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Abstract. Charcoal rot (CR) caused by the fungal pathogen Macrophomina phaseolina is a devastating disease affect-
ing soybean (Glycine max (L.) Merrill.) worldwide. Identifying the genetic factors associated with resistance to charcoal
rot is crucial for developing disease-resistant soybean cultivars. In this research, we conducted a genome-wide as-
sociation study (GWAS) using different models and genotypic data to unravel the genetic determinants underlying
soybean resistance to charcoal rot. The study relied on a panel of 252 soybean accessions, comprising commercial
cultivars and breeding lines, to capture genetic variations associated with resistance. The phenotypic evaluation was
performed under natural conditions during the 2021-2022 period. Disease severity and survival rates were recorded to
quantify the resistance levels in the accessions. Genotypic data consisted of two sets: the results of genotyping using
the lllumina iSelect 6K SNP (single-nucleotide polymorphism) array and the results of whole-genome resequencing.
The GWAS was conducted using four different models (MLM, MLMM, FarmCPU, and BLINK) based on the GAPIT plat-
form. As a result, SNP markers of 11 quantitative trait loci associated with CR resistance were identified. Candidate
genes within the identified genomic regions were explored for their functional annotations and potential roles in plant
defense responses. The findings from this study may further contribute to the development of molecular breeding
strategies for enhancing CR resistance in soybean cultivars. Marker-assisted selection can be efficiently employed to
accelerate the breeding process, enabling the development of cultivars with improved resistance to charcoal rot. Ulti-
mately, deploying resistant cultivars may significantly reduce yield losses and enhance the sustainability of soybean
production, benefiting farmers and ensuring a stable supply of this valuable crop.
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AHHoTauus. MenenbHaa rHUb, Bbi3biBaeMas rpubHbIM natoreHom Macrophomina phaseolina, npepctasnaet coboi
onacHoe 3aboneBaHue, nopaxatoiee coto (Glycine max (L.) Merrill.) Bo Bcem mupe. BbifiBnieHne reHeTnyeckrx Gakro-
POB, CBA3aHHbIX C YCTONYMBOCTbBIO K MENENIbHON MHUIN, UMEET BaXKHOE 3HaueHve AJif CO3[aHnA YCTONYMBbIX K 6ones-
HAM copToB coun. Mbl NPOBENU NOTHOreHOMHbIN aHanu3 accouunaunn (MNMFAA) ¢ ncnonb3oBaHreM Pas3NNYHbIX Mofenen
1 FEHOTUMNYECKUX JAHHBIX, YTOObI HAWTV reHeTUYeCKrEe AeTEPMUHAHTDI, IEXalliMe B OCHOBE YCTONYMBOCTA COM K MNe-
nesibHOW rHMNW. B nccnefoBaHMy MCNob30BaNv KOMEKLMIO, COCTOALLYIO 13 252 06pa3LioB cou, BKIOUaa KoMmepye-
CKMe copTa 1 cenekLNOHHbIE NTMHWUW, [NA BbIABIEHNA reHeTUYeCKUX BapuaLluii, CBA3aHHbIX C YCTONYMBOCTbIO. DeHoTH-
NYECKYI0 OLIeHKY MPOBOAUIIN B €CTECTBEHHbIX YCNI0BUAX B nepuog 2021-2022 rr. B paboTe pernctpuposany ypoBeHb
3aboneBaHWA 1 NOKasaTeny BbKMBAEMOCTU /1A KONMUYECTBEHHON OLieHKM YPOBHEl YCTONUMBOCTY 06pa3LoB. [eHOTU-
nMyeckre AaHHble COCTOANN 13 ABYX HabOPOB: pe3ynbTaTbl FeHOTUMNPOBaHNA C MpUMeHeHnem TexHonoruu lllumina
iSelect 6K SNP, 1 ilaHHble MOTHOFEHOMHOTO pecekBEHNPOBAHUSA. [ONTHOreHOMHbI aHanU3 accouraLlum Gbi BbIMOSTHEH
C MOMOLLbIO YeTbipex pa3nuuHbix mogenei (MLM, MLMM, FarmCPU u BLINK) Ha nnatdpopme GAPIT. B pesynbrate Obinu
naeHTndnumpoBaHbl SNP-mapkepbl 11 NOKYCOB KONMYECTBEHHbIX MPU3HAKOB, aCCOLMNPOBAHHbIX C YCTONYMBOCTBIO K
nenenbHo rHUAW. feHbl-KaHAMAATbI B peaenax naeHTMGrLMPOBaHHbIX FeHOMHbIX 06nacTel 6biv n3yyeHbl Ha Npea-
MeT X QYHKLMOHANbHOM aHHOTaLUMX 1 NOTEHLUMNANIbHON PONN B 3alMTHbIX peakuuax pacTeHun. PesynbraTbl 3TOro
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NCCNIeA0BaHVA MOTYT BHECTU [JOMOJHUTENbHbIV BKNag B Pa3paboTKy cTpaTernii MoneKynsapHOW cenekummn ans nosbl-
LIEeHUA YCTONUYMBOCTY COPTOB COM K MenesibHon rHuan. Mapkep-onocpeaoBaHHbIi 0TOOP MOXET 6biTb 3GGEKTUBHO
NPVIMEHEH [N YCKOPeHVs NpoLecca cenekuyui, YTo No3BONT CO3/iaBaTb COPTa C MOBbILEHHON YCTOMYMBOCTBIO K Me-
nenbHOM rHMAK. Vcnonb3oBaHme yCTOMUMBBIX COPTOB MOXKET 3HAUMTENIbHO COKPATUTb MOTepr YPOoXKas 1 NMOBbICUTb
YCTOMYMBOCTb MPOV3BOACTBA COM, YTO MPUHECET Monb3y dpepmepam 1 obecneunT cTabunbHOe NPOV3BOACTBO 3TON

