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Editorial on the Research Topic

Soybean breeding for abiotic stress tolerance: towards sustainable
agriculture
Soybean, with its high - protein and oil - rich seeds, is a vital agricultural commodity.

However, the growing global demand, spurred by population growth and dietary changes, poses

significant challenges in meeting production demand. Abiotic and biotic stresses, such as

drought, salinity, extreme temperatures, and flooding, are major hurdles in soybean breeding.

To address these challenges, modern soybean breeding strategies aim to develop stress

tolerant varieties. Advancements in molecular biology and biotechnology provide

innovative approaches to this end. Techniques such as Kompetitive Allele-Specific PCR

(KASP) molecular markers help breeders to accurately select stress - tolerant genes, while

omics - based approaches provide insights into the molecular mechanisms underlying

soybean’s stress responses. These findings are presented in eleven papers on the Research

Topic “Soybean Breeding for Abiotic Stress Tolerance: Towards Sustainable Agriculture.”
Salt tolerance

Wang et al. investigate the genetic basis of salt tolerance in soybeans, a crucial aspect

considering the global issue of soil salinization. A natural population of 283 soybean

germplasms was used for this study. After identifying 180 mM NaCl as the optimal stress

concentration, germination traits such as germination rate, energy, and index were

measured under salt stress conditions. Through a genome-wide association study

(GWAS), 1841 significant SNPs associated with these traits were identified, leading to

the identification of 12 candidate genes. KASP markers were developed for specific SNPs.

These findings offer valuable insights into soybean salt tolerance and offer genetic resources

and a theoretical foundation for breeding salt-tolerant soybean varieties.

Xu et al. aimed to identify salt-tolerance-associated SNPs in soybean and evaluate

genomic prediction for salt tolerance, using 563 germplasms from twenty-six countries.

They identified four subpopulations (Q1-Q4) through relevant analyses. GWAS identified
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10 SNPs on chromosomes 1, 2, 3, 7, and 16 that were significantly

associated with salt tolerance, with eleven candidate genes located

near 7 of these SNPs. Genomic prediction models including

maBLUP, gBLUP, and sBLUP showed moderate - to - high r -

values, and the GWAS-derived SNP marker set was effective for

genomic selection. The genetic diversity analysis of salt-tolerant

germplasms indicated a broad genetic background and highlighted

the influence of geographic factors on salt tolerance in soybeans.
Drought tolerance

In response to the challenge of drought affecting soybean

production in China, Jia et al. focused on a natural population of

264 Chinese soybean accessions. They treated these accessions with

15% PEG - 6000 during germination and employed a series of

evaluation indexes, identified 17 drought - tolerant germplasms.

Utilizing Genome - Wide Association Studies (GWAS), 92 SNPs

and 9 candidate genes related to drought tolerance were discovered.

Moreover, two KASP markers associated with drought tolerance

were developed, which not only augment the soybean germplasm

pool but also establish a crucial basis for molecular breeding of

drought-resistant soybean varieties.
Flooding tolerance

Soybean is highly sensitive to flooding stress, and the Hypoxia

Inducible Gene Domain (HIGD) gene family may play a role in

plant responses to hypoxia. Geng et al. identified six GmHIGD

genes in the soybean genome. The genes have conserved genomic

structures and motifs. Chromosomal location and collinearity

analysis revealed their distribution and potential evolutionary

relationships. Cis - element analysis of promoters and TF

identification suggested their involvement in growth,

development, and stress responses. Expression analyses across

various tissues and stresses (flooding, hypoxia, drought, salt) were

conducted. Notably, GmHIGD3 was found to be localized in

mitochondria, and its overexpression in Arabidopsis affected

catalase activity and ROS content. Overall, this research provides

valuable insights into the characteristics and potential functions of

the GmHIGD gene family in soybean.
Shoot tolerance

Jia et al. investigate the impact of shade on soybean yield, with a

focus on identifying shade-tolerant genomic loci and varieties. A

natural population of 264 soybean accessions was subjected to a

30% light reduction treatment. GWAS was conducted on six

agronomic traits and shade tolerance coefficients (STCs). Five

high shade-tolerant germplasms were found, and a total of 733

significant SNPs associated with STCs of six traits were detected

over two years. Four candidate genes related to shade tolerance were
Frontiers in Plant Science 026
found. Additionally, KASP markers were developed for four SNPs,

and haplotype analysis was performed. These results provide

valuable genetic resources and new insights for soybean shade

tolerance breeding and theoretical research.
Root architecture

In soybean, root architecture traits are vital for plant

performance. The root length locus qRL16.1 on chromosome 16

has been previously reported. Through transcriptome analysis of

near - isogenic lines (NILs), Kumawat et al. characterized two

candidate genes, Glyma.16g108500 and Glyma.16g108700, which

exhibited higher expression in longer root accessions. The C-

terminal domains of these genes are similar to those of C-

terminally encoded peptides (CEPs) in Arabidopsis, known to

regulate root length and nutrient response. Two polymorphisms

located upstream of Glyma.16g108500 were associated with root

length traits. Synthetic peptide assays showed a positive effect of the

predicted CEP variants on primary root length. These genes are

specifically expressed in the root during the early growth stage and

shown differential expression pattern only in the primary root. They

hold potential for improving soybean to develop a strong root

system under low moisture and nutrient conditions.
Seed traits

Soybean seed viability is crucial for both quality and production

yet seed quality and germplasm preservation face challenges. Li et al.

investigated the mechanisms of soybean seed aging by using aging-

sensitive R31 and aging-tolerant R80 lines, subjecting them to

artificial aging treatments of varying durations. Analyses of the

transcriptome and metabolome revealed that the response to aging

stress is associated with the phenylpropanoid metabolism pathway,

in which caffeic acid plays a key role. Furthermore, soaking seeds in

caffeic acid was found to enhance germination rates. These fundings

provide a theoretical basis for future research on soybean seed

aging mechanisms.
RNA modification

Despite the known significance of N6 - methyladenosine (m6A)

RNA modification in regulating biological processes, its genome -

wide identification and functional characterization in legumes like

soybean have been lacking. Liu et al. used bioinformatics to identify

thirteen m6A writer complex genes in soybean, which grouped into

four families. They analyzed the characteristics, enzymatic activities,

and expression patterns of these genes under abiotic stresses

conditions, highlighting the roles of GmMTAs and GmMTBs in

soybean’s response to abiotic stress. This study establishes a

foundation for further exploration of the functions of m6A

modification in soybean.
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and development of
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Xiaoqing Liu2, Wei Zhang2, Qiong Wang2, Qianru Jia2,
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Jiangsu Academy of Agricultural Sciences, Nanjing, China, 3Japan International Research Center for
Agricultural Sciences (JIRCAS), Tsukuba, Ibaraki, Japan, 4Zhongshan Biological Breeding Laboratory
(ZSBBL), Nanjing, China
Salt stress poses a significant challenge to crop productivity, and understanding the

genetic basis of salt tolerance is paramount for breeding resilient soybean varieties.

In this study, a soybean natural population was evaluated for salt tolerance during

the germination stage, focusing on key germination traits, including germination

rate (GR), germination energy (GE), and germination index (GI). It was seen that

under salt stress, obvious inhibitionswere found on these traits, withGR, GE, andGI

diminishing by 32% to 54% when compared to normal conditions. These traits

displayed a coefficient of variation (31.81% to 50.6%) and a substantial generalized

heritability (63.87% to 86.48%). Through GWAS, a total of 1841 significant single-

nucleotide polymorphisms (SNPs) were identified to be associatedwith these traits,

distributed across chromosome 2, 5, 6, and 20. Leveraging these significant

association loci, 12 candidate genes were identified to be associated with

essential functions in coordinating cellular responses, regulating osmotic stress,

mitigating oxidative stress, clearing reactive oxygen species (ROS), and facilitating

heavymetal ion transport - all ofwhich are pivotal for plant development and stress

tolerance. To validate the candidate genes, quantitative real-time polymerase

chain reaction (qRT-PCR) analysis was conducted, revealing three highly

expressed genes (G l yma .02G067700 , Glyma .02G068900 , and

Glyma.02G070000) that play pivotal roles in plant growth, development, and

osmoregulation. In addition, based on these SNPs related with salt tolerance, KASP

(Kompetitive Allele-Specific PCR)markers were successfully designed to genotype

soybean accessions. These findings provide insight into the genetic base of

soybean salt tolerance and candidate genes for enhancing soybean breeding

programs in this study.
KEYWORDS

soybean, salt tolerance, germination stage, genome-wide association analysis,
KASP marker
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Introduction

Soil salinization constitutes a pressing global concern, posing a

significant threat to crop growth and food production (Zhai et al.,

2023). Recent statistics reveal that approximately 23% of cultivated

land worldwide is affected by soil salinization, with 1.1 billion

hectares of global land area afflicted by this issue. China is not

immune to this challenge, with a saline soil area encompassing 36.9

million hectares, a substantial 10% of the global saline soil extent,

and accounting for 5% of China’s total available land (Zhao et al.,

2022). China’s saline soil total area is 36.9 million hm2, accounting

for 10% of the global saline soil, accounting for 5% of the country’s

available land area (Zhao et al., 2022). This issue manifests diversely

across regions, including coastal saline soil and sea mud along the

eastern coast, salt-affected soil in the Huang-Huai-Hai Plain, saline

soil in the northeast plain, salt-impacted soil in the northwest

inland areas, and desert salt soil in Qinghai and Xinjiang (Mao

et al., 2020). In response to this critical concern, ensuring food

security has prompted state initiatives aimed at optimizing available

land resources through systematic planning of saline-alkali land, the

selection of salt-tolerant crops for soil amelioration, and the

preservation of cultivated land areas (Luan et al., 2023).

Soybean, a member of the legume family and the Papilionoideae

stands as a pivotal cash crop, oilseed, and edible plant protein

source in China. It also plays a crucial role as an industrial raw

material (Li, 2011; Meng et al., 2021; Lu et al., 2023; Wang et al.,

2023). Moreover, soybean holds a unique distinction as the

cornerstone of Sino-U.S. agricultural trade relations, drawing

significant attention from researchers. Because of saline land on

soybean yield of serious damage to make our country’s soybean

production. Therefore, we cultivate salt-tolerant high yield soybean

varieties of this work is particularly important.

Up to now, 1536 QTLs associated with salt tolerance have been

reported, generally located on chromosomes 2, 3, 6, 8, 9, 12, 13, 14,

and 17.(SoyBase.org) Two different materials were used to locate

the QTL of soybean salt tolerance, and one major QT of salt

tolerance was detected on chromosome 3 (Hamwieh et al., 2011).

A total of 21 QTLs were identified, including 4 QTLs related to

relative germination rate, 8 QTLs related to relative imbibition rate,

and 9 QTLs related to relative germination index (Teng et al., 2022).

Based on the analysis of 549 soybean materials, 11 ERF genes were

upregulated, among which the ERF158H1, ERF166H2, and

ERF170H1 haplotypes were excellent allelic variants, which

significantly promoted soybean salt tolerance(Gao et al., 2023). In

this study, 257 soybean cultivars with 135 SSR markers were used to

perform epistatic association mapping for salt tolerance.A total of

83 QTL-by-environment (QE) interactions for salt tolerance index

were detected (Zhang et al., 2014). In the study, a population of 184

recombinant inbred lines (RILs) was utilized to map quantitative

trait loci (QTLs) related to salt tolerance. A major QTL related to

salt tolerance at the soybean germination stage named qST-8 was

closely linked with the marker Sat_162 and detected on

chromosome 8 (Yu et al., 2019).

Genome-wide association studies (GWAS) have proven to be a

potent tool for investigating complex quantitative traits (Huang

et al., 2012). The rapid advancements in modern molecular biology
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technology have further bolstered the application of molecular

marker techniques in various crop breeding domains, including

wheat (Kun Dziayi Turhan et al., 2021), rice (He et al., 2023), maize

(Ma et al., 2023), sorghum (Gao et al., 2023), rapeseed (Xiao et al.,

2023), and other molecular breeding arenas. Soybean exhibits a

multitude of complex quantitative traits, often under the control of

multiple genes and influenced by both genotype and environmental

factors (Kun Dziayi Turhan et al., 2021). Notably, Liang Tengyue

et al. (Liang et al., 2023) conducted a genome-wide association

analysis on 395 soybean germplasm resources using the GAPIT

tool, identifying nine SNPs closely linked to single plant grain

weight under low phosphorus conditions. Yang Hao et al. (Yang

et al., 2023) conducted a study in the Sichuan-Chongqing region

employing 135 SSR markers and 107,081 effective SNP markers for

genotyping from 227 soybean varieties and detected 51 and 70 site

significantly associated with fertility traits through comprehensive

whole-genome association analysis. Compared with the seedling

stage, research on the correlation analysis of salt tolerance at the

germination stage of soybean has just begun.

The KASP (kompetitive allele-specific PCR) molecular marker

is a new SNP typing method based on allele-specific amplification

and high-sensitivity fluorescence detection. KASP is characterized

by low cost and high throughput, and the accurate double-allele

genotyping of SNP and InDel sites through specific matching of

primer terminal bases. The method is widely used in molecular

marker-assisted selection of rice, wheat, soybean, and other crops

(Ertiro et al., 2015; Tian et al., 2018; Cheon et al., 2020; Jiang

et al., 2021).

In this study, 283 soybean germplasm resources were used as

materials. Under simulated NaCl salt stress, the germination rate,

germination energy, and germination index at the germination

stage were used as the screening parameters. The integration of

genome-wide association analysis (GWAS) allowed us to identify

pivotal site associated with soybean salt tolerance in a high-

throughput manner. We further harnessed this knowledge to

develop KASP markers, leveraging the significant association

SNPs to facilitate early selection in the quest for salt-tolerant

soybean breeding. This approach significantly alleviates the

workload associated with soybean breeding efforts, expediting

progress and advancing the field of soybean salt-tolerant

molecular breeding. Our findings represent a valuable reference

for future research on soybean salt tolerance and the selection and

breeding of novel, salt-tolerant soybean varieties.
Materials and methods

A natural soybean population containingused 283

representative soybean germplasms, including 52 landraces, 212

cultivars, and 19 wild soybeans, was used in this study. To identify

an optimal stress concentration for evaluating salt tolerance in

soybean germination, eight randomly selected varieties from our

study’s test materials underwent a preliminary germination assay.

Each variety was subjected to three replicate tests, with a

concentration gradient spanning 0, 30, 60, 90, 120, 150, and 180

mM NaCl. Our test results revealed that at a concentration of 150
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mmol/L NaCl, the germination rate and other measured parameters

exhibited noticeable inhibition. Further increase of the NaCl

concentration to 180 mM/L elicited significant disparities in the

germination rate, germination energy, and germination index of the

materials. Consequently, we identified 180 mmol/L NaCl as the

optimal stress concentration for our subsequent experiments.

The germination test was carried out in a dedicated germination

room, using a 3×4 grid layout of small squares, with each grid

covered by 25 g vermiculite. 50 healthy, full, and pest-free seeds of

the same size were used for each condition. 90 ml 0mM and 180

mM Nacl solutions were used for the stress treatment. The seeds

were spread on the vermiculite and watered with the treatment

solution then covered with 3-4 layers of filter paper soaked with

treatment solution. The count of germination seeds was recorded

every 24 hours for 7-8 days. This protocol was conducted with three

biological replicates per material. Utilizing an established formula,

the relative salt damage rate for each germination parameter,

including germination rate, germination energy, and germination

index, was calculated.

Several key parameters were calculated to assess soybean

germination under salt stress conditions, providing insights into

salt tolerance:

Germination Rate (GR): The germination rate, expressed as a

percentage, was calculated using the formula: GR (%) = (Nt/N) ×

100, where Nt represents the number of seeds germinated per grid

on day t, and N represents the total number of seeds per grid for

testing (unit: %) (Wang et al., 2019).

Germination Index (GI): The germination index was

determined using the formula: GI = ∑Gt/Dt, where Gt represents

the number of seeds germinated per grid on day t, and Dt signifies

the number of days in the germination test up to day (Wang et

al., 2019).

Germination Energy (GE): Germination energy, also expressed

as a percentage, was calculated as GE (%) = N3/N × 100, where N3

represents the number of seeds germinated per grid on the 3rd day,

and N represents the total number of seeds per grid for testing (unit:

%) (Wang et al., 2019).

Relative Salt Damage Index (ST): The relative salt damage index

was derived using the formula: ST = S/C. Here, C represents the

control germination rate, germination index, and germination

energy, while S signifies the germination rate, germination index,

and germination energy under salt treatment (Wang et al., 2019).

Generalized heritability h2 = s 2
g = s 2

g +
s 2
ge

n + s 2=nr
� �

, where s2
g

 (g = 1, 2, 3…264) is the genotype variance of the test material, s 2
ge

 (e = 1, 2) is the variance of the interaction between the genotype

and the environment of the test material, s 2 is the error variance, n

is the number of environments, and r is the number of replicates

(Yuan et al., 2023).
Genome-wide association analysis

We resequenced 283 materials in the early stage, achieving an

average sequencing depth of 12.4 ×, and yielding a high-density

physical map containing a total of 2,597,425 SNPs (Zhang et al.,
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2021). Genome-wide association analysis was calculated using the

GAPIT algorithm package in R (Lipka et al., 2012), and the general

linear model (GLM) (Liu et al., 2008) was used for genome-wide

association analysis SNPs with -LogP values ≥ 5 are considered to be

significant association sites.
Haplotype and candidate gene analysis

We delineated chromosome intervals based on the target genes,

thereby generating a dedicated SNP annotation file and

corresponding genotype data. The target interval was

methodically classified into five distinct categories, namely the

gene-related region (including exons, stopgain, stoploss, splicing,

etc.), intronic and UTR regions, upstream and downstream flanking

sequences, and intergenic regions. Haplotype analysis was

subsequently conducted on these different types of SNP sites. To

construct haplotype networks, we employed PopARTv1.7 software.

The entire haplotype analysis process was carried out using the R

programming language.

After the SNPs significantly associated with salt tolerance traits

in soybean germination were identified, we referenced soybean

genome information in the online database Phytozome13 (https://

phytozome-next.jgi.doe.gov/info/Gmax_Wm82_a2_v1). The genes

related to the control of soybean plant height within 120 kb of the

SNPs were identified For the analysis of specific population

structure, see the research report of our laboratory (Zhang et al.,

2021), and the candidate genes were identified by Blastp

comparison with the gene sequences in the Arabidopsis

genome database.
Development of KASP markers

Using the Primer-BLAST function of NCBI (https://

www.ncbi.nlm.nih.gov/), KASP-PCR amplification primers were

designed based on the SNP site S05_41921861 (A/C) and

S02_6088007 (A/G) significantly associated with the germination

rate, germination energy, germination index of soybean. Each pair

of primers consists of two specific forward primers F1 and F2 and a

generic reverse primer R. F1 and F2 contain 6-carboxyfluorescein

(FAM) and hexachloro-6-methylfluorescein (HEX) fluorescent

linker sequences (underlined), respectively. The primer sequences

were synthesized by Qingke Biotech (Nanjing).
PCR procedure used for genotyping with
KASP markers

Amplification PCR was performed using KASP V4.0

2×Mastermix (LGC, England), The program is: predenaturation

at 94 °C for 15 minutes; Denaturation at 94 °C for 20 s, extension at

61-55 °C for 1 minute, with a decrease of 0.6 °C per cycle for 10

cycles; Denaturation at 94 °C for 20 s, extension at 55 °C for 1

minute, 26 cycles.
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RNA extraction and reverse transcription

Take 0.1g soybean seedlings were quickly ground into powder

in liquid nitrogen, and RNA was extracted by Trizol method, Using

RNA as template, cDNA was synthesized by HiScript II 1st Strand

cDNA Synthesis Kit kit (Vazyme Biotech).
Determination of candidate gene
expression levels

Two salt-tolerant materials were selected to detect gene

expression levels, we employed quantitative reverse transcription

PCR (RT-PCR) reactions using the Lis system. The internal

reference gene selected for this analysis was Tubulin (GenBank:

KRG91143.1). The primer sequences for both the candidate gene

and the internal reference gene can be found in Table 1.

For qRT-PCR, a Gentier96E fluorescence quantitative PCR

instrument (purchased from Xi’an Tianlong Co., LTD.) was used

for the amplification reaction. The reaction system was prepared as

follows: 25 mL 2×Phanta Max Buffer, 1 mL dNTP Mix (10mM each),

3 mL cDNA, 2 mL forward primer, 2 mL reverse primer, 1 mL Phanta

Max Super-Fidelity DNA Polymerase (1U/mL), 16 mL water. The

amplification detection was conducted in 96-well plates. The

reaction procedure was as follows: denaturation at 95°C 10 s;

denaturation at 56°C for 20 s, annealing at 72°C for 20 s for a

total of 40 cycles.

The expression levels of the target gene were assessed by

comparing CT (Cycle threshold) values. When the primers for

the target gene of interest exhibited similar amplification

coefficients to those of the internal reference gene, the relative

expression of the target gene in each sample was calculated using

the formula 2–DDCT. Here, DDCT was determined as (CT, Target - CT,

Tubulin)genotype - (CT, Target - CT, Tubulin)calibrator, allowing for

precise evaluation of gene expression levels.
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Results

Statistical analysis of soybean
germination phenotype

This study encompassed the investigation of 283 soybean

materials with a focus on salt tolerance traits during the

germination period. Three key germination-related traits, namely

Germination Rate (GR), Germination Energy (GE), and Germination

Index (GI) were recorded. Statistical analysis was conducted on these

fundamental indexes of the materials, leading to the derivation of

relative indexes, specifically Relative Germination Rate (RGR),

Relative Germination energy (RGE), and Relative Germination

Index (RGI). The findings are detailed in Table 2. Our analysis

revealed substantial phenotypic variation in the relative germination

traits among the 283 soybean materials, in both 2022 and 2023. Over

these two years, RGR, RGE, and RGI exhibited ranges of 0.05 to 1.00,

0.00 to 1.00, and 0.04 to 1.00, respectively. The coefficient of variation

(CV) for these traits ranged from 31.81% to 50.60%, and the

generalized heritability (h2) ranged from 63.87% to 86.48%,

highlighting the impact of interactions between plants,

environmental factors, and the interplay between plants and the

environment on these traits. The observed generalized heritability for

each phenotype underscores the quantitative nature of these traits,

which are governed by multiple genes. Additionally, it signifies

genuine genetic differences in the reproductive period within the

population, making them conducive for further analysis, particularly

in the context of association studies.
Box line plot and frequency distribution
analysis of salt tolerance traits during the
germination stage

The box line plot for the relative germination rate, relative

germination energy, and relative germination index under two years
TABLE 1 Sequences of specific primers for qRT-PCR.

serial number Gene ID F R

1 Glyma.02G067600 ACAGCATGGGGAGGAAGGTA CGGAGGAGTGTCCGGATAGA

2 Glyma.02G067700 GCGAGTTTGTCCGAGACCAT TAGCCGTCCCTCCATCGAAT

3 Glyma.02G068300 CGATGCACCCAATGATGCTG TAGGTGGTGGAGACGACGAT

4 Glyma.02G068700 TCACAAGGTCGGAAAGCGAG GTACTGCAACTGCACAAGGC

5 Glyma.02G068900 ATGTGCCTACTTGGGCCTTT CCCGGTTCTGTTTCCCAAGA

6 Glyma.02G069400 CCTTGCTGAGCTGCTTTTGG CTCCTCTTCCAGCTTCCGAC

7 Glyma.02G070000 CCAACCTCTTGGATGCCACA TCCATGTTTGAAAGGTGGCG

8 Glyma.05G244600 AGAGAGCGAGTTTGTGCTCC GCTGGCACTCTTCAACAAGC

9 Glyma.05G245000 TGGCTGGTGATCATTGGACC ATTGATCGTGGCAACGGGAT

10 Glyma.05G246400 TGCGTCGTTAAGATGGGCAA CCCACTGGGGAGGTCTTCTA

11 Glyma.09G044300 TGAAAGCGAGCAAGCGAAAC TGCACTCCTTCAAGGCCAAA

12 Glyma.09G045200 CAAGAGCAGCAACAACTCGC CATTCACCTGGCCCACAAGA
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of salt stress treatment (as shown in Figure 1) revealed no disparities

in the relative amplitudes for each index between the two years.

These calculations for the 283 soybean germplasms were executed

using Microsoft Excel 2016. Furthermore, we plotted frequency

distribution and density curves (illustrated in Figure 2) for the
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relative germination rate, relative germination energy, and relative

germination index. Evident from these representations is the

varying extent of suppression in several indicators under salt

stress. The histograms displaying the phenotypic data exhibit

characteristics resembling approximately normal distribution.
FIGURE 2

Frequency distribution of RGR, RGE, and RGI in soybean germination.
TABLE 2 Descriptive statistics of three germination-related traits in soybean populations under NaCl conditions.

Year Trait Max Min Mean SD CV(%) h2(%)

2022

RGR 1.00 0.05 0.63 0.22 34.90
84.78

RGE 1.00 0.02 0.45 0.23 50.60

RGI 1.00 0.04 0.44 0.18 40.17
63.87

2023

RGR 1.00 0.09 0.64 0.20 31.81

RGE 1.00 0.00 0.47 0.24 49.95
86.48

RGI 1.00 0.04 0.48 0.20 45.60
fronti
84.78, 63.87, 86.48 are the respective value of RGR, RGE and RGI in 2022 and 2023 correspond to generalized heritability.
FIGURE 1

Differences in RGR, RGE, and RGI of soybean germplasm two years. Asterisks indicat significant differences compared with corresponding control(*P
< 0.05, **P < 0.01,***P < 0.001).
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This implies that the natural population of soybeans within our

study material has rich genetic variation, making it well-suited for

subsequent genome-wide association analyses.
GWAS analysis of salt-tolerance-related
traits in soybean germination

Within this study, we integrated the phenotypic results

encompassing germination rate, germination energy, germination

index, and their corresponding relative indexes (RGR, RGE, RGI)

with sequencing data. We used a Generalized Linear Model (GLM)

(Liu et al., 2008) to conduct genome-wide association analysis

through the GAPIT package in R and created Manhattan plots

and QQ plots representing the associated indicators (Figure 3). In

2022, a total of 447 SNPs (−log10P>5) closely associated with the

soybean germination stage were detected, of which 269 SNP sites

were associated with relative germination energy and mainly

distributed on chromosomes 2, 5, and 20. Conversely, the sites

least associated with the relative germination index were mainly

distributed on chromosomes 2, 6, and 20. In 2023, a total of 1841

SNPs closely associated with soybean germination were detected.

SNP site was most associated with relative germination rate, with

1512, and mostly distributed on chromosome 5. The sites associated

with the relative germination index were mainly distributed on

chromosomes 9 and 20. SNPs with significant correlation among

traits during germination are detailed in Table 3.
Haplotype and candidate gene analysis

To study the phenotypic impact of allele variations at the most

significantly associated SNP sites, haplotype analysis was conducted

for these high-threshold SNP sites associated with salt tolerance

traits during the germination stage in both 2022 and 2023. It was

observed that at the SNP site S05_41921861, the allele variation was

A/C, with the average relative germination rate for S05_41921861-A

measuring 0.52, a significant reduction compared to 0.71 for

S05_41921861-C. Meanwhile, at SNP site S02_6088007, allele

variation was A/G, and the average relative germination energy

for S02_6088007-A was notably lower at 0.42, as opposed to 0.66 for

S02_6088007-G. Lastly, for SNP site S09_3907313, the allele

variation was T/C, and the average relative germination index for

S09_3907313-C was 0.40, again demonstrating a decrease compared

to S09_3907313-T, which exhibited an average of 0.53. This trend in

allele variation and its phenotypic effects remained consistent

between the years 2022 and 2023 (Figure 4).

Candidate gene screening and function prediction were

performed in the range of 120 kb upstream and downstream of

SNP sites significantly associated with soybean germination

tolerance (-log10(P)≥5). Concerning the gene function annotation

information of the soybean genome, 12 candidate genes

significantly associated with salt tolerance in soybean germination

were identified (Table 4). These candidate genes were found to be

involved in a wide range of critical functions, including
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coordinating cellular responses, regulating osmotic stress,

mitigating oxidative stress, facilitating the clearance of reactive

oxygen species (ROS), and functioning as heavy metal ion

transporters. Collectively, these genes play pivotal roles in

promoting plant development, enhancing stress tolerance, and

ensuring normal growth and development of plants.
Development of KASP markers

KASP markers were developed for SNP sites S05_41921861 (A/

C) and S02_6088007 (A/G), which exhibited significant associations

with salt tolerance in soybean germination (Table 5). The variation

at the S05_41921861 (A/C) s i te corresponds to the

Glyma.05G244600 gene, and its annotation reveals a role in

coordinating cellular responses facilitating normal plant growth

and development, immune responses, and the capacity to respond

to stress. Similarly, the variation at the S02_6088007 (A/G) site is

associated with the gene Glyma.02G067600, and its annotation

indicates involvement in the upregulation of stress responses.

Under salt stress conditions, it triggers the expression the

expression of GAOX20, encoding adC7-GA inhibitors. The

designed KASP marking series is shown in Table 5. The genomic

DNA from the selected soybean germplasm was extracted, and the

KASP primers, designed for the aforementioned SNP sites, were

employed in PCR reactions utilizing genomic DNA as the reaction

template. After the completion of the reaction, fluorescence data

results were directly read on the real-time PCR system. The

genotyping of 48 selected soybean germplasms was executed

using the KASP-labeled primers designed for the S05_41921861

(A/C) and S02_6088007 (A/G) sites. The results, illustrated in

Figure 5, demonstrate the separation of the two different

genotypes by PCR.
Determination of candidate gene
expression levels

The reverse transcription PCR (Figure 6) and the rich soybean

genome information enabled us to identify Glyma.02G067700,

Glyma.02G068900, and Glyma.02G070000 as the genes associated

with salt tolerance in soybeans within this population.

Incorporating comparative genomics studies of these three

candidate genes with other crops and model plants, we uncovered

the following insights:

Glyma.02G067700 codes for a MYB family protein, indicating

its role as a key factor in regulatory networks governing

development, metabolism, and responses to biotic and abiotic

stresses (Shao et al., 2020).

Glyma.02G068900 encodes xyloglucan endo-transglycosylase/

hydrolase (Ph XET/H), which regulates seed germination by

facilitating the accumulation of Ph XET protein via GA-mediated

pathways. This gene plays a pivotal role in endosperm weakening

and embryonic expansion during seed germination, falling within

the glycosyl hydrolase family 16 (Jacqueline et al., 1993).
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Glyma.02G070000 codes for an NAC transcription factor, a

plant-specific family of transcription factors known for their

essential roles in various biological processes (Yuan et al., 2019).

These three genes play an important role in responding to biotic

or abiotic stresses, as well as in regulating plant growth and

development, and osmoregulation.
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Discussion and conclusion

The research and development of salt-tolerant soybeans for

saline-alkali soybean production and the expansion of planting

areas through various strategies are pivotal steps in addressing the

issue of insufficient soybean production capacity in China. These
A

B

D

E

F

C

FIGURE 3

Genome-wide association analysis results of RGR, RGE, and RGI in the natural population of soybean over two years. The solid red lines in the
Manhattan plots represent the significant threshold -log10(P)=5.0. (A-F) respectively is 2022RGR, 2022RGE, 2022RGI, 2023RGR, 2023RGE, 2023RGI.
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efforts bear significance for China’s food security. Several studies

have contributed to our understanding of salt tolerance

mechanisms during soybean germination, shedding light on the

physiological changes that occur under salt stress. Hao Xuefeng
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et al. examined salt tolerance and the salt tolerance mechanism in

soybean seeds during germination and found changes in parameters

such as SOD, POD, and MDA in the radicle germ in response to

increasing NaCl concentrations. This research underscores the
TABLE 3 Statistics of GWAS analysis results of germination correlation traits.

Year Trait Chromosome Position interval Position interval Peak SNP position (-log Pmax) PVE (%)

2022

RGR

4 6 40079022-40641706 40641706 6.27 12.42

5 137 41755110-42233137 41921861 7.87 16.9

20 1 2161697-45389200 45231603 6.53 10.67

RGE

2 82 5966798-6088986 6088007 6.57 11.53

5 143 41782306-41954581 41912280 6.19 10.76

20 44 981655-41811347 41792703 5.84 10.06

RGI

2 27 6062303-6088007 6073517 5.66 9.95

6 3 18099861-32344653 26921222 7.06 10.66

20 4 981655-989432 981655 7.43 13.68

2023

RGR

2 116 5966798-6257205 6086046 6.36 10.79

5 1335 41763734-42233476 41921861 7.92 13.94

20 61 23510283-44725190 23510343 6.55 10.32

RGE

2 84 5966798-6257205 6086076 6.11 10.63

5 133 41871375-41954581 41937985 6.01 10.43

20 87 41496276-41927972 41792703 5.99 10.37

RGI
9 13 3852644-3908645 3907313 5.96 12.14

20 12 41656423-41927972 41759271 5.3 10.92
fron
FIGURE 4

SNP haplotype analysis associated with salt-tolerant traits in a soybean natural population. A is a significant haplotype in 2022, B is a significant
haplotype in 2023.Asterisks indicat significant differences compared with corresponding control X axis is the different haplotypes of each point, and
Y axis is RGR, RGE and RGI respectively (*P< 0.05, **P< 0.01, ***P< 0.001).
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existence of specific salt tolerance mechanisms and associated

physiological changes during germination (Hao et al., 2013).

Some studies have identified the impact of salt stress on

organelle formation, including chloroplasts and endoplasmic

reticulum, resulting in varying degrees of influence on growth

traits such as root length, hypocotyl length, and lateral root

numbers. Ultimately, this process inhibited soybean germination

(Liao et al., 2013). demonstrated that high-concentration NaCl

stress significantly impeded water absorption in soybean seeds,

leading to reduced amylase and protease activity, further

elucidating the complexities of salt stress on germination (Xu

et al., 2017). Kan found that 22 SSR markers and 11 related QTL

sites were closely linked to salt tolerance in soybean germination,

and localized on chromosomes 2, 7, 8, 10, 17, and 18 (Kan et al.,
Frontiers in Plant Science 0916
2016). research identified a total of 31 salt-tolerant-related QTLs

through linkage analysis of ST-IR, ST-GI, ST-GE and ST-GR during

the germination stage of an NJIKY population, mainly distributed

on chromosomes 1, 2, 7, 8, 10, 15, 17 and 18 (Zhang et al., 2018).

Furthermore, Kan used a natural population of 191 local soybean

varieties and 1356 SNP markers to perform genome-wide

association analysis. Their work identified five candidate genes

closely linked to salt tolerance during soybean germination (Kan

et al., 2015).

In our pursuit of identifying outstanding salt-tolerant soybean

varieties and enhancing soybean yield, this study conducted a

comprehensive analysis of germination traits, including

germination rate, germination energy, germination index, and

their relative values, across a diverse set of 283 soybean

germplasm resources subjected to salt stress at the germination

stage. Our investigation revealed that the germination traits within

this population exhibited a rich and continuous distribution. At the

same time, using the high-density SNP physical map combined with

phenotype and genotype data for genome-wide association analysis,

a total of 1841 SNP sites significantly associated with soybean

germination stage were detected on chromosomes 2, 5, 6, 9, and

20. Notably, the loci located on chromosome 5 were repeatedly

detected in 2 environments, and the genetic variation explainable by

the GWAS signal reached 14.00%, marking it as a prominent

genetic locus. MAP kinase 9 may be an effector gene for this

site.In the same chromosomal interval as the results of other

researchers, there may be allelic variation of the same

QTL.Chromosomes 2 and 20 have also been confirmed by

previous studies (Zhang, 2014), and the sites associated with

chromosome 6, 9 are two new research intervals, which are of

great significance for future studies, The related genes of this site

should be explored and studied.

Furthermore, sequence comparison of genes within the

remaining three significant correlation sites allowed us to predict 12

candidate genes closely linked to the regulation of salt tolerance

during the germination stage of soybeans. These candidate genes play

roles in the coordination of cellular responses, the regulation of

osmotic stress, the attenuation of oxidative stress, the clearance of

reactive oxygen species (ROS), and the management of heavy metal

ion transport. Collectively, these genes are vital components in plant

development, stress tolerance, and the maintenance of normal

growth, immune response, and tolerance to abiotic and biotic stresses.
TABLE 4 Functional annotations of candidate genes related to salt
tolerance in soybean germination.

Gene ID Homologs Functional annotation

Glyma.02G067600 AT5G13910.1
Integrase-type DNA-binding

superfamily protein

Glyma.02G067700 AT3G02050.1 K+ uptake transporter 3

Glyma.02G068300 AT3G02065.3
P-loop containing nucleoside

triphosphate hydrolases
superfamily protein

Glyma.02G068700 AT5G27690.1
Heavy metal transport/detoxification

superfamily protein

Glyma.02G068900 AT5G13870.1
xyloglucan endotransglucosylase/

hydrolase 5

Glyma.02G069400 AT4G18710.2 Protein kinase superfamily protein

Glyma.02G070000 AT3G04070.2 NAC domain-containing protein 47

Glyma.05G244600 AT3G18040.1 MAP kinase 9

Glyma.05G245000 AT1G18180.1
Protein of unknown
function (DUF1295)

Glyma.05G246400 AT3G17980.1
Calcium-dependent lipid-binding (CaLB

domain) family protein

Glyma.09G044300 AT3G16630.2
P-loop containing nucleoside

triphosphate hydrolases
superfamily protein

Glyma.09G045200 AT1G56210.1
Heavy metal transport/detoxification

superfamily protein
TABLE 5 Specific primers for KASP.

Primer name Primer sequences

S05_41921861 F1 GAAGGTGACCAAGTTCATGCTGTATAAAGTTGAGGACTGC

F2 GAAGGTCGGAGTCAACGGATTGTATAAAGTTGAGGACTGA

R TGGTGCTGACTTAGGCACTG

S02_6088007 F1 GAAGGTGACCAAGTTCATGCTTATTAATTTATTATTTTTTG

F2 GAAGGTCGGAGTCAACGGATTTATTAATTTATTATTTTTTA

R TAGCAATGGCATGCACCTCA
The bold text stands for Fluorescent junction sequence.
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Our findings contribute valuable genetic resources and a solid

theoretical foundation for the breeding of salt-tolerant soybeans.

They represent a critical step towards addressing the challenges of

saline-alkali soybean production and increasing soybean yield,

thereby bolstering food security.
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FIGURE 5

Genotyping of KASP markers. (A, B) are genotyping S05_41921861 and S02_6088007, respectively; X-axis and Y-axis scales are the values of the
transmitted fluorescence, respectively.
FIGURE 6

The expression levels of candidate genes. a, b represent
significant differences.
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Development of KASP markers
assisted with soybean drought
tolerance in the germination
stage based on GWAS
Qianru Jia1, Miaomiao Zhou1, Yawen Xiong1,2, Junyan Wang1,
Donghe Xu3, Hongmei Zhang1, Xiaoqing Liu1, Wei Zhang1,
Qiong Wang1, Xin Sun1* and Huatao Chen1,4*

1Institute of Industrial Crops, Jiangsu Academy of Agricultural Sciences, Nanjing, China, 2College of Life
Science, Nanjing Agricultural University, Nanjing, China, 3Japan International Research Center for Agricultural
Sciences (JIRCAS), Tsukuba, Japan, 4Zhongshan Biological Breeding Laboratory (ZSBBL), Nanjing, China
Soybean [Glycine max(L.)Merr.] is a leading oil-bearing crop and cultivated

globally over a vast scale. The agricultural landscape in China faces a

formidable challenge with drought significantly impacting soybean production.

In this study, we treated a natural population of 264 Chinese soybean accessions

using 15% PEG-6000 and used GR, GE, GI, RGR, RGE, RGI and ASFV as evaluation

index. Using the ASFV, we screened 17 strong drought-tolerant soybean

germplasm in the germination stage. Leveraging 2,597,425 high-density SNP

markers, we conducted Genome-Wide Association Studies (GWAS) and

identified 92 SNPs and 9 candidate genes significantly associated with drought

tolerance. Furthermore, we developed two KASP markers for S14_5147797 and

S18_53902767, which closely linked to drought tolerance. This research not only

enriches the pool of soybean germplasm resources but also establishes a robust

foundation for the molecular breeding of drought tolerance soybean varieties.
KEYWORDS

soybean, drought tolerance, germination stage, GWAS, KASP
Introduction

Soybean, which originated in China, has a cultivation history spanning over 3000 years

(Sedivy et al., 2017; Li, 2021) and has evolved into a globally embraced crop due to its

valuable composition. Soybean functions not only as a primary source of plant protein and

oil for human consumption but also as fodder for animals (Zhao et al., 2021). Soybean also

stands out for its unique contribution as a natural nitrogen fertilizer, thanks to its

distinctive nodule structure (Sun et al., 2023).

Drought stress has always constrained the agriculture development and affects plant

multiple physiological and biochemical indexes at all growth stages such as seed germination,

seedling development, and flowering time (Zia et al., 2021; Poudel et al., 2023). Excessive
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drought disrupts photosynthesis, hampers metabolism, and ultimately

jeopardizes crop survival (Ouyang et al., 2022). As global climate

changes and human development, droughts will be more severe,

frequent, and longer lasting in the future. Soybean is more sensitive

to drought than other crops especially in germination stage (Zhao et al.,

2022). Under dry or drought conditions, soybean yield may plummet

by over 50%, highlighting the imperative to enhance soybean drought

tolerance for food security (Arya et al., 2021; Cotrim et al., 2021). Given

that seed germination marks the onset of plant growth and

development (Waterworth et al., 2015), it is crucial to identify

drought-tolerant genotypes during this stage for effective

plant breeding.

There are numerous factors influence soybean seed germination,

encompassing both external environmental conditions and internal

seed factors. Among them, moisture is an important factor affecting

germination. Exposure soybean to drought stress during germination

stage can result in a 20% reduction in seedling numbers and a

staggering 50% decrease in yield (Devi et al., 2014; Zhao et al., 2017).

This poses a huge threat to agricultural production. Encouragingly,

technological advancements now enable the screening of drought-

tolerant varieties through methods such as molecular marker-assisted

breeding and genetic modification.

With the rapid development of high throughput sequencing

technology, genome-wide association studies (GWAS) have been

widely used for plant genetic analysis. Notably, numerous single

nucleotide polymorphisms (SNPs) and quantitative trait loci (QTLs)

linked to drought tolerance in soybean have been identified through

this approach (Hacisalihoglu et al., 2018). Recent investigations by

Zhang et al. uncovered a significant drought-related locus on

chromosome 16 (32,206,964 bp to 32,458,483 bp), and obtained a

geneGlyma.16G164400 (GmPrx16) associated with drought tolerance

through haplotype analysis (Zhang et al., 2023). Saleem et al.

conducted short- and long- duration drought experiments on a 359

soybean accessions at the seedling stage, and identifying 17 and 22

significant SNPs, respectively (Saleem et al., 2022). However, previous

investigations into soybean drought tolerance primarily concentrated

on seedling or mature stages, leaving uncertainty about whether the

identified QTLs and SNPs exhibit similar adaptations during the

germination stage. In contrast, Zhao et al. identified 26 SNPs on

chromosomes 1, 4, 5, 6, 8, 9, 11, 15, and 20 associated with drought

tolerance during the germination stage. Notably, this research utilized

a multi-faceted evaluation approach, employing RGR (relative

germination rate), RGE (relative germination energy), GDTI

(germination drought tolerant index), GSI (germination stress

index), and MFV (membership function value) as indicators (Zhao

et al., 2022). However, due to differences of genetic background and

environmental conditions, stable QTLs have not been detected under

different environmental conditions, and valuable QTLs that could be

further validated are also rare.

Building upon these advancements, our present study utilized

Polyethylene glycol-6000 (PEG-6000) to modulate drought tolerance

and determined the optimal treatment concentration through a

concentration gradient. We assessed various germination traits,

including germination rate (GR), germination energy (GE),

germination index (GI), relative germination rate (RGR), relative

germination energy (RGE), relative germination index (RGI), and
Frontiers in Plant Science 0220
average subordinative function value (ASFV) within a natural

population of 264 Chinese soybean accessions during the

germination stage. In addition, we conducted GWAS based on

2,597,425 high-density SNP markers, and identified SNPs

significantly associated with drought tolerance. Subsequently, two

KASP markers were successfully developed as a result of this

comprehensive analysis. The overarching objective of this research is

to screen and identify soybean germplasm resources that exhibit

resilience to drought conditions.
Materials and methods

Plant materials and growth conditions

A natural population of 264 Chinese soybean accessions (with

212 improved varieties and 52 landraces) (Zhang et al., 2021) were

used as the materials. All of the soybeans were planted in 2021 (E1)

and 2022 (E2) in Nanjing, Jiangsu Province. Seeds in E1 and E2 were

collected to conduct subsequent drought treatment experiments.
Drought treatment and
phenotypic determination

Dry soybean seeds with full grains, complete seed coat and uniform

size were selected and disinfected with 2%NaClO2 for 15min and then

rinse three times with sterile water. Fifty of them put in a square with

the size of 200 × 70× 70 mm. In each square, 30 g vermiculite is laid

under the soybean seeds as a germination bed, and the surface of the

seeds is covered with double layer filter paper to keep the surface of the

seeds moist. A series of concentration gradients 0, 5%, 10%, 15%, 20%

and 25% (w/v) of PEG-6000 (polyethylene glycol-6000) were used to

simulate drought stress. After determining the optimal concentration,

60 mL of 15% (w/v) PEG-6000 was added to each soybean accession,

and pure water treatment was used as the control. The temperature was

set at 25 ± 1 °C, and the experiment was conducted under dark

condition. Each processing is repeated three times. The germination

was defined as when the length of the embryonic root extending

beyond the hilum exceeding half of the longitudinal length of the seed,.

The number of sprouts was counted daily. After the embryonic root

breaks through the seed coat, 7 days is considered effective germination.

GR, GE, GI, RGR, RGE and RGI were measured through the following

formulas:

GR(%)=(Number of germinated seeds on the seventh day=

total number of seeds)�100;

GE(%)=(Number of germinated seeds on the fourth day=

total number of seeds)�100;

GI=S(Gt=Dt);

RGR=RD=RC;
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RGE=ED=EC;

RGI=ID=IC:

In the above formulas, Gt is the number of germinated seeds per

day, Dt is the number of germination days, D is the drought stress

group, and C is the control group (Li et al., 2022).

Heritability (h2) calculation following the formula:

h2 = s 2
g =(s

2
g +

s2
ge

n
+ s 2=nr)

s 2
g (g=1,2,3… 264) is the genotype variance of the test material,

s 2
ge (e=1,2) is the variance of the interaction between the genotype

and the environment of the test material, s2 is the error variance, n
is the number of environments, and r is the number of replicates

(Knapp et al., 1985).

To calculate the ASFV, we used the following series of formulas

calculations (Liu et al., 2005).

(1) Firstly, we calculated the drought tolerance coefficient

(DTC) of each genotype;

DTCij = �yij(treatment)=�yij(Control) � 100

�yij(treatment) and �yij(Control) represent the j (j=1, 2, 3) trait average

observed values of genotype i (i=1, 2, 3… 264) under drought and

control treatment, respectively.

(2) We then standardized the DTC of each genotype using the

subordinate function value (SFV);

Fij = (DTCij −min (DTCij))=(max (DTCij) −min (DTCij))

min(DTCij) and max(DTCij)represent the j (j=1,2,3) trait minimum

and maximum DTC of genotype i (i=1,2,3… 264), respectively;

(3) Lastly, we calculated the average drought resistance

coefficient of three drought- related traits, denoted as the ASFV.

A(Fij) =
1
3o

3

j=1
Fij

Each genotype was assigned to a specific category

corresponding to its level of drought tolerance, with the principle

that a higher ASFV indicates a stronger drought tolerance of

the genotype.
GWAS

The SNP markers used for whole GWAS in soybean natural

populations were derived from pre laboratory resequencing work,

resulting in a high-density physical map encompassing a total of

2,597,425 SNPs (Zhang et al., 2021). GWAS was performed using

the GAPIT package based on R software (Wang and Zhang, 2021).

To mitigate the risk of false-positive associations, a mixed linear

model (MLM) was implemented for GWAS (Wang et al., 2010).

The significance threshold for identifying association sites was set at

-Log10 (P) ≥ 5.0. Any SNP surpassing this threshold was deemed a

significant association site.
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KASP

Genotyping was carried out using three sets of primers (F1, F2,

and R) specifically designed for the KASP markers of S14_5147797

and S18_53902767 (Supplementary Table S3). These primers were

designed using the Primer-Blast tool available on the NCBI website

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?

LINK_LOC=BlastHome). Genomic DNA were extracted using the

method of 2×CTAB (Mavrodiev et al., 2021). The PCR was

amplified using the KASP V4.0 2×Mastermix (LGC, England),

and the amplified procedure was conducted following the reagent

instruction using a Quantitative Real-Time PCR System (ABI7500).
Quantification and statistical analysis

P value, F value and degree of freedom were calculated by the

IBM SPSS Statistics 25 software (IBM, Armonk, NY, USA). Means

were compared using a one-way analysis of variance (ANOVA).

The heritability was calculated using the lme4 package in R (http://

www.Rproject.org/). A frequency distribution was created using

Microsoft Excel 2021. To ensure statistical significance, analyses

were performed in sufficiently large samples in all experiments.
Results

Screening of optimal concentration of
PEG-6000

Six soybean germplasm (NPS36, NPS137, NPS140, NPS196,

NPS213, NPS233) were selected randomly from the 264 Chinese

soybean accessions. Germplasms underwent individual treatment

with varying concentrations of PEG-6000, namely 0%, 5%, 10%,

15%, 20%, and 25% (w/v) PEG-6000 respectively. Six days later, the

GR, GE and GI were assessed to identify the optimal concentration

of PEG-6000. The results showed a consistent decline in GR, GE

and GI with increasing concentrations of PEG-6000 for each

soybean germplasms (Supplementary Figures S1A, B). Under 5%

and 10% PEG-6000 treatment, GR, GE and GI exhibited no

significant difference from the control (0%). However, under 20%

and 25% PEG-6000 treatment, GR, GE and GI of some germplasms

went to zero (Supplementary Figures S1A–C), rendering these

concentrations unsuitable for further research. Only at the 15%

PEG-6000 treatment did all GR, GE, and GI values exhibited a

statistically significant difference compared to the control.

Consequently, 15% PEG-6000 was identified as the optimal

concentration for subsequent experiments.
Descriptive statistics on the drought-
tolerance traits of the 264
soybean accessions

This study investigated the drought-tolerance traits of soybean

harvested in 2021 (E1) and 2022 (E2) during the germination stage.
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We treated the 264 soybean accessions with 0% (control group) and

15% PEG-6000 (drought treatment) and measured the GR, GE, and

GI in two environments (Table 1). GRs of the 264 soybean

accessions under drought treatment in E1 and E2 were 50.13%

and 51.10%, while the controls were 88.55% and 83.90%,

respectively. The coefficient of variations (CVs) of the GR under

drought treatment were 49.20% and 41.69% while the controls were

11.56% and 13.49%, respectively. The GEs under treatment in E1

and E2 were 25.60% and 19.98%, while in the control conditions,

they were 81.31% and 71.28%. The CVs of GE under drought

treatment were 78.88% and 76.71%, while in the controls they were

19.26% and 21.44% in E1 and E2, respectively; the GIs under

treatment were 9.87% and 6.33%, while the controls they were

2.82% and 2.51%, respectively. In E1 and E2, the CVs of GI after

treatment were 61.18% and 54.27%, while the controls were 29.04%

and 16.10%, respectively (Table 1). The three basic indicators of the

control group were significantly greater than that under drought

treatment, indicating that after 15% PEG-6000 drought treatment,

the GR of soybean germplasms was greatly inhibited, leading to a

decrease in GR, GE, and GI. At the same time, the CV of all three

traits under drought treatment was significantly greater than that of

control, indicating that GI, GR, and GE responses to drought

vary significantly.

