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Abstract

Key message A whole-genome resequencing-derived SNP dataset used for genome-wide association analysis revealed
196 loci significantly associated with drought stress based on root traits. Candidate genes identified in the regions of
these loci include homologs of known drought resistance genes in A. thaliana.

Abstract Drought is the main abiotic constraint of the production of common bean. Improved adaptation to drought envi-
ronments has become a main goal of crop breeding due to the increasing scarcity of water that will occur in the future. The
overall objective of our study was to identify genomic regions associated with drought resistance based on root traits using
genome-wide association analysis. A natural population of 438 common bean accessions was evaluated for root traits: root
surface area, root average diameter, root volume, total root length, taproot length, lateral root number, root dry weight, lat-
eral root length, special root weight/length, using seed germination pouches under drought conditions and in well-watered
environments. The coefficient of variation ranged from 11.24% (root average diameter) to 38.19% (root dry weight) in the
well-watered environment and from 9.61% (root average diameter) to 39.05% (lateral root length) under drought stress. A
whole-genome resequencing-derived SNP dataset revealed 196 loci containing 230 candidate SNPs associated with drought
resistance. Seventeen candidate SNPs were simultaneously associated with more than two traits. Forty-one loci were simul-
taneously associated with more than two traits, and eleven loci were colocated with loci previously reported to be related
to drought resistance. Candidate genes of the associated loci included the ABA-responsive element-binding protein family,
MYB, NAC, the protein kinase superfamily, etc. These results revealed promising alleles linked to drought resistance or
root traits, providing insights into the genetic basis of drought resistance and roots, which will be useful for common bean
improvement.

Abbreviations RV Root volume

GWAS Genome-wide association study TRL Total root length

SNP Single nucleotide polymorphisms TL Taproot length

CHR Chromosome LRN Lateral root number

LD Linkage disequilibrium RDW  Root dry weight

QTL Quantitative trait loci LRL Lateral root length

ABA Abscisic acid SRL Special root weight/length

RSA Root surface area
RAD Root average diameter
Introduction

Communicated by Janila Pasupuleti. . . . .
Common bean (Phaseolus vulgaris L.), with high protein
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(Thung et al. 1999), making drought the second largest
contributor to reduced production after disease (Rao et al.
2001). In Africa, approximately 40% of the production area
of common bean is affected by frequent droughts, result-
ing in approximately 300,000 Mt of yield losses every year
(Asfaw et al. 2012). In Latin America, the production loss of
common bean can reach 73% under drought stress. Moreo-
ver, only 7% of planting areas are not affected by drought
(Broughton et al. 2003). Common bean is generally culti-
vated on marginal lands that are susceptible to abiotic and
biotic stresses (Beebe et al. 2012). Due to insufficient rain-
fall and limited irrigation equipment, drought has become
the main cause of yield losses of common bean in China.
Moreover, climate models predict that the main production
area of common bean in China will become successively
drier during the next several decades (Piao et al. 2010).
Molecular breeding, which requires deep insight into the
genetic mechanism of drought resistance, is considered to
be an effective and powerful strategy for drought resistance
improvement (Li et al. 2019a).

Many studies have been performed on the drought resist-
ance of common bean, mainly focusing on the selection
of drought-tolerant germplasm, but limited numbers of
drought-related QTLs have been identified using different
molecular markers. In the absence of an effective linkage
map, Schneider et al. (1997) identified drought-related ran-
dom amplification polymorphism DNA (RAPD) markers
using two recombinant inbred line (RIL) populations under
stress and non-stress conditions. A genetic map integrat-
ing 186 amplified fragment length polymorphism (AFLP),
RAPD and simple sequence repeat (SSR) markers was gen-
erated using a RIL population from BAT477 x DOR364
(Blair et al. 2012) and was used to detect drought-related
QTLs. Five, 5, 16, 3 and 6 QTLs were associated with yield,
yield per day, seed weight, days to flowering and days to
maturity, respectively, under drought conditions in this
study, showing that drought influences production and devel-
opment. The same population was used to study the genetics
of drought resistance in different regions (Asfaw et al. 2012),
and drought-related QTLs based on yield have been mapped
to Pv04 and Pv08 under drought stress. Drought resistance
analyses of common bean have mainly been carried out by
genetic linkage analysis (Mukeshimana et al. 2014; Trapp
et al. 2015; Boris et al. 2017). Recently, genome-wide asso-
ciation studies (GWASs) have also become powerful tools
for dissecting the genetic basis of complex quantitative traits
and have been successfully applied for discovering drought-
related genes in many crop species, such as maize and wheat
(Mao et al. 2015; Wang et al. 2016; Li et al. 2019a). In
common bean, GWASs have also been performed to iden-
tify genetic loci associated with drought resistance and
drought-related traits (Emiliano et al. 2015; Hoyos-Villegas
etal. 2017; Berny et al. 2019). Hoyos-Villegas et al. (2017)

@ Springer

detected eight drought-related SNPs, one of which was asso-
ciated with the degree of wilting. All these studies were
carried out in the field based on aboveground traits at the
maturity stage; however, the underlying genetic basis of root
traits related to drought resistance remains to be elucidated.

