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Abstract: Meloidogyne javanica causing root-knot nematode in soybean is an important problem in
soybean areas, leading to several yield losses. Some accessions have been identified carrying
resistance loci to this nematode specie. In this study, a set of 317 soybean accessions were
characterized for resistance to M. javanica. Genome-wide association study (GWAS) was performed
using SNPs from genotyping-by-sequencing (GBS), and a region of 29.2 Kbp on chromosome 13 was
identified. The haplotype analysis showed that SNPs were able to discriminate susceptible and
resistant accessions, leading to 25 accessions sharing the resistance locus. Furthermore, 5 accessions
may be new M. javanica resistance sources. The screening of the SNPs in the USDA soybean
germplasm showed that several accessions previous reported as resistance to other nematodes also
showed the resistance haplotype on chromosome 13. High levels of concordance among the
phenotypes of Brazilian cultivars and the SNPs in chromosome 13 were observed. A in silico
analysis of the mapped region on soybean genome revealed a presence of 5 genes with structural
similarity with major resistance genes. The expression levels of the candidate genes in the interval
demonstrated a potential pseudogene, and other two model genes up-regulated in the resistance
source after pathogen infection. The SNPs associated to the region conferring resistance is an
important tool for introgression of the resistance by marker-assisted selection in soybean breeding
programs.

Keywords: Mixed linear model; Genotyping-by-Sequencing; Functional validation; RT-qPCR;
resistance genes; GWAS

1. Introduction

Soybean [Glycine max (L.) Merrill] is one of the most important oil and protein crops in the
world. Currently, Brazil is the largest producer with 127.60 million metric tons followed by United
States with 110.18 million tons [1]. Despite the success of the soybean crop both in the United States
and Brazil, the crop is frequently challenged by biotic stresses. In soybean, among all phytosanitary
problems, nematode parasitism deserves special attention. It is estimated that nematodes can cause
annual losses of 10% to 15%, representing almost U$78 billion worldwide [2]. The Meloidogyne genus
is composed of more than 90 species, but basically M. javanica and M. incognita are the main members
of this genus with the largest economic importance in the worldwide soybean production [2,3]. In
Brazil, losses due to these two nematode species have been reported in all the main regions where
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soybean is cultivated, including Rio Grande do Sul, Parand, Mato Grosso, Mato Grosso do Sul [4,5].
The use of resistant cultivars and crop rotation are the best ways to decrease and control nematode
populations, thus minimizing production losses and allowing cultivation in infected areas [6].

Studies have been conducted in order to identify resistance sources in soybean accessions. For
example, through the phenotypic screening of 2,370 soybean genotypes it was possible to identify the
PI 230977 as source of resistance to M. javanica, as well as the PI 200538 as source of resistance to
Meloidogyne arenaria [7]. In another study, soybean breeding lines and reported resistance sources
were evaluated to different nematode species. As results, it was observed that P1 595099 and PI 230977
showed resistance reaction to both M. javanica and M. arenaria, and for some races of H. glycines [8].
Inheritance of M. javanica was identified as quantitative and showing high heritability in PI 595099
and cv. CD 201 [4]. Currently, in the Brazilian market, more than 80 cultivars resistant or moderately
resistant to nematodes are available, however, there are few varieties with strong resistance to M.
javanica. The resistance present in Brazilian soybean varieties is derived from only one source, the
North American cultivar Bragg, in which resistance is reported to be quantitative [4,9].

Genetic mapping studies have been performed to identify loci in soybean genome bearing M.
javanica resistance. Initially, a F2 progeny derived from the cross between the cv. CNS and PI 230977
was used with RFLP markers to identified markers linked to the resistance. It was identified two
QTLs conditioning resistance in two different regions. A QTL located on chromosome 13 accounted
for 46% of the variation in galls number, and another one in chromosome 01, accounted for 13% [10].
Interestingly, the resistance of a F2 progeny, derived from a cross between PI 200538 (resistant to M.
arenaria) and the susceptible cv. CNS, was mapped using RFLP markers in the same region in the
chromosome 13 (QTL explained 32% of the variation in gall number) [11]. In another work, a
population of 60 F2 progeny derived from the cross between cv. Gazelle (resistant to M. javanica) and
cv. Prima (susceptible) was used for mapping resistance to M. javanica in the Chromosome 13 as well.
Finally, populations derived from crosses between CD 201 and BRS 133, and between PI 595099 and
BRS 133, were used to identified SSR markers linked to resistance to M. javanica, as results, markers
located on chromosome 13 were identified [12,13].

All these previous studies were carried out using RFLP, AFLP and SSR markers and bi-parental
populations, which access only the allelic diversity segregating between the two parents and explore
limited number of recombination events [14]. Nowadays, different high throughput genotyping
methodologies, for example, Genotyping-by-Sequencing (GBS) [15], SoySNP50K chip [16] and
whole-genome resequencing [17], have been used to obtain SNPs for Genome-Wide-Association
Studies (GWAS). This approach has been receiving unprecedented attention once it overcomes
several limitations of QTL mapping and easily expand the knowledge about the occurrence of new
sources of resistance. It contains high resolution, cost efficiency, and it is non-requirement of
pedigrees or crosses.

