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Abstract

Plant height and the number primary branches are important
traits having bearing on yield. Understanding genetic
control of these traits would help in the development of
improved soybean genotypes suitable for water-stress and
normal conditions. In this study, 63 diverse soybean
accessions were genotyped with 2,84,923 single nucleotide
polymorphism (SNP) markers, and phenotyping was done
under optimal and moisture-stress conditions in two
locations viz., New Delhi and Dharwad. Significant variation
was observed among the genotypes for the traits in both
the locations. Interaction of the genotypes with locations
and the situations was also found to be significant. The
population structure and genetic diversity analysis indicated
existence of four sub-sets of population among the
genotypes. GWAS conducted through Mixed Linear Model
identified several Quantitative Trait Nucleotides(QTNs)
associated with plant height and branches/plant. Genes
associated with the identified QTNs and their functions
have also been identified. Two novel QTNs for number of
branches/plant were mapped on Chromosomes 3 and 16.
The identified QTNs and the genes would facilitate
designing of gene-specific markers which would pave the
way for development of soybean genotypes with optimum
height, branches and yield.
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Introduction

Soybean plant architecture is primarily determined by
plant height and the primary branches (Huyghe, 1998).
It also consists of metameric units viz., internode,
trifoliate leaf and the associated reproductive branch
born at the internodesthat grows continuously. Plant

architecture and leaf arrangement influence light
distribution on the plant. Biomass production and
interception of solar radiation is highly correlated during
both vegetative and reproductive phase in soybean
(de Souza et al. 2009). Height of the plants and number
of primary branches/plant haspositive correlation with
grain yield (Aditya et al. 2013). Strong and positive
correlation between plant height and seed yield was
also reported by Mansur et al. (1996) and Cicek et al.
(2006). Direct and positive association exists between
number of primary branches and seed yield. However,
for consistency of the results, trials on plant
architecture need to be repeated across locations
(Zhang et al. 2015). Advent of molecular markers has
led to the identification of QTLs for various agronomic
traits. Palomeque et al. (2010) noted that the marker
Satt162 linked to seed yield QTL is associated with
plant height and lodging. Similarly, association of
markers and QTL has been reported for various traits
including plant height (Orf et al. 1999; Hoeck et al.
2003; Zhang et al. 2004). Ning et al. (2016) suggested
that the genomic loci should be studied in detail to
elucidate underlying genetic mechanism in yield and
yield related traits. For effective selection, the QTL
needs to be consistent and strong in effect (Palomeque
et al. 2009). Limitations of the bi-parental mapping of
QTL (Li et al. 2008) were circumvented to a great extent
by the genome-wide association studies (GWAS)
(Gupta et al. 2005), a robust approach for fine mapping
with great precision. It has been used in a number of
crops including soybean (Hu et al. 2014; Li et al. 2016;
Song et al. 2017). Precision of GWAS however,
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depends on the availability and density of high-
throughput makers, which can be achieved by using
Genotyping-by-Sequencing (GBS) (Elshire et al. 2011).
GBS platform is simple, cost effective and provides
the desirable density expected for GWAS(He et
al.2014;Kim et al. 2016; Shaheen et al. 2016). Kim et
al.(2018) characterised 22 soybean mutants using
GBS.The present study was undertaken to study
genetic architecture of plant height and number of
primary branches under water stressed condition
through GWAS to identify candidate SNPs and genes
for use in soybean improvement program.

Materials and methods

Plant materials

The experimental material for the present investigation
comprised of 63 soybean genotypes (Table 1) obtained
from the Indian Agricultural Research Institute, Pusa
Campus, New Delhi. These genotypes include
soybean accessions collected from USA, Taiwan and
different states of India viz., Maharashtra, Punjab,
Madhya Pradesh, Delhi, Gujrat, Himachal Pradesh,
Jharkhand and Karnatak (Dharwad).