LIeHHOW KynbTypbl.

KnioueBble crioBa: cof; nenenbHasA rHUIIb; MONHOreHOMHoe pecekBeHnpoBaHue; MTAA; SNP; JTKIT.

Introduction

Soybean (Glycine max (L.) Merrill.) is one of the most im-
portant legumes in the world due to the high nutritional value
and protein content of seeds (Pratap et al., 2016). According
to the Agencies for Strategic Planning and Reforms of the
Republic of Kazakhstan Bureau of National Statistics, soy-
bean was grown on 127.7 thousand hectares in Kazakhstan in
2022 (https://new.stat.gov.kz/ru/industries/business-statistics/
stat-forrest-village-hunt-fish/publications/5099/). To further
develop the soybean industry in Kazakhstan, the Govern-
ment of Kazakhstan has announced a new program known as
“Northern Soybean” to expand the soybean area to 1.5 million
hectares (https://www.gov.kz/article/64601?lang=kk).

The important factor severely limiting soybean productivity
is its susceptibility to harmful fungal diseases (Wrather et al.,
2010; Bandara et al., 2020). Strategies for the management
of soybean fungal diseases include cultural methods, seed-
applied fungicides, and biological controls, but these have not
been effective or widely adopted, and have provided limited
control (Akem, 1996; Hartman et al., 2015). Therefore, genetic
resistance may be the most feasible and sustainable method by
which to manage fungal diseases (Lin et al., 2022). Breeding
for resistance is difficult because most diseases are quantita-
tively inherited and controlled by multiple genes. However,
modern genomic methodologies may help elucidate resistance
mechanisms and identify resistant genotypes to improve
breeding programs (St. Clair, 2010). For instance, breeding
projects can be coupled with genome-wide association studies
(GWAS:S), as this approach can efficiently identify candidate
genes for disease screening.