Moreover, a descriptive statistical analysis was conducted on

RGR, RGE, RGI, and ASFV of 264 accessions. The average values of

RGR, RGE, RGI, and ASFV in E1 and were 0.56, 0.30, 0.28, 0.40,

0.61, 0.28, 0.39 and 0.38, respectively (Table 2). The CVs of RGR

were 47.00% and 42.11%, respectively. The CVs of RGR and RGI in

E1 and E2 were 74.90%, 72.39%, 56.18% and 51.48%, respectively.

The CVs of ASFV were 52.86% and 49.25%, surpassing the 50%

threshold in both cases. These indicate that the population used in

this study exhibits rich variation under drought conditions.

Furthermore, the statistical analysis revealed heritability values of

RGR, RGE, RGI, and ASFV were 49.82%, 44.31%, 44.14%, and
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49.11%, respectively (Table 2). To a certain extent, it is beneficial for

the screening of drought resistant soybean germplasm in

germination stage.

The variation amplitude of GR, GE, and GI of the 264 soybean

accessions in E1 surpassed that of E2, with each trait exhibiting a

higher CV in E1 compared to E2. Notably, GR, GE, and GI

displayed significant differences between E1 and E2, indicating

that the drought tolerance traits of soybean germination stage

may be selected during the process of variety improvement.

Among the three drought tolerance traits, the RGR, RGE and

RGI variation range of E1 and E2 spanned from 0.00~1.04,

0.00~1.47, 0~1.00, 0.00~0.88, 0.00~0.78 and 0.00~0.97,

respectively (Table 2). It is evident that the variation range of RGI

is comparatively smaller than that of RGR and RGE in E1 and E2.

These indicated that the drought-tolerant traits influenced by

environment in the soybean germination stage. Additionally,

there were notable variations among the 264 soybean accessions.
Variance and correlation analysis of
drought tolerance traits across the 264
soybean accessions

We conducted a variance analysis on RGR, RGE and RGI of 264

soybean accessions in E1 and E2 (Table 3). The results showed that

there were significant differences among genotypes, drought

treatments and different environments. There are significant

differences in genotype and environmental interaction effects

between RGR and RGI, indicating that each genotype is influenced

by environmental factors while experiencing differences in drought

stress, and changes with environmental changes.

To explore the correlation among RGR, RGE and RGI in E1 and

E2, correlation analysis was conducted (Figure 1). The results

showed that, the correlation of RGR, RGE and RGI of E1 and E2
TABLE 1 Descriptive statistics of three germination-related traits of 264 accessions treated with 0% and 15% PEG-6000.

Trait Treat Max Min Range Mean SD CV (%)

GR

E1
C 100.00. 41.67 41.67~100.00 88.55 10.24 11.56

D 96.67 0.00 0.00~96.67 50.13 24.67 49.20

E2
C 100.00 45.00 45.00~100.00 83.90 11.32 13.49

D 90.00 0.00 0.00~90.00 51.10 21.30 41.69

GE

E1
C 100.00 33.33 33.33~100.00 81.31 15.66 19.26

D 90.00 0.00 0.00~90.00 25.60 20.19 78.88

E2
C 98.33 25.00 25.00~98.33 71.28 15.28 21.44

D 75.00 0.00 0.00~75.00 19.98 15.33 76.71

GI

E1
C 3.861 17.111 3.86~17.11 9.87 2.87 29.04

D 7.72 0.00 0.00~7.72 2.82 1.72 61.18

E2
C 8.194 3.611 3.91~8.19 6.33 1.02 16 .10

D 6.69 0.00 0.00~6.69 2.51 1.36 54.27
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is poor (Figure 1A). However, positive correlations were observed

among RGR, RGE, RGI, and ASFV, with correlation coefficients of

0.70, 0.86 and 0.91, respectively (Figure 1B). In particular, RGE

exhibited a significant positive correlation with RGI and ASFV, with

correlation coefficients of 0.86 and 0.92, respectively. Additionally, a

significant positive correlation between RGI and ASFV was

identified, with a correlation coefficient of 0.94 (Figure 1B). These

results illuminated the intrinsic connections among various

drought-tolerant traits.
Identification of drought tolerance grade
and screening of drought-tolerance
soybean germplasms

This study standardized the RGR, RGE, and RGI of E1 and E2

using the subordinative function method. The ASFV of each

genotype in the natural population was calculated, which were

categorized into five groups to establish distinct drought resistance

grading standards (Figure 2). These categories were graded as high

drought tolerance (HDT), drought tolerance (DT), medium

drought tolerance (MDT), drought sensitive (DS) and high
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drought sensitive (HDS), where higher ASFV values indicated

stronger drought resistance within soybean germplasms.

In E1, the ASFV or the categories were defined as follows: HDT

(above 0.75), DT (0.56-0.75), MDT (0.38-0.56), DS (0.19-0.38), and

HDS (below 0.19) (Figure 2A). Notably, MDT soybean germplasms

were the most abundant, constituting approximately 32% of the

total, while DS germplasms ranked second, comprising 27%.

Drought-resistant and drought-sensitive soybean germplasms

were relatively balanced. (Figure 2A). HDT germplasm accounts

for 5.29% of the total natural population of soybeans.

In E2, the ASFV for the defined categories were as follows: HDT

(above 0.73), DT (0.5-0.73), MDT (0.37-0.55), DS (0.18-0.37), and

HDS (below 0.18) (Figure 2B). Among them, DS soybean

germplasms were the most prevalent, constituting approximately

25%, and the MDT germplasms ranked second, representing 23%.

The number of drought-resistant soybean germplasms was

comparable to that of DS germplasms. HDS germplasm accounted

for 2.27% of the total soybean accessions.

This study successfully identified a total of 17 drought-tolerant

soybean germplasms (Table 4), characterized by high GR, GE and GI.

In E1, the HDT soybean germplasms included NX-F7-13, NX-F4-4,

NX-F4-3, Guichundou 113, Zhonghuang 306, Guichundou 111,
TABLE 3 Variance analysis of germination-related traits of 264 accessions under drought stress.

Trait Variation sourse DF SS MS F value P value

RGR

G 249 64.122 0.258 4.835 <0.05

Env 1 0.479 0.479 8.995 <0.05

G×Env 178 24.354 0.137 2.569 0.003

RGE

G 249 47.342 0.190 3.345 <0.05

Env 1 0.073 0.073 1.287 <0.05

G×Env 178 22.467 0.126 2.221 0.257

RGI

G 249 28.771 0.116 22.234 <0.05

Env 1 1.317 1.317 253.360 <0.05

G×Env 178 4.428 0.032 6.201 <0.05
G, germplasm; Env, environment; DF, degree of freedom; SS, sum of square; MS, mean square.
TABLE 2 Descriptive statistics of germination-related traits of 264 accessions under drought stress.

Trait Environment Max Min Mean SD CV (%) Skewness Kurtosis H2 (%)

RGR E1 1.04 0.00 0.56 0.59 0.26 47.00 -0.231 -0.846 49.82

E2 1.47 0.00 0.61 0.26 42.11 -0.026 -0.033

RGE E1 1.00 0.00 0.30 0.29 0.23 74.90 0.723 -0.146 44.31

E2 0.88 0.00 0.28 0.20 72.39 0.684 -0.297

RGI E1 0.78 0.00 0.28 0.34 0.16 56.18 0.533 -0.031 44.14

E2 0.97 0.00 0.39 0.20 51.48 0.265 -0.576

ASFV E1 0.94 0.00 0.40 0.39 0.21 52.86 0.206 -0.719 49.11

E2 0.91 0.14 0.38 0.19 49.25 0.244 -0.579
fron
RGR, relative germination rate; RGE, relative germination energy; RGI, relative germination index; ASFV, average subordinative function value; SD, standard deviation; CV, coefficient of
variation; H2, heritability.
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Gui26BC2-7, Huaidou 5, Huaidou 1, Doujiao 73, Xu 0701, and Jining

98-11497 (Table 4). In E2, the HDT soybean germplasms comprised

Zhou 11019-2-1, Guichun 16, Gui0508-3, Huaidou 1, Nannong15-3,

and Qihuang 35 (Table 4). Notably, Huaidou 1 demonstrated high

drought tolerance in both environments. These identified HDT

materials within soybean accessions serve as a valuable research

foundation for further exploration into the genetic mechanisms of

soybean drought resistance and as experimental resources for future

soybean drought-resistant breeding.
GWAS signals related to six
germination traits

We calculated the frequency of RGR, RGE, and RGI of 264

soybean accessions in E1 and E2 using Microsoft Excel 2021, and

drew frequency distribution maps and density curves (Supplementary

Figure S2). The absolute values of RGR, RGE, and RGI kurtosis and

skewness are less than 1 (Table 2) and the histograms of phenotypic

data exhibit an approximate normal distribution (Supplementaryl

Figure S2), which indicated that the natural soybean population in

this study has rich genetic variation and is suitable for subsequent

genome-wide association analysis.
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To illuminate the genetic mechanism of six drought-tolerant

germination traits, a GWAS with high-density SNPs was conducted

to identify SNPs associated with six drought-tolerant germination

traits. At a significance threshold of -Log10(P) ≥ 5.0, a total of 92

SNPs significantly associated with drought tolerance in germination

stages were detected in this study, distributed across chromosomes

1, 2, 3, 4, 5, 6, 8, 9, 10, 11, 14, 16, 17, 18, 19 and 20 of the soybean

genome (Figure 3, Supplementary Tables S1, S2).

Noteworthy SNPs included S08_37604504 locus on chromosome

8, significantly associated with GE, GI and RGE, explaining 10.82%,

10.08%, and 8.51% of the phenotypic variation, respectively

(Supplementary Tables S1, S2). Additional SNPs like

S18_32669137, S18_55108397 and S18_55108434 on chromosome

18 were significantly associated with the mentioned traits.

S18_55108447 on chromosome 18 is significantly associated with

GE, GI and RGE, explaining 10.2%, 10.07% and 10.2% of the

phenotypic variation, respectively. On chromosome 9, S09_5096288

was significantly associated with GR and RGR, while S11_16409860

located on chromosome 11 was significantly associated with GE and

GI. In addition, S11_2747816 and S11_2747823 on chromosome 11

were physically close to each other and related to RGE and RGI.

S20_32847223 and S20_794406 located on chromosome 20, were

significantly associated with GE and RGE. The SNPs significantly
A B

FIGURE 2

ASFV distribute frequency percentage in E1 (A) and E2 (B) environment.
BA

FIGURE 1

Correlation analysis of germination-related traits of 264 accessions. (A) Correlation analysis of RGR, RGE, RGI in E1 and E2. (B) Correlation analysis of
RGR, RGE, RGI and ASFV.
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associated within 5543129~38193841 bp on chromosome 14 are all

associated with two traits. The SNPs significantly associated with

35922040~36291124 bp on chromosome 17 are all related to GE.
Identification of candidate genes of
soybean drought-tolerant traits

To investigate the phenotypic effects of allelic variations associated

with significantly associated SNPs, haplotype analysis was conducted

on SNPs surpassing the highest threshold. Notable findings include:

Allelic variation of S10_3999727 was A/C. Average RGR of

germplasms carrying S10_3999727-A were higher compared to

those carrying S10_3999727-C (Figure 4A).

Allelic variation of S14_5147797 was A/T, germplasms carrying

S14_5147797-A exhibiting a significantly higher average RGE than

those carrying S14_5147797-T (Figure 4B).

Allelic variation of S06_5126498 was C/T, germplasms carrying

S06_5126498-C having a higher average RGI compared to those

carrying S06_5126498-T (Figure 4C).

Allelic variation of S11_14316470 was T/C, germplasms

carrying S11_14316470-C having lower RGR than those carrying

S18_55033581-T (Figure 4D).

Allelic variation of S18_53902767 was A/G, average RGI of

germplasms carrying S18_53902767-A were significantly lower

than those carrying S18_53902767-T (Figure 4E).
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Allelic variation of S18_55033581 was C/T, average RGI of

germplasms carrying S18_55033581-C were significantly lower

than that carrying S18_55033581-T (Figure 4F).

In a previous study, we had conducted a linkage disequilibrium (LD)

analysis on the soybean natural population in which the LD increased to

120 kb (Zhang et al., 2021). Referring to the gene functional annotation

information of soybean, nine candidate genes significantly associated

with drought tolerance during soybean germination stage were identified

(Table 5). Including Glyma.06G065900 (serine-rich protein-related

protein), Glyma.06G066200 (TOPLESS-related 1), Glyma.10G044200

(Acyl-CoA N-acyltransferase with RING/FYVE/PHD-type zinc finger

domain), Glyma.14G035500 (vesicle-associated membrane protein 713),

Glyma.14G035600 (CRT (chloroquine-resistance transporter)-like

transporter 3), Glyma.14G063700 (HSP20-like chaperones superfamily

protein),Glyma.18G264600 (membrane-anchored ubiquitin-fold protein

2) and Glyma.18G266900 (glycosyl hydrolase family 81 protein).

Additionally, according to transcriptome data, all these genes exhibited

altered expression levels under drought conditions, either induced or

reduced (Figure 5A) (Wang et al., 2021b). To verify candidate genes

expression level in drought resistant and drought sensitive material,

we used the NPS 62 as drought resistant material and NPS40 as drought

sensitive material. After treated with 15% PEG-6000 8 h, we sampled and

conducted a qPCR. As is shown, some genes of NPS62 response to

drought stress levels were higher than that of NPS40 (Glyma.10G044200,

Glyma.14G035500 and Glyma.18G264600). But some genes of NPS62

response to drought stress levels were lower than that of

NPS40 (Glyma.06G065900, Glyma.06G066200 and Glyma.14G035600).

Also, some of them between two materials didn’t show significant

di fference (Glyma.14G063700, Glyma.18G252300 and

Glyma.18G266900) (Figure 5B).
Development of KASP markers of SNPs

Based on the GWAS results, we developed KASP markers

for S14_5147797(A/T) and S18_53902767(A/G), which were

significantly associated with RGE and RGI, respectively. Both of

the genotypes can be clearly divided (Figure 6). In Figure 6A, blue

dots represent soybean germplasm carrying the A allele mutation

site, indicating higher RGE during the germination stage.

Conversely, red dots represent soybean germplasm carrying the T

allele mutation site, showing the opposite trend. In summary,

soybean germplasm with the genotype AA generally exhibits a

higher RGE than those with the genotype TT. In Figure 6B, blue

dots represent soybean germplasms carrying the G allele mutation

site, associated with a higher RGI during the germination stage. On

the other hand, the red dot represents soybean germplasm carrying

the A allele mutation site, correlated with a lower RGI. Overall,

soybean germplasm with the genotype GG tends to have a higher

RGI compared to those with the genotype AA. The distinct

clustering of genotypes in these figures highlights the utility of the

developed KASP markers for precise genotyping based on these

significant SNPs, providing valuable information for further studies

and breeding efforts targeting drought tolerance in soybeans

during germination.
TABLE 4 Drought-tolerant soybean germplasm screened in
two environments.

Environment High drought tolerance ASFV

E1

NX-F7-13 0.79

NX-F4-4 0.83

NX-F4-3 0.79

Guichundou 113 0.91

Huaidou 5 0.82

Huaidou 1 0.76

Doujiao 73 0.80

Xu 0701 0.80

Jining 98-11497 0.94

Zhonghuan 306 0.79

Guichundou 111 0.79

Gui 26BC2-7 0.86

E2

Huaidou 1 0.73

Zhou 11019-2-1 0.74

Guichun 16 0.78

Gui 0508-3 0.78

Nannong 15-3 0.75

Qihuang 35 0.74
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Discussion

Drought tolerance remains a persistent challenge affecting crop

growth, development, and yield. In the current study, we treated a

natural soybean population of 264 accessions in the germination

stage with15% PEG-6000 to modify the drought stress.
Soybean germplasms resistance to drought
tolerance in the germination stage

Numerous studies have addressed the identification of drought

resistance traits during soybean germination, employing diverse
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soybean populations and proposing varying indicators, leading to

nuanced definitions (Yang et al., 2013). The choice of drought

resistance indicators significantly influences the authenticity and

reliability of experimental outcomes. Zhang et al. (2005) advocated

for a comprehensive approach, combining physiological, biochemical

and morphological indicators to assess and select drought-resistant

varieties. Wang et al. (2012) argued that soybean varieties exhibiting

high GE also have high GR, with a strong correlation between their

membership function values and the total membership function values.

Consequently, in evaluating drought resistance during soybean

germination, GR and GE can serve as valuable indicators.

Commonly used indicators for drought resistance during the

germination period encompass RGR, RGE, RGI, and germination
B

A

FIGURE 3

Manhattan plots for the GWAS for GR, GE, GI, RGR, RGE, and RGI in E1 (A) and E2 (B). The red line indicates the significance threshold (−log10(P)=5.0).
frontiersin.org

https://doi.org/10.3389/fpls.2024.1352379
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Jia et al. 10.3389/fpls.2024.1352379
drought tolerance index (GDTI), among others (Li et al., 2010).

Recently, Zhao et al. used RGR, RGE, GDTI, GSI and membership

function value (MFV) as the drought tolerance indicators, evaluating a
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natural soybean population of 410 accessions with 158,327 SNPs. In

alignment with these considerations, our study adopts GR, GE, and GI

as primary evaluation indicators for soybean drought resistance during

germination. Recognizing the complex nature of soybean drought

resistance, this research employs RGR, RGE, and RGI as additional

indicators, integrating a membership function method for a

comprehensive assessment of drought resistance within this

population during germination. This approach facilitates a thorough

comparison across different genotypes, employing equal interval

divisions based on the ASFV range to establish standardized grading

criteria for drought tolerance. By reducing subjective human grouping,

this methodology enhances the demonstration of soybean responses to

drought stress. Our analysis of phenotypic data for drought tolerance

traits in 264 natural soybean accessions during germination reveals

significant genotype variations post-drought stress treatment,

indicating a degree of genetic stability. This affirms the suitability of

this population for genetic screening of drought-resistant

soybean germplasm.

This study categorized the natural soybean population into five

distinct grades, ranging from HDT to HDS. A total of 17 soybean

germplasms exhibiting HDT were selected (NX-F7-13, NX-F4-4, NX-

F4-3, Guichundou 113, Zhonghuang 306, Guichundou 111,

Gui26BC2-7, Huaidou 5, Huaidou 1, Doujiao 73, Xu 0701, Jining

98-11497, Zhou 11019-2-1, Guichun 16, Gui0508-3, Nannong 15-3
B C

D E F
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FIGURE 4

Significant SNP haplotype analysis of drought-related traits across 264 accessions. These SNPs were selected from the significant SNPs obtained
from GWAS. (A) Average RGR of germplasms carrying S10_3999727-A/C; (B) Average RGE of germplasms carrying S14_5147797-A/T; (C) Average
RGI of germplasms carrying S06_5126498-C/T; (D) Average RGR of germplasms carrying S11_14316470-T/C; (E) Average RGI of germplasms
carrying S18_53902767-A/G; (F) Average RGI of germplasms carrying S18_55033581-C/T. The ** represents p<0.01 and *** represents p<0.001,
one-way analysis of variance (ANOVA).
TABLE 5 Candidate genes for drought-tolerant in the germination stage.

Gene ID Homologs Functional annotation

Glyma.06G065900 AT5G11090 serine-rich protein-related

Glyma.06G066200 AT1G80490 TOPLESS-related 1

Glyma.10G044200 AT2G37520 Acyl-CoA N-acyltransferase with RING/
FYVE/PHD-type zinc finger domain

Glyma.14G035500 AT5G11150 vesicle-associated membrane
protein 713

Glyma.14G035600 AT5G53540 CRT (chloroquine-resistance
transporter)-like transporter 3

Glyma.14G063700 AT1G53540 HSP20-like chaperones
superfamily protein

Glyma.18G252300 AT2G44840 Ethylene-responsive element binding
factor 13

Glyma.18G264600 AT5G15460 membrane-anchored ubiquitin-fold
protein 2

Glyma.18G266900 AT5G15870 glycosyl hydrolase family 81 protein
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and Qihuang 35). Remarkably, Huaidou 1 demonstrated HDT in both

environmental conditions (Table 4). The selected germplasms serve as

valuable resources for future in-depth investigations into the molecular

mechanisms of soybean drought resistance and genetic breeding

endeavors. It is crucial to note that this experiment artificially

simulated drought condition, the data and conclusions obtained may

not entirely substitute conclusions drawn from field soil environments.

Furthermore, the experiment specifically focuses on the germination

stage, and the identified conclusions may not extend to other stages

such as seedling and maturity.
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Candidate genes for resistance to drought
tolerate in the germination stage

GWAS is widely used in the study of important agronomic traits.

By effectively identifying SNP associated with the target trait, a total of

92 SNPs were associated with drought tolerance in the germination

stage of this experiment (Figure 3, Supplementary Tables S1, S2).

Unfortunately, the association SNPs identified in E1 and E2 did not co-

locate with each other, perhaps indicating a lack of overlap between the

two environments. This discrepancy may be attributed to variations in
B

A

FIGURE 5

(A) Heat map of candidate genes relative expression levels under drought treatment. Each group has three replicates. One circle represents one
value of the group. (B) Relative expression level of candidate genes of drought sensitive material NPS40 and drought tolerant material NPS 62.
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environmental conditions and other factors influencing the genetic

associations with drought tolerance during germination.

Based on the GWAS results, nine candidate genes were identified:

Glyma.06G065900, Glyma.06G066200 , Glyma.10G044200 ,

Glyma.14G035500, Glyma.14G035600 , Glyma.14G063700 ,

Glyma.18G252300, Glyma.18G264600 , Glyma.18G266900 .

Glyma.06G065900 is a serine-rich protein-related protein. Serine

metabolism plays a crucial role in the plant’s response to various

abiotic stresses (Kishor et al., 2020). When a plant is exposed to

temperature, flooding, salt, drought or heat stress, serine accumulates

(Stewart and Larher, 1980; Kaplan et al., 2004; Bocian et al., 2015;

Hossain et al., 2017; Li et al., 2017). Transcriptome data also indicates

an induction of Glyma.06G065900 expression under drought stress

(Figure 5). Glyma.06G066200 codes a TOPLESS-related protein,

TOPLESS (TPL) and TOPLESS-related protein (TPR) corepressors

usually interact with transcription factors to regulate gene expression.

TPRs have been known to influence hormonal signaling pathways,

such as auxin, gibberellins, jasmonic acid and brassinosteroids, which

are essential in plant stress responses (Saini and Nandi, 2022).

Glyma.10G044200 is an Acyl-CoA N-acyltransferase with RING/

FYVE/PHD-type zinc finger domain-containing protein. Acyl-CoA

N-Acyltransferase involved in regulating plant meristem and

architecture (Walla et al., 2020). Additionally, Acyl-CoA is the active

metabolic intermediate in fatty acid synthesis and decomposition and

potentially contributes to drought stress response through its

involvement in lipid metabolism. Glyma.14G035500 codes the

protein vesicle-associated membrane protein 713. The exact role of

this protein in drought response is not known, but vesicle-associated

membrane proteins are generally involved in membrane trafficking, so

it may be implicated in stress response pathways. From the web of

TAIR (https://www.arabidopsis.org/index.jsp), we know that its

homologous AtVAMP713 (AT1G53540) is involved in response to

salt stress. A vesicle-associated membrane protein TaVAMP in wheat
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was identified as a drought-inducible protein, suggesting a potential

role in abiotic stress tolerance (Singh et al., 2018). Glyma.14G035600 is

a CRT-like transporter. In rice, OsCLT1 is a CRT-like transporter

required for glutathione homeostasis and arsenic tolerance (Yang et al.,

2016). The triple mutant clt1 clt2 clt3 of Arabidopsis showed increased

cadmium (Cd) sensitivity (Maughan et al., 2010). Further research is

needed to determine whether it is involved in drought stress in

soybean. Glyma.14G063700 and AT1G53540 (HSP17.6C) are

homologous. It is involved in response to heat, hydrogen peroxide

and salt stress (Yamaguchi et al., 2021; TAIR).Glyma.18G252300 codes

an ethylene-responsive transcription factor (ERF), which has been

shown to be involved in responding to a wide range of abiotic stresses

(Licausi et al., 2013; Xie et al., 2019). In wheat, TaERF87 and TaAKS1

synergistically regulate TaP5CS1/TaP5CR1-mediated proline

biosynthesis to enhance drought tolerance (Du et al., 2023), while

the transcriptome data reveals a reduction in the expression level of

Glyma.18G252300 in soybean under drought stress (Figure 5). Further

experiments are required to elucidate the mechanisms underlying this

observation. Glyma.18G264600 is a membrane-anchored ubiquitin-

fold protein located in the plasmamembrane. The plasmamembrane is

the primary site for sensing extracellular stimuli, and when cells are

stimulated by abiotic stress, the cell membrane generates secondary

signaling molecules such as reactive oxygen species (ROS) and

phospholipids. Glyma.18G264600 may interact with second

messengers to respond to drought stress. Glyma.18G266900 is a

glycosyl hydrolase family 81 protein, known to participate in

responses to various stimuli such as bacterium, fungus, hormone-

mediated signaling pathways, defense, osmotic stress, oxidative stress

and water deprivation (TAIR). Glycosyl hydrolase family 1 (GH1) b-
glucosidases in rice also responses to biotic and abiotic stress (Opassiri

et al., 2006). When a plant is subjected to abiotic stress, the content of

soluble sugars tends to increase. This elevation in soluble sugars has

been associated with an enhancement in the plant’s stress resistance. In
BA

FIGURE 6

Genotyping of KASP markers. (A, B) were genotyping of S14_5147797 and S18_53902767, respectively. Blue and red dots in (A) represent the
soybean germplasm carrying the A and T allele mutation sites, respectively. Blue and red dots in (B) represent the soybean germplasm carrying the G
and A allele mutation sites, respectively.
frontiersin.org

https://www.arabidopsis.org/index.jsp
https://doi.org/10.3389/fpls.2024.1352379
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Jia et al. 10.3389/fpls.2024.1352379
the case of soybeans under drought stress, the expression level of

Glyma.18G266900 was observed to decrease (Figure 5), This reduction

in expression suggests a potential strategy employed by the plant to

mitigate drought damage. It is conceivable that the plant decreases the

expression of glycosyl hydrolase (Glyma.18G266900) to inhibit the

hydrolysis of sugars, thus providing an additional protective

mechanism against the adverse effects of drought stress.

In conclusion, the identified candidate genes are likely key

contributors to soybean’s response to drought stress. Further

comprehensive research is essential to unravel the specific

functions of these genes in soybean drought tolerance, providing

insights into their molecular mechanisms. This deeper

understanding holds the potential to inform strategies for

enhancing abiotic stress resistance in soybean varieties through

targeted genetic improvements.
Developing KASP markers

KASP (Kompetitive Allele-Specific PCR) marker technology

holds significant importance and has wide applications in various

fields, particularly in agriculture. Within agriculture, KASP markers

are extensively used for multiple purposes, including germplasm

resource identification, genetic relationship research, molecular

marker-assisted breeding, genetic map construction and gene

mapping. KASP has been applied to locate candidate genes for

yield traits such as heading date, plant height, and thousand grain

weight (Xiong et al., 2021; Xie et al., 2022); quality traits such as the

color and shape of vegetables, fruits and other crops (Cheng et al.,

2021; Shen et al., 2021); and genes of biotic and abiotic (Wang et al.,

2018; Liu et al., 2020). In the current study, we developed two KASP

markers S14_5147797 and S18_53902767 associated with drought

tolerance (Figure 6). This achievement holds substantial application

value for breeding drought-resistant soybean varieties. By using

KASP markers, researchers and breeders can efficiently select and

develop soybean varieties with improved drought tolerance,

contributing to sustainable agriculture and food security.

The KASP markers developed in this study provide a valuable tool

for soybean breeding programs aiming to enhance drought resistance.
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Genome-wide association study
and haplotype analysis reveal
novel candidate genes for
resistance to powdery
mildew in soybean
Guoqiang Liu1,2†, Yuan Fang3†, Xueling Liu1,2†, Jiacan Jiang1,2,
Guangquan Ding1,2, Yongzhen Wang1,2, Xueqian Zhao1,2,
Xiaomin Xu1,2, Mengshi Liu1,2, Yingxiang Wang3,4*

and Cunyi Yang1,2*

1Guangdong Provincial Key Laboratory of Plant Molecular Breeding, College of Agriculture, South
China Agricultural University, Guangzhou, China, 2Key Laboratory for Enhancing Resource Use
Efficiency of Crops in South China, Ministry of Agriculture and Rural Affairs, South China Agricultural
University, Guangzhou, China, 3Guangdong Laboratory for Lingnan Modern Agriculture,
Guangzhou, China, 4Guangdong Provincial Key Laboratory of Protein Function and Regulation in
Agricultural Organisms, College of Life Sciences, South China Agricultural University,
Guangzhou, China
Powdery mildew disease (PMD) is caused by the obligate biotrophic fungus

Microsphaera diffusa Cooke & Peck (M. diffusa) and results in significant yield

losses in soybean (Glycine max (L.) Merr.) crops. By identifying disease-resistant

genes and breeding soybean accessions with enhanced resistance, we can

effectively mitigate the detrimental impact of PMD on soybeans. We analyzed

PMD resistance in a diversity panel of 315 soybean accessions in two locations over

3 years, and candidate genes associated with PMD resistance were identified

through genome-wide association studies (GWAS), haplotype analysis, qRT-PCR,

and EMS mutant analysis. Based on the GWAS approach, we identified a region on

chromosome 16 (Chr16) in which 21 genes form a gene cluster that is highly

correlated with PMD resistance. In order to validate and refine these findings, we

conducted haplotype analysis of 21 candidate genes and indicated there are single

nucleotide polymorphisms (SNPs) and insertion-deletions (InDels) variations of

Glyma.16G214000, Glyma.16G214200, Glyma.16G215100 and Glyma.16G215300

within the coding and promoter regions that exhibit a strong association with

resistance against PMD. Subsequent structural analysis of candidate genes within

this cluster revealed that in 315 accessions, the majority of accessions exhibited

resistance to PMD when Glyma.16G214300, Glyma.16G214800 and

Glyma.16G215000 were complete; however, they demonstrated susceptibility to

PMDwhen these genes were incomplete. Quantitative real-time PCR assays (qRT-

PCR) of possible candidate genes showed that 14 candidate genes

(Glyma.16G213700, Glyma.16G213800, Glyma.16G213900, Glyma.16G214000,

Glyma.16G214200, Glyma.16G214300, Glyma.16G214500, Glyma.16G214585,

Glyma.16G214669, Glyma.16G214700, Glyma.16G214800, Glyma.16G215000,

Glyma.16G215100 and Glyma.16G215300) were involved in PMD resistance.

Finally, we evaluated the PMD resistance of mutant lines from the Williams 82

EMS mutations library, which revealed that mutants of Glyma.16G214000,

Glyma.16G214200, Glyma.16G214300, Glyma.16G214800, Glyma.16G215000,
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Glyma.16G215100 andGlyma.16G215300, exhibited sensitivity to PMD. Combined

with the analysis results of GWAS, haplotypes, qRT-PCR and mutants, the genes

Glyma.16G214000, Glyma.16G214200, Glyma.16G214300, Glyma.16G214800,

Glyma.16G215000, Glyma.16G215100 and Glyma.16G215300 were identified as

highly correlated with PMD resistance. The candidate genes identified above are all

NLR family genes, and these discoveries deepen our understanding of the

molecular basis of PMD resistance in soybeans and will be useful for guiding

breeding strategies.
KEYWORDS

GWAS, PMD, haplotypes, qRT-PCR, EMS mutations, NLR
1 Introduction

Soybean [Glycine max (L.) Merr.] is a leguminous crop that

provides approximately 71% of plant-based protein and 29% of oil

globally (Lin et al., 2022) and is an important source of animal and

aquaculture feed (Adak and Kibritci, 2016). However, the

proportion of soybean yield loss due to disease is increasing

(Lin et al., 2022). Powdery mildew disease (PMD) is a common

soybean disease caused by the fungus Microsphaera diffusa (M.

diffusa) particularly in temperatures ranging from 15°C to 30°C.

When the temperature is below 15°C or above 30°C, PMD

infections will be reduced (Alves et al., 2009). It is easily

detected on seeds, stems, leaves, and roots as white and powdery

patches (Ramalingam et al., 2020) that result in defoliation,

chlorosis veinal, necrosis, or mixtures of several symptoms

(Grau, 2006). PMD causes yield reductions of up to 35% in

susceptible soybean accessions (Dunleavy, 1980; Phillips, 1984)

and is an epidemic disease in Australia (McTaggart et al., 2012),

Canada (Takamatsu et al., 2002), Peru (Takamatsu et al.,

2002), Puerto Rico (Takamatsu et al., 2002), Venezuela

(Takamatsu et al., 2002), Brazil (Goncalves et al., 2002), Asia (Li

M. W. et al., 2020), northeast India (Baiswar et al., 2016), and the

United States (Grau, 2006). Despite the global importance of PMD

as a soybean disease, the molecular basis of resistance and

susceptibility to it remain largely uncharacterized.

Several PMD resistance loci in multiple soybean accessions have

been mapped to the Chr16, including Rmd_V97-3000 (Wang et al.,

2013), Rmd_PI243540 (Kang and Mian, 2010), Rmd_PI567301B

(Jun et al., 2012), Rmd_B3 (Jiang et al., 2019), Rmd_B13 (Jiang et al.,

2019), and Rmd_ZH24 (Zhou et al., 2022). Mapping indicates they

overlap or partially overlap each other suggesting that they could be

tightly linked loci or one gene with different alleles. Rmd_B13 was

mapped to a genomic region containing 17 disease resistance (R)-

like genes (Jiang et al., 2019), and Rmd_ZH24 to an interval with 4

disease R-like genes (Zhou et al., 2022). Recently, the first soybean

PMD resistance gene, GmRmd1, has been cloned through a

combination of multiple methods, including a genome-wide
0233
association study from 467 soybean accessions, map-based

cloning of 471 F8 recombinant inbred lines derived from Guizao1

(susceptible) × B13 (resistant), and denovo assembly of the Guizao1

and B13 draft genomes using single-molecule long-read sequencing

technology that can explore SVs in the GmRmd1 region (Xian et al.,

2022). By contrast, genes associated with PMD resistance have been

extensively studied in other plants. In Arabidopsis thaliana, the

RESISTANCE TO POWDERY MILDEW 8.2 (RPW8.2) gene

encodes phosphatase type 2C (PAPP2C), which negatively

regulates salicylic acid (SA)-dependent basal defense against PMD

(Wang et al., 2012). The barley Mla locus contains Mla1 (Zhou

et al., 2001), Mla12 (Shen et al., 2003), and Mla13 (Lu et al., 2016),

which are nucleotide-binding and leucine-rich repeat (NLR) family

proteins that recognize avirulence (AVR) proteins from the PMD

fungus Blumeria graminis f. sp. hordei. In wheat, nearly 70 PMD

resistance loci have been identified (Muller et al., 2022), but only a

few genes have been cloned, including Pm3 (Yahiaoui et al., 2004),

Pm8 (Hurni et al., 2013), Pm17 (Singh et al., 2018), Pm21 (Singh

et al., 2018; Xing et al., 2018), Pm60 (Zou et al., 2017), Pm5 (Xie

et al., 2020), and Pm41 (Li M. et al., 2020). They all encode NLR

family proteins.

Genome-wide association study (GWAS) is a genetic marker

detection technique that has evolved into a pivotal method for

investigating the genetics of intricate diseases (Burghardt et al.,

2017). Compared to conventional linkage analysis, GWAS can

significantly enhance the precision and accuracy of marker–

phenotype associations (Yano et al., 2016; Cortes et al., 2021).

Currently, GWAS has been successfully employed in elucidating the

genetic basis underlying soybean PMD resistance. In 2020, the first

GWAS analysis of soybean PMD resistance was used in gene

mapping research, and this study obtained 30,510 high-quality

SNP loci from 331 soybean accessions for association analysis

resu l t ing in the ident ifica t ion of Glyma.16g210800 ,

Glyma.16g211000, and Glyma.16g211400 as important candidate

genes for disease resistance (Hu, 2021). In addition, Xian utilized

GWAS to classify the genetic polymorphisms associated with PMD

resistance in soybeans, identified a single region associated with
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PMD resistance based on 2,176,969 SNPs in 467 soybean

accessions, and finally identified GmRmd1 as the PMD resistance

gene in this region (Xian et al., 2022). Another study identified

seven SNPs significantly associated with resistance to PMD through

GWAS, and combined with differential expression levels, three

candidate genes for Rmd_ZDD00359 were determined:

Glyma.16G210800, Glyma.16G212300, and Glyma.16G213900

(Sang et al., 2023). In recent years, this method has been utilized

to identify numerous QTLs and genes governing crucial disease-

resistant traits in soybean. For instance, through GWAS analysis, a

total of 36,976 SNP markers associated with resistance to soybean

cyst nematode (SCN) Heterodera glycines (HG) Ichinohe 0 type and

Heterodera glycines Ichinohe 1.2.3.5.7 type were identified across a

diverse panel of 440 soybean accessions, and a total of 19 associated

signals were detected and significantly correlated with the resistance

of two types of HG (Han et al., 2015; Cortes et al., 2021). A GWAS

analysis was performed on a total of 330 soybean accessions,

resulting in the identification of 25,179 SNPs and the discovery of

eight genomic regions significantly associated with resistance to

soybean white mold (Boudhrioua et al., 2020). Utilizing a whole-

genome association mapping approach, 800 soybean accessions

were employed to identify genomic regions associated with

resistance to phytophthora root and stem rot, and 16 SNP

markers located on chromosomes 3, 13, and 19 exhibited a

significant correlation with resistance of soybeans to this disease

(Schneider et al., 2016). Therefore, GWAS holds significant

potential for enhancing disease resistance in soybean breeding.

The objective of this article is to investigate the role of NLR gene

clusters in conferring soybean resistance against PMD, thereby

establishing a fundamental understanding of plant disease

resistance mechanisms and providing valuable insights for

breeding PMD-resistant soybean accessions.
2 Materials and methods

2.1 Plant materials and evaluation of
PMD resistance

Williams 82 (W82) and Huaxia 3 (HX3) were provided by

South China Agricultural University. The 315 soybean accessions

used for this study were obtained from soybean research institutions

in China (Supplementary Table 1). Accessions were planted in

December in field sites located in Guangzhou and Hainan, and

these were used for disease evaluation and genetic analysis.

In December 2017, accessions were sown in the field of Hainan

Experimental Station, China. Disease resistance was evaluated in

February 2018, and the data were recorded as Y2018. In December

2018 and December 2019, accessions were grown in the field at

South China Agricultural University, Guangzhou. PMD resistance

was evaluated in March 2019 and March 2020, and the data were

recorded as Y2019 and Y2020, respectively. All plants were scored

and counted for PMD resistance (Supplementary Table 1). All

plants were challenged with M. diffusa as described previously

(Jiang et al., 2019). Each plant was inoculated with spores of M.
Frontiers in Plant Science 0334
diffusa at stage V1 by brushing with PMD-infected leaves of

susceptible plants maintained in the greenhouse, as described by

Kang and Mian (2010). Three weeks after inoculation, PMD

incidence was evaluated for the 315 soybean accessions.

Accessions were scored for PMD resistance using a scale. A plant

with no PMD colonies on any leaf was regarded as a resistant (R)

line and scored “L0,” while a plant with one or more PMD colonies

on its leaves was rated as a susceptible (S) line, depending on disease

severity, from L1 grade to L5 (Supplementary Table 1) (Li

et al., 2016).
2.2 DNA extraction and analysis

The sodium dodecyl sulfonate (SDS) method was used to

extract DNA from GWAS populations from young unfolded

trifoliolate leaves at stage V2 (second trifoliolate) (Perry, 2004). A

minimum of 30 ng/µl of DNA, with an OD260/280 of 1.8–2.0, was

used for resequencing, and greater than 2 µg of DNA was used to

generate small fragment libraries for pair-end sequencing.
2.3 Genome mapping and detection of
SNPs and InDels

A total of 315 soybean accessions were selected for whole-

genome re-sequencing using the Illumina HiSeq X Ten platform

with 150-bp pair-end reads. The average sequencing depth of all

samples is 15×. A detailed sequencing information is shown in

Supplementary Table 2. All the sequencing in this study was done

by Annoroad Gene Technology Co. Ltd. (Zhejiang, China).

Version 4 of Williams 82 genome in the Phytozome database

(https://phytozome-next.jgi.doe.gov/info/Gmax_Wm82_a4_v1)

was used as the reference for data analysis. Read quality control to

remove low-quality reads and adapter sequences was done using

Fastp (version 0.23.2) (Chen et al., 2018) with default parameters.

Clean reads from each sample were aligned to the reference genome

using BWA-MEM 2 (release 2.2.1) (Vasimuddin et al., 2019), and

then, mapped reads were sorted using SAMtools (version 1.15.1) (Li

et al., 2009). GATK4 packages (release 4.2.6.1) (Mckenna et al.,

2010) were employed for variation detection and haplotype

analysis. Duplicate-read marking was performed using

MarkDuplicates. Variants from each sample were called using

HaplotypeCaller to generate files in gVCF format. The gVCF files

were merged using CombineGVCFs generating a VCF file

composed of emit-all-sites information. The VCF file was filtered

using the recommended GATK parameters “QUAL < 30.0 || QD <

2.0 || MQ < 40.0 || FS > 60.0 || SOR > 3.0 || MQRankSum < −12.5 ||

ReadPosRankSum < −8.0” and “QUAL < 30.0 || QD < 2.0 || FS >

200.0 || SOR > 10.0 || ReadPosRankSum < -20.0 || MQ < 40.0 ||

MQRankSum < −12.5” for SNPs and InDels, respectively. Apart

from this, SNPs were filtered using the following criteria: removing

SNPs as missing greater than 15% andMAF lower than 0.5% among

315 accessions.
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2.4 Detecting significant SNPs

TASSEL (version 5.2.8.1) (Bradbury et al., 2007) was used to

calculate the association of the PMD resistance phenotype with

genetic polymorphisms in 315 soybean accessions by applying a

mixed linear model (MLM). In this study, admixture software was

employed to estimate the population structure matrix (Q). When

K = 11, the CV error was the minimum value at 0.54741. TASSEL5

software was used to calculate the kinship matrix (K) with the

parameter-method Centered_IBS. As covariates, Q and K were used

to control the population in the MLM analysis. As part of the

TASSEL analysis, the phenotypic variation explained (PVE) was

also calculated using the mixed liner model. The CMplot package

(Yin et al., 2021) was used for visualizing the Manhattan p and QQ

plots. The Manhattan plot shows the p-values of significant SNPs

associated with PMD resistance. The QQ plot shows the

relationship between theory and expectation. SnpEff (Cingolani

et al., 2012) was used for gene annotation of heterotopic points

according to the physical location and structure of genes

throughout the genome.
2.5 Analysis of linkage disequilibrium and
haplotype blocks

LD analysis measures the nonrandom association of pairs of SNPs.

TASSEL (version 5.2.8.1) (Bradbury et al., 2007) software calculates the

square (R2) of the allele frequency correlation of SNP. The core SNP set

derived after suitable filtering was used for calculating linkage

disequilibrium (LD) patterns and the structure of haplotype blocks of

SNPs by LDBlockShow (Dong et al., 2020). Data sets (r2 and D′) of
pairwise LD measurement calculations showed LD levels of SNPs.
2.6 Haplotype analysis of candidate genes

The genotype code types and physical position in the genome of

the candidate locus were obtained from genotype-calling VCF format

files. Unsupervised clustering was applied to three genotype codes

consisting of reference homozygote, alternative homozygote, and

missing by Cluster3.0 software (Hoon et al., 2004).
2.7 Evaluation of the expression patterns of
21 candidate genes

V1 stage W82 and HX3 plants were infected with an M. diffusa

spore suspension containing 1 × 105 cfu/ml and maintained in a

growth chamber at 23°C, 75% relative humidity, with a 16-h light/8-h

dark photoperiod to characterize the expression of 21 candidate genes.

The experiments included three replicates. Leaves were sampled at 0,

6, 12, 24, 48, and 72 h after inoculation and kept at −80°C. Total RNA

was extracted using the HiPure Plant RNA Mini Kit (Magen,

Guangzhou, Guangdong, China), and 1 mg of total RNA was

reverse transcribed to produce first-strand cDNA using the Evo M-
Frontiers in Plant Science 0435
MLV RT Kit with gDNA Clean for qRT-PCR (Accurate Biology,

Guangzhou, Guangdong, China). Candidate genes in the target region

were predicted in SoyBase using the Wm82.a4.v1 reference genome.

Quantitative real-time polymerase chain reaction (qRT-PCR) was

performed to obtain the expression profiles of candidate genes using

primers designed with Primer Premier 5.0 (Premier, Vancouver,

Canada). The housekeeping gene Actin was used as a control. The

specific primers for 21 candidate genes are listed in Supplementary

Table 6. The qRT-PCR was performed with a CFX96 Real-Time PCR

Detection System (Bio-Rad, Hercules, CA, USA) using SYBR® Green

Premix Pro Taq HS qPCR Kit II (Accurate Biology, Guangzhou,

Guangdong, China). All reactions were performed in 20-µl volumes

containing 1 µl of cDNA as a template. The thermal cycling conditions

consisted of 94°C for 2 min, followed by 40 cycles of 95°C for 10 s, 59°

C for 30 s, and 72°C for 30 s. Three independent biological repeats

were used. The qRT-PCR data were evaluated using the 2−△△CT

method (Livak and Schmittgen, 2001).
2.8 The PMD resistance evaluation of
mutant lines from Williams 82 EMS
mutation library

The information of mutant lines from the Williams 82 EMS-

induced library was extracted from this website: http://isoybean.org/

(Supplementary Table 7). Seeds for mutants were obtained from Song’s

laboratory (Zhang et al., 2022). These mutant lines were grown in the

greenhouse at South China Agricultural University, Guangzhou. The

mutant lines were subjected to two generations of selfing to obtain

homozygous lines of the corresponding candidate genes

(Supplementary Table 7). Each mutant plant was inoculated with

spores of M. diffusa at stage V1. After 2 weeks of inoculation, the

M. diffusa of the mutant leaves was observed and photographed, and

these leaves were stored at −20°C for DNA extraction and sequencing.
2.9 Phylogenetic analysis

Candidate gene protein sequence from the reference genome

annotation Wm82.a4.v1 version was used to blast the RefSeq Select

proteins database (https://www.ncbi.nlm.nih.gov/refseq/refseq_select/).

The top 100 sequences with the highest similarity were selected for

complete multiple sequence alignment. The phylogenetic tree was

constructed using the NJ method in MEGA X (Kumar et al., 2018)

with 1,000 bootstrap replicates.
3 Results

3.1 Evaluation of soybean germplasm for
resistance to PMD

To study PMD resistance in soybeans, we collected 315 soybean

accessions from around the world and evaluated their resistance to

PMD during 3 years in Hainan province (P.R. China) and an
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experimental field at South China Agricultural University (SCAU). We

divided our screening results into five levels (L1–L5) of PMD

susceptible according to the previous studies (Kang and Mian, 2010)

and defined PMD resistant (level 0; L0). Representative phenotypes of

highly PMD susceptible (L5), medium sensitivity (L3), and resistant

(L0) are shown in Figure 1A, and the PMD resistance (L0) or

susceptible level (L1–L5) of each accession is detailed in

Supplementary Table 1. During the spring of 2018, we identified 196

resistant and 97 susceptible lines at the Hainan Experimental Station

(Figure 1B). During the spring of 2019, we identified 207 resistant and

susceptible 98 lines at the experimental station at South China

Agricultural University (SCAU) (Figure 1B). During the spring of

2020, we identified 205 resistant and 110 susceptible accessions at the

SCAU experimental station(Figure 1B). Pooling these results across

years and locations, we found that 206 (66.35%) of the 315 accessions

are resistant to PMD, and 109 (34.60%) are susceptible. These results

indicate that soybean accessions are a rich resource for PMD resistance

(Supplementary Table 1).
3.2 SNPs/InDels genotyping and GWAS for
PMD resistance

We performed whole-genome re-sequencing of 315 soybean

accessions from China, the United States, Brazil, Australia, and
Frontiers in Plant Science 0536
Africa (Supplementary Table 2), with an average 15× depth of

sequencing. We mapped 92.65% of the reads to the soybean

reference genome (Wm82.a4.v1 version) and used GATK to call

4,900,642 high-quality SNPs and 702,316 InDels (<40 bp) at bi-

allelic loci. A distribution analysis of SNPs and InDels across the 20

chromosomes of the soybean genomes shows a high density near the

ends of chromosomes 3, 6, 15, 16, and 18 (Supplementary Figure 1).

Each chromosome has an average of 245,032 SNPs and 35,116 InDels.

We used the SNPs and InDels from the diversity collection of 315

accessions to conduct a GWAS with a mixed linear model approach

to identify variant sites that are significantly associated with PMD

resistance (Figures 1C–F). A total of 56 SNPs surpassed the genome-

wide significance threshold clustered at the end of the long arm of

chromosome 16 (Figure 1G). The SNP locus with the highest −log10

(p-value) of 19.14 is at nucleotide position 37,418,263 on Chr16 and

accounts for 33.38% (R2) of the phenotypic variance. This GWAS

peak is flanked by two paralogous R genes (Glyma.16G214200 and

Glyma.16G214300). Two other genes (Glyma.16G213700 and

Glyma.16G214641) overlap several SNPs in peaks with the second

highest significance (Figure 1G). We defined 13 genes in this region

as candidate PMD resistance genes (Supplementary Table 3).

Furthermore, this region encompasses 8 NLR genes potentially

associated with resistance to PMD, thereby yielding a total of 21

candidate genes for subsequent comprehensive analysis

(Supplementary Table 3).
FIGURE 1

Genome-wide association analysis of PMD resistance genes in the 315 soybean accessions. (A) Phenotypic traits of soybean accessions after 20 days
of M. diffusa infection. R, resistant; S, susceptible. Scale bar = 2 cm. (B) Percentages of PMD-resistant levels of 315 accessions in different regions
and years. L0 represents resistant to PMD, and L1–L5 represent susceptible levels to PMD increasingly in (A, B). Y2018: Hainan, February 2018;
Y2019: SCAU field, March 2019; Y2020: SCAU field, March 2020. (C–F) GWAS scan for PMD using re-sequencing data of 315 accessions grown in
spring from different regions and years; (C, D) represent Manhattan plots of significant SNPs associated with PMD and quantile–quantile plots for
PMD, respectively. (E, F) represent Manhattan plots of significant InDels associated with PMD and quantile–quantile plots for PMD, respectively. The
GWAS results are presented as negative log10 p-values against position on each of the 20 chromosomes. Horizontal red dashed lines indicate the
genome-wide significant threshold. (G) Local Manhattan plot (top) and linkage disequilibrium heatmap (bottom) surrounding the peak on Chr16. Two
genes of brown color (Glyma.16G214200 and Glyma.16G214300) are flanked on both sides by the most significant SNPs (top panel). A local
Manhattan plot and linkage disequilibrium heatmap of that 400-kb region are displayed in the bottom panel. The orange lines indicate the candidate
region for the peak. The red line indicates the highest peak value. The blue plot indicates the nucleotide variation of the candidate genes. Horizontal
black dashed lines indicate the genome-wide significant threshold. The colors in the figure from yellow to red represent the D′ value from low
degree to high, which is the standardized disequilibrium coefficient between a pair of alleles.
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We used LD Blockshow to detect haplotype blocks in the 400-

kb region containing the most significant SNP markers (Figure 1G).

