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Wild soybean species (Glycine soja Siebold & Zucc.) comprise a unique resource to widen
the genetic base of cultivated soybean [Glycine max (L.) Merr.] for various agronomic traits.
An inter-specific mapping population derived from a cross of cultivar Williams 82 and PI
483460B, a wild soybean accession, was utilized for genetic characterization of root
architecture traits. The objectives of this study were to identify and characterize
quantitative trait loci (QTL) for seedling shoot and root architecture traits, as well as to
determine additive/epistatic interaction effects of identified QTLs. A total of 16,469 single
nucleotide polymorphisms (SNPs) developed for the Illumina beadchip genotyping
platform were used to construct a high resolution genetic linkage map. Among the 11
putative QTLs identified, two significant QTLs on chromosome 7 were determined to be
associated with total root length (RL) and root surface area (RSA) with favorable alleles
from the wild soybean parent. These seedling root traits, RL (BARC_020495_04641 ~
BARC_023101_03769) and RSA (SNP02285 ~ SNP18129_Magellan), could be potential
targets for introgression into cultivated soybean background to improve both tap and
lateral roots. The RL QTL region harbors four candidate genes with higher expression in
root t i ssues : Phosphof ruc tok inase (G lyma.07g126400) , Sn f7 pro te in
(Glyma.07g127300), unknown functional gene (Glyma.07g127900), and Leucine Rich-
Repeat protein (Glyma.07g127100). The novel alleles inherited from the wild soybean
accession could be used as molecular markers to improve root system architecture and
productivity in elite soybean lines.

Keywords: soybean (Glycine max), quantitative trait loci (QTL), shoot and root architecture, inter-specific genetic
population, molecular markers, single nucleotide polymorphism, KASP assay
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HIGHLIGHTS

Wild soybeans are useful genetic resources to improve drought
avoidance in cultivated soybean by improving shoot and root
architectural traits.
INTRODUCTION

Soybean [Glycine max (L.) Merr.] is a major oil crop that plays a
key role in food and industrial production (Tran and Mochida,
2010). In terms of global production, USA ranks first with 84.2
million metric tons (33% of total global production) of soybean
produced followed by Brazil (29%) and Argentina (19%) (www.
soystats.com). Cultivated soybean, Glycine max, was domesticated
from wild soybean (Glycine soja Siebold & Zucc.) more than 5,000
years ago in China (Carter et al., 2004) and underwent two rounds
of whole genome duplication (Schmutz et al., 2010). Although the
breeding process within cultivated soybean has accelerated genetic
gain, it has also narrowed the genetic pool (Carter et al., 2004;
Hyten et al., 2006). The reduction in genetic diversity among U.S.
cultivars poses a threat to future food security due to anticipated
pest incidence and disease outbreaks (Hyten et al., 2006).

Wild soybeans represent a significant genetic resource with
many rare alleles that are not present in cultivated soybean
accessions (Lee et al., 2008; Mammadov et al., 2018). Advancements
in next-generation sequencing (NGS) technologies helped
researchers to tap into the valuable wild soybean genome for
novel haplotypes (Kim et al., 2012; Joshi et al., 2013). Roots are
known to be smaller in wild soybean accessions (Liang et al., 2014;
Manavalan et al., 2015; Prince et al., 2015). The present study was
aimed at identifying wild soybean alleles that could be utilized to
widen the genetic base and improve stress resilience in cultivated
soybean. Previous studies using 397 diverse soybean accessions with
maturity groups, III to IV (Prince et al., 2018) and III to VI (Prince
et al., 2019), revealed that constitutive seedling traits, like total
root length, root surface area, and lateral root number, are linked
to grain yield under water limitation. Field studies in two different
soil types that represent most of the U.S. soybean growing target
environments also validated the association of root traits to grain
yield under stress (Prince et al., 2016; Prince et al., 2019).

Research that uses a crop’s wild relative was first demonstrated
in tomato through identification of a major fruit weight QTL of
2.2 in green- and red-fruited wild tomato species, explaining a
phenotypic variation of 30% and 47% and increased fruit size
(Alpert et al., 1995; Frary et al., 2000). Introgression of yield-
enhancing quantitative trait locus (QTL) from Glycine soja in
cultivated soybean through a marker-assisted backcross breeding
approach increased seed yield (Concibido et al., 2003; Li et al.,
2008). Similar introductions of wild species haplotypes into
cultivated cereal crops were also proven successful for various
agronomic traits (Guo et al., 2013; Placido et al., 2013).

Soybean-growing target environments have been severely
affected by drought and flooding stresses, and key physiological
and biochemical pathways are the basis of adaptation to these
Frontiers in Plant Science | www.frontiersin.org 2
stresses (Valliyodan et al., 2014). Deeper root systems enable
soybean to acquire water and result in higher yields under
drought condition (Hudak and Patterson, 1995). However,
biomass allocation to produce robust root systems under non-
stress condition was shown to affect final crop productivity
(Boyer and Westgate, 2004). In soybean, specific root
morphological and anatomical traits have been reported as
adaptive mechanisms that enhance plant performance and
productivity under drought (Prince et al., 2016; Prince et al.,
2017; Prince et al., 2019) and flooding (Valliyodan et al., 2014)
stresses. The association of different root traits and their
contributions to drought avoidance are well-established in
several crops, including rice (Nguyen et al., 1997; Suji et al.,
2012), maize (Tuberosa et al., 2011), wheat (Wasson et al., 2012),
common bean (Sponchiado et al., 1989), chickpea (Varshney
et al., 2011), and soybean (Hufstetler et al., 2007; Prince et al.,
2016; Prince et al., 2017; Prince et al., 2019). In comparison to
cereal crops, the information on mapped root QTL in legumes is
highly limited. Although many rice root QTLs were mapped,
there have been few successful cases of their application in
marker-assisted breeding programs (Steele et al., 2006; Suji
et al., 2012). However, a major QTL controlling root growth
angle was cloned, and the gene “Dro1” was identified that could
be used in the genetic improvement of drought avoidance in rice
(Uga et al., 2013). Identifying rare alleles for root growth and
development and understanding the regulation of quantitative
trait loci (QTL) governing root traits are essential to improving
abiotic stress tolerance in soybean.