Genome-wide association studies are becoming a routine
approach in the search for marker-trait associations (Korte,
Farlow, 2013) and can be efficiently applied to assess genetic
variations of important agronomic traits, including disease
resistance (Iquira et al., 2015). These studies use high-density
single-nucleotide polymorphism (SNP) arrays and variable
populations to enhance the mapping resolution, which dras-
tically improves the identification of putative causal genes
(Song et al., 2013; Zhang et al., 2015). Although there are
possibilities in respect of GWASs for the prediction of false
positive associations, applying variable statistical algorithms
can be instrumental in controlling these. For instance, a mixed
linear model (MLM) that uses population structure and kin-
ship matrices will significantly regulate inflation (Kaler et
al., 2020). However, this method may also remove true genes
as background noise in certain studies of complex traits as-
sociated with the population structure. To overcome this ob-
stacle, the Bayesian information and linkage-disequilibrium
iteratively nested keyway (BLINK) employs a multiple-loci
test method along with a fixed-effect model (FEM), Bayesian
information criteria, and linkage disequilibrium information
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(Huang et al., 2019). Our previous GWAS of 182 soybean ac-
cessions for resistance to fungal diseases (Zatybekov et al.,
2018) allowed the identification of 15 marker-trait associations
(MTAs) for resistance to fusarium root rot (FUS, caused by
Fusarium spp.), frogeye leaf spot (FLS, caused by Cercospora
sojina), and brown spot (BS, caused by Septoria glycines).
In Kazakhstan, more than ten soybean fungal diseases
have been identified (Mombekova et al., 2013; Didorenko et
al., 2014; Zatybekov et al., 2018), and one category of these
comprises root rot diseases (charcoal rot, phytophthora root
rot, fusarium root rot, etc.). The expansion of these studies is
an obvious necessity in order to examine the genetic back-
ground associated with the resistance to harmful pathogens in
soybean. One of the local harmful root rot diseases is charcoal
rot (CR) caused by Macrophomina phaseolina, a soil- and
seed-borne polyphagous fungus (Paris et al., 2006).
Currently, only partial resistance has been recorded in soy-
bean, while complete resistance to M. phaseolina has not been
reported in any plant species (Paris et al., 2006; Pawlowski
et al., 2015). In addition, it has been reported that no similar
markers or genes have been found when comparing field and
greenhouse studies, suggesting that CR resistance in soybean
has a complex molecular mechanism. Therefore, the search
for more valuable resistance sources from which to identify
resistance genes should be continued. The main purpose of
this study was to identify MTAs for charcoal rot resistance in
a collection of 252 accessions from major soybean growing
regions from around the world using the GWAS approach.

Materials and methods

The soybean collection analyzed in this study consisted of
252 accessions, including 31 released cultivars and pro-
spective breeding lines from Kazakhstan (Zatybekov et al.,
2020). Accessions from 20 countries were represented in the
collection and separated into five origin groups: Western and
Eastern Europe, North America, East Asia, and Kazakhstan
(Zatybekov et al., 2020).

The collection was assessed in the experimental plots of the
Kazakh Research Institute of Agriculture and Plant Growing
(south-eastern Kazakhstan) in the 2021-2022 period. Plants
were grown in one-meter-long rows with a 30 cm distance be-
tween adjacent rows and 5 cm between plants within rows. The
assessment of field resistance to CR was based on a generally
accepted five-point scale: 1 —microsclerotia are not visible in
the tissue (I-immune); 2 — very few microsclerotia are visible
in the core, vascular tissue, or under the epidermis, and the
vascular tissue has not changed color (R-resistant); 3 — vascu-
lar tissue is partially discolored, and microsclerotia partially
cover the tissue (MR-moderately resistant); 4 — vascular tissue
is discolored with numerous microsclerotia embedded in the
tissue, and microsclerotia are also visible under the outer epi-
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dermis in stem and root sections (MS-moderately susceptible);
and 5 — vascular tissue darkened due to the large amount of
microsclerotia both inside and outside the tissues of the stem
and root (S-susceptible) (Mengistu et al., 2007). The field
experiments for CR resistance were conducted in triplicate and
in randomized order. The results were analyzed using Statisti-
cal Package for the Social Sciences (SPSS 22.0.0.0) (https://
www.ibm.com/analytics/data-science/predictive-analytics/
spss-statistical-software) computer programs.

