Besides, CTKs play an important role in the
biosynthesis of BRs, a group of steroid plant hormones
essential to plant growth and development (Yuldashev et al.,
2012). A candidate gene (LOC_Os01¢13200) on chromosome
1 related to abscisic acid insensitive 8 was identified. The
structure-activity of ABA analogs had a close relationship
with the growth of rice mesocotyl and seedlings (Watanabe
and Takahashi, 1999). ABA compounds regulate activity of
the meristem localized near the coleoptile node (Watanabe
et al,, 2001). In addition, ABA interacts with GA in regulating
rice mesocotyl elongation (Wu et al, 2002). A candidate
gene (LOC_0s06¢09660) on chromosome 6, which is an auxin
response factor, was identified. Auxin is a simple small molecule
based on the indole ring, which plays an important role in
plant growth and development, such as cell differentiation,
cell division, and cell elongation (Xu and Xue, 2012). Feng
et al. (2017) reported that the exogenous IAA could promote
mesocotyl elongation of etiolated rice seedlings for 2 days after
germination in darkness.

Two candidate genes (LOC_0Os01g66100 and
LOC_0Os04¢33360) on chromosomes 1 and 4 were related
with the biosynthesis of GA, which encodes gibberellin 20
oxidase 2 and gibberellin 2-beta-dioxygenase 7, respectively.
Liang et al. (2016) reported that GAs regulate mesocotyl cell
elongation in rice. The destabilization of cortical microtubules
(CMTs) increased the GA level and induced mesocotyl
cell elongation, while polymerization of CMT showed the
opposite result. The expressions of GA200x2, GA3o0x2, and
GID1 in GA biosynthesis and transferring pathway were
regulated by CMTs (Liang et al., 2016). Two candidate genes
(LOC_0s07¢28060 and LOC_0s09¢20350) on chromosomes
7 and 9 were related with ethylene biosynthesis, which are
an ethylene receptor and ethylene-responsive transcription
factor, respectively. All of the above plant hormones have
significant influence on mesocotyl elongation: SLs, CTKs,
ABA, BRs, TAAs, JAs, and ecdysis-triggering hormone (ETH).
The above hormones, except for ETH, have direct influence
on mesocotyl elongation by affecting either cell division
or elongation. Only ETH works as a signal to regulate cell
elongation through the JA biosynthesis pathway. The expression
of GYI was inhibited by ETH signaling in a MHZ7/OsEIN2-
dependent way. When OsEIL2 binds to the GYI promoter,
its activity was repressed directly, which further inhibited JA

biosynthesis and promoted cell elongation (Xiong et al., 2017).
A candidate gene (LOC_Os03g56060) on chromosome 3, a
member of the CSLC9-cellulose synthase-like family C, was
identified. Cellulose synthase is involved in plant growth and
development, including the development of roots and stems and
the elongation of root hair (Li et al., 2019; Moon et al.,, 2019).
The expressions of eight candidate genes in different accessions
indicated that these genes were all functional in regulating
mesocotyl elongation.

For loci identified by GWAS and QTL-seq, based on the
variations in qgML1.3 and gML7.2, functional markers Indel-
Chr1:18932318 and Indel-Chr7:15404166 were developed to
genotype the XI-1B panel. It is co-dominant, breeder-friendly,
and can be easily implemented in the laboratory. Its potential
value for the selection of long mesocotyl germplasm was
validated by association analysis. Indel-Chr1:18932318 and Indel-
Chr7:15404166, identified with the marker, were associated
with ML. Although frequencies of favorable alleles of the
two loci were higher among XI-1A globally, further increases
are still feasible in regions where the alleles occur at higher
frequencies. Functional markers related to higher MLs so far
reported are available for OsGSK2 and OsSMAXI1 (Sun et al,
2018; Zheng et al., 2020). Marker-assisted selection (MAS) for
longer mesocotyl breeding based on combinations of these
favorable alleles will be more effective than selection for single
markers. Our study provides two valuable functional markers
for longer mesocotyl breeding. Our follow-up studies will focus
on validating the effects of these QTL, decoding the mechanism
on mesocotyl elongation, and utilizing the markers to assist
breeding practice.

CONCLUSION

Identifying QTL associated with mesocotyl elongation could
accelerate genetic improvements of ML in rice breeding. QTL-
seq of 12 F, populations and GWAS of two diverse panels
were conducted to identify QTL for ML. In total, 14 QTL were
identified by QTL-seq and five loci explaining 5.3-14.6% of the
phenotypic variations were identified by GWAS. Among these,
six were stable across two or more populations and 10 were
potentially novel loci. Besides, eight high-confidence candidate
genes were identified involved in the biological metabolism
of plant hormones, cell elongation, and cell division. In
addition, two PCR gel-based markers (Indel-Chr1:18932318 for
gML1.3 and Indel-Chr7:15404166 for gML?7.2) were validated and
could be used as breeder-friendly markers in further breeding.
This study provides new insights into the genetic regulation
mechanism of rice mesocotyl elongation and could promote the
rice breeding process.
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Analysis
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Patiguli Asmutola’, Haiyan Lan®* and Yu Qinghui™
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and Horticulture, Xinjiang Agricultural University, Urumqi, China, ° Xinjiang Key Laboratory of Biological Resources
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Background: Sugar and organic acids not only contribute to the formation of soluble
solids (Brix) but also are an essential factor affecting the overall flavor intensity. However,
the possible metabolic targets and molecular synthesis mechanisms remain to be further
Clarified.