Previously in soybean breeding programs, selection of root
traits under field conditions is hindered by several practical
constraints (Pantalone et al., 1996; Myers et al., 2007). The
establishment of associations between seedling root traits like
total root length, root surface area, lateral root number, and field
root response (narrow root angle and fibrous root score) under
water limitation is promising (Prince et al., 2016). A gel-based
seedling root imaging platform was built to select for these proxy
root traits to predict field root response and hasten large-scale
germplasm characterization (Prince et al., 2018). Mapping root
QTL and identifying markers associated with root traits will
facilitate root trait introgression in breeding programs (Coudert
et al., 2010). In the last five years, considerable progress has been
made toward mapping QTL for soybean root traits in greenhouse
(Rong et al., 2011; Prince et al., 2013; Liang et al., 2014;
Manavalan et al., 2015; Prince et al., 2015) and field conditions
(Abdel-Haleem et al., 2011). Increase in availability of genomic
sequences also enabled researchers to link genes associated with
different root architectural traits and identify soybean accessions
adaptable to water-limited environments (Prince et al., 2017;
Prince et al., 2019). In soybean, most of the root QTL mapping
studies have utilized genetic diversity within cultivated soybeans.
Recently, our group has successfully identified and mapped QTL
for root traits using two inter-specific soybean mapping
populations (Manavalan et al., 2015; Prince et al., 2015) and
could successfully map wild soybean alleles from PI 407162 that
improve root traits in cultivated soybean. This was the first effort
to map root QTL in an inter-specific mapping population, and
August 2020 | Volume 11 | Article 1284
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further exploration of novel alleles from wild soybeans is needed
to improve drought avoidance in soybean.

In this study, we used an inter-specific mapping population
developed from a cross between cv. “Williams 82” and “PI
483460B,” a wild soybean accession, to map novel haplotypes
for root architectural trait and identify SNPs associated with
major root QTLs towards the crop improvement. The objectives
of this study were to identify significant genomic regions for
seedling shoot and root architecture traits, identify genes
underlying major QTLs and identify potential SNPs as
molecular markers for root trait breeding.
MATERIALS AND METHODS

Plant Materials
This study used two soybean accessions: cultivar Williams 82
(Bernard and Cremeens, 1988), which is widely used as a
reference genome (Schmutz et al., 2010) in various genetic
studies, and PI 483460B, a wild soybean accession originating
from China with desirable traits for seed composition, such as
high protein content (48%) and high linolenic acid (21%) (http://
www.ars-grin.gov). Williams 82 has a long and robust root
system in comparison to PI 483460B, which has smaller roots.
These parental genotypes significantly differ in shoot traits, root
architecture, and many other morphological traits. The
phenotypic descriptors of the parental lines are presented in
Table 1. An inter-specific mapping population was developed
from aWilliams 82 × PI 483460B cross made at the University of
Missouri (MU)’s Delta Research Center in Portageville, Missouri.
Following the verification of F1 true hybridization, F2 seed
generation was advanced in the soybean nursery in Costa Rica.
One hundred eighty-four F7:8 recombinant inbred lines (RIL)
were generated using the single seed descent method. These RILs
were grown in the Bradford Research and Education Center
(BREC) at MU in Columbia, Missouri, in the summer of 2012.
Phenotyping of RILs
Parental lines (Williams 82 and PI 483460B) and the 184 F7:8
RILs were grown in a cone system and replicated five times in a
completely randomized block design using DL60L cones and
D20 supporting racks (Stuwe and Sons, Oregon, USA). Each
replication was conducted separately in the Sears Greenhouse
Facility at MU from January 2014 to July 2015 in 20
experimental batches, each comprising 50 genotypes. Turface
(Turface Athletics, Illinois, USA) and sand were mixed in a 1:1
ratio as a growing medium.

In the greenhouse, the day and night temperatures were
maintained at 29°C and 21°C, respectively. The 12 h photoperiod
in the greenhouse was maintained using overhead 400 W metal
halide lamps that generated a photosynthetic photon flux density of
approximately 1620 mmol m−2 s−1. The seedlings were grown up to
V1 growth stage (approximately 14 days after sowing), and the
intact seedlings from the cones were collected to analyze shoot and
root traits.
Frontiers in Plant Science | www.frontiersin.org 3
DNA Extraction
Genomic DNA samples were isolated from pooled leaf tissues of
five seedlings of each F7:8 RIL and their parents using an
automated Autogen 960 system and the CTAB protocol
(AutoGen Inc., Holliston, MA) with minor modifications as
previously described (Vuong et al., 2010). Briefly, ground leaf
tissue was mixed with CTAB extraction buffer, followed by an
incubation period at 65°C for 1.5 h. Chloroform was then added
to the suspension, followed by agitation and centrifugation. The
aqueous layer was collected and treated with RNase enzyme.
Following DNA precipitation, DNA pellets were washed with
ethanol and dissolved in TE (Tris-HCl-EDTA, pH 8.0) buffer.
Subsequently, DNA was quantified and checked for quality.