The genotyping data consisted of two sets of SNP data.
The first set (Set 1) was developed using the soybean 6K
SNP Illumina iSelect array (Song et al., 2013) at Traitgenetics
GmbH (Gatersleben, Germany). DNA samples were extracted
and purified from single seeds of individual cultivars using
commercial kits (Qiagen, CA, USA). The DNA concentration
for each sample was adjusted to 50 ng/ul. SNP genotype analy-
sis was carried out using Illumina Genome Studio software
(GS V2011.1). The second set (Set 2) was developed at the
Department of the School of Life Sciences, Guangzhou Uni-
versity, China, using whole-genome resequencing (WGRS)
technology based on the Illumina HiSeq X Ten system (Lu
et al., 2020). For each of the accessions in the panel of 252,
at least five ng of DNA was used to construct a sequencing
library with an Illumina TruSeq DNA Sample Prep Kit, ac-
cording to the manufacturer’s instructions.

The SNP datasets were filtered using a 10 % cutoff for
missing data, and markers with minor allele frequency > 0.05
were considered for the genome-wide association studies.
Numbers of hypothetical groups ranging from k=1 to 10 were
assessed using 50,000 burn-in iterations followed by 100,000
recorded Markov-chain iterations. The sampling variance of
the population structure inference was estimated for each &
using STRUCTURE software (Pritchard et al., 2000) with
five independent runs. The delta K value (AK) was estimated
using Structure Harvester (Evanno et al., 2005). The Q-matrix
was developed based on the final k-values. Population ge-
netic analysis was conducted using two sets of SNP data to
construct a neighbor-joining tree with TASSEL software and
further visualization using the iTOL online platform (https://
itol.embl.de/).

The GWAS for soybean resistance to CR in Southeast Ka-
zakhstan was conducted using MLM (Yu et al., 20006), a
multiple-locus mixed linear model (MLMM) (Segura et al.,
2012), fixed and random model circulating probability unifica-
tion (FarmCPU) (Liu etal., 2016), and BLINK models (Huang
etal., 2019) using GAPIT V3 software (Wang, Zhang, 2021).
The rMVP package (Yin et al., 2021) was used for the visua-
lization with P < 0.0002 thresholds. A QQ plot was applied
to evaluate the distribution of observed p-values compared
to the expected distribution under the null hypothesis of no
association between genetic markers and the trait of interest
(Ehret, 2010).

Results

Disease resistance

Field trial results obtained at the experimental stations of the
Southeast region suggested a clear difference in the develop-
ment of charcoal rot. During the two-year period, the spread
and effect of CR pathogens on plants were stronger in 2021
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Fig. 1. Resistance of the soybean collection to charcoal rot in the South-
east region of Kazakhstan.

(Fig. 1, Supplementary Material 1)!. The results indicate that
the group of susceptible accessions comprised 23 samples
(9.1 %) in 2021 and 12 samples (4.8 %) in 2022 (see Fig. 1).

Five genotypes were susceptible to resistance to CR during
the two years of the study. Among them were three accessions
from East Asia, i.e., cultivars Jin nong 62, Dong doe 027,
and Mei feng 18 from China, and line 1034 from Korea. In
addition, two accessions from East Europe (Osobliva from
Ukraine and CH 147020-1 from Belarus) were susceptible
to charcoal rot.

Genetic variation in the soybean collection

based on two sets of SNP markers

The final data after filtering consisted of 4495 (Set 1) and
44,385 (Set 2) polymorphic SNPs. Set 1 consisted of 77.98 %
transitions and 22.02 % transverse variants, and Set 2 com-
prised 71.88 % transitions and 28.12 % transverse variants.
The average length of chromosomes was 47.4 Mb for both
sets, and the average number of SNPs per chromosome was
222.1 for Set 1 and 2219.3 for Set 2. The chromosome length
ranged from 37.3 Mb in Gm16 to 62.1 Mb in Gm18 for Set 1,
and from 34.7 Mb in Gm11 to 58 Mb in Gm18 for Set 2. The
number of markers per chromosome varied from 185 in Gm11
to 295 in Gm13 for Set 1, and from 1438 in Gm11 to 3438
in Gm18 for Set 2. The average density of the SNP map was
one marker every 213 Kb for Set 1 and every 22 Kb for Set 2.