GWAS have been performed for discovery of the genomics regions underlying important
diseases in soybean. For example, genomic regions for Sclerotinia stem rot resistance (white mold)
[18,19], brown stem rot (BSR) [20], Southern root-knot nematode [21], soybean cyst nematode [22]
and soybean stem canker [23] were identified by GWAS. The further functional characterization of
candidate genes in these regions have been conducted applying different methodologies, as RNA-
seq, RT-qPCR and transgenic approaches, in order to better understand the molecular mechanisms
involved in plant resistance. Fuganti [24], studying the resistance to M. javanica in soybean, observed
that polymorphism previous associated to resistance was located inside the promoter of the
Gmhsp17.6-L gene. The comparison of the nucleotide sequences showed differences in number of AT
insertions between the resistant (PI 595099) and susceptible (BRS 133) progenitors and Fz individuals,
which were hypothesized to be involved in the regulation of the expression levels of Gmhsp17.6-L. It
was observed that the resistant individuals showed higher expression levels of the Gmhsp17.6-L when
compared with the susceptible individuals. Transcriptome studies have been also conducted in PI
595099 in order to identify candidate genes involved in interaction between M. javanica and soybean.
All the resulting data suggested the key role of glycosyltransferases, auxins and components of
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gibberellin signal transduction, biosynthesis and deactivation pathways in the resistance reaction
[25,26].

The objective of this study was to identify SNPs associated with M. javanica resistance using a
diverse set of 317 soybean accessions by GWAS approach. In order to further comprehend the role of
the genomic regions identified by GWAS, resistance gene candidates present in the LD block were
selected for studying of their expression levels by RT-qPCR after pathogen infection, using a
susceptible and resistant accessions.

2. Results

2.1. M. javanica evaluation in the soybean accessions

Among the 317 soybean accessions comprising the association panel (Supplementary Table S1),
30 accessions received scores between 1.0 and 2.5 (indicating a high level of resistance), 82 accessions
received scores ranging from 2.6 to 3.5, while the remaining 205 accessions exhibited scores higher
than 3.6 (classifying as susceptible materials). (Figure 1). Considering the population size and the
number of the accessions in each phenotypic class, it was assumed that the genomic regions that are
responsible for resistance and susceptibility were well sampled. The M. javanica resistance sources PI
595099, cv. Bragg and PI 437127 B showed the lowest score (1.0), whereas the PI 230977 showed the
score of 2.5, being classified as resistant. Interestingly, another previously described resistance source,
PI 200538, showed the score of 2.7, thus, classified as moderately resistant. In the susceptible group,
the cv. BRS 133, showed a score of 4.5 (susceptible), which previously was classified as susceptible to
M. javanica,.

317 accessions — M. javanica reaction
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Figure 1. Graphic distribution of resistant (R), moderately resistant (MR) and susceptible (S) soybean
genotypes against the M. javanica pathogen.

It can be observed that only approximately 10% of the accessions were resistant to M. javanica, but
just three accessions (1%) showed the lower score of 1.0. Around 26% were classified as moderately
resistant. Indeed, approximately 65% of the panel was classified as susceptible to M. javanica.

2.2. Genome-Wide Association Study for M. javanica Resistance
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A total of 44,992 SNPs was identified by GBS along the 20 soybean chromosomes, providing an
extensive coverage of the genome. This represented an average of 2,250 SNPs per chromosome or
one variation every 21 kb approximately. The largest number of variants (8.5% of total SNPs) was
found, as expected, on the largest chromosome (Chr18, 58Mb). On the other hand, the smallest
number of variants was not found on the smallest chromosome (Chr11 — 34Mb; 1,382 variants), but
rather on Chr 12 (40 Mb) (only 1,255 variants) (Supplementary Table S2). Regarding the marker
distribution within coding vs non-coding regions, SNPs were identified in all genes segments as well
as in the intergenic regions, with the intergenic regions presenting the largest number of SNPs,
followed by downstream regions, intronic region, upstream region, exons, 3’UTR and 5'UTR
(Supplementary Table S2).