SNP Development, Genotyping, and
Analysis
A total of 16,469 single nucleotide polymorphism (SNP) markers
were included in the final Illumina Infinium BeadChip for
genotyping. This SNP set included 7,113 SNPs developed at
the Soybean Genomics and Improvement Laboratory at USDA-
ARS in Beltsville, Maryland, and 9,356 SNPs developed at the
National Center for Soybean Biotechnology (NCSB) in Missouri.
DNA samples were quantified by PicoGreen and about 200 to
400 ng DNA/sample were analyzed using the Illumina Infinium
assays, following the protocol described by Illumina Inc. (San
Diego, CA). SNP calling was automated using the Genome Studio
program, with manual modifications when needed. (Infinium® II
Assay Workflow, Pub. No. 370-2006-027 07Dec06).

Construction of Genetic Linkage Map
A genetic linkage map was constructed for the Williams 82 × PI
483460B population (Patil et al., 2018) using the software
MSTmap as previously described (Wu et al., 2008). Based on
the population size and the number of markers in a genotypic
data set, the parameters specified for the MSTmap software were
as follows: Kosambi, p value cutoff: 1.0E-13 for Genetic mapping
function; 2 for No mapping size threshold; 10 cM for No
mapping distance threshold; and 0.4 for No mapping missing
threshold. The map quality was manually improved by removing
markers with significant segregation distortion and misplaced
373 markers compared to the physical map of the Williams 82
reference genome (Supplementary Table S1). Out of 9,356 SNPs
in the Infimum chips, more than 6,000 markers were found to be
polymorphic between the two parents and were incorporated
into linkage analysis. The total genetic linkage map distance was
2,925 cM. The number of SNP markers and length of each
chromosome are presented in Supplementary Table S2.

Shoot and Root Traits Phenotyping
Themapping population of 184 RILs along with two parental lines
of each replication, one normal seedling at the growth stage V1
was collected to manually measure shoot root traits, such as shoot
length (SL), plant height (PH), and tap root length (TRL), with a
ruler. For other root traits, including total root length (RL), root
surface area (RSA), root volume (RV), and distribution of root
length (RD_L), root surface area (RD_S), and thickness (RD_T) in
August 2020 | Volume 11 | Article 1284
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diameter class of 1.0 to 1.5 mm, were evaluated using an Epson
Scanner 10000XL (Epson America Inc., CA, USA) and analyzed
using WinRhizo software (Regent Instruments Inc., Canada). The
detailed information of root diameter distribution is critical to
understand the root system architecture and its implication in soil
function (Blouin et al., 2007). The measurements of shoot- and
root-related traits were averaged for further analysis in this study
as described in Table 1. The phenotypic data generated for the
above said traits are provided in Supplementary Table S3.
Gene Expression Data
To gain further insight into the expression of genes underlying
root trait QTLs we used the publicly available differential gene
expression data of Williams 82, a parental line used in developing
this inter-specific mapping population. Gene expressions across
diverse soybean genetic backgrounds were obtained from Array
express (https://www.ebi.ac.uk/arrayexpress/) and RNA-
sequencing datasets (Ithal et al., 2007; Libault et al., 2010;
Gong et al., 2014; Kour et al., 2014; Leisner et al., 2014; Lin
et al., 2014; Shen et al., 2014; Valdés-López et al., 2014; Wu et al.,
2014; Zabala and Vodkin, 2014; Aghamirzaie et al., 2015; Brown
and Hudson, 2015; Devi et al., 2015; Huang and Schiefelbein,
2015; Jones et al., 2015; Lambirth et al., 2015; Lanubile et al.,
2015; Okamoto et al., 2015; Shin et al., 2015; Whaley et al., 2015;
Bellieny-Rabelo et al., 2016; Song et al., 2016; Cho et al., 2017;
Dastmalchi et al., 2017; Huang et al., 2017; Waters et al., 2018;
Adhikari et al., 2019; Li et al., 2019; Liu et al., 2019; Neupane
et al., 2019; Wang et al., 2019) integrated into Genevestigator
database, www.genevestigator.com (Zimmermann et al., 2014).
The transcriptome data of the wild soybean parental line, PI
483460B used in this study is not available. Thus to mine tissue-
specific gene-expression of genes underlying major QTLs, the
study used a public transcriptome generated with a Glycine max,
A81-356022 with introgression of genomic fragments from
another wild soybean accession from the same province of
China, PI 468916 available in SoyBase (Severin et al., 2010).

Data Analysis
Statistical Analysis
Shoot and root traits among the F7:8 RILs and parental lines
evaluated were tested for normality using the PROC UNIVARIATE
Frontiers in Plant Science | www.frontiersin.org
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procedure of SAS 9.1 (SAS Institute, Cary, NY, USA) and the
Shapiro–Wilk (w) test. Pearson correlation coefficients among the
traits were estimated using the SAS PROCCORR procedure. Broad-
sense heritability (Nyquist and Baker, 1991) for each trait was
estimated based on the expected mean squares (EMS) derived
from an analysis of variance (ANOVA) with the SAS PROC
GLM procedure. The chromosome numbers (Chr.) were assigned
to the soybean genetic linkage groups (LGs) as enumerated in
SoyBase (http://www.soybase.org).
QTL Mapping
A comprehensive approach for QTL analysis, including interval
mapping (IM), cofactor selection, genome-wide permutation
test, and multi-QTL method (MQM), to detect and map
significant QTL was performed using the program MapQTL
5.0 (Van Ooijen and Voorrips, 2001) as previously described
(Vuong et al., 2010). A permutation test (Churchill and Doerge,
1994) was performed with 1,000 runs to determine the P = 0.05
genome-wide significance level for declaring a QTL significant. A
LOD threshold of 3.4 was determined using a genome-wide
permutation test (P = 0.05) for the traits studied and the root
trait QTLs detected are shown in Figure 1.