There is strong linkage disequilibrium across the region. The most

significant SNP out of 60 significant SNPs in the block (located at

Chr16: 37,416,562–37,418,263) (Supplementary Figure 2) is

ups t r eam of Glyma .16G214200 and downs t r eam of

Glyma.16G214300 suggesting that PMD resistance may be

associated with variants in DNA regulatory elements of

Glyma.16g214200 or Glyma.16g214300.
3.3 Haplotype analysis of the
candidate genes

We ana l y z ed SNPs and InDe l s a t t h e 21 - g ene

(Glyma.16G213700–Glyma.16G215400) locus in the diversity pane

of 315 soybean accessions. Unsupervised clustering was used to

cluster all SNP variant types based on three genotype codes:

reference homozygote, SNP/InDel mutation (Alter), and missing

(Figure 2). There is a mutation caused by a base substitution at
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position 746 bp in the coding region of the Glyma.16G214000,

which is associated with 71.56% (78/109, out of 109 susceptible

accessions, 78 contained the mutation) of susceptible accessions

(Figure 2). SNP mutations in the upstream promoter region of

Glyma.16G214200 from −1,534 to −1,978 bp are associated with

95% (104/109) of susceptible accessions (Figure 3). Furthermore,

several NLR candidate genes with relatively high peak values are

located between Glyma.16G214641 and Glyma.16G215400

suggesting their potential involvement in PMD resistance.

Haplotype analysis of these genes identified an SNP at position 72

in the coding region of the Glyma.16G215100 gene, and this

mutation was present in 55% (60/109) of susceptible accessions

(Figure 4). There is a 3-bp deletion at 226 bp in the coding region of

Glyma.16G215300, and 91% (99/109) of susceptible accessions are

associated with this mutation (Figure 5). The haplotypes of other

candidate genes are depicted in Supplementary Figures 3–17. In

summary, SNP/InDel mutations in the coding and promoter

regions of the above genes are closely related to their disease

resistance, and these genes may be candidate genes for resistance

to PMD.
FIGURE 2

Haplotype analysis of Glyma.16G214000. H, haplotype; R, resistant; S, susceptible; D1, deletion type 1; H6(5R1S), five accessions in H6 are resistant,
and one is susceptible; LRR, leucine-rich repeat domin; C-JID, C-terminal jelly roll/Ig-like domain.
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3.4 Haplotype analysis of other candidate
genes in 11 special accessions at the
GmRmd1 locus

The GmRmd1 (Glyma.16G214300) gene has been previously

confirmed as a resistant gene against PMD in various studies (Xian

et al., 2022). In this study, the majority of accessions possessing

intact GmRmd1 coding regions demonstrate PMD resistance,

whereas those lacking such regions exhibit susceptibility to PMD

(Figure 6). These findings underscore the critical importance of

maintaining an intact coding region for GmRmd1 in conferring

soybean resistance against accessions. However, the integrity of the

GmRmd1 coding region was not consistent with the PMD

phenotype in 11 of the 315 accessions in which three of the

resistant accessions exhibited incomplete GmRmd1; concurrently,

eight of the susceptible accessions displayed intact GmRmd1

(Supplementary Table 4). This suggests the presence of additional

genetic factors contributing to resistance against PMD.

Subsequently, through the analysis of haplotypes in other

candidate genes (Glyma.16G213700–Glyma.16G215400) within
Frontiers in Plant Science 0738
these 11 accessions, and by integrating high-quality haplotype

data (Supplementary Tables 4, 5), it was observed that among the

eight susceptible accessions, haplotypes (D3 of Glyma.16G213700),

(H18 and H19 of Glyma.16G213800), (H15 and H16 of

Glyma.16G214000), (D18 of Glyma.16G214200), (H11 of

Glyma.16G214500), (H8, H19, and D7 of Glyma.16G214529), (H9

of Glyma.16G214557), (H41 of Glyma.16G214585), (H37, H40, and

D1 of Glyma.16G214613), (H32, H50, H51, and D1 of

Glyma.16G214641), (H12 and H18 of Glyma.16G215100), and

(H8 of Glyma.16G215300) were found to be susceptible in other

accessions. Among the three disease-resistant accessions,

haplotypes (H4 of Glyma.16G214529), (H29 and H36 of

Glyma.16G214585) , (H8 of Glyma.16G214613), (H6 of

Glyma.16G215100), and (H2 of Glyma.16G215300) exhibited

resistance to diseases in other accessions. In conclusion, it is

p laus ib le tha t Glyma.16G213700 , Glyma.16G213800 ,

Glyma.16G214000 , Glyma.16G214200 , Glyma.16G214500 ,

Glyma.16G214557 , Glyma.16G214585 , Glyma.16G214613 ,

Glyma.16G214641, Glyma.16G215100, and Glyma.16G215300 may

represent additional genes exhibiting resistance against PMD.
FIGURE 3

Haplotype analysis of Glyma.16G214200. H, haplotype; R, resistant; S, susceptible; D1, deletion type 1; H6(26R1S), 26 accessions in H6 are resistant,
and 1 is susceptible; TIR, Toll/interleukin-1 receptor; NBS, nucleotide-binding site; BSP, basic secretory proteins.
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3.5 The assessment of the integrity of
coding regions in candidate genes

Through structural analysis of the coding regions of candidate

genes, it was observed that among 206 disease-resistant accessions, a

total of 203 exhibited intact Glyma.16G214300; conversely, out of 109

susceptible accessions, only 101 displayed incomplete

Glyma.16G214300 (Figure 7). Furthermore, within the cohort of

disease-resistant accessions, a significant majority (193 out of 206)

possessed intact Glyma.16G214800; in contrast, among the susceptible

group (consisting of 109 samples), only 82 showed incomplete

Glyma.16G214800 (Figure 7). Similarly, within the population of

disease-resistant accessions (206 in total), a substantial proportion

(185) demonstrated intact Glyma.16G215000; however, among the

susceptible counterparts (comprising 109 samples), merely 68

exhibited incomplete Glyma.16G215000 (Figure 7). This observation

suggests a strong association between the integrity of the coding region

for Glyma.16G214300, Glyma.16G214800, and Glyma.16G215000 and

their disease resistance phenotypes, and the resistance gene

Glyma.16G214300 has been confirmed against PMD (Xian et al.,
Frontiers in Plant Science 0839
2022) sugges t ing tha t genes Glyma.16G214800 and

Glyma.16G215000 are highly likely to confer resistance to PMD as

well. It is plausible that these genes form a complex network involved in

conferring disease resistance by synergistically exerting protective

effects against PMD.
3.6 Expression patterns for
candidate genes

To investigate the expression of 21 candidate genes in response

to M. diffusa infection, qRT-PCR was utilized to examine the

expression patterns of each gene between Williams 82 (W82,

resistance to PMD) and Huaxia 3 (HX3, susceptible to PMD)

(Figure 8). Among these genes, the expression levels of

Glyma.16G213900 and Glyma.16G214000 were predominantly

observed in W82, while they were scarcely detected in HX3. In

comparison to HX3, the expression levels of Glyma.16G214100,

Glyma.16G214300 , Glyma.16G214500 , Glyma.16G214585 ,

Glyma.16G214800, Glyma.16G215100, and Glyma.16G215300
FIGURE 4

Haplotype analysis of Glyma.16G215100. H, haplotype; R, resistant; S, susceptible; D1, deletion type 1; H2(3R1S), three accessions in H2 are resistant,
and one is susceptible; TIR, Toll/interleukin-1 receptor; NBS, nucleotide-binding site.
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were upregulated highly in W82. Conversely, the expression levels

of Glyma.16G214529, Glyma.16G214557, Glyma.16G214641, and

Glyma.16G215000 showed lower expression levels in W82

compared with HX3. The expression levels of Glyma.16G214613

and Glyma.16G214669 exhibited similar patterns between W82 and

HX3. However, Glyma.16G213700, Glyma.16G213800, and

Glyma.16G214700 were expressed in HX3 but not detected in

W82 suggesting their potential involvement in negative regulation

of PMD resistance.

Additionally, six genes (Glyma.16G213900, Glyma.16G214000,

Glyma.16G214500, Glyma.16G214300, Glyma.16G214585, and

Glyma.16G214800) were induced by M. diffusa in W82 but

showed minimal or low expression in HX3, and the expression

leve l s o f Glyma .16G213900 , Glyma .16G214000 , and

Glyma.16G214500 gradually increased in W82 after M. diffusa

infection, reaching their peak after 48 h and subsequently
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decreasing. Correspondingly, the expression levels of the

Glyma.16G214300, Glyma.16G214585, and Glyma.16G214800

genes peaked after 24 h followed by a gradual decline. These

results indicated that the above six genes could positively regulate

PMD resistance. In addition, five genes (Glyma.16G214200,

Glyma.16G214669, Glyma.16G215000, Glyma.16G215100, and

Glyma.16G215300) were induced to express in W82 after being

infected by M. diffusa. Among them, the expression level of

Glyma.16G214200 reached its peak at 24 h, while that of

Glyma.16G215000 peaked at 48 h. Similarly, the highest

expression levels for Glyma.16G214669, Glyma.16G215100, and

Glyma.16G215300 were observed after 72 h. However, these five

genes exhibited distinct expression patterns in HX3 at each time

point, suggesting a potential coordinated role of these genes in the

regulation of PMD, necessitating their collaboration with other

resistance genes for effective control of M. diffusa infection. To

summarize, a total of 14 genes may be involved in the regulation of

PMD resistance, with three genes specifically implicated in

negative regulation.
3.7 Williams 82 mutant lines confirm that
multiple genes are involved in soybean
PMD resistance

Mutant lines ranging from 3700 (Glyma.16G213700) to 5400

(Glyma.16G215400), derived from Williams 82 induced with EMS,

were obtained from Song’s laboratory (Zhang et al., 2022), and the

specific mutation sites and homozygosity of each line are depicted

in Figures 9B–J and Supplementary Table 7. Based on the

phenotypic characteristics of mutant lines, it can be inferred that

rmd1-1, rmd1-2, rmd1-3, 4000, 4200, 4800, 5000, 5100, and 5300

lines exhibit susceptibility to PMD, while the mutant lines of other

candidate genes, such as 3800 and 5400, are resistant to PMD

(Figure 9A). Among them, the gene Glyma.16G214300 in the

mutant lines rmd-1, rmd-2, and rmd-3 has been identified as a

known resistance gene against PMD (Xian et al., 2022). However,

Glyma.16G214300 was not mutated in lines 3800, 4000, 4200, 4800,

5000, 5100, 5300, and 5800 (Supplementary Figures 18-22). This

suggests that apart from Glyma.16G214300, Glyma.16G214000,

Glyma.16G214200 , Glyma.16G214800 , Glyma.16G215000 ,

Glyma.16G215100, and Glyma.16G215300 also significantly

contribute to PMD resistance.
4 Discussion

PMD, caused by the fungus M. diffusa, has resulted in

substantial yield losses for soybeans. The identification of

resistant genes and the breeding of resistant cultivars under

optimal environmental conditions can effectively mitigate the

detrimental impact imposed by soybean PMD. Previous studies

used populations to identify soybean PMD resistance loci, which are

concentrated at the end of Chr16 (35,968,531–37,733,538 bp; use

Wm82.a2.v1 reference genome). These loci are Rmd_V97-3000 at
FIGURE 5

Haplotype analysis of Glyma.16G215300. H, haplotype; R, resistant;
S, susceptible; D1, deletion type 1; H7(1R1S), one accession in H7 is
resistant, and one is susceptible; LRR, leucine-rich repeat domin.
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34,035,391–37,631,694 (Wang et al., 2013), Rmd_PI24540 at

34,258,523–36,750,257 (Kang and Mian, 2010), PMD_PI567301B

(5000–6700) at 37,249,583–37,370,175 bp (Jun et al., 2012),

Rmd_B3 at 36,221,397–37,631,694 (Jiang et al., 2019), Rmd_B13

at 37,102,014-37,290,074 (Jiang et al., 2019), Rmd_ZH24 at

37,202,495–37,235,283 (Zhou et al., 2022), and Rmd_ZDD00359

at 37,011,583–37,234,234 (Sang et al., 2023). They completely or

partially overlap one another and may be an R-gene cluster or a

single locus. In these loci, Rmd_V97-3000, Rmd_B3, Rmd_B13,

Rmd_ZH24, and Rmd_ZDD00359 all harbor the GmRmd1 gene.

Additionally, it was later confirmed that the resistance gene in

Rmd_B13 is indeed GmRmd1. Besides these findings, the loci

Rmd_PI24540 and PMD_PI567301B do not possess the GmRmd1

gene indicating the presence of other yet-to-be-identified genes

responsible for PMD resistance. The PMD_PI567301B locus

harbors 16 genes, including Glyma.16G215000, Glyma.16G215100,

Glyma.16G215300, and Glyma.16g215400 as NLR genes, suggesting
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that one of these four genes may confer resistance to soybean PMD

caused by PMD_PI567301B. Hu (2021) analyzed 331 soybean

accessions through GWAS and identified three candidate genes

(Glyma.16g210800, Glyma.16g211000, and Glyma.16g211400)

treated as PMD resistance genes. Another study also identified

three candidate genes (Glyma.16G210800, Glyma.16G212300, and

Glyma.16G213900) that were considered PMD-resistant genes by

GWAS analysis (Sang et al., 2023).The results indicate that different

accessions resistant to PMD may carry various resistance genes.

In this study, we used GWAS to identify a region on the end of

Chr16 associated with PMD resistance (Figure 1E). This region

contains 21 genes, with the exception of Glyma.16G214613 and

Glyma.16G214641, as the remaining 19 genes all belong to the NLR

gene family (Supplementary Figure 23). Among these, the gene

Glyma.16G214200 encodes a protein that demonstrates similarity to

GmRmd1 with a BSP (basic secretory protein, peptidase of plants

and bacteria) domain. The BSP domain has similarity to the
FIGURE 6

|. Haplotype analysis of Glyma.16G214300. H, haplotype; R, resistant; S, susceptible; D1, deletion type 1; H7(36R2S), 36 accessions in H6 are resistant,
and 2 are susceptible; TIR, Toll/interleukin-1 receptor; NBS, nucleotide-binding site; BSP, basic secretory proteins.
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defense-related proteins WCI-5 from wheat (Görlach et al., 1996),

NtPRp27 from tobacco (Okushima et al., 2000), and StPRp27 from

potato (Shi et al., 2012). GmRmd1 and Glyma.16G214200 are

homologs of WCI-5/NtPRp27, with a shared homology of 84%

(Supplementary Figure 24), indicating that Glyma.16G214200 may

play an important role in resistance to PMD. Recently, experimental

evidence has demonstrated that the truncated protein TIR-NBS of

SRC7 (GmRmd1) exhibits robust resistance against SMV and TMV

(Yan et al., 2022). Moreover, partial resistance is also observed in

the truncated protein TIR-NBS of SRC8 (Glyma.16G214200)

suggesting that the BSP domain is not dispensable for antiviral

activity (Yan et al., 2022). Through structural domain and

evolutionary analysis of candidate proteins (Supplementary

Figures 23, 24), it was discovered that Glyma.16G215100 solely

contains the TIR and NBS domains without the LRR or BSP

domains at its C-terminus. Additionally, Glyma.16G215100 shares

significant similarity with truncated protein TN from

Glyma.16G214200 and Glyma.16G214300 displaying strong

resistance to both soybean mosaic virus (SMV) and tobacco

mosaic virus (TMV) (Yan et al., 2022). These findings imply a

potentially crucial role of Glyma.16G215100 in PMD resistance.
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Calcium ion-related compounds also play a crucial role in plant

immune defense with many calcium-binding proteins containing

EF-hand-type calcium-binding domains (Ikura et al., 2002; Nelson

et al., 2002). The SRC4 (Glyma.16G214800) proteins possess a Toll/

interleukin-1 receptor (TIR) domain at the N-terminus and an EFh

(EF-hand) domain at the C-terminus (Supplementary Figure 23),

and proteins harboring these domains are implicated in conferring

resistance against SMV and TMV (Yan et al., 2022) suggesting that

Glyma.16G214800 may also contribute to PMD resistance. The

genes Glyma.16G214000 and Glyma.16g215000 are all NLR family

genes that possess the C-JID domain (Supplementary Figure 23),

and this domain is responsible for substrate recognition by binding

to effector proteins of pathogens and plays a crucial role in initiating

TIR-NLR receptor signaling. The RPS4 protein in Arabidopsis,

which contains the C-JID (or posterior LRR) structure, collaborates

with RRS1 to recognize effectors and subsequently exert disease

resistance (Ma et al., 2020). The C-terminus of GmRmd1 harbors a

BSP domain while lacking the LRR domain responsible for direct

pathogen recognition. Proteins possessing the C-JID domain, such

as Glyma.16G214000 and Glyma.16g215000, may interact with

GmRmd1 to collectively perceive effector factors and confer

disease resistance effects.

Examining differential gene expression patterns has been

regarded as a promising approach for gaining a deeper biological

understanding of GWAS signals (Emilsson et al., 2008). In this

study, we identified 21 candidate genes associated with PMD

resistance through GWAS and haplotype analysis. Among them,

three genes (Glyma.16G213700 , Glyma.16G213800 , and

Glyma.16G214700), which are expressed only in HX3 but not in

W82, may potentially compete with resistance genes for binding to

other resistance genes during the regulation of PMD resistance,

thereby exerting a negative regulatory effect on PMD resistance. In

addition, 11 genes (Glyma.16G213900, Glyma.16G214000,

Glyma.16G214200 , Glyma.16G214300 , Glyma.16G214500 ,

Glyma.16G214585 , Glyma.16G214669 , Glyma.16G214800 ,

Glyma.16G215000, Glyma.16G215100, and Glyma.16G215300)

were induced by M. di ffusa in W82, whi le 6 genes

(Glyma.16G213900, Glyma.16G214000, Glyma.16G214500,

Glyma.16G214300, Glyma.16G214585, and Glyma.16G214800)

exhibited either repressed or constrained levels of expression in

HX3 indicating that these 6 genes play important roles in PMD.

Howeve r , t h e o the r five gene s (Glyma . 16G214200 ,

Glyma.16G214669, Glyma.16G215000, Glyma.16G215100, and

Glyma.16G215300) showed different expression patterns at

different time points in HX3 indicating that these five genes may

need to work together with other genes to act on M. diffusa.

Previous studies have demonstrated that genes exhibiting

differential expression patterns between accessions are frequently

directly or indirectly associated with susceptibility or resistance

outcomes. Conversely, genes displaying distinct expression

dynamics over time may represent a general plant response to

pathogen infection without necessarily conferring increased

resistance (Calla et al., 2009). Therefore, the aforementioned 11

genes can be regarded as robust candidate genes for conferring

resistance against PMD. Combined with haplotype, qRT-PCR, and
FIGURE 7

Integrity analysis of candidate gene-coding regions: 3700:
Glyma.16g213700; 3800: Glyma.16g213800, and so on. Levels of
susceptibility: Disease levels 1 to 5.
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mutant analysis data, it was ultimately determined that seven genes

(Glyma.16G214000, Glyma.16G214200, Glyma.16G214300,

Glyma.16G214800, Glyma.16G215000, Glyma.16G215100, and

Glyma.16G215300) were identified as being important in

PMD defense.

In this study, numerous novel candidate genes for PMD

resistance have been identified. However, their mode of action

remains uncertain, whether they function independently or

synergistically with the GmRmd1. It is plausible that these genes

gradually enhance resistance to PMD through functional

superposition. Drawing inspiration from the strategy employed in

generating PMD-resistant and high-yielding Tamlo R32 wheat

mutants (Li et al., 2022), genome editing emerges as an appealing
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approach for progressively eliminating or introducing disease-

resistant genes in both resistant and susceptible soybeans. In

conclusion, this study identified several resistance genes except

GmRmd1 that was closely associated with PMD resistance, and

these results provide important genetic resources for breeding

scientists to develop PMD resistance accessions.
5 Conclusion

Several important pathogens, including PMD, occur in

soybeans and cause significant yield reductions globally. In this
FIGURE 8

Relative expression levels of 21 candidate genes in W82 (resistant) and HX3 (susceptible). qRT-PCR analysis of the expression of 21 candidate genes
at 0, 6, 12, 24, 48, and 72 h after an M. diffusa spore suspension containing 1 × 105 cfu/ml treatment. The data are shown as mean ± SD.
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study, a genome-wide association study (GWAS) identified SNPs

and InDels significantly associated with PMD resistance in a cluster

of disease-resistant genes located at the distal end of chromosome

16. Haplotype, qRT-PCR, and mutant analysis revealed that

candidate genes for res istance against PMD include

Glyma.16g214000 , Glyma.16g214200 , Glyma.16g214300 ,

Glyma.16g214800, Glyma.16g215000, Glyma.16g215100, and

Glyma.16g215300. These findings establish a robust genetic

basis for further elucidating the mechanisms underlying PMD

resistance and facilitating breeding efforts toward developing

resistant accessions.
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Root architecture traits are belowground traits that harness moisture and nutrients

from the soil and are equally important to above-ground traits in crop

improvement. In soybean, the root length locus qRL16.1 was previously mapped

on chromosome 16. The qRL16.1 has been characterized by transcriptome analysis

of roots in near-isogenic lines (NILs), gene expression analysis in a pair of lines

contrasting with alleles of qRL16.1, and differential gene expression analysis in

germplasm accessions contrasting with root length. Two candidate genes,

Glyma.16g108500 and Glyma.16g108700, have shown relatively higher

expression in longer root accessions than in shorter rooting accessions. The C-

terminal domain of Glyma.16g108500 and Glyma.16g108700 is similar to the

conserved domain of C-terminally encoded peptides (CEPs) that regulate root

length and nutrient response in Arabidopsis. Two polymorphisms upstream of

Glyma.16g108500 showed a significant association with primary root length and

total root length traits in a germplasm set. Synthetic peptide assay with predicted

CEP variants of Glyma.16g108500 and Glyma.16g108700 demonstrated their

positive effect on primary root length. The two genes are root-specific in the

early stage of soybean growth and showed differential expression only in the

primary root. These genes will be useful for improving soybean to develop a deep

and robust root system to withstand low moisture and nutrient regimes.
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1 Introduction

Soybean (Glycine max L. Merill) is an important crop grown over an area of 133.8 Mha

with a total production of 348.86Mt during 2022 (https://www.fao.org/faostat/). Soybeans are

used in oil, food, feed, nutraceuticals, biofuel, and several non-food industries. Soybean

originated in China, and over the period it spread to the American and Asian continents
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(Hymowitz, 1970). The developmental biology and genetics of the

above-ground parts of soybean have been well characterized, and

information on the below-ground parts is slowly emerging. Roots are

essential organs of plants for anchoring and fulfilling nutritional

requirements, and show remarkable plasticity in response to

environmental cues. Root architecture plays an important role in

the robust performance of the whole plant by the efficient acquisition

of water and nutrients from the soil. To decipher the genetic

architecture of root architecture traits in soybean, several

quantitative trait loci (QTLs) have been mapped for various root

traits (Abdel-Haleem et al., 2011; Brensha et al., 2012; Liang et al.,

2014; Manavalan et al., 2015; Prince et al., 2015; Prince et al., 2019;

Yang et al., 2019; Prince et al., 2020; Chen et al., 2021; Wang et al.,

2022). However, only a few genes have been characterized to control

the characteristics of root architecture in soybean. Soybean

Xyloglucan endoglycosylase/hydrolase 1 (GmXTH1) overexpression

showed higher root phenotypic traits, including main root length,

lateral root length, root volume, root dry weight, and root fresh

weight in transgenic soybean plants compared to wild-type plants

(Song et al., 2022). Similarly, overexpression of two soybean

transcription factors, GmNAC19 and GmGRAB1, significantly

increased root growth and biomass in transgenic composite plants

(Mazarei et al., 2023). Interestingly, the overexpression of GmNAC19

also enhanced water stress tolerance in transgenic composite plants.

In Arabidopsis, genes such as ROOT GROWTH FACTOR,

SHORT-ROOT, SCARECROW, AUXIN1 (AUX1) family, or efflux

carriers of the PIN-FORMED (PIN) family, EXOCYST70A3,

COMPACT ROOT ARCHITECTURE, and C-TERMINALLY

ENCODED PEPTIDES (CEPs), are important genes that regulate

root development and nutrient uptake response (Benfey et al., 1993;

Scheres et al., 1995; Luschnig et al., 1998; Ruzicka et al., 2007;

Swarup et al., 2007; Ohyama et al., 2008; Matsuzaki et al., 2010;

Delay et al., 2013; Huault et al., 2014; Ogura et al., 2019). In our

previous study, a major locus, qRL16.1, was identified to control the

length of primary root in soybean (Chen et al., 2021). In our current

study, we found that the candidate gene for locus qRL16.1 have

similarity to Arabidopsis thaliana C-terminally encoded peptides

(CEPs). CEPs are a class of small post-translationally modified

signaling peptides that are involved in the regulation of root

development (Ohyama et al., 2008; Delay et al., 2013; Roberts

et al., 2013). The mature peptide encoded by the CEP genes is a

15 amino acid peptide sequence containing two post-translationally

modified hydroxyproline residues and is found in the conserved C-

terminal domain (Ohyama et al., 2008). CEPs also act as a root-to-

shoot mobile peptide hormone that triggers systemic nitrogen

acquisition under nitrogen-starved roots in Arabidopsis (Ohyama

et al., 2008; Tabata et al., 2014; Ohkubo et al., 2017).

The purpose of this study was to characterize the transcriptome of

qRL16.1 and identify best candidate genes through differential

expression analysis in soybean germplasm contrasting for primary

root length, and association analysis. Synthetic peptide assay and tissue

specific gene expression analysis were employed to further support

functionality and root specificity of the identified candidate genes. This

research will help in improving the soybean to develop a deep root

system that can withstand low moisture and nutrient regimes.
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2 Materials and methods

2.1 Plant material

K099 (shorter primary root) and Fendou 16 (longer primary root)

are parental genotypes of the mapping population used to identify the

qRL16.1 a primary root length locus (Chen et al., 2021). Residual

heterozygous line-derived near-isogenic lines (NILs): Near-isogenic

lines differing at qRL16.1, which were selected from the same

recombinant inbred line (RIL) but heterozygous at qRL16.1 (Chen

et al., 2021). NIL-F had the Fendou 16 homozygous genotype, and

NIL-K had the K099 homozygous genotype at qRL16.1. Advanced

backcross lines BC4-F and BC4-K: BC4-F had the Fendou 16

homozygous genotype and BC4-K had the K099 homozygous

genotype at the mapped qRL16.1 region in the background of K099

(Chen et al., 2021). A total of 76 germplasm accessions from a mini-

core collection of the world soybean germplasm (Kaga et al., 2012),

together with K099 and Fendou16, were used for phenotyping and

analysis of the association of root traits with identified polymorphisms.
2.2 RNA-seq of NILs

Root samples of NIL-K and NIL-F were collected from 7-day-

old seedlings. Each sample comprised roots collected from five

individual plants, and three biological replicates were analyzed.

Total RNA was extracted from each sample and cDNA was

synthesized with adapters and sequenced using the Illumina

HiSeq 2500 analyzer at BGI Technologies (Shenzhen, China). The

adapter reads and low-quality reads (bases with quality values ≤ 5)

were filtered out of the raw data to obtain high-quality (clean) reads,

which were mapped to the soybean reference genome (G. max

Wm82.a2.v2) downloaded from Phytozome (Goodstein et al., 2012)

using HISAT v2.0.4 (http://www.ccb.jhu.edu/software/hisat).

Significant differentially expressed genes (DEGs) were obtained

with fold changes ≥ 2.0 or ≤ −2.0 for up- or down-regulated

genes and adjusted P-value ≤ 0.05.
2.3 Sequencing and real-time PCR analysis
of the DEGs

Genomic sequences containing coding sequences and upstream

promoter regions of two DEGs, Glyma.16g108500 and

Glyma.16g112400, were sequenced from both parents, i.e., K099

and Fendou16, using Sanger sequencing. For real-time PCR based

expression analysis of DEGs, primary root tip and lateral root

tissues from K099, Fendou16, NIL-K, NIL-F, BC4-F, and BC4-K

were collected from 3-week-old plants and frozen in liquid nitrogen.

RNA isolation from three biological replicates of each sample was

performed using the RNeasy plant mini kit (Qiagen, Germany). The

isolated RNA was treated with DNAse I using the RapidOut DNA

Removal Kit (Thermo Scientific, USA). Purified RNA was used for

cDNA synthesis using the PrimeScript RT master mix (TAKARA

BIO, Japan). Comparative quantitative real-time PCR (RT-PCR)
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was performed using Powerup SYBR Green Master mix (Applied

Biosystems, USA) for selected candidate genes. GmActin

(Glyma.18g290800) was used as an internal reference gene. The

sequences of primers used for RT-PCR are given in Table 1. The 2-

DDCT method was used for analyses of relative gene expression levels

(Livak & Schmittgen (2001).
2.4 Phenotyping of world core collection
of soybean germplasm

A total of 76 accessions from the world soybean mini-core

collection of Japan, along with K099 and Fendou16, were used for

phenotyping of primary root length, total root length, root volume,

surface area, and root tips using hydroponic culture (Chen et al.,

2021). The roots of 15-day-old plants (n = 4) were scanned and

analyzed using WinRHIZO software (Regent Instruments Inc.,

Canada). Phenotyping data from these accessions were used for

the marker-trait association analysis. The top four accessions for

longer primary roots and the top four accessions for shortest

primary roots were used for the validation of four differentially

expressed genes.
2.5 Genotyping of SNP and Indel in
the germplasm

Accessions of the world soybean mini-core collection of Japan,

together with K099 and Fendou16, were genotyped with one SNP

(RL1SNP968_T/C) and one Indel (RL1Indel363_–/AA) marker

selected from the promoter region of Glyma.16g108500. Allele-

specific PCR primers were used for the amplification of specific SNP

or Indel alleles and were separated on 8.0% polyacrylamide gel. The

DNA band pattern was visualized using a Pharos FX™ Molecular

Imager (Bio-Rad, Tokyo, Japan) instrument for scoring alleles. The

Welch’s t-test was used to test the (null) hypothesis that two

populations formed by alternate alleles have equal means.
Frontiers in Plant Science 0349
2.6 CEP-like genes in soybean

In order to identify CEP-like genes in soybean, protein sequences

from 16 known CEP genes ofArabidopsis thalianawere used as queries

in a BLASTP search against the Williams 82 genome Wm82.v2 in

SoyBase (www.soybase.org). The 14 homologs identified in the soybean

genome were used again for iterative BLASTP to identify more CEP-

like genes in the soybean genome. Thus, 23 more matching gene

sequences were identified. The 37 matching sequences were manually

filtered for proteins with an N-terminal signal peptide sequence for the

secretory pathway and a conserved C-terminal ‘CEP-like’ sequence

motif ‘FRPToPGHSPGVGH’ (at 70% consensus cutoff), using multiple

sequence alignment by CLUSTALW and motif prediction by MEME

Suite tool (Bailey et al., 2015). Finally, 25 CEP-like genes were selected

and used for phylogeny and motif analysis. MEGA11 software was

used to construct the phylogeny of 25 CEP-like gene protein sequences

(Tamura et al., 2021). The neighbor-joining clustering method with

10,000 bootstrap iterations was used to build a consensus phylogenetic

tree. TheMEME Suite tool was used for consensusmotif detection with

the following settings: motif site distribution as any number of sites per

sequence, motif width 6 to 50, minimum site for motif 2, and

maximum number of motifs of 10 (Bailey et al., 2015).
2.7 Synthetic peptide assay

The conserved regions of CEP for Glyma.16g108500 and its

homolog Glyma.16g108700 were predicted, and putative post-

translational modifications of proline amino acid residues, that is,

hydroxyproline, were included for synthesis (Table 2). Synthetic

peptides Glyma.16g108500 (CEP-RL1) and Glyma.16g108700

(CEP-RL2) were synthesized artificially at Eurofins, Japan. The

seeds of the short-rooting genotype K099 were sown in

vermiculite and young seedlings 4 days after sowing were used for

the synthetic peptide assay. The 4-day seedlings were transferred to

0.5× Hoagland solution (pH 6.5). For each treatment, eight

seedlings were placed in a plastic box (13 cm × 8.5 cm × 6 cm)

containing 500 ml Hoagland solution. The outer surface of the box

was covered with aluminum foil to prevent root exposure to the

light. Following concentrations were used for the treatment in

Hoagland solution: i) Control: No CEP; ii) CEP-RL1: 1 µM; iii)

CEP-RL1: 2 µM; iv) CEP-RL2: 1 µM; v) CEP-RL2: 2 µM. The

seedlings were incubated in an incubation chamber kept at 22° C

night and 24°C day temperatures and supplied with 14 h of

fluorescent light. Roots were harvested after 10 days of peptide

treatment and scanned for recording of root traits using
TABLE 1 Primers used for gene expression studies using real-time PCR.

Primer name Sequence (5’ > 3’)

GmActin-F ATCTTGACTGAGCGTGGTTATTCC

GmActin-R GCTGGTCCTGGCTGTCTCC

Glyma.16g108500-F ACCTTGTGTTGTGCTCTGGT

Glyma.16g108500-R AGCATGTGGTGGGTGAATGT

Glyma.16g112400-F ACCACTACACATTGGGTTTGGAT

Glyma.16g112400-R CTTCCTCACTCTCCCCTGGAT

Glyma.16g108400-F GGTGATGCTTACCGCCCAA

Glyma.16g108400-R TGGTGTTTCATGCCCCACA

Glyma.16g108700-F TGGAAGCATCAAGAAAGCTCA

Glyma.16g108700-R GGTGTACCAAAGTGCAGGAG
TABLE 2 Sequences of synthetic peptides of Glyma.16g108500 and
Glyma.16g108700 CEPs.

Gene Peptide
name

Peptide sequence

Glyma.16g108500 CEP-RL1 DAFR{HYP}TS{HYP}GHS
{HYP}GVGH

Glyma.16g108700 CEP-RL2 DAFR{HYP}TCRGHS{HYP}GAGH
frontiersin.org

http://www.soybase.org
https://doi.org/10.3389/fpls.2024.1387954
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Kumawat et al. 10.3389/fpls.2024.1387954
WinRHIZO (Regent Instruments Inc., Canada). The recorded root

traits were primary root length, total root length, and number of

root tips.
2.8 Tissue-specific gene expression of
Glyma.16g108500 and Glyma.16g108700

Two time stages, 4-day, and 7-day, were selected for gene

expression analysis of Glyma.16g108500 and Glyma.16g108700 in

parental genotypes K099 and Fendou16. Tissues were collected at 4

days after sowing, from the shoot apex (2 mm) and primary root tip

(2 cm), and at 7 days after sowing, from shoot apex (2 mm), the

primary root tip (2 cm), and lateral root tips (2 cm), for tissue-

specific gene expression analysis.
3 Results

3.1 Identification of DEGs for qRL16.1 by
root transcriptome analysis

RNA-Seq analysis of the root transcriptome of two NILs

identified total 317 genes upregulated and 192 downregulated in

NIL-F compared to NIL-K (Supplementary Figure 1A). Differential

expression analysis for genes from the genomic region of primary

root length QTL qRL16.1 (Chr.16:27158682.28953489), among two

NILs, identified only two genes, Glyma.16g108500 and

Glyma.16g112400, showing a significant fold difference in their

expression levels (Supplementary Table 1). The gene expression

analysis by RT-PCR identified that the expression of

Glyma.16g108500 was 3.0 fold higher in Fendou16 tissues

compared to K099 tissues, and it was 4.47 fold higher in NIL-F

tissues than in NIL-K tissues. Conversely, the expression level of

Glyma.16g112400 was 18.11 fold lower in Fendou16 tissues

compared to K099 tissues, and it was 7.21 fold lower in NIL-F

tissues than in NIL-K tissues (Supplementary Figures 1B, C). The

genomic sequence of two DEGs, Glyma.16g108500 and

Glyma.16g112400, including a 2-kb promoter region, was

sequenced from both parents, Fendou16 and K099. No sequence

differences were identified in the coding DNA sequence of both

genes between the two parents. Upstream 2-kb sequencing of

Glyma.16g108500 identified two base insertions at the 363

position (–/TA), a single nucleotide polymorphism (SNP) at -968

(T/C), and a single base insertion at the 1038 position (A) in Fendou

16. The 2 kb upstream sequencing of Glyma.16g112400 did not

detect any sequence difference between the two parental genotypes.
3.2 Gene annotations and homology
search identified Glyma.16g108500 as a
CEP-like gene in soybean

According to gene annotations assigned in SoyBase

(www.soybase.org), Glyma.16g108500 was annotated as an
Frontiers in Plant Science 0450
uncharacterized protein, root development, and DNA-directed RNA

polymerase II subunit RPB1-like protein, while Glyma.16g112400 was

annotated as an uncharacterized protein. Furthermore, the analysis of

protein homology in the InterPro protein database identified that

Glyma.16g108500 encodes a C-terminally encoded peptide (CEP), a C-

terminally conserved secreted protein in Arabidopsis (https://

www.ebi.ac.uk/interpro/entry/InterPro/IPR033250/). Based on

protein homology, two more paralogs of Glyma.16g108500 were also

identified in close proximity toGlyma.16g108500 in the genomic region

of qRL16.1 . These two paralogs, Glyma.16g108700 and

Glyma.16g108400, showed 72% and 80% homology of the protein

sequence with Glyma.16g108500, respectively.
3.3 Validation of identified DEGs in parents,
NILs, and advanced backcross lines

The two genes Glyma.16g108500 and Glyma.16g112400 were

validated for differential expression by real-time PCR in primary

root tip of two parents, a pair of contrasting NILs, and a pair of

contrasting BC4 backcross lines. Expression analysis identified that

Glyma.16g108500 showed higher expression in longer rooting

genotypes, whereas Glyma.16g112400 showed higher expression in

shorter rooting genotypes (Figure 1). In the case ofGlyma.16g108500,

although the expression fold difference in the contrasting alleles NILs

and BC4s was similar to that of the parents, the level of expression in

both pairs of contrasting lines was slightly reduced compared with

that in the two parents. The analysis of gene expression for two

Glyma.16g108500 paralogs, Glyma.16g108700 and Glyma.16g108400,

among three pairs of contrasting genotypes identified that

Glyma.16g108700 and Glyma.16g108400 also showed higher

expression in longer rooting genotypes; however, the level of

expression fold difference was relatively higher in the case of

Glyma.16g108700 (Figure 1).
3.4 Phenotyping of the world soybean
mini-core collection for root traits

The descriptive statistics of different root traits in 76 soybean

accessions, Fendou 16 and K099, at 15 days of growth are given in

Table 3. The primary root length ranged from 16.3 cm in

CHUUHOKU 2 to 51.45 cm in BARITOU 3A, with a mean root

length of 34.4 cm. The total root length varied from 142.8 cm to

606.4 cm with a mean value of 402.7 cm.

The five high and five low contrasting accessions for primary

root length and total root length traits along with Fendou 16 and

K099 were again evaluated. In this confirmation experiment, similar

results were obtained for short- and long-rooting genotypes.

Among the top five accessions for primary root length,

BARITOU 3A showed the highest primary root length of 53.1

cm, followed by RINGGIT (51 cm) and Fendou 16 (49.2 cm). From

this experiment, the top four accessions for longer primary root and

the four best accessions for short primary root were selected for

validation of four differentially expressed genes (Table 4, Figure 2).
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3.5 Validation of identified DEGs in
contrasting root-length germplasm

The four differentially expressed genes identified among three

contrasting pairs of high and low root length lines from the genomic

region of qRL16.1 were further analyzed for their expression in the

top four long rooting and top-four shortest rooting germplasm

selected from the world core collection of soybean. Gene expression

analysis using real-time PCR showed that Glyma.16g108500 and

Glyma.16g108700 had relatively higher expression in longer rooting

genotypes than in shorter rooting accessions, except for accession

Heukdaelip (Figure 3). However, Glyma.16g108400 and

Glyma.16g112400 did not show differential expression between the

two contrasting groups in accordance with root length and expression
Frontiers in Plant Science 0551
pattern observed in the NILs, thus demeaning their role in the

regulation of the development of primary root in soybean (Figure 3).
3.6 Association analysis in world soybean
mini-core collection germplasm

Coding region of both DEGs, Glyma.16g108500 and

Glyma.16g108700, was sequenced but no polymorphism was

detected between K099 and Fendou 16. The two polymorphisms,

SNP at -968 (RL1SNP968_T/C) and Indel at -363 (RL1INDEL363_–/

TA), identified in the upstream sequence of Glyma.16g108500, were

analyzed in the germplasm to test the association of allelic variation

present in the proximity of two DEGs identified in contrasting
TABLE 3 Descriptive statistics of root traits in 78 soybean accessions of the soybean mini core collection (Japan).

Primary root
length (cm)

Total root
length (cm)

Total root
volume (cm3)

Total root tips Root surface
area (cm2)

Minimum 16.30 142.87 0.41 60.75 27.15

Maximum 51.45 606.48 1.74 450.50 108.53

Mean 34.40 402.76 0.98 257.46 69.86

Standard deviation 6.41 111.87 0.29 82.79 18.85

Variance 41.09 12515.11 0.09 6854.27 355.19
FIGURE 1

Relative expression of Glyma.16g108500, Glyma.16g112400, Glyma.16g108700 and Glyma.16g108400, at 3 weeks primary root tips of K099, Fendou
16, NILs and BC4 backcross lines. GmActin was used as a normalizer. Significant differences between K099 and Fendou 16, NIL-K and NIL-F, BC4-K
and BC4-F, are marked with asterisks (*P<0.05; **P<0.01; Student’s t-test).
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germplasm. Genotyping of the RL1SNP968_T/C and

RL1INDEL363_–/TA markers showed identical marker genotypes

among 78 genotypes with 36% and 64% allele frequencies for the

K099 and Fendou16 alleles, respectively. The Welch t-test showed

significant differences in primary root length and total root length

between two populations formed by alternate alleles of

RL1INDEL363_–/TA (Table 5, Figure 4).
3.7 CEP-like genes in soybean

A total of 25 CEP-like genes were identified that contain an N-

terminal signal peptide and the CEP-like conserved motif
Frontiers in Plant Science 0652
‘FRPToPGHSPGVGH’ (at consensus cutoff of 70%). These 25

CEP-like genes were distributed on seven chromosomes. Except

for Chr.06 and 09, other CEP-like genes were located in tandem,

suggesting that their copy number increased by tandem duplication.

The highest tandem copies (eight) were present on Chr. 17.

Phylogeny analysis using the neighbor-joining clustering method

showed that most CEP-like proteins were clustered together in

group I, while two CEP-like proteins from Chr.01 and Chr.09 were

grouped in cluster II . The two CEP-like proteins of

Glyma.16g108400 and Glyma.16g108500 from Chr.16 were

clustered in group III, whereas the CEP protein from

Glyma.16g108700 was most divergent (Figure 5). Consensus motif

analysis using MEME Suite identified consensus motif distribution

patterns among 25 CEP proteins with an N-terminal signal peptide

motif having only one site for each sequence, while a C-terminally

encoded peptide conserved motif (Motif 1) was present as a single

copy in 19 members and as two copies in six members (Figure 6).

Two conserved domains (VLWYTPND and MINIHPPPAIPRSPQ)

are specifically found in three CEP-like genes of Chr.16 and two

members of group II of the phylogenetic tree, that is,

Glyma.01G152800 and Glyma.09G218000 (Figure 6). Three

proline residues were present in the 15 amino acid CEP domain

of Glyma.16g108500, while only two proline residues were present

in the CEP domain of Glyma.16g108700.
3.8 Synthetic peptide experiments

Because the analysis of gene expression in contrasting germplasm

excluded Glyma.16g112400 and Glyma.16g108400 from the

possibility of their positive role in regulating the development of

primary root length, we focused on Glyma.16g108500 and

Glyma.16g108700 for further studies using 15 amino acid synthetic

peptide of the predicted CEP domain for these genes. Two different
FIGURE 2

Root scan pictures of the top four contrasting root length genotypes along with K099 and Fendou 16.
TABLE 4 Primary root length and total root length values of top four
contrasting accessions along with K099 and Fendou 16.

Genotypes Primary
root
length
(cm)

Total root
length
(cm)

Top five longest
rooting type

BARITOU 3A 53.12 475.48

RINGGIT 51.05 552.40

Fendou 16 49.25 468.78

MERAPI 47.78 636.60

HM39 46.20 489.32

Top four shortest
rooting genotypes
along with K099

KE32 23.43 229.18

U 1155-4 25.38 422.28

CHUUHOKU
2

25.50 367.38

HEUKDAELIP 28.85 390.67

K099 37.37 523.68
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concentrations of two CEPs for these genes (CEP-RL1 and CEP-RL2)

were applied in Hoagland solution-based hydroponic culture (pH

6.5) for the short-rooting genotype K099. The results of this

experiment showed that the length of the primary root was

significantly higher for CEP-RL1 at concentrations of 1 µM and 2

µM s, whereas for CEP-RL2, the length of the primary root was

significantly higher at a concentration of 2 µM concentration,
Frontiers in Plant Science 0753
compared to the control (Figure 7). Analysis of the effect of CEP

treatment on total root length and root tips showed that at higher

concentrations of each CEP (2 µM), total root length and root tips

were significantly lower in CEP-RL1 treatment, but not in the case of

CEP-RL2 treatment (Supplementary Figure 2).
3.9 Tissue-specific gene
expression analysis

In order to observe the expression pattern of two CEP genes in

meristematic tissues of parental genotypes, the shoot apex and

primary root tip were analyzed 4-day after sowing. Lateral roots

appeared properly after 6–7 days of sowing, and so the shoot tip, the

primary root tip, and the lateral root tips were analyzed at the 7-day

stage. The analysis of gene expression for Glyma.16g108500 in the

shoot and the primary root tip of 4-day seedlings showed expression

only in the primary root tip, where the expression was 2.7-fold

higher in Fendou 16 than in K099 (Figure 8A). For

Glyma.16g108700, expression was observed in the primary root,

but the expression level was similar in both genotypes (Figure 8A).

No expression was observed in shoot apex for either gene. These

results indicated that the genes Glyma.16g108500 and

Glyma.16g108700 are root-specific in the early stage of root

development. In the primary root and lateral root tissues of 7-day

seedlings, both genes showed expression and the expression level

was higher in the primary root than in the lateral roots (Figure 8B).
TABLE 5 Welch’s t-test for RL1INDEL363_–/TA allele association with
root length traits in 78 germplasm accessions.

RL1INDEL363_–/
TA allele

Primary root
length (cm)

Total root
length (cm)

Allele
A

Allele
B

Allele
A

Allele
B

Mean 32.62 36.02 349.88 442.33

Variance 60.99 26.47 12218 8225

Observations (N) 28 50 28 50

t-Statistics -2.066 -3.771

P(T<=t) one-tail 0.02267 0.00022

t Critical one-tail 1.6838 1.6779

P(T<=t) two-tail 0.04534* 0.00045 **

t Critical two-tail 2.02107 2.01174
#Allele A represent K099 allele and Allele B represent Fendou 16 allele. * and ** shows
significant at P < 0.05 and P < 0.001 in Welch’s t-test, respectively.
FIGURE 3

Relative expression of Glyma.16g108500, Glyma.16g112400, Glyma.16g108700, and Glyma.16g108400 in the four genotypes with the longest and
shortest rooting genotypes. GmActin was used as a normalizer. Significant differences between short rooting and long rooting genotype sets are
marked with asterisks (**P<0.01; ns, not significant; Student’s t-test).
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Fendou 16 showed a 3.2-fold higher expression of Glyma.16g108500

and 1.8-fold higher expression of Glyma.16g108700 in primary root

than K099, but no differential expression was observed in lateral

roots. In the shoot apex of 7-day seedlings, no expression was

observed for Glyma.16g108500, but low expression was observed for
Frontiers in Plant Science 0854
Glyma.16g108700. These results also showed the involvement of

these two genes in the early stage of primary root development.
4 Discussion

Genes controlling root traits are difficult to characterize due to the

difficulty in phenotyping root traits under field conditions.

Furthermore, roots exhibit high plasticity even under slight changes

in the growing environment, making accurate phenotyping more

difficult. Genetic architecture of root architecture traits in soybean has

been dissected in some studies by root phenotyping under

hydroponic, semi-hydroponic and field conditions, and quantitative

trait loci (QTLs) mapping (Abdel-Haleem et al., 2011; Brensha et al.,

2012; Liang et al., 2014; Manavalan et al., 2015; Prince et al., 2015;

Yang et al., 2019; Prince et al., 2020; Chen et al., 2021; Wang et al.,

2022). In our previous study a major locus for primary root length,

qRL16.1, was mapped on Chr.16 explaining 30.25% of the total

phenotypic variation under hydroponic culture (Chen et al., 2021).

Traditionally, genes underlying QTLs were cloned and characterized

using map-based cloning, which is a time-consuming process.

However, in the next-generation sequencing (NGS) era and post

NGS-era, gene identification and characterization are much faster

(Jaganathan et al., 2020). We used an approach similar to bulk

segregant RNA Seq (BSR-Seq) for gene discovery (Liu et al., 2012).

In our current study, complete transcriptome sequencing of

contrasting NILs along with their parents was performed to

identify DEGs in the qRL16.1 genomic region. The DEGs identified

in this way were further analyzed for their association with the

primary root length trait in contrasting germplasm using RT-PCR

and marker-trait association analysis. The germplasm accessions of

the high rooting group in the contrasting germplasm set had an

almost two-fold difference in primary root length compared to the

low rooting group. The contrasting NILs and advanced backcross

lines pairs showed differential expression for all four genes tested;

however, the contrasting germplasm accessions set showed

differential expression only for two genes, Glyma.16g108500 and

Glyma.16g108700; this narrowed down further work to these two
A B

FIGURE 4

Genotypic association for RL1INDEL363_–/TA alleles with root traits in 78 accessions of the mini core collection of Japan (A) Primary root length, (B) Total
root length. RL1INDEL363_A represents the K099 allele and RL1INDEL363_B represents the Fendou 16 allele. * and ** show significant at P < 0.05 and
P < 0.001 in the Welch’s t-test, respectively.
FIGURE 5

Phylogenetic tree of the protein sequence of 25 CEP-like genes in
Glycine max..
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genes only. The SNP and Indel polymorphisms, RL1SNP968_T/C

and RL1INDEL363_–/TA, present upstream of Glyma.16g108500

had identical genotypes in all germplasm analyzed and constitute a

haplotype. The frequency of the Fendou16 allele was higher in this

haplotype and it showed a significant association with the length of

the primary root and total roots. Finally, the function of these genes

was validated by external treatment of synthetic peptides of the CEP

domains of the two secretary peptide genes, which demonstrated

their effect on primary root length.