A Principal Component Analysis (PCA) was performed in order to capture the population
structure in the panel. The PC1 explained approximately 9% of the observed genetic variance, PC2
approximately 5% and PC3 approximately 4%, together, the first three PCs explained about 18% of
the total genetic variance (Figure 2a). The GWAS was conducted using a cMLM taking into account
both genetic relatedness (VanRanden matrix) and population structure (it was used the first three
PC’s). The quantile-quantile plot showed that observed p-values strongly deviated from the expected
p-values in few SNPs (Figura 2b), which means that the cMLM model was appropriated for GWAS.
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Figure 2. Genetic structure of accession panels according the first ten principal components (a),
Quantile-Quantile Plot (QQplot) of p-values (b), Manhattan plot of GWAS, demonstrating the SNPs
distribution along all 20 soybean chromosomes. Significant associations are represented above
threshold line (c)

10 SNPs, all located in the same region of chromosome 13 (Figure 2c), were identified as
significantly associated (FDR adjusted p-value=1,23E-5 to 1,69E-%%) with resistance to M. javanica plot
(Table 1). The strongest degree of association (FDR = 1,00E-"") was shared by five SNPs. We chose to
name these SNPs as GBSRmj (SNPs from GBS approach related to resistance to M. javanica - Rmj).
The five 5 peak SNPs explained approximately 34% of the phenotypic variation, and the remaining
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SNPs ranging from 29% to 24%. The physical interval delimited by the SNPs was only 29.2 kbp,
ranging between position 30,776,090 to 30,805,508 in the chromosome 13, and all of the those are
located in intergenic regions.

Table 1. SNDPs significantly associated with resistance to M. javanica identified by GWAS

SNPID Chr2 Pos(bp)? p.value MAF¢ r2d FDR Adjusted p-values

GBSRmj961 13 30804961 1,23E-15 0,31 0,34 1,00E-11
GBSRmj499 13 30805499 1,23E-15 0,31 0,34 1,00E-11
GBSRmj500 13 30805500 1,23E-15 0,31 0,34 1,00E-11
GBSRmj508 13 30805508 1,23E-15 0,31 0,34 1,00E-11
GBSRmj090 13 30776090 1,33E-15 0,29 0,34 1,00E-11
GBSRmj409 13 30792409 4,20E-14 0,31 0,32 2,64E-10
GBSRmj474 13 30792474 1,30E-13 0,31 0,31 7,03E-10
GBSRmj686 13 30804686 5,76E-12 0,27 0,29 2,18E-08
GBSRmj726 13 30804726 5,76E-12 0,27 0,29 2,18E-08
GBSRmj752 13 30804752 5,76E-12 0,27 0,29 2,18E-08

2 Chromosome, ® Physical position of the SNPs in the soybean genome (W82.a2.v1), < Minor allele
frquency, 4 R squared value of the model with the SNP.

According to the LD analysis, almost all the SNPs were in a unique LD block (the only exception
was the GBSRmj090). This LD block comprised a reduced region of 13.1Kb, which is flanked by
SNPRmj409 and SNPRm;j508. (Figure 3a). This LD block contains only one gene model
(Glyma.13g194700), which coding a protein with the LRR domain. Interestingly, the SNPs are located
in a region harboring genes containing LRR domain, which is often related to resistance genes in

plants (Figure 3b).
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Figure 3. Genomic distribution of mapped SNPs. LD block (delimited by black lines) containing all
the nine associated SNPs, and one SNP located outside of LD block. (a), genes located in the region
identified by the SNPs from GWAS, (yellow star represents Glyma.13g194700, which is located inside
of the LD block (b).

Based on the results obtained in the linkage disequilibrium analysis, that was performed
considering full population and 44.992 SNPs, the regression curve fitted to the LD plot falls below r?
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= 0.2 at ~0,15Mb (Supplementary Table S3). A similar r? value was obtained when exclusively
chromosome 13 was analyzed (Supplementary Table S3).

Based on the SNPs identified by GWAS, using either the peak SNP, GBSRm;j961 (30,804,961), or
the haplotype composed by the four peak SNPs (SNPs are redundant between them), it was obtained
the same results in the haplotype analysis (Supplementary Table S4). That is, it was possible to
appropriately separate the resistant and moderately resistant accessions from susceptible accessions.
At the peak SNP, the C allele was present in 25 from the 30 resistant accessions (including the PI
595099, P1230977, cv. Bragg, cv. CD 201 and PI1200538), and in approximately 66% of the moderately
resistant accessions and only in 10% of susceptible accessions. In contrast, the alternative allele (T)
was present in 5 from the 30 resistant accessions, and in approximately 34% of the moderately
resistant accessions and 184 of the 205 accessions of the susceptible set (Table 2).

Later we used the USDA soybean germplasm collection, composed by 20,087 and Glycine max
and Glycine soja, to search by the peak SNP identified here. After the removing of heterozygous
genotypes, it was obtained a total of 19,978 accessions. In the genomic data, it was possible to
identified two SNPs, the SNPs Chr13:30,804,961 (the peak SNP from our GWAS) and the
Chr13:30,805,508 (which one, is redundant with the peak SNP). Selecting C in the position
Chr13:30,804,961 (resistant alleles), 2,150 accessions were selected, otherwise, while selecting the T,
17,828 accessions were selected, revealing that approximately 11% of the whole USDA collection may
posse the M. javanica resistance QTL on the chromosome 13 (Supplementary Table 54).