Methods: UHPLC-HRMS (ultrahigh-performance liquid chromatography and high-
resolution mass spectrometry) combined with comparative transcriptome analysis
were performed in fruits at green ripe (S1), turning-color (S2), and red ripe (S3)
stages of two tomato genotypes TM-1 (Solanum galapagense L., LA0436) and TM-38
(S. lycopersicum L. cultivar M82, LA3475) that vary in fruit Brix.

Results: The fruit Brix of TM-1 was nearly twice that of TM-38 at S3. Nevertheless,
TM-1 accumulated 1.84- and 2.77-fold the L-malic acid and citric acid in red ripe
fruit (S3) compared with TM-38, respectively. D-glucose and D-fructose in TM-1 and
TM-38 fruits tended to be similar at S3. Concomitantly, the sugar/organic acid ratio
of TM-38 fruits were 23. 08-, 4. 38-, and 2.59-fold higher than that of TM-1 fruits
at S1, S2, and S8, respectively. Among starch and sucrose (carbohydrate, CHO)
metabolism (ko00500) genes, SUS (Solyc07g042550.3) and BAM (Solyc08g077530.3)
were positively (r = 0.885-0.931) correlated with the sugar/organic acid ratio. Besides,
INV (Solyc09g010080.3 and Solyc09g010090.5.1), AAM (Solyc04g082090.3), 4-
a-GTase (Solyc02g020980.2.1), BGL2 (Solyc06g073750.4, Solyc06g073760.3, and
Solyc01g081170.3), TPS (Solyc01g005210.2 and Solyc07g006500.3), and TPP
(Solyc08g079060.4) were negatively (r = —0.823 to —0.918) correlated with the
sugar/organic acid ratio. The organic acid (TCA cycle) metabolism (ko00020) gene
ALMT (Solyc01g096140.3) was also negatively (r = —0.905) correlated with the
sugar/organic acid ratio.
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Conclusion: Citric acid may play a more dominant role in the sugar/organic acid ratio
of the tomato fruit, and the contribution of both L-malic acid and citric acid to the fruit
Brix was much greater than that of D-glucose and D-fructose. Genes involved in CHO
and TCA metabolism, which have a significant correlation with the sugar/organic acid
ratio were considered to be the contributing factors of fruit Brix.

Keywords: tomato, fruit brix, organic acid, carbohydrate, metabolic, transcriptome, TCA cycle

INTRODUCTION

Tomato (Solanum lycopersicum) is one of the most popular
and valuable fruits with limited caloric supply, and an excellent
source of fiber, minerals, phenols, vitamins A, C, E, and lycopene,
making it an excellent “functional food” meeting basic nutritional
requirements (Dorais et al., 2008; Beckles et al., 2011; Giovannetti
etal., 2012). Total soluble solids (TSS) is the most important fruit
quality parameter in both fresh market and processed tomatoes,
indicating the proportion (%) of dissolved solids in a solution
(Schaffer et al., 1999; Xu et al,, 2018). It is the sum of sugars
(sucrose and hexoses; 65%), acids (citrate and malate; 13%), and
other minor components (phenols, amino acids, soluble pectins,
ascorbic acid, and minerals) in the tomato fruit pulp (Kader,
2008; Beckles, 2012). Sugars and organic acids not only contribute
to the improvement of TSS (Brix), one of the key parameters in
tomato processing but also play an essential role in overall flavor
intensity (Barickman et al., 2016; Carlos et al., 2018). The aim
of this study was to compare the contents of organic acids and
carbohydrates in two tomato genotypes with drastically different
fruit Brix, and to further elucidate a correlation of carbohydrate
and organic acids with gene expression levels, which would
supply a reference of molecular-assisted selection of high fruit
Brix tomato germplasm resources.

Tomato fruit taste and quality vary with varieties, growing
conditions, production methods, harvest, and storage time
(Langlois et al, 1996; Giovannetti et al, 2012). Natural
biodiversity provides opportunities to investigate the multitude
of characteristics that affect plant growth and development.
Tomato has been an introgression model for valuable traits from
wild species (Rick, 1974). Wild plant species offer a way to
understand the genetic basis of past domestication events and
polymorphisms, providing a basis for breeding superior varieties
in the future (Ofner et al, 2016). S. Iycopersicum is known
to hybridize easily with the wild relatives, which can provide
valuable sources for the improvement of important agronomic