Plant drought resistance involves four major mechanisms:
drought avoidance, drought tolerance, drought escape and
drought recovery (Fang et al. 2015). Drought avoidance is
the capability of plants to maintain fundamental normal
physiological processes under mild or moderate drought
stress conditions by adjusting certain morphological struc-
tures or growth rates to avoid the negative effects caused
by drought stress (Fang et al. 2015). A deep root system
has been proposed to be an important drought avoidance
response of common bean because it can increase water-
uptake efficiency (Sponchiado et al. 1989; Frahm et al.
2004). This water uptake depends on the size (length or
mass), activity and spatial distribution of roots (Huang et al.
2000). However, root growth and development are slow or
stagnant under drought stress and can even die when soil
experience severe drought in the field (Smucker et al. 1991).
A healthy and thriving root system can maintain plant water
status, improve defense against environmental stresses such
as insect pests, and ultimately stabilize production under
drought conditions (Mun~oz-Perea et al. 2006; Kamoshita
et al. 2008). The importance of root traits in adapting to
drought stress is well recognized in common bean (Rao et al.
2001; Beebe et al. 2008). However, the filed measurement
of root traits is a time-consuming and laborious process.
In addition, root damage is easy to occur in the sampling
process, leading to root losses. There are some alternative
ways to better measure and evaluate the root system, such
as PVE sleeve tube, germination pouch. Root traits, such as
root depth, root length, root volume, average root diameter
and specific root length, were measured using PVC sleeve
tubes in the greenhouse under drought and non-stress con-
ditions, and eight root-related QTLs mapped to Pv01, Pv10
and Pv11 (Asfaw and Blair 2012). This strategy has been
utilized in gaining insights of the genetic basis of root traits
in improving drought tolerance in other crop, such as rice
(Liet al. 2017), wheat (Li et al. 2019b). However, root QTL
with effect on drought resistance has not been reported in
common bean at bud stage as far as we know. It is gener-
ally believed that crops are most sensitive to environmental
changes during germination, and drought resistance at bud
stage is one of the important contents to study drought resist-
ance of crops (Yordanov et al. 2000; Ashraf 2010;). Thus,
the genetic mechanism of drought resistance related to root
traits at bud stage needs investigation.

In this study, 438 common bean accessions were phe-
notyped for nine different root traits at the bud stage under
drought stress and unstressed conditions. GWASs were con-
ducted to identify loci associated with drought resistance
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based on the relative value of nine root traits and a dataset
consisting of 4.8 M SNPs. Our study aimed to (a) identify
potential trait-marker associations in response to drought
stress and (b) identify drought-related candidate genes
within the mapped regions.

Materials and methods
Plant material and genotypic data

A total of 438 common bean accessions representing broad
genetic diversity, including accessions in China and else-
where, were screened for a GWAS (Table S1). This com-
mon bean panel was derived from the whole-genome rese-
quencing panel of 683 accessions as previously described
(Wu et al. 2020). Genotypic data generated from the whole-
genome resequencing project contained 4,811,097 SNPs.
For the GWAS, nucleotide variations were further filtered
based on the missing rates (>10%) and a minor allele fre-
quency of <0.05, yielding 3,783,033 qualified SNPs.

Experimental design and drought stress treatment

For the GWAS of root traits at the seedling stage, 438
common bean accessions were grown in seed germina-
tion pouches (height:width =30 cm:25.5 cm) (www.phyto
tc.com, Fig. S1) (German et al. 2000; Liao et al. 2001).
The seed germination pouches served as inexpensive,
space-saving replacements for pots and similar containers
used to grow plants, and the growth of the root system
can be observed visually. Uniform seeds of common bean
with the same degree of fullness were subjected to surface
sterilization and germinated in distilled water, with a ger-
mination box (12X 12 X 6 cm) used as a bed for the seeds.
After 2-3 d, seedlings with radicle lengths of 2+0.1 cm
and undifferentiated primary roots were transferred to the
seed germination pouches and placed in the trough of the
paper wick. The pouches were then fixed to a support plate
using clips, and then placed on an acrylic shelf, which
helps maintain the pouches upright. The shelf was ulti-
mately placed in an incubator, and the conditions were
set as follows: 12 h of light at 25°C; 12 h of darkness
at 22°C. In this study, we simulated drought stress using
—0.7 MPa PEG 6000 solution (19.6%) (Li et al. 2013),
with distilled water treatment as a control. Before transfer-
ring seedlings to the pouch, 100 ml of distilled water or
PEG 6000 solution was added to the pouch, and the paper
wick was completely moistened. To keep the paper wick
moist, an additional 10 ml of distilled water or PEG 6000
solution was added to the trough of the pouch every 24 h.
In addition, to reduce moisture evaporation and keep the
paper wick moist, we attached 2-3 clamps to the opening

of the pouch. The common bean seedlings were grown
in the incubator for 6 d, and the related phenotypes were
evaluated. For each sample, three seedlings were placed in
the same seed germination pouch, and six seedlings were
subjected to well-watered conditions or a drought stress
environment in the same experiment. The location of each
pouch in the incubator was random. The experiment was
repeated three times.