Soybean genomic DNA isolation, quantification
and genotyping

Tender leaf samples from each genotype were
harvested for DNA isolation. The genomic DNA was
isolated using Qiagen® DNeasy Plant Mini Kit following
their prescribed protocol. Quality of the DNA in the
sample was assessed by digesting with HindlIll
restriction enzyme and 0.8% Agarose gel
electrophoresis. DNA quantification was done using
spectrophotometer. The DNAconcentration was
maintained as 100ng/ul. A 50ul of the DNA samples
were shipped to Institute of Genetic Diversity (IGD),
Cornell University, Ithica NY, USA for sequencing.
The DNA was digested with ApeK1. The adapters were
ligated to the fragmented samples and barcoded. The
sequencing libraries were made and sequencing was
carried out on a Genome Analyzer Il (lllumina, Inc.).
The sequencing data was used for downstream
analysis and SNP calling. The SNP calling was done
using GBS pipeline employed in TASSEL software
(Bradbury et al. 2007; Buckler et al. 2009). The raw
data was filtered for quality and aligned to the reference
genome. The data was separated chromosome wise
into 20 workable files. All the sites with less than
>10% missings were filtered out. Sites with <5%
heterozygosity were retained. Similarly, the sites with
lower proportion of minor alleles and were in bi-allelic
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state were retained. With this filtering parameter, a
total of 284,923 SNPs were left for analysis.

Location and environment and phenotyping

Performance of 64 genotypes was evaluated under
two water regimes (well-watered and water-limited
drought block) with two replications at two locations
viz., IARI, Pusa campus, New Delhi (Latitude and
Longitude is 28.6353N and 77.225E, respectively) and
Dharwad (Latitude and Longitude is 15.4923N and
74.9832E, respectively). In New Delhi, the trial was
conducted during rainy season of 2016 in the research
farm of Division of Genetics, IARI New Delhi. The
average temperature at Delhi in the sowing time was
34°C and humidity was 68% and the average rainfall
in Delhi during the growing period was 65.5 mm with
highest precipitation in the month of August. In the
same year, trial was conducted at IARI-RRS Dharwad,
Karnataka in the month of June. The average
temperature and humidity at Dharwad during the
sowing time were 25°C and 82% respectively and the
average rainfall during the cropping season was 72.5
mm with highest rainfall in the month of July (https:/
www.weather-ind.com/). The trials were conducted in
Randomized Block Design with two replications (Singh
and Choudhary, 1985). The inter-row distance was 75
cm and plant to plant distance was 10 cm. The plants
were grown normally and stress was imposed by
withholding irrigation 50 days after sowing till
harvesting. Data for plant height and number of primary
branches were recorded following standard procedure.

Statistical analyses

Analysis of variance (ANOVA) was performed to
estimate the genetic variance at each location. Linear
Mixed effect Model (LM) was performed to estimate
the components of phenotypic variance. The genotypic
effect, environmental effect and interaction effect was
estimated using LM model as given below. The
analysis was performed using the package ‘ime4’ in R
(Bates et al. 2015).

Yijk =U+0+ IJ + gl'J + bkj + Eijk

where, | is the total mean; g; is the genetic effect of
the ith genotype; | is the effect of the jth environment;
(gh); is the interaction effect between the ith genotype
and the jth environment (G x E); by is the random
block effect within the jth environment; and ey is a
random error following N (O, Oez)_ The Heritability and
correlation coefficients of the drought related traits
were calculated as per Singh and Choudhary,
(1985).
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Table 1. List of soybean genotypes used in the study

S.No. Genotype Pedigree Place of S.No. Genotype Pedigree Place of collection
collection

