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Abstract: Low-light stress will lead to abnormal soybean growth and a subsequent yield reduction.
Association mapping is a useful alternative to linkage mapping for the detection of marker–phenotype
associations. This study aimed to evaluate low-light-resistant soybean accessions and identify markers
associated with low-light resistance. We assessed the plant height, stem diameter, number of bean
pods, and cotyledon height of soybean plants under low and normal light conditions. These traits
were evaluated in 185 soybean accessions, and the accessions 11HX-020, 11HX-025, 11HX-029, 11HX-
064, 11HX-127, 11HX-166, 11HX-183, and 11HX-216 showed stable performance under low-light
conditions. These 185 accessions were genotyped with 639 single-nucleotide polymorphism (SNP)
markers and 98 simple sequence repeat (SSR) markers. A total of 75 markers—i.e., traits associated
with low-light resistance—were identified. These associated markers were distributed on 14 linkage
groups (LGs) of soybean, and some markers were associated with two or more traits. According to
the results, excellent germplasm material and low-light-resistance related markers can be used for
low-light resistance breeding of soybean and will help identify the low-light resistance genes.

Keywords: soybean; low-light resistance; SNP; association analysis

1. Introduction

Light is one of the most important factors affecting plant growth and development [1].
Light plays a crucial role in regulating plants’ growth and development, morphogenesis
and photosynthesis. Soybean (Glycine max L. Merrill) is a light-loving crop and is sensitive
to light throughout the reproductive period [2]. Under shaded conditions, soybeans will
experience shade avoidance, reduced photosynthetic capacity of their leaves, excessive
elongation of plant stalks, thinning, and susceptibility to collapse, resulting in a decrease in
soybean yield and quality [3–6]. At the soybean seedling stage, shading treatments reduced
the light intensity by 40 to 50% and increased the plant height from 46.9 to 57 cm [7]. When
soybean was intercropped with maize, maize shading increased the soybean plant height,
stem internode length, and petiole thinning [8]. By means of shading (reducing to 60% of
normal light intensity) soybean plants in different stages, it was found that shading at the
early flowering stage had a significant effect on reducing yield [9].

The mechanism of low-light resistance is unclear. Thick sun-exposed leaves have
a larger construction cost per unit leaf area than thin shaded leaves, and in a low-light
environment, shaded leaves tend to have a significantly larger net photosynthetic rate (PN)
than sun-exposed leaves, while shaded leaves also have a larger daily CO2 assimilation rate
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per construction cost; this indicates that low-light resistance is not directly related to the
photosynthetic rate [10]. The higher levels of activity of sucrose phosphate synthase and
sucrose synthetase in the stem are associated with shade tolerance and lodging resistance;
good physical strength and high cellulose contents in the stems of shade-tolerant soybean
reduced the rate of lodging in the maize soybean intercropping system [11]. The synthesis
of many soluble proteins in leaves is regulated by light, and the content of soluble proteins
in leaves increases under shaded conditions [12]. The presence of expansion proteins
in soybean internodes can induce the elongation of soybean cell walls, and the different
activities of expansion proteins in different soybean varieties under shade stress suggest
that expansion proteins may play an important role in the response of soybean to shade
stress [13]. It is hypothesized that shade adaptation in soybean is likely achieved through
epidermal waxing and leaf color change, associated with the light-harvesting complex
protein (LHCP) and RUBISCO proteins [14]. Shade significantly increases the auxin and gib-
berellin contents and significantly decreases the cytokinin content in young, middle-aged,
and old leaves [15]. Abscisic acid (ABA) and zeatin (ZT) aggregation in soybean seedlings
decrease, while indoleacetic acid (IAA) and gibberellin (GA3) aggregation increases [16].
Analyses revealed that shade remarkably upregulated the expression of the key genes IAA
and GA3 as well as brassinosteroid (BR) biosynthesis in soybean hypocotyls, and the GA3
biosynthesis genes were effectively blocked by IAA, GA3, and BR biosynthesis inhibitors
in the shade [17].

Association mapping, also known as association analysis, can be divided into two
types, namely genome-wide pathways and candidate gene pathways. The former is
based on the marker level and is achieved by the genome-wide scanning of mutant loci
causing phenotypic variation, which generally does not involve the prediction of candidate
genes. The latter association mapping, which is based on linkage disequilibrium (LD)
(thus, it is also referred to as LD mapping), involves searching for genotype–phenotype
correlations in unrelated individuals. This method is usually faster and more cost-effective
than traditional linkage mapping [18]. LD is defined as the non-random association of
alleles at different loci [19]. Thus, if LD exists between a marker and a locus associated with
a trait, then specific marker alleles or haplotypes can be associated with phenotypic values
at a high level of statistical significance [20]. The general steps of association analysis are
selection of germplasm material, population structure analysis, selection of target traits,
their phenotypic identification, and finally, the data. Polymorphisms of molecular markers
or candidate genes can be combined to discover the association loci. Association mapping
has been used in crops, for instance, to study disease resistance and stress tolerance in
soybean [21,22], for association mapping of the kernel size and milling quality in wheat
(Triticum aestivum L.) [23], for association mapping of the yield and its components in rice
cultivars [24], and for association mapping of community resources in sorghum [25].