Table 2. Haplotype obtained using the peak SNPs from GWAS

Position in the Soybean Genome - Chromosome 13 M. javanica reaction ®

Haplotype ID  30.804.961» 30.805.499 30.805.500 30.805.508 R MR S

Hap-Resistant C C A T 25 54 21
Hap-Susceptible T A G G 5 28 184
Total = 317 30 82 205

Physical position of the SNPs in the soybean genome (W82.a2.v1) (a), resistant — R; moderately
resistant — MR and susceptible S (b)

In order to develop and test a genotyping assay using the peak SNPs identified in our GWAS, it
was selected a set of commercial Brazilian cultivars, which almost all of them have information in the
literature about resistance to M. javanica (Supplementary Table S5). In the set of resistant cultivars to
M. javanica, all of them shared the haplotype 30,804,961 (C) and 30,805,508 (T). In the moderately
resistant, 13 shared the resistant haplotype, while five cultivars were described as moderately
resistant, but shared the susceptible SNP (Figure 4a). In the susceptible set composed by 38 cultivars,
35 shared the susceptible haplotype, and just three cultivars described as susceptible in the literature,
showed the resistant haplotype (Figure 4b). Therefore, these results at least demonstrate a high
degree of concordance among these SNPs markers and the M. javanica resistance/susceptibility in the
set of Brazilian cultivars evaluated.
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Figure 4. Concordance among the haplotypes and the resistance profile for M. javanica in Brazilian
cultivars, which R is resistant, MR is moderately resistant and S is susceptible to this nematode.

2.3. Expression levels of candidate genes for resistance in the region identified by GWAS

The expression profile of five genes located near mapped SNPs were evaluated by RT-qPCR
(Supplementary Table S6). In general, the resistant genotype (PI 595099) showed an expression
level increased on 2DPI, four days earlier than BRS 133 (susceptible genotype) for
Glyma.139194600, Glyma.133194800, Glyma.13g194900. The expression profile changed in 6 PD],
when gene expression in PI 595099 turned down and increased in BRS 133, creating a new
general top level of expression. The gene Glyma.13g194700 was the unique that showed a
different expression pattern, maintaining a constantly increasing to both genotypes, with higher
levels of expression in the susceptible line compared with the resistant source (Figure 6).
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Figure 6. Gene expression profile, gene expression of Glyma.139194600 (a), gene expression of
Glyma.13g194700 (b), the gene with pattern expression differentiated, gene expression of Glyma.13g194800
(c), gene expression of Glyma.13g194900 (d). * Significant expression level at 95% probability.
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3. Discussion
3.1 M. javanica Reaction in the Soybean Accessions

The root-knot nematode causing by M. javanica is one of the most important problem for soybean
around the world. Therefore, the development of resistance cultivars to this pathogen is essential for
the plant breeding programs. To achieve this goal, the identification of both sources of resistance and
molecular markers linked to resistance loci are fundamental. In the present study, the
characterization of M. javanica reaction in a collection of 317 soybean accessions from different origins
was performed by an inoculation approach using a fixed initial population of 5,000 eggs. As results,
few accessions showed strong resistance to this nematode, among these resistance accessions were
present the known resistance sources PI 595099, PI 230977, cv. Bragg, cv.CD 201. It should be noted
that in the literature, there are differences in the phenotype approach to access the M. javanica
resistance in soybean accessions, mainly based on the number of eggs of ]2 infective stage used for
inoculation. Other studies related to screening for resistance to M. javanica applying higher number
of eggs in soybean have been showed similar results for the known resistance sources. For example,
in order to search resistance to M. javanica, three inoculum density was used (2,000, 5,000 and 10,000
eggs) and the PI 230977 showed high levels of resistance for all densities tested [7]. Other studies, in
order to identify molecular markers related to M. javanica in PI 230977 [10] used 2,000 eggs, while in
PI595099 and CD 201 used 3,000 eggs [12]. In the screening studies for resistance in Brazilian cultivars,
it was used 2,000 eggs [27] and 4,000 eggs [28]. Susceptible known accessions used in other studies,
as cv. BRS 133 [12,13] and cv. BRSMG Nobreza [26], showed high levels of susceptible in our results.
Indeed, seems that even with difference in phenotype approaches and few accessions showing
incongruences between genotype and phenotype, all the know sources keep showing resistance to
M. javanica, corroborating with the literature. In our phenotype data, we used a higher eggs number
for inoculation than the other studies, and only the know sources and few other accessions showed
resistance. Therefore, showing that the nematode population used in our study was able to
appropriately identify the M. javanica resistance.

3.2 GWAS related to root-know nematode causing by M. javanica and haplotype analysis

We genotyped a diverse set of 317 accessions with approximately 45K SNPs by GBS. The
distribution of the SNPs in the soybean genome was enough to cover all the chromosomes and it was
distributed in intergenic and genic regions. Taking account the average size of the blocks was 150
kbp and the soybean genome size is about 1 GB [29], it would be necessary 6,667 SNPs to represent
all the LD blocks. Here, we used for GWAS approximately 30K SNPs, that was enough to represent
all the genome. Nowadays, SNPs obtained by GBS have been successfully used for GWAS related to
soybean diseases. For example, using 188 accessions genotyped with 46,196 SNPs provided by GBS,
it was possible to identified SNPs associated with resistance to M. incognita in chromosome 10. A
similar approach, using 295 accessions genotyped with 32,836 SNPs by GBS, also identified SNPs in
chromosome 14 related to southern stem canker causing by D. aspalathi [23].