The Structure Harvester results divided the studied col-
lection into three clusters based on data from Set 1 and Set 2
(Fig. 2).

No clear separation of accessions depending on the origin
was recorded, regardless of the set chosen. The largest group
of accessions was distributed in the third cluster, which con-
sisted of 165 genotypes in Set 1 and 168 samples in Set 2.
Based on two sets of genotyping data, a phylogenetic tree
was constructed using the neighbor-joining method (Fig. 3).
Population analysis based on resequencing data showed a clear
division into four populations (see Fig. 3, Set 2).

Association mapping

The GWAS of soybean resistance to CR was conducted using
two sets of genotypic data (Set 1 and Set 2) and four models
(MLM, MLMM, FarmCPU, and BLINK). The results of the
GWAS using four models are shown in Supplementary Mate-
rial 2. The comparative results of the associations suggest that

1 Supplementary Materials 1-4 are available in the online version of the paper:
https://vavilovj-icg.ru/download/pict-2023-27/appx21.pdf
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Fig. 2. Determination of delta K (AK) using Structure Harvester software based on two genotypic datasets.

Set 1 - data based on genotyping using lllumina iSelect array (4651 SNP); Set 2 - data based on resequencing technology (44,385 SNP).
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Fig. 3. Neighbor-joining tree based on two sets of genotypic data.
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Set 1 - data based on genotyping using lllumina iSelect array (4651 SNP); Set 2 - data based on resequencing technology (44,385 SNP).

the most informative results were obtained using the MLMM,
FarmCPU, and BLINK models (Table 1).

The application of BLINK using Set 1 allowed the identi-
fication of five quantitative trait loci (QTLs) associated with
CR resistance, while the usage of Set 2 expanded the detection
to 11 QTLs that were significant at the threshold of P <0.002
(see Supplementary Material 3, Table 1). The QQ plot con-
firms the reliability of the associations (see Supplementary
Material, 3, b).

The physical position of each critical SNP marker in the
MTAs was overlaid with the positions of known QTLs (https://
soybase.org/search/qtllist by symbol.php) (Table 2). Particu-
larly, the assessment of the 11 QTLs listed in Table 2 indicated
that 8 of them were reported in published reports in respect
of plant resistance studies.

The largest numbers of QTLs associated with CR resis-
tance using Set 2 were identified in chromosomes 7, 9, and 15
(Supplementary Material 4). Analysis of the genome physical
locations of associated SNP markers revealed that all identified
SNPs were part of the coding DNA sequence (CDS) (Table 3).

568

Table 1. Comparison of identified numbers of SNPs
and quantitative trait loci (QTLs) according to GWAS models
based on two sets of genotypic data

Genotypic  GWAS model  Number of identified Number
data SNP markers of QTLs
MLM 5 5
MLMM 5 5
Set 'I .............................................................................................
FarmCPU 5 5
BLINK 5 5
MLM 61 11
MLMM 63 11
Set 2 .............................................................................................
FarmCPU 63 11
BLINK 63 11
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Table 2. The list of identified QTLs using the BLINK model

QTLID SNP ID Chr Position  QTL p-value Allele Effect Known QTLs*
nterval 554 2022 Average

gMac.ph 2-1  S02_330064 2 330064 230834-  1.6161E-04 5.8456E-04 4.6828E-06 A/G 0337 -
662455

gMac.ph 3-1  S03_35294437 3 35294437 34928316- 9.8024E-05 A/G 0.436 SCN 33-7,44-15
35364002

gMac.ph7-1  S07_5459756 7 5459756  5459595- 2.7346E-04 A/G  -0.338 Phytoph 14-8
5459756

gMac.ph7-2  S07_15585048 7 15585048 15585048 1.1160E-04 A/G 0.364 Sclero 10-1

gMac.ph 8-1 S08_3858712 8 3858712 3858712  1.2103E-04 G/A  -0.437 SDS13-13,15-2,16-3,