Phenotypic data measurement and analysis

The root traits were measured after incubation for 6 days.
To measure these traits, the plants were removed from the
pouches, and the roots were washed clean with water. A
total of nine root-related traits were phenotyped in this study,
including root surface area (RSA), root average diameter
(RAD), root volume (RV), total root length (TRL), taproot
length (TL), lateral root number (LRN), root dry weight
(RDW), lateral root length (LRL) and special root weight/
length (SRL). The roots were spread out without overlap or
crossing and scanned with a CI-600 root scanning system
(CID Inc, America), which generated images in TIF format.
From the scanned images, RSA (cm?), RAD (mm), RV (cm?)
and TRL (cm) were analyzed using WinRHIZO Tron MF
image analysis software (Regent Instruments Inc., Canada)
(Armengaud et al. 2009). The TL (cm), which represents
the length of the taproot from the root tip to the root node,
was measured with a ruler. The primary lateral roots longer
than 2 cm were considered LRNs. The roots were cut from
the basal node of the plant, and the dry weight of the roots
(RDW, mg) was measured after the roots were heated at
105°C for 30 min followed by 75°C for 48 h. LRL (cm)
represents length of all lateral roots. The SRL (mg/cm) rep-
resents the root dry weight per unit root length. The traits
investigated for each treatment were represented by the suffix
“W” or “D”: “W” represents the well-watered treatment, and
“D” represents the drought stress treatment. For instance,
RSAD denotes the root surface area under drought stress,
and RSAW denotes the root surface area under well-watered
condition. The tolerance of the genotype to drought for each
trait was evaluated using a relative value (Li et al. 2019a),
represented by the prefix “R” in this study and calculated
as the ratio of the mean value of the investigated trait under
drought stress conditions to that under water-well condi-
tions; for instance, RRSA denotes the drought stress toler-
ance based on the root surface area and the formula is as
follows: RRSA =RSAD/RSAW.

The mean values were used for descriptive statistical
analysis. Statistical analysis and significance testing were
performed using IBM SPSS 19.0 software. Correlations
among different traits were evaluated using the R package
based on the Pearson’s correlation coefficient.
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Genome-wide association study

In the present study, we focused on the drought resistance
of common bean accessions. Thus, nine root traits and
3,783,033 SNPs were included in a GWAS. Principal com-
ponent analysis (PCA) was performed using PLINK 1.9
software based on all SNPs after filtration. The first three
principal components were used as the principal compo-
nent (PC) matrix for the association method. The kinship
matrix (K matrix) was calculated using Tassel 5.0. Two
GWAS methods, the general linear model (GLM) and the
compressed mixed linear model (cMLM), were used to
detect the associations between markers and traits using
Tassel 5.0. The P value threshold of the entire population
was 1 x 107°. Given the trade-off between dismissing false
positives and accepting false negatives (Li et al. 2019a),
the SNPs that exceeded the threshold (1 x 107) in both
models were considered associated SNPs in this study. The
chromosome region with an associated SNP + LD decay
distance was considered a candidate segment or associ-
ated locus (represented by prefix “Locus_"), and the LD
decay distance was different for different chromosomes as
previously described (Table S2, Wu et al. 2020). When two
associated loci overlapped, the overlapping part was con-
sidered a new locus. The peak SNPs (SNPs with the lowest
P value) for each locus were defined as candidate SNPs.

Locus identification and candidate gene prediction

We searched for previously published QTLs that are
related to root or drought resistance and whose physi-
cal region was determined by the left border marker and
the right border marker or the physical position of mark-
ers +the LD decay distance on the PHASEOLUS GENES
website (http://phaseolusgenes.bioinformatics.usdav
is.edu) and in the NCBI database (https://www.ncbi.nlm.
nih.gov/). An overlapping locus was identified if the physi-
cal region of the association locus overlapped with the
physical region of any previously reported QTL or SNP
for root traits or drought resistance traits.

We annotated the genes of all candidate segments using
the annotation file of common bean accession G19833
v1.0 (Schmutz et al. 2014) and searched for homologous
genes in A. thaliana according to the NCBI database (https
://www.ncbi.nlm.nih.gov/). A candidate gene was claimed
if (1) it was a stress-responsive transcription factor, such
as a NAC, MYB, or bHLH transcription factor, and (2)
its homologous genes in A. thaliana were identified in a
previous study as being involved in the drought response,
osmotic response, ABA response or root development.
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Results

Phenotypic analysis of root traits under stress
and non-stressed conditions

The seedlings of 438 common bean accessions were sub-
jected to drought stress (D) or well-watered (W) condi-
tions using germination pouches. A total of nine root traits
were measured after treatment. All the root traits showed
significant differences between drought stress and the
well-watered treatments (Fig. 1). Drought stress simulated
by PEG 6000 solution had a negative influence on all root
traits except RAD and SRL. The range of phenotypic vari-
ation differed among the traits; the highest coefficient of
variation (CV) was observed for LRLD (39.05%), followed
by RDWW (38.19%), and the lowest coefficient of varia-
tion was observed for RADD (9.61%) (Table S3). In addi-
tion, the descriptive statistics of the relative value of the
nine root traits were summarized (Table S4). The RLRL
ranged from 3.51% to 44.28% with an average of 19.15%
and the highest coefficient of variation of 35.79%, fol-
lowed by the RTRL, which ranged from 8.34% to 59.63%
with an average of 23.00% and coefficient of variation of
31.30%; the RRAD ranged from 82.62% to 146.96% with
an average of 106.36% and the lowest coefficient of vari-
ation of 8.26% (Table S4). The histograms demonstrated
that the relative values of each all the root traits conformed
to normal distributions, indicating that the phenotypic data
are reliable for further analysis (Fig. S2).

Phenotypic trait correlations

To study the relationships between different root traits, the
correlations of the root traits under different treatments
were analyzed. The root traits were significantly corre-
lated between the drought stress and well-watered treat-
ments (Fig. 2). Pairwise positive correlations (p <0.01)
were detected for TL, TRL and LRL between the different
treatments, perhaps, because they are related to the same
type of trait: root length. The same result was detected
between the root weight traits—RDW and SRL. The
RDW was positively correlated (p <0.01) with the three
root length traits, but the SRL was negatively correlated
(p<0.01) with them, suggesting that the rate of increase in
root length was greater than that of root weight regardless
of the treatment. We also noticed that RAD was nega-
tively correlated with root length but positively correlated
(p<0.01) with RDW, RV and SRL. For the relative value
(Fig. S3), pairwise positive correlations (p < 0.01) were
noticed among RTL, RTRL and RLRL, each of which was
positively correlated (p <0.01) with RRDW, RRSA and
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with all traits except RSRL, and RRSA was positively cor-
related (p <0.01) with all traits except RRAD.