Even previous genetic mapping studies reporting a locus related to resistance to M. javanica in
the chromosome 13, as far we know, our study is the first to identified SNPs markers related to M.
javanica resistance by GWAS, significantly narrowing down the region, being able to identify
potential resistance genes in the locus. Indeed, almost all the GWAS previous reported are focused in
soybean cyst nematode (SCN) causing by Heterodera glycines, identifying SNPs related to SCN race 1
[30], race 3 [31,32], SCN HG Type 2.5.7 [22,33].

The SNPs identified in the chromosome 13 were in the same LD block and explained around 34%
of the phenotypic variation. These SNPs are located at the same genomic region previous reported
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by previous QTL-mapping studies for root-knot nematode resistance. The first mapping study was
performed with F2 population derived from a cross between the M. javanica resistant source (P1230977)
and cv. CNS (susceptible). Through RFLP markers, the marker B212-1, which is physically located
around the 29,000,00 bp on chromosome 13, explained 46% of phenotypic variation [10]. The B212-1
marker was also identified and explained 62% of phenotypic variation by other study using a F2
progeny derived from a cross using the resistant cultivar Gazelle [34]. Further genetic mapping
studies showed that the resistance in PI 595099 and CD 201 was also identified in the same locus on
chromosome 13, and the SSR markers, SOYHSP 176 (29,041,580..29,041,673) and Sat 133
(24,949,516..24,949,765), associated with these two sources, respectively [12,35]. Interestingly, using a
F2 progeny with the PI 200538, resistant to M. arenaria and RFLP markers, it was identified the same
RFLP marker (B212-1) as linked to the resistance [11]. In our results, the PI 200538 was classified as
moderately resistant and shared the resistant alleles on chromosome 13. Furthermore, the PI 595099
was also described as resistant to M. arenaria [36]. Altogether, our results and the literature, leading
the assumption that the locus in chromosome 13 is related to resistance to both M. javanica and M.
arenaria and is a main source of resistance to root knot nematode in soybean. In addition to the
previous sources of resistance to M. javanica described in the literature, our work identified more 20
accession sharing the resistant haplotype, being 10 adapted Brazilian cultivars that can be useful for
breeding program. Furthermore, we identified five resistant accessions showing the susceptible
haplotype on chromosome 13, which may be due to phenotyping/genotyping errors or potentials
new resistance sources to M. javanica.

By the analysis of the five peak SNPs, it was observed the redundancy of these SNPs, which
means, they bring the same information, corroborating with the LD analyses. It is important to have
options of SNPs associated with the same trait for the development of TagMan and KASP assays to
apply in the marker-assisted selection programs. Taking account that in some cases, the peak SNPs
identified by GWAS are located in genomic regions which are difficult to design primers and probes,
the SNPs identified here were able to correctly discriminate resistant from susceptible accessions.
Using only the peak SNP, it is possible to assist the gene introduction at chromosome 13 derivate by
new 25 resistant sources of root knot nematode resistance.

In order to provide more information about the distribution of the locus in chromosome 13
related to M. javanica, we investigated the presence of the peak SNPs in the entire USDA soybean
germplasm. As we expected, the known M. javanica sources as PI 595099, P1 230077 and cv. Bragg,
showed the resistance allele, as well as the PI 200538, the M. arenaria resistance source. Interestingly,
the screening using our peak SNP linked to M. javanica resistance in the soybean USDA collection
identified many accessions, that also have had already described as containing resistance to other
nematodes species. In the evaluation of soybean accessions for resistance to multiple nematodes
species, the cv. Peking, PI 339868 B, PI 404166, PI 437679, P1 89772, PI 90763, showed resistance to
various race of H. glycines and Rotylenchulus reniformis, as well as cv. Forrest, that showed resistance
to H. glycines, R. reniformis and M. incognita [37]. Altogether, all these accessions shared the SNPs
related to M. javanica on chromosome 13. Another study related to M. incognita screening in American
cultivars [38] identified the cv. Bragg, Braxton, Forrest, Haskell, Gordon, Perrin as resistance to M.
incognita, and similarly all of these cultivars also shared the SNPs on chromosome 13. For the plant
breeding programs purposes, this information might be useful to select sources to introgression of
multiple resistance for nematodes species.

3.3 Expression analyses of candidate genes for resistance to M. javanica

The majority of the resistance genes are characterized by the presence of a C-terminal leucine-
rich repeats (LRRs) and a central nucleotide binding site (NBS) domain [39,40]. Genes for resistance
to nematodes have been identified and cloned in different crops, and the majority of them are
described as LRR-NBS-type genes; for example, R genes for M. incognita in tomato (Mi-1 and Mi-9
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genes) [41], pepper (CaMi) [42], for Meloidogyne floridensi in Prunus species (Ma) [43], for M. incognita
and Heterodera schachtii in Arabidopsis (NILR1) [44], and for M. javanica in cowpea (QRk-vu9.1)[45].