Abbreviations: 4-a-GTase, 4-alpha-glucanotransferase; AAM, alpha-
amylase; ACS, ATP-citrate synthase alpha chain protein; AGP, ADP-glucose
pyrophosphorylase large subunit; AGPase, ADP-Glc pyrophosphorylase;
ALMT, aluminum-activated malate transporter; BAM, beta-amylase; BGL, beta-
glucosidase; CHO, carbohydrate; CS, citrate synthase; DEGs, differentially
expressed genes; GO, Gene Ontology; HPLC, high-performance liquid
chromatography; HXK, hexokinase; ICDH, isocitrate dehydrogenase; INV,
invertase; KEGG, Kyoto Encyclopedia of Genes and Genomes; PDHB-1, pyruvate
dehydrogenase E1 component subunit beta-1; SDH, succinate dehydrogenase
(ubiquinone) iron-sulfur subunit 3; SB starch phosphorylase; SPB sucrose-
phosphatase; SPS, sucrose-phosphate synthase; TPPE trehalose-phosphate
phosphatase; TPS, trehalose-phosphate synthase; TSS, total soluble solids; UDP-
glucose, uridine diphosphate glucose; UGPase, uridine diphosphate glucose
pyrophosphorylase.

traits (Koblitz, 1991; Schauer et al., 2005). The fruit quality of
S. lycopersicum is associated with various parameters, including
appearance, color intensity, size, shape, flavor, nutritional value,
and texture, which ultimately determine acceptability for the
consumer (Zhu et al., 2018; Verma et al., 2020). The intensity of
tomato flavor is mainly determined by the amount of sugars and
organic acids (Colaka et al., 2020).

The precursor substance ADP-glucose of starch synthesis
is catalyzed by the rate-limiting enzyme of ADP-Glc
pyrophosphorylase (AGPase), and starch is mainly degraded
into reducing sugars under acidic conditions by the action
of starch phosphorylase (SP) (Sweetlove et al., 1999). To be
metabolized, starch can be hydrolyzed into sucrose to release
energy, and sucrose can also form starch to store energy (Gifford
et al., 1984; Roby et al., 2002). Sucrose, as a non-reducing sugar,
can be decomposed by invertase (INV; EC 3.2.1.26) to form
reducing glucose and fructose, and also be reacted with UDP by
sucrose synthase (SUS; EC 2.4.1.13) to form uridine diphosphate
glucose (UDPG) and fructose (Ruan, 2014; Wan et al., 2018).
Sucrose-phosphate synthase (SPS; EC 2.4.1.14) is a key enzyme
for catalyzing the conversion of UDP-glucose and fructose-6-
phosphate into sucrose-6-phosphate, and sucrose-phosphatase
(SPP) can convert sucrose-6-phosphate into sucrose (Grof et al.,
1998; Wind et al., 2010; Hashida et al., 2016). UDPG is both
a precursor substance of starch synthesis and is also affected
by uridine diphosphate glucose pyrophosphorylase (UGPase)
forms glucose-1-phosphate to promote the re-synthesis of
sucrose (Menendez et al., 2002; Finlay et al., 2003). Through
amylase (AMY) activity, starch can also yield maltose, which
is exported to the cytoplasm and cleaved to produce glucose
monomers (Weise et al., 2004). Although glucose and fructose
are interconverted after phosphorylation, glucose is more
preferentially used than fructose in several plant cells (Kandel-
Kfir et al., 2006). After phosphorylation, glucose and fructose are
used for the growth or synthesis of storage materials: sucrose and
starch (Krook et al., 1998). On the other aspect, organic acids are
key factors in maintaining pH and changing the sensory quality
of fruit, and the evaluation of fruit maturity and the quality
of a particular variety depends on the sugar/organic acid ratio
(Jie et al., 2018). The genes encoding the aluminum-activated
malate transporter have often been reported to be involved in
the regulation of the organic acid levels (Jawad et al., 2020;
Umer et al., 2020).

Since sugars and organic acids function as signaling molecules
in many developmental processes throughout the plant life cycle,
uncovering these functions and their interactions with other
signaling pathways presents a formidable challenge (Lastdrager
et al,, 2014; Li et al.,, 2016; Jawad et al., 2020). A new technology
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such as transcriptome has been used to uncover the genes
involved in starch and sucrose (carbohydrate, CHO) and organic
acid (TCA) metabolisms (Zhang et al., 2015; Umer et al., 2020).
Therefore, a potential mechanism for identifying key candidate
genes responsible for divergent fruit Brix content is presented
in this study. Metabolite profiles evaluated using UHPLC-
HRMS (ultrahigh-performance liquid chromatography and high-
resolution mass spectrometry) and transcript level of selected
genes coding for enzymes metabolism were determined in fruits
of TM-1 (S. galapagense L., LA0436) and TM-38 (S. lycopersicum
L. cultivar M82, LA3475) at three developmental stages.