1 GP1 AMSS34 Maharashtra 35 GP71 G2133 Taiwan

2 GP2 AVRDC5 Taiwan 36 GP72 JS81-303 MP

4 GP3 AVRDC516 Taiwan 37 GP73 G2133 Taiwan

5 GP6 DS61 Delhi 38 GP78 G2344 Taiwan

6 GP7 - Delhi 39 GP79 - Delhi

7 GP8 DS178 Delhi 40 GP81 - Delhi

8 GP10 DS241 Delhi 41 GP82 G2608 Taiwan

9 GP11 DS371 Delhi 42 GP83 - Delhi

10 GP14 DS172 Delhi 43 GP85 G2650 Taiwan

11 GP15 DSb2 Dharwad 44 GP86 G2651 Pantnagar

12 GP16 EC112827 Taiwan 45 GP87 SL528 Punjab

13 GP18 DS-76-1-20-1 Delhi 46 GP88 G2658 Taiwan

14 GP20 DS-76-37-2 Delhi 47 GP91 G3023 Taiwan

15 GP26 DS-9-3 Delhi 48 GP95 G2132 Taiwan

16 GP32 EC112827 USA 49 GP99 GUJ-SOY-1 Gujarat

17 GP35 EC113398-B Taiwan 50 GP100 HIMSO1574 Himachal Pradesh

18 GP38 - Delhi 51 GP102 1IC101449 Himachal Pradesh

19 GP39 - Delhi 52 GP103 IC76151-W Himachal Pradesh

20 GP39 - Delhi 53 GP104 EC1021 USA

21 GP40 - Delhi 54 GP105 IC76151-W Himachal Pradesh

22 GP41 - Punjab 55 GP106 IC10755 Himachal Pradesh

23 GP42 EC390981 Taiwan 56 GP107 IC141446 Himachal Pradesh

24 GP49 EC13969 USA 57 GP108 - Delhi

25 GP55 EC1021 USA 58 GP110 J231 Jharkhand

26 GP56 - Delhi 59 GP111 - Punjab

27 GP57 EC14436 USA 60 GP112 G390 Taiwan

28 GP59 - Delhi 61 GP113 Delhi

29 GP60 EC30221 USA 62 GP114 JS81-607 Madhya Pradesh

30 GP61 EC34141 Delhi 63 GP115 JS93-06 Madhya Pradesh

31 GP62 EC36961 USA

32 GP64 EC97351 USA

33 GP65 EC105790 USA

34 GP67 - Delhi

35 GP71 G2133 Taiwan

Population structure analysis

Population structure analysis was performed using the
software STRUCTURE v.2.3.3 (Pritchard et al. 2000).
The parameters of the software were set to default,
specifying K value 1 to 10, with each K repeated for 5

times. The results obtained from the STRUCTURE
analysis were subjected to Evanno “Delta-K” method
(Evanno et al. 2005) in the STRUCTURE Harvester
software (Earl and vonHoldt, 2012) to establish an
optimum value of K. Once the optimum K valuewas



November, 2018]

established, the final run was made with initial burning
period of 100,000 and MCMC iteration to 1000,000
specifying K = 1 to 10 to generate a STRUCTURE ‘Q’
matrix. Software TASSEL 5.2.3 was used for analysing
the Linkage Disequilibrium (LD) value (Bradbury et al.
2007; Buckler et al. 2009). Simple matching
dissimilarity index was used to calculate the genetic
distance and unweighted neighbour-joining method was
used to construct the unrooted tree in the software
DARWin v.6 (Perrier and Jaccgemoud-Collet, 2014).

Genome-wide associations model

Genome wide SNP maker and trait association was
performed using Mixed Linear Model including PCA
and Kinship matrix (K) as covariates in the analysis.
The analysis was performed using the standalone
software TASSELS5. Statistical model as described
by Henderson (1975) was used for the analysis.
TASSEL provides functions to estimate PCA and K
from a set of random markers covering the whole
genome. To visualize the significant SNP marker loci,
SNP marker sites were plotted against the respective
p value using the Manhattan plot option in TASSEL.
A logarithm of odds (LOD) value higher than 3 was
used as threshold P-value for both marker-trait
associations as per (Hwang et al. 2014) and only the
peak SNP was considered and used to estimate the
phenotypic variance. Functional annotation of the
genes was performed using the genomic resources
available in SoyBase (www.soybase.org).