A GWAS revealed marker-trait associations
for drought resistance

A GWAS was conducted using the phenotypic data of root
traits from drought stress and well-watered trials using the
general linear model (GLM) and compressed mixed linear
model (cMLM). A total of 2542 and 408 significant SNPs
were detected by GLM and cMLM, respectively (Table S5,
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Table S6). A total of 389 SNPs were simultaneously
detected by both models and were considered associated
SNPs. As described, the chromosomal region with associ-
ated SNPs + LD decay distance was considered a candidate
segment or an associated locus. When two associated loci
overlapped, the overlapping part was considered a new locus
instead of the two loci, and the peak SNPs (SNPs with the
lowest P value) for each locus were defined as candidate
SNPs. A total of 196 loci were found for 9 quantitative traits,
containing 230 candidate SNPs (Table S7). Among these
196 loci, in total, 104, 47, 45, 23, 19, 4, 3 and 3 loci were
associated with RTRL, RSRL, RRSA, RRV, RLRL, RTL,
RRAD and RRDW, respectively (Table S7). There were 41
loci associated with more than one trait (Table S10). In par-
ticular, Locus_138 on Chr0O8 was associated with five traits
(RTRL, RLRL, RSRL, RRSA and RRV), and Locus_134 on
Chr08 was associated with four traits (RTRL, RSRL, RRSA
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tion), W well-watered (ddH,0),
RSA root surface area, RAD root
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number, RDW root dry weight,
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and RRV). Moreover, six loci were simultaneously associ-
ated with three traits.

The information and physical location of QTLs previ-
ously reported to be associated with drought resistance were
obtained from the NCBI database and compared with the
GWAS results. Eleven loci colocated with loci previously
reported to be related to drought resistance (Blair et al. 2012;
Emiliano et al. 2015; Trapp et al. 2015; Hoyos-Villegas et al.
2017) (Table S7).

Among these candidate SNPs, 16 were associated with
two traits (Fig. 3a), one SNP (Chr02__3484349) was simul-
taneously associated with three traits (RLRL, RRSA and
RRV) (Fig. 3b), and this SNP was present in the intron of
the Phvul.002G034800 gene, which encodes a protein kinase
superfamily member. Further analysis demonstrated that 130
of 230 candidate SNPs were present in intergenic regions;
57, up/downstream (within 2 kb of the genes) regions or 3'/5’
UTRs of genes; and 43, genic regions (exonic or intronic
sequences) (Table S7). Combined gene expression profiles
constructed from contrasting RNA-seq-based drought-
resistant (Long 22-0579) and drought-sensitive (Naihua)
genotypes from different gene pools under drought stress
and non-stressed conditions (Wu et al. 2014) demonstrated
that four SNPs were located within up-regulated genes,
and 22 SNPs were located within down-regulated genes
in both varieties under a drought condition compared with
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under a well-watered condition (Table S7). Among these
57 candidate SNPs located in up/downstream regions or
in 3'/5" UTRs of genes, 36 candidate SNPs were present
upstream of genes, of which one was upregulated and seven
were downregulated in both varieties under drought con-
ditions compared with well-watered conditions (Table S7,
Wu et al. 2014), indicating a causal relationship between
candidate SNPs and gene expression. Additionally, 7 of the
57 SNPs were located in reported genes whose homologs
in A. thaliana are involved in the response to ABA, drought
and osmotic stresses and in root development (Strizhov
et al. 1997; Li et al. 2002; Cantero et al. 2006; Lin et al.
2011; Xi et al. 2012; Sura et al. 2017; Podia et al. 2018)
(Table S8). Among the 43 candidate SNPs located in genic
regions (exonic or intronic sequences), 12 were located in
the exonic sequences of genes, one of which is located in a
gene whose homolog in A. thaliana is reportedly involved in
the response to ABA (Li et al. 2007) (Table S8, S9). These
results verified that the candidate SNPs were associated with
drought resistance.

Identification of drought-related candidate genes
Predicting and annotating candidate genes at candidate SNP-

harbored loci could be an effective method for identifying
causal genes (Li et al. 2019a; Wu et al. 2020). Therefore, the
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Fig.3 Consistent significant SNPs for the relative value of nine
root traits. a Network plot of traits and consistent significant SNPs.
The line indicates the significant association between a marker and

putative candidate genes of all loci were annotated. A total
of 2962 genes in 196 loci were annotated (Table S11); we
subsequently searched the NCBI database to determine the
function of these genes in A. thaliana. A total of 164 genes
at 88 loci were considered candidate genes, including genes
of transcription factor families that respond to drought stress,
such as members of the NAC, MYB, bHLH and AREB
families (Mao et al. 2015; Wang et al. 2017a, b; Li et al.
2019c), as well as membrane proteins, protein kinases and
other types of proteins (Table S12). Using previous tran-
scriptome information (Wu et al. 2014), we determined that
the expression of 22 genes was upregulated and that of 32
was downregulated in both varieties under drought condition
compared with under well-watered condition (Table S12,
Wau et al. 2014). WRKY 51, which was found at Locus_35,
has been shown to promote lateral root formation and is
induced by drought and ABA in wheat (Wang et al. 2013;
Hu et al. 2018). In the present study, Locus_35 was associ-
ated with RTRL and RSRL and contained three associated
SNPs (RTRL-associated Chr02__43041529, RSRL-associ-
ated Chr02__43108109 and Chr02__43108142) (Fig. 4a)
with close physical distance (66.61 kb). Chr02__43041529
was linked genetically to Chr02__43108109 (+>=0.95) but

) ) ) ) 1
3482000 3486000 3490000
Chr02 (bp)

a trait. b Local Manhattan plot surrounding the significant SNP
(Chr02__3484349) for the RRSA, RRV, and RLRL

was not linked genetically to Chr02__43108142. Based on
the variation in three SNPs, two haplotypes were identified
within the germplasm population. We noticed that the RTRL
of Hap1 was significantly higher than that of Hap2, but the
RSRL of Hapl was significantly lower than that of Hap2
(Fig. 4b). These results further suggested that these loci were
related to drought resistance.