Secreted regulatory peptides are signaling molecules that arise

from genes that typically encode an N-terminal secretion signal and
Frontiers in Plant Science 0955
one or more conserved peptide domains (Delay et al., 2013). They

are involved in many aspects of the development of shoots and

roots. The conserved C-terminal domains of Glyma.16g108500 and

Glyma.16g108700 are similar to the conserved domains of Group-I

CEP-like genes in Arabidopsis (Roberts et al., 2013). The CEP gene

family is known for its role in root length development and nutrient

response in Arabidopsis (Ohyama et al., 2008; Delay et al., 2013;

Roberts et al., 2013). The two CEP-like genes identified in this study

for root development in soybean have a conserved C-terminal

domain and an N-terminal signal peptide for the secretory

pathway. Interestingly, in the case of Arabidopsis CEP-like genes,
A

B

C

FIGURE 6

Consensus motif pattern among 25 CEP-like proteins in Glycine max. (A) Weblogo of the CEP consensus motif (Motif 1), (B) Weblogo of the N-
terminal signal peptide consensus motif (Motif 2), (C) Consensus motif composition of 25 CEP-like proteins detected by MEME Suite.
A B

FIGURE 7

Effect of synthetic C-terminally encoded peptides (CEPs) on the development of the primary root length in K099, (A). Shoot and root phenotypes of
control and CEP treated plants (0. 5× Hogland solution pH 6.5), (B). The difference in primary root length between control and CEP-treated plants
(n = 8). *** and ** indicate significant differences at P < 0.001, and P < 0.01, respectively, as identified by the Student’s t-test.
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overexpression or external application of CEPs has shown reduced

root growth (Ohyama et al., 2008; Roberts et al., 2013). In

Arabidopsis, CEPs reduce the length of the primary root by

slowing growth and reducing the lateral root density prior to the

initiation of the lateral root (Delay et al., 2013).

Studies on the negative effect of increasing the concentration of

CEP on root development have been reported in Arabidopsis (Ohyama

et al., 2008; Delay et al., 2013; Roberts et al., 2013), Apple (Yu et al.,

2019) and Medicago (Imin et al., 2013); however, our study is the first

report on the positive effect of a higher concentration of CEPs on root

length. During evolution, the soybean genome has undergone two

rounds of genome duplication events, and subsequent gene duplication

and neofunctionalization resulted in the acquisition of new functions

for many genes (Schmutz et al., 2010). This may be the reason why

higher expression of CEP-like genes is a positive regulator of root

length in soybean. The number of CEP genes in soybean is also higher

than that reported in any other species (Delay et al., 2013; Imin et al.,

2013; Roberts et al., 2013; Yu et al., 2019; Aggarwal et al., 2020). There

may be a distinct and important role for different CEPs in soybean.

Further experiments on CEP overexpression, gene knockout using

gene editing, and external application of different CEP-like proteins in

soybean may reveal their functionality.

In conclusion, transcriptome analysis, gene expression studies

in contrasting NILs and germplasm, marker-trait association in

germplasm, and synthetic peptide assay provided strong evidence

for the involvement of the two CEP-like genes Glyma.16g108500

and Glyma.16g108700 in the regulation of root length in soybean.
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These genes will be useful for soybean improvement toward

developing a deep and robust root system to withstand low

moisture and nutrient regimes.
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soybean hypoxia inducible
gene domain containing genes:
a functional investigation
of GmHIGD3
Xiaoyan Geng1†, Lu Dong1†, Tiantian Zhu1, Chunhong Yang1,
Jianhua Zhang1, Binhui Guo1, Huatao Chen2,3, Qun Zhang4

and Li Song 1,2*

1Joint International Research Laboratory of Agriculture and Agri-Product Safety, the Ministry of
Education of China, Jiangsu Key Laboratory of Crop Genomics and Molecular Breeding, Yangzhou
University, Yangzhou, Jiangsu, China, 2Zhongshan Biological Breeding Laboratory, Nanjing, China,
3Institute of Industrial Crops, Jiangsu Academy of Agricultural Sciences, Nanjing, China, 4College of
Life Sciences, State Key Laboratory of Crop Genetics & Germplasm Enhancement and Utilization,
Nanjing Agricultural University, Nanjing, China
The response of Hypoxia Inducible Gene Domain (HIGD) proteins to hypoxia

plays a crucial role in plant development. However, the research on this gene

family in soybean has been lacking. In this study, we aimed to identify and

comprehensively analyze soybean HIGD genes using the Glycine max genome

database. As a result, six GmHIGD genes were successfully identified, and their

phylogeny, gene structures, and putative conserved motifs were analyzed in

comparison to Arabidopsis and rice. Collinearity analysis indicated that the HIGD

gene family in soybean has expanded to some extent when compared to

Arabidopsis. Additionally, the cis-elements in the promoter regions of GmHIGD

and the transcription factors potentially binding to these regions were identified.

AllGmHIGD genes showed specific responsiveness to submergence and hypoxic

stresses. Expression profiling through quantitative real-time PCR revealed that

these genes were significantly induced by PEG treatment in root tissue. Co-

expressed genes of GmHIGD were primarily associated with oxidoreductase and

dioxygenase activities, as well as peroxisome function. Notably, one of GmHIGD

genes, GmHIGD3 was found to be predominantly localized in mitochondria, and

its overexpression in Arabidopsis led to a significantly reduction in catalase

activity compared to wild-type plants. These results bring new insights into the

functional role of GmHIGD in terms of subcellular localization and the regulation

of oxidoreductase activity.
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1 Introduction

Soybean provides humans with a large amount of protein,

essential amino acids, oil, and metabolizable energy (León et al.,

2021; Zhou et al., 2021). However, soybean is extremely sensitive to

flooding stress during growth and development. Flooding stress can

significantly affect growth, grain yield, and seed quality by reducing

plant growth, nitrogen fixation, photosynthesis, biomass

accumulation, stomatal conductance, and nutrition availability

from soil (Githiri et al., 2006; Valliyodan et al., 2017; Ye et al.,

2018). Flooding stress can occur in two forms: submergence stress,

where the plant organ is completely under water, and waterlogging

stress, where the plant’s leaves and stems are partially submerged

(Nishiuchi et al., 2012). It was estimated that waterlogging can

reduce soybean yield by 17−43% during the vegetative growth stage

and 50−56% during the reproductive stage (Oosterhuis et al., 1990).

Even just two days of waterlogging can reduce soybean production

by 27% (Linkemer et al., 1998). Additionally, flooding can increase

the risk of plant pathogens and the occurrence of crop disease after

floods (Gravot et al., 2016).

The primary and most direct impact of flooding stress is oxygen

deprivation. In flooded conditions, the lack of oxygen (O2) in the

water can cause cellular damage and then restrain plant growth.

This, in turn, prevents the production of glucose, leading to various

metabolic issues. The severity of these negative effects increases with

prolonged submergence and high temperatures, which elevate

oxygen consumption through plant respiration (Deutsch et al.,

2015). Additionally, certain developmental stages of plants, such

as seed germination, early growth after germination, and flowering,

are particularly sensitive to low O2 availability (Considine et al.,

2017; Le Gac and Laux, 2019). Previous studies have shown that

soybean plants are most vulnerable to flooding damage during early

growth stages when secondary aerenchyma in roots has not yet

formed and could not provide an oxygen pathway under flooded

conditions (Shimamura et al., 2003; Valliyodan et al., 2017).

Hypoxia Inducible Gene Domain (HIGD) protein family in

mammals consists of five homologs, namely HIGD−1A, HIGD−1B,

HIGD−1C, HIGD−2A and HIGD−2B (Bedo et al., 2004). HIGD1A,

initially identified and studied in humans, is a mitochondrial

inner membrane protein of approximately 10 kDa that is

induced by hypoxia-inducible factor 1 (HIF-1). It interacts with

the mitochondrial electron transport chain to reduce oxygen

consumption and plays a role in both cell death and

survival, depending on the developmental stage and cellular

microenvironment (Hayashi et al., 2012; Ameri et al., 2013). It

has been reported that HIGD1B acts as an inhibitor to prevent

hypoxia−induced mitochondrial fragmentation (Pang et al., 2021).

HIGD1C is essential for oxygen sensing in the carotid body and

increases the sensitivity of complex IV to hypoxia (Timón-Gómez

et al., 2022).

The HIGD gene family has been identified in both Arabidopsis

and rice plants. In rice, there are five HIGD genes: OsHIGD2,

OsHIGD3 and OsHIGD5 respond to submergence, hypoxia, and

ethylene at different time points, while OsHIGD1 and OsHIGD4

exhibit almost undetectable expression under all conditions

(Hwang and Choi, 2016). In Arabidopsis, AtHIGD1 expression
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levels are induced by hypoxia treatment, and overexpression of

the AtHIGD1 gene has been shown to enhance survival rates after

hypoxia stress compared to wild-type plants (Hwang et al., 2017).

Both OsHIGD2 and AtHIGD1 localize to mitochondria (Hwang

and Choi, 2016; Hwang et al., 2017). However, no information is

available on the hypoxia response information of the soybeanHIGD

family. During the onset of hypoxia-triggered responses, responsive

genes are expected to play key regulatory roles and the detrimental

effects of hypoxia can sometimes be counteracted through the

induced expression of genes encoding proteins that promote

immunity (Hsu et al., 2013). To better understand soybean

adaptation to flooding stress and hypoxia environments, we

characterized the soybean HIGD gene family in terms of

sequence, structure, phylogenetic relationships, gene structure,

conserved motifs, and chromosomal localization. We also

analyzed their expression levels in various tissues and under

different stress conditions. Overall, our results provide detailed

insights into the soybean HIGD family and could facilitate a more

comprehensive understanding of the function of HIGD genes

in soybean.
2 Materials and methods

2.1 Identification of GmHIGD genes from
the G.max genomic sequence and
phylogenetic analysis

Soybean predicted proteins were obtained from the Phytozome

database (https://phytozome-next.jgi.doe.gov/, v13) (Goodstein

et al., 2012). GmHIGD proteins were identified using BLASTp

searches against the soybean predicted proteins, with Oryza sativa

and Arabidopsis HIGD proteins as queries. All potential GmHIGD

sequences were analyzed to verify the presence of the conserved

hypoxia induced protein region (HIG_1_N, PF04588) using Pfam

tools (https://pfam.xfam.org/). Sequences lacking the conserved

regions were manually removed. A neighbor-joining (NJ) tree was

constructed using MEGA 7.0 with 1000 bootstrap replicates,

including HIGD proteins from rice and Arabidopsis. Gene names

from GmHIGD1 to GmHIGD6 were assigned according to their

positions in the phylogenetic tree. All protein amino acid sequences

that used for phylogenetic analysis were provided in Supplementary

File 1.
2.2 Gene structure and conserved
motif analysis

Gene structure information was retrieved from the Glycine max

genome data, and visualized using TBtools software (Chen et al.,

2020). The exon-intron structures of GmHIGD genes were analyzed

by aligning the coding sequences with their corresponding genomic

sequences and visualized using the online software GSDS (http://

gsds.gao-lab.org/index.php, Hu et al., 2015). The amino acid

sequences of GmHIGDs were analyzed using the MEME tool

(http://meme-suite.org/index.html) to identify conserved domains
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and motifs within each group. The analysis included setting the

maximum number of motifs to 5, with a minimum width of 6 and a

maximum width of 50 amino acid residues, and an e-value

threshold of less than 1x10-8.
2.3 Protein properties, 3-D domain and
subcellular localization

The physical and chemical properties of GmHIGD proteins were

analyzed using the ProtParam online tool (https://web.expasy.org/

protparam/, Gasteiger et al., 2005). Subcellular localization predictions

for these GmHIGD proteins were carried out using various tools

including the CELLO v.2.5: subCELlular LOcalization predictor

(http://cello.life.nctu.edu.tw/) (Yu et al., 2006), WoLF_PSORT tool

(http://www.genscript.com/wolfpsort.html), the mGOASVM server

(http://bioinfo.eie.polyu.edu.hk/mGoaSvmServer/mGOASVM.html,

Plant V2), and the Plant-mPLoc database (http://www.csbio.

sjtu.edu.cn/bioinf/plant-multi, Chou and Shen, 2010; Wan et al.,

2012). Additionally, the Phyre2 server (http://www.sbg.bio.ic.ac.uk/

phyre2/html/page.cgi?id=index) was used for homology modelling to

predict the three-dimensional (3D) structure of HIGD proteins from

soybean, Arabidopsis, and rice.
2.4 Chromosomal location analysis and
gene duplication

The chromosomal locations of GmHIGD genes were

determined based on the Glycine max genome annotation and

visualized using TBtools software (https://github.com/CJ-Chen/

TBtools-Manua, Chen et al., 2020). Duplication events in

GmHIGD genes within the soybean genome were detected using

the Multiple Collinearity Scan toolkit (MCScanX) and visualized

with the CIRCOS program (Krzywinski et al., 2009; Wang

et al., 2012).
2.5 Putative cis-elements in the
promoter regions

The 2,000 bp sequences upstream from the translation start

codon of all GmHIGD genes were obtained from Phytozome v13.

Putative cis-acting regulatory elements within these sequences were

predicted using the PlantCARE online database (http://

bioinformatics.psb.ugent.be/webtools/plantcare/html/, accessed on

22 Feb 2022) (Lescot et al., 2002) and the PLACE website (https://

www.dna.affrc.go.jp/PLACE/?action=newplace).
2.6 Co-expression and association genes
of GmHIGD analysis

Association genes of GmHIGDs were downloaded from the

STRING database, which provides functional protein association

networks (https://cn.string-db.org, v11.5; Szklarczyk et al., 2021).
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Co-expression-based gene network analysis was performed on all

GmHIGD genes using Spearman correlation coefficients to identify

relevant genes from RNA-Seq data. Gene selection was based on a

co-expression value greater than 0.7. All of these associated genes

and co-expressed genes were subjected to Kyoto Encyclopedia of

Genes and Genomes (KEGG) enrichment analysis.
2.7 Subcellular location of GmHIGD3

Firstly, the GmHIGD3 coding sequence without the stop codon

was cloned into vector pHB-35S-mCherry to generate C-terminal

mCherry fusions. Then, the obtained pHB-GmHIGD3-mCherry

fusion plasmid was transformed into Escherichia coli DH5a and

verified by sequencing (Sangon, Shanghai, China). Co-expression of

the plasmids pK7FWG2-REM1.2-EGFP (membrane protein

marker, Huang et al., 2019), pCAMBIA1301-EGFP-AtCAT2

(peroxisome protein marker), pCAMBIA1301-GFP-GLP151-P2P3

(plastid protein marker, Li et al., 2023) and pHELLSGATE-GPAT1-

EGFP (mitochondrial membrane marker, Jia et al., 2022) was

achieved in N. benthamiana leaves via A. tumefaciens (GV3101

strain)-mediated transformation (Norkunas et al., 2018). After 60 h

incubation period, confocal imaging analysis was conducted on

Zeiss LSM 880 NLO laser scanning confocal microscope systems.
2.8 Generation and molecular analysis of
GmHIGD3-overexpressing plants

GmHIGD3-overexpressing lines were generated in Col-0

background using pHB-GmHIGD3-mCherry vector and the floral

dip method (Clough and Bent, 1998). Putative transgenic lines were

selected based on hygromycin resistance and PCR analysis. Three

T3 transgenic lines were selected for catalase enzyme activity

analysis . For the determination of catalase activities,

approximately 100 mg fresh leaves of Arabidopsis were

homogenized in 1 mL of PBS (pH 7.8, 50 mM PBS). The catalase

activity assay was performed using the Catalase Assay Kit (BC0200,

Solarbio, Beijing, China) in accordance with the manufacturer’s

instructions. Each experiment was performed with three

independent replicates.
2.9 Tissue expression pattern analysis
based on RNA sequencing data

The expression levels of GmHIGD genes in seven soybean

tissues were obtained from Fragments Per Kilobase per Million

(FPKM) values at Phytozome v13 (Goodstein et al., 2012). A

heatmap of GmHIGD genes was constructed using TBtools to

visualize expression levels in different tissues based on the FPKM

values. Flower tissue was collected from opened flowers grown in

the field during the flowing stage. Root, lateral root, root tip, shoot

tip, leaf, and stem tissues were collected from 4-week-old plants

grown on B&D medium (Libault et al., 2010). The seed stages were

determined based on weight range: S1 < 10 mg; S2, 30–50 mg
frontiersin.org

https://web.expasy.org/protparam/
https://web.expasy.org/protparam/
http://cello.life.nctu.edu.tw/
http://www.genscript.com/wolfpsort.html
http://bioinfo.eie.polyu.edu.hk/mGoaSvmServer/mGOASVM.html
http://www.csbio.sjtu.edu.cn/bioinf/plant-multi
http://www.csbio.sjtu.edu.cn/bioinf/plant-multi
http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index
http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index
https://github.com/CJ-Chen/TBtools-Manua
https://github.com/CJ-Chen/TBtools-Manua
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
https://www.dna.affrc.go.jp/PLACE/?action=newplace
https://www.dna.affrc.go.jp/PLACE/?action=newplace
https://cn.string-db.org
https://doi.org/10.3389/fpls.2024.1403841
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Geng et al. 10.3389/fpls.2024.1403841
(storage cells have large central vacuoles); S3, 70–90 mg (storage

protein accumulation has begun and vacuole subdivision is

occurring); S4, 115–150 mg; S5, 200–250 mg (storage vacuoles are

filling); S6, >300 mg (green seeds); S7, >300 mg (yellow seeds); S8,

200–250 mg (fully-mature, yellow and dehydrating seeds); S9 < 150

mg (yellow and fully dehydrated seeds).
2.10 Plant materials, growth conditions
and treatments

Soybean Williams 82 seeds were germinated on Petri dishes

lined with moist filter paper and then transferred to half-strength

MS solution. Seedlings were grown in a growth chamber under a

10-hour photoperiod at temperature of 25°C/22°(day/night) and

50% relative humidity. Plants at the vegetative 1 stage were

subsequently transferred to half MS solution containing 15%

PEG6000 or 150 mM NaCl for 24 hours and 48 hours,

respectively. Roots and the first trifoliolate leaves from 5 plants

were collected for GmHIGD gene expression analysis. Following

collection, samples were immediately frozen in liquid nitrogen and

stored at -80°for subsequent total RNA isolation.

For hypoxia treatment, 7-day-old soybean seedling were placed

in a sealed container (40 cm x 40 cm x 40 cm) equipped with inlet

and outlet valves, and were exposed to hypoxia by flushing N2 gas

(30ml/S) from a nitrogen tank into the container to maintain

hypoxia conditions throughout the experiment. Plants were

subjected to hypoxia treatment for durations of 2 hours, 4 hours

and 8 hours, respectively. Leaves were sampled from 5 different

plants for each treatment with three biological replicates utilized to

evaluate gene expression patterns.

Nitro blue tetrazolium (NBT, Cat#298-83-9, Solarbio, Beijing,

China) staining detected the presence of superoxide. 20-day-old

Arabidopsis plants was submerged in water for a duration of 12

hours, following which the leaves were soaked in NBT solutions

(0.33 mg/ml) for a period of 2 hours. Following this, the leaves

underwent decolorization using 95% ethanol in an 80°C-water bath,

with the ethanol solution changed every 10 minutes. After complete

fading of the green color in the sample, it was examined under a

microscope for imaging.
2.11 RNA Isolation, cDNA synthesis,
and qRT-PCR

The transcript abundance of all GmHIGD genes was

investigated using qRT-PCR. Total RNA was extracted using an

RNApure Plant Kit (DNase I) (CWBIO, Cat: # CW0559, China)

according to the manufacturer’s instructions. Approximately 2 mg
of total RNA was converted into cDNA using HiScript III RT

SuperMix for qPCR (+gDNA wiper) (Vazyme, Cat: # R111-01,

China) in a 20 mL reaction volume according to the supplier’s

instructions. The Bio-Rad CFX ConnectTM Optics Module Real-

Time PCR System (Bio-Rad, USA) and ChamQ Universal SYBR
Frontiers in Plant Science 0462
qPCR Master Mix (Vazyme, Cat: # Q711, China) were used to

performe quantitative RT-PCR. The Gmactin11 gene served as a

reference gene and specific primers for HIGD genes were used for

qRT-PCR validation. Gene expression data obtained via qRT-PCR

were normalized to the expression of GmActin gene and the

2-△△Ct method was employed to calculate the relative expression

of GmHIGD genes. Each sample was tested in triplicate and three

biological replicates were performed. The primers used for qRT-

PCR are given in Supplementary Table S1.
3 Results

3.1 Identification and characterization of
GmHIGD genes

HIGD amino acid sequences from rice and Arabidopsis

were used to identify homologs in the soybean genome (Glycine max

Wm82.a4.v1). Six HIGD homologs, named GmHIGD1 (chromosome

5), GmHIGD2 (chromosome 10), GmHIGD3 (chromosome 20),

GmHIGD4 (chromosome 11), GmHIGD5 (chromosome 18) and

GmHIGD6 (chromosome 2), were identified in the Wm82 genome

assembly. To further address the evolutionary conservation of

GmHIGD proteins, a phylogenetic analysis was performed with

three Arabidopsis (a model dicot plant), and five rice (a model

monocot plant) HIGDs using the neighbor-joining method and

bootstrap values from 1,000 replicates. The HIGD genes were

categorized into three groups based on the tree topology and

conserved motifs. GmHIGD4, GmHIGD5, GmHIGD6, OsHIGD3 and

OsHIGD5 were grouped together; OsHIGD1, AtHIGD1 and

GmHIGD1 were in the same group; while the remaining genes

(AtHIGD2, AtHIGD3, GmHIGD2, GmHIGD3 and OsHIGD2)

formed another group (Figures 1A, B).

The physicochemical properties of the identified GmHIGD

protein sequences were evaluated using the ExPASy ProtParam

tool (Table 1). The amino acid length ranged from 69 to 100

residues, with molecular weight varying from 7952.24 to 11058.91

kDa. The theoretical pI values ranged from 8.95 to 10.38.

GmHIGD1, GmHIGD3, and GmHIGD4 were classified as

hydrophilic proteins based on their negative grand average of

hydropathy (GRAVY index) values, while the remaining three

genes were categorized as hydrophobic proteins due to their

positive values. Among the identified GmHIGDs, GmHIGD3 and

GmHIGD6 exhibited instability index values below 40, suggesting a

more stable nature compared to the others with values above 40.

Analysis of gene structure using the Gene Structure Display

Server (GSDS) revealed that, with few exceptions, GmHIGD genes

share a conserved genomic structure with two or three exons

separated by one or two introns (Figure 1C). The structural

characteristics of GmHIGD proteins were further plotted based

on protein sequence using the MEME motif search tool. The results

showed that most of these proteins contained two to three

consensus motifs (Figure 1C). Soybean HIGD proteins exhibit

high conservation with Arabidopsis and rice homologs in motif
frontiersin.org
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alignment (Figure 1C). Closely related genes exhibit similar motif

compositions, suggesting functional similarities among HIGDs.

Motif 2 is present in all HIGDs among Arabidopsis, rice, and

soybean, except for GmHIGD2. However, GmHIGD2 only has

one conserved motif (motif 1), implying potential functional

variations within the GmHIGD family. The modeling of

GmHIGDs tertiary structure were predicated through SWISS-

MODEL and verified with SAVES v6.0. As shown in

Supplementary Figure S1, two a-helix bundles are formed with

one b-turn located between the two helixes in all GmHIGDs. The

3D protein structure of HIGDs from Arabidopsis and rice were
Frontiers in Plant Science 0563
predicated and the results indicated that they all showed the similar

structure with that of GmHIGDs (Supplementary Figure S1).
3.2 Chromosomal location and gene
collinearity analysis of GmHIGDs

The chromosomal location of GmHIGDs was determined

through BLASTN searches in the soybean Wm 82 genome

database. As shown in Figure 2, all GmHIGDs are unevenly

distributed on six different chromosomes. Furthermore, gene
TABLE 1 The physicochemical properties of predicted soybean HIGD proteins.

Gene
Name

Gene ID
Number of
amino acids

Molecular
weight

Theoretical
pI

Instability
index

Grand average
of hydropathicity

GmHIGD1 Glyma.05G035600 77 8444.78 9.98 42.93 -0.014

GmHIGD2 Glyma.10G151300 69 8005.4 10.38 40.13 0.038

GmHIGD3 Glyma.20G236900 83 9154.67 10.01 32.86 -0.082

GmHIGD4 Glyma.11G235000 100 11058.91 8.95 51.65 -0.019

GmHIGD5 Glyma.18G022000 100 11044.93 9.23 43.57 0.05

GmHIGD6 Glyma.02G259700 73 7952.24 10.36 27.97 0.086
B CA

FIGURE 1

Characterization of soybean GmHIGD genes. (A) The phylogenetic tree was constructed with MEGA11 using the neighbor-joining (NJ) method with
1000 bootstrap replicates. The percentage bootstrap scores are indicated on the nodes. (B) Motif characterization of HIGD proteins. The motifs are
displayed in different colored boxes. (C) Gene structure of HIGD genes. Gray boxes indicate untranslated 5′-and 3′-regions; blue boxes indicate
exons; black lines indicate introns. Scale bar represents gene length.
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pairs in the GmHIGD family were detected. A total of three gene

pairs were detected in the GmHIGD gene family, with three genes

repeatedly participating in gene duplication events (Figure 2).

To explore the evolutionary relationship of GmHIGD genes

across different species, we constructed nine syntenic soybean maps

associated with six dicotyledonous plants Arabidopsis thaliana, Vigna

unguiculata, Phaseolus vulgaris, Lotus japonicus, Medicago

truncatula, Cicer arietinum (Figure 3) and three monocotyledons

Oryza sativa, Zea mays and Sorghum bicolor (Supplementary Figure

S2). Notably, the results indicated a higher homology between

soybean and other legume species than that between Oryza sativa,

Zea mays and Sorghum bicolor. Specifically, two Arabidopsis genes

(AtHIGD2 and AtHIGD3) were found to be orthologous with

GmHIGD2 and GmHIGD3, respectively. AtHIGD1 was orthologous

with soybean gene (Glyma17g091600), although this gene does not
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encode a HIGD protein. In addition, only one homologous pair was

found between soybean and Sorghum bicolor. Three GmHIGDs

(GmHIGD4, GmHIGD5, GmHIGD6) were found to be orthologous

with one ZmHIGD gene. Four GmHIGDs (GmHIGD2, GmHIGD4,

GmHIGD5, GmHIGD6) were found to be orthologous with three

OsHIGDs. These results indicate that the GmHIGD3 gene may be

unique to dicotyledons, whereas GmHIGD1 is conserved specifically

in legumes. The remainingGmHIGDs show high conservation during

evolution between dicotyledonous and monocotyledonous plants.
3.3 Cis-elements analysis of the GmHIGD
genes promoters and TF identify

To better understand the roles of GmHIGDs, we analyzed their

promoter regions. The 2 kb promoter regions were extracted from
FIGURE 2

Chromosomal location and gene duplication events of GmHIGD1-6 genes. The scale on the left is in megabases (Mb) and the chromosome
numbers are indicated at the left of each bar. The segmental duplication genes have been connected by black straight line.
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FIGURE 3

Synteny analysis of GmHIGD with six dicotyledonous plants: Cicer arietinum (A), Vigna unguiculata (B), Phaseolus vulgaris (C), Medicago truncatula
(D), Lotus japonicus (E) and Arabidopsis thaliana (F). Gray lines represent collinear within soybean and other species, while the red line highlights a
one-to-one correspondence of homologous regions of HIGD gene pairs. The chromosome number is labeled at the top or bottom of
each chromosome.
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the soybean genome database and submitted to the plantCARE

website (Figure 4). As expected, many core promoter elements, such

as CAAT-box and TATA-box, were widely distributed in the

GmHIGD genes. These cis-regulatory element can be categorized

into three major groups: abiotic stress response, hormone response

and growth and development response. Abiotic stress response

elements include anaerobic induction, drought inducibility, defense

and stress response elements, like ABRE, MYB, MYC and STRE.

Hormone response elements include MeJA, gibberellin, abscisic

acid, salicylic acid and auxin response elements. Growth and

development response element involve meristem expression,

circadian control and cell cycle regulation. These results indicate

that the GmHIGD gene not only regulates soybean growth and

development but also plays an important regulatory role in

responding to stress, especially in coping with hypoxia stress.

Furthermore, we predicted transcription factor regulatory

networks within the 1 kb promoter sequence using the Plant

Transcriptional Regulatory Map. The result revealed that 117

transcription factors (23 families of TFs) might participate in

regulating the expression pattern of the GmHIGDs family

(Supplementary Table S2). For instance, the promoter sequence

of GmHIGD1 contained binding sites for ERF transcription factors,

while the promoter sequence of GmHIGD2 had binding sites for
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bHLH transcription factors. These results suggest that there is a

complex regulation network among the different GmHIGDs. The

identified transcription factors could potentially be valuable for

modifying soybean hypoxia response.
3.4 GmHIGD gene expression analysis
across different tissues

To characterize the expression patterns of individual GmHIGDs

at different stages, we used publicly available RNA-seq data for G.

max. The RPKM values for seed development and vegetative

growth tissues were plotted in a hierarchical heatmap (Figure 5).

GmHIGD1, GmHIGD2 and GmHIGD3 were distributed across

different tissues, while GmHIGD2 and GmHIGD3 had relatively

higher levels in the root. On the other hand, GmHIGD4, GmHIGD5

and GmHIGD6 exhibited greatly expression in root tissues, with

GmHIGD4 and GmHIGD5 showing elevated expression in the root

tip (Figure 5A). Notably, GmHIGD2 and GmHIGD6 exhibited root-

specific expression patterns, suggesting potential specific roles in

root development.

At different seed development stages of soybean, GmHIGD2,

GmHIGD3 and GmHIGD4 showed very high expression levels in
FIGURE 4

Predicted cis-elements in GmHIGD promoter regions. Promoter sequences (−2000 bp) were analyzed by PlantCARE. The upstream length to the
translation starts site can be inferred according to the scale. Legend depicting the color of individual cis elements.
BA

FIGURE 5

Heatmap showing expression pattern of GmHIGD genes across different tissues and seed development stages of soybean. (A) different tissues
(B) different seed development stages. The gene expression was used RNA-seq data derived from mean value of three replicates in each tissue and
shown on a scale with z-scaling by row.
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the early stage of seed development (S1). As for the S4-S5 seed

development stage, the expression levels of GmHIGD5 and

GmHIGD6 were higher than those in other stages; GmHIGD1

displayed significant expression only in S7-S9 during the late

stage of seed development (Figure 5B). These results indicate that

different GmHIGD genes may play distinct functions at different

stages of seed development.
3.5 Expression patterns of GmHIGD genes
under flooding and hypoxia stresses

To evaluate the expression profiling of GmHIGD genes under

flooding and hypoxia conditions, we used RNA-seq data from three

studies. According to the results reported by Tamang et al. (2021),

no differentially expression pattern was found in leaf tissues after 1-

3 days submergence or 1 day of recovery following 3 days of

submergence. However, all GmHIGD genes showed high

expression levels in root tissues under treatment. In particular,

GmHIGD2 and GmHIGD3 were highly induced after 2- or 3-days

submergence treatment (Figure 6A). Lin et al. (2019) reported all

GmHIGD genes showed relatively high expression levels under

submergence treatment in root tissue of the Qihuang34 variety.

Especially, GmHIGD4 and GmHIGD6 were highly induced after 3 h

or 6 h compared to non-treatment (Figure 6B). In addition, we

further investigated the expression of GmHIGD genes in root tissue

of flood-tolerant Embrapa 45 and flood-sensitive BR 4 soybean

cultivars under hypoxic stress (Nakayama et al., 2017). As shown in

Figure 6C, the expression of five GmHIGD genes was enhanced in

both cultivars under hypoxia induction at different time points.

These results showed that all GmHIGD genes are specifically

responsive to submergence in root tissues, indicating a positive

role of the GmHIGD family in the soybean’s response to

submergence processes.

We further analyzed the expression of six GmHIGD genes in

Wm82 under hypoxia conditions with N2 treatment using the

qPCR method (Figures 6D–H). Due to high homology in gene

sequences between GmHIGD4 and GmHIGD5, the designed

primers amplified both genes simultaneously in this study. The

results showed that the transcripts of GmHIGD4/5 were largely

accumulated (30 to 1100-fold) after 2-8 hours of hypoxia treatment.

GmHIGD6 was induced over 20-fold after 8 hours of hypoxia

treatment in soybean seedlings (Figures 6D–H). These results

suggest that the expression of the GmHIGD gene family is

regulated by flooding and hypoxic stress.
3.6 Expression patterns of GmHIGD genes
under drought and salt condition

To understand the effects of drought and salt stress on

GmHIGD gene expression, we detected the transcript abundance

of GmHIGDs in soybean roots and leaves by qPCR after 24 hours

and 48 hours of PEG or NaCl treatment, respectively. As shown in

Figure 7, GmHIGD1, GmHIGD3 and GmHIGD4/5 genes showed
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significantly upregulaton in both leaves and roots after PEG

treatment (Figures 7A, C, D). GmHIGD2 transcript levels were

up-regulated in root tissues under PEG or NaCl treatment

(Figure 7B). The expression levels of GmHIGD4/5 and GmHIGD6

was significantly and highly increased in root tissues under PEG or

NaCl treatments, especially under PEG treatment (Figures 7D, E).

In contrast, the expression level of GmHIGD6 in leaves was

downregulated, with no significant changes found in other

GmHIGD genes after NaCl treatment in leaves. These results

suggest that GmHIGDs may participate in the response and

resistance of soybean to drought and NaCl stress.
3.7 Function prediction of HIGD genes

To further explore the function of GmHIGD, six GmHIGDs

genes were selected as ‘guide genes’ to identify co-expressed genes

using expression data from the Phytozome database with a

Pearson’s correlation coefficient (PCC) threshold of 0.7 (Aoki

et al., 2007). Meanwhile, the STRING database was used to build

an interaction network between GmHIGDs proteins and other

soybean proteins, focusing on genes with a trusted value (medium

confidence, 0.4). Finally, 319 genes exhibiting closely correlated

expression patterns to or interaction with GmHIGDs were

identified. GO annotation analysis of these 319 gene revealed that

their involvement in a range of molecular functions, with enriched

annotations predominantly in oxidoreductase activity, dioxygenase

activity, cation transmembrane transporter activity, transcription

factor or translation factor activity (Supplementary Table S3). In

addition, the KEGG pathway analysis indicated enrichment in

amino acid metabolism, carbohydrate metabolism, energy

metabolism and peroxisome pathways (Supplementary Figure S3).
3.8 Characterization of the subcellular
location and function of GmHIGD3

The subcellular localization of GmHIGDs predicated by different

online tools may be located in diverse organelles, such as

mitochondria, chloroplast, peroxisome, nucleus or vacuole

(Supplementary Table S4). We further validate the subcellular

localization of GmHIGD3 in vivo by using overexpressed

transgenic Arabidopsis seedlings. Fluorescence analysis of

GmHIGD3-mCherry expression revealed small punctate structures

in root cells, which appeared to be localized to mitochondria

(Figures 8A–C). The localization of GmHIGD3-mCherry was

further confirmed through co-localization experiments with known

organelle markers in tobacco leaf infiltration studies. As shown in

Figure 8D–O, there was a partial overlap in the colocalization of

GmHIGD3-mCherry fusion protein and REM1.2 (membrane

localized protein), or AtCAT2 (peroxisomal protein), or GLP151-

P2P3 (plastid localized protein). By contrast, significant co-

localization was observed with the mitochondrial marker GPAT1-

EGFP when co-expressed (Figures 8P–S). These results strongly

suggest that GmHIGD3 is predominantly localized in mitochondria.
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The transgenic Arabidopsis plants overexpressing GmHIGD3

were generated to investigate its function further. Since GmHIGD3

is primarily located in mitochondria and its co-expressed genes are

mainly involved in oxidoreductase activity, the catalase enzyme

activity was compared between the transgenic lines and wide type.
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As shown in Figure 9A, the catalase activity in the overexpressed

GmHIGD3 transgenic lines is significantly lower than that in the wild

type, suggesting that GmHIGD3 plays an important role in regulating

oxidoreductase activity. Furthermore, the accumulation of

superoxide was detected using NBT staining. Increased staining
B

C

D E F

G H

A

FIGURE 6

Expression patterns of GmHIGDs genes under waterlogging and hypoxic stress. (A). Expression patterns of GmHIGDs genes in Williams 82 after 1, 2,
and 3 days of flooding and 1 day of recovery after 3 days of flooding, Leaf: leaf tissue, Root: root, CT: control, Sub: flooding, Sub Rec: recovery after
3 days of flooding; (B). Expression patterns of GmHIGDs gene in roots of Qihuang 34 under water flooding for 3, 6, 12, and 24 hours, CK: control, F:
water flooding; (C). Expression pattern of GmHIGDs gene in roots of Embrapa 45 and BR 4 under hypoxia for 0.5h, 4h, and 28h, N: non hypoxia, H:
hypoxia; E: Embrapa 45, B: BR 4. (D–H) Expression analysis of GmHIGD genes by quantitative real-time PCR in soybean seedlings under hypoxia
treatment for 0h, 2h, 4h and 8h, respectively. *, p < 0.05; **, p < 0.01.
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was observed in the GmHIGD3-overexpressing transgenic lines

compared with wild type under normal and submerged conditions,

whereas no significant difference was observed between normal and

submerged conditions in GmHIGD3-overexpressing transgenic lines

(Figures 9B–I). This result indicates that the downregulated catalase

enzyme activity in the GmHIGD3-overexpressing transgenic lines

leads to the accumulation of reactive oxygen species (ROS).
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4 Discussion

A comparison of all known mammalian and plant HIGD genes

reveals that the number of HIGD protein is relatively conserved,

typically ranging from 3 to 5. As such, the HIGD family is not a

large or plant-specific group. Members of the HIGD family has not

been extensively studied at a genome-wide level in plants. In this
B

C D

E

A

FIGURE 7

Expression profiles of HIGD genes, measured by real-time qRT-PCR in Williams 82 ecotype as compared with PEG and NaCl treatments. (A) The
relative expression levels of GmHIGD1 gene. (B) The relative expression levels of GmHIGD2 gene. (C) The relative expression levels of GmHIGD3
gene. (D) The relative expression levels of GmHIGD4 gene. (E) The relative expression levels of GmHIGD5 gene. The relative gene expression levels
were calculated relative to 0 h and using 2−△△CT method. The data shown are the mean values SE of three replicates. * and ** indicates that there
are significant differences at 5%, 1% level respectively relative to controls.
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study, we focuses on the identification and characterization of six

homologous soybean HIGD genes. Furthermore, more predicted

orthologous relationships were found in dicots compared to

monocots, indicating that their functions may have diverged

throughout evolution. Conserved domain and motifs analysis

indicated that GmHIGD1 shares conserved domains with

AtHIGD1. Proteins within the same subgroup exhibit similar

motifs, which might be related to their specific functions.

The expression of HIGD2A is dependent on oxygen levels,

glucose concentration, and cell cycle progression in human and

animals. While the potential roles of the HIGD gene family in

response to biotic and abiotic stresses are recognized, there is
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limited research on these genes in plant species. In rice and

Arabidopsis, the expression patterns of HIGD genes change under

stress conditions. Hwang and Choi (2016) studied the expression

patterns of OsHIGDs in rice and found that OsHIGD2 exhibited a

significant response to submergence and hypoxia, with a slight

response to ethylene. OsHIGD3 and OsHIGD5 were slightly

induced by submergence and hypoxia. Except for OsHIGD2, no

other OsHIGDs displayed differential expression in response to

ethylene, suggesting that OsHIGD2 might be the most active

member of the OsHIGD gene family. Similarly, AtHIGD1 was

upregulated at 8, 16 and 24 hours after hypoxia treatment

(Hwang et al., 2017). In our current study, we found that all
FIGURE 8

Subcellular localization of GmHIGD3 by confocal laser scanning microscopy. (A–C) Subcellular localization of GmHIGD3-mCherry in Arabidopsis
root. Epifluorescence images of tobacco leaf cells infiltrated with Agrobacterium harboring the different fusion constructs; (D–G) GmHIGD3-
mCherry and REM1.2-EGFP; (H–K) GmHIGD3-mCherry and AtCAT2-EGFP; (L–O) GmHIGD3-mCherry and GLP151-P2P3-GFP; (P–S) GmHIGD3-
mCherry and GPAT1-EGFP.
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GmHIGDs respond to abiotic stress, especially to hypoxia. Among

them, the expression level of GmHIGD4/5 sharply increased after 8

hours of hypoxia induction, followed by GmHIGD6. Furthermore,

we examined the expression of GmHIGD gene family in root and

leaf tissues at different time points after PEG treatment. The

expression levels of GmHIGD4/5 and GmHIGD6 in roots were

significantly higher than in the control under PEG stress conditions,

suggesting that GmHIGD4/5 and GmHIGD6 might be the most

active members of the GmHIGD gene family in response to abiotic
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stress. At the same time, GmHIGDs were highly expressed in

soybean roots. Given that roots play an important role in water

and nutrients absorption, the GmHIGD gene family may play an

vital role in the development of soybean root systems under

stress conditions.

To clarify the functional positions of GmHIGDs in plant cells,

an online tool was initially used to predict that GmHIGD2 and

GmHIGD3 are located in mitochondria. Furthermore, our finding

indicates that GmHIGD2 and GmHIGD3 are not only located in
FIGURE 9

The evaluation of catalase activity and ROS content in GmHIGD3 overexpressing transgenic lines and wild type. (A) The catalase activity was
inhibited in GmHIGD3 overexpressing compared with wild type. * Indicates a significant difference at the 1% level compared to the non-transgenic
control. (B–I) Superoxide contents were detected by 0.33 mg/mL of NBT staining. Experiments were repeated three times with similar results. Bars
represent 1 mm.
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mitochondria, but also in the cell membrane by tobacco epidermal

cell experiment. It has been reported that HIGD1A and HIGD2A

were embedded in the mitochondrial inner membrane in mammals

(Strogolova et al., 2012). In addition to their mitochondrial location,

studies have shown that the localization of HIGD proteins may

change in response to certain stressors. For example, HIGD1A has

been found to relocate to the nucleus during apoptosis triggered by

severe metabolic or DNA damage stressors (Ameri et al., 2013 &

Ameri et al., 2015), and HIGD2A has been observed in the nucleus

even under physiological conditions (Salazar et al., 2019). López

et al. (2018) also reported that HIGD1A migrates from the

cytoplasmic pool to the nucleus in conditions like ischemic heart

disease, cancer, and ischemic encephalopathy. Further experiments

are needed to investigate whether the localization of GmHIGD

proteins changes in response to environmental stimuli such as

hypoxia or drought.

Recent studies in mammals have provided convincing evidence

of a strong correlation between HIGD and oxygen consumption,

ROS production, and tumor growth (Shahrzad et al., 2007; Ameri

et al., 2015; Timón-Gómez et al., 2020). While there have been

numerous studies on the function of the HIIGD gene family in

mammals, research on its role in plants is limited. Currently, only

the function of AtHIGD1 in Arabidopsis thaliana has been

preliminarily studied, and it participates in the plant’s hypoxia

response. With global climate change leading to more frequent

flooding and subsequent hypoxia in plant, decreased oxygen levels

can severely affect mitochondrial energy generation, causing intense

damage (Nakamura and Noguchi, 2020; León et al., 2021; Barreto

et al., 2022; Jethva et al., 2022). In hypoxic conditions, cell

acidification and ROS accumulation negatively affect overall plant

growth. The transition of hypoxia–reoxygenation responses can

cause excess generation of ROS, potentially leading to cellular

damage (Hebelstrup and Møller, 2015; Turkan, 2018). At the

same time, the degradation of ROS via activation of antioxidant

mechanism is equally important to prevent cell damage and

maintain cellular homeostasis (Lee et al., 2020; Pucciariello and

Perata, 2021). Moreover, due to enhanced denitrification under

anaerobic conditions, flooding reduces the availability of soil

nitrogen, leading to crop loss (Sjøgaard et al., 2018; Yu et al., 2020).

Co-expression analysis is usually used to identify functional factors

participating in specific biological processes (Fu and Xue, 2010). In this

study, we found that GmHIGD genes may be associated with

oxidoreductase activity, dioxygenase activity, and cation

transmembrane transporter activity based on co-expression analysis.

This suggests taht GmHIGD genes could contribute to oxidation-

reduction processes, cellular nitrogen compound biosynthetic

processes, organic cyclic compound biosynthetic processes and

heterocycle biosynthetic processes. Additional functional

characterization of GmHIGDs and exploration of the transcriptional

network related to hypoxia response need to be carried out.
5 Conclusions

In soybean, six HIGD genes were identified and their protein

physicochemical properties were investigated. Their chromosome
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location, gene structure, promoter cis-elements, conserved motif,

evolutionary relationships and subcellular location were analyzed.

The results indicated that GmHIGD genes are highly conserved,

with five of them exhibiting higher expression levels in root tissue

compared to other tissues. Additionally, all GmHIGDs responded to

hypoxia, flooding, drought and salt stresses at different time points.

Functional analysis of GmHIGD3 illustrated that it is localized to

mitochondria and decreased the catalase activity when over-

expressed. Co-expression gene enrichment analysis illustrated the

biological processes involved in somatic embryogenesis. These

compressive analysis of the soybean HIGD gene family provides

useful insights for further study of the function of GmHIGD genes

in hypoxia tolerance.
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SUPPLEMENTARY FIGURE 1

Predicted three-dimensional structures of the GmHIGD, AtHIGD and

OsHIGD protein sequences. Models were constructed using SWISS-MODEL.

SUPPLEMENTARY FIGURE 2

Synteny analysis of GmHIGD with three monocotyledonous species (O.

sativa, Z. mays and S. bicolor) by MCscan. Gray lines represent collinear

within soybean and other species, while the red line highlights a one-to-one
correspondence of homologous regions of HIGD gene pairs. The

chromosome number is labeled at the top or bottom of each chromosome.

SUPPLEMENTARY FIGURE 3

Enrichment analysis of co-expressed genes of GmHIGDs.
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Integrated examination of the
transcriptome and metabolome
of the gene expression response
and metabolite accumulation in
soybean seeds for seed
storability under aging stress
Guang Li1†, Jianguo Xie1†, Wei Zhang1, Fanfan Meng1,
Mingliang Yang2, Xuhong Fan1, Xingmiao Sun1, Yuhong Zheng1,
Yunfeng Zhang1, Mingliang Wang1, Qingshan Chen2*,
Shuming Wang1* and Hongwei Jiang1*

1Jilin Academy of Agricultural Sciences (China Agricultural Science and Technology Northeast
Innovation Center), Soybean Research Institute, Changchun, China, 2Northeast Agricultural University,
Harbin, Heilongjiang, China
Soybean quality and production are determined by seed viability. A seed’s

capacity to sustain germination via dry storage is known as its seed life. Thus,

one of the main objectives for breeders is to preserve genetic variety and gather

germplasm resources. However, seed quality and germplasm preservation have

become significant obstacles. In this study, four artificially simulated aging

treatment groups were set for 0, 24, 72, and 120 hours. Following an aging

stress treatment, the transcriptome andmetabolome data were compared in two

soybean lines with notable differences in seed vigor—R31 (aging sensitive) and

R80 (aging tolerant). The results showed that 83 (38 upregulated and 45

downregulated), 30 (19 upregulated and 11 downregulated), 90 (52

upregulated and 38 downregulated), and 54 (25 upregulated and 29

downregulated) DEGs were differentially expressed, respectively. A total of 62

(29 upregulated and 33 downregulated), 94 (49 upregulated and 45

downregulated), 91 (53 upregulated and 38 downregulated), and 135 (111

upregulated and 24 downregulated) differential metabolites accumulated.

Combining the results of transcriptome and metabolome investigations

demonstrated that the difference between R31 and R80 responses to aging

stress was caused by genes related to phenylpropanoid metabolism pathway,

which is linked to the seed metabolite caffeic acid. According to this study’s

preliminary findings, the aging-resistant line accumulated more caffeic acid than

the aging-sensitive line, which improved its capacity to block lipoxygenase (LOX)

activity. An enzyme activity inhibition test was used to demonstrate the effect of

caffeic acid. After soaking seeds in 1 mM caffeic acid (a LOX inhibitor) for 6 hours

and artificially aging them for 24 hours, the germination rates of the R31 and R80
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seeds were enhanced. In conclusion, caffeic acid has been shown to partially

mitigate the negative effects of soybean seed aging stress and to improve seed

vitality. This finding should serve as a theoretical foundation for future research

on the aging mechanism of soybean seeds.
KEYWORDS

soybean, aging, caffeic acid, transcriptome, metabolomic
1 Introduction

Soybean (Glycine max L. Merr.), the most important

agricultural legume, was first planted in China around 5000 years

ago (Sedivy et al., 2017). Today, it is grown all over the world and

supplies 28% of vegetable oil and 70% of the protein meal consumed

globally (SoyStats, 2021). Since soybean has such high nutritional

and economic importance, conserving its genetic variety and

gathering its germplasm resources have been the top goals for

breeders (Lin et al., 2022). To address the rising need for plant

proteins, oils, and food, however, we must breed soybean

germplasm with improved performance due to climate change

and population expansion.

An important component of sustainable agricultural

production is the viability and longevity of high-quality seeds

during storage, and seed longevity is the ability of seeds to

germinate after they have been stored dry. The ripening and

storage of seeds is a complicated process affected by several

internal and external influences (Ramtekey et al., 2022). The seed

is the primary means of plant reproduction and represents a crucial

developmental stage with several unique characteristics. The

preservation of plant biodiversity and the success of crops are

both significantly hampered by seed life. Seeds have a variety of

mechanisms (protection, detoxification, and repair) to survive in

dry conditions and maintain a high germination capacity. As a

result, the seed system offers a useful model for researching lifespan

and aging (Rajjou and Debeaujon, 2008).

The vigor of crop seeds is crucial for maintaining the

germplasm and enhancing grain quality. Wang et al. conducted a

thorough analysis of the transcriptome and metabonomics of two

subspecies of rice with varying levels of seed vigor obtained through

sped-up senescence. They discovered that bZIP23 is most likely to

influence seed vigor through a common pathway with PER1A and

that overexpressing and knocking out these two genes increased and

decreased seed vigor, respectively (Wang et al., 2022b). For crop

yield, resistance to seed aging and quick seedling development are

crucial agronomic features. In comparison to the null segregant

(NS) control, maize seedlings grew more quickly after germination

due to the hyperaccumulation of IAA in the zygotic embryo of

zmdreb2a. Additionally, the zmdreb2a seeds showed reduced seed

aging tolerance due to reduced raffinose levels and decreased

expression of RAFFINOSE SYNTHASE (ZmRAFS) in their
0275
embryos (Han et al., 2020). The longevity and vigor of seeds

during seed maturation and germination in peas, soybeans, and

Medicago truncatula are determined by RFO levels and the

expression of genes that influence its synthesis, such as ABI5,

raffinose synthase, and galactinol synthase (Salvi et al., 2016;

Zinsmeister et al., 2016; Pereira Lima et al., 2017).