Fus lesion length 1-1

gMac.ph9-1  S09_7368126 9 7368126 7368126 2,2932E-04 A/T 0.483 Sclero 1-3

gMac.ph9-2  S09 37287856 9 37287856 36928447- 4.7031E-04 2.8502E-04 A/G 0.391 Sclero 8-3,
37712255 SDS 18-3

gMac.ph 15-1 S15.9318442 15 9318442 8797665- 8.3066E-05 G/A 0.449 Asian rust 2-4,
9906427 Fus lesion length 1-4,

SDS disease index 21-2

gMac.ph 15-2 S15_49773459 15 49773459 49772578- 5.9168E-05 3.6647E-04 C/T 0.259 -
49773474

gMac.ph 16-1 S16_3274861 16 3274861 2706211- 2.5021E-04 G/A  -0.545 -
3726463

gMac.ph 19-1 S19 46398331 19 46398331 45583506- 1.5684E-04 3.9965E-04 A/C 0.344 Phytoph 14-8
46401031

* Based on the QTL list on SoyBase (https://soybase.org/search/qtllist_by_symbol.php).

Table 3. Physical positions of identified QTLs in the soybean genome

QTLID Chr  QTL position Genes in the QTL Peak genes Annotation of peak genes
interval interval
gMac.ph 2-1 2 230834-662455 Glyma_02G001800- Glyma_02G002900  Methyltransferase
Glyma_G006100 Glyma_02G002500*  Protein argonaute 10
gMac.ph 3-1 3 34928316-35364002 Glyma_03G134100- Glyma_03G137000  Magnesium chelatase
Glyma_G137400 Glyma_03G135900%, NB-ARC domain-containing protein
Glyma_03G136400*
gMac.ph 7-1 7 5459595-5459756  Glyma_07G061500 Glyma_07G061500  BAG domain-containing protein
gMac.ph 7-2 7 15585048 Glyma_07G132100 Glyma_07G132100  Kinesin-like protein
gMac.ph 8-1 8 3858712 Glyma_08G049400 Glyma_08G049400  RING-type E3 ubiquitin transferase
gMac.ph 9-1 9 7368126 Glyma_09G071600  Glyma_09G071600 Protein TIFY
gMac.ph9-2 9 36928447-37712255 Glyma_09G146900- Glyma_09G151300  Serine/threonine-protein kinase
Glyma_G154100
gMac.ph 15-1 15 8797665-9906427 Glyma_15G112100- Glyma_15G118800  CCAAT transcription factor
Glyma_G124700 Glyma_15G118400%*, HMA domain-containing protein,
Glyma_15G124500* MLO-like protein
gMac.ph 15-3 15 49772578-49773474 Glyma_15G263900 Glyma_15G263900  Tubulin beta chain
gMac.ph 16-1 16  2706211-3726463 Glyma_16G027600- Glyma_16G034900  Receptor-like serine/threonine-protein kinase
Glyma_G039700 Glyma_16G031700%, AAA + ATPase domain-containing protein,
Glyma_16G033900*  ADP-ribosyl cyclase/cyclic ADP-ribose hydrolase
gMac.ph 19-1 19 45583506-46401031 Glyma_19G198800- Glyma_19G209300 PPR_long domain-containing protein
Glyma_G209400 Glyma_19G198800*%, Late embryogenesis abundant protein LEA-2
Glyma_19G198900* subgroup domain-containing protein

* Genes associated with deseases resistance function.

"
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Each SNP in an intergenic position was considered for pos-
sible functional annotation based on the proximity of closely
located genes.