A multivariate ANOVA model in SAS (SAS Institute, Cary,
NY, USA) was used to estimate the total phenotypic variation
explained by the significant QTL. The chromosomes with LOD
plots were subsequently created using the MapChart 2.2 program
(Voorrips, 2002) based on the outputs from MapQTL 5.0. The
prediction of epistatic interactions between significant QTL was
performed using the computer program QTLNetwork 2.0 (Yang
et al., 2007) with a mixed-model based composite interval
mapping (MCIM). For MCIM, critical F-value was assessed by
permutation test using 1,000 permutations. QTL effects were
estimated using Markov chain Monte Carlo method. Candidate
interval selection, epistatic effects, and putative QTL detection
were calculated with an experimental-wise type I error of a =
0.05, a = 0.001, and a = 0.001, respectively.
RESULTS

Phenotypic Variation of Shoot and Root
Architecture Traits
The parental genotypes, Williams 82 and PI 483460B, showed
significant variation (p value= 0.05) for shoot and root traits
measured (Table 2). Williams 82 is an adapted cultivar with
robust root architecture relative to that of the wild soybean
parent, PI 483460B. The RIL mapping population developed
from a cross of these parental lines showed a transgressive
segregation for shoot-related traits (SL, PH) and root traits like
TRL (Table 2; Figure 2). The RILs had longer or shorter shoot
and root morphology compared to the G. max (Williams 82)
and wild parent (PI 483460B), respectively (Table 2), for
example: TRL (Figure 2) and RL. A Shapiro–Wilk test
showed that the frequency distributions of the traits followed
TABLE 1 | List of soybean shoot and root architecture traits evaluated in the
soybean mapping population (Williams 82/PI483460B).

Trait
Abbreviation

Description (units)

SL Shoot length (cm) measured from soil level to cotyledons
PH Plant height (cm) measured from soil level to shoot tip
TRL Tap root length (cm)
RL Root length (cm)
RSA Root surface area (cm2)
RV Root volume (cm3)
RD_L Distribution of root length in diameter class (1.0–1.5 mm)
RD_S Distribution of root surface area in diameter class (1.0–1.5 mm
RD_T Distribution of root thickness in diameter class (1.0–1.5 mm)
August 2020 | Volume 11 | Article 1284
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approximately normal distribution. The heritability of
measured traits was calculated based on the analysis of
variance of family means. Heritability values ranged from 0.47
to 0.80 for shoot- and root-related traits (Table 2). In this
mapping population, the significant negative relationship
between SL and root traits like TRL and RL showed more
allocation of seed reserves to shoot growth and formation of fine
roots in contrast to thicker roots, which is evident with its
positive association with RD_T (Table 3). Even at later stages of
Frontiers in Plant Science | www.frontiersin.org 5
shoot development, the trait PH showed a positive relation with
RD_T, representing biomass allocation to formation of fine
roots. Among root-related traits, TRL is the only trait that
showed significant positive correlation with all other root-
related traits measured in our study, while RD_T showed
positive correlations with TRL and RD_L (Table 3). This
positive correlation facilitates the selection of longer taproot
and robust root system with finer roots, which would enhance
both water and nutrients uptake, respectively.
A B

FIGURE 1 | Distribution of QTLs for seedling traits identified in the interspecific soybean mapping population (Williams 82/PI483460B) (A) QTLs associated with root
traits identified on chromosome 7 with positive allele from wild soybean parent, PI 483460B. (B) QTLs with an Likelihood of Odds (LOD) score exceeding the
genome-wide LOD of 3.4 were declared as significant QTLs. QTL for root length (RL), root distribution based on length in diameter (1.0–1.5 mm) (RD_L), root
distribution based on surface area in diameter (1.0–1.5 mm) (RD_S), root surface area (RSA); and root volume (RV).
TABLE 2 | Descriptive statistics of different shoot and root traits in mapping population derived from Williams 82 X PI 483460B cross.

Trait (†) Parents RIL population Variance SE* Skewness Kurtosis W-test P-value Heritability
(broad-sense)