Longer and deeper roots are essential for plants under
drought stress, and they can efficiently absorb water from
soil that is dry at the surface but retains moisture in deep
layers (Gupta et al. 2020). Therefore, RTRL, RTL and RLRL
can reflect the influence of drought stress on common bean.
For RTRL, 98 candidate genes were found (Table S12). The
strongest association signal (Chr07__41151877, p=5.04E-
07) at Locus_118 was located in the upstream region of
Phvul.007G 176000, whose homolog in A. thaliana encodes
histone H2A 11 and is expressed in response to osmotic
stress (Sura et al. 2017) (Table S8). The candidate SNP
(Chr03__46736106, p=9.68 x 10’7) at Locus_53 was local-
ized in the CDS region of gene Phvul.003G243300 (Fig. Sa,
b), which was annotated as mitogen-activated protein kinase
kinase kinase kinase 21 (MAPKKK?21); this SNP was a mis-
sense mutation (Fig. 5b). We observed that the RTRL of
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Fig.4 Colocalization of RTRL-associated SNPs (Chr02__43041529)
and RSRL-associated SNPs (Chr02__43108109 and
Chr02__43108142) at the same locus. a Local Manhattan plot of the
region of Locus_35 (top) and a linkage disequilibrium heatmap (bot-
tom) surrounding the SNP for the RTRL and RSRL on chromosome
2. The dotted lines indicate the position of the SNPs, the darkness of
color of each box corresponds to the R* value according to the leg-
end, and the red lines indicate Chr02__43041529, Chr02__43108109

accessions with the T allele was significantly higher than
that of accessions with the C allele (Fig. 5c). The gene
expression profiles showed that the genes were downregu-
lated in both varieties under drought condition compared
with under well-watered condition (Table S12, Wu et al.
2014). Furthermore, Locus_53 harbored another two can-
didate genes, Phvul.003G242900 and Phvul.003G243800.
Phvul.003G242900 encodes a bHLH DNA-binding super-
family protein and was upregulated in both varieties under
drought condition compared with under well-watered con-
dition (Table S12, Wu et al. 2014). Phvul.003G243800
encodes zeaxanthin epoxidase (ZEP) (ABA1), whose
homolog in A. thaliana is involved in osmotic stress tol-
erance (Xiong et al. 2002; Park et al. 2008), which was
downregulated in both varieties under drought condition
compared with under well-watered condition (Table S12,
Wau et al. 2014). For RTL, two candidate genes were found
(Table S12). Phvul.010G 114800, which was annotated as
basic helix-loop-helix (bHLH) DNA-binding superfam-
ily protein, was found at Locus_175. The lowest associa-
tion (Chr10__38036952, p=2.75E-07) of this region was
found upstream of the gene. For RLRL, 41 candidate
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on the haplotypes (Hap), which were formed by the variation in
the marker alleles in Chr02_ 43041529, Chr02__43108109 and
Chr02__43108142. The different letters indicate statistically signifi-
cant differences at the level of p<0.05, Student’s 7 test, two-tailed.
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genes were found (Table S12). The strongest association
signal (Chr08__59307769, p=6.15E-07) at Locus_145
was found in the upstream region of Phvul.008G289400,
whose homolog in A. thaliana encodes a portal protein and
is involved in the response to drought stress (Podia et al.
2018) (Table S8). Another candidate gene at this locus,
Phvul.008G290200, encodes UDP-glucosyl transferase
71B6, which is involved in the response to ABA (Priest et al.
2010). The gene expression profile showed that these two
genes were downregulated in both varieties under drought
conditions compared with under well-watered conditions
(Table S12, Wu et al. 2014). Locus_120 was associated
with RTRL and RLRL and contained two candidate SNPs
(RTRL-associated Chr07__42273823, RTRL- and RLRL-
associated Chr07__42296614) (Fig. 6a). Interestingly, the
SNP (Chr07__42296614, p="7.76E-07) was found in the
upstream region of Phvul.007G186700. Its homologous gene
(AtGT2L) in A. thaliana encodes a duplicated homeodo-
main-like superfamily protein, and its expression increased
after ABA treatment (Xi et al. 2012). Further analysis
showed these two SNPs were physically close to each other
(22.79 kb) and were linked genetically (+*=0.93). Based
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(Chr03__46736106) associated with RTRL. a Local Manhattan plot
of the Phvul.003G243300 region on chromosome 3. The dotted arrow
indicates the position of a significant SNP (Chr03__46736106).
b Gene structure of Phvul.003G243300 and the mutated base and
amino acid. The filled black box represents the coding sequence. The
three letters represent the codon containing the mutated base. The
dotted arrow and red letters indicate the mutated base (T-G). The

on the variation in these two SNPs, two haplotypes were
identified within the germplasm population. We noticed that
the RTRL and RLRL of Hap1 were significantly lower than
those of Hap?2 (Fig. 6b).