Discussion

The analysis of soybean CR development in Southeast Ka-
zakhstan revealed a strong environmental influence on the
distribution of pathogens and plant tolerance to the disease.
Previous CR resistance studies in soybean were unsuccess-
ful in identifying major genes that completely resist this
pathogen (Coser et al., 2017), indicating that the resistance
is quantitative and may rely on the efficiency of minor QTLs.
Therefore, searching for resistant genotypes and applying
powerful genomic tools are the obvious priorities for success-
ful CR resistance breeding in soybean. The current work was
conducted to identify QTLs associated with CR resistance in
soybean using a genome-wide association studies.

The study was based on using two genotyping sets (Set 1
and Set 2) that drastically differed in the number of SNPs in the
same soybean collection. Set 1 included 4651 SNPs and was
extensively used in our previous GWAS projects (Zatybekov et
al., 2020), while Set 2 included 44,385 SNPs, which is roughly
ten times higher than the number in Set 1. As expected, the
power of the GWAS using Set 2 (11 QTLs) was higher than
that of Set 1 (five QTLs) (see Table 1) and relied on WRGS
technology, which allows more in-depth searching and dis-
covery of new genes associated with agronomic traits, as well
as the study of evolutionary mutations in the genome. Most
of the identified statistically significant QTLs were detected
using the BLINK and FarmCPU models, which were applied
among four different statistical approaches, including MLM
and MLMM. In this study, BLINK and FarmCPU were the
most successful approaches (see Supplementary Material 2),
and additional estimations, including QQ plots, confirmed
that these models generally result in fewer false positives and
identify more true positives (Huang et al., 2019).

Assessment of the identified QTL locations showed that,
in most cases, they are distant from each other, or detected on
different chromosomes. Analysis of the SNPs in the identified
MTAs revealed nine proteins associated with the immune
response to pathogens. The qMac.ph 3-1 interval contains
two genes (Glyma_03G0135900 and Glyma_03G0136400),
both coding NB-ARC domain-containing protein, which is
associated with resistance to fungal pathogens (Van Ooijen
et al., 2008). The qMac.ph 15-1 interval contains gene
Glyma 15G118400 coding HMA domain-containing protein,
which is associated with regulation of the defense response
to fungi.

In addition, the gene Glyma_15G124500, which codes
MLO-like protein associated with powdery-mildew resis-
tance (Shen et al., 2012), is also located in this interval. The
qMac.ph 16-1 interval contains two genes, Glyma_16G031700
and Glyma 16G033900, associated with the defense response.
The late embryogenesis abundant protein LEA-2 subgroup cod-
ing two genes, Glyma_19G198800 and Glyma_19G198900,
was located in an interval of qMac.ph 19-1 and is associated
with disease resistance. These examples of SNPs in MTAs,
including presumably newly identified genetic factors that
have not been matched to previously reported factors in the
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literature, require additional validation studies. Thus, the iden-
tified QTLs may facilitate the discovery of new genes for
disease resistance and a better understanding of genotype x
environment interaction patterns. The identified SNP markers
(see Tables 2 and 3) for each of the detected QTLs of CR re-
sistance can be efficiently used in marker-associated selection
projects in soybean.

Conclusion

Our GWAS of soybean resistance to CR has provided im-
portant insights into the genetic determinants underlying
resistance to this devastating disease. By employing two
sets of genotypic data with different SNP density levels and
utilizing four GWAS models, we identified eleven QTLs that
were statistically associated with CR resistance. The GWAS
revealed the complexity of the genetic architecture underlying
resistance to CR, indicating the involvement of multiple genes
and molecular pathways. The identified genomic regions can
serve as valuable targets for further functional validation and
exploration of their specific roles in plant defense responses
against Macrophomina phaseolina. Overall, the study repre-
sents a significant step in understanding the genetic basis of
soybean resistance to charcoal rot. The knowledge gained from
this research may further contribute to developing resilient
soybean cultivars, ensuring a stable and sustainable supply
of this essential crop while minimizing the economic and
environmental impacts of charcoal rot.
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