Williams 82 PI 483460B Mean Min Max

SL 12.48 2.95 7.01 2.80 20.10 9.17 0.11 2.11 9.20 0.8613 <0.0001 0.79
PH 7.28 1.98 4.77 1.68 15.65 10.83 0.12 4.99 42.78 0.6500 <0.0001 0.79
TRL 37.18 27.00 34.08 20.40 41.50 40.37 0.24 −0.72 −0.08 0.9518 <0.0001 0.58
RL 823.73 236.95 451.33 127.61 839.41 30611.63 6.48 0.27 −0.16 0.9914 0.0003 0.80
RSA 130.75 23.52 59.07 16.81 102.56 727.20 1.09 5.19 77.53 0.7730 <0.0001 0.77
RV 1.72 0.20 0.61 0.17 1.19 0.06 0.01 1.00 5.63 0.9537 <0.0001 0.73
RD_L 271.00 55.82 209.20 29.89 382.94 9345.32 3.58 0.18 −0.36 0.9910 0.0002 0.67
RD_S 24.74 5.88 20.14 5.57 34.53 78.21 0.33 0.63 0.89 0.9777 <0.0001 0.64
RD_T 247.75 66.75 148.13 14.25 350.25 10036.33 3.70 1.55 3.30 0.8832 0.000 0.47
A
ugust 2020
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QTL for Seedling Shoot and Root Traits
For shoot-related traits, two significant QTLs for SL and PH were
detected and mapped to the same regions of chromosomes (Chr.) 3
and 7 with high LOD values of 8.1 and 4.4, explaining a total
percent phenotypic variation of 23.6% and 19.8% (Table 4). The
positive allele for the SL trait on Chr. 3 was provided by the wild
soybean parent, PI 438460B, whereas the cultivated soybean,
Williams 82, contributed the positive allele for QTL on Chr.7.
However, none of the root architectural traits was mapped in the
confidence intervals of these shoot-related traits. Two QTLs for
TRL were mapped on Chrs. 8 and 20, with LOD values greater than
3, explaining a phenotypic variation of 6.4% and 7.9%, respectively.
Similar to the SL QTL, the wild soybean parent contributed the
positive allele for PH QTL on Chr. 3. Two SNP markers,
NCSB_000550 and SNP5617_Magellan, flanked QTL for RL and
RD_L on Chr. 3 and explained more than 7% of phenotypic
variation for both traits. Another QTL for RD_L was detected on
Chr. 7 (Figure 1), which explained a large effect in phenotypic
Frontiers in Plant Science | www.frontiersin.org 6
variation of 12.4%, with the positive allele from the wild soybean.
The SNP markers, SNP02285 and SNP18129_Magellan, flank the
QTL for RSA and RV with the explained phenotypic variation of
about 8.9% and 9.9%, respectively, with the positive allele
contributed by the wild soybean. Two QTLs for RSA were
mapped on Chrs. 3 and 7, with positive allele contributed from
both cultivated and wild soybeans, respectively. On Chr. 14, a QTL
for RD_Twasmapped within a NCSB_003319 ~ SNP21671_PI516C
marker interval, explaining a phenotypic variation of 7.3% and
with a positive allele from the wild soybean parent. No epistatic
interaction was detected between either of the QTL on Chrs. 3 and
7 for SL, PH, TRL, and RV, or other QTL regions mapped on
Chrs. 14 and 20. The traits, SL, RL, and RD_L showed inconsistency
with their magnitude of additive effects, and phenotypic variation
observed might be explained by the nature of gene inheritance and
their interactions as explained previously with root (maximum root
length) and shoot trait (hypocotyl weight) in soybean seedlings
(Liang et al., 2014).
TABLE 3 | Pearson correlation coefficients among shoot and root traits evaluated in soybean mapping population.

Trait (†) SL PH TRL RL RSA RV RD_L RD_S RD_T

SL 1 0.89 −0.07 −0.11 −0.05 0.03 −0.11 −0.11 0.06
<.0001 0.052 0.003 0.192 0.477 0.003 0.005 0.123

PH 1 −0.06 −0.12 −0.07 −0.01 −0.12 −0.13 0.08
0.091 0.001 0.081 0.764 0.001 0.001 0.040

TRL 1 0.23 0.23 0.18 0.28 0.22 0.15
<.0001 <.0001 <.0001 <.0001 <.0001 <.0001

RL 1 0.95 0.80 0.72 0.85 −0.08
<.0001 <.0001 <.0001 <.0001 0.027

RSA 1 0.95 0.74 0.82 −0.05
<.0001 <.0001 <.0001 0.200

RV 1 0.68 0.71 0.02
<.0001 <.0001 0.558

RD_L 1 0.77 0.19
<.0001 <.0001

RD_S 1 0.00
0.938
1

RD_T
August 2020 |
 Volume 11 | Artic
(†): trait descriptions were described in Table 1. The respective p-value for each trait measured are shown as italicized values.
The + and - bold values represent the positive and negative association between traits.
FIGURE 2 | Transgressive segregation pattern for Tap Root Length (TRL) among recombinant inbred lines of the interspecific mapping population. The TRL (in cm)
phenotypic values of parental and progenies are provided within the parenthesis.
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Candidate Genes Within Shoot-Related
QTL
Generally, wild soybeans are short-statured plants with smaller
shoot and root systems as well as smaller leaves and seeds.
However, in our study, positive alleles influencing both SL and
RL were identified in PI 483460B. Moreover, this wild soybean
genotype was found to contribute positive alleles on the Chr. 3
for SL QTL region flanked by BARC_038823_07340 and
NCSB_000710 SNP markers, which explained a higher
phenotypic variation of 17%. Another QTL for SL was
identified on Chr. 7 with the positive alleles from the cultivated
soybean, Williams 82 flanked by NCSB_001434 (49,59,463 Mb) -
NCSB_001439 (55,22,767 Mb) harbors 65 candidate genes with
expression data available for 45 genes in the SoyBase transcriptome
database (http://www.soybase.org). Among these genes, four genes
expressed higher (more than 50 fold) in leaf tissues with highest
expression of protein of unknown function (Glyma.07g060700;
492 fold), followed by 60S ribosomal proteins (Glyma.07g060000;
71 fold and Glyma.07g059900; 61 fold), and core histone protein
(Glyma.07g057300; 55 fold).
Root Trait QTLs With Positive Alleles
From Wild Soybean
Four strong effective QTLs were mapped on Chr. 7 for RL, RSA,
and RV, RD_L and one QTL for RD_T on Chr. 14. These QTLs
were identified with the positive alleles from wild soybean
accession. Despite the fact that a small root system is
predominant among wild soybeans, the wild soybean
accession, PI 483460B, was found to possess positive alleles.
These alleles could positively affect total root system architecture,
enabling us to effectively mine these QTL regions for candidate
Frontiers in Plant Science | www.frontiersin.org 7
genes. These QTLs were flanked by several SNPs: RL
(BARC_020495_04641; 14.9 Mb - BARC-023101-03769; 15.3
Mb), both RSA and RV QTL (SNP02285; 0.9 Mb -SNP18129;
10 . 1 Mb) and RD_L QTL (SNP02359 ; 88 . 5 Mb-
BARC_032703_09018; 89.3 Mb). The SNPs on Chr. 14
NCSB_003319 (48.2 Mb) - SNP21671_PI516C (48.3 Mb) flank
the QTL for RD_T. Based on the major QTL confidence interval
flanked by SNPs, genes underlying major QTLs associated with
the root phenotypes were identified.