In our results, the SNPs associated with the resistance to M. javanica are located in a small region
of approximately 13 kbp, in which, just the Glymal3¢.194700 is present. Fortunately, the
Glymal38.194700 is described as disease resistance protein TIR-NBS-LRR class type
(https://www .soybase.org). Surrounding the region, all the genes are described as putative resistance
genes. The Glymal32.194500 is a NB-ARC domain-containing disease resistance protein, while
Glyma13.194600, Glyma13g.194800 and Glyma13g.194900 present structural TIR-NBS-LRR class. The
organization of the loci containing resistance genes in plants commonly combine a cluster of genes
with same structural organization. In soybean, for example, Ashfield et al. [46] showed that the
resistance Rpg1-b locus for Pseudomonas syringae pv. glycinea, is located in a region containing several
tightly linked families of NBS-LRR genes on chromosome 13. Interestingly, the Rpg1-b is reported as
the Glyma13g.190300, located 371 kbp from the Glymal3g.194500.

Regarding the gene expression levels of the candidate genes mapped in the interval evaluated
by RT-qPCR, for the Glymal3g.194500, we were not able to detect any expression levels. Taking
account the expression patterns provided by the transcriptome of the soybean root hair cell by Libault
et al [47] and the RN A-seq atlas for soybean [48], it was observed that Glyma135.194500 did not show
expression on roots, leading the assumption that probably this gene is not active on roots or is a
pseudogene. Studies have showing that R genes are clustered in plants, however, some of them are
not functional (pseudo-genes) and other coffering resistance to members of distinct groups of
pathogens or to multiple races of a single pathogen [49,50]. For example, the Mi-1 locus (also known
as Mi-1.2) from Solanum lycopersicum confers resistance to M. incognita, M. javanica and M. arenaria, in
that locus there are also other two genes, Mi-1.1 and Mi-1.3, however, only Mi-1.2 confers resistance
to root-knot nematodes and insects [51,52].

Interestingly, from the other four genes analyzed in our study, three of them (Glyma134.194600,
Glyma13g.194800 and Glyma13g.194900) were firstly induced in the resistant genotype at 2 dpi, and
only later in the susceptible one, giving the assumption that the timing of induction might be
important factor in the resistance response to M. javanica in soybean. As expected, the initial
recognition of the pathogen by the resistance genes, followed by signal transduction cascade, might
to contribute with the global gene activation towards to the nematode resistance on soybean. On the
other hands, Glyma13g.194700 was only significantly induced in the susceptible cv. BRS 133 after 6
dpi. It is possible that the times evaluated in our study may not be enough to capture all profile of
the gene expression, such us, few hours after penetration. Indeed, the genes up-regulated in M.
incognita showed high levels of expression in 12 dpi [53], many hours before the first timeline we have
evaluated.

Recently, by the fine-mapping of a locus conferring resistance to Soybean Mosaic Virus (SMV)
identified a region of 79 kbp on chromosome 13 [54], and among the genes located in the region, it
was identified the Glyma13g.194700, which had high gene expression levels at 8 hpi (hours post
inoculation) [55]. Locus conferring both resistance to nematode and virus was already described. For
example, the Gpa2 locus is described as R-gene cluster, which contain gene conferring resistance to
potato virus X, and other gene conferring resistance to potato cyst nematode Globodera pallida [56,57].
So, it is still possible consider Glymal3g.194700 as a potential candidate gene for root knot nematode
resistance in soybean, however the expression profile is not expected.

The expression levels of Glyma13g.194800 and Glyma13g.194900, up-regulated in the resistance
accession PI 595099 and down-regulated in cv. BRS 133 at 2 dpi, also revels these genes as the
potential R gene for root knot nematodes in this locus in soybean genome. These two genes were
strongly expressed in soybean roots in both in transcriptome studies provided by soybase. Recently,
these two genes were also identified by fine-mapping approach in the locus related to SMV and Bean
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Common Mosaic Virus (BCMV) resistance in cv. Raiden [58]. And due the differences in the gene
sequence, the authors pointed out the Glyma13g.194800 as a strong candidate for resistance to SMV
and BCMV.

By sequencing the region in which the 176 SoyHSP-SSR marker was located, Fuganti et al. [24]
identified that the SSR marker was located inside of the promotor region of the small heat-shock
protein - HSP20 (Glyma.13G176000) on chromosome 13. By RT-qPCR, the authors identified higher
expression levels of HSP20 in the PI 595099 in presence of the M. javanica than in cv. BRS. 233. Studies
have been showing that heat shock proteins are important to plant resistance. For example, studies
using model plant species revealed that R proteins require the co-chaperone protein complex HSP90-
SGT1-RARI1 to achieve correct folding, maturation, and stabilization[59,60]. Silencing the HSP90 in
tomato, increased the number of eggs and galls in tomato plants exposed to M. javanica [61]. As well
as, it was demonstrated that the PsoRPM?2 gene coding a TIR-NB-LRR-type protein in Tobacco has
high expression levels in presence of M. incognita, it was also observed that PsoRPM?2 gene interacted
with the HSP90 protein [62]. Furthermore, several Hsp20 proteins in soybean were reported as
differentially expressed in PI 595099 and cv. BRS 133 in response to M. javanica and may play key
roles in the resistance [63].