MATERIALS AND METHODS

Plant Materials

Two tomato genotypes, differing in carbohydrate content, TM-
1 (S. galapagense L., LA0436), and TM-38 (S. lycopersicum L.
cultivar M82, LA3475) were introduced from the UC Davis/C.M.
Tomato Genetics Resource Center (TGRC) and maintained
by the Department of Plant Science, University of California,
Davis, CA 95616. The TGRC undertook formal identification of
the samples, provided details of the specimens deposited and
allowed the collection. Both tomato genotypes were grown in
the Anningqu experimental station of the Xinjiang Academy of
Agricultural Sciences (87°49'63"N, 43°95'16"E; altitude: 680-
920 m). Briefly, six fruits from each of the two strains were
randomly sampled as a biological repeat at green ripe stage (S1),
turning-color period (S2), and red ripe (S3) stage, respectively.
There were three biological replicates for each genotype. All
fruit samples were immediately frozen in liquid nitrogen and
stored at —80°C for further physical, metabolic, and gene
expression evaluation.

Determination of Fruit Diameter and
Total Soluble Solids

The determination of fruit diameter and TSS was based on the
tomato fruit at S3. The transverse and longitudinal diameters
were measured by a vernier caliper with an accuracy of
0.01 mm (Mitutoyo CD-15CPX, Japan). TSS was measured
by refractometer sugar sweetness meter (Guangzhou Weilai
Electronic Technology Co., Ltd.).

Metabolite Extraction for
Ultrahigh-Performance Liquid
Chromatography and High-Resolution
Mass Spectrometry

Lyophilized tomato fruit samples were finely ground, and a
certain amount of powdered samples (see Data Sheet 1) were
placed into EP tubes. Then an appropriate amount of extraction
solution (10% methanol, see Data Sheet 1 for specific volume)
was added. After vortex mixing for 30 s, steel balls were added
and ground for 4 min at 45 Hz in a Retsch® Mixer Mill MM400
(Retsch, Haan, Germany), then ultrasonicated for three times
and incubated in ice water every 5 min. After centrifugation at

13,000 x g for 15 min at 4°C, the supernatant was transferred for
the UHPLC-HRMS analysis.

Targeted Metabolomics Profiling of
Ultrahigh-Performance Liquid
Chromatography and High-Resolution

Mass Spectrometry

UHPLC-HRMS analyses were performed using Waters
ACQUITY UPLC (Waters, Millford, MA, United States)
ultrahigh-performance liquid chromatograph equipped with a
Waters ACQUITY UPLC BEH C;g column (100 mm x 2.1 mm,
1.7 wm, Waters) to separate the target compounds. Full scan
mass spectrometry was performed by XEVO G2XS Q-TOF
high-resolution mass spectrometer. The ion source parameters
are as follows: capillary voltage = 2,000 V, sampling cone = 40 V,
source temperature = 115°C, desolvation temperature = 500°C,
and desolvation gas = 900 L/h. For each target compound, the
parent ions under high-resolution (QTOF) conditions were used
for quantitative analysis. The specific parameters [retention time
(RT), mass-to-charge ratio (m/z), and polarity] are shown in
Supplementary Table 2. The calibration curve is shown in Data
Sheet 2; y is the peak area of the target compound, and x is the
concentration of the target compound (pg/ml). The least square
method was used for regression analysis. When the weight was
set at 1/x, the calibration solution recovery rate (accuracy) and
correlation coefficient (R%) were the best. If the signal-to-noise
ratio (S/N) of a calibration concentration is close to 20, or the
recovery rate exceeds the range of 80-120%, the calibration point
of the concentration was excluded.

RNA Isolation

Total RNA was isolated from approximately 200 mg of
lyophilized tomato fruit samples collected at 45 DAF using an
RNAprep Pure Plant Plus Kit (TTANGEN, Beijing, China). Then
the quality and quantity of the purified RNA samples were
preliminarily characterized by Multiskan Go Full Wavelength
Microplate Spectrophotometer (Thermo Fisher Scientific, MA,
Waltham, United States).

RNA-seq and Differential Gene

Expression Analysis

The six triplicate samples (TM-1 and TM-38 at three
developmental stages) yielded 18 non-directional cDNA
libraries with a total of 121.92 Gb of clean data (Table 1) using
illumina HiSeq 2500 platform by signal end read libraries
method of the SBS (Sequencing By Synthesis) technology,
which was performed at the Biomarker Technologies Co., Ltd.
(Beijing, China). The raw reads were cleaned, and the clean
reads were aligned onto the tomato reference genome'. During
the detection process of differentially expressed genes (DEGs),
fold change > 2 and false discovery rate (FDR) < 0.01 was used
as the screening standard. Gene expression was scaled using
values of the fragments per kilobase of exon per million mapped
reads (FPKM) > 1.0 as a threshold to identify significant DEGs

!ftp://ftp.solgenomics.net/tomato_genome/annotation/ITAG4.0_release/)
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TABLE 1 | Summary of RNA-Seq data and mapping metrics.