The surface area, volume and diameter of the root system
are also indicators that can reflect root development. For
RRY, 18 candidate genes were found (Table S12). We found
that the strongest association signal (Chr02__42267364,
p=1.90E-07) at Locus_34 was found in the upstream of
Phvul.002G255700, whose homolog in A. thaliana encodes
annexin 6, which is involved in the drought stress response
(Cantero et al. 2006) (Table S8). The gene expression pro-
file showed that the gene was downregulated in both varie-
ties under drought conditions compared with well-watered
conditions (Table S12, Wu et al. 2014). For RRSA, 17 can-
didate genes were found (Table S12). The strongest signal
associated with RRSA (Chr10_2488342, p=1.84E-09) was
present at Locus_160, which was found in the upstream
region of Phvul.010G015400, whose homolog in A. thali-
ana encodes delta 1-pyrroline-5-carboxylate synthase 2
(P5CS2), which is involved in the response to ABA and
drought stress (Strizhov et al. 1997). In common bean,
P5CS2 is induced by drought stress and salt stress (Chen
et al. 2013). The gene expression profile showed that PSCS2
was upregulated in both varieties under a drought condi-
tion compared with a well-watered condition (Table S8,

based on the haplotypes (Hap), which were formed by the variation in
the marker allele at Chr03__46735442. The middle line indicates the
median, the box indicates the range of the 25th and 75th percentiles
of total data, the whiskers indicate the interquartile range, and the
outer dots are outliers. *Indicates p <0.05, Student’s ¢ test, two-tailed.
RTRL relative total root length

Wu et al. 2014). For RRAD, 2 candidate genes were found
(Table S12). Phvul.002G224900, which was annotated as
NAC domain-containing protein 25, was found at Locus_32,
and the gene expression profile showed that this gene was
downregulated in both varieties under drought compared
with a well-watered condition (Table S12, Wu et al. 2014).

An increase in dry matter accumulation under
drought stress is a manifestation of the drought resist-
ance of plants. For RRDW, seven candidate genes were
detected (Table S11). The strongest association signal
(Chr02__44861559, p=2.87E-08) was present at Locus_37.
Five genes were found at Locus_37: Phvul.002G283600,
Phvul.002G285000, Phvul.002G285100, Phvul.002G285800
and Phvul.002G286100. Candidate SNPs were found in the
Phvul.002G285100 exonic gene, whose homolog in A. thali-
ana encodes hydroxysteroid dehydrogenase 1 and is involved
in the response to ABA (Li et al. 2007). Phvul.002G285000
was the same as Phvul.002G285100 and encodes the same
protein. Phvul.002G283600 and Phvul.002G285800 encode
NAC domain-containing protein 83 and WRKY DNA-bind-
ing protein 75, respectively, whose homologous genes in A.
thaliana are, respectively, involved in the ABA response and
root development (Yang et al. 2011; Devaiah et al. 2007).
Phvul.002G286100 encodes gamma carbonic anhydrase-like
2, whose homologous gene is involved in the ABA response
in A. thaliana (Zhang et al. 2012). The gene expression
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Fig.6 Colocalization of consistent significant SNPs for RTRL
and RLRL. a Local Manhattan plot of the region of Locus_120
(top) and a linkage disequilibrium heatmap (bottom) surrounding
the SNPs for RTRL and RLRL on chromosome 7. The dotted lines
indicate the position of SNPs, the darkness of color of each box cor-
responds to the R? value according to the legend, and the red lines
indicate Chr07__42273823 and Chr07__42296614. b Boxplots
for RTRL and RLRL based on the haplotypes (Hap), which were

profile showed that Phvul.002G283600 was downregu-
lated and that Phvul.002G285000, Phvul.002G285100 and
Phvul.002G285800 were upregulated in both varieties under
drought condition compared with under well-watered condi-
tion (Table S12, Wu et al. 2014).

For RSRL, 14 candidate genes were found (Table S12).
We found that the strongest association signal
(Chr01__23283094, p=3.22E-08) at Locus_6 was present in
the upstream region of the Phvul.001G100900 gene, whose
homolog in A. thaliana encodes UBP1-associated protein 2A
and is involved in the ABA-activated signaling pathway (Li
et al. 2002) (Table S8). At the same locus, another three can-
didate genes, Phvul.001G100500, Phvul.001G100600 and
Phvul.001G101000, were found, which encode A. thaliana
NAC domain-containing protein 87, Myb/SANT-like DNA-
binding domain protein and ABA-responsive element-bind-
ing protein 3, respectively. Phvul.001G101000 (AREB 3) is
expressed in response to salt and drought stresses (Uno et al.
2000). At another locus (Locus_27, which is associated with
RSRL and RRYV), the candidate SNP (Chr02__29371010,
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formed by the variation in the marker allele in Chr07__42273823
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the whiskers indicate the interquartile range, and the outer dots are
outliers. *Indicates p<0.05. **Indicates p<0.01, Student’s ¢ test,
two-tailed. RTRL relative total root length, RLRL relative lateral root
length

p=6.24E-07) was found in the downstream region of
Phvul.002G 152900, which encodes expansion A7, and its
homolog in A. thaliana promotes root hair elongation (Lin
et al. 2011) (Table S8).