Altogether, these results showed that LRR-genes are the mainly R genes related to nematode
resistance to several plant species, however, genes coding for heat shocks proteins also play key roles
to resistance. Furthermore, the LRR-NBS-type gene cluster located in the chromosome 13 seems to be
related to soybean resistance to different pathogens as virus and nematodes. These findings will be
useful for selecting multiple resistance in plant breeding programs.

4. Materials and Methods
4.1 Evaluation of M. javanica reaction

A set of 317 accessions composed of cultivars and PlIs (Supplementary Table S), were obtained
from the Soybean Germplasm Bank, located at Embrapa Soja in Londrina, PR, Brazil. Six seeds of
each accession were pre-germinated in plastic pots of 0.25 L filled with sterilized sand. Five days after
germination, seedlings were transferred individually to plastic tubes of 0.5 L filled with substrate
(sterilized by autoclaving) composed by sand and soil (3:1), in a greenhouse. The plants were kept
under 16 hours of daylight and supplemented with 600W high-pressure sodium lamps (Light
Systems PL). All samples were used for nematode resistance evaluation. Trifoliate leaves from two
young plants from each genotype were collected independently, frozen in liquid nitrogen and stored
in a -80°C freezer. The leaf samples were ground to a fine powder and stored until DNA isolation.

Nematode inoculation was performed during the summer. One day before transferring
seedlings to plastic tubes, some infected soybean roots from a nematode stock were ground in water
to obtain the suspension containing M. javanica eggs. The number of eggs was estimated in a Peters’
chamber under microscopy and the concentration of the suspension was adjusted to 1250 eggs/ml.
The inoculation was performed by deposition of 4mL of the nematode suspension in the same hole
used to introduce the seedling. Thirty days after inoculation, all plants were individually removed
from the tubes. Excess sand and soil around roots was carefully removed and roots were washed in
running water. The severity of the infestation was rated on a scale of 1 to 5 adapted from [64], where
1 =<10% of the root system is infected with small galls; 2 = 10% - 25% of the root system galled, most
being small galls; 3 = 26% - 50% of the root system with large galls; 4 = 51% - 90% of the root system
with large galls; 5 = 91% - 100% of root system with large galls and necrotic roots. Accessions with a
rating between 1 and 2.5 were considered resistant (R), between 2.6 and 3.5 were deemed moderately
resistant (MR); and those with a score above 3.6 were rated as susceptible (5).

4.3 DNA extraction, GBS library preparation and SNP calling
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The DNA from each sample was extracted using the DNeasy® Plant Mini Kit (Qiagen) according
to the manufacturer’s instructions. The DNA integrity was checked by electrophoresis on an agarose
gel (1%) followed by quantification on a NanoDrop® ND1000 spectrophotometer (Uniscience) and
diluted with water to a concentration of 10 ng/uL. GBS libraries were produced using the protocol
described by Elshire et al. [15] and modified by Sonah et al [65]. Thus, DNA was digested using ApeKI
enzyme followed by ligation of barcoded adapters and pooling of 96 samples per library. These 96-
plex GBS libraries were sequenced on either Illumina HiSeq2000 (McGill University-Genome Quebec
Innovation Centre, Montreal, QC, Canada) or Ion Torrent (Laval Université, Québec, QC, Canada)
DNA sequencers. Using a custom-designed pipeline in perl language (Fast-GBS pipeline [66]), short
reads (<100 bp) were first split into separate fastq files based on the barcode and then trimmed to
remove barcode and adapter sequences. The resulting reads were mapped on the G. max reference
genome (v.2) and variants were called with SAM tools. Heterozygous genotypes were replaced with
missing data and any accessions with >80% missing data were removed from the dataset. Finally,
imputation of missing genotypic data was performed using fastPHASE 1.3 [67]. For the GWAS, only
loci with a minor allele frequency (MAF) >0.05 were used. SNP positions throughout the genome and
the prediction of the functional impact of these variants was performed using SnpEff [68].