Variety Replicate Total reads Clean reads Mapped reads % > Q30
T™M-1-S1 1 46,037,248 23,018,624 43,430,222 (94.34%) 93.21%
2 39,150,626 19,675,313 36,351,508 (92.85%) 93.88%
3 52,161,828 26,080,914 48,816,501 (93.59%) 93.68%
TM-1-82 1 42,747,216 21,373,608 37,308,962 (87.28%) 93.67%
2 46,262,136 23,131,068 40,358,796 (87.24%) 93.94%
3 45,726,338 22,863,169 38,948,767 (85.18%) 93.21%
TM-1-S3 1 42,891,178 21,445,589 40,301,779 (93.96%) 93.78%
2 48,810,696 24,405,348 45,831,719 (93.90%) 93.72%
3 46,020,758 23,010,379 43,113,028 (93.68%) 92.13%
TM-38-S1 1 43,410,496 21,705,248 40,664,031 (93.67%) 93.65%
2 45,692,424 22,846,212 42,741,586 (93.54%) 93.71%
3 44,372,464 22,186,232 41,571,244 (93.69%) 93.64%
TM-38-S2 1 42,858,120 21,429,060 39,913,732 (93.13%) 93.86%
2 45,430,462 22,715,231 42,228,260 (92.95%) 93.71%
3 49,700,956 24,850,478 46,521,555 (93.60%) 93.99%
TM-38-S3 1 49,868,822 24,934,411 46,489,230 (93.22%) 93.79%
2 44,414,518 22,207,259 41,241,871 (92.86%) 93.44%
3 41,359,802 20,679,901 38,359,691 (92.75%) 93.94%

(Kandel-Kfir et al., 2006). The Gene Ontology (GO)* and the
Kyoto Encyclopedia of Genes and Genomes (KEGG) *databases
were used to assign tomato genes for GO categories and KEGG
pathway analyses, respectively.

RNA-seq Results Verification by Using

Quantitative Reverse-Transcription PCR

The cDNA synthesis was conducted with total RNA using
RNeasy Mini Kit (QIAGEN, GmbH, Hilden, Germany). Primers
(Supplementary Table 2) were designed and synthesized by
Sangon Biotech (Shanghai) Co., Ltd. (Shanghai, China). qRT-
PCR assays were performed with Quanti Nova SYBR Green
PCR Kit (QIAGEN) according to the instructions. Three
biological and three technical replicates for each reaction were
analyzed on a LightCycler® 96 SW 1.1 instrument (Roche). All
relative expression levels of individual genes were normalized by
comparing with TM-38 expression at S1 and calculated using the
2~ AACT method (Livak and Schmittgen, 2001).

Statistical Analysis

The Pearson correlation coefficient (r) was calculated for
correlation analysis, and a two-tailed test was carried out. Origin
9.0 software was used to draw line charts and histograms; Heml
software was used to generate heat maps.

RESULTS

Characterization of the Ripening
Parameters in TM-1 and TM-38

TM-1 is a round fruit with thick skin and orange peel, TM-38
is an oval fruit with red peel and pink flesh (Figure 1A). The
transverse and longitudinal diameters of the TM-38 fruits at S3

Zhttp://www.geneontology.org
Shttps://www.genome.jp/kegg/pathway.html

were 2.2- to 3.0-fold higher than that of the TM-1 fruits in 2019
and 2020 (Figure 1B). In contrast, the TSS of the TM-1 fruits at
S3 were 7.6 and 5.7% Brix in 2019 and 2020, which were 2.0- and
1.5-fold higher than that of the TM-38 fruits, respectively.

Target Metabolite Profiles During Fruit
Ripening and Development in TM-1 and
TM-38

The overall trend of D-fructose and D-glucose contents in the
TM-1 fruits increased from S1 to S3 (Figure 2). Nevertheless, L-
malic acid and citric acid contents displayed an opposite trend.
The contents of D-glucose and L-malic acid in the TM-38 fruits
decreased from S1 to S3, whereas the contents of D-fructose
and citric acid increased first and then decreased from S1 to S3.
D-fructose in the TM-38 fruits was 4.55- and 1.72-fold higher
than that in the TM-1 fruits at S1 and S2, respectively. Similarly,
D-glucose in the TM-38 fruits was 4.89- and 1.51-fold higher
than that in the TM-1 fruits at S1 and S2, respectively. However,
the concentrations of D-fructose and D-fructose in the TM-1
and TM-38 fruits at S3 were similar. In contrast, the content
of L-malic acid in the TM-1 fruits was 2. 17-, 1. 57-, and 1.84-
fold higher than that in the TM-38 fruits at the three evaluated
developmental stages, respectively. The content of citric acid in
the TM-1 fruits was 7. 52-, 2. 97-, and 2.77-fold higher than that in
the TM-38 fruits at the three developmental stages, respectively.
Besides, the sugar/organic acid ratio of the TM-1 fruits increased
from S1 to S3, whereas in the TM-38 fruits, it decreased. However,
the sugar/organic acid ratio of the TM-38 fruits were 23. 08-, 4.
38-, and 2.59-fold higher than that of the TM-1 fruits at S1, S2,
and S3, respectively.