Numerous difficulties with manufacturing, post-harvest storage,

and subsequent quality are always present in seeds. In addition, due

to climate change, various stressors may result in subpar seed

performance, such as decreased germination, uneven seedling

emergence, subpar seedling establishment, and destructive

changes in the root cell structure, significantly reducing yield

(Reed et al., 2022).

Seeds may age more slowly in the wild than in artificial

environments, which makes it difficult to understand the

physiological mechanism. Thus, the normal aging process of

mimicked seeds is accelerated by artificial conditions (Wang

et al., 2016, 2022). It offers a scientific foundation for an in-depth

examination of seed physiology and quality control procedures, and

it aids in our understanding of the physiological changes that occur

in seeds as they mature (Ku et al., 2014).

An increased storage time reduces seed vigor, and high-vigor

seeds have better yield potential than low-vigor seeds. Utilizing

artificial aging technology, we examined the physiological

alterations and associated molecular processes of soybean seed

aging by artificially aging two soybean lines with varying levels of

vigor (‘R80’ and ‘R31’). We also combined transcriptome and

metabolomics data analysis. This work offers fresh perspectives

on safeguarding and utilizing germplasm resources and serves as a

theoretical foundation for further research on the biology of

soybean seeds.
2 Materials and methods

2.1 Plant materials and artificial
aging conditions

The wild soybean ZYD00006 was used as the recipient parent,

and the soybean cultivar SN14 as the recurrent parent. A population

of 213 chromosome segment substitution lines (CSSL) was

assembled using hybridization, backcrossing, and selfing. In 2020,
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the population was seeded in an experimental field in Gongzhuling

City, Jilin Province, China. The following were used: a randomized

block design, 15 cm plant spacing, 65 cm row spacing, and field

management based on traditional soybean production in the area.

To mimic the aging process, an artificial aging box was employed. A

humidifier holding 4–5 L of distilled or filtered water was connected

to a thermostat. From each variety, 600 seeds of a full and uniform

size were randomly chosen, packaged in small nylon mesh bags, and

placed on the net rack in an artificial seed aging box (LH-150S) (Xin

et al., 2016; Zheng et al., 2022).

Before use, the aging box was cleaned with 75% ethanol. The

appropriate quantity of sterilized or purified water was added to the

water tank, and the age box was opened. The temperature and

humidity for the aging period were set at 45°C and 95% relative

humidity, respectively. The aging process occurred for 24, 72, and

120 hours. Finally, the seeds were air-dried naturally.

A germination test was conducted and significantly changed

based on the germination conditions in the “International Seed

Inspection Regulations.” A solution of 4% sodium hypochlorite was

used to disinfect the seeds for 20–30 seconds before rinsing them 3

times in sterilized water. Forty soybean seeds from each variety were

randomly chosen and placed in a glass Petri dish. Water was slowly

added until a thin water film was visible on the paper. The seeds

were covered with a layer of filter paper, and more water was added

to moisten it (three instances). In an artificial incubator kept at a

constant temperature of 25°C and in complete darkness, seeds were

allowed to germinate. The number of germinated seeds was counted

every day. The water absorbed by the seeds was replaced with sterile

water. Germination was determined as follows: the radical be longer

than half of the seed; if the radicle was spiral, the seed was not

counted as germinated; and the number of germinated seeds was

recorded each day for 7 days. Based on the results of standard

germination tests and germination tests conducted after 96 hours of

artificial accelerated aging (Supplementary Table S1), a total of 213

CSSL soybean populations were used as experimental materials.

The stable phenotypic soybean lines R80 and R31, which had the

highest anti-aging and aging sensitivity, respectively, were screened.

Transcriptomic and metabolomic analyses of unaged R80 and R31

seeds and R31 and R80 seeds aged 24, 72, and 120 hours were

performed. For each group, three biological repetitions were

conducted for transcriptomic, and six biological repetitions were

conducted for metabolomic.
2.2 RNA isolation and sequence analysis

Following the manufacturer’s instructions, total RNA was

extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA).

Using Nanodrop, Qubit 2.0, and Agilent 2100 devices, the purity,

concentration, and integrity of the RNA samples, respectively, were

determined. The poly(A) technique was employed to enhance the

mRNA once the samples were qualified. After the mRNAwas reverse

transcribed using oligo (dT) primers, the cDNA was broken apart.

RNA-seq was performed by Biomarker Bioinformatics Technology

(China) using a Hiseq 4000 PE150 sequencing technology to

sequence and analyze the RNA samples (Illumina, San Diego, CA,
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USA). HISAT2 (Kim et al., 2015) (version 2.0.5) with default settings

was used to map the raw sequencing reads to the soybean genome

(v2) after being filtered using FASTP (Chen et al., 2018). DESeq2

(version 1.20.0) (Love et al., 2014) was used to identify differentially

expressed genes (DEGs) (defined as those with an absolute value of

expression fold change ≥ 2 and an FDR ≤ 0.05). Supplementary Table

S2 provides the primers used for qPCR to concurrently measure the

transcript levels of genes associated with lipoxygenase (LOX).
2.3 Metabolite profiling

Biomarker Biotechnology Co., Ltd. (Beijing, China) conducted

the non-targeted metabolome study. In summary, 300 mL of 75%

methanol/water was added to 100 mg of material in a 1.5 mL

centrifuge tube, and the mixture was centrifuged at 12,000 rpm for

10 minutes at 4°C. The Metlin database was used to identify every

metabolite. An orthogonal partial least squares-discriminant

analysis model was used to identify the differential metabolites. It

had a variable importance of projection (VIP) score of ≥ 1 and a |

log2 (fold change)| of ≥1. Utilizing the Kyoto Encyclopedia of Genes

and Genomes (KEGG) database (http://www.kegg.jp/kegg/

compound/), the functional annotations of these metabolites

were acquired.
2.4 Enzyme, metabolite, and gene
expression changes as seeds age

H2O2 content and peroxidase (POD) activity were first

examined to evaluate aging-related cell damage or seed

degeneration. Seeds (0.2 g) were used to determine the H2O2

concentration following the technique of Doulis et al (Doulis

et al., 1997), and the results were computed as mol H2O2

decomposition min/1 g/1 FW. The thiobarbituric acid reaction

technique, as reported by Gao et al. (Gao et al., 2008), was used

to measure POD activity, which was determined using assay kits

(Comin, Suzhou, China). LOX activities contributed to seed healing

mechanisms. To obtain enzyme crude extract with 0.1 mM

potassium phosphate buffer, three replications of the same

procedure were performed using approximately 0.1 g of seed each

time (pH 7.8). When performing enzyme activity tests, the

supernatant was kept at 4°C. As previously mentioned, sodium

phosphate reaction buffer (150 mM, pH 8.0) and linoleic acid

substrate solution (10 mM linoleic acid) were produced for the

LOX tests (Stephany et al., 2015). A UV spectrophotometer was

used to measure the LOX reaction of 0.1 g of seeds at 234 nm.
3 Results

3.1 Dissecting the transcriptome profiles of
seed with different levels of vigor

This study’s artificial accelerated aging induction experiment

was used to assess the seed vigor. According to the characteristics of
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seed germination on aging stress, R31 lost its seed germination

ability, while R80 maintained a cumulative germination rate of

64.44% after 96 hours of treatment (Table 1). Based on the findings,

R31 was an aging-sensitive line, and R80 was an aging-resistant line.

The variation in seed vigor between R31 and R80 may be

influenced by changes in gene expression. The correlation study

revealed that at various stages of artificial aging stress, all biological

repetitions of the group internal sample of the R80 or R31 lines

showed relatively consistent gene expression levels (Supplementary

Table S3). Our study examined the expression profiles of two

soybean lines (R31 and R80) that differed in their ability to

withstand the effects of aging. Four comparison groups were

created: R31 0 h versus R80 0 h, R31 24 h versus R80 24 h, R31

72 h versus R80 72 h, and R31 120 h versus R80 120 h. In the four

comparison groups, 83 (38 upregulated and 45 downregulated), 30

(19 upregulated and 11 downregulated), 90 (52 upregulated and 38

downregulated), and 54 (25 upregulated and 29 downregulated)

differentially expressed genes (DEGs) were identified respectively

(Figure 1A; Supplementary Table S4).

The four artificial aging therapy groups shared 13 DEGs

(Figure 1B). In addition, 12 of the 13 DEGs consistently exhibited

upregulation and just one consistently showed downregulation in

each comparison group (Supplementary Figure S1; Supplementary

Table S4). KEGG functional enrichment analysis was then

performed on the DEGs between R80 and R31. The DEGs

between the non-aged groups (R80-0 h versus R31-0 h) were

mainly enriched in pathways including flavonoid biosynthesis,

circadian rhythm—plant, RNA polymerase, pantothenate and

CoA biosynthesis, phosphonate and phosphinate metabolism,

limonene and pinene degradation, glycosphingolipid biosynthesis

—globo and isoglobo series, flavone and flavonol biosynthesis,

histidine metabolism, sulfur metabolism, tryptophan metabolism,

sphingolipid metabolism, isoflavonoid biosynthesis, beta-alanine

metabolism, pyruvate metabolism, terpenoid backbone

biosynthesis, lysine degradation, fatty acid degradation, valine,

leucine and isoleucine degradation, and glycerolipid metabolism

(Figure 2). DEGs between aged seed groups [(R31 0 h versus R80 0

h, R31 24 h versus R80 24 h, R31 72 h versus R80 72 h, and R31 120 h

versus R80 120 h) were mostly related to phosphonate and

phosphinate metabolism, MAPK signaling pathway—plant,

glycerolipid metabolism, valine, leucine and isoleucine degradation,

fatty acid degradation, lysine degradation, pyruvate metabolism, beta-

alanine metabolism, sphingolipid metabolism, sulfur metabolism,

histidine metabolism, glycosphingolipid biosynthesis—globo and
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isoglobo series, limonene and pinene degradation, pantothenate

and CoA biosynthesis, RNA polymerase, circadian rhythm—plant,

plant hormone signal transduction, spliceosome, protein processing

in endoplasmic reticulum, pentose and glucuronate interconversions,

galactose metabolism, inositol phosphate metabolism,

glycosylphosphatidylinositol—anchor biosynthesis, and ascorbate

and aldarate metabolism (Figure 2). Remarkably, the KEGG

enrichment study (Figure 2), before and after artificial aging

therapy, showed that R31 and R80 had different metabolic

pathways, especially with regard to flavonoid, flavonoid, and

flavanol metabolism. Between the two lines, these metabolic

pathways continuously varied (Table 2; Figure 2; Supplementary

Figure S2). The transcriptome study also revealed that aging

treatment caused a greater transcriptional difference between R80

and R31 seeds, explaining the increase in anti-aging processes in

R80 seeds.
3.2 KEGG analysis of differentially
accumulated metabolites in seed during
aging stress

The purpose of artificially accelerating aging was to identify the

metabolite differences between the R31 and R80 seeds. The R31 and

R80 seeds used in this study werematured for 0, 24, 72, and 120 hours

before being used as samples for Qualcomm quantitative metabolite

analysis. After metabolomics data analysis, 799 metabolites were

discovered. The correlation study revealed that at different stages of

artificial aging stress, all biological repetitions of the group internal

sample of the R80 or R31 lines showed relatively consistent

accumulated metabolite patterns (Supplementary Table S5). Four

comparison groups were created and measured in total. The control

group was the non-aged group, and the treatment groups comprised

three artificially aged groups, with aging for 24, 72, and 120 hours.

There were 62 (29 upregulated and 33 downregulated), 94 (49

upregulated and 45 downregulated), 91 (53 upregulated and 38

downregulated), and 135 (111 upregulated and 24 downregulated)

differentially accumulated metabolites (DAMs) in the four

comparison groups, respectively, identified using a VIP score of 1

and an absolute multiple change of 2 (Figure 3).

The KEGG enrichment indicates that the aging process of the

R31 and R80 seeds drastically changed several metabolic pathways.

These pathways included phenylpropanoid biosynthesis, flavonoid

biosynthesis, tryptophan metabolism, diterpenoid biosynthesis,
TABLE 1 Modification of seed germination in R31 and R80 after accelerated aging treatment.

Treatment ID Repetition1 Repetition2 Repetition3
Average

germination rate

CK R31 90.00% 93.33% 100.00% 94.44%

CK R80 93.33% 96.67% 70.00% 86.67%

Aging R31 0.00% 0.00% 0.00% 0.00%

Aging R80 60.00% 63.33% 70.00% 64.44%
The seeds were aged at 95% RH and below 45°C.
frontiersin.org

https://doi.org/10.3389/fpls.2024.1437107
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Li et al. 10.3389/fpls.2024.1437107
fatty acid degradation, fatty acid elongation, linoleic acid

metabolism, biosynthesis of unsaturated fatty acids, alanine,

aspartate, and glutamate metabolism (Figure 4). With the use of

metabolic analysis network technologies, a metabolic network was

created to investigate any possible relationships between these

metabolites. These metabolites are associated with the key nodes

of the network involved in phenylpropanoid biosynthesis, flavonoid

biosynthesis, isoflavonoid biosynthesis, flavone biosynthesis, and

flavonol biosynthesis (Figure 5A). Several cumulative metabolites

(DAMs) were identified, including caffeic acid, coumarin, sinapic

acid, scopoletin, 4-hydroxy-3-methoxycinnamaldehyde, and

isoliquiritigenin (Figures 5A; Supplementary Table S6).

Unexpectedly, during aging stress, phenylpropanoid and

flavonoid levels rose, particularly during dynamic variations in

the concentration of caffeic acid. The results indicated that the

caffeic acid concentration of the R80 seeds exhibited an increasing

tendency and remained greater than that of the R31 seeds with the

extension of artificial aging time (Figure 5B). The experimental data
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mentioned earlier suggest that caffeic acid may be a significant

factor in the functional modulation of seed vigor under aging stress.
3.3 Activities of LOX and
antioxidant enzymes

Reactive oxygen species (ROS) accumulation, ascorbic acid-

glutathione circulatory activity decline, and mitochondrial function

delay all contribute to mitochondrial dysfunction in aged soybean

seeds (Xin et al., 2014). Excess ROS buildup in mitochondria results

in the breakdown of the antioxidant system, which is the cause of

seed degeneration (Kurek et al., 2019). Two soybean cultivars, ‘R80’

and ‘R31,’ were shown to have endogenous H2O2 levels that

increased with age. Notably, R31 seeds did not exhibit aging

res is tance , but had much greater endogenous H2O2

concentrations than R80 seeds. Compared to the sensitive aging

variety R31, the endogenous H2O2 level of age-resistant variety R80
A

B

FIGURE 1

Statistics on the number of differentially expressed genes (DEGs) in seeds under aging stress (A); Venn diagram of changes in differentially expressed
genes (DEGs) in R31 and R80 seeds under aging stress (B).
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decreased by 5.28, 47.78, and 33.09% after rapid artificial aging for

24, 72, and 120 hours, respectively. In contrast, the endogenous

POD level of the aging-tolerant variety R80 increased by 55.56,

19.92, and 12.93% after rapid artificial aging for 24, 72, and 120

hours, respectively, compared to the sensitive aging variety R31.

Enzymes play crucial roles in the growth and development of plant

life. The LOX family of enzymes is one of the most important.
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During seed storage, LOX can catalyze the oxidation of unsaturated

fatty acids and produce hydroperoxide, which reduces the vigor and

nutritional quality of seeds (Viswanath et al., 2020). Seed vigor,

antioxidant enzymes, and LOX activities, along with corresponding

gene expression, were evaluated after aging to gather more insight

into the possible mechanisms behind seed deterioration and to

validate the idea that LOX activity might be a new sensitive signal
TABLE 2 List of DEGs involved in phenylpropanoid metabolism pathway during aging of R31 and R80 seeds.

Gene_name R31 0 h versus
R80 0 h

R31 24 h versus
R80 24 h

R31 72 h versus
R80 72 h

R31 72 h versus
R80 72 h

KEGG_pathway_annotation

Glyma.19G254600 Down Normal Down Down Flavonoid biosynthesis

Glyma.08G247100 Up Up Up Up Isoflavonoid biosynthesis; flavone and
flavonol biosynthesis

Glyma.01G228700 Normal Normal Up Normal Flavonoid biosynthesis; circadian
rhythm—plant

Glyma.11G011500 Normal Normal Up Normal Flavonoid biosynthesis; circadian
rhythm—plant
FIGURE 2

KEGG pathway changes in aged seeds of R31 and R80.
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for predicting seed aging during storage. According to the findings,

under artificially generated aging stress, the R80 seeds showed

reduced LOX activity compared with the R31 seeds (Figure 6A).

Moreover, the R80 seeds had lower levels of LOX gene expression

than the R31 seeds (Figure 7A). LOX activity suppression research

is required to comprehend how soybean seeds age and to find a way

to postpone seed aging and extend seed life. Furthermore, LOX

activity was considerably inhibited by a few phenolic substances,

with caffeic acid being the most potent inhibitor (approximately

57% of inhibition) (Szymanowska et al., 2009). Additionally, by

soaking R31 and R80 in 1 mM caffeic acid for 6 hours and artificially

aging them for 24 hours, the germination rates of these seeds were
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raised. These results showed that LOX promoted the aging of

soybean seeds and that reducing LOX activity preserved the

vitality and viability of aging seeds.
3.4 qRT-PCR verified the accuracy of RNA-
seq in detecting the gene expression level

In this work, the accuracy of transcriptome data in determining

gene expression levels was confirmed using qRT-PCR. Four genes

encoding DEGs and five genes encoding LOX were chosen at

random. The findings demonstrated that the transcriptome data
FIGURE 4

KEGG analysis of differentially accumulated metabolites (DAMs) in R31 and R80 seeds under aging stress.
FIGURE 3

Statistics on the quantity of differentially accumulated metabolites for seeds under aging stress.
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of these chosen genes were highly consistent with the qRT-PCR

results (Figure 7A) and that the qRT-PCR results and the relative

expression level of log 10(FPKM) of nine genes obtained by RNA-

seq exhibited a nearly linear correlation (Figure 7B).
4 Discussion

Seeds are essential for crop growth, human nutrition, and food

security. The primary elements influencing crop seed function are

the intricate features of seed vigor. Successful planting is critical to

crop productivity and resource efficiency. The strength, regularity,

and speed at which seeds germinate and generate seedlings under a

variety of environmental conditions are determined by their vigor

(Finch-Savage and Bassel, 2015). A chemical fingerprint, or

signature of an organism’s or sample’s metabolic condition at a
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particular moment in time, can be obtained through metabolomic

analysis. The metabolites to be examined may be the end or

intermediate products of plant metabolic pathways, or they may

arise due to environmental influences from the outside world (Shen

et al., 2022). Extreme flexibility in phenylpropanoid metabolism can

result in a large variety of products that function in plant growth

and interactions with the environment in response to various

developmental stages and constantly shifting environmental

variables (Yuan and Grotewold, 2020). Seed permeability and

resistance to mechanical damage are correlated with the lignin

concentration of the soybean seed coat (Capeleti et al., 2005).

The seed coat is a type of composite structure that may be used

as a conduit for nourishment obtained from growing embryos. The

seed coat offers the embryos shelter and protection once the seeds

have dried and matured. It can also apply dormancy or cause

germination by regulating water absorption. The qualities of the
A

B

FIGURE 5

Venn diagram of the changes of differentially accumulated metabolites (DAMs) related to phenylpropanoid metabolism pathway in R31 and R80
seeds under aging stress (A); Compared with R31, the increasing proportion of different accumulated metabolites in R80 changed with aging
time (B).
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seeds as a whole and the usefulness of their derivatives will be

influenced by the features established by the seed coat for crops

such as soybean. Recently, fascinating instances of atypical genetic

pathways regulating seed coat breaking, gloss, and color have been

identified in soybean (Qutob et al., 2008). Plant physiology depends

on a large class of secondary plant metabolites generated from

phenylalanine. Seed coats contain phenolic chemicals that make the
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seed harder and prevent microbial development. The seed coat

shields the seed from electrolyte leaks and hydration stress during

germination (Mohamed-Yasseen et al., 1994). In the current

investigation, we found that the seed vigor of line R80 was

superior to that of line R31 under the stress of aging (Table 1).

Natural phenolic compounds include phenylpropanoids. They are a

broad group of phenylalanine-derived secondary plant metabolites
A

B

C

FIGURE 6

Lipoxygenase (LOX) activity of R31 and R80 seeds during aging stress (A); inhibition of LOX activity increased the vigor of R31 and R80 seeds under
artificial aging stress (seed number n = 30) (B); and seed aging increased the contents of endogenous H2O2 and POD in R31 and R80 seeds (C).
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that are essential to plant physiology (Dong and Lin, 2021). These

substances serve as crucial cell wall building blocks, shielding plants

from a variety of biotic and abiotic environmental stressors

(Treutter, 2006; Vogt, 2010; Kiani et al., 2021). Integrating the

data from transcriptome and metabolome analyses showed that the

DAMs and DEGs of the four comparison groups (R80-0 h versus

R31-0 h, R31-24 h versus R80-24 h, R31-72 h versus R80 72 h, and

R31-120 h versus R80-120 h) were mapped to the KEGG database.

Phenylpropanoid, flavonoids, isoflavones, flavonoids, and flavonols
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were among the co-mapped pathways. Particularly those connected

to the metabolite of seed coat known as caffeic acid were responsible

for the difference between R31 and R80 response to aging stress

(Figures 2, 4).

Seeds have evolved extraordinarily effective repair systems,

including enzymatic antioxidant systems, to achieve homeostasis

of H2O2 production (Xia et al., 2015). During lipid peroxidation in

the seeds of rice (Oryza sativa L.) and soybean (Glycine max (L.)

Merr.), LOX (LOX, EC1.13.11.12) plays a significant role (Lima
A

B

FIGURE 7

qRT-PCR verified the accuracy of RNA-seq in detecting gene expression levels. Heatmap of RNA-seq and RT-PCR gene expression levels for the
randomly selected DEGs. (A); Correlation analysis of RNA-seq and RT-PCR gene expression levels for the randomly selected DEGs (B).
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et al., 2010; Xu et al., 2015). When artificially generated aging stress

was applied to the R80 seeds, LOX activity was lower than that in

the R31 seeds (Figure 6A). Both internal metabolic processes and

external stimuli cause the generation of ROS, including superoxide

anion radicals, hydrogen peroxide, and hydroxyl radicals, in all

cells. Nonetheless, by activating several antioxidant mechanisms,

cells are often able to lower the oxidative potential of ROS. Several

substances, including caffeic acid and its derivatives, have been

shown to possess antioxidant qualities (Nardini et al., 2001). In

artificially aged soybean seeds, LOX activity was inhibited by the

application of caffeic acid. Additionally, the viability of the R80 and

R31 seeds improved dramatically after 24 hours of artificial aging,

suggesting that caffeic acid may strengthen the seeds’ resistance to

storage (Figure 6B). In contrast to the sensitive aging variety R31,

the aging-tolerant variety R80 demonstrated that after rapid

artificial aging for 24, 72, and 120 hours, the endogenous levels of

H2O2 fell by 5.28, 47.78, and 33.09%, respectively (Figure 6C).

In plant research, there has been a great deal of interest in the

detection and characterization of differential gene expression from

tissues exposed to stress. The likelihood of advancing crop

improvement by direct genetic modification increases with the

identification of components involved in the response to a certain

stress (Dunwell et al., 2001). Previous work discovered a novel

WRKY transcription factor, OsWRKY29, that adversely controls

rice seed dormancy. OsWRKY29 overexpression decreased seed

dormancy, whereas its knockout and RNA interference increased

it (Zhou et al., 2020). For instance, transcription factors such as

WRKY3 and NFLX1, which are involved in plant defense, also have

an influence on seed survival by controlling the permeability of the

seed coat (Debeaujon et al., 2000). This study’s findings

demonstrated that under normal conditions, the expression level

of the WRKY (Glyma.08G142400) transcription factor in R80 was

much lower than that of R31. Thus, we concluded that R80

exhibited low WRKY expression (Figure 7A), which helped R80

seeds become dormant and avoid the negative effects of aging stress.

As a consequence of inter-cultivar vigor fluctuations and

artificial aging, we discovered numerous potential metabolites and

related DEGs by the interactive comparison of transcriptomic and

metabolomic data. The genetic and metabolic underpinnings of

inter-cultivar vigor variations and artificial soybean seed aging are

better understood because of this research.
5 Conclusion

Maintaining genetic variety and germplasm resources has

become a major concern for breeders to achieve seed quality and

germplasm preservation. This study compared and examined the

transcription and metabolic data of two soybean lines treated with

aging stress: R31 (aging sensitive) and R80 (aging tolerant). Four

sets of artificial aging treatments—0, 24, 72, and 120 hours—with

varying durations were performed. There were differences in the

DEGs and differentially accumulated metabolites between the two

soybean lines aged for different durations. The ability of soybean

seeds to withstand the effects of age has been revealed to be mostly

regulated by the phenylpropanoid metabolic pathway, particularly
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caffeic acid. Longer aging treatment periods produced higher levels

of caffeic acid, and this buildup enhanced the seed’s anti-aging

ability by blocking LOX activity. Moreover, the germination rates of

the R31 and R80 seeds were increased by immersing them in 1 mM

caffeic acid for 6 hours and artificially aging them for 24 hours.

Overall, this study indicates that the detrimental effects of seed

aging stress may be somewhat mitigated and that seed vitality can

be improved by the accumulation of metabolites, specifically caffeic

acid, in the soybean phenylpropanoid acid metabolic pathway. The

results of this study offer a theoretical framework for further

investigations into the mechanism of soybean seed aging.
Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and accession

number(s) can be found below: https://www.ncbi.nlm.nih.gov/,

PRJNA1112530.
Author contributions

GL: Writing – original draft, Visualization. JX: Writing –

original draft, Data curation. WZ: Funding acquisition, Resources,

Writing – review & editing. FM: Writing – review & editing,

Investigation. MY: Validation, Writing – review & editing. X-HF:

Formal analysis, Writing – review & editing. XS: Investigation,

Writing – review & editing. YHZ: Validation, Writing – review &

editing. YFZ: Resources, Writing – review & editing. MW:

Resources, Writing – review & editing. QC: Funding acquisition,

Writing – review & editing. SW: Funding acquisition, Writing –

review & editing. HJ: Funding acquisition, Writing – review

& editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. Financial

support was received from the National Science Foundation of

China (U21A20215) and the China Agriculture Research System of

MOF and MARA (CARS-04-PS08 and CARS-04-PS15).
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.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated
frontiersin.org

https://www.ncbi.nlm.nih.gov/
https://doi.org/10.3389/fpls.2024.1437107
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Li et al. 10.3389/fpls.2024.1437107
organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1437107/

full#supplementary-material

SUPPLEMENTARY TABLE 1

Germination rate of 213 CSSL soybean populations during a standard
germination test and after a 96-hour artificial accelerated aging test.
Frontiers in Plant Science 1285
SUPPLEMENTARY TABLE 2

Gene primer sequences used in qRT-PCR.

SUPPLEMENTARY TABLE 3

Correlation matrix analyses of gene expressions among biological replicates
of different samples from different artificial aging conditions between the R80

and the R31 lines.

SUPPLEMENTARY TABLE 4

Differentially expressed genes of the four comparison groups.

SUPPLEMENTARY TABLE 5

Correlation matrix analyses of accumulated metabolites among biological
replicates of different samples from different artificial aging conditions

between the R80 and the R31 lines.

SUPPLEMENTARY TABLE 6

Differentially accumulated metabolites of the four comparison groups.
References
Capeleti, I., Bonini, E. A., Ferrarese, M. L. L., Teixeira, A. C. N., Krzyzanowski, F. C.,
and Ferrarese-Filho, O. (2005). Lignin content and peroxidase activity in soybean seed
coat susceptible and resistant to mechanical damage. Acta Physiol. Plant 27, 103–108.
doi: 10.1007/s11738-005-0042-2

Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). fastp: an ultra-fast all-in-one FASTQ
preprocessor. Bioinformatics. 34, i884–i890. doi: 10.1093/bioinformatics/bty560
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Genome-wide identification and
functional analysis of mRNA m6A
writers in soybean under
abiotic stress
Peng Liu1†, Huijie Liu1†, Jie Zhao1†, Tengfeng Yang1,
Sichao Guo1, Luo Chang1, Tianyun Xiao1, Anjie Xu1, Xiaoye Liu2,
Changhua Zhu1, Lijun Gan1 and Mingjia Chen1*

1College of Life Sciences, Nanjing Agricultural University, Nanjing, China, 2Department of Criminal
Science and Technology, Nanjing Police University, Nanjing, China
N6-methyladenosine (m6A), a well-characterized RNAmodification, is involved in

regulating multiple biological processes; however, genome-wide identification

and functional characterization of the m6A modification in legume plants,

including soybean (Glycine max (L.) Merr.), remains lacking. In this study, we

utilized bioinformatics tools to perform comprehensive analyses of molecular

writer candidates associated with the RNA m6A modification in soybean,

characterizing their conserved domains, motifs, gene structures, promoters,

and spatial expression patterns. Thirteen m6A writer complex genes in soybean

were identified, which were assigned to four families: MT-A70, WTAP, VIR, and

HAKAI. It also can be identified that multiple cis elements in the promoters of

these genes, which were classified into five distinct groups, including elements

responsive to light, phytohormone regulation, environmental stress,

development, and others, suggesting that these genes may modulate various

cellular and physiological processes in plants. Importantly, the enzymatic

activities of two identified m6A writers, GmMTA1 and GmMTA2, were

confirmed in vitro. Furthermore, we analyzed the expression patterns of the

GmMTAs and GmMTBs under different abiotic stresses, revealing their potential

involvement in stress tolerance, especially in the response to alkalinity or

darkness. Overexpressing GmMTA2 and GmMTB1 in soybean altered the

tolerance of the plants to alkalinity and long-term darkness, further confirming

their effect on the stress response. Collectively, our findings identified the RNA

m6A writer candidates in leguminous plants and highlighted the potential roles of

GmMTAs and GmMTBs in the response to abiotic stress in soybean.
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m6A, soybean, RNA methylation, abiotic stress, MTA, MTB
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Introduction

Over 150 distinct chemical modifications of eukaryotic RNA

molecules have been identified, including methylation, acetylation,

and glycosylation (Delaunay et al., 2023). Many exist in noncoding

RNAs, particularly transfer RNAs and ribosomal RNAs. Massage

RNA (mRNA) can also carry several base modifications, such as N6-

methyladenosine (m6A), N1-methyladenosine, 5-methylcytidine,

N4-acetylcytidine, N7-methylguanosine, and pseudouridine (Frye

et al., 2016, 2018). These chemical modifications influence gene

expression by regulating the structure, splicing, transport, stability,

and translation efficiency of the target transcripts (Roundtree et al.,

2017). Of all known modifications, m6A is the most abundant in

mRNA (Jia et al., 2013). It is installed by a “writer” protein complex

and dynamically removed by “eraser” proteins in the nucleus (Shi

et al., 2019). Often, “reader” proteins are responsible for decoding

the m6A signature (Han et al., 2021).

In plants, m6A modifications in mRNA are decorated by a

methyltransferase complex comprising MRNA ADENOSINE

METHYLASE A (MTA ; t h e o r t h o l o g o f h uman

METHYLTRANSFERASE-LIKE 3 (METTL3), MRNA ADENOSINE

METHYLASE B (MTB; the ortholog of human METTL14), FKBP12

INTERACTING PROTEIN 37 kDa (FIP37), VIRILIZER (VIR), and

the E3 ubiquitin ligase HAKAI (Zhong et al., 2008; Shen et al., 2016).

Mutations of MTA, MTB, FIP37, or VIR in Arabidopsis (Arabidopsis

thaliana (L.) Heynh.) are embryo-lethal, indicating that m6A RNA

modifications are essential for plant development (Vespa et al., 2004;

Zhong et al., 2008; Shen et al., 2016; Růžička et al., 2017). The absence

of HAKAI decreases the abundance of m6Amodifications but does not

result in obvious growth defects (Růžička et al., 2017). In cotton

(Gossypium hirsutum (L.)), m6A modifications enhance the stability

of GhMYB44 mRNA, contributing to fiber elongation and secondary

cell wall thickening (Xing et al., 2023). m6A modifications in plants are

also involved in the stress response. In Arabidopsis, transcripts

involved in the salt and osmotic stress responses showed an

increased abundance of m6A modifications when the plants were

grown under high salinity (Anderson et al., 2018). In apple (Malus

domestica (Suckow) Borkh.), MdMTA-mediated m6A modifications

improved drought tolerance by promoting the mRNA stability and

translation efficiency of genes associated with lignin deposition and

oxidative stress (Hou et al., 2022). The overexpression of the m6A

readerMalus hupehensisYTH-domain family protein 2 (MhYTP2) can

elevate the mRNA stability of its target M. domestica allantoinase-like

gene (MdALN) in apple (Guo et al., 2023). Together, this evidence

highlights the significant roles of m6A modifications in developmental

regulation and stress tolerance in plants.

Soybean (Glycine max (L.) Merr.) is an economically

important leguminous crop, as it contributes a huge proportion

of the total global oilseed and biodiesel and provides vital protein

and oil sources for human food and animal fodder (Qi and Lee,

2014; Kim et al., 2017). Soybean cultivation faces challenges from

abiotic stresses, such as high or low temperatures and soil salinity

or alkalinity. Over the course of its long evolutionary history,

soybean has developed intricate strategies to withstand abiotic

stresses, which involve modifications across multiple dimensions,
Frontiers in Plant Science 0288
including its metabolism, physiology, and transcriptome (Feng

et al., 2021; Sheikh et al., 2024). One such abiotic stress, soil

salinity, causes ion toxicity and osmotic stress, and thus induces

the generation of reactive oxygen species (ROS) (van Zelm et al.,

2020). Enzymatic antioxidants, such as superoxide dismutase

(SOD), peroxidase (POD), and catalase (CAT), can remove ROS

to reduce oxidative stress and protect plants from damage (Wang

et al., 2016a; Fu et al., 2017). Additionally, ion channel proteins

play a crucial role in the response to salt stress; for instance, Na+/

H+ ANTIPORTER 1 (GmNHX1) sequesters Na+ into the vacuole,

thereby reducing its level in the cytoplasm (Yang et al., 2017).

Similarly, CATION/PROTON EXCHANGER 1 (GmCHX1)

facilitates the exclusion of Na+ from leaf tissues, mitigating the

toxic effects associated with excessive salt accumulation (Qu et al.,

2022). Moreover, stress-inducible transcription factors (TFs),

including NACs, bZIPs, MYBs, and WRKYs (Katiyar et al.,

2012; Ji et al., 2013; Zhu et al., 2014; Phukan et al., 2016; Lim

et al., 2022), enhance plant stress tolerance by regulating the

expression of target genes during the stress response. Gene

expression is also modulated by epigenetic modifications,

including m6A, which play important roles in plant responses to

abiotic stress; however, studies on the involvement of m6A in the

soybean response to abiotic stress are limited, and the key

components involved have yet to be identified.

In this study, we employed genome-wide analyses to identify

the m6A writer proteins in soybean and analyzed the gene structure

and evolutionary aspects of each family member. We particularly

focused on elucidating the expression patterns and subcellular

localization of the core members of the m6A writer complex, the

GmMTAs and GmMTBs, which were determined to be involved in

abiotic stress responses. Our study provides a foundation for further

exploring the function of the m6A modification in soybean.
Materials and methods

Plant materials and stress treatments

Soybean (Glycine max, Williams 82) seeds were sterilized using

chlorine and then planted on moist vermiculite. The plants were

cultivated in a growth chamber under long-day conditions (16 h

light of 100 mmol m-2 s-1 intensity provided by white LED lamps at

25°C and 8 h dark at 23°C, 70% relative humidity). 15-day-old

seedlings were used for the different abiotic stress treatment. For the

cold or heat treatments, seedlings were grown at 8°C or 42°C for 24

h, respectively. For the drought stress treatment, soybean seedlings

were transferred to Hoagland liquid culture containing 20%

polyethylene glycol (PEG) and incubated for 1 day. For the

salinity or alkalinity stress treatments, soybean plants were grown

in Hoagland liquid culture containing 150 mM NaCl or 100 mM

NaHCO3, respectively, for 1 day. For the darkness treatment,

soybean seedlings were grown in Hoagland liquid culture under

the dark condition for 3 days. Following these abiotic stress

treatments, the leave and roots samples were collected separately

and frozen at -80°C for subsequent experiments.
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Soybean leaf transient transformation

To generate transgenic soybean lines overexpressing GmMTA2

or GmMTB1, a modified soybean transient transformation was

utilized based on a previously study (Wang et al., 2023a). In brief,

the transformed Agrobacterium cells were incubated with

infiltration buffer (OD600 = 1) containing 10 mM MES (pH 5.6)

and 200 mM acetosyringone (Sigma) and infiltrated into the lower

epidermis of the leaves from 7-day-old soybean seedlings by

employing a vacuum pump until the leaves were thoroughly

wetted. Following a recovery period of one day under the

continuous darkness, the transformed soybean seedlings were

transferred to the normal growth condition for another five days

before being subjected to the stress treatment. For alkalinity

treatment, the seedlings were grown in Hoagland liquid culture

containing 100 mMNaHCO3 for 36 hours. Histochemical detection

of hydrogen peroxide (H2O2) and superoxide anion (O2.-) and the

enzymatic activity measurement of CAT, POD, and SOD from the

infiltrated leaves were performed according to previous studies

(Cheng et al., 2019; Pi et al., 2023). For darkness treatment, the

seedlings were grown under the continuous darkness for 10 days.

Chlorophyll content of soybean leaves from each sample was

measured according to a previous description (Li et al., 2024).
RNA extraction, cloning, and quantitative
RT-PCR analyses

Total RNA was isolated from 15-day-old soybean leaves and

cDNA was prepared according to previous studies (Anderson et al.,

2018; Gao et al., 2023; Wang et al., 2023b). The following primers

were used for cloning: for GmMTA1 (Glyma.07G067100), Cp994

and Cp995; for GmMTA2 (Glyma.16G033100), Cp1293 and

Cp1294, for GmMTB1 (Glyma.10G232300), Cp988 and Cp989;

for GmMTB2 (Glyma.20G161800), Cp1291 and Cp1292

(Supplementary Table S3). GmMTA1, GmMTA2, GmMTB1, and

GmMTB2 were cloned into pBA002-flag-HA-StrepII (VN21) and

pXCS-YFP (V36) (Chen and Witte, 2020), respectively, for the

protein purification and subcellular localization analysis. The VN21

was generated by introducing a 135-bp fragment encoding the flag-

HA-StrepII tag using the primer pair Cp795/Cp796 into pBA002

vector (Kost et al., 2008).

To analyze mRNA abundance, reverse transcription

quantitative PCR (RT-qPCR) was performed with QuantStudio 1

(Thermo Fisher Scientific) using Hieff qPCR SYBR Green Master

Mix (Yeasen Biotechnology) according to the previous description

(Wang et al., 2023b). Total RNA from each sample was isolated

using the RNA isolater Total RNA Extraction Reagent (Vazyme

Biotech Co., Ltd). The quantity and concentration of the resulted

RNA were evaluated using a Thermo Scientific NanoDrop™

spectrophotometer. A total of 800 ng of RNA was used to

synthesize the first-strand cDNA using an Oligo (dt) primer.

Transcript abundance of GmMTA1, GmMTA2, GmMTB1, and

GmMTB2 was analyzed by employing the primer pairs Cp633/

Cp634 or Cp631/Cp632, Cp637/Cp638, and Cp635/Cp636,
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respectively. GmF-BOX (Glyma.12G051100) was amplified with

the primer pairs Cp363/Cp364 as an internal reference gene in

mRNA. The calculation was based on the 2−DDCT method (Livak

and Schmittgen, 2001). All primer sequences are detailed in

Supplementary Table S3.
Phylogenetic and characteristics analyses
of the components m6A writer proteins
in soybean

The protein sequences of Arabidopsis m6A writers were

obtained from the TAIR database (https://www.arabidopsis.org)

and used as reference sequences. Subsequently, the m6A writer

protein sequences from Glycine max, Glycine soja, Phaseolus

vulgaris, Medicago truncatula, and Lotus japonicus were identified

by using the BlastP method from Phytozome database (https://

phytozome-next.jgi.doe.gov). Multiple sequence alignment was

performed with the ClustalW method (Larkin et al., 2007). To

compare evolutionary relationships, the m6A writer protein

sequences from A. thaliana, G. max, G. soja, P. vulgaris, M.

truncatula , and L. japonicus were used to construct a

phylogenetic tree using MEGA11 (Tamura et al., 2021) with the

Neighbor-Joining (NJ) method and 1000 bootstrap replications.

Thereafter, the phylogenetic tree was visualized using ChiPlot

(https://www.chiplot.online/) (Xie et al., 2023).
Analyses of gene structure, conserved
motifs, collinearity relationship, and cis-
elements analyses of the m6A writer genes

Gene structures were visualized using the TBtools software with

GFF files provided as input. Conserved motifs within the m6A

writer protein sequences were analyzed using the MEME online tool

(https://meme-suite.org/meme/tools/meme). The parameters were

set as following: the site distribution was designated as ‘any number

of repetitions’ (anr), the number of motifs was specified as 10, and

all other optional parameters were kept at their default settings.

Results of the conserved domains were visualized by using TBtools.

To investigate the collinearity relationships among m6A writer

genes in G. max, the One Step MCScanX-Super Fast program

integrated into TBtools was employed. For cis-elements analysis,

2000-bp region upstream of the start codons of m6A writer genes

were obtained from the Phytozome database. Subsequently, the

promoter sequences were submitted to the PlantCARE database

(https://bioinformatics.psb.ugent.be/webtools/plantcare/html/).

Prediction from the PlantCARE database were visualized using

TBtools (Chen et al., 2020).
Tissue-specific expression of the m6A
writer proteins in soybean

To analyze the tissue-specific expression of m6A writer proteins,

transcriptome sequencing data were obtained from the SoyOmics
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database (Liu et al., 2023) for various soybean tissues, including

cotyledon, stem, leaf bud, leaf, flower, seed, shoot, and root. These

data were graphically represented and visualized using the ChiPlot.
Subcellular localization

GmMTAs-eYFP or GmMTBs-eYFP was transiently co-

expressed with the nucleus marker protein RFP-H2B (RFP fused

to histone 2B) (Martin et al., 2009) in Nicotiana benthamiana leaves

for 5 days. The samples were analyzed using a ZEISS LSM 980 with

Airyscan2 microscope equipped with an HC PLAPO CS2 40 × 1.0

water immersion objective (ZEISS Microsystems) according to the

previous description (Wang et al., 2023b).
Protein purification and enzymatic
activity measurement

Recombinant soybean GmMTA1 and GmMTA2 were affinity

purified after transient expression in N. benthamiana as described

before (Chen et al., 2016; Baccolini and Witte, 2019). Purified

protein was quantified by employing the Bradford reagent from

Tiangen with bovine serum albumin (BSA) as the standard.

To assess the enzymatic activity, 0.15 nmol of recombinant

GmMTA1 or GmMTA2 was incubated with a 50 µl substrate

solution, containing 0.8mM S-adenosylmethionine (SAM; Sigma),

0.15 nmol RNA probe (UACACUCGAUCUGGACUAAAGC

UGCUC, synthesized by Genscript), 80mM KCl, 1.5mM MgCl2,

0.2 U ml−1 RNasin, 10mM dithiothreitol (DTT), 4% glycerol and

15mM HEPES (pH 7.9), at 28°C for 1 h. Then the reaction was

terminated by incubating at 95°C for 15min. The resulting RNA

product (800 ng) were fully digested into single nucleosides in a 50ml
reaction buffer containing 10 mM Tris–HCl, pH 7.9, 1 mM MgCl2,

0.1 mg mL−1 BSA, 0.4 units benzonase (Sigma-Aldrich), 0.004 units

phosphodiesterase I (Sigma-Aldrich) and 0.04 units shrimp alkaline

phosphatase (NEB) according to previous description with minor

revision (Chen et al., 2018; Chen and Witte, 2020; Gao et al., 2023;

Wang et al., 2023b). After incubation at 37°C for 10 h, enzyme

reaction was terminated and the sample was filtered by an

ultrafiltration tube (3 kDa cutoff; Pall). 2ml aliquots were analyzed

by an Agilent 1290 HPLC system coupled with a Sciex 6500 Qtrap

mass spectrometer. The following mass transitions were monitored:

m/z 268.1 to 136 (A, adenosine); m/z 282.12 to 150 (m6A, N6-

methyladenosine). Standard solutions of A: 1, 5, 25 50, 100, 200, 400,

2000 and 10 000 ng/ml; m6A: 0.1, 0.5, 2.5, 5, 10, 20, 40, 200, and 1000

ng/ml were used for quantification. The ratio of m6A to A were

calculated based on the calibrated concentrations.
Statistics

Statistical analysis was performed by GraphPad Prism 9.5.1

software. Statistical methods and sample sizes are shown in the figure

legends. All replicates are biological replicates or experimental replicates.
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Results

Genome-wide identification and
evolutionary analysis of mRNA m6A writer
genes in legume plants

To identify the m6A writer candidate genes in legume plants, we

used the sequences of the known writer proteins MTA, MTB, MTC,

FIP37, VIR, and HAKAI from the model plant Arabidopsis as

queries in BLASTp searches against the genomes of soybean (G.

max), wild soybean (G. soja Siebold & Zucc.), common bean

(Phaseolus vulgaris L.), Medicago truncatula Gaertn., and Lotus

japonicus (Regel) K. Larsen in the Phytozome V13 database (https://

phytozome-next.jgi.doe.gov/blast-search). We identified thirteen

candidate m6A writer homologs in G. max, thirteen in G. soja, six

in P. vulgaris, eight in M. truncatula, and six in L. japonicus

(Figure 1; Supplementary Table S1). All identified proteins were

divided into four families (MT-A70, WTAP, VIR, and HAKAI)

according to their topological structure. At least one homolog for

each family was identified in each of the plant species, with the MT-

A70 family representing the most identified (22 candidates in total)

and the least identified for the VIR family (eight in total). Among

the five analyzed legumes, the G. max and G. soja genomes

contained the highest number of m6A writer candidate genes

(Supplementary Table S1). In G. max, five candidate genes were

identified in the MT-A70 family, including Glyma.14G077000,

Glyma.10G232300, Glyma.20G161800, Glyma.07G067100, and

Glyma.16G033100. Four candidate genes were identified for the

WTAP family, and two each were revealed for the VIR or HAKAI

families (Figure 1; Table 1). The members of each writer protein

family were named sequentially according to their order on the

chromosomes (Table 1).

We identified similar characteristics in the candidate proteins

from each family in G. max. The lengths of the MT-A70 family

candidate proteins ranged from 428 to 1102 amino acids. The

predicted molecular weights were 48.88 to 121.73 kDa, with

theoretical isoelectric points (pIs) in the range of 5.95 to 7.14.

The two VIR family candidates had the longest sequences, which

were 2230 and 2174 aa with molecular weights of 246.01 and 239.33

kDa and pIs of 5.36 and 5.35. The HAKAI and WTAP candidates

were shorter, ranging from 439 to 440 aa and 343 to 354 aa,

respectively. Their molecular weights ranged from 47.89 to 47.94

kDa (HAKAI family) and 38.34 to 40.34 kDa (WTAP family), and

their pIs were 6.15 to 6.2 and 5.04 to 5.75, respectively.
Conserved motifs and gene exon–intron
structures of the mRNA m6A writer genes

We constructed a phylogenetic tree using the Neighbor-Joining

method to reconstruct the evolutionary relationships among all writer

candidates from G. max (Figure 2). The result was consistent with

that of the phylogenetic analysis constructed using the proteins from

all five legume plants and Arabidopsis (Figure 1). We employed a

motif analysis using the MEME program to identify the conserved
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motifs present within the m6A writer candidates in G. max. In total,

10 distinct and highly conserved motifs were predicted (Figure 2A;

Supplementary Table S2). Each candidate protein contained 2–6

motifs except GmMTC (Figure 2A), hinting that most are likely

m6A writer proteins. Motif 4, motif 7, and motif 10 were common to

many members, suggesting that they may be important for

methyltransferase activity. Additionally, motif 1, motif 2, and motif

3 were unique to the WTAP/FIP37 subfamily, while motif 5 and

motif 8 exclusively existed in the MT-A70 subfamily. The

homologous proteins of each family share identical conserved

motifs, suggesting they may be functionally redundant.

We analyzed the exon–intron distribution to investigate the

genetic structural diversity. Notably, m6A writer candidates from

each subfamily had a similar exon–intron pattern, although across

all writer candidates the exon number varied substantially, from 3

to 28. The two GmVIRs had the most exons (27 and 28 exons),

while two GmHAKAIs had three exons each. Seven and six exons,

respectively, were identified in the core methyltransferase genes,

GmMTAs and GmMTBs. Generally, closely related candidate
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writers tended to have similar conserved motifs (Figure 2A) and

exon–intron structure patterns (Figure 2B), suggesting their relative

conservation during the evolutionary process and thereby

substantiating the accuracy of the clustering analysis presented

in Figure 1.
Chromosomal distribution of mRNA m6A
writer genes

We investigated the chromosomal distribution of the m6A

writer genes in soybean and identified associated gene duplication

events. In total, 13 genes were randomly distributed on 11 of the 20

chromosomes of G. max (Figure 3). Chromosomes 7 and 10 each

possess two m6A writer genes, whereas chromosomes 2, 4, 5, 6, 14,

16, 17, 18, and 20 each contain one such gene. Different gene

replication events, such as tandem duplication and fragment

duplication, occur in plant genomes, resulting in the expansion of

gene families (Cannon et al., 2004). The collinearity analysis
FIGURE 1

Phylogenetic analysis of m6A writer proteins in Arabidopsis thaliana, Glycine max, Glycine soja, Phaseolus vulgaris, Medicago truncatula, and Lotus
japonicus. The phylogenetic tree was constructed using MEGA11 software with the Neighbor-Joining algorithm and 1,000 bootstrap replicates.
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revealed no tandem duplication between the m6A writer genes;

however, nine pairs arising from fragment duplications (GmMTA1/

GmMTA2, GmMTB1/GmMTB2, GmMTC/Glyma.17G248801,

GmVIR1/GmVIR2 , GmHAKAI1/GmHAKAI2 , GmFIP37a/

GmFIP37b, GmFIP37b/GmFIP37c, GmFIP37c/GmFIP37d, and

GmFIP37a/GmFIP37d) were observed, showing that members

from each m6A writer family originated from gene duplication

in soybean. A duplication partner from one such pair,

Glyma.17G248801, is an uncharacterized gene without an MT-

A70 domain, suggesting that it possesses an unknown function

other than m6A methyltransferase activity.
Spatial expression patterns and subcellular
localization of the mRNA m6A writer genes
and proteins

Employing the publicly available data from the SoyOmics

website (https://ngdc.cncb.ac.cn/soyomics/index), we examined

the expression profiles of all m6A writer genes across various

tissues from G. max, including the cotyledon, stem, leaf bud, leaf,

flower, pod_seed (pod plus seed), pod, seed, shoot meristem, and

root. Our analyses revealed distinct expression patterns among

these genes across different tissue types (Supplementary Figure

S1). Notably, we observed a pronounced upregulation of the

expression of m6A writer genes in the leaf bud, flower, and shoot,

indicating their potential involvement in orchestrating floral

development. By contrast, we were surprised to discover relatively

low expression levels of these genes in the leaves.