Result and discussion

Variance, heritability, genetic advance and
correlation analysis

The analysis of variance under non-stress and stress
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conditions (Table 2) inNew Delhi and Dharwad
indicated that significant variation exists among the
genotypes for plant height and number of primary
branches. Location effect and Genotype x Location
interaction was also found significant for both the traits.
It was also observed that the mean plant height and
number of primary branches/plant reduced under
drought condition in both the locations (Fig. 1). Under
water stress situation, the height of the plants in New
Delhi and Dhardwad ranged between 33.83- 103.33cm
and 20.25-106.1cm, respectively. Similarly, under well-
watered condition, the plant height in New Delhi and
Dhardwad ranged between 33.5-128.17cm and 20.25-
111.1cm, respectively. Thus, height of the plants got
reduced under water stress condition in both the
locations. The high temperature prevailing during the
period of growth also might have affected growth of
the plants. Temperature beyond 35°C reported to
damage the photosystem-Il in the thylakoid
membranes of chloroplast, which reduces availability
of the photo-assimilates needed for good growth
(Hartman et al. 2012; Hemantaranjan et al. 2014).

The broad sense heritability estimates for plant
height and number of primary branches were high in
both the locations and conditions (Table 3). This
suggest that additive gene actions are predominating
expression of these traits in spite of the environmental
effects. Thus, improvement of these traits would be
possible through selection procedure aiming to exploit
the additive gene effects, e.g. mass selection, progeny
selection, etc. (Archana et al. 1999). Further, genotypic
correlation coefficient between the two traits appeared
to be positive. Thus, selection of one trait would
facilitate improvement of the other.

Table 2. Pooled analysis of variance for yield and yield related traits

Df YPP DF DM PPP SPP PH HSW PB
Rep 1 9.1 17.5 5 84 84 159 48.26**  207.21**
GP 62 48.2* 1434 54 681" 681**  1340**  12.09** 6.21*
Env 1 258  1386.7** 284"  682. 682" 41 133.16**  184.26**
LOC 1 2659.6*  142.5* 9395* 48129*  48129*  3346* 83.87**  207.64*
GP:LOC 62 40.6* 10.1 39* 875* 875* 643* 8.97* 1.95
GP:Env 62 22.5* 58.8" 38" 556 556** 654 9.01** 6.17*
Env:LOC 1 1117~ 340.1* 19 37 37 1047+ 2.36 99.66**
Residuals 313 7.9 9.5 15 216 216 220 3.36 3.11

*, **Significant at P < 0.05 and P < 0.01, respectively

YPP: Yield per plant; DF: Days to 50% flowering; DM: Days to maturity; PPP: No. of pods per plant
SPP: No. of seeds per pod; PH: Plant Height; HSW: 100-seed weight; PB: No. of Primary Branches per plant;
GP: Genotype; Env: Environment; LOC: Location; Rep: Replication; Df: Degree of freedom
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Fig. 1. Box Plot for the performances of plant height and number of primary branches

Population structure and linkage disequilibrium

The genotypes used in the present investigation of
four sub-populations (Fig. 2), however, there were inter-
mixing of genomes as indicated in the Fig. 3. This
might have happened either through breeding involving
diverse genotypes or through natural process of gene
flow. The Q matrix indicated existence of high genetic
diversity within sub-populations (Fig. 3). The distance
based cluster analysis using Neighbour Joining method
also grouped the genotypes in to four clusters (Fig.
4). Inclusion of genotype from diverse origin might
have contributed towards enhanced diversity among
the tested genotypes. Selection over time might have
facilitated development of the sub-populations.
Differences in allele frequency between different
populations arising out of mutation, migration, genetic
drift, local adaptation or geographical isolation, etc.
leads to population structure (Knowler et al. 1988;
Hwang et al. 2014). The diverse genotypes representing
separate sub-population would be suitable for use in
breeding program.