Transcriptome Profiling of the TM-1 and

TM-38 Fruits
Triplicate sampling of the TM-1 and TM-38 fruits at the three
developmental stages yielded 18 RNA samples for transcriptome
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FIGURE 1 | (A) Close-up views of TM-1 (Solanum galapagense L., LA0436) and TM-38 (S. lycopersicum L. cultivar M82, LA3475) at green ripe (S1), turning-color
(S2), and red ripe (S3) stages. (B) The changes in fruit diameters and total soluble solids (TSS) at S3. Values are means + SE.
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FIGURE 2 | Developmental profiles of D-fructose, D-glucose, L-malic acid, citric acid contents, and the sugar/organic acid ratio in TM-1 and TM-38 at three
developmental stages. Values are means + SE.
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analysis; a total of 121.92 Gb of clean data were obtained at S1, S2, and S3 were 1,782 (Figure 3B), while that of S1 vs. S2
(Table 1). The clean data of each sample reached 5.84 Gb, and and S2 vs. S3 of TM-1 and TM-38 were 709 and 358, respectively
the percentage of Q30 base was more than 92.13%. The clean (Figures 3C,D). On the whole, there were more downregulated
reads of each sample were aligned with the tomato reference genes than upregulated genes. The number of DEGs annotated
genome(see text footnote 1), and the mapping rate ranged from  to COG, GO, KEGG, KOG, NR, Pfam, Swiss-Prot, and eggNOG

85.18 to 94.34%. databases are also presented in Supplementary Table 3.
Digital Analysis of Differentially Identification of Key Processes
Expressed Genes Between the TM-1 and Responsible for Organic Acid and
TM-38 Fruits at the Three Developmental Carbohydrate Accumulation in the TM-1
Stages and TM-38 Fruits

Seven pairwise transcriptome comparisons [i.e., TM-1 vs. TM- To understand the main functional categories represented
38 at S1, S2 and S3, TM-1 (S1 vs. S2), TM-1 (S2 vs. S3), TM-38 by DEGs, GO functional enrichment analysis was performed
(S1 vs. S2), TM-38 (S2 vs. S3)] were performed to identify DEGs ~ with all reference genes as the background. The top eight
in the TM-1 and TM-38 fruits at the three developmental stages  significantly enriched GO terms in TM-1 vs. TM-38 at the
(Figure 3 and Table 2). The number of DEGs in TM-1 vs. TM-  three developmental stages are displayed in three main
38 was very large in the three developmental stages, accounting  categories: biological process, cellular component, and
for 5,012, 4,881, and 5,245 transcripts, respectively (Figure 3A). molecular function (Figure 4). GO terms of photosynthetic
There were also more DEGs in S1 vs. S2 of TM-1 and TM-38, electron transport in photosystem II (GO:0009772), protein-
which were 5,191 and 3,599, respectively. However, S2 vs. S3 of chromophore linkage (GO:0018298), ATP synthesis-coupled
TM-1 and TM-38 had less DEGs (1,267 and 774, respectively). ~proton transport (GO:0015986), ATP hydrolysis-coupled
Among them, the number of DEGs shared by TM-1 vs. TM-38  proton transport (GO:0015991), response to herbicide
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FIGURE 3 | Summary of the number of differentially expressed genes (DEGs) identified by RNA-seq analysis in tomato fruits of TM-1 and TM-38 at three
developmental stages. The number of total DEGs, upregulated DEGs, and downregulated DEGs are presented by histograms (A). The Venn diagrams represents the
number of common DEGs shared by TM-1 vs. TM-38 at three developmental stages (B), S1 vs. S2 and S2 vs. S3 of TM-1 (C), and TM-38 (D).
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TABLE 2 | Correlation analysis of mean FPKM value of the starch and sucrose metabolism (ko00500) genes with D-fructose, D-glucose, L-malic acid, and citric acid
contents, respectively.