Furthermore, we used WoLF PSORT (https://wolfpsort.hgc.jp/)

to predict the subcellular localization of all members, which were all

predicted to be localized in the nucleus (Table 1). To test this
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prediction, we fused the full-length amino acid sequences of the

four core members, GmMTA1, GmMTA2, GmMTB1, and

GmMTB2, with a C-terminal yellow fluorescent protein (YFP) tag

each and then independently transiently co-expressed them with

the nucleus marker (H2B) fused with mCherry (RFP) in N.

benthamiana leaves. The results showed that all four proteins

were indeed localized to the nucleus (Figure 4), which is

consistent with the prediction.
Methyltransferase activity analysis of
the GmMTAs

In mammals, an MTase complex comprising METTL3 and

METTL14 efficiently catalyzes the transfer of a methyl group

to m6A on RNA. METTL3 primarily functions as the catalytic

core, while METTL14 acts as an RNA-binding platform (Wang

et al., 2016b). To investigate the enzymatic activities of

GmMTAs, which are the homologs of mammalian METTL3 in

soybean, we independently expressed GmMTA1 and GmMTA2

recombinantly in N. benthamiana and performed methylation

assays with the purified proteins using an unmodified

RNA probe and SAM as the methyl donor (Figure 5A).

Subsequently, the RNA product was digested into nucleosides

and the abundance of m6A was analyzed using liquid

chromatography–tandem mass spectrometry (LC-MS/MS).

Remarkably, our findings revealed a significant increase in

m6A levels upon adding GmMTA1 or GmMTA2 proteins

compared with the control. These experimental results strongly

support our hypothesis that GmMTA1 and GmMTA2 possess

similar methyltransferase activities, indicating their ability to

catalyze mRNA m6A modifications (Figure 5).
TABLE 1 Characteristics of predicted m6A writer candidate genes in Glycine max.

Family Gene name
Gene
ID

(Phytozome)

Amino
acid

length

Isoelectric
point

Molecular
weight
(kDa)

Subcellular
localization
prediction

Orthologous
gene ID in
A. thaliana

MT-A70

GmMTA1 Glyma.07G067100 762 6.22 84.61 nucleus
AT4G10760

GmMTA2 Glyma.16G033100 761 5.95 84.26 nucleus

GmMTB1 Glyma.10G232300 1102 6.65 121.73 nucleus
AT4G09980

GmMTB2 Glyma.20G161800 1098 6.76 121.47 nucleus

GmMTC Glyma.14G077000 428 7.14 48.88 nucleus AT1G19340

WTAP

GmFIP37a Glyma.04G186400 354 5.75 40.34 nucleus

AT3G54170
GmFIP37b Glyma.05G040200 339 5.12 38.34 nucleus

GmFIP37c Glyma.06G179400 343 5.59 39.17 nucleus

GmFIP37d Glyma.17G086600 343 5.04 38.75 nucleus

VIR
GmVIR1 Glyma.02G195600 2230 5.36 246.01 nucleus

AT3G05680
GmVIR2 Glyma.10G082100 2174 5.35 239.33 nucleus

HAKAI
GmHAKAI1 Glyma.07G144300 439 6.2 47.89 nucleus

AT5G01160
GmHAKAI2 Glyma.18G195500 440 6.15 47.94 nucleus
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Cis-element analyses of mRNA m6A
writer genes

To gain deeper insights into the transcriptional regulatory

activity of RNA m6A writer genes, we predicted the cis elements

within the 2000-bp promoter regions of all candidates using the

PlantCARE web server (http://bioinformatics.psb.ugent.be/

webtools/). The identified cis-acting elements were involved in 25

functional categories, which could be classified into five groups:

light-responsive elements, phytohormone-responsive elements,

environmental stress-related elements, development-responsive

elements, and other elements (Figures 6A, B). Remarkably, light-

responsive elements could be identified in all promoters. Among the

phytohormone-responsive elements, those involved in the abscisic

acid (ABA) response and methyl jasmonate (MeJA) response were

the most abundant. The most frequent environmental stress-related
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elements were anaerobic induction, followed by the low

temperature-responsive ones. Furthermore, cis elements related to

the developmental response were also identified (Figure 6B). The

detection of light-responsive elements in all promoters (Figure 6C)

suggests that the expression levels of m6A writer genes are probably

influenced by light, which may affect the development and

environmental stimuli responses of soybean.
Expression patterns of GmMTAs and
GmMTBs in response to abiotic stress

The results of the cis-element analysis suggest that m6A RNA

modifications in soybean play crucial roles in the response to

different abiotic stresses. We therefore analyzed the expression

pattern of the m6A writer components GmMTA1, GmMTA2,
B

A

FIGURE 2

The conserved motifs and gene structure of m6A writer genes in G max. (A) Phylogenetic analysis of m6A writer candidates from G max and the
organization and distribution of the conserved motifs in the m6A writer genes. (B) Phylogenetic analysis of m6A writer candidates from G max and
the exon–intron structures of the m6A writer genes. Untranslated regions (UTRs) are represented by green boxes, coding sequences (CDSs) are
represented by yellow boxes, and introns are represented by gray lines.
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GmMTB1, and GmMTB2 in the leaf and root of 15-day-old soybean

plants grown under normal conditions or different stresses,

including cold, heat, drought, salinity, alkalinity, or darkness, over

24 h. Generally, the abiotic stress treatments significantly altered the

expression patterns of the GmMTAs and GmMTBs compared with
Frontiers in Plant Science 0894
the control (Figure 7; Supplementary Figure S2). Notably, each gene

exhibited distinct responses to different stress conditions in the leaf;

for instance, GmMTA1 was initially suppressed after 2 h of cold

treatment but induced after 6 h, whereas the expression level of

GmMTA2 remained unchanged until 12 h. By contrast, the
FIGURE 3

Collinearity analysis of the m6A writer genes in soybean. The tan lines represent collinear pairs of m6A writer genes, and the gray lines represent the
collinearity results of the soybean genome.
FIGURE 4

Subcellular localization analysis of GmMTAs and GmMTBs in N. benthamiana leaves. RFP-H2B was used as a nuclear marker. Bar, 100 mM. BF, brightfield.
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expression levels of GmMTB1 and GmMTB2 were both enhanced

during the cold treatment (Figure 7B).

In addition, we also observed that GmMTAs and GmMTBs exhibit

different response times to various stresses in the leaf. The expression of

all four genes was increased after 12 to 24 h of alkalinity stress

(NaHCO3) treatment (Figure 7E), while darkness induced these

changes after 6 to 12 h (Figure 7F). These data provide evidence that

GmMTA- and GmMTB-mediated m6A modifications generally

participate in the abiotic stress response in soybean. Moreover, our

findings also suggest that GmMTA2 and GmMTB1 are the dominant

genes involved in the cellular response to these environmental stressors.
Overexpression of GmMTA2 and GmMTB1
in soybean enhances plant tolerance to
alkalinity and darkness

To further verify the roles of GmMTAs and GmMTBs in the

response to abiotic stress, we overexpressed GmMTA2 and

GmMTB1 in the leaves of 7-day-old wild-type soybean plants,

respectively, which were then subjected to alkalinity or darkness
Frontiers in Plant Science 0995
treatment. Reverse transcription quantitative PCR (RT-qPCR) and

immunoblot analyses revealed that pBA002-GmMTA2-HA

(GmMTA2-OE) and pBA002-GmMTB1-HA (GmMTB1-OE) were

all overexpressed in the transformed soybean (Figure 8). Compared

with the control expressing the empty pBA002 vector (EV), the

leaves overexpressing GmMTB1 but not GmMTA2 exhibited

significantly increased tolerance to the alkalinity treatment

(Figure 9A). In addition, we detected the H2O2 content by

Diaminobenzidine staining (Figure 9B) and measured the catalase

(CAT), peroxidase (POD), and superoxide dismutase (SOD)

activities (Figures 9C-E) in the leaves from each genotype after

the NaHCO3 treatment. These results confirmed that the leaves

harboring GmMTB1 overexpression were indeed more resistant to

the alkalinity. During the darkness treatment, the leaves

overexpressing GmMTA2 showed the highest tolerance, while

leaves overexpressing GmMTB1 also performed better than the

control EV leaves (Figure 10A). We confirmed these findings by

measuring the chlorophyll contents (Figure 10B). These results,

together with RT-qPCR analyses (Figure 7), demonstrated that

GmMTB1 played a role in the tolerance to alkalinity treatment

while both GmMTA2 and GmMTB1 were involved in dark stress.
B

A

FIGURE 5

Biochemical analyses of GmMTA1 and GmMTA2. (A) A proposed reaction mechanism of adenosine methylation producing the N6-methyladenosine
(m6A) RNA modification performed by GmMTAs in soybean. (B) In vitro methylation assay of GmMTA1 and GmMTA2. Error bars represent SD (n = 3).
Different letters indicate significant differences at P < 0.05.
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Discussion

Here, we identified and characterized the gene family members of

the m6A writer complex in legume plants. They were assigned to four

families: MT-A70, WTAP, VIR, and HAKAI. In soybean, the MT-

A70 family comprised five members, the WTAP subfamily had four

members, and both the HAKAI and VIR families were represented by

only two members each (Figure 1). Among these m6A writer
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candidates, the enzymatic activities of GmMTA1 and GmMTA2

were confirmed in an in vitro assay (Figure 5). In addition, the gene

structures of all candidates in G. max were analyzed, with similar

structures and conserved motifs present among the members of each

family. The gene structures varied between members of the different

families; however, the VIR members exhibited more exons per gene

(average of 27), while members of the HAKAI family had the fewest

(only three exons per gene, on average; Figure 2). Upon analyzing the
B C

A

FIGURE 6

Cis elements in the promoters of m6A writer genes. (A) The distribution of cis elements in the promoters of the m6A writer genes. Different cis
elements were depicted in different colored boxes. (B) The number of each category of cis element in m6A writer genes. (C) Cis elements were
classified into those responsive to light, phytohormones, development, environmental stress, and other regulated categories.
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promoter regions of the m6A writer complex genes, several cis

elements were identified. These cis elements were subsequently

categorized into five functional clusters: responsive to light,

phytohormone signaling (such as MeJA and ABA), environmental

stress (such as low temperature or drought), development and other

regulation (Figure 6). Simultaneously, we performed a subcellular

localization analysis of all members of the MT-A70 family from G.
Frontiers in Plant Science 1197
max, revealing them all to be located within the nucleus, in line with

our prediction (Table 1).

Abiotic stress reduces crop yields and can even kill the plant;

therefore, it is critical to understand how soybean responds to

environmental stresses, such as saline–alkali stress, cold stress,

drought stress, and darkness (Hu et al., 2021; Zheng et al., 2021).

There is mounting evidence that m6A modifications play crucial roles
B

C

D

E

F

A

FIGURE 7

Relative expression levels of GmMTAs and GmMTBs in leaf under different abiotic stresses detected using reverse transcription quantitative PCR (RT-
qPCR). 15-day-old soybean seedings were subjected to heat (A), cold (B), polyethylene glycol (PEG) (C), salt (D), alkalinity (NaHCO3) (E), or darkness
(F) treatments. GmF-BOX (Glyma.12G051100) was used as the internal control. Error bars represent SD (n = 3, *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001;
***P ≤ 0.0001).
frontiersin.org

https://doi.org/10.3389/fpls.2024.1446591
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Liu et al. 10.3389/fpls.2024.1446591
in regulating plant responses to these stresses. In Arabidopsis, salt stress

was reported to significantly affect the m6A methylation levels on

mRNA (Hu et al., 2021). Additionally, VIR-mediated m6Amethylation

modulates ROS homeostasis by negatively regulating the mRNA

stability of several negative regulators of the salt stress response, such

as Arabidopsis NAC transcription factor (AtATAF1), GIGANTEA

(AtGI), and glutathione S-transferaset U17 (AtGSTU17) (Zheng et al.,

2021). In apple, MdMTA enhances lignin deposition and ROS

scavenging under drought conditions. In poplar (Populus

trichocarpa), plants overexpressing PtrMTA had a higher trichome

density and a more developed root system (Lu et al., 2020). Moreover,

they exhibited better drought tolerance (Lu et al., 2020). These findings

show that the m6Amodification plays a pivotal role in the abiotic stress

responses across diverse plant species, but our understanding of these

mechanisms in soybean remains very limited. Here, we identified key

m6A component genes in soybean and analyzed their roles in different

abiotic stress conditions, including cold, heat, drought, salinity,

alkalinity, and darkness. Our data suggest that GmMTAs and

GmMTBs, as core components of the m6A writer complex, are

altered in response to various stressors, especially induced upon

drought, alkalinity, and darkness treatment; however, their

expression patterns and response times differ in accordance with the

specific stress conditions (Figure 7).

Leaf senescence has a crucial effect on crop quality and yield. It is

an age-dependent process that can be regulated by several factors,

including leaf age, phytohormones, temperature, and light. Upon

entering the senescence stage, a leaf’s cells undergo a sequential

disorganization of cellular organelles, accompanied by systematic

changes in metabolism and gene expression (Woo et al., 2019; Guo

et al., 2021). Under darkness, the key transcription factors

PHYTOCHROME-INTERACTING FACTOR 4/5 (PIF4/5) in the

light signaling pathway are activated and regulate the expression of
Frontiers in Plant Science 1298
chlorophyll-catabolic genes through the ABA or ethylene pathways,

accelerating chlorophyll degradation and promoting leaf yellowing

and senescence (Sakuraba et al., 2014; Song et al., 2014). Long-term

darkness has commonly been used as a tool to investigate the process

of leaf senescence (Guo et al., 2021). In addition to transcriptional

regulation, epigenetic modification also plays an important role in the

regulation of leaf senescence. In Arabidopsis, the mutation of MTA

resulted in a more pronounced aging phenotype than was observed in

the wild type (Sheikh et al., 2024). The m6A levels in the mRNA were

shown to increase during a darkness treatment, preventing premature

aging by destabilizing transcripts of age-related genes (Sheikh et al.,

2024). We assessed the expression levels of the GmMTAs and

GmMTBs under a darkness treatment and observed a significant

upregulation after 6-12 h (Figure 7). In particular, GmMTA2 showed

continuous induction and maintained high expression levels after 72

h of treatment (Figure 7). Furthermore, we overexpressed GmMTA2

andGmMTB1 in soybean leaves, which resulted in a more prominent

anti-aging phenotype and higher chlorophyll content (Figure 10).

These findings suggest that soybean GmMTA2 and GmMTB1 play

essential roles in dark-induced leaf senescence, providing additional

evidence for m6A involvement in crop or fruit ripening (Zhou et al.,

2022). In animal studies related to m6A, METTL3 (the human

homolog of MTA) is also vital for slowing the aging of human

mesenchymal stem cells (Wu et al., 2020); hence, further research

into the role of m6A in aging regulation is warranted.
Conclusion

In this study, a total of thirteen m6A writer genes in G. max,

thirteen in G. soja, six in P. vulgaris, eight in M. truncatula, and six

in L. japonicus were identified. The phylogenetic analysis divided
BA

FIGURE 8

Confirmation of GmMTA2 and GmMTB1 overexpression in soybean. (A) Relative expression of GmMTA2 and GmMTB1 quantified using RT-qPCR in
the wild type and the lines overexpressing GmMTA2 (GmMTA2-OE) or GmMTB1 (GmMTB1-OE). Error bars represent SD (n = 3, ****P ≤ 0.0001).
(B) Immunoblot analyses of leaf extracts from the soybean lines overexpressing GmMTA2 or GmMTB1. An anti-HA antibody was used for detection.
Control = plants expressing the empty vector.
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these genes into four families based on their topological structure.

In soybean, the collinearity analysis revealed members from each

m6A writer family originated from gene duplication. WoLF PSORT

prediction coupled with subcellular localization analysis suggested

that these m6A writer genes all localized in nucleus. Furthermore,

enzymatic analysis showed that both GmMTA1 and GmMTA2

possessed the methyltransferase activities toward adenosine on
Frontiers in Plant Science 1399
RNA. The cis-acting elements of 2000 bp promoter regions of all

m6A writer genes were investigated and the expression pattern of

four MT-A70 family members upon abiotic stress treatment were

determined. The results suggested that all members, especially

GmMTA2 and GmMTB1, were involved in the cellular response

to various abiotic stress. Notably, soybean leaves overexpressing

GmMTB1 exhibited more resistant to the alkalinity, while
B

C D E

A

FIGURE 9

Leaf phenotypes of the empty vector-expressing control, GmMTA2-OE, and GmMTB1-OE plants under the NaHCO3 treatment. (A) Plant documents
before (top panel) and after (bottom panel) a 36-h NaHCO3 treatment. Bar, 3 cm. (B) Diaminobenzidine staining of leaves after the NaHCO3

treatment. Bar, 1 cm. (C-E) The catalase (CAT; C), peroxidase (POD; D), and superoxide dismutase (SOD; E) activities in the leaves after the NaHCO3

treatment. Error bars represent SD (n = 3). Different letters indicate significant differences at P < 0.05.
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overexpressing GmMTA2 or GmMTB1 both showed the highest

tolerance to darkness treatment. These results will provide a basis

for further exploring the biological functions of the m6A writer

genes from legume plants in growth regulation and stress responses.
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Genome-wide identification and
tissue expression pattern analysis
of TPS gene family in soybean
(Glycine max)
Huanli Li*, Xiaoling Zhang, Qinli Yang, Xiaoxia Shangguan
and Yanbin Ma

Cotton Research Institute of Shanxi Agricultural University, Yuncheng, China
The terpene synthase (TPS) plays a pivotal roles in plant growth, development, and

enhancing resilience against environmental stresses. Despite this, the bioinformatics

analysis of the TPS family gene in soybean (Glycine max) is lacking. In this study, we

investigated 36 GmTPS members in soybean, exhibiting a diverse range of protein

lengths, spanning from 144 to 835 amino acids. A phylogenetic treewas constructed

from these GmTPS genes revealed a classification into five distinct subgroups:

Group1, Group2, Group3, Group4 and Group5. Notably, within each subgroup, we

identified the motifs of GmTPS proteins were similar, although variations existed

among different subfamilies. Gene duplication events analysis demonstrated that

TPS genes expand differently in G. max, A. thaliana and O. sativa. Among, both

tandem duplication andWhole genome duplication contributive to the expansion of

TPS genes inG. max, andWhole genome duplication played amajor role. Moreover,

the cis-element analysis suggested that TPS is related to hormone signals, plant

growth and development and environmental stress. Yeast two-hybrid (Y2H) assay

results indicated TPS protein may form heterodimer to function, or may form

complex with P450 proteins to function. RNA-seq results revealed a higher

expression of most GmTPS genes in flowers, suggesting their potential

contribution to flower development. Collectively, these findings offer a provide a

holistic knowledge of the TPS gene family in soybean and will facilitate further

characterization of TPSs effectively.
KEYWORDS

Glycine max, TPS gene family, phylogenetic analysis, duplicated events, RNA-seq
1 Introduction

Terpenoids, also referred to as isoprenoids, are abundant natural products, and more

than 80,000 terpenoids and their derivatives have been found so far, widely existing in

plants, fungi, bacteria and insects (Realdon, 1960). TPS proteins are widely found in algae,

bryophytes, ferns, monocotyledons and dicotyledons. Kaul et al. (2000) cloned the first TPS
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enzymes coding gene AtTPS1 in A. thaliana, with the development

of modern sequencing technologies, and more and more TPS genes

were identified in plant genomes. For instance, there are 33 TPS

genes in Arabidopsis (Aubourg et al., 2002; Yang et al., 2012), 53 in

rice (Yang et al., 2012), 12 in populus (Yang et al., 2012), 8 in potato

(Xu et al., 2017), 9 in B. distachyon (Wang et al., 2019), 34 in

d. officinale (Yu et al., 2020), 80 in camellia (Zhou et al., 2020), 26

in aloes (Li et al., 2021), 58 in l. chinense (Cao et al., 2023) and 16 in

A. hypogaea (Zhong et al., 2024). Notably, many TPS genes are also

found in bacteria (Jia et al., 2019).

Previous research has categorized TPS proteins into 7

subfamilies: TPS-a–TPS-h. Specifically, TPS-a, TPS-b and TPS-g

are present in angiosperms; TPS-c, closely related to TPS-e/f, is

related in diterpenoid synthase production and is found in

gymnosperms. Meanwhile, TPS-e/f is present in vascular plants

(Newman and Chappell, 1999; Chen et al., 2011).

The regulation of TPS gene expression is influenced by various

hormonal and environmental stresses. Such as, MeJA treatments

upregulate most CsTPS genes expression (Zhou et al., 2020), while

osmotic stress and heat stress induce TPS genes upregulation in

roses (Yan et al., 2022). Transgenic studies show that TPS

overexpression can enhance stress tolerance in crops like rice and

Arabidopsis. For instance, OsTPS1 overexpression improves rice

low temperature tolerance (Ge et al., 2008) and AhTPS9

overexpression enhances Arabidopsis cold tolerance (Zhong et al.,

2024). Similarly, ScTPS1 overexpression in potatoes improves

drought tolerance (Yeo et al., 2000). Moreover, OsTPS46 confers

natural resistance to bird cherry-oat aphid (Sun et al., 2017), while

OsTPS24 showed no significant inhibitory activity against

Magnaporthe oryzae (Yoshitomi et al., 2016). In soybeans,

GmAFS have defensive effects against nematodes and insects

(Lin et al., 2017).

Despite the importance of TPS genes in stress resistance, their

functions in soybean remain largely unexplored. Here, we carried

out a bioinformatics analysis of the TPS gene family in soybean,

examining phylogenetic relationships, gene structures, duplication

events, gene collinearity, and protein interaction networks. The

tissue expression of GmTPS in the 6 tissues of root, young leaf, pod

shell, flower, seed and nodule unravel their key regulational roles

during soybean development. This study offers valuable insights

and theoretical support for understanding the roles of GmTPS genes

in soybean stress resistance.
2 Materials and methods

2.1 Data sources and identification of TPSs
in soybean

The genome data were downloaded from the Soybean

database (https://www.soybase.org/dlpages/). The AtTPSs and

OsTPSs protein sequences were downloaded from TAIR and

RGAP, respectively. The hidden Markov Model (HMM) file of

PF01397, PF03936 and PF19086 were downloaded from InterPro

database (Paysan et al., 2023). Utilizing HMMER 3.0, we screened

for TPS proteins within soybean (E-value <= 1e-5, similarity > 50%)
Frontiers in Plant Science 02104
(Mistry et al., 2013). Additionally, we employed the BLASTP

method (Camacho et al., 2009) to search GmTPS protein

sequences using AtTPS and OsTPS proteins as references (E-

value <= 1e-5, similarity > 50%). Subsequently, the identified

candidate TPS protein sequences underwent domain verification,

adopting the analysis approach outlined by Xu et al. (2017).

We filtered the longest transcript using the R package seqfinder

(https://github.com/yueliu1115/seqfinder).
2.2 Evolutionary trees are constructed of
GmTPS, AtTPS and OsTPS

We employed the Muscle software (Edgar, 2004) for multiple

sequence alignment of GmTPS, AtTPS and OsTPS proteins, and

constructed a phylogenetic tree using IQ-TREE (Nguyen et al.,

2015). The tree was visualized using the R package ggtree

(Yu et al., 2017).
2.3 The cis-elements analysis of
GmTPS genes

The 2 kb promoter region sequences upstream of the GmTPS

gene were extracted using a Python program and submitted to the

PlantCare (https://bioinformatics.psb.ugent.be/webtools/plantcare/

html/) database for cis-element prediction (Lescot et al., 2002). All

results were visualized in R software.
2.4 Analysis of chromosome distribution,
gene duplication events, and
selection pressure

The chromosomal distribution of GmTPS genes was derived

from the soybean genome annotation information. MCScanX

software (Wang et al., 2012) was utilized for gene duplication and

colinearity analysis, identifying duplication types such as tandem

(TD), and whole genome (WGD). For interspecies collinearity

analysis and visualization, JCVI software (Tang et al., 2008) was

employed. JCVI software was used for interspecies collinearity

analysis and visualization (Tang et al., 2008). ClustalW software

was used to align the protein sequences and CDS sequences of TPS

genes with gene duplication (Thompson et al. , 2003).

KaKs_Calculator software was used to calculate the synonymous

substitution rate (synonymous, Ks), nonsynonymous substitution

rate (nonsynonymous, Ka) and evolutionary ratio (Ka/Ks) between

TPS genes duplicate gene pairs (Zhang, 2022).
2.5 TPS protein interaction
network analysis

The GmTPS proteins interaction network were predicted based

on the AraNet2 database (Lee et al., 2015).
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2.6 Tissue expression pattern analysis of
GmTPS genes using RNA-seq

The transcriptome data of soybean under different tissues and

development stages from the Soybean database (https://

www.soybase.org/dlpages/). The expression data were visualized

using the R package Pheatmap (Kolde and Kolde, 2015).
2.7 Yeast two-hybrid assays

The CDS sequence of the Glyma.07G192800 and

Glyma.15G263300 were cloned into the pGBKT7 vector (BD-

TPS) ; the CDS sequence of the Glyma .12G140600 ,

Glyma.09G029400, Glyma.20G074400 and Glyma.01G153300

were cloned into the pGADT7 vector (AD-TPSs or AD-p450s).

Yeast transformants with empty pGBKT7 and AD-TPSs or AD-

P450s; yeast transformants with empty pGADT7 and BD-TPSs

were used as the negative control. The positive control: AD-T + BD-

53. Yeast transformants with AD-TPSs, BD-TPSs and AD-p450s

were used to identify the TPSs interact with other TPS proteins or

P450 proteins.
3 Results

3.1 Identification of TPS members
in soybean

Here, a total of 36 TPS members in soybean were identified by

HMMER and BLASTP methods (Table 1). The length of the

GmTPSs protein sequence ranged from 144 (scaffold_311) to 835

(Glyma.08G163900.1); the molecular weight ranged from 16.3

(scaffold_311) to 95.6 KDa (Glyma.13G183600.1); the PI ranged

from 4.27 (Glyma.13G304700.1) to 8.45 (Glyma.20G248300.1)

(Table 1). It’s worth noting that 86% of GmTPS have isoelectric

points less than 7 (Table 1), it is suggest that most GmTPS genes

may are acidic proteins.
3.2 Phylogenetic analysis of TPSs

To deeper understanding the evolutionary dynamics of

GmTPSs , we cons t ruc t ed a phy logene t i c t r e e tha t

comprehensively encompasses 36 GmTPSs, along with 33 AtTPSs

and 53 OsTPSs. The TPSs members could be grouped into Group1,

Group2, Group3, Group4 and Group5 (Figure 1). Group5

contained the largest number of 35 TPSs, while Group3 contained

the smallest number of 10 TPSs. Group1, Group2, and Group4

contained the number of 19, 27 and 32 TPSs, respectively.

Interestingly, no GmTPSs and AtTPSs member was found in the

subgroup of Group5, and Group1 and Group4 contain only GmTPS

and AtTPS members (Figure 1). These observations provide

insights into the evolution of the TPS gene family.
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3.3 Gene structure and motifs analysis
of GmTPS

To comprehend the diversity of GmTPS genes, we analyzed the

gene structures, and conserved domain and conserved motif in

GmTPS, the results are presented in Figure 2. Most of the GmTPS

members contained two conserved domains, the Terpene_synth

domain at the N-terminal and the Terpene_synth_C domain at the

C-terminal (Figure 2). It is worth noting that Glyma.U032900 and

Glyma.07G192800 consist only of the Terpene_synth_C domain;

Glyma.19G156800 consist only of the Terpene_synth domain.

Interestingly, Glyma.06G291800 contain two Terpene_synth_C

domains (Figure 2). Except for the Terpene_synth_C domains,

Glyma.12G179500 also contains Terpene_syn_C_2 domain.

On the other hand, in the same subgroups, we found the

conserved motifs of GmTPS were similar, although variations

existed among different subfamilies (Figure 2). For example,

Group4 Subgroup members Glyma.12G138600, Glyma.12G140600,

Glyma.12G138800, Glyma.12G216200 and Glyma.13G285200

contain conserved motif 1, motif 2, motif 3, motif 5, motif 6, motif

7, motif 10, motif 11, motif 14 and motif 15; Glyma.12G197500 and

Glyma.12G197400 contain conserved motif 1, motif 2, motif 3, motif

4, motif 6, motif 7, motif 9, motif 10 motif 11 and motif 14 (Figure 2).

These diverse motifs reflect the functional diversity of GmTPS

proteins. On the other hand, we found that most TBS genes

contain multiple introns, except for Glyma.U032900 and

Glyma.13G304800, which contain only one intron (Figure 2). The

variations of motifs and gene structure may contribute to the diverse

biological functions of GmTPSs.
3.4 Duplication events analysis of
GmTPS genes

According to GFF files, we analyzed the gene distribution of 36

GmTPS . The 36 GmTPS genes were distributed on 10

chromosomes, while no GmTPS genes were distributed on

chromosomes Chr1, Chr2, Chr4, Chr5, Chr10, Chr11, Chr14,

Chr16, Chr17 and Chr18 (Figure 3). Notably, the most GmTPS

genes were distributed at chr12 and chr13, with 10 and 19

respectively, forming gene clusters. Both Chr9 and Chr15 contain

one GmTPS members, while both Chr3, Chr6, Chr8, Chr19 and

Chr20 contain two GmTPS members (Figure 3).

TD and WGD drive the expansion of the gene family (Freeling,

2009; Panchy et al., 2016). Therefore, we explored the duplication

events of TPS genes in soybean, Arabidopsis and rice. In this study,

16 WGD gene pairs and 18 TD gene pairs were confirmed in

soybean, Arabidopsis and rice (Figures 3A–C; Supplementary

Table 1). Overall, in soybean, Arabidopsis and rice, 10 (27.78%),

18 (60%) and 16 (30.19%) TPS genes were confirmed to be TD, and

23 (63.89%), 2 (6%) and 0 (0%) TPS genes were found to be WGD,

respectively (Figures 3A–C; Supplementary Table 1). These data

show that both TD and WGD contributive to the expansion of TPS

genes in soybean, and WGD played a major role. However, in
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TABLE 1 Physical and chemical property analysis of TPS family genes in soybean (Glycine max).

Gene ID Chr Start End Amino acid length MW pI Hydrophobicity

Glyma.03G154400.1 Gm03 36951469 36958622 769 87865.15 5.68 −0.28

Glyma.03G154700.1 Gm03 36991751 37001866 816 93579.29 6.70 −0.36

Glyma.06G291800.1 Gm06 48044193 48047197 324 37696.52 4.81 −0.24

Glyma.06G302200.1 Gm06 49127197 49132358 598 68742.52 6.68 −0.31

Glyma.07G187600.1 Gm07 35502526 35506056 574 65884.17 5.58 −0.26

Glyma.07G187700.1 Gm07 35531688 35536600 589 67601.58 6.05 −0.24

Glyma.07G192800.1 Gm07 36063173 36066134 380 44365.98 8.02 −0.39

Glyma.08G061600.1 Gm08 4751072 4754299 292 33490.34 5.43 −0.18

Glyma.08G163900.1 Gm08 12901875 12908991 835 95150.30 6.60 −0.18

Glyma.09G122500.1 Gm09 29418942 29427117 603 69487.15 6.36 −0.41

Glyma.10G297200.1 Gm10 51407332 51408418 225 25981.68 6.42 −0.32

Glyma.12G101700.1 Gm12 8981010 8985722 377 43496.38 5.65 −0.03

Glyma.12G102000.1 Gm12 9043334 9048807 603 69766.91 7.08 −0.32

Glyma.12G138100.1 Gm12 16508959 16517078 531 61954.20 5.62 −0.27

Glyma.12G138600.1 Gm12 16685178 16690007 554 64037.47 5.91 −0.19

Glyma.12G138800.1 Gm12 16733572 16741825 501 58069.48 6.38 −0.34

Glyma.12G140600.1 Gm12 17392329 17399822 561 65363.99 5.37 −0.24

Glyma.12G179500.1 Gm12 33977724 33980896 421 48739.09 6.65 −0.30

Glyma.12G197400.1 Gm12 35854107 35858237 569 65013.70 6.91 −0.26

Glyma.12G197500.1 Gm12 35869161 35874097 585 67079.78 5.91 −0.27

Glyma.12G216200.1 Gm12 37539186 37543933 565 65213.59 5.64 −0.27

Glyma.13G183600.1 Gm13 29714220 29722406 832 95610.00 7.08 −0.27

Glyma.13G250400.1 Gm13 35790066 35794185 535 62338.13 5.87 −0.29

Glyma.13G285100.1 Gm13 38608137 38609427 256 29739.02 6.18 −0.31

Glyma.13G285200.1 Gm13 38611052 38614182 566 64535.43 5.56 −0.24

Glyma.13G304500.1 Gm13 40139730 40145370 580 66250.99 6.46 −0.26

Glyma.13G304600.1 Gm13 40155002 40157401 310 36171.91 6.19 −0.52

Glyma.13G304700.1 Gm13 40159803 40161491 233 27231.76 4.27 −0.33

Glyma.13G304800.1 Gm13 40161767 40162729 176 20013.88 6.51 −0.36

Glyma.13G321100.1 Gm13 41540416 41543961 569 65844.55 6.51 −0.26

Glyma.15G263300.1 Gm15 49639950 49645729 424 48964.87 5.06 −0.25

Glyma.19G156800.1 Gm19 41726563 41730894 291 33626.12 7.13 −0.35

Glyma.19G157000.2 Gm19 41763615 41774896 817 93957.76 6.64 −0.36

Glyma.20G074400.1 Gm20 26716996 26720775 607 70199.87 5.94 −0.46

Glyma.20G248300.1 Gm20 47752687 47755022 297 34026.17 8.45 −0.32

Glyma.U032900.1 scaffold_311 1109 2723 144 16302.60 6.09 −0.27
F
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Arabidopsis, TD and WGD both promoted the expansion of TPS

genes, and TD plays a leading role. Interestingly, in rice, only TD

replication events were found. These data suggest that TPS genes

expand differently in soybean, Arabidopsis and rice.
3.5 Collinearity analysis of GmTPS genes

To deeper investigate the homology of the TPS gene family in G.

max, we conducted a comparative analysis of TPS gene collinearity

between G. max and two model organisms, Arabidopsis and rice.

Our findings revealed that 2 AtTPS and 1 OsTPS were homologous

gene pairs with GmTPS (Figure 4). To gain insights into the

evolutionary pressures of TBS genes in soybean, Arabidopsis and

rice, we employed DnaSP software to calculate Ka/Ks ratios. Here,

we found that the Ka/Ks value of all TPS duplication gene pairs is

less than 1 in soybean, Arabidopsis and rice (Supplementary

Table 1). These results suggest that GmTPS, AtTPS and OsTPS

genes were under purifying selection.
3.6 Cis-elements analysis of GmTPS

To unravel the may regulatory mechanisms of GmTPS genes, we

analyzed their 2k promoter regions, uncovering a diverse array of 21

cis-elements (Figure 5). These elements encompass various
Frontiers in Plant Science 05107
functional categories, including light response-related cis-elements

(CAAT-box, Box-4, e.g); plant growth and developmental;

phytohormone (ABRE, CGTCA-motif, TGACG-motif and TCA-

element) and stress response related cis-elements (ARE, as-1,

WUN-motif, MBS and TC-rich repeats) (Figure 5). Interestingly,

Group4 GmTPS genes contain ABRE, CGTCA-motif and TGACG-

motif cis-elements (Figure 5), hinting that GmTPS genes may be

involved in ABA and JA signaling pathways. In addition,

Glyma.13G285100 contains CGTCA-motif, TGACG-motif and

TCA-element, suggesting that it may antagonistically participate

in SA and JA signaling pathways (Figure 5). It’s worth noting that

Glyma.19G157000 contains a large number of light, plant growth

and developmental and stress response cis-elements, while no

hormone response cis-elements are found. Furthermore, our

analysis revealed that Glyma.07G192800, Glyma.12G138100,

Glyma.15G263300, and Glyma.09G122500 contain varying

numbers of MBS cis-elements, indicative of potential roles in

drought signaling pathways (Figure 5). The above data indicates

that GmTPS may have complex regulatory functions.
3.7 Interaction network of GmTPS proteins

To gain deeper insights into the functional roles and regulatory

intricacies within the GmTPS gene family, we leveraged the
FIGURE 1

Phylogenetic tree of 36 GmTPSs, 33 AtTPSs and 53 ScTPSs. The evolutionary tree was constructed by the maximum likelihood method. Pink, orange,
sky blue, blue and purple represent the subfamily of Group1, Group2, Group3, Group4 and Group5, respectively.
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FIGURE 2

The domains, motifs and gene structure of GmTPSs were analyzed. (A) Phylogenetic tree, (B) The domains were predicted by NCBI-CDD. (C) The
motifs of GmTPSs were predicted by MEME. (D) Gene structure of GmTPS.
FIGURE 3

The chromosome location and duplicated gene pair of TPS genes in three species including (A) soybean, (B) Arabidopsis and (C) rice. The duplicate
gene types were displayed in different color. WGD and TD events are shown in orange and blue, respectively.
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FIGURE 4

Syntenic analysis of GmTPS genes between and Arabidopsis and rice. The collinear blocks and TPS homologous genes pairs were shown by gray and
red lines, respectively.
FIGURE 5

Cis-elements analysis of TPS genes in G. max.
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AraNet2 database to analyze and predict a protein-protein

interaction network. This analysis revealed extensive

interconnectivity among the GmTPS proteins, with nearly all

members engaging in interactions (Figure 6). Interestingly, we

found that some GmTPS proteins can interact with P450

proteins, suggesting potential functional crosstalk or coordinated

activities between these two protein classes (Figure 6).

In add i t ion , we se l e c t ed Glyma .07G192800 and

Glyma.15G263300 proteins to verify whether TPS proteins can

interact with other TPS proteins or P450 proteins. To this end, we

used the Y2H assay. As data shown in Figure 7, we found that

Glyma.07G192800 can interact with Glyma.12G140600, and

Glyma.15G263300 can interact with Glyma.20G074400 (Figure 7).

Moreover, we found that Glyma.07G192800 can interact with P450

proteins Glyma.09G029400, and Glyma.15G263300 can interact with

P450 proteins Glyma.01G153300 (Figure 7). These data indicate that

TPS protein may form heterodimer to function, or may form

complex with P450 protein to function.
Frontiers in Plant Science 08110
3.8 The tissues expression analysis
of GmTPS

To further explore the functions of GmTPS, we analyzed its

expression pattern based on RNA-seq data. Glyma.06g45780,

Glyma.12g16940, Glyma.12g32370 and Glyma.07g30700, expressed

higher in flower than other tissues. We speculate that these GmTPS

genes may synergistically regulate soybean growth and development

(Figure 8). And Glyma.12g16940 and Glyma.12g32370 are

expressed only in flower. Additionally, these GmTPSs no

expression of Glyma.13g32380, Glyma.17g05500, Glyma.12g16990,

Glyma.13g38050, Glyma.06g45780, Glyma.12g16940, Glyma.

12g32370, Glyma.07g30700, Glyma.07g30710 and Glyma.20g18280

are detected in the organs of seed and nodule. On the other hand,

Glyma.08g17470 and Glyma.15g41670 are widely expressed in root,

young leaf, pod shell, flower, seed and nodule (Figure 8). The result

indicate that GmTPS genes may involve in diverse aspects of plant

growth and developmental processes.
FIGURE 6

The protein-protein interaction network of TPSs protein in G. max.
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4 Discussion

Terpenoids, widely existing in plants, fungi, bacteria and

insects, and play an pivotal role in enhancing plant resistance. It

is worth noting that the TPS proteins are involved in many
Frontiers in Plant Science 09111
biological processes, such as low-temperature stress adaptation,

drought stress adaptation, salt stress adaptation, and responses to

phytohormonal and insect resistance (Yeo et al., 2000; Li et al., 2011;

Huang et al., 2018; Ge et al., 2008; Zhou et al., 2020; Yan et al., 2022;

Zhong et al., 2024). While the TPS gene family has been found in
FIGURE 8

The heat map of the tissue expression of GmTPS genes in different tissues and development stages (flower, young leaf, pod shell 14DAF, one cm
pod, pod shell 10DAF, root, seed 10DAF, seed 14DAF, seed 25DAF, seed 28DAF, seed 21DAF, seed 42DAF, seed 35DAF and nodule). The data are
shown in a heatmap with gene expression in different tissues and development stages with row-scaled FPKM values.
FIGURE 7

Y2H assays show TPS proteins can interact with other TPS proteins or P450 proteins. (A) The image showed the results of TPS proteins can interact
with other TPS proteins. (B) The image showed the results of TPS proteins can interact with P450. The positive control: AD-T + BD-53.
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many species, but, the whole-genome identification and

bioinformatics analysis of TPS gene family in soybean is lacking.

In this study, we systematically analyzed the TPS gene family in

soybean using bioinformatics methods and identified a total of 36

TPS genes (Table 1). TPS genes, which are ubiquitous among plant

species, such as 33, 53, 12, 8, 80, 26, 58 and 16 TPS genes were found

in Arabidopsis, rice, populus, potato, d. officinale, camellia, aloes,

l. chinense and A. hypogaea (Aubourg et al., 2002; Yang et al., 2012;

Xu et al., 2017; Zhou et al., 2020; Li et al., 2021; Cao et al., 2023 and

Zhong et al., 2024). It is not difficult to see that the member of TPS

genes in different plants varies greatly. These results also showed

that TPS genes may not only be functionally conserved, but also

functionally differentiated in different plants.

Prior research has categorized TPS proteins into seven distinct

subfamilies: TPS-a through TPS-h. are predominantly found in

angiosperms, while TPS-c is specific to gymnosperms, and TPS-e/f

occurs in vascular plants (Newman and Chappell, 1999; Chen et al.,

2011). Phylogenetic tree showed that the 122 TPS proteins in

GmTPSs, AtTPSs and OsTPSs can be divided into five groups

(Figure 1). Interestingly, Group5 only exists in the rice, and Group1

and Group4 only exists in soybean and Arabidopsis. These

observations may provide insights into the evolution and

diversification of the TPS gene family in monocotyledons

and dicotyledons.

During the progress of evolution, TD andWGD events played a

key role in the expansion of gene families, new genes and novel

functions (Freeling, 2009; Panchy et al., 2016). In our study, we

observed rapid expansion of the Group4 subgroup in G. max due to

recent TD and WGD, while the Group5 subgroup experienced

rapid expansion in O. sativa for the TD. Overall, the number of

WGD genes was the largest, indicating that WGD was found to be

the predominant mechanism driving the evolution and expansion

of the TPS gene family in G. max. This investigation offers profound

insights into the evolutionary journey and expansion patterns of the

TPS gene family across diverse plant species.

Numerous studies found the important role of TPS genes in

mediating plant responses to different hormone signals, and abiotic

and biotic stress (Yeo et al., 2000; Li et al., 2011; Huang et al., 2018;

Ge et al., 2008; Zhou et al., 2020; Yan et al., 2022; Zhong et al., 2024).

For instance, OsTPS1 overexpression in rice boosts trehalose levels,

enhancing resilience against low temperatures (Ge et al., 2008).

Similarly, TaTPS11 overexpression in Arabidopsis enhances cold

tolerance (Liu et al., 2019), while ScTPS1 overexpression in tomato

elevates drought tolerance (Cortina and Culiáñez-Macià, 2005).

Our cis-acting element analysis revealed that Glyma.07G192800,

Glyma.12G138100, Glyma.15G263300 and Glyma.09G122500

contain three, two, two and two MBS cis-elements, respectively

(Figure 5). This result implies that these GmTPS genes may be

involved in drought signaling pathways, and will be an interesting

topic to explore in the future.

On the other hand, MeJA treatment transcriptionally upregulated

the expression of most CsTPS genes (Zhou et al., 2020). Our analysis

uncovered the prevalence of MYC2, ABRE, CGTCA-motif, TGACG-

motif, and WUN-motif in the promoters of GmTPS genes,

particularly Glyma.12G138100 , Glyma.15G263300 , and

Glyma.09G122500, which harbor ABRE, CGTCA-motif, TGACG-
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motif, as-1, WUN-motif, and MBS cis-elements (Figure 5). Despite

the scarcity of experimental evidence elucidating the intricate

relationships between phytohormone signaling and terpenes

biosynthesis, we hypothesize that intricate crosstalks among distinct

phytohormone signaling pathways may delicately modulate terpenes

biosynthesis through a myriad of transcription factors, and will an

interesting topic to explore in the future.

Cytochrome P450s (CYPs) orchestrate an array of essential

processes, encompassing growth, development, and the

biosynthesis of secondary metabolites (Mizutani and Ohta, 2010

and 2012). For instance, P450 enzymes exhibit remarkable

adaptability in modulating plant development through hormone

synthesis (Schuler, 1996). Specifically, CYP707A play a key role in

the catalytic synthesis of ABA (Saito et al., 2004), while CYP94B3,

CYP94C1 and CYP74B were related in JA biosynthesis (Li et al.,

2008; Koo et al., 2011; Heitz et al., 2012). Our observations that

some TPS proteins can interact with P450 proteins in soybean

during the Y2H assays (Figure 7), suggest that TPS proteins likely

form complexes with P450 proteins and participate in the growth,

development, and the biosynthesis of secondary metabolites

in soybean.
5 Conclusions

In this study, we identified 36 TPS members in soybean and

systematically grouped them into five distinct subfamilies: Group1,

Group2, Group3, Group4 and Group5. Subsequently, we

demonstrated that both TD and WGD contributed significantly

to the expansion of TPS genes in Glycine max, with WGD playing a

pivotal role. Furthermore, our analysis revealed that all GmTPS,

AtTPS, and OsTPS genes were subjected to purifying selection.

Yeast two-hybrid (Y2H) assay results showed that TPS protein may

form a heterodimer to function, or may form a complex with P450

protein to function. RNA-seq data displayed GmTPS genes are

involved in soybean growth and development. This exhaustive

study establishes a foundational understanding of the pivotal roles

played by GmTPS genes in soybean.
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Identification of candidate genes
and development of KASP
markers for soybean shade-
tolerance using GWAS
Qianru Jia1†, Shengyan Hu1†, Xihuan Li1, Libin Wei2,
Qiong Wang1, Wei Zhang1, Hongmei Zhang1, Xiaoqing Liu1,
Xin Chen1, Xuejun Wang2* and Huatao Chen1,3*

1Institute of Industrial Crops, Jiangsu Academy of Agricultural Sciences, Nanjing, China, 2Jiangsu
Yanjiang Institute of Agricultural Sciences, Nantong, China, 3Zhongshan Biological Breeding
Laboratory (ZSBBL), Nanjing, China
Shade has a direct impact on photosynthesis and production of plants. Exposure

to shade significantly reduces crops yields. Identifying shade-tolerant genomic

loci and soybean varieties is crucial for improving soybean yields. In this study, we

applied a shade treatment (30% light reduction) to a natural soybean population

consisting of 264 accessions, and measured several traits, including the first pod

height, plant height, pod number per plant, grain weight per plant, branch

number, and main stem node number. Additionally, we performed GWAS on

these six traits with and without shade treatment, as well as on the shade

tolerance coefficients (STCs) of the six traits. As a result, we identified five

shade-tolerance varieties, 733 SNPs and four candidate genes over two years.

Furthermore, we developed four kompetitive allele-specific PCR (KASP) makers

for the STC of S18_1766721, S09_48870909, S19_49517336, S18_3429732. This

study provides valuable genetic resources for breeding soybean shade tolerance

and offers new insights into the theoretical research on soybean shade tolerance.
KEYWORDS

soybean, shade tolerance, shade tolerance coefficient, GWAS, KASP
Introduction

Weak or low light conditions reduce the capacity of photosynthesis, which can

ultimately lead to plant starvation and cause a series of disruptions in the physiological

and biochemical metabolic processes throughout the plant’s entire life cycle. These

disruptions include leaf curling and thinning, loss of greenery, premature leaf

senescence, reduced branching, slow growth, decreased resistance, and lower plant yield

and biomass (Li et al., 2012; Fankhauser and Batschauer, 2016; Li et al., 2023b; Martinez-

Garcia and Rodriguez-Concepcion, 2023).
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Soybean is a photophilic crop with a high demand for sunlight.

However, to increase cultivation area and yield, soybeans are often

interplanted with maize, sorghum, sunflower or fruit trees

(Echarte et al., 2011; Ghosh et al., 2009; Yang et al., 2015; Su

et al., 2023a). Under intercropping or high-density planting

conditions, soybeans experience shade stress, which negatively

impacts their yield and quality (Gong et al., 2015; Wu et al., 2017;

Su et al., 2023a). Research has shown that weak light conditions

can reduce the photosynthetic rate and chlorophyll a/chlorophyll

b ration in soybean leaves, leading to a decline in photosynthetic

capacity (Su et al., 2023a). Using gene/allele sequence markers

(GASM-RTM-GWAS), Su et al. identified 140 genes or alleles

associated with the shade-tolerance index (STI), 146 with relative

pith cell length (RCL), and nine with both (Su et al., 2023b).

Through transcriptome and metabolome sequence analysis of the

shade-tolerant soybean ‘Nanxiadou 25’ under natural and 50%

light conditions, 36 differentially expressed genes and 12 potential

candidate genes related to shade tolerance were identified,

including ATP phosphoribosyl transferase, phosphocholine

phosphatase, AUXIN-RESPONSIVE PROTEIN, PURPLE ACID

PHOSPHATASE (Jiang et al., 2023). Nandou 12 has demonstrated

stronger shade resistance and a quicker recovery compared to

Jiuyuehuang (shade-intolerant) during light recovery, due to its

higher photosynthetic rate and smaller decrease in soluble sugar

and protein content (Wang et al., 2023). Li et al. identified 29 up-

regulated and 412 down-regulated proteins in soybeans seedlings

exposed to 2-hour shade stress compared to those under white

light. They also found that shade stress significantly impacted

carbohydrate metabolic processes, especially cell wall

polysaccharide biosynthetic pathways (Li et al., 2019b).

Key genes related to various agronomic traits that influence

soybean shade tolerance or adaptability to high-density planting

have also been identified. PH13, which encodes a WD40 protein

and was identified through GWAS. The deletion of both the PH13

and its paralogue PHP can prevent shade-induced excessive stem

elongation and enable high-density planting (Qin et al., 2023). The

RIN1 (reduced internode 1) interacts with ELONGATED

HYPOCOTYL 5 (HY5), STF1 and STF2 to regulate gibberellin

metabolism, which controls internode length. Mutations of RIN1

result in shorter internodes and can enhance yield in high-density

planting conditions (Li et al., 2023a).