4.4 Association mapping and Haplotype analysis

The Genomic Association and Prediction Integrated Tool — GAPIT [69] was used to conduct
GWAS using a Compressed Mixed Linear Model (cMLM) that takes into account both population
structure and genetic relatedness between lines. The first three Principal Components (PC) from
Principal Component Analysis (PCA) were used to capture and evaluate the population structure
and produce a P matrix. A VanRaden Kinship matrix (K) was used to capture genetic relatedness.
Marker-trait associations were declared significant using FDR-adjusted p-values with the threshold
set at 0.0001. After filtering for a MAF >0.05, all SNPs located on chromosome Chr13 were loaded into
PLINK and the correlation coefficient (r?) was calculated to pairwise linkage disequilibrium (LD).
Haplotype blocks were identified and visualized using Haploview [70]. using default Gabriel’s rules
[71], confidence interval minimal for strong LD, UPPER=0,98, LOWER=0,7 - D">0,8 and fraction of
strong LD 2>0,95. The most widely used method square allele frequency correlation (r2) was used to
assessment of LD decay.

In order to validate the SNPs obtained by GWAS. It was used the soybean USDA germplasm
collection previously genotyped with Soy50KArray and imputed with the soybean haplotype map
(GmHapmap) constructed using WGS data for 1,007 G. Max accessions. This vcf file is available for
the public in
(https://figshare.com/projects/Soybean_Haplotype_Map_GmHapMap_A_Universal_Resource_for_
Soybean_Translational_and_Functional Genomics/56921). As well as the SNPs were validated in our
internal vcf file constructed with WGS data from Brazilian cultivars.

4.5 Expression levels obtained by RT-gPCR

For investigate the transcriptional regulation and polymorphism in the genes located in
disequilibrium block, the expression profile of 5 gene models were quantified by RT-qPCR after
pathogen infection on 1, 2 and 6 DPI (days post inoculation), using a susceptible (BRS 133) and
resistant (P1595099) genotypes, under inoculated and false inoculate conditions. After 1, 3, and 6 days
of inoculation, roots from non-inoculated and inoculated plants were collected, frozen in liquid
nitrogen, and stored at —80°C. Using Trizol reagent (Life Technologies), total RNA from samples was
extracted. First-strand cDNAs were generated using the SuperScript III First-Strand Synthesis
SuperMix (Invitrogen). Primers for each of the five candidate gene models were designed by the
software Primer3Plus (http://www. bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi) and).
The cDNA samples were amplified with primers specific to each gene and for the endogenous control
(B-actin gene), at a final concentration of 0.1-0.25 uM, with the 1X SYBR Green Master Mix Kit
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(Applied Biosystems) in a final volume of 12.5 uL. The E = [10-1/slope]-1 formula was employed to
calculate the reaction efficiency and to adjust the final primer concentration. PCR efficiency
determined using standard curves for each primer pair constructed with serial dilutions (1:10, 1:100
and 1:1000) of the cDNA preparation. The reactions were performed in StepOnePlus Real-Time PCR
Systems (Applied Biosystems) following the manufacturer’s instructions. After initial steps at 50°C
for 2 min and at 95°C for 10 min, a two-step program of 95°C for 15 s and 62°C for 1 min was run for
40 cycles. The final relative quantification of each gene compared with the control conditions was
estimated considering the RQ obtained in each biological replicate, represented by each independent
experiment, with three replicates each. Significant differences were determined based on estimates
of the standard deviation (SD) and with REST software version 2.0.7 (p < 0.05).

5. Conclusions

The present study reported the identification of a resistance locus related to M. Javanica on
chromosome 13 in soybean. This region is surrounding by LRR-NBS genes, composing a LRR-NBS
cluster, in which, genes are already described as related to other soybean diseases resistance. As far
we know, our GWAS is the first one reporting SNPs markers associated with the resistance to this
important nematode. By our analysis on Brazilian cultivars it was observed high correction levels
between the peak SNPs and the phenotype of soybean accessions reported in the literature.
Surprisingly, several soybean accessions reported as resistance to other important nematodes species,
as M. incognita, M. arenaria and H. glycine shared the SNPs on chromosome 13 in our screening in the
USDA soybean germplasm collection. Leading us the assumption that these accessions may possess
multiple-resistance to nematodes, which are helpful for plant breeding programs. Furthermore, by
the characterization gene expression levels of these genes, it was observed that some of them are up-
regulated in the resistance accession, PI 595099, and down-regulated in the susceptible cultivar, BRS
133, characterizing as strong candidate genes for future functional validation. Finally, the SNPs
identified here can be used in the marker-assisted selection for screening for resistance to M. javanica
in soybean breeding programs.
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M. javanica  Meloidogyne javanica

PIs Plant Introduced

GBS genotyping-by-sequencing

LD linkage disequilibrium

NBS Nucleotide Binding Site

LRR Leucine-Rich-Repeat

RFLP Random Fragment Length Polymorphism

AFLP Amplified Fragment Length Polymorphism

SCAR Sequence Characterized Amplified Regions

SSR Single Sequence Repeat

Chr Chromosome

QTL Quantitative Trait Loci

GWAS genome-wide association study

R Resistant

MR Moderate Resistant

S Susceptible

MAF Minor Alelle Frequence

PC Principal Component

MAF Minor Allele Frequency

K VanRaden Kinship matrix

FDR False discovery rate

P Populational structure

QQplot Quantile-Quantile Plot

CVs Cultivars

cMLM Compressed Mixed Linear Model
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