Gene name Accession No. KEGG annotation D-fructose content D-glucose content L-malic acid content Citric acid content Sugar/organic acid
ratio
SUS Solyc03g098290.4 sucrose synthase 5-like [EC 0.519 0.454 —0.402 —0.603 0.484
2.4.1.13
Solyc07g042550.3 sucrose synthase [EC 2.4.1.13] 0.596 0.595 —0.594 —0.908" 0.885*
SPS Solyc08g042000.3 sucrose-phosphate synthase A2 0.416 0.400 —0.483 —0.747 0.728
[EC 2.4.1.14]
Solyc09g092130.3 sucrose-phosphate synthase B —0.763 —0.652 0.867* 0.618 —0.561
[EC 2.4.1.14]
GAA Solyc029069670.4 alpha-glucosidase-like [EC —0.090 0.113 0.318 —0.358 0.479
3.2.1.20]
Solyc04g009630.3 alpha-glucosidase [EC 3.2.1.20] 0.424 0.379 —0.418 0.260 —0.243
INV Solyc03g083910.5 acid beta-fructofuranosidase -0.116 —0.155 —0.020 0.726 —0.674
precursor [EC 3.2.1.26]
Solyc09g010080.3 beta-fructofuranosidase [EC —0.8056 —0.789 0.686 0.940" —0.907*
3.2.1.26]
Solyc09g010090.5.1 cell-wall invertase [EC 3.2.1.26] —0.866" —-0.827* 0.770 0.940"* —0.881*
Solyc10g083290.4 acid invertase [EC 3.2.1.26] —0.970"* —0.939* 0.973* 0.617 —-0.617
BGL1 Solyc03g119080.4 beta-mannosidase precursor 0.290 0.499 —0.076 —0.389 0.533
[EC3.2.1.21]
Solyc10g045240.2 vicianin hydrolase [EC 3.2.1.21] —0.946** —0.945** 0.946** 0.618 —0.640
Solyc12g040640.2 beta-glucosidase 44-like 0.142 0.343 0.083 —0.525 0.649
isoform X1 [EC 3.2.1.21]
SP Solyc02g077680.4 glycogen phosphorylase 1-like 0.159 0.203 0.039 -0.722 0.671
isoform X1 [EC 2.4.1.1]
Solyc03g065340.3 alpha-1,4 glucan phosphorylase 0.147 0.345 0.083 —0.539 0.659
L-1 isozyme [EC 2.4.1.1]
Solyc059012510.3 alpha-1,4 glucan phosphorylase —0.037 0.155 0.276 —0.435 0.542
L-2 isozyme [EC 2.4.1.1]
SSs Solyc03g083090.4 soluble starch synthase 1 [EC 0.655 0.560 —0.606 —0.445 0.336
2.4.1.21]
AAM Solyc04g078930.4 alpha-amylase [EC 3.2.1.1] —0.873* —0.886" 0.914* 0.573 —0.604
Solyc04g082090.3 probable alpha-amylase 2 [EC —0.631 —0.626 0.577 0.958** —-0.918**
3.2.1.1]
BAM Solyc01g094580.3 beta-amylase 7 isoform X2 [EC —0.589 —-0.510 0.617 0.784 —0.672
3.2.1.2]
Solyc08g077530.3 beta-amylase 3, chloroplastic 0.780 0.847* —0.566 —0.922** 0.931**
[EC3.2.1.2]
Solyc09g091030.3 beta-amylase [EC 3.2.1.2] 0.550 0.450 —-0.513 —0.737 0.600
4-a-GTase Solyc02g020980.2.1 4-alpha-glucanotransferase —0.973* —0.963** 0.915* 0.866" —0.853*
DPE2-like [EC 2.4.1.25]
Solyc049053120.3 4-alpha-glucanotransferase, 0.026 0.227 0.201 —0.465 0.583
chloroplastic/amyloplastic [EC
2.4.1.25]
AGP Solyc01g109790.3 ADP-glucose —0.025 0.172 0.256 —0.428 0.544
pyrophosphorylase large
subunit [EC 2.7.7.27]
Solyc07g019440.3 ADP-glucose 0.659 0.617 —0.524 —0.901* 0.809
pyrophosphorylase large
subunit [EC 2.7.7.27]
BGL2 Solyc01g010390.3 beta-glucosidase 40 [EC —0.848* —0.850* 0.875* 0.406 —0.439
2.4.1.15]
Solyc01g081170.3 unnamed protein product, —0.659 —0.656 0.580 0.971* —-0.916*
partial [EC 2.4.1.15]
Solyc029080290.3 beta-glucosidase 18-like [EC 0.205 0.331 —0.136 —0.668 0.749
2.4.1.15]
Solyc04g015560.4 uncharacterized protein —0.639 —0.506 0.780 0.540 —0.424
LOC101247513 [EC 2.4.1.15]
Solyc06g005970.2 uncharacterized protein 0.561 0.508 —0.457 —0.789 0.678
LOC101263519 [EC 2.4.1.15]
Solyc06g073740.3 beta-glucosidase BoGH3B-like 0.091 0.078 —0.155 0.569 —0.508
[EC 2.4.1.15]
Solyc06g073750.4 uncharacterized protein —-0.771 —0.748 0.695 0.971* —-0.911*
LOC101266643 [EC 2.4.1.15]
Solyc06g076780.3 uncharacterized protein —-0.178 —0.007 0.413 —0.381 0.460
LOC101260057 [EC 2.4.1.15]
Solyc079063390.3 beta-glucosidase 18-like —0.351 —-0.378 0.335 0.844* —0.8056
isoform X2 [EC 2.4.1.15]
Solyc07g063880.4 putative beta-glucosidase 41 —0.983** —0.961** 0.968** 0.690 —0.690
[EC 2.4.1.15]
(Continued)
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TABLE 2 | Continued