Among the loci associated with more than one trait,
Locus_138 was associated with five traits (RTRL, RLRL,
RSRL, RRSA and RRV). Phvul.008G179800, whose
homolog in A. thaliana was annotated as histone deacety-
lase3 and has been reported to promote root development,
was found at this locus (Li et al. 2017). Locus_136 was
simultaneously associated with three traits (RTRL, RLRL
and RSRL). Phvul.008G 178400, whose homolog in A. thali-
ana encodes a DNAJ heat shock family protein and has been
reported to be involved in the ABA response, was located
at this locus (Park et al. 2014; Wang et al. 2014). Locus_26
was associated with three traits (RRV, RRSA and RTRL),
Phvul.002G 146400, whose homologous genes in A. thali-
ana encode AINTEGUMENTA-like 6 and promote root
development, was found at this locus (Galinha et al. 2007).
The gene expression profile showed that Phvul.002G 146400
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was upregulated in both varieties under drought condition
compared with under well-watered condition (Table S12,
Wu et al. 2014). Locus_150 was associated with RTRL
and RSRL and contained seven candidate genes, including
four transcription factors: Phvul.009G060900 (bZIP44),
Phvul.009G062700 MYB77), Phvul.009G065500 (AREB2)
and Phvul.009G065700 (bHLH), Phvul.009G061000
(which encodes a mitogen-activated protein kinase 1),
Phvul.009G063300 (which encodes a transmembrane
protein) and Phvul.009G064500 (which encodes a calmo-
dulin like 37). Phvul.009G062700, Phvul.009G065500,
Phvul.009G061000, Phvul.009G063300 and
Phvul.009G064500have been reported to be involved in
ABA or drought stress response in A. thaliana (Table S12,
Ortiz-Masia et al. 2007; Shin et al. 2007; Chapman et al.
2019). In addition, only one gene (Phvul.001G079700)
was predicted to be present at Locus_4, which har-
bored one RRSA-associated SNP (ChrO1__12623037).
Phvul.001G079700 was annotated as a plant protein of
unknown function (DUF247). Taken together, all the above
results further reflected the relatively high resolution of the
GWAS, providing a reference for gene function exploration.

Discussion

Common bean plays a crucial role in sustaining food secu-
rity in Africa and Latin America but is greatly threatened by
drought stress worldwide. To understand the genetic basis
of drought resistance in common bean and identify candi-
date genes underlying drought resistance, we investigated
nine root traits under drought stress and well-watered condi-
tions at the bud stage using seed germination pouches and
conducted a GWAS to identify trait-marker associations.
In the present study, the largest haplotype map available,
consisting of 4.8 M SNPs, was used for the GWAS; this
map was created by resequencing 683 common bean lan-
draces and breeding lines representing both Andean and
Mesoamerican gene pools from China and elsewhere in the
national GenBank collection (Wu et al. 2020). The panel
of 438 common beans used in the study was derived from
the resequencing population by random sampling. Both the
number of individuals and the density of markers are rela-
tively large in genome-wide association analyses of com-
mon bean. We focused on drought resistance represented
by relative values of nine root traits at the bud stage for
the GWAS was conducted based on relative values. In the
present study, 196 association loci containing 230 candidate
SNPs were identified as being linked to drought resistance,
with individual candidate SNPs explaining between 6.68%
and 11.86% of the phenotypic variation (Table S7). Indi-
vidual QTLs explained 8-22% of the phenotypic variation
in a similar study (Blair et al. 2012). A set of candidate

genes were identified as being related to drought resistance.
These genes encoded NAC, WRKY, etc., stress-responsive
transcription factors; protein kinase superfamily members;
and ABA-responsive element-binding proteins. Together,
these genes provide reference information for research on
the drought resistance of common bean.

In common bean, previous studies have reported several
root QTLs associated with different traits, such as rhizo-
sphere acidification (Yan et al. 2004), root rot resistance
(Hagerty et al. 2015), low phosphorus tolerance (Liao et al.
2004; Beebe et al. 2006; Ochoa et al. 2006; Cichy et al.
2009) and response to auxin (Remans et al. 2008). How-
ever, few studies have reported root QTLs associated with
the response to drought in common bean. Asfaw and Blair
et al. (2012) detected QTLs associated with rooting patterns
of plants grown in PVC tubes in a greenhouse under drought
stress and well-watered conditions. Four QTLs were iden-
tified as being associated with root traits, such as rooting
depth, total root length and root volume, of which one QTL
was associated with total root length, fine root length, length
of thick roots, root volume, and root dry weight and did not
overlap with any yield or yield component QTLs detected in
the field. The root-associated locus identified in the present
study overlapped with previously reported yield and yield
components. Locus_99 overlapped with seed weight-associ-
ated BM187 (Blair et al. 2012), Locus_178 overlapped with
seed yield-associated SNP46337 (Trapp et al. 2015), and
Locus_154 overlapped with hundred-seed weight-associated
$s71564685 and ss715646847 (Hoyos-Villegas et al. 2017)
as well as SNP55 and SNP20 (Emiliano et al. 2015), indi-
cating the underlying relationship between drought resist-
ance and yield-related traits. In addition, SNP90O/SNP9I1,
SNP17, SNP120, SNP80, and SNP54 were associated with
days to flowering and the reproduction period in a previous
report (Emiliano et al. 2015) and colocated with Locus_19,
Locus_54, Locus_57, Locus_100, and Locus_103, respec-
tively, identified in the present study (Table S7). These
results suggested that strong drought resistance can enhance
seedling vitality early in the reproductive cycle and further
influence production and the reproduction period.