Notably, previous studies have predominantly focused on

shade tolerance, which falls short of addressing the full

spectrum production needs. In our study, we treated a natural

population of 264 soybean accessions with a 30% reduction in

light to assess their response to shade. We used the shade

tolerance coefficient (STC) as the evaluation metric. Through

genome-wide association study (GWAS), we identified SNPs

and candidate genes associated with shade tolerance. We

developed KASP markers for S18_1766721, S09_48870909,

S19_49517336, S18_3429732, which have been successfully

applied. This research provides new insights into the

development of shade-tolerant soybean germplasm and offers

valuable resources for cultivation strategies.
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Materials and methods

Materials

A natural population consisting of 264 Chinese soybean

accessions, including 212 improved varieties and 52 landraces,

was utilized in this study. Genome-wide association study of the

landrace panel and the cultivated panel was conducted with

2,597,425 SNPs. The particular information has been presented in

our previous research (Zhang et al., 2021).
Shade treatment and shade-
tolerance evaluation

The shading stress was simulated using shade nets that reduced

light by 30%, and the results were compared to normal conditions

with natural light. The study took place in Nantong (32°1’N, 120°

52’E), Jiangsu Province, China. Soybean germplasms were planted

in June and harvested in October of both 2022 and 2023. Each

soybean germplasm material was grown in 3 rows, with 10 holes per

row, and each row is filled with 20-25 plants. After harvesting, six

traits (first pod height, plant height, pod number per plant, grain

weight per plant, branch number and main stem node number)

were measured based on the Descriptors and Date Standard for

Soybean (Glycine spp.) (Qiu and Chang, 2006). The shade tolerance

coefficient (STC) for each trait was used as an evaluation indicator,

calculated using the following formula:

STCij = �yij(Treat)=�yij(CK) � 100%

In which, �yij(Treat) and �yij(CK) represent average observed value of

genotype i (i=1, 2, 3…264) on the trait j (j=1, 2, 3) with or without

shade treatment (Li et al., 2014).

Standardize the STC of each genotype for each trait using the

subordinate function value (SFV) (scaled to the interval ([0,1]) by

the following formulas:

Fij =
(STCij −min (STCij))

(max (STCij) −min (STCij))

Wj = pj=o
n

j=1
pj

D =o
n

j=1
½u(Xj) ∗Wj�

In which, min (STCij) and max (STCij) represent the j (j=1, 2, 3)

trait minimum and maximum of genotype i (i=1, 2, 3… 264),

respectively; Wj represents the importance or weight of the j trait

among all composite indicators, where pj is the contribution rate of the

j trait for each soybean genotype. The D value is the comprehensive

evaluation score of shade tolerance for each soybean genotype under

shade stress conditions, obtained by assessing the comprehensive

indicators. Here, Xj represents the j trait (Li et al., 2014; Du, 2023).
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Based on the calculated Average Subordinate Function Value

(ASFV), the data for all genotypes under the current trait are evenly

divided into five categories. The grouping criteria for shade tolerance

in these five categories are determined, with each genotype being

classified according to its shade tolerance level. The higher the ASFV,

the stronger the shade tolerance of the genotype.
GWAS

The population resequencing data utilized in this study was

previously reported in our earlier research. In brief, high-density

map includes 2,597,425 single nucleotide polymorphisms (SNPs)

from the landrace and cultivated accessions, with a linkage

disequilibrium (LD) decay range of 120 kb (Zhang et al., 2021).

For each year of the study, ten plants were selected for

measurement. Genome-Wide Association Studies (GWAS) were

conducted using the GAPIT package based on R software and a mix

linear model (MLM) were employed.
KASP

Genotyping was performed using three sets of primers (F1, F2,

and R) specifically designed for KASP markers, as detailed in

Supplementary Table S3. These primers were designed using the

Primer-Blast tool available on the NCBI website (https://

www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_

LOC=BlastHome). Genomic DNA was extracted using the

2×CTAB method (Jia et al., 2024). PCR amplification was carried

out using the KASP V4.0 2×Mastermix (JasonGen, China),

following the reagent’s instructions. The amplified DNA was then

analyzed using a Quantitative Real-Time PCR System (ABI Quant

Studio 5).
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Quantification and statistical analysis

The software IBM SPSS 20 was used for descriptive statistics

and analysis of variance (ANOVA) (IBM, Armonk, NY, USA).

Correlation analyses were performed using Origin software

(Origin Lab, USA). The frequency distributions of six traits for

the soybean accessions in both years were calculated by Microsoft

Excel 2016.
Results

Shade-tolerance evaluation and analysis of
the six agronomic traits across the 264
soybean accessions with or without
shade treatment

To evaluate shade tolerance, we cultivated a natural soybean

population of 264 accessions under conditions with or without 30%

shade treatment in Nantong during 2022 and 2023. Six agronomic

traits (first pod height, plant height, main stem node number, pod

number per plant, grain weight per plant, and branch number) were

measured across the 264 accessions over two years. Overall, the

average first pod height and plant height in 2022 (E1) and 2023 (E2)

under shade treatment were higher than those under normal light

conditions. In contrast, the average main stem node number, pod

number per plant, grain weight per plant, and branch number

showed varying degrees of decline (Supplementary Table S1). To

evaluate the shade tolerance of the soybean population, STC for six

traits was calculated, and descriptive statistical analysis were

performed to the 264 accessions from 2022 and 2023 (Table 1).

The STC values for six traits were defined as STC1-6, respectively. As

shown, the mean STC values for these six traits in 2022 and 2023 did

not exhibit significant differences (Table 1), with heritability (h2)
TABLE 1 Descriptive statistics of STCs of six traits across 264 soybean accessions with or without shade treatment.

Trait Year Max Min Mean SD CV (%) Skewness Kurtosis h2 (%)

STC1 E1 7.00 0.36 1.74 1.76 1.04 59.43 1.817 5.085 43.64

E2 5.19 0.59 1.77 0.77 43.65 1.278 2.68

STC2 E1 8.54 0.76 1.92 1.91 0.80 41.38 3.215 20.50 40.15

E2 3.61 0.23 1.90 0.63 32.96 0.417 -0.050

STC3 E1 1.96 0.56 1.05 1.05 0.25 24.11 0.873 0.737 44.57

E2 1.99 0.51 1.04 0.27 25.52 0.516 0.057

STC4 E1 2.42 0.19 0.90 0.98 0.39 43.72 1.171 1.924 36.52

E2 4.29 0.25 1.06 0.51 48.20 2.114 8.463

STC5 E1 6.97 0.00 0.93 1.09 0.68 73.17 3.646 26.463 40.61

E2 5.28 0.22 1.24 0.74 60.20 2.222 7.798

STC6 E1 10.00 0.00 1.09 1.18 1.43 130.92 3.823 17.216 38.99

E2 12.33 0.00 1.26 0.98 77.83 6.931 73.241
fro
STC1, STC of first pod height; STC2, STC of plant height; STC3, STC of node number on main stem; STC4, STC of pod number per plant; STC5, STC of seed weight; STC6, STC of branch
number. Max, maximum; Min, minimum; SD, standard deviation; CV, coefficient of variation; h2, heritability.
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values of 43.64%, 40.15%, 44.57%, 36.52%, 40.61% and 38.99%,

respectively (Table 1).

An analysis of variance (ANOVA) was conducted on the six

traits across the 264 accessions in 2022 and 2023, revealing

significant differences among genotypes, stress treatments, and

different environments (Table 2). To explore the correlation

among the six traits in 2022 and 2023 for the soybean population,

a correlation analysis was conducted (Figure 1). The results

indicated that the STC1 and STC2, STC2 and STC3, STC3 and

STC4, STC4 and STC6 showed significant positive correlation in

2022 and 2023 (Figure 1). While, STC1 and STC4 in 2022, STC1

and STC4, STC5 in 2022, STC2 and STC5 in 2023 exhibited

significant negative correlation (Figure 1). Between two years,

only STC4 in 2022 and STC2 in 2023, STC1 in 2022 and STC5 in

2023 shown negative correlation, STC5 in 2022 and STC4 in 2023,

STC4 in 2022 and STC5 in 2023 shown significant positive

correlation, respectively. But other traits between two years

shown weak significant correlation (Figure 1).
Shade tolerance soybean germplasms

In 2022, the ASFV thresholds for different levels of shade

tolerance were as follows: high shade tolerance was above 0.68,

shade tolerance ranged from 0.47 to 0.68, moderate shade

tolerance ranged from 0.38 to 0.47, shade sensitivity ranged

from 0.29 to 0.38, and high shade sensitivity was below 0.29
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(Figure 2A). In 2023, the thresholds were slightly adjusted: high

shade tolerance was above 0.70, shade tolerance ranged from 0.56

to 0.70, moderate shade tolerance ranged from 0.49 to 0.56, shade

sensitivity ranged from 0.41 to 0.49, and high shade sensitivity was

below 0.41 (Figure 2B). Over the two years, moderate shade

tolerant soybean germplasm was the most prevalent, comprising

approximately 39% and 41% of the total population. Shade

sensitive germplasm ranked second after moderate shade

tolerant germplasm. High shade tolerant germplasm was

relatively rare, accounting for 0.76% and 1.52% of the total

soybean population in 2022 and 2023, respectively (Figure 2A).

In summary, this study identified a total of five high shade

tolerant soybean germplasms over the two years, with NPS044

being selected in both years (Table 3). These high shade tolerant

materials offer a valuable foundation for further research into the

genetic mechanisms underlying soybean shade tolerance and serve

as important experimental materials for future breeding programs

aimed at enhancing shade tolerance in soybeans.
GWAS for six agronomic traits and STCs
across the 264 soybean accessions with or
without shade treatment

To pinpoint key genomic loci responsible for shade tolerance in

soybeans, we conducted GWAS on six traits across 264 soybean

accessions under control and shade conditions, as well as STC of the
TABLE 2 Variance analysis of six traits in soybean natural population.

Trait Variation source Square Sum Mean Square F value P value

First pod height

G 900.129 4.018 2.241 <0.01

E 0.286 0.286 0.159 0.69

G×E 760.974 3.397 1.895 <0.01

Plant height

G 421.892 1.883 2.582 <0.01

E 0.509 0.509 0.698 0.404

G×E 465.538 2.078 2.849 <0.01

Stem node number

G 69.076 0.308 3.05 <0.01

E 0.214 0.214 2.121 0.146

G×E 63.242 0.282 2.792 <0.01

Pod number per plant

G 161.9 0.723 1.725 <0.01

E 0.041 0.041 0.097 0.756

G×E 187.62 0.838 1.999 <0.01

Seed weight per plant

G 133.354 0.595 1.246 0.027

E 7.309 7.309 15.294 <0.01

G×E 87.727 0.392 0.82 0.954

Branch number

G 307.1 1.371 1.848 <0.01

E 0.007 0.007 0.009 0.923

G×E 314.363 1.403 1.892 <0.01
G, genotype; E, environment; SS, square sum; MS, mean square.
frontiersin.org

https://doi.org/10.3389/fpls.2024.1479536
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Jia et al. 10.3389/fpls.2024.1479536
six traits for the years 2022 and 2023 (Figures 3–6; Supplementary

Figures S3, S4). The resulting frequency distribution maps and

density curves indicated that the phenotypic data for the six traits

followed a continuous distribution. This suggests that the natural

soybean population in our study harbors rich genetic variation,

making it well-suited for further GWAS analyses (Supplementary

Figures S1, S2).

Over the course of two years, we identified a total of 733 significant

SNPs associated with STCs of six traits (Table 4). Specifically, for the

STC offirst pod height, 28 SNPs were detected. In 2022, 24 SNPs were

associated with the STC offirst pod height, while in 2023, 4 SNPs were

identified. Notably, S11_19943066 was significant under control

conditions, whereas S11_19738980 was significant under shade, with

these two SNPs being approximately 204 kb apart (Figures 3A, B;

Table 4). In 2023, S15_50935714 was significant under shade

treatment, while S15_51517560 showed a significant correlation with
Frontiers in Plant Science 05119
the STC, with a distance of approximately 582 kb between these two

SNPs (Figures 3E, F; Table 4).

In 2022, 29 SNPs were linked to the STC of plant height, while

in 2023, 9 SNPs were identified. The SNP S15_15344441 showed

significant association under control conditions, and S15_19750516

was significantly correlated with the STC (Figures 4A, B; Table 4).

Moreover, S19_45102497 and S19_45149787 were significantly

associated with plant height under control and shade conditions,

respectively, with a distance of approximately 47 kb between them.

The SNP S14_4288867 was significantly correlated with both plant

height and STC. Additionally, S15_36102679 and S15_36134614

were significantly associated with soybean plant height under

shading conditions and STC, with these two SNPs being

approximately 32 kb apart (Figures 4D–F; Table 4).

For the main stem node number, two SNPs showed significant

correlation with the STC. The SNPs S04_11807969 and
FIGURE 2

ASFV of 2022 (A) and 2023 (B).
FIGURE 1

Correlation analysis among STC1, STC2, STC3, STC4, STC5, and STC6 of 2022 and 2023. E1, 2022; E2, 2023. *Represents P<0.05.
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S14_4288867 were notably correlated with both the main stem node

number under shading and the STC. Additionally, 2 SNPs were

significantly correlated with the STC in 2023 (Supplementary

Figure S3; Table 4).

For the trait of pod number per plant, 13 SNPs were identified

as significantly correlated with the STC of pod number per plant in

2022. Additionally, 31 SNPs were significantly associated with the

STC (Supplementary Figure S4; Table 4).

Regarding grain weight per plant, a total of 105 SNPs in 2022 and

190 SNPs in 2023 were significantly correlated with the STC.

Specifically, the SNP S15_1302099 showed a significant correlation

with both single plant grain weight and the STC of soybean under

shading. The SNP S10_43122500 was significantly associated with

grain weight per plant under shading conditions, while S10_43121286

was significantly correlated with the STC, with these two SNPs being

approximately1kbapart.Notably, theSNPassociatedwith theSTCfor

grainweight per plant had the highest explanatory power,with a -log10
Frontiers in Plant Science 06120
(p) value of 9.28 and a phenotype explanatory rate of 18.02%

(Figure 5; Table 4).

A total of 324 SNPs were found to be significantly correlated

with the STC of branch number. Specifically, 227 SNPs in 2022 and

97 SNPs in 2023 were significantly associated with the STC

(Table 4). In 2023, the SNP S18_55349193 showed significant

correlation with branch number under control conditions, while

S18_55354172 was significantly correlated with the STC, with these

two SNPs being approximately 5 kb apart (Figure 6).
Development and application of KASP
markers for soybean shade tolerance

To explore the phenotypic effects of allelic variations in significant

SNPs, ahaplotype analysiswas conductedon the SNPswith thehighest

thresholddetected for shade toleranceduring themature stages of 2022

and 2023. This analysis revealed a total of 4 SNPs showing significant

differences between each genotype. For instance, the SNP

S18_1766721 exhibited an allelic variation from A to G. The STC of

first pod height was significantly higher in germplasm carrying the

S18_1766721-G allele compared to those with the S18_1766721-A

allele (Figure7A).Another example includes the S09_48870909,which

has a G/T allelic variation (Figure 7B). The nucleotide change at

position S19_49517336 involves a substitution from G to A. Soybean

with the S19_49517336-G allele exhibit a significantly higher average

STC of pod number per plant compared to those with the

S19_49517336-A allele (Figure 7C). For the S18_3429732, the allelic

variation consists of A and G. Soybean germplasm with the S18-

3429732-A allele has a significantly higher STC for average grain

weight per plant compared to those with the S18-3429732-G allele
FIGURE 3

GWAS for first pod height with or without shade treatment in 2022 and 2023. (A–C) control, shade treatment and STC of 2022; (D–F) control, shade
treatment and STC of 2023, respectively. Red lines represent-log10(p)≥5.0.
TABLE 3 Shade-tolerant soybean germplasms that were screened in
2022 and 2023.

Classification
High

shade tolerance
ASFV

2022
NPS044 0.70

NPS060 0.69

2023

NPS044 0.74

NPS187 0.73

NPS254 0.73

NPS151 0.72
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(Figure 7D). The phenotypic variation explain rate of S18_1766721,

S09_48870909, S19_49517336, and S18_3429732 are 8.32%, 9.01%,

8.93%, 8.73%, respectively. The favorable alleles ratio in the population

of S18_1766721-G, S09_48870909-T, S19_49517336-G and

S18_3429732-G were 37.9%, 34.5%, 87.5%, and 13.6%, respectively
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(Table 5). And the HST germplasms NPS044, NPS060, NPS151,

NPS187 and NPS254 each contained three, three, two, four and one

favorable alleles (Table 5). Also, we developed KASPmarkers for these

four SNPs (Table 6). The designed molecular markers effectively

differentiate between these two genotypes (Figures 7E–H).
FIGURE 5

GWAS for grain weight with or without shade treatment in 2022 and 2023. (A–C), control, shade treatment and STC of 2022; (D–F), control, shade
treatment and STC of 2023, respectively. Red lines represent–log10(p)≥5.0.
FIGURE 4

GWAS for plant height with or without shade treatment in 2022 and 2023. (A–C), control, shade treatment and STC of 2022; (D–F), control, shade
treatment and STC of 2023, respectively. Red lines represent–log10(p)≥5.0.
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Identification candidate genes for shade
tolerance based on GWAS

The LD of this population is 120 kb (Zhang et al., 2021).

Therefore, we examined candidate genes within a 120 kb range

upstream and downstream of SNPs significantly associated with

soybean STC across six traits. Utilizing functional annotation

information from the soybean genome, we identified four
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candidate genes significantly linked to soybean shade tolerance

(Table 7). Glyma.18G024000 associated with S18_1766721, encodes

a tr ichome bire fr ingence- l ike 33 prote in . The gene

Glyma.09G271100 linked to S09_48870909, encodes a protein

from the auxin efflux carrier family. Glyma.19G248900, associated

with S19_49517336, encodes an ethylene response factor 1. Lastly,

the gene Glyma.18G040700, related to S18_3429732, encodes a

MYB domain protein 43.
FIGURE 6

GWAS for branch number per plant with or without shade treatment in 2022 and 2023. (A–C), control, shade treatment and STC of 2022;
(D–F), control, shade treatment and STC of 2023, respectively. Red lines represent–log10(p)≥5.0.
TABLE 4 GWAS analysis results for six traits associated with shade tolerance.

Env. Trait

Significant
SNP Number

-log10(p) R2 (%)

-log10(p) ≥5.0 Max Min Max Min

2022

STC1 24 6.61 5.01 10.87 7.86

STC2 29 7.15 5.08 12.56 8.42

STC3 2 6.12 6.12 10.69 10.69

STC4 13 6.21 5.05 10.94 8.58

STC5 105 9.28 5.00 18.02 8.74

STC6 227 8.48 5.01 15.87 8.58

2023

STC1 4 5.25 5.08 9.12 8.78

STC2 9 6.08 5.06 10.18 8.20

STC3 2 5.41 5.29 9.44 9.21

STC4 31 6.61 5.00 12.67 9.15

STC5 190 6.63 5.00 12.22 8.78

STC6 97 22.62 5.00 53.76 8.77

Total 733
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Discussion

Shade treatment, evaluation and shade-
tolerance germplasms

In natural environments, plants are often subjected to shade

tolerance. Shade tolerance is essential for soybeans, especially in

intercropping or relay cropping systems. When soybeans

experience shade stress, their plant height and first pod height

will be elongated and the branches, number, grain weight per plant,

pod number and nodes number will be reduced, which posed a huge

threat to soybean production (Yang et al., 2015; Raza et al.,

2020; Table 1).

Previous studies have demonstrated that a 15% reduction in

light is considered weak shading, whereas 60% shading often leads

to lodging in most varieties, indicating excessive shading. However,

at 30% shading, the proportion of lodging varieties and the

coefficient of phenotypic variation are sufficient to meet the
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requirements for shade tolerance identification (Sun et al., 2017;

Zhang, 2021). Therefore, this study employed a 30% light reduction

to simulate shade treatment. As a result, under 30% shading, all the

six traits exhibited more pronounced phenotypic changes, and the

result all present normal distribution (Supplementary Table S1;

Supplementary Figures S1, S2).

ASFV has been widely utilized for assessing crop resistance to

various stressors, including salt, drought and shade tolerance (Zhao

et al., 2023). In this study, ASFV was applied to evaluate the shade

tolerance of soybean (Figure 2). Five germplasms exhibiting high

shade tolerance were identified: NPS044, NPS060, NPS151, NPS187

and NPS254. Notably, NPS044 showed consistent results across two

years (Table 3). Chen et al. (2003) measured various parameters such

as STC of biological yield during pod setting, plant height, minimum

pod height, pod number per plant, grain number per plant, grain

weight per plant, and 100 grain weight, and calculated the ASFV of

soybean varieties. Similarly, Huang et al. (2012) employed a

comprehensive STC across nine indicators, including standard pod
FIGURE 7

Haplotype analysis and genotyping for S18_1766721 (A, E), S09_48870909 (B, F), S19_49517336 (C, G) and S18_3429732 (D, H), respectively. ***
represents P<0.001.
TABLE 5 The number of favorable alleles present in the five high shade-tolerant soybean germplasms.

SNP Ratio (%) NPS044 NPS060 NPS151 NPS187 NPS254

S18_1766721-G/A 37.9/62.1 A G A G A

S09_48870909-T/G 34.5/65.5 T T G T G

S19_49517336- G/A 87.5/12.5 G G G G G

S18_3429732-G/A 13.6/86.4 G A G G A
Ratio represents the allele ratio in the population.
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number, standard pod weight, 100 grain weight, plot yield, plant

height, main stem node number, number of ingle grain pods number

per plant, single plant pod weight per plant, and standard pod length,

to determine soybean shade tolerance. Li et al. (2014) developed a

mathematical model for evaluating soybean shade tolerance using

stepwise regression and identified seven key indicators: main stem

node number, branch number, internode length, lodging resistance,

pod number per plant, 100-grain weight, and grain weight per plant.

Wu et al. (2015) suggest that the rapid identification and prediction of

shade tolerance in soybean seedlings can be achieved by measuring

leaf dry weight, stomatal conductance, plant height, and maximum

fluorescence yield under dark conditions. Tang et al. (2022) used

traits such as first pod height, stem node number, pod number per

plant, and grain number per pod to evaluate shade tolerance. In this

study, six traits - first pod height, plant height, pod number per plant,

grain weight per plant, branch number and main stem node number

– were measured using STC as the indicator to evaluate shade

tolerance in 264 soybean accessions. These traits are reliable for

identifying key loci and genes associated with shade tolerance

in soybeans.
Shade-tolerance SNPs and candidate
genes associated with soybean
shade tolerance

A total of 733 SNPs were identified as being associated with the

STC of six traits over two years (Figures 3–6; Supplementary

Figures S3, S4; Table 4). Due to the significant influence of

environmental factors on these traits (Supplementary Figure S1),

we didn’t co-locate any significant loci between two years. More

environments may need to be added.

Based on GWAS, four SNPs S18_1766721, S09_48870909,

S19_49517336 and S18_3429732 were selected for further study.

Their phenotypic explanation rate ranged from8.32% to 9.01%,

which can be used for soybean genome selection breeding. Four

candidate genes associate with the four SNPs were identified.

Glyma.18G024000, associated with S18_1766721, encodes the

protein Trichome birefringence-like 33 (TBL33). Members of the
Frontiers in Plant Science 10124
TBL family, previously characterized, are localized in the Golgi

apparatus and function as polysaccharide O-acetyltransferases

catalyzing the O-acetylation of specific cell wall polymers (Stranne

et al., 2018; Sinclair et al., 2020; Lunin et al., 2020). TBL proteins have

been reported to play roles in biotic (disease, herbivore) and abiotic

resistance (salt, drought and freezing) (Xiong et al., 2013; Gao et al.,

2017; Sun et al., 2020). Glyma.09G271100 is an auxin efflux carrier

family protein, known as PIN -like (PILS) which plays a crucial role

in auxin signaling (Bogaert et al., 2022; Feraru et al., 2022; Waidmann

et al., 2023). Numerous studies have demonstrated that auxin plays

pivotal roles in integrating responses to abiotic stresses such as

temperature, water, light and salt and in controlling downstream

stress responses (Iglesias et al., 2018; Waadt et al., 2022; Xie et al.,

2022; Jing et al., 2023). Organ-specific transcriptome analysis has

revealed that shade induces a set of auxin-responsive genes, such as

SMALL AUXIN UPREGULATED RNAs (SAURs) and AUXIN/

INDOLE-3-ACETIC ACIDs (AUX/IAAs) (Nguyen et al., 2023). In

the initial response to shade signals, auxin biosynthesis, transport,

and sensitivity are rapidly activated, promoting cell elongation in

hypocotyls and other organs (Ma and Li, 2019). Glyma.19G248900

associated with S19_49517336, encodes an ethylene response factor 1

(ERF1). GmERF3 has been reported to positively regulates resistance

to virus, high salinity and dehydration stresses (Zhang et al., 2009; Liu

et al., 2024). Ethylene is known to play a crucial role in mediating

plant adaptations to environmental conditions (Waadt et al., 2022).

Recent studies have shown that shade stress can induce ethylene

biosynthesis, accelerating soybean senescence and hindering nitrogen
TABLE 7 Functional annotation of candidate genes related to shade
tolerance in soybean.

Trait Gene ID Homologs
Functional
annotation

STC1 Glyma.18G024000 AT2G40320 Trichome birefringence-like 33

STC2 Glyma.09G271100 AT5G01990
Auxin efflux carrier

family protein

STC4 Glyma.19G248900 AT3G23240 Ethylene response factor 1

STC6 Glyma.18G040700 AT5G16600 MYB domain protein 43
TABLE 6 Primers used for KASP.

SNP Primer Primer sequence (5’-3’)

S18_1766721
(STC1)

F1
F2
R

GAAGGTGACCAAGTTCATGCTTAAAAAAAAATGACAATTAGA
GAAGGTCGGAGTCAACGGATTTAAAAAAAAATGACAATTAGG
TGGCATCCACTCATGAAATCG

S09_48870909
(STC2)

F1
F2
R

GAAGGTGACCAAGTTCATGCTTCATTGATGATAGTATGGTTG
GAAGGTCGGAGTCAACGGATTTCATTGATGATAGTATGGTTT
GTGTTTCACAACTGCTGGGC

S19_49517336
(STC4)

F1
F2
R

GAAGGTGACCAAGTTCATGCTATCTAATTTTAATTTACAGTA
GAAGGTCGGAGTCAACGGATTATCTAATTTTAATTTACAGTT
ACGAATTGTGTTGGCTGTAACC

S18_3429732
(STC6)

F1
F2
R

GAAGGTGACCAAGTTCATGCTTGTAGAAAACGCGCTTTGTAA
GAAGGTCGGAGTCAACGGATTTGTAGAAAACGCGCTTTGTAG
TGACAACGACATATGCAAACACAA
Underlines/bold sequences in F1 indicate Field Application Manager (FAM) fluorescent junction sequence and underlines in F2 indicated Hexachlorofluorescein (HEX) fluorescent junction
sequence. The bold/underline characters indicate SNPs.
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remobilization (Deng et al., 2024). ERFs are significant in enhancing

flood tolerance in rice (Xu et al., 2006), where ethylene accumulation

in submerged tissues induces the expression of ERFs such as

SNORKEL1 and SNORKEL2, which are major QTLs associated

with deepwater internode elongation (Hattori et al., 2009).

Glyma.18G040700 related to S18_3429732, encodes MYB domain

protein 43. This protein plays a critical role in various aspects of plant

growth and development, including secondary metabolic regulation,

responses to hormones and environmental factors, cell

differentiation, organ morphogenesis, and cell cycle regulation (Li

et al., 2019a). The homolog AtMYB43 has been reported to be

involved in regulating tolerance to cadmium and freezing (Zheng

et al., 2022, 2023). In summary, these four genes Glyma.18G024000,

Glyma.09G271100, Glyma.19G248900, and Glyma.18G040700 may

be involved in soybean responses to shade tolerance.
KASP markers for soybean shade tolerance

This study developed four KASP markers based on SNPs

associated with soybean STC obtained from GWAS. These markers

have been successfully used for genotyping (Table 7; Figure 7).

Specifically, S18_1766721 is associated with the STC of first pod

height, S09_48870909 with the STC of plant height, S19_49517336

with the STCof pod number per plant, and S18_3429732with the STC

of branch number. These markers are valuable tools for identifying

shade-tolerant soybean germplasms and can enhance the efficiency

and accuracy of selection in molecular marker-assisted breeding.

However, KASP markers for the STC of node number and grain

weight were not developed. This gap may be due to the influence of

multiple factors, suggesting that further efforts and research are needed

to identify effective markers for these traits.
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Genome-wide association
analysis and genomic prediction
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soybean germplasm
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Yuehan Chen1, Xinyu Du1,2, Qiqi Gao1, Di He1, Ainong Shi3*,
Peijun Tao2* and Long Yan1*

1Hebei Laboratory of Crop Genetics and Breeding, National Soybean Improvement Center
Shijiazhuang Sub-Center, Huang-Huai-Hai Key Laboratory of Biology and Genetic Improvement of
Soybean, Ministry of Agriculture and Rural Affairs, Institute of Cereal and Oil Crops, Hebei Academy of
Agricultural and Forestry Sciences, Shijiazhuang, China, 2College of Agronomy, Hebei Agricultural
University, Baoding, China, 3Department of Horticulture, University of Arkansas, Fayetteville,
AR, United States
Introduction: Soybean is an important protein and oil crop, and improving yield

has traditionally been a major breeding goal. However, salt stress is an important

abiotic factor that can severely impair soybean yield by disrupting metabolic

processes, inhibiting photosynthesis, and hindering plant growth, ultimately

leading to a decrease in productivity.

Methods: This study utilized phenotypic and genotypic data from 563 soybean

germplasms sourced from over 20 countries. Employing four distinct models—

we performed a genome-wide association study (GWAS) using four models,

including MLM, MLMM, FarmCPU, and BLINK in GAPIT 3, we conducted a

Genome-Wide Association Study (GWAS) to identify single nucleotide

polymorphism (SNP) associated with salt tolerance in soybean. Subsequently,

these identified SNP were further analyzed for candidate gene discovery. Using

34,181 SNPs for genomic prediction (GP) to assess prediction accuracy.

Results: Our study identified 10 SNPs significantly associated with salt tolerance,

located on chromosomes 1, 2, 3, 7, and 16. And we identified 11 genes within a 5

kb window upstream and downstream of the QTLs on chromosomes 1, 3, and 16.

Utilizing the GWAS-derived SNP marker sets for genomic prediction (GP) yielded

r-values greater than 0.35, indicating a higher level of accuracy. This suggests

that genomic selection for salt tolerance is feasible.

Discussion: The 10 identified SNP markers and candidate genes in this study

provide a valuable reference for screening and developing salt-tolerant soybean

germplasm resources.
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soybean, salt stress, genome-wide association study, genomic prediction, germplasm
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Introduction

Soybean is widely cultivated in the world, it is an important food

and economic crop, ranking sixth in global food crop production

(Du et al., 2023; Lu et al., 2020; Wang et al., 2023). As the most

significant legumes globally, soybean is rich in protein, oil,

isoflavones, and dietary fiber, providing high nutritional value

(Graham and Vance, 2003). It also offer health benefits, including

enhanced human immunity, prevention of cardiovascular diseases,

and potential anti-aging effects. With improving living standards,

the demand for soybean products has steadily increased. However,

the average global yield of soybeans, approximately 2.5 to 3 tons per

hectare, is insufficient to meet this growing demand. As a result,

increasing soybean yield has become a priority for breeders.

Soil salinity, a major abiotic stress factor, significantly inhibits

seed germination, growth, and nodule formation in soybeans

(Ondrasek et al., 2011; Singleton and Bohlool, 1984). Data from

the Food and Agriculture Organization of the United Nations and

the United Nations Environment Program reveal that over 950,000

square kilometers of land worldwide have been degraded to saline-

alkali conditions, accounting for more than 8% of the global land

area (Beecher, 1994). Therefore, breeding salt-tolerant soybean

varieties is essential for enhancing soybean production.

There has been extensive research on the genes and quantitative

trait loci (QTLs) associated with salt tolerance in soybeans. To date,

1,536 QTLs related to salt tolerance have been identified, primarily

distributed across chromosomes 2, 3, 6, 8, 9, 12, 13, 14, and 17. Utilizing

196 soybean landraces and 184 families, Kan et al. (2016) identified 22

SSR markers tightly linked to salt tolerance during germination, as well

as 11 QTL loci on chromosomes 2, 7, 8, 10, 17, and 18. Similarly, Chen

et al. (2008) conducted QTL mapping for salt tolerance at the seedling

stage in soybeans using a RIL population of 184 lines, identified eight

QTL loci on chromosomes 2, 3, 7, 9, 11, 14, and 18. In another separate

study, Huang (2013) conducted visual leaf scorch scoring under salt

stress and identified 62 SNPmarkers on chromosomes 2, 3, 5, 6, 8, and

18 that were significantly associated with salt tolerance.

Genome-Wide Association Study (GWAS) has become a favored

method for studying the association between complex traits and genetic

variations across the genome due to its high efficiency and shorter time

required for constructing populations. Kan et al. (2016) conducted a

GWAS of four salt tolerance indices using 191 soybean germplasms

genotyped with 1,142 SNPs and identified eight SNP markers and five

candidate genes associated with salt stress. Zhang et al. (2019)

performed salt inhibition seed germination experiments on 211

cultivated soybean germplasms and conducted a GWAS of four salt

tolerance indices with 207,608 SNPs from the NJAU 355 K SoySNP

database (CMLM model). They detected 92 trait markers on

chromosomes 1, 8, 11, 13, 14, 15, 16, 18, and 19. Further integration

of QTL mapping results from 184 RILs and gene expression analysis

identified a candidate gene, Glyma.08g102000, which belongs to the

cation diffusion facilitator (CDF) family, for salt tolerance. Transgenic

verification confirmed the gene’s role in regulating salt tolerance. In

another study, Patil et al. (2016) measured chloride concentration and

chlorophyll content in the leaves of 106 soybean lines at the V2 stage

and conducted association analysis with 37,000 SNP markers from the

SoySNP50K database. They identified 30 SNPs on chromosome 3
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significantly associated with chlorophyll content and leaf wilting

degree. Zeng et al. (2017) used 283 soybeangermplasm collected

worldwide and measured chloride concentration and chlorophyll

content in leaves at the V1 stage as salt tolerance indicators. They

conducted a GWAS using 33,000 SNP markers from the SoySNP50K

dataset (Song et al., 2015) and identified 45 SNPs on chromosomes 2, 3,

7, 8, 10, 13, 14, 16 and 20, and 31 SNPs on chromosome 3 significantly

associated with salt tolerance.

Genomic Prediction (GP) can significantly accelerate breeding

process. Molecular breeding of crops, particularly through Genomic

Selection (GS), is an approach in crop genetic improvement.

Compared to marker-assisted selection (MAS), GS can capture

genetic effect, shorten breeding cycle and improve breeding

efficiency (Hickey et al., 2017). Duhnen et al. (2017) reported an

average prediction accuracy of 0.39 for soybean yield, and as high as

0.80 in some population (Jarquıń et al., 2014). GP plays a crucial

role in GS, allowing researchers to predict crop traits across various

environments (Keller et al., 2020; Shikha et al., 2017).

Currently, there are 563 soybean germplasms with salt

phenotypic data available in the United States Department of

Agriculture (USDA) Germplasm Resources Information Network

(GRIN) database (https://npgsweb.ars-grin.gov/gringlobal/

descriptordetail?id=51054). Of these, 563 germplasms also have

SNP genotypic data in SoyBase (https://www.soybase.org/snps/;

Song et al., 2015). The purpose of this study is to utilize these

phenotypic and genotypic data to conduct a GWAS to identify SNP

markers associated with salt tolerance in soybean. Additionally, GP

was performed to evaluate its potential application in selecting salt-

tolerant lines for soybean breeding programs.
Materials and methods

Plant material

The 563 soybean germplasms from the USDA Germplasm

Collection were used for this study. These germplasms were

originally collected from 26 countries, including Japan (159

germplasms), China (86), India (59), South Korea (46), North Korea

(28), South Africa (26), Nepal (20), Indonesia (16), United States (16),

Suriname (13), Thailand (10), and 15 other countries (39), plus 45

germplasms of unknown origin (Supplementary Tables 1A, B).
Phenotyping

The phenotypic data for salt tolerance reactions in 563 soybean

germplasms were downloaded from the USDA GRIN website:

https://npgsweb.ars-grin.gov/gringlobal/descriptordetail?id=51054.

The experiments were conducted in Illinois, United States by Randy

Nelson at the USDA Soybean Collection in Urbana, IL. The salt

reaction was scored as tolerant (T) and susceptible (S) for each

accession. ‘1’ indicating tolerance and ‘9’ indicating susceptibility

were used to perform GWAS to identify SNP markers associated

with salt tolerance in this study (Supplementary Table 1A).
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Genotyping

The germplasms were genotyped using Soy50K SNP Infinium

Chips (Song et al., 2013). A total of 42,292 SNPs across 563 soybean

germplasms were downloaded from SoyBase at https://soybase.org/

snps/download.php (Song et al., 2015). For GWAS, 34,181 SNPs

were selected after excluding those with more than 5%missing data,

heterozygosity greater than 5%, and a minor allele frequency (MAF)

less than 5%. These SNPs were distributed across all 20

chromosomes of the soybean genome (Supplementary Figure 1).
Principal component analysis and
genetic diversity

In this study, 34,181 SNPs were included in the principal

component analysis (PCA) and genetic diversity analysis. PCA

and genetic diversity were analyzed using GAPIT 3 (Wang and

Zhang, 2021), with PCA components set from 2 to 10 and NJ tree

settings from 2 to 10. Phylogenetic trees were drawn using the

neighbor-joining (NJ) method in GAPIT 3. Genetic diversity was

assessed for all 563 tested germplasms and their salt tolerance using

(1) 34,181 SNPs in GAPIT 3, and (2) 10,000 randomly selected

SNPs in MEGA 7 (Kumar et al., 2016). The phylogenetic trees were

drawn using MEGA 7 based on the Maximum Likelihood method

with the parameters described in Shi et al. (2016, 2017).
Association analysis

GWAS was conducted using various models, including

Bayesian-information and Linkage-disequilibrium Iteratively

Nested Keyway (BLINK), Fixed and Random Model Circulating

Probability Unification (FarmCPU), Generalized Linear Model

(GLM), and Mixed Linear Model (MLM) in GAPIT 3 (Wang and

Zhang, 2021). The analysis was performed on a panel of 563

germplasms using 34,181 SNPs. Multiple GAPIT models were

utilized to identify robust and consistent SNP markers associated

with salt tolerance in soybean. The significance threshold for

germplasms was determined using Bonferroni correction of

P-values with an a = 0.05 (0.05/SNP number). An LOD

(logarithm of odds) value of 5.83 [Here, we use LOD instead of –

log(P-value)] was used as the significance threshold based on the

34,181 SNPs.
Candidate gene prediction

Candidate genes associated with salt tolerance were sought

within a 5 kb vicinity on both sides of the significant SNPs,

following the methodology outlined by Zhang HY, et al., 2016.

The candidate genes were extracted from the reference annotation

of the soybean genome assembly, Wm82.a2.v1, available at https://

phytozome-next.jgi.doe.gov/info/Gmax_Wm82_a2_v1.
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Genomic prediction for genomic selection
of salt tolerance

In this investigation, ridge regression best linear unbiased

prediction (RR-BLUP) from the rrBLUP package (Endelman,

2011) and Bayesian models, including Bayes A (BA), Bayes B

(BB), Bayes LASSO (BL), and Bayes ridge regression (BRR),

implemented in the BGLR package, were employed for predicting

genomic estimated breeding values (GEBV) in GP. The analysis was

carried out using R software version 4.3.1 (https://www.r-

project.org/). Additionally, GEBV prediction was conducted using

genomic best linear unbiased prediction (gBLUP), composite BLUP

(cBLUP), marker-assisted BLUP (maBLUP), and settlement of

MLM under progressively exclusive relationship (SUPER) BLUP

(sBLUP) methods, implemented in the GAPIT package. The

effectiveness of genomic prediction using these approaches has

been documented in prior research studies (Shi et al., 2021; 2022;

Jarquıń et al., 2014; 2017; Zhang JP, et al., 2016).

Genomic prediction (r-value) for salt tolerance was conducted

across various soybean panels and scenarios. Firstly, GP was

estimated using a training set to predict salt tolerance in the

panel of 563 soybean germplasms. Predictions were estimated

using four models: maBLUP, gBLUP, cBLUP, and sBLUP,

utilizing all 34,181 SNPs in GAPIT3. Secondly, GP was executed

using ten SNP sets: eight randomly selected SNP sets ranging from

10 to 10,000 SNPs, plus a GWAS-derived SNP marker set

containing 10 markers (m10). These predictions were estimated

using five GP models: BA, BB, BL, BRR, and rrBLUP. The

prediction accuracy for salt tolerance was assessed using the

average Pearson’s correlation coefficient (r) between the GEBVs

and observed values in the validation set. Training and validation

sets were randomly created 100 times, and the r-value was estimated

for each iteration. The average r-value across the 100 iterations was

then calculated for salt tolerance. In the GP scenarios, a higher r-

value indicates greater prediction accuracy and better selection

efficiency in GS, reflecting the reliability of the GP for salt tolerance.
Results

Evaluation of salt tolerance

The 563 soybean germplasms were divided into two groups,

where 150 germplasms were salt tolerant and 413 were susceptible

(Figure 1; Supplementary Tables 1A, C). These 150 salt-tolerant

germplasms can be used as parents in soybean breeding programs

to develop salt-tolerant lines.
Genome-wide association study

Using GAPIT 3, the 563 soybean germplasms were divided into

four distinct clusters (subpopulations), labeled Q1 to Q4, based on the

analysis of 34,181 SNPs (Figure 2; Supplementary Figure 2). The

clustering was derived from the following analyses: (1) a 3D graphical
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plot of the principal component analysis (PCA) (Supplementary

Figure 2, left), (2) a PCA eigenvalue plot (Supplementary Figure 2,

right), and (3) phylogenetic trees constructed using the neighbor-

joining (NJ) method (Figure 2A, ring – left and Figure 2B, no-root -

right). Additionally, the kinship plot confirmed the existence of these

four groups among the 563 germplasms (Supplementary Figure 3).

Each was assigned to one of the four clusters (Q1 to Q4)

(Supplementary Table 1A), and the resulting Q-matrix with four

clusters was subsequently applied to the GWAS analysis.
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Based on the analysis using four models (GLM,MLM, FarmCPU,

and BLINK) in GAPIT 3, the multiple QQ plots showed a significant

deviation from the expected distribution (Figure 3, right half;

Supplementary Figure 4, right), indicating the presence of SNPs

associated with salt tolerance. The multiple Manhattan plots,

covering all 34,181 tested SNPs, revealed several SNPs with LOD

values greater than 5.83, primarily located on chromosomes 1, 2, 3, 7,

and 16, suggesting the SNPs were associated with salt tolerance in the

panel (Figure 3, left half; Supplementary Figure 4, left).

Ten SNPs with LOD values greater than 5.83 were detected by at

least one model (GLM or FarmCPU) in GAPIT 3 for salt tolerance

(Table 1). Three SNP markers associated with salt tolerance,

Gm01_4306329_ss715579436, Gm01_4312808_ss715579441, and

Gm01_4336306_ss715579451, are in a region from 4,306,329 bp to

4,336,306 bp, with an interval of 30 kb on chromosome 1. The LODs of

these SNPs were greater than 6.5 in the GLMmodel (Table 1). The other

three SNP markers associated with salt tolerance, Gm02_36878905_

ss715582154, Gm02_36940321_ss715582156, and Gm02_36991983_

ss715582157, are located in a region from 36,878,905 bp to 36,991,983

bp on chromosome 2. These SNPs had an LOD greater than 6.7 in the

GLM model and greater than 4.1 in a t-test (Table 1), indicating the

presence of a QTL in this region. The two SNP markers,

Gm03_43213208_ss715586397 and Gm03_43220331_ss715586399,

are located at 43,213,208 bp and 43,220,331 bp, respectively, on

chromosome 3. These SNPs showed an LOD greater than 5.83 in

either the GLM or FarmCPU model and greater than 8.9 in t-tests

(Table 2), suggesting a QTL in this region of chromosome 3 for salt

tolerance. The SNP marker Gm07_41776639_ss715598058, located at

41,776,639 bp on chromosome 7, is associated with salt tolerance with

an LOD of 6.44 in the GLMmodel and 5.94 in the t-test (Table 2). The
TABLE 1 List of ten SNPs with LOD (-log(P-value)) greater than 5.83 detected by one or more models (FarmCPU or GLM) in GAPIT 3, along with t-test
results for salt tolerance.

SNP Chr Pos MAF %

LOD
[-log
(P-

value)]

Model
Lod_
(t-test)

Beneficial
_allele

unbeneficial
_allele

Linked gene
(0-4kb)

Gm01_4306329_ss715579436 1 4306329.00 22.29 6.82 GLM 7.26 A G
Glyma.01G039600
Glyma.01G039700

Gm01_4312808_ss715579441 1 4312808.00 23.89 6.81 GLM 7.30 A G
Glyma.01G039700
Glyma.01G039800

Gm01_4336306_ss715579451 1 4336306.00 22.38 6.60 GLM 6.58 G A Glyma.01G040000

Gm02_36878905_ss715582154 2 36878905.00 48.49 7.45 GLM 4.11 G A Glyma.02G195400

Gm02_36940321_ss715582156 2 36940321.00 34.99 6.73 GLM 4.42 A G

Gm02_36991983_ss715582157 2 36991983.00 34.81 6.87 GLM 4.52 A G

Gm03_43213208_ss715586397 3 43213208.00 45.74 5.85 GLM 8.97 T G
Glyma.03G230400
Glyma.03G230500
Glyma.03G230600

Gm03_43220331_ss715586399 3 43220331.00 44.85
6.11 GLM 9.33

C T
Glyma.03G230600
Glyma.03G2307006.03 FarmCPU 9.33

Gm07_41776639_ss715598058 7 41776639.00 43.78 6.44 GLM 5.94 T C

Gm16_7722217_ss715625494 16 7722217.00 11.55 5.95 FarmCPU 2.75 T C
Glyma.16G076200
Glyma.16G076300
Each SNP is located on a chromosome, and its position is based on the soybean genome reference Wm82.a2 and its linked genes within less than 4 kb.
Chr, chromosome; Pos, position; MAF, minor allele frequency; LOD, Logarithm of the Odds.
FIGURE 1

The distribution of salt tolerance reaction in 563 soybean germplasms.
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SNP marker Gm16_7722217_ss715625494, located at 7,722,217 bp on

chromosome 16, is associated with salt tolerance with an LOD of 5.95 in

the GLM model and 2.75 in the t-test (Table 2).
Candidate genes for salt tolerance

Eleven genes are located within 5 kb upstream and downstream

of 7 of the 10 SNP markers associated with salt tolerance (Table 1;

Supplementary Table 2). Gene information is based on the soybean

reference genome Glycine max Wm82.a2.v1 (https://phytozome-

next.jgi.doe.gov/info/Gmax_Wm82_a2_v1).

The four genes, Glyma.01G039600 (leucine-rich repeat receptor-

like protein kinase family protein), Glyma.01G039700 (Vps51/Vps67
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family protein, components of vesicular transport),Glyma.01G039800

(galactosyltransferase family protein), and Glyma.01G040000

(glutathione S-transferase TAU 18), are physically close to the three

SNP markers—Gm01_4306329_ss715579436, Gm01_4312808_

ss715579441, and Gm01_4336306_ss715579451— (Tables 1, 2).

Similarly, candidate genes Glyma.02G195400 (syntaxin of plants

121), located at 36,872,648 bp to 36,875,320 bp on chromosome 2,

Glyma.03G230400 (invertase H), Glyma.03G230500 (plus-3 domain-

containing protein), Glyma.03G230600 (protein of unknown

function, DUF538), and Glyma.03G230700 (importin alpha isoform

4) on chromosome 3 and Glyma.16G076200 (pyrimidin 4) and

Glyma.16G076300 (long-chain fatty alcohol dehydrogenase family

protein on chromosome 16 were within physically close to the

significant SNPs on those chromosomes (Tables 1, 2).
FIGURE 3

Multiple Manhattan plot (A) and QQ plot (B) of SNP significant level for salt tolerance among GLM, MLM, FarmCPU, and BLINK models in GAPIT3 in an
association panel consisting of 563 germplasms. The Manhattan plot (left) illustrates soybean 20 chromosomes on the x-axis and LOD (-log(P-value))
values on the y-axis. The QQ plot (right) displays LOD (-log(P-value)) values on the x-axis and expected LOD (-log(P-value)) values on the y-axis.
FIGURE 2

Population genetic diversity analysis in the association panel consisting of 563 USDA soybean germplasms: phylogenetic trees [(A). fan and (B).
unrooted] drawn using the neighbor-joining (NJ) method in four sub-populations (Q1-Q4) by GAPIT3.
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Genomic prediction

GP in the reference: The GP analysis yielded moderate to high r-

values of 0.46, 0.60, and 0.44 for the maBLUP, gBLUP, and sBLUP

models, respectively. These estimates were obtained using a training

set to predict salt tolerance in a panel of 563 soybean germplasms

genotyped with 34,181 SNPs in (Supplementary Figure 5). These

results indicate that GS is effective for salt tolerance selection.

GP in cross-prediction using randomly selected SNP markers: GP

using randomly selected SNP markers for cross-prediction yielded the

following average r-values: 0.19 (ranging from 0.14 to 0.20) for the 10-

SNP set (r10); 0.22 (ranging from 0.17 to 0.24) for the 100-SNP set

(r100); 0.25 (ranging from 0.24 to 0.26) for the 200-SNP set (r200);

0.29 (ranging from 0.28 to 0.30) for the 500-SNP set (r500); 0.30

(ranging from 0.29 to 0.31) for the 1,000-SNP set (r1000);

0.31 (ranging from 0.29 to 0.33) for the 2,000-SNP set (r2000); 0.30

(ranging from 0.28 to 0.32) for the 5,000-SNP set (r5000); and 0.28

(ranging from 0.27 to 0.30) for the 10,000-SNP set (r10000) (Table 2;

Figure 4). These results demonstrate that the r-value increased with

the number of randomly selected SNPs, with an average r-value rising

from 0.19 in the 10-SNP set to 0.30 in the 10,000-SNP set. This

suggests that a randomly selected SNP set consisting of at least 1,000

SNPs (r = 0.30) should be used in GS for selecting salt tolerance.

GWAS-derived SNP marker set: The average r-value was 0.38, ranging

from 0.36 to 0.40, for the 10-marker set (m10) (Table 2; Figure 4). These

results indicate that the r-value was moderately high, exceeding 0.35 and

surpassing those of SNP sets randomly selected from10SNPs to 10,000 SNPs.

This suggests thatGWAS-derived SNPmarkers can be effectively used forGP

and for selecting salt tolerance in soybean breeding through MAS and GS.

GP Model: All five GP models—BA, BB, BL, BRR, and rrBLUP

—exhibited similar r-values, indicating that each model is effective

for selecting salt tolerance in GS.
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Genetic diversity and utilization of the salt
tolerant germplasms

The phylogenetic analysis showed that the 150 salt-tolerant

germplasms were distributed throughout the tree of 563 germplasms

and did not separate into distinct groups of susceptible and tolerant

germplasms (Supplementary Figure 6). This indicates that the 150 salt-

tolerant germplasms have broad genetic backgrounds. Further analysis

revealed that these 150 salt-tolerant germplasms can be divided into

three distinct groups (Supplementary Figures 7, 8), confirming that

they possess different genetic backgrounds.