Gene name Accession No. KEGG annotation D-fructose content D-glucose content L-malic acid content Citric acid content Sugar/organic acid
ratio
Solyc09g075060.3 beta-glucosidase 11-like [EC 0.574 0.524 —0.603 —0.876* 0.799
2.4.1.18]
Solyc11g008720.3 beta-glucosidase 42 [EC 0.022 —0.065 —0.045 0.535 —0.581
2.4.1.15]
Solyc11g071640.3 uncharacterized protein —0.948* —0.904* 0.936™* 0.838* —0.796
LOC101256554 isoform X2 [EC
2.4.1.15]
TPS/TPP Solyc019g005210.2 alpha, —0.299 —0.371 0.230 0.846* —0.846*
alpha-trehalose-phosphate
synthase [EC 3.1.3.12]
Solyc02g071590.3 alpha, —0.943** —0.945* 0.947* 0.695 —0.709
alpha-trehalose-phosphate
synthase [EC 3.1.3.12]
Solyc02g072150.3 probable alpha, 0.485 0.472 —0.567 -0.777 0.761
alpha-trehalose-phosphate
synthase [EC 3.1.3.12]
Solyc03g007290.4 probable trehalose-phosphate —0.006 0.123 0.162 -0.614 0.662
phosphatase 2 [EC 3.1.3.12]
Solyc03g083960.3 trehalose-phosphate 0.260 0.441 —0.048 —0.669 0.772
phosphatase A [EC 3.1.3.12]
Solyc04g054930.3 probable trehalose-phosphate —0.819* —0.768 0.914* 0.331 —0.331
phosphatase J [EC 3.1.3.12]
Solyc04g072920.4 probable trehalose-phosphate 0.333 0.510 -0.132 —0.708 0.792
phosphatase J [EC 3.1.3.12]
Solyc06g060600.3 probable trehalose-phosphate —-0.918" —0.922" 0.937** 0.603 —0.627
phosphatase F [EC 3.1.3.12]
Solyc07g006500.3 trehalose-6-phosphate —0.895* —0.946** 0.858* 0.783 —0.823*
synthase [EC 3.1.3.12]
Solyc07g062140.3 trehalose-phosphate synthase 1 0.005 0.204 0.204 —0.476 0.591
[EC 3.1.3.12]
Solyc08g079060.4 probable trehalose-phosphate —0.986" —0.971* 0.919* 0.838* —0.828*
phosphatase F [EC 3.1.3.12]
HXK Solyc02g091830.3 probable hexokinase-like 2 —0.243 —0.081 0.493 -0.315 0.382
protein [EC 2.7.1.1]
Solyc04g081400.3 plastidic hexokinase [EC —0.315 —0.134 0.597 —0.031 0.134
2.7.11]
Solyc11g065220.2 hexokinase-3-like [EC 2.7.1.1] —0.090 0.100 0.302 —0.430 0.533
Solyc12g008510.2 Hexokinase [EC 2.7.1.1] —0.553 —0.471 0.365 0.605 —0.520
ALMT Solyc01g096140.3 Aluminum-activated malate —0.870* —0.848* 0.752 0.943* —0.905*
transporter
Solyc11g068970.2 —0.537 —0.510 0.409 0.0864* —0.807
ICDH Solyc01g005560.3 isocitrate dehydrogenase [EC —0.058 —0.095 —0.057 0.681 —0.649
2.3.3.8
CS Solyc07g055840.3 citrate synthase [EC 2.3.3.1] —0.464 —0.431 0.304 0.828* —0.751
ACS Solyc129099260.2 ATP-citrate synthase alpha —0.832* -0.772 0.937* 0.382 —0.370
chain protein [EC 1.1.1.42]
PDHB-1 Solyc059024160.3 pyruvate dehydrogenase E1 —0.783 —0.698 0.666 0.776 —0.697
component subunit beta-1 [EC
1.2.4.1]
SDH Solyc049055020.2 succinate dehydrogenase —0.673 —0.632 0.503 0.845* —0.782
Solyc04g055030.2 [ubiquinone] iron-sulfur subunit
3[EC 1.3.5.1]
—0.788 —0.748 0.629 0.858* —0.806

*Significantly correlated at the 0.05 level (bilateral). **Significantly correlated at the 0.01 level (bilateral).

(GO:0009635), photosynthesis, light reaction (GO:0019684),
photosynthesis (GO:0015979), ATP synthesis-coupled electron
transport (GO:0042773) and transcription, and DNA templated
(GO:0006351) in the biological process category were shared
in TM-1 vs. TM-38 at the three developmental stages. In the
cellular component category, GO terms of chloroplast thylakoid
membrane (GO:0009535), photosystem II (GO:0009523),
chloroplast (GO:0009507), proton-transporting ATP synthase
complex, catalytic core F(1) (GO:0045261), plasma membrane
(G0O:0005886), photosystem II reaction center (GO:0009539),
and mitochondrial small ribosomal subunit (GO:0005763) were

observed in TM-1 vs. TM-38 at the three developmental
stages. In the molecular function category, electron
transporter, transferring electrons within the cyclic electron
transport pathway of photosynthesis activity (GO:0045156),
chlorophyll-binding (GO:0016168), proton-transporting
ATP synthase activity, rotational mechanism (GO:0046933),
proton-transporting ATPase activity, rotational mechanism
(GO:0046961), oxygen evolving activity (GO:0010242), quinone
binding (GO:0048038), iron ion binding (GO:0005506), NADH
dehydrogenase (ubiquinone) activity (GO:0008137), DNA-
directed 5-3' RNA polymerase activity (GO:0003899), and
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