Mining of RL QTL revealed the presence of 27 genes within
the confidence interval. Four genes showed higher expression (<
100 fold change) in root tissues: Phosphofructokinase
(Glyma.07g126400; 750 fold), Snf7 protein (Glyma.07g127300;
130 fold), unknown functional gene (Glyma.07g127900; 127
fold) and Leucine Rich-Repeat protein (Glyma.07g127100; 219
fold) were identified in the SoyBase transcriptome database
(http://www.soybase.org). Mining of whole genome sequence
information of parental line PI483460B (Zhou et al., 2015;
Patil et al., 2018) within RL QTL interval revealed the wild
soybean to have a nonsynonymous SNP in Snf7 protein
(Glyma07.G127000) that alters the amino acid from Glutamic
acid to Lysine. This gene does not show expression in any of the
tissues. However, it has a role in DNA methylation, which is
known to alter other gene expression levels (Schmitz et al., 2013).
Further, genome mining of the RL QTL region across 106 diverse
(landraces and elite) lines sequenced at 17× depth with 10 million
SNPs (Valliyodan et al., 2016) revealed two highly expressed genes
in root tissues, Phosphofructokinase (Glyma.07g126400) and
Leucine Rich-Repeat protein (Glyma.07g127100), harbor non-
Synonymous SNP variation that alters amino acid content
(Table 5). The KASP (competitive allele-specific PCR) assays to
genotype these variations are detailed in Table 5.
TABLE 4 | Quantitative trait loci (QTL) for soybean shoot and root traits were detected with multiple-QTL method in an inter-specific mapping population.

Trait(a) Chr.
No†

Marker interval Map position
(cM)‡

Confidence interval
(cM)§

LOD
score#

R2

(%)
Additive
effect††

Total PVE
(%)‡‡

SL 3 BARC_038823_07340 ~ NCSB_000710 96.6 95.5_97.2 8.1 17.1 −1.00 23.6
7 NCSB_001434 ~ NCSB_001439 29.1 26.8_30.2 4.1 8.1 0.68

PH 3 BARC_038823_07340 ~ NCSB_000710 96.6 95.5_97.2 4.4 9.2 −0.69 19.8
7 NCSB_001434 ~ NCSB_001439 29.1 26.8_30.2 4.2 9.4 0.70

TRL 8 BARC_040339_07714 ~
SNP11199_PI516C

50.8 50.5_51.8 3.0 6.4 1.09 16.2

20 SNP06258 ~ NCSB_004833 82.6 81.8_83.6 3.6 7.9 1.23
RL 3 NCSB_000550 ~ SNP5617_Magellan 14.4 13.0_15.4 3.4 7.5 35.84 16.2

7 BARC_020495_04641 ~
BARC_023101_03769

56.7 55.3_57.5 4.0 9.0 −39.60

RSA 7 SNP02285 ~ SNP18129_Magellan 48.8 46.7_50.6 3.5 8.9 −5.43
RV 7 SNP02285 ~ SNP18129_Magellan 48.8 46.7_50.6 4.0 9.9 −0.05
RD_L 3 NCSB_000550 ~ SNP5617_Magellan 14.4 13.0_16.4 3.7 7.9 19.14 18.7

7 SNP02359 ~ BARC_032703_09018 44.7 44.1_45.1 5.7 12.4 −24.26
RD_S 3 NCSB_000550 ~ SNP5617_Magellan 14.4 13.0_16.4 4.3 9.5 1.89 16.7

7 SNP02359 ~ BARC_032703_09018 44.7 44.1_45.1 3.8 8.3 −1.75
RD_T 14 NCSB_003319 ~ SNP21671_PI516C 138.8 137.6_139.4 3.0 7.3 −17.06
August
 2020 | Volume 1
†Chromosome.
‡The QTL position was determined based on genetic linkage map constructed in the present study.
§Confidence interval for QTL location was estimated using a 2-LOD support interval value as described by van Ooijen (1992).
#LOD, logarithm of the odds.
††Positive sign indicates alleles from cv. Williams 82 and negative sign indicates alleles from PI 483460B.
‡‡PVE, phenotypic variation explained.
(a)Trait descriptions were described in Table 1.
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Array-based transcriptome of diverse soybean genotypes
from 31 gene expressions experiments on 28 anatomical tissues
revealed that the four genes mentioned above show higher
expression in root tissues (Figure 3) compared to non-root
tissues. The co-location of root QTL for RSA and RV on the
Frontiers in Plant Science | www.frontiersin.org 8
same region of Chr. 7 suggests the possibility to improve both
traits by identifying key genes underlying the QTL. In
comparison to the QTL region on Chr. 7, the QTL confidence
interval on Chr. 14 was smaller and observed to possess only 15
genes, of which lysine decarboxylase (Glyma.14g218100; 39 fold)
TABLE 5 | Details on genes underlying root length (RL) genomic region with non-synonymous SNP variation and KASP assay to genotype sequence level variation.