Pair wise LD between markers varied in the 20
chromosomes as revealed by r? value. LD value as
high as 1 has been observed in some of the marker

DeltaK = mean(|L"'(K)|) / sd(L(K)
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Fig.2. Calculation of optimum (K) for 64 soybean
genotypes based on magnitude of Delta K
number

pairs. It indicated occurrence of historical
recombination in the population used. The genotypes
originated from USA and Taiwan are expected to differ
in terms of alleles fixed. Selection pressure in the
process of domestication and adaptation might have
changedthe allele frequency. Change in allele
frequencies or LD (or similar to population
differentiation) can be attributed to mating system,
mutation rate, founding effects, the magnitude of
selection, admixture and genetic drift.
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Fig. 3. Q Plot

Fig. 4. Dendogram based on Neighbor Joining method

The LD decay in the 20 chromosomes varied
from 138 kb to 1.76 Mb at r2 = 0.2. Highest LD decay
was in Chr. No. 20 and the lowest was in the Chr. No.
10 (1.5Mb). Some of the blocks spanned over a few
mega-base pairs. Usually, the recombination rate varies
greatly across the chromosome, higher in telomeric
region and lower in centromeric region (Yu and Buckler,
2006). It also varies with crops; self-pollinated crops
have long LD dacay and the cross-pollinated crops
have short. In maize, a cross pollinated crops, LD
decays at a much faster rate; it varies from 1 kb in

landraces (Tenaillon et al. 2002) to 100 kb in
commercial elite genotype (Ching et al. 2002).

GWAS for plant height and number of primary
branches

Genome wide SNPs in 63 genotypes were deployed
to identify markers associated with plant height and
number of primary branches under normal and moisture
stress condition at two locations, New Delhi and
Dharwad. The genome wide scan for associated
markers for the two traits was done using the MLM
model with Kinship matrix and PCA. The significant
SNPs were identified from the Manhattan plot.

Plant height

A highly significant SNP (LOD = 4.1) associated with
plant height, under Delhi non-stress condition, was
found in Chr. 11 position 1072146. The SNP explained
13.45% of the total phenotypic variation. The SNP is
located in the gene Glyma.11g015600 and encodes
CCCH-type zinc finger family protein with RNA-binding
domain. Zinc finger proteins are commonly associated
with regulatory functions at transcription level (Peng
et al. 2012). The reported gene is known to enhance
tolerance to stress and resistance to fungal diseases
(Guo et al. 2009). It is also involved in embryogenesis
primarily at the apical domain of the embryo (Li and
Thomas 1998). A major QTL, Ph24-4 reported by Chen
et al. (2007) on Chromosome 11 (Satt426) was found
in the vicinity of this putatively associated SNP. Sun
et al. (2007) and Gai et al. (2007)also reported QTLs
for plant height on Chr. 11.

Under moisture stressed condition in New Delhi,
the SNP associated with plant height was located at
the position 48603790 of Chr. 10. The LOD score of
this SNP was 3.437 and the variation explained by it



466 Jyotilekha Borah et al.

was 11.066%. This SNP was located in the gene
Glymal0g40660 which encodes early growth response
protein. The early growth response proteins are a family
of zinc finger transcription factorswhich plays important
role in regulating cell proliferation (Simmons et al.
1992). There exists a strong positive correlation
between plant height and cell proliferation. Under water
stressed condition, the Glymal0g40660 gene might
induce cell proliferation among the drought tolerant
genotypes. Therefore, Glymal0g40660 could be
considered as the candidate gene for plant height.
Reinprecht et al. (2006) also identified a QTL Ph23-4
which is located close to the SNP identified in the
present study.

Under non-stress situation in Dharwad, the SNP
associated with the plant height was in the position
6079932 of chromosome 16. The LOD score of this
SNP was 3.776 and was located in the gene
Glyma.169062300 which encodes Transcription
initiation factor TFIID, subunit BDF1 and related
bromodomain proteins. The variation explained by this
SNP was 27.47%. The bromodomain proteins plays
critical role in transcription and are involved in a diverse
range of functions, such as acetylating histones,
remodeling chromatin, and recruiting other factors
necessary for transcription (Josling et al. 2012). Specht
et al. (2001) identified a QTL for plant height in the
chromosome 16 i.e., Ph13-5 and the SSR marker
linked to this marker was Satt405 (Specht et al. 2001).