Among the 150 salt-tolerant germplasms, six countries

contributed a total of 104 germplasms: Japan (46), China (31),

India (12), Suriname (7), Indonesia (6), and Nepal (5)

(Supplementary Table 1C). Phylogenetic analysis of these 104

germplasms showed that germplasms from the same country

generally clustered together (Supplementary Figure 9), suggesting

that germplasms from the same country share similarities in genetic

backgrounds. Specifically, germplasms from Nepal are closer to

those from Japan, followed by China; germplasms from Indonesia

are closer to those from Suriname; while germplasms from India are

more distinct (Figure 5). This clustering suggests that geographic

factors influence the distribution of salt-tolerant germplasms.
Discussion

Soybeans are a crucial source of plant protein, accounting for

over 60% of daily plant protein consumption (Sedivy et al., 2017).

With the increasing global demand for food, soybean production

must be enhanced to meet the rising need for plant protein (Lu

et al., 2021). However, soybean yields are highly susceptible to
TABLE 2 Genomic prediction (r-value) of salt tolerance using nine SNP sets: eight randomly selected SNP sets ranging from 10 to 10,000 SNPs (r10 to
r10000), plus the GWAS-derived SNP marker sets (10 markers - m10).

GP Model

r-value SE of r-value

rrBLUP BA BB BL BRR
SNP.set
Mean

rrBLUP BA BB BL BRR
SNP.set
Mean

r10 0.20 0.20 0.14 0.20 0.19 0.19 0.067 0.072 0.088 0.079 0.083 0.078

r100 0.17 0.24 0.22 0.24 0.22 0.22 0.083 0.076 0.075 0.084 0.070 0.078

r200 0.24 0.24 0.25 0.26 0.24 0.25 0.070 0.087 0.086 0.078 0.081 0.080

r500 0.28 0.29 0.29 0.30 0.29 0.29 0.081 0.090 0.084 0.071 0.092 0.084

r1000 0.30 0.31 0.29 0.30 0.31 0.30 0.074 0.077 0.067 0.076 0.075 0.074

r2000 0.33 0.30 0.29 0.31 0.31 0.31 0.085 0.087 0.087 0.077 0.076 0.083

r5000 0.32 0.28 0.30 0.29 0.31 0.30 0.072 0.077 0.085 0.081 0.078 0.079

r10000 0.30 0.27 0.28 0.27 0.30 0.28 0.083 0.084 0.072 0.075 0.080 0.079

m10 0.36 0.38 0.38 0.40 0.39 0.38 0.082 0.079 0.088 0.073 0.077 0.080

GP.model
mean

0.28 0.28 0.27 0.29 0.28 0.28 0.077 0.081 0.081 0.077 0.079 0.079
fro
Predictions were estimated using five genomic prediction (GP) models: rrBLUP, BA, BB, BL, and BRR. The standardized errors of the r-values (SE) are also listed.
r-value, the genomic prediction r value for salt tolerance; SE of r-value, the standard error of the genomic prediction r value for salt tolerance; rrBLUP, ridge regression best linear unbiased
prediction; BA, Bayes A; BB, Bayes B; BL, Bayes LASSO; BRR, Bayes ridge regression; SNP.set Mean, the average values of the five different genomic prediction models; r10 - r10000, the SNP sets
randomly selected in quantities ranging from 10 to 10,000.
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adverse environmental conditions, with salt stress being a

significant abiotic factor that severely impacts soybean production

and poses a substantial threat to agricultural productivity

(Leng et al., 2021; van Zelm et al., 2020). Identifying genes
Frontiers in Plant Science 07133
associated with salt stress tolerance is essential for developing

salt-tolerant soybean varieties and improving soybean yields.

Although some genes regulating salt tolerance traits have been

reported, research on soybean salt tolerance remains insufficiently
FIGURE 4

Genomic prediction (r-value) of salt tolerance using nine SNP sets: eight randomly selected SNP sets ranging from 10 (r10) to 10,000 SNPs (r10000),
plus the GWAS-derived SNP marker sets (10 markers - m10). Predictions were estimated using five genomic prediction (GP) models: BA, BB, BL, BRR,
and rrBLUP.
FIGURE 5

The non-taxon ring phylogenetic tree of 104 salt-tolerant soybean germplasms was constructed using the Maximum Likelihood (ML) method in
MEGA 7, based on 6000 randomly selected SNPs distributed across 20 soybean genome chromosomes (A). The colored shapes and branches
represent germplasms from one of the six countries: Japan, Nepal, China, India, Suriname, and Indonesia. The traditional phylogenetic tree of
soybean germplasm from the six countries is shown in (B).
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comprehensive. Therefore, this study aims to analyze the salt

tolerance of 563 soybean germplasms resource from the USDA

GRIN, identify salt tolerance-related genes, and conduct genomic

predictions. These efforts are vital for selecting salt-tolerant soybean

germplasm and breeding salt-tolerant soybean varieties.

In recent years, numerous QTLs associated with soybean salt

tolerance have been identified. However, due to the complex nature

of soybean salt tolerance, which is controlled by multiple genes, the

related loci and candidate genes identified vary across different

populations or using different analytical methods. This study

conducted a GWAS on 34,181 SNP markers, identifying 10 SNPs

associated with salt tolerance, located on chromosome 1, 2, 3, 7, and 16.

In both GAPITmodels (GLM and FarmCPU), a locus on chromosome

3 showed LOD scores exceeding 5.83 and t-test values greater than 8.9,

indicating a robust QTL for salt tolerance. Four genes—

Glyma.03G230400, Glyma.03G230500, Glyma.03G230600, and

Glyma.03G230700—are closely linked to SNP markers

Gm03_43213208_ss715586397 and Gm03_43220331_ss715586399

within 4 kb. Previous studies have also identified salt-tolerant genes

in this region (Kan et al., 2015; Patil et al., 2016; Zeng et al., 2017). On

chromosome 2, three SNP markers—Gm02_36878905_ss715582154,

Gm02_36940321_ss715582156, and Gm02_36991983_ss715582157—

within the 36,878,905 bp to 36,991,983 bp region exhibited LOD scores

greater than 6.7 and t-test values exceeding 4.1, suggesting a salt

tolerance QTL. The gene Glyma.02G195400 is closely linked to SNP

marker Gm02_36878905_ss715582154, within 4 kb. Similar QTLs

have been reported by Zeng et al. (2017) and Kan et al. (2015). On

chromosome 1, three SNP markers—Gm01_4306329_ss715579436,

Gm01_4312808_ss715579441, and Gm01_4336306_ss715579451—

located within the 4306329 bp to 4336306 bp region showed LOD

scores greater than 6.5 and significant t-test values, indicating a salt

tolerance QTL. Four genes—Glyma.01G039600, Glyma.01G039700,

Glyma.01G039800, and Glyma.01G040000—are closely linked to

these markers within 5 kb. Similar QTLs have been identified in rice

by Pandit et al. (2010). On chromosome 7, SNP marker

Gm07_41776639_ss715598058 at 41,776,639 bp showed an LOD

score of 6.44 and a t-test value of 5.94, indicating significant

association with salt tolerance. This region was also identified by

Zeng et al. (2017). The SNP marker Gm16_7722217_ss715625494

on chromosome 16, located at 7,722,217 bp, exhibited an LOD score of

5.95 and a t-test value of 2.75, suggesting a salt tolerance QTL. Two

genes—Glyma.16G076200 and Glyma.16G076300—are closely linked

to this marker within 3 kb. Similar QTLs in this region were identified

by Zeng et al. (2017).

In this study, the accuracy of GP was evaluated by assessing the

correlation coefficient (r) between the GEBV and the observed

values. (Bhattarai et al., 2022; Joshi et al., 2022) Initially, salt

tolerance of 563 soybean germplasms were predicted using three

different genomic prediction models: maBLUP, gBLUP, and sBLUP

for itself by cross-population prediction. The r values obtained from

these models were 0.46, 0.60, and 0.44, respectively, indicating that

genomic selection for salt tolerance is effective. Subsequently, cross-
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prediction was conducted using randomly selected SNP markers

and GWAS-derived SNPmarker sets. The results showed that the r-

values were relatively higher for the GWAS-derived SNP marker

sets. All five GP models—BA, BB, BL, BRR, and rrBLUP—exhibited

similar r values, demonstrating that each model is effective for

selecting salt tolerance through GS. These findings suggested that

GP and salt tolerance selection can be effectively utilized in soybean

breeding through MAS and GS.
Conclusion

Through GWAS analysis of 150 tolerant and 413 susceptible

germplasms with 34,181 SNP loci, we identified 10 SNPs associated

with salt tolerance: four SNP markers on chromosome 1

(Gm01_4306329_ss715579436, Gm01_4312808_ss715579441, and

Gm01_4336306_ss715579451), three markers on chromosome 2

(Gm02_36878905_ss715582154, Gm02_36940321_ss715582156, and

Gm02_36991983_ss715582157), two markers on chromosome 3

(Gm03_43213208_ss715586397 and Gm03_43220331_ss715586399),

and one marke r e ach on ch romosomes 7 and 16

(Gm07_41776639_ss715598058 and Gm16_7722217_ss715625494,

respectively). We assessed the accuracy of GP by examining the

correlation coefficients (r) between GEBV and observed values.

Using different GP models and SNP sets, we observed that r-values

were up to 0.4 when using significant SNP markers derived from

GWAS. The information provided valuable references for selecting and

breeding soybean varieties with enhanced salt tolerance.
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Identification and functional
validation of a new gene
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Soybean Mosaic Virus strains
SC4 and SC20 in soybean
Muhammad Muzzafar Raza, Huiying Jia,
Muhammad Khuram Razzaq, Bowen Li, Kai Li*

and Junyi Gai *

Soybean Research Institute & MARA National Center for Soybean Improvement & Ministry of
Agriculture and Rural Affairs (MARA) Key Laboratory of Biology and Genetic Improvement of Soybean
(General) & State Innovation Platform for Integrated Production and Education in Soybean Bio-
breeding & State Key Laboratory for Crop Genetics and Germplasm Enhancement & Jiangsu
Collaborative Innovation Center for Modern Crop Production, Nanjing Agricultural University, Nanjing,
Jiangsu, China
Soybean Mosaic Virus (SMV) poses a serious threat to soybean production, often

resulting in considerable yield losses or complete crop failure, particularly if

infection occurs during early growth stages. While several SMV resistance genes

have been identified, the genetic basis of resistance to certain strains remains

poorly understood. Among the 22 SMV strains, SC4 and SC20 are considered

pathogenic in Central China. Dominant genes resistant to SC4 (Rsc4) on Chr.14 in

Dabaima and to SC20 (Rsc20) on Chr.13 in Qihuang-1 have been identified.

Kefeng-1 is resistant to SC4 and SC20. This study aimed to determine whether

the resistance to SC4 and SC20 in Kefeng-1 was identical and whether Rsc4 and

Rsc20 in Dabaima and Qihuang-1 are also present in Kefeng-1 due to

translocation. Mendelian experiments using F1, F2, and recombinant inbred

lines (RIL3:8) of Kefeng-1 (resistant) and NN1138-2 (susceptible) indicated a

single dominant gene inheritance pattern in SC4 and SC20, respectively.

Linkage mapping showed two loci for SC4 and SC20 in neighboring single

nucleotide polymorphism linkage disequilibrium blocks (SNPLDB) marker

regions of 253 kb and 375 kb, respectively, in Kefeng-1. Association between

SNPs in possible gene regions of Kefeng-1 and resistance data showed

SNP11692903 jointly as the most significant SNP, exhibiting the highest c2

value. By comparing SNP11692903 to possible gene sequences in the coding

region, Glyma02g13380 was identified as a joint candidate gene. The results

were validated using qRT-PCR, virus induced gene silencing (VIGS), and gene-

sequence. Therefore, the two Mendelian genes on chromosome 2 in Kefeng-1

responsible for SC4 and SC20 resistance are unique genes, different from Rsc4 in

Dabaima and Rsc20 in Qihuang-1. Hence, one gene is involved in resistance
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toward two SMV strains resistance. This result challenged our previous

hypothesis of a single dominant gene responsible for resistance against a

single strain and underscored the potential for using multiple resistance

sources aimed at enhancing SMV resistance in breeding practices.
KEYWORDS

Mendelian inheritance, Soybean Mosaic Virus, single nucleotide polymorphism,
resistance, linkage mapping
1 Introduction

Soybean is an economically vital grain legume because of its

protein and edible oil of excellent quality that are used in industry and

routine human affairs. One of the major risks for soybean production

in China and worldwide is Soybean Mosaic Virus (SMV). Viral

infection during the early growth stages of crops may lead to

maximum yield loss or complete crop failure (Hill, 2003). If

infection occurs within three weeks of sowing, it can cause up to

100% crop failure (Hill and Whitham, 2014).

Several SMV strains have been reported worldwide; however,

the pathogenic relationship among these strains has not yet been

completely elucidated. In Japan, five strains, represented by A, B, C,

D, and E, have been reported (Takahashi et al., 1980). In the USA,

seven strains (G1, G2, G3, G4, G5, G6, and G7) were identified by

Cho and Goodman (1982), and this grouping was modified by Chen

and Choi (2007). Three discrete resistance loci for these strains on

Chromosome 2, 13 and 14 from their natural sources have been

discovered (Jeong and Saghai Maroof, 2004). In China, 22 SMV

strains (SC1-SC22) have been identified in ten varieties of/

differential hosts (Li et al., 2010; Wang et al., 2013; Zhi et al.,

2005). Host plant resistance (HPR) is a cost-effective and eco-

friendly technique for combating SMV. Numerous sources of SMV

resistance have been identified in soybeans, most of which are

resistant to a few strains. In most cases, the resistance is conferred

by a single dominant gene. Until now, many self-governing

resistance loci with diverse SMV strain specifications have been

recognized. To date, three autonomous loci; Rsv1, Rsv3, and Rsv4 in

the USA and several RSC loci in China have been reported and

identified that confer SMV resistance (Liu et al., 2016). However,

only a few resistance genes have been cloned, and their

characteristics are yet to be identified.

A lot of research on SMV resistance has been conducted

worldwide such as in cultivar “Heinong 84” a single dominant

gene on Chr.13 which is allele of Rsv1 is controlling resistance

against strain N3 (Li et al., 2022). Similarly, another SMV resistant

novel locus Rsmv-11 for SC7 was identified (Zhang et al., 2022). Rsv1,

Rsv3 loci were discovered in Egyptian soybean cultivars, SMV SC3

was studied in NN1138-2 and Parasite Driven Resistance (PDR) for

SMV was studied (Eid et al., 2023; Liu et al., 2023; Yang et al., 2024).
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One of the basic requirements for the development of SMV-

resistant soybean cultivars using molecular breeding techniques is the

identification of genomic regions with the most probable candidate

disease-resistant genes. Linkage mapping is an excellent technique for

gene identification, especially when combined with map-based cloning

(Fu et al., 2006; Hayes et al., 2004; Hwang et al., 2006; Li et al., 2006),

but the accuracy of this technique depends on map resolution.

Recently, single-nucleotide polymorphism (SNP) markers have

become popular because they focus on molecular breeding and are

suitable for high-throughput recognition setups and platforms (Ganal

et al., 2009). SNP markers are commonly used to develop high-quality

resolutionmaps. These SNPmarkers are common sources of variability

in the genome and are used to measure genetic diversity and

population structure. Different public databases comprise extensive

information on SNPs in numerous plant species, including rice, wheat,

maize, and soybean (Akond et al., 2013; Cavanagh et al., 2013; Ganal

et al., 2011; Jones et al., 2009; McNally et al., 2009; Rostoks et al., 2005;

Song et al., 2013; Tian et al., 2015).

Among the 22 SMV strains, SC4 and SC20 are moderately

pathogenic strains prevalent in the Huang-Huai and Yangtze River

Valleys in China (Li et al., 2010). RSC4 locus has been previously

reported in Dabaima and contains three candidate resistance genes on

chromosome (Chr.) 14 (Wang et al., 2011). In contrast, RSC20 has been

reported on Chr.13 in Qihuang-1 (Karthikeyan et al., 2018) as a single

dominant resistance gene that has not yet been cloned. Based on these

and previous studies, we recognized that a single dominant gene is

responsible for single-strain resistance. Recently, we found that Kefeng-

1 also shows resistance against SC4 and SC20; however, the responsible

elements are not located on Chr.14 and Chr.13 (Wang et al., 2011).

Therefore, this study aimed to investigate whether the resistance to SC4

and SC20 in Kefeng-1 are conferred by distinct genes, determine their

location, and clarify whether the newly found genes resistant to SC4

and SC20 were distinct or identical to RSC4 and RSC20 in Dabaima and

Qihuang-1 due to translocation. The objectives of this study were to

identify resistance genes for both strains in Kefeng-1 using the

techniques of Mendelian inheritance, gene mapping, gene fine

mapping, quantitative reverse transcription polymerase chain

reaction (qRT-PCR), virus-induced gene silencing (VIGS), and gene

sequencing to gain a thorough understanding and improve our

resistance breeding strategy (Zhan et al., 2006).
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2 Materials and methods

2.1 Plant genetic materials

The soybean cultivar NN1138-2 was susceptible (S), and

Kefeng-1 was resistant to the SMV strains SC4 and SC20. To

investigate the inheritance patterns of resistance, F1, F2, and

RIL3:8 (comprising 427 RILs) derived from a cross between

Kefeng-1 and NN1138-2 were used. For fine mapping of

candidate resistance genes, only the RIL population was used. The

parental lines were crossed to acquire F1 at the Dangtu Research

Station, National Center for Soybean Improvement (NCSI),

Nanjing Agricultural University, China. The F1 plants were self-

fertilized to obtain F2 plants in Hainan province. To derive the RIL

population, a single-seed descent procedure was used to obtain the

F3:8 generation. Both parents and their derived populations were

cultivated for screening in plastic pots (w20×h20 cm) in a fully

controlled, conditioned glass house at the Baima Agriculture

Station, Nanjing Agricultural University, China.
2.2 Preparation and maintenance of
SMV inoculum

The SMV strains SC4 and SC20 were supplied by NCSI. The

SMV isolates were maintained separately on NN1138-2. Plants at

the first true-leaf stage were successively inoculated under

controlled conditions in an aphid-free glass house. Inoculation

performed mechanically as described earlier (Che et al., 2020).

Infected fresh leaves of NN1138-2 were ground using a pestle in a

mortar containing 0.01 mol/L of sodium phosphate buffer (4–5 ml/

g of leaf tissue; 7.2 pH) to prepare the inoculum. The mortar

containing the inoculum was placed on ice during inoculation.

Before inoculation, the leaves were dusted with 600 mesh

carborundum powder as an abrasive and rinsed with tap water

after inoculation. The SC4 and SC20 inocula were verified by the

real inoculation of a set of ten differential soybean hosts, as

described by Li et al. (2010) (Supplementary Table 1).
2.3 Inoculum application and disease assay

The plants of F1, F2, and RIL populations with their parental

lines (ten plants per line) were mechanically inoculated separately

with SC4 and SC20 inoculums at the true-leaf unfolding stage

(seven-to-ten days after sowing). The pathological response was

recorded based on optical observance with a time interval of 10 days

until 40 days after inoculation as described by Karthikeyan et al.

(2017). Mosaic and necrosis-like symptoms were observed on newly

emerging leaves after inoculation. Categorization criteria for

susceptibility and resistance to specific SMV strains were

established based on symptomatic and symptomless plants. Plants

that did not develop any salient evidence of infection after

inoculation and looked like uninoculated plants and those with

flimsy necrotic stripes, minor necrotic lesions, and fainted mosaic
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evidence with less than 10% rate of incidence were characterized in

the resistance category, whereas plants that displayed symptoms

such as mosaic with or without necrotic leaves and general necrosis

with an incidence rate greater than 10% were regarded

as susceptible.
2.4 Statistical analysis

The chi-square test was used to test the phenotypic assessment

of segregation in the F2 and RIL populations for goodness of fit to

the Mendelian ratio. The values of Chi-square and p were obtained

using the SAS software (Version 9.4).
2.5 Genotypic resequencing and
gene mapping

Genotypic data of the RIL population (Kefeng-1×NN1138-2)

comprising 3683 SNPLDB markers were used to track the resistant

genomic regions provided by NCSI. The construction procedure for

the SNPLDB markers has been outlined by He et al. (2017). The

protocol is described in brief as follow: Genomic DNA from both

parents and the RIL population was isolated from young leaves

following the cetyltrimethylammonium bromide (CTAB)

methodology (Murray and Thompson, 1980). All sequence

libraries were constructed using the Illumina HiSeq 2000

protocol. The SNP calling and genotyping were performed using

component combining Burrows-Wheeler Aligner (Li and Durbin,

2009) and Sequence Alignment/Map tools (SAMtools) (Li et al.,

2009). SNPs with deletions of less than or equal to 20%, error rates

of less than or equal to 1%, and heterozygosity rates of less than 5%

were deleted, and NPUTE was used to fill in the SNPs (Roberts

et al., 2007). An SNPLDB marker was structured with multiple

haplotypes as alleles by grouping the SNPs within an LD block.

Each genotype was resolved using related haplotypes at each locus.

The LD values between multi-allelic SNPLDBs were calculated as

previously described by Farnir et al. (2000).

Linkage map construction was performed using JoinMap 4.1. A

total of 3683 SNPLDB markers distributed among all 20

chromosomes of soybean were used to construct a linkage map.

The segregation of markers on each chromosome was 243 on Chr.1,

157 on Chr.2, 198 on Chr.3, 280 on Chr.4, 126 on Chr.5, 112 on

Chr.6, 114, 225, 170, 267, 134, 75, 157, 216, 167, 206, 197, 322, 167

and 13 on Chr. 7, 8. 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19 and 20

respectively. A logarithm of Odds (LOD) threshold of 3.0 was used,

and the marker distance was determined according to the Kosambi

function (Kosambi, 2016).
2.6 Selection of candidate gene and
association analysis

After genomic region identification, the total number of genes

located in that region were selected from the Williams 82 reference
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genome (GlymaWm82.a1.v1), and homologous genes in

Arabidopsis thaliana with their functional annotation were

identified from soybase (https://www.soybase.org) and phytozome

(https://www.phytozome.jgi.doe.gov) database. The whole-genome

resequencing (WGRS) data from 427 families were used to

accumulate the total SNPs in the identified genomic region.

Genes possessing SNPs in their coding regions with

nonsynonymous translations were selected. Finally, WGRS gene

marker data were used to find the most plausible candidate gene,

and the affiliation between gene markers and the phenotypic data

set of all 427 RILs was inspected by the Chi-square test using

software R 3.2.3 at p < 0.01. We used the most probable SNP in the

coding region to identify the most probable gene in the

shortened region.
2.7 SC4 and SC20 resistance locus
identification using WGRS gene-
marker data

To obtain the most appropriate SC4 resistance gene, WGRS

gene marker data from 427 families were used to construct a linkage

map to identify SC4 resistance loci among the gene marker loci.

Similarly, another linkage map was constructed for SC20.
2.8 qRT-PCR for expression analysis

Quantitative RT-PCR was performed to determine the

candidate gene expression. TaqMan software (http://

www.genscript.com) was used to design gene-specific primers

from the respective coding sequences acquired from the SoyBase

database (http://www.soybase.org/) (Supplementary Table 2).

Tubulin was used as the internal reference gene. The expression

differential of genes was quantified by the 2–DD Ct method (Livak

and Schmittgen, 2001). Each biological replicate contained three

samples with three technical replicates.
2.9 VIGS vectors construction

After identifying candidate resistance genes, their functions

were validated using VIGS. Bean Pod Mottle Virus (BPMV)

BPMV-silencing vectors were constructed and inoculated as

previously described (Zhang et al., 2009). The restriction enzymes

BamHI and SalI (NEB, Beijing, China) were mixed with pBPMV-

IA-V2-R2, and a 300 bp region of all candidate genes

(Glyma02g13230 , G l yma02g13380 , G l yma02 g13401 ,

Glyma02g13470, Glyma02g13570, and Glyma02g13630) was

amplified from Kefeng-1. The BPMV-linearized vectors and gene

fragments were combined using recombination homology. The

recombinant plasmids and pBPMV-IA-R1M were separately

multiplied and mixed in equal ratios to mechanically inoculate

the NN1138-2 plants.
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2.10 Silencing efficiency estimation and
SC4 and SC20 accumulation detection by
qRT-PCR and ELISA

NN1138-2 leaves showing SMV symptoms after inoculation

with silencing vectors were used for RNA extraction. Total RNA

extraction and cDNA synthesis were performed according to the

manufacturer’s protocols (Accurate Biotechnology Co., Ltd.,

Changsha, China; Vazyme Biotech, Nanjing, China). RT-PCR was

performed using specific primers to confirm the insertion of the

gene fragments. After confirmation of the inserted gene fragment,

diseased leaves with silencing vectors for the candidate genes were

inoculated on the first true leaves of Kefeng-1, and SMV strains SC4

and SC20 were inoculated separately on the first trifoliate leaves.

Ten days after SMV inoculation, upper uninoculated leaves were

collected for the detection of the silencing efficiency of the

concerned vectors and SMV accumulation by qRT-PCR and

double-antibody sandwich enzyme-linked immunosorbent assay

(DAS-ELISA). The expression differential of respective genes was

quantified using the 2−DDCt method. Each biological replicate

comprised three samples with three technical replicates. The

primers used for gene fragment insertion confirmation, silencing

efficiency, and CP content are listed in Supplementary Table 3.
3 Results

3.1 Mendelian inheritance mechanisms of
resistance toward SC4 and SC20 in
Kefeng-1

Both parents, Kefeng-1 and NN1138-2, and their offspring were

inoculated with SMV strains SC4 and SC20, which produced

different symptoms. Kefeng-1 did not show any symptoms in

response to either SMV strain, and the plants were similar to the

non-inoculated plants in the control group. In contrast, plants of

the second parent NN1138-2 showed stunted growth symptoms,

reduced leaf size, and mosaic patterns on their leaves within 15–20

days post-inoculation (dpi) with SMV strains. Consequently,

Kefeng-1 and F1 generations were resistant to SC4 and SC20,

whereas NN1138-2 was susceptible.

Polymorphisms were observed in both parents (Kefeng-1 and

NN1138-2) after inoculation with SMV strains SC4 and SC20. All

plants of the sensitive parent NN1138-2 were scrawny and scrubby

in growth, with mosaic symptoms on their leaves, whereas immune

parent plants remained symptomless, similar to uninoculated

control plants, until 30 days of inoculation. F1s of Kefeng-1 and

NN1138-2 showed excellent immunity to SC4 and SC20, as evident

from the dominant resistance pattern recorded in Kefeng-1. In total,

179 F2 plants and 427 RILs obtained from parental crosses were

inoculated with SC4. The phenotypic segregation ratio was

133R:46S (fitting 3:1 ratio) in F2 whereas the phenotypic and

genotypic ratios were 211R:216S (fitting1:1 ratio) in RILs,

indicating the involvement of a single dominant gene in SC4
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resistance (Table 1). Similarly, 179 F2 plants and 411 RILs were

inoculated with SC20, which showed a phenotypic ratio of 133R:46S

(fitting 3:1 ratio) in F2 plants and 204R:207S (1:1 ratio) in RILs, with

another dominant gene responsible for resistance to SC20 in

Kefeng-1 (Table 1).
3.2 Mapping the genes conferring
resistance to SC4 and SC20 using linkage
analysis with SNPLDB as markers

We investigated the SC4 and SC20 resistance-related genomic

regions, with an RIL population of 427 families. Two separate

linkage maps covering all twenty chromosomes of soybean were
Frontiers in Plant Science 05141
constructed based on the phenotypic and genotypic data of 427

individual lines with 3683 SNPLDB markers using JoinMap 4.1 at a

threshold LOD 3.0. SC4 resistance region was located at 208.2 cM

between two SNPLDB markers from SNPLDB320-SNPLDB321

with a genetic position of 209.0–207.6 cM and SC20 was at 214.0

cM between SNPLDB319-SNPLDB320 positioned at 220.6–

208.2cM on Chr.2. These SNPLDB markers showed a strong

association with adjacent loci conferring resistance to SC4 and

SC20, located at the physical positions 11693196–1944513 bp and

11486875–1693196bp with approximate genomic intervals of 253

kb and 375 kb, respectively (Figure 1). In accordance with the

Williams 82 soybean reference genome GlymaWm82 model 1.1, 17

genes in the SC4 region and 25 genes in the SC20 region with some

common genes were situated. Their ornamentation on Chr.2 is
FIGURE 1

(A, D) SNPLDB linkage map showing SC4 and SC20 resistant loci between SNPLDB320-SNPLDB321 and SNPLDB319-SNPLDB320 on chromosome 2
constructed by WGRS genotypic and phenotypic data of 427 recombinant inbred lines, indicating genetic distance left side in centi Morgan (cM) and
right-side names of SNPLDB markers, (B, C) genes found in 253-kb and 375-kb identified genomic regions retrieved from soybean William-82
reference genome GlymaWm82.a1. v1 in SoyBase (http://www.soybase.org).
TABLE 1 Mendelian inheritance of SC4 and SC20 resistance in parents, F1, F2, and RILs .

SC4 SC20

Parent/
progeny

No. of
plants/
lines

Total Expected
ratios

c2 p-
Value

No. of
plants/
lines

Total Expected
ratios

c2 p-
Value

R S R S

Kefeng-1 20 – 20 20 – 20

NN1138-2 – 20 20 – 20 20

F1 25 – 25 10 – 10

F2 133 46 179 3:1 0.0466 0.8292 133 46 179 3:1 0.0466 0.8292

RILs 211 216 427 1:1 0.0585 0.8088 204 207 411 1:1 0.0219 0.8824
fro
R for resistant, and S for susceptible.
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shown in Figure 1, and the functional annotation of Arabidopsis

homologous genes is presented in Supplementary Table 4.
3.3 Candidate gene identification for
resistance to SC4 and SC20 in the mapped
regions through SNP association

We screened the most likely candidate genes for SC4 and SC20

resistance from all the genes in both regions over four gradual steps.

In the first step, the WGRS was performed with the SNP dataset of

all RIL families. A total of 26 SNPs in total were remunerated in the

preoccupied SC4 and SC20 regions. Only 8 genes comprised 12 out

of 26 SNPs, whereas 23 leftover genes did not comprise any SNP.

G l yma02 g 1 3 2 3 0 , G l yma02 g 1 3 3 6 1 , G l yma02 g 1 3 3 7 1 ,

Glyma02g13401, and Glyma02g13470 were each associated with

one SNP; Glyma02g13380 and Glyma02g13570 were linked with

two SNPs, whereas Glyma02g13630 possessed three SNPs (Table 2).
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In step two, we examined the coding and non-coding regions of

eight SNP-holder genes. For SNP posture on genes, the genomic

sequences of the concerned genes were retrieved from the SoyKB

database (Soybean Knowledge Base, http://soykb.org). We found

that SNPs in Glyma02g13361, Glyma02g13371, and Glyma02g13401

were located in an intron and those in Glyma02g13470 in a 5′UTR
region. One of the two SNPs in Glyma02g13570 was found in

introns and the other in exons. Out of the three SNPs in

Glyma02g13630, two were located in introns and one in exons,

whereas Glyma02g13230 and Glyma02g13380 associated with one

and two SNPs, respectively, had exons with nonsynonymous

features of translation (Table 3).

Association analysis between gene markers from the WGRS

SNPs data and phenotypic data of RILs for SC4 and SC20 resistance

was performed in the third step. The results showed that

Glyma02g13630 was significantly correlated with SC4 resistance,

Glyma02g13230 with SC20 resistance, and Glyma02g13380 and

Glyma02g13470 were significantly associated with both strains
TABLE 2 Eight SC4 and SC20 resistance nominee genes with their genomic data referred to William82 reference genome (GlymaWm82.a1. v1,
http://www.soybase.org).

Sr. No Gene Gene Position No. of SNPs Allele SNP Position

1 Glyma02g13230 11484118-11491037 1 G/A 11486875

2 Glyma02g13361 11647493-11663260 1 C/T 11662819

3 Glyma02g13371 11670695-11677275 1 T/A 11670897

4 Glyma02g13380 11692903-11694668 2 T/A 11693196

A/G 11693900

5 Glyma02g13401 11729655-11746942 1 C/G 11739943

6 Glyma02g13470 11779259-11782486 1 T/A 11779670

7 Glyma02g13570 11890308-11895815 2 T/G 11893075

T/G 11893936

8 Glyma02g13630 11943213-11849714 3 G/A 11944513

C/T 11944870

C/T 11946524
TABLE 3 Four candidate genes indicating SNP location in their coding region and one gene in 5′UTR verified from SoyKB (http://soykb.org)..

Gene No. of SNPs SNP localized Zone SNP associated
CDS region

SNP position

Glyma02g13230 1 Exon 11485651-11488802 11486875

Glyma02g13380 2 Exon 11693175-11694242 11693196

Exon 11693900

Glyma02g13470 5′UTR 5′UTR 11779670

Glyma02g13570 2 Exon 11893401-11894308 11893936

Intron 11893075

Glyma02g13630 3 Exon 11944415-11944581 11944513

Intron 11944870

Intron 11946524
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(Table 4). Finally, in the fourth step, two separate linkage maps

covering all twenty chromosomes of soybean were constructed

using phenotypic data of 427 individual lines for SC4 and SC20

resistance and WGRS SNP gene markers data with the help of

JoinMap 4.1 at a threshold level of LOD 3. Both SC4 and SC20

resistance loci were located between SNP11692903 and

SNP14449821 on Chr.2 at 603.3 cM and 272.3 cM, respectively.

SNP11692903, within the gene marker Glyma02g13380, was the

closest to the SC4 and SC20 resistance loci (Figure 2). Eventually,

based on polymorphisms (2 SNPs) in the coding region, a highly

significant correlation with the resistance trait, and location nearest

to the resistance loci, Glyma02g13380 was considered to be the best

candidate gene for SC4 and SC20 resistance in Kefeng-1.

Furthermore, we hypothesized that the two different single

dominant locus controlling SC4 and SC20 resistance, depicted in

Mendelian inheritance, was actually the same gene that controlled

the resistance of both strains.
3.4 Validation of Glyma02g13380 through
expression profile analysis

All genes with polymorphisms (five from the SC4 resistance

region in Figure 3, and six from SC20 with three common genes in
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Figure 4) were assessed for their differential expression. The

expression profiles of the genes on the groundwork of SNP

enrichment were formulated with the help of quantitative real-

time PCR using SC4 and SC20 separately inoculated leaves of both

parental genotypes (Kefeng-1 and NN1138-2).

All five genes from the SC4 resistance region behaved differently in

the expression analysis. Glyma02g13380 seemed to exhibit a higher

level of upregulated expression between the range of 2.84- to 24.78-

folds in the resistant genotype at most time frames, especially at 2, 4, 8,

12, and 24 hours-post inoculation (hpi), whereas it was downregulated

in susceptible parents at the same time points, except for 24 hpi (4.81

folds), when it was upregulated. Highly increased expression in the

resistant parent was observed at 8 hpi with 24.78 folds, which is the

statistically significant highest expression, followed by 19.96 folds at 4

hpi, 10.77 folds at 2 hpi, 9.94 folds at 12 hpi, and 9.07 folds at 24 hpi

(Figure 3).Glyma02g13401 andGlyma02g13470were expressed equally

in both parents at most time points, excluding 4, 8, and 12 hpi in

Glyma02g13401 and 72 hpi in Glyma02g13470, where both genes were

upregulated in the susceptible parental genotype. In Glyma02g13570

up-regulation was recorded at 2, 4, and 8 h post-inoculation in the

susceptible genotype Nannong 1138-2. In contrast, at 24 hpi, a higher

upregulation was observed in the resistant parent Kefeng-1 compared

to the opposite parent. This gene was downregulated at 2 hpi in

Kefeng-1 and 48 hpi in both parental lines. Similarly,Glyma02g13630 is
TABLE 4 Candidate genes associated with SC4 and SC20 resistance.

Sr. No. Gene D.F c2 P-Value c2 P-Value

SC4 SC20

1 Glyma02g13230 1 – – 202.18 2.2e-16

2 Glyma02g13380 1 325.71 2.2e-16 297.8 2.2e-16

3 Glyma02g13470 1 311.93 2.2e-16 285.42 2.2e-16

4 Glyma02g13630 1 305.42 2.2e-16 – –
FIGURE 2

(A) linkage map for SC4 and (B) for SC20 showing resistant loci between two gene markers loci on chromosome 2 constructed by WGRS gene
markers data and phenotypic data for SC4 and SC20 resistance of 427 recombinant inbred lines (RILs) indicating genetic distance in centi Morgan
(cM) on its left side, SNP position in its middle, and gene markers on right-side.
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not only expressed in the resistant parent but also in the susceptible

parent at most time points; a higher upregulation was observed at 12

hpi in the susceptible parent and at 48 and 72 hpi in the

resistant parent.

Similarly, the expression of six genes from the SC20 resistance

region was observed (Figure 4). Glyma02g13230 was upregulated in

both parents at almost every time point, especially at 4, 12, and 48 hpi

in the resistant parent and 4 and 12 hpi in the susceptible parent.

Glyma02g13361 and Glyma02g13371 were expressed at low levels in

both parents at 1, 4, 8, and 72 hpi.Glyma02g13380was upregulated in
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the resistant parent with a maximummagnitude of 8.24 folds at 8 hpi

followed by 5.65 folds at 2 hpi and 3.18 folds at 48 hpi, whereas it was

downregulated in the susceptible parent at 1, 2, 4, 8, and 48 hpi, with

little upregulation at 72 hpi (Figure 4). Glyma02g13401 was

upregulated at 2 hpi (6.20 folds), followed by 1 hpi (3.79 folds) in

the resistant parental line and at 4, 12, and 24 hpi in the susceptible

parent. Glyma02g13470 was upregulated only at 4 hpi (6.3) in

the susceptible parents. Considering this, the expression results of

SC4 and SC20 resistance genes, Glyma02g13380 appears to be the

most probable candidate gene for both SMV strains, as it is the
FIGURE 3

Differential expression profile of candidate genes resistant to SC4. Y-axes represent a relative expression of the genes between samples inoculated
SMV and 0.01mol/L of phosphate buffer saline (PBS), and X-axes represent the time scale of sample collection.
FIGURE 4

Differential expression profile of candidate genes resistant to SC20. Y-axes represent the relative expression of the genes between samples
inoculated with SMV and 0.01mol/L of phosphate buffer saline (PBS), and X-axes represent the time scale of sample collection.
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onlygene that shows significant and maximum upregulation in

Kefeng-1 (resistant parent) and downregulation in NN1138-2

(susceptible parent) (Figures 3, 4).
3.5 Validation of Glyma02g13380 through
VIGS analysis

We used BPMV-based VIGS vectors to validate the functions of six

SC4 and SC20 candidate resistant genes (Glyma02g13230,

Glyma02g13380, Glyma02g13401, Glyma02g13470, Glyma02g13570,

and Glyma02g13630) in Kefeng-1. Silencing vectors were designated

as VIGS‐13230, VIGS‐13380, VIGS‐13401, VIGS‐13470, VIGS‐13570,

and VIGS‐13630, respectively, and BPMV empty vector (VIGS‐empty)

was used as control. These VIGS vectors were propagated on

susceptible cultivar NN1138‐2 plants. Unifoliate leaves of Kefeng-1

plants were inoculated with BPMV recombinant viral vectors. After

one week, the trifoliate leaves of these VIGS vector-inoculated plants

were re-inoculated with the SMV strain SC4. The silencing efficacy of

all silenced plants was examined by qRT-PCR and was found to be

74%, 73%, 74%, 65%, 61%, and 58%, respectively (Figure 5). SMV

accumulation was detected by qRT-PCR and a DAS‐ELISA. Plants

silenced with Glyma02g13380 accumulated more SMV than control

plants, whereas those silenced with Glyma02g13230, Glyma02g13401,

Glyma02g13470, Glyma02g13570, and Glyma02g13630 did not show

any deposits of SMV (Figure 5). Therefore, we can conclude that all six

candidate genes were effectively silenced, and Glyma02g13380 could be

the most likely gene mediating resistance against SMV strains SC4 and

SC20 in Kefeng-1.
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3.6 Glyma02g13380 in Kefeng-1 was
distinct from the genes in Dabaima and
Qihuang-1

Our candidate genes for SC4 and SC20 resistance in Kefeng-1

appeared to be dissimilar to the previously identified candidate

resistance genes in Dabaima and Qihuang-1. However, to confirm

this, we used the cloned coding sequences of SC4 and SC20

resistance candidates described by Wang et al. (2011) and

Karthikeyan et al. (2018) and compared them with our candidate

genes (Supplementary Figure 1). We also drafted models of the

candidate genes according to the SoyKB (http://soykb.org).

Glyma02g13380 had a single exon of 1068 bp whereas the coding

sequences of the other candidates were divided into several exons of

different lengths (Figure 6A). The 2538 bp coding sequence of

Glyma14G38560 had seven exons (Figure 6B).Glyma13g194700 and

Glyma13g195100 both exhibited a 3288-bp sequence and were

divided into four exons (Figures 6C, D).

From the sequence and gene model comparisons, it is clear that

Glyma02g13380, which is resistant to SC4 and SC20 in Kefeng-1,

identified in the current study, was a completely different gene from

the already identified candidate genes for these strains in Dabaima

and Qihuang-1, and no evidence of translocation or mutation was

found. As a result, it can be concluded that Glyma02g13380, a joint

candidate gene for SC4 and SC20 resistance in Kefeng-1, is not a

result of translocation or mutation of an already identified

candidate but can be characterized as a distinct gene. Therefore,

the two Mendelian genes on Chr.2 in Kefeng-1 for SC4 and SC20

resistance appear to represent a unique common gene, different
FIGURE 5

(A–F) Silencing efficiency of Glyma02g13230, Glyma02g13380, Glyma02g13401, Glyma02g13470, Glyma02g13570, and Glyma02g13630 compared
to that od control estimated by qRT-PCR. Bars indicating the standard errors, and Significant differences were tested by Student’s t-test, *P < 0.05.
(G–J) Accumulation of SMV strains SC4 and SC20 on the silenced plants ten days after inoculation detected by qRT-PCR and ELISA. G accumulation
of SC4 detected by qRT-PCR, H accumulation of SC4 detected by ELISA, I accumulation of SC20 detected by qRT-PCR, and J accumulation of
SC20 detected by ELISA. Different letters indicate the significant differences as tested by ANOVA/LSD (P < 0.05).
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from RSC4 in Dabaima and RSC20 in Qihuang-1. Furthermore, two

more genes might be involved in a single strain resistance.
4 Discussion

4.1 Genetic mechanism of two separate
genes conferring the resistance to the
same strain

In Mendelian inheritance, a type of interaction is known between

two genes, designated as duplicate genes. Hence, a trait conferred by the

two genes interacted with their phenotypic segregation ratio in F2 as 15

dominants: 1 recessive. This type of inheritance was explained by the

two genes being duplicated, with their phenotypic expression being

dominant for either one or two dominant alleles in their genetic

construction. In the present study, we identified two genes, one on

Chr.14 in Dabaima and one on Chr.2 in Kefeng-1, conferring the same

resistance to SC4; however, the sequences of the two genes were

different. Similar results were obtained for SC20. In both cases, the

two independent genes were not identical. We are unsure whether this

was an inheritance of duplicate genes. To explain this, we need to

determine whether any particular sequence with both genes on Chr.14

and Chr.2 is responsible for SC4 resistance to conduct an inheritance

study. The same is true for SC20. Alternatively, we need to find a
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reasonable hypothesis for duplicate genes, whether they may be

different but exhibit the same function, or whether they should be

strictly duplicated. Therefore, the present results do not describe a pair

of duplicate genes. However, as mentioned earlier, this requires

further study.
4.2 An efficient procedure in fine-mapping
SMV resistance gene through SNPLDB
genome-markers integrated with WGRS
gene-markers

In fine mapping, a gene, usually derived from a subpopulation

such as the residual heterozygote-derived population, was used. The

preparation of the derived subpopulation is time-consuming. Taking

advantage of genome-wide sequencing, linkage maps have been

constructed using binary markers that cover the whole genome to

locate genomic regions associated with specific SMV strain resistance.

A genetic linkage map with high-resolution visibility is a powerful

tool for identifying genomic regions with specific traits (Karthikeyan

et al., 2017). In this study, two linkage maps were constructed using

SNPLDB genome markers integrated with WGRS markers for each

resistance gene. First, 3683 SNPLDB markers were used to build a

high-density resolution map covering all 20 chromosomes of Glycine

max to preliminarily map the SC4 and SC20 resistance genes. Second,
FIGURE 6

Drafted models of candidate resistant genes for SC4 and SC20 in different Chinese soybean cultivars. (A) Glyma02g13380 responsible for SC4
resistance in Kefeng-1 showed one exon from 11693175 bp to 11694242 bp, 3’UTR from 11692903 bp to 11693174 bp (green color), and 5’UTR
11694243 bp to 11694368 bp (purple color). (B) Glyma14g38560 was responsible for SC4 resistance in Dabaima, as determined by Wang et al. (2011)
with a long coding sequence 47691826 bp-47695095 bp divided into seven exons of different sizes. (C) Glyma13g194700 and (D) Glyma13g195100
for SC20 in Qihuang-1 determined by Karthikeyan et al. (2018) with coding sequences of 30796569 bp–30800327 bp and 30850408 bp–30854166
bp, respectively, each divided into four exons.
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theWGRS genemarker data were used to further locate SNP(s) in the

coding region of the resistance gene in both strains. These are efficient

techniques for fine-mapping candidate gene(s) against specific SMV

strains. The linkage map of 3683 SNPLDB markers built on 427 RILs

revealed that the genomic region of 253 kb size affiliated with SC4

resistance was located between SNPLDB320-SNPLDB321 and the

375 kb genomic region associated with SC20 on Chr.2 (LGD1b),

whereas the WGRS gene-marker map located the SC4 and SC20 loci

between SNPs 11692903 and 14449821 with a shorter distance

to 11692903.

The candidate genomic regions for SC4 and SC20 resistance

that we uncovered on Chr.2 in the current study resembled many

other reported intervals on Chr.2 and Chr.13 for SMV resistance.

Zhao et al. (2016) discovered a 30.8-kb candidate resistance region

on Chr.2 for RSC8, and Li et al. (2015) discovered an 80-kb candidate

resistance region on Chr.2 for RSC18 in the cultivar Kefeng-1.

Karthikeyan et al. (2017) found a 500-kb region for RSC5 on Chr.2

in the cultivar Kefeng-1. Similarly, on Chr.13, possible resistance

regions for specific SMV strains have been identified in many

soybean cultivars, such as Qihuang-1, Suweon97, and Pl96983

(Karthikeyan et al., 2018; Ma et al., 2016; Yang et al., 2013).

These experiments and results can serve as supportive indices for

the relevance of WGRS of the SNPLDB and gene marker mapping

techniques for the determination of candidate resistant genes using

a population of 427 recombinant inbred lines.
4.3 Functional validation of disease-
resistant candidate genes via BPMV
VIGS Vectors

Vectors based on bean pod mottle virus (BPMV) have been used

extensively for functional studies of soybean genes (Zhang et al., 2010).

After identifying and characterizing genes for specific traits, it is

necessary to validate their functions. VIGS is a fast, efficient, and

low-cost post-transcriptional gene silencing (PTGS) technique for

investigating the functions of target genes (Senthil and Mysore,

2011). In the past, most VIGS vectors used for gene silencing were

RNA-based viruses that have been used to silence many types of host

crops, including (hot pepper, sweet pepper, Arabidopsis, Nicotiana,

cotton, rice, barley, and corn) to remove intrinsic transcripts (Kant and

Dasgupta, 2017). Traditional VIGS systems have been effectively

employed to explore how plants respond to biotic and abiotic

stressors (Shi et al., 2021). Boevink et al. (2016) employed VIGS to

determine the mode of action of a novel fungal effector chemical in

Phytophthora infestans (the pathogen responsible for late blight disease

in the Solanaceae family) (Boevink et al., 2016). Keeping in mind the

aforementioned successful functional validation of disease resistance

genes, we also validated our candidate gene resistant to SMV in the

soybean cultivar Kefeng-1 using the BPMV vector via virus-induced

gene silencing and confirmed that Glyma02g13380 is the most likely

gene conferring resistance against SC4 and SC20 in Kefeng-1.
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4.4 Non-nucleotide binding site-leucine-
rich repeats (NBS-LLR) also confer
resistance against SMV

Resistance to SMV in soybean is very complex, varies from

cultivar to cultivar and strain to strain (Hajimorad et al., 2018),

and is controlled by different genes belonging to different families.

Mostly, genes belonging to the NBS-LRR gene family confer

resistance against SMV and other diseases (Cao et al., 2020; Ji et

al., 2020; Song et al., 2019;Wei et al., 2023). However, non-NBS-LRRs

and unknown genes from different families have also been found to

confer resistance to SMV (Khatabi et al., 2012; Wang et al., 2011). For

example, one of the SC4 candidate resistance genes, Glyma14g38580

in Dabaima (Wang et al., 2011) belongs to the P450 gene family,

which is known to play multiple roles, such as regulation of growth

and development processes, biosynthesis of secondary metabolites,

and early defense against diseases in plants (Vasav and Barvkar,

2019). Similarly, two SMV isolates of strain G2 were highly similar in

their coding sequences but differed in their virulence against SC4

resistance. This difference in virulence can be attributed to a single

amino acid change in the P3 protein of the non-LLR gene (Khatabi

et al., 2012). Almost all candidate genes conferring resistance to Rsv4

on Chr.2 in soybeans are non-NBS-LRRs (Ishibashi et al., 2019).

Glyma02g13380 candidate resistance gene against SMV strains SC4

and SC20 in the current study is also uncharacterized and considered

a non-NBS-LRR gene in soybean (https://www.soybase.org).

Moreover, the homolog of this gene (AT1G69160) in Arabidopsis

thaliana is involved in auxin transport (GO:0060918) and positive

regulation of the auxin-mediated signaling pathway (GO:0010929).

Auxins move into, out of, or within a cell, or between cells, with the

help of mediators, such as transporters or pores. The auxin-

mediated signaling pathway involves a series of molecular signals

generated in response to auxin detection. Auxins are chiefly

involved in plant growth and development, but their involvement

in defense responses has also been suggested. The function of auxin

incentive genes under biotic stress conditions is regulated by their

differential expression in rice (Ghanashyam and Jain, 2009).
5 Conclusion

We identified and fine-mapped Glyma02g13380, a new single

SC4 and SC20 resistance gene, on chromosome 2 in Kefeng-1

using GBS and SNPLDB fine-mapping approaches. The

inheritance results confirmed that the resistance to SC4 and

SC20 in Kefeng-1 was controlled by a single dominant gene.

The function of this gene was validated using qRT-PCR, VIGS,

and ELISA. The qRT-PCR and ELISA results confirmed that SMV

was deposited only on plants that were silenced with

Glyma02g13380 but not on the control and other plants. Thus,

Glyma02g13380 was identified as a new candidate resistance gene

against SC4 and SC20 in Kefeng-1.
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