Gene ID SNP Position
(Mb)

Reference/
Alternate allele

Amino acid change KASP marker assay designed†

Glyma.07g126400 15079572 T/A Aspartic to valine ATGTCAATTTTAATTGGTTATTTATGAATTGATTTTTAAGTAATTAGGGA
[A/T] GGTTTGATGGTACTTCTTCATTAAGGTGGTGCTGCATCTCCATTGCTAA

Glyma.07g126400 15079581 A/G Isoleucine to threonine TTTAATTGGTTATTTATGAATTGATTTTTAAGTAATTAGGGATGGGTTTG
[A/G]TGGTACTTCTTCATTAAGGTGGTGCTGCATCTCCATTGCTAAGTATGGAC

Glyma.07g126400 15079825 T/G Threonine to proline TCTACCTACCTTAATTTACCCGTCATTTATTTCCATTTTGTTCTGACTTA
[T/G]GACAGGTCGTTGTTCACAAAGATGGTGCAAGAGGGGTACATTTTAGGCGT

Glyma.07g126400 15079828 G/A Proline to leucine CTACCTTAATTTACCCGTCATTTATTTCCATTTTGTTCTGACTTATGACA
[G/A]GTCGTTGTTCACAAAGATGGTGCAAGAGGGGTACATTTTAGGCGTGCCGG

Glyma.07g127100 15225989 G/C Isoleucine to methionine AAGTTGACAATTGACCCATTGTTTTGTTTTCCGACCCTGTTGCCAAGAAA
[G/C]TATCTTTGGACAATATGCATAGCCATAGCCACCGATATGAAACATCATCA

Glyma.07g127100 15228832 C/T Glutamic acid to lysine CACGTTGAGGTATGCCCTGATATAATAGACCTAAAGATGTTTATTTCAAG
[C/T]CACGTTGAGGTATGCCCTGATATAATAGACCTAAAGATGTTTATTTCAAG

Glyma.07g127100 15230096 G/A Alanine to valine AGATGTCTCATGTTTGCAGATGGAAATTCACATTGCTTGAGTTGGAAAAG
[G/A]AGAATACAGATAGCAATCGATGCTGCAGAGGGTCAGTATAACTTCATTTT

Glyma.07g127100 15230407 A/T Asparagine to lysine TACTCAAAAATTTTATGGATTGTTTAAACCAGTCTAAGGGCATGTTTTAT
[A/T]TTTTTCAACCATGATTATGTTACCATGACTAATAACTTGTTGCCCTGTAA

Glyma.07g127100 15230658 G/T Leucine to isoleucine GAAGACTTAGAAGCCAAGATAGCAGATTTTGGCCTCTCCAGGGAGTTTAG
[G/T]ACAGATAACCAAGATCAACAATCTCAAGTGATTCACAGTGATGCTACAAA
†The non-synonymous SNP allele variation between Williams 82 and PI483460B is shown as bold letter within parenthesis and 50-bp sequence on either side of the SNP variation is
provided to facilitate the design of KASP marker assay.
FIGURE 3 | Tissue specific expression pattern of genes within major Root Length (RL) QTL derived from public Affymetrix and RNA-transcriptome experiments
integrated into the Genevestigator software.
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has been reported as expressed specifically higher in root tissues.
The biological role of these genes in regulating the roots, main
tap, and finer roots warrants further investigation.
DISCUSSION

Phenotypic Variation for Shoot and Root
Traits
Two parental lines and RILs of the mapping population showed a
wide range of phenotypic variation for the shoot and root traits
measured along with higher heritability. Cultivar Williams 82
possesses a better developed, robust root system compared to the
wild soybean parental line, PI483460B. The recombination of
chromosomal regions in the progenies of William 82 and PI
483460B showed higher phenotypic value that exceeded the
better parent, William 82 (Figure 2). A similar effect was
observed in lines of inter-specific mapping populations for root
traits, which enabled the identification of novel alleles to improve
root system architecture (Manavalan et al., 2015; Prince et al., 2015).

Field-based selection of root traits, root angle, and fibrous
root score are proven to contribute to yield protection under
stress in soybeans (Fenta et al., 2011; Prince et al., 2016; Prince
et al., 2019). The seedlings traits, like total root length, root
surface area, lateral root number, were reported to improve root
angle and fibrous root score (Prince et al., 2016), which impacted
soybean yield under water limitation. In spite of narrow genetic
base, intra-specific soybean mapping populations were used to
map root QTLs in soybean (Rong et al., 2011; Brensha et al.,
2012; Liang et al., 2014). Recent inter-specific mapping studies
identified large effect root QTL with positive alleles from wild/
semi-wild soybeans (Liang et al., 2014; Manavalan et al., 2015;
Prince et al., 2015). Recently, the soybean cultivar USDA‐N7004
was successfully developed with 25% exotic germplasm from the
Japanese cultivar Tamahikari (PI 423897) and had improved
seed protein and yield on par with check cultivars (McNeece
et al., 2020). McCouch et al., 2007 reviewed the use of wild rice,
Oryza rufipogan, as donors of yield-enhancing alleles to enhance
the performance of elite O. sativa cultivars.