The SNP at position 23304601 on Chr. 1 showed
significant association with plant height under stress
condition at Dharwad. The LOD score of this SNP
was 3.255 and is located in the Glyma.01g081100 gene
which codes for APETELA2 domain. The phenotypic
variation explained by this QTL was 29.45% of the
total variation. The APETELAZ are transcription factors
which act primarily in the regulation of developmental
programs and affects plant morphology, floral growth
and ovule development. They are also found as the
key regulators of internode elongation of deep-water
rice (Licausi et al. 2013). Hu et al. (2013) reported a
QTL for plant height i.e., Ph42-1 in the Chr. 1 with
linked SSR marker Satt129.

Primary branches

SNP at position 6236769 of Chr. 16 showed significant
association with number of primary branches under
optimal condition in New Delhi. The SNP position is
within the gene Glyma.16g063400. This SNP had LOD
score 3.71 and had 12.52% effect on the trait. The
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gene Glyma.16g063400 encodes zinc finger family
protein. It is involved in a number of pathways that
effect wide range of developmental processes
including embryogenesis, hormone signalling and
senescence (Moon et al. 2004). The SNP located in
the position 49423269 of chr. 15 was significantly
associated with number of primary branches/plant
under water stress condition in New Delhi. The LOD
score of the SNP was 4.172 and the variation explained
by the QTL was 17.26%. This SNP is in the gene
Glyma.15g261900 which is known to be involved in
synthesis of Phosphoglycerate kinase family protein.
These proteins are located in the thylakoid,
mitochondrion, chloroplast, membrane and are
responsible for glycolysis. Chen et al. (2007) mapped
a QTL with linked SSR marker Satt263 for branching
on Chr. 15, however, functional relationship of the QTL
could not be revealed. SNP 45156351 in Chr. 3 is
significantly associated with number of primary
branches under nornal condition in Dharwad. The LOD
score of this SNP was 3.778 and was located in the
gene Glyma.03g256700 which encodes WRKY DNA-
binding protein. The variation explained by the QTL
harbouring this SNP was 28.82%, which can be
considered as a major one.The WRKY families of
transcription factors are present in plant species only.
They are characterized by diverse biological function
related to resistance to diseases, tolerance to abiotic
stress and in embryogenesis, seed and trichome
development, senescence, as well as additional
developmental and hormone-controlled processes
(Bakshi and Oelmdller, 2014). The SNP at position
41845126 of Chr. 10 with LOD score of 4.033 was
significantly associated with number of primary
branches under stressed condition in Dharwad. This
SNP was located within the gene Glyma.10g185400
that codes for CRM (chloroplast RNA splicing and
ribosome maturation) family member 3A. The QTL for
this trait explained 29.46% of the total variations. The
CRM 3A is a RNA-binding domain involved in RNA
folding and splicing (Keren et al. 2008; Asakura and
Barkan, 2007). Li et al. (2008a) also mapped QTL
Branching 2-1 on Chr. 10 with the marker Satt581.

In this study, two novel SNPs for branching were
mapped on Chr. 3 and 16. Unlike biparental QTL
mapping approach, GWAS uses whole genome
scanning that enhances chance of detecting QTL
which otherwise may escape. New genotypes may
throw novel QTL (Raychaudhuri 2011; Ladouceur et
al. 2012). In this study, genotypes of diverse origin
including breeding lines were used which might have
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contributed the novel QTL for branching.

Plant height and number of primary branches
are important architectural traits for yield. GWAS could
identify a number of putative candidate genes for these
traits which will be useful in breeding program to
develop genotypes with suitable plant height with
optimum number of primary branches. Validation of
the SNPs identified in this study and their utilization
would pave the way for development of soybean
genotypes with proper architecture and higher yield.
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