Transcription factors, including NAC, bHLH, MYB,
DREB, AP2/ERF, WRKY and bZIP members, etc., com-
pose an important class of genes (Lata et al. 2014; Liu et al.
2014; Mao et al. 2015; He et al. 2016; Wang et al. 2017a, b).
Transcription factors have an essential role in the response to
many types of abiotic and biotic stresses, including drought.
The features of transcription factors that respond to drought
stress, such as ZmNACI111 (Mao et al. 2015), TaNAC67
(Mao et al. 2014), ZmMYB84 (Wang et al. 2017a, b),
OsMYB48-1 (Xiong et al. 2014), OsDREB2A (Cui et al.
2011), OsAP21 (Jin et al. 2012), AtWRKY64 (Ding et al.
2014) and AtWRKY93 (Qin et al. 2015), have been stud-
ied in various crop species. In our study, 48 transcription
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factor genes, including 15 bHLH genes, 10 WRKY genes,
10 MYB genes, 7 NAC genes and 6 bZIP genes, were iden-
tified as candidate genes within the locus region. A gene
encoding MYB94 was located at Locus_51. The TaMYB94
transcription factor activates cuticular wax biosynthesis in
A. thaliana and is important in the plant response to envi-
ronmental stress, including drought (Lee et al. 2015). Other
genes that encode MYB73, MYB30 and MYB77 were
located at Locus_3, Locus_129 and Locus_150, respec-
tively. AtMYB77 is involved in lateral root development
(Shin et al. 2007), and AtMYB73 is also involved in lateral
root development (Zhao et al. 2014), as well as the response
to salt stress (Kim et al. 2013). AtMYB30 is involved not
only in root cell elongation (Mabuchi et al. 2018) but also
in the response to ABA (Zheng et al. 2012). Locus_37 con-
tained two transcription factors, NAC83 and WRKY75. In
A. thaliana, NACR83 is an abscisic acid (ABA)-responsive
NAC transcription factor that regulates a subset of genes
responsive to dehydration (Yang et al. 2011). WRKY75 in A.
thaliana is a member of the WRKY transcription factor fam-
ily reported to be involved in regulating root development
(Devaiah et al. 2007). In poplar, WRKY75 is downregulated
during the early stages of salt and osmotic stresses and can
reduce both reactive oxygen scavenging and the accumula-
tion of proline under stresses and can positively regulate the
water loss rate of leaves (Zhao et al. 2019). Locus_102 con-
tained three transcription factors: WRKY 14, WRKY48 and
MYBT78. The expression of WRKY48 is induced by osmotic
stress in A. thaliana (Xing et al. 2008). Taken together, these
results suggested that these transcription factors might regu-
late drought resistance in common bean; therefore, further
studies on these genes using molecular biology methods
could help explain the molecular mechanism underlying
drought resistance and the genetic relationship between
drought and roots in common bean.

Many other kinds of genes may be involved in the
response to drought stress or osmotic stress, including
kinase family, ABA-responsive element-binding factor,
ARM repeat superfamily protein and G-box binding fac-
tor members identified in the present study. Their homolo-
gous genes in A. thaliana have been identified as being
involved in the response to osmotic stress, water depri-
vation, drought stress and ABA. Genes encoding protein
kinase superfamily members belonging to protein kinases
in the SNF1-related protein kinase 2 family were detected
at Locus_33, Locus_36 and Locus_42. These genes have
critical functions in the response to osmotic stress and
drought stress (Fujii et al. 2011). Locus_6 and Locus_150
contained genes encoding the ABA-responsive element-
binding factors AREB2 and AREB3, respectively. These
genes are members of the basic leucine zipper (bZIP)-type
ABRE-binding protein family, of which AREBs regulate
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novel ABRE-dependent ABA signaling, enhancing the
drought resistance of vegetative tissues (Uno et al. 2000;
Fujita et al. 2005). A gene encoding an ARM repeat super-
family protein located at Locus_20 was upregulated in
response to drought, salt, cold and abscisic acid (ABA) in
A. thaliana. Overexpression of this gene led to insensitiv-
ity to ABA, while its down-regulation enhanced drought
resistance in A. thaliana (Liu et al. 2011). A G-box bind-
ing factor was located at Locus_101 and Locus_174. GBF
is conserved and functions in the same way in response to
drought and other abiotic stresses to confer tolerance in
several different plant species (Ramegowda et al. 2017).
However, its function is still unknown in common bean.

Analysis of differential gene expression has been pro-
posed as a promising approach to verify candidate genes
in the GWAS results (Sun et al. 2017; Wen et al. 2018).
In this study, a total of 164 genes were considered can-
didate genes, among these genes, the expression of 54
genes was changed (22 up-regulated genes and 32 down-
regulated gene) in both common bean varieties under
drought condition compared with under well-watered
condition (Table S12, Wu et al. 2014). RTRL-associ-
ated candidate gene, Phvul.010G117200, was found at
Locus_177, which encodes homeobox 7, and is the most
up-regulated gene with log2(FC)=9.8. The homolog of
in Phvul.010G117200 A. thaliana is in response to water
deprivation and ABA (Soderman et al. 1996; Ré¢ et al.
2014; Pruthvi et al. 2014). In summary, 72 percent of
up or down regulated genes (39 of 54) were identified to
involved in ABA, drought stress response or root devel-
opment (Table S12). These results further suggested that
these genes may be associated with drought resistance, and
the function of these genes need to verify.

This study is the first report to identify root or drought
resistance-related QTLs on a large scale in common
bean. The results of our study revealed a large number
of drought-associated loci, greatly enriching the genetic
information of drought resistance and root traits and lay-
ing a foundation for crop improvement using molecular
marker-assisted selection. In addition, a set of genes were
identified as prospective candidate genes involved in
drought response and root development, providing insights
into the genetic character of plant mechanisms in response
to drought and providing data for future functional verifi-
cation of drought resistance genes in common bean.
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