In this study, we identified nine unique genomic regions
significantly associated with shoot and root traits involving two
(Chr. 3 and 7) and five chromosomal regions (Chr.3, 7, 8, 14, and
20), respectively. Most of the root-related QTLs with large effects,
the positive alleles were contributed by a wild soybean accession,
PI 438460B, with a range of phenotypic variation explained from
7.3% to 12.4% for finer root QTL. Interestingly, the TRL QTL on
chromosome 8 mapped in this study with a positive allele from
Williams 82 collocates with shoot and root weight (fresh and
dry) QTLs reported in an intra-specific soybean population
(Brensha et al., 2012). This region also collocates with leaf
morphology (Kim et al., 2005), internode length (Alcivar et al.,
2007), plant height (Lee et al., 1996), and pod number (Zhang
et al., 2010) in soybean. The QTL RD_S associated with finer
roots collocates with plant height (Guzman et al., 2007), leaf
morphology (Orf et al., 1999), and seed yield QTL in soybean
(Du et al., 2009).
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The root traits of this study showed higher broad-sense
heritability, indicating that the major contribution of the
phenotypic variation observed was due to largely due to
genetic effects. The lines exhibited an especially large
phenotypic variation for RL with heritability of 0.8. In soybean,
total root length is positively correlated with photosynthetic
efficiency at vegetative growth stages and to lateral and fibrous
rooting ability as well as canopy temperature during the
reproductive growth stage under water-limited conditions in
clay soil (Prince et al., 2016). This root trait has been correlated
to rooting angle in multiple crop species (Kato et al., 2006; Singh
et al., 2011; Kashiwagi et al., 2015) and ultimately cuts down the
carbon resources required for the plant to acquire resources in
deeper soil horizons in areas with limited rainfall (Wasson
et al., 2012).

On chromosome 7, a QTL associated with RSA and RV was
identified with a positive allele from wild soybean that explains a
higher phenotypic variation. Similar root traits with a positive
allele contribution by an inferior parental line in soybean have
been reported (Liang et al., 2014; Prince et al., 2015). Rare alleles
from wild soybean germplasm (Hajjar and Hodgkin, 2007) have
been employed to improve various agronomic traits, like
domestication-related traits (Liu et al., 2007), stress tolerance
(Carter et al., 2004; Chen et al., 2006; Tuyen et al., 2010), seed
compositional traits (Kanamaru et al., 2006), and seed yield
(Concibido et al., 2003; Li et al., 2008).

Based on the results obtained, SNPs associated with total root
length (RL) on chromosomes 3 (NCSB_000550 ~ SNP5617_
Magellan) and 7 (BARC_020495_04641 ~ BARC_023101_03769)
and root surface area (RSA) on chromosome 7 (SNP02285 ~
SNP18129_Magellan) are candidates for KASP marker
development for use in soybean breeding. Soybean seedling root
traits, such as RL and RV are highly associated with stress tolerant
(drought and aluminum stress) indices (Liu et al., 2005; Yang et al.,
2005; Liu et al., 2007). RL influences the deep rooting ability of
soybean, which ultimately improves drought tolerance and is
positively associated with yield under drought (Hudak and
Patterson, 1995) and rice (Bengough et al., 2011; Suji et al.,
2012). Soybean genotypes with deep rooting ability (Taylor et al.,
1978; Cortes and Sinclair, 1986) and more fibrous roots (Myers
et al., 2007) are supposed to offer effective acquisition of water
resources. Root-related traits, such as RL and RSA, facilitate
foraging and phosphorus accumulation (Liang et al., 2014) and
improve shoot growth (Bates and Lynch, 2001).
Candidate Genes Underlying QTL
Mining genes that underlie promising QTL with strong effects
enable the plant research community to fine-map genes and to
identify causal genes responsible for modulating a trait of interest
(Pradeepa et al., 2012). Further development in sequencing
technologies enables researchers to look for allelic variants
among causal genes and to develop functional DNA markers
for use in marker-assisted selection (MAS) processes. Similar
variants were observed for root traits, such as meristem and cell
length in Arabidopsis (Meijón et al., 2014), lateral roots in rice
(Lyu et al., 2013), soybean (Prince et al., 2019), and root angle in
August 2020 | Volume 11 | Article 1284
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rice (Uga et al., 2013). Most QTL mapping studies in soybean
reveal that root traits are polygenic in nature (Liang et al., 2014)
and interactions among them (Prince et al., 2015). In this study,
we used an inter-specific mapping population in combination
with whole-genome transcriptome and Affymetrix gene
expression data to identify genes associated with key root traits
and to investigate their difference in tissue-specific expression.
The Leucine Rich-Repeat class of proteins within RL QTL was
found to have large effect on other root traits, like lateral root
number and root volume in soybean, on chromosome 7 (Prince
et al., 2019). Two SNF proteins identified within this QTL
interval with no (Glyma07.G127000) and 130-fold
(Glyma.07g127300) expression in root tissues need more
detailed analysis to elucidate their roles in root growth and
development. In this study, the function of Glyma.07g060700,
a gene with unknown function underlying SL QTL on Chr.7,
showed a higher level of expression and its interaction with the
other genes, Glyma.07g057300, Glyma.07g057200, and
Glyma.07g059800 needs to be elucidated to understand the
plant stature difference between wild and cultivated soybean
species. Further studies on genes underlying the root trait QTLs,
RSA, and RL, would enhance the understanding of root growth
and development in soybean. The novel wild alleles for these
traits could help us to improve root system architecture in
cultivated soybean.
CONCLUSIONS

In the present study, we detected and genetically mapped strong
effect QTLs for SL and several root-related traits, e.g., root
volume and finer root distribution, using an inter-specific
mapping population. The QTL region on Chr. 7 governs both
RSA and RV with the positive alleles from a wild soybean
accession, PI 483460B. These QTL could be potential targets
for introgression into cultivated soybean genetic background to
improve the root system. Characterizing candidate genes
underlying the SL and root traits will enhance understanding
of the molecular mechanisms involved in root and shoot growth
maintenance. The novel alleles inherited from the wild soybean
Frontiers in Plant Science | www.frontiersin.org 10
accession could be potentially used to improve RSA trait in elite,
high yielding soybean lines.
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