Low light is a normal stress in many regions in China, especially in the Yangtze-Huaihe
river basin, where farmers grow vegetable soybean in spring in plastic greenhouses, when
this area usually suffers continuous rain, and so low light has become a major stress in
recent years. To breed low-light-resistant soybean varieties, low-light-resistant germplasm
material should be identified. In this study, 185 representative accessions from different
ecological zones in China were identified; the low-light-resistant germplasm identified can
be used as parents for low-light-resistant variety breeding. Then, 639 SNP markers and
98 SSR markers were used for association mapping analysis; the marker–trait associations
can be used for molecular assistant selection. Additionally, these mapping results are
helpful for the fine mapping of low-light-resistant genes. These results ultimately may be
used to facilitate the development of low-light-resistant soybean lines using the molecular
breeding method.
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2. Materials and Methods
2.1. Plant Materials and Field Experiments

In this research, 185 soybean accessions from the Chinese mini-core soybean collec-
tion [26] were used for association mapping. For phenotype identification at the seedling
stage, the 185 accessions were planted in pots in an artificial climate room of Anhui Agricul-
tural University at 21 ◦C (day) and 16 ◦C (night). The light intensity was set at 12,000 and
6000 lux for the control and low-light treatment, respectively, in a 12 h/12 h light/dark pho-
toperiod. The different light intensity was set by setting different numbers of lamps, and
then we measured the light intensity using an Illumination photometer (TP-FA-C-GPRS,
TOP Instrument, Hangzhou, China). Six plants of each accession were grown in one pot,
and there were three pots for each accession. Twenty days after planting, the parameters
were measured using a ruler or vernier caliper.

For phenotype identification at the mature stage, the 185 accessions were grown in
rows of 2 m in length and with 0.5 m spacing between the rows, at ten plants per row, in
a randomized complete-block design with three replicates, at the experimental farm of
Suzhou Academy of Agricultural Sciences (33◦38′30.61” N, 117◦04′36.32” E). Twenty days
after planting, low-light treatment accessions were shaded using a shading net with a 50%
shading rate. After undergoing shading treatment for three weeks, the plant parameters
were measured using a ruler or vernier caliper.

2.2. Phenotypic Trait Measurement

The plant height under normal light (PHN), plant height under low light (PHL), stem
diameter under normal light (SDN), stem diameter under low light (SDL), number of bean
pods under normal light (NOBN), number of bean pods under low light (NOBL), plant
height of seedling under normal light (PHSN), plant height of seedling under low light
(PHSL), stem diameter of seedling under normal light (SDSN), stem diameter of seedling
under low light (SDSL), cotyledon node height of seedling under normal light (CNHSN),
and cotyledon node height of seedling under low light (CNHSL) were measured. The
diameter was measured at the cotyledonary node of each soybean plant. The data for
PHSN, PHSL, SDSN, SDSL, CNHSN, and CNHSL were measured at the seedling stage of
the accessions planted in artificial climate room and the data for PHN, PHL, SDN, SDL,
NOBN, and NOBL were measured at the mature stage of the accessions planted in field.
The data were analyzed using Microsoft Excel.

Plant height increase value (PHC) = PHL − PHN
Plant height increase rate (PHCR) = (PHL − PHN)/PHN
Stem diameter reduction value (SDC) = SDN − SDL
Stem diameter reduction rate (SDCR) = (SDN − SDL)/SDN
Cotyledon node height increase value (CNHSC) = CNHSL − CNHSN
Cotyledon node height increase rate (CNHSCR) = (CNHSL − CNHSN)/CNHSN
Reduction value of bean pods number (NOBC) = NOBN − NOBL
Reduction rate of bean pods number (NOBCR) = (NOBN − NOBL)/NOBN

2.3. DNA Extraction

The improved CTAB method was adopted [27].

2.4. Primer Information and PCR Amplification Reaction

The 610 SSR primer pairs were selected with reference to the public map for soybean
published by Song [28]. The sequences of the primers were obtained from the soybean
database (https://www.soybase.org, accessed on 1 June 2019) and synthesized by Beijing
Saibaisheng Gene Technology.

The reactions conditions were as follows: pre-denaturation at 95 ◦C for 2 min; denatu-
ration at 94 ◦C for 30 s; annealing for 45 s at 47–55 ◦C (annealing temperature was adjusted
for different primers); 72 ◦C extension for 1 min, repeated for 35 cycles; extension at 72 ◦C
for 10 min before saving at 4 ◦C.

https://www.soybase.org
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2.5. Assessment of SSR and SNP Polymorphisms

In our work, 610 SSR markers were chosen and verified for polymorphisms in a
random sample of 10 accessions. A final set of 98 pairs of SSR primers evenly distributed
among the 20 linkage groups (LGs) were selected to genotype the 185 soybean accessions.
The amplified products were separated by electrophoresis through 8% non-denaturing
polyacrylamide gels and were visualized with silver staining.

An SNP genotyping array was designed using a total of 1536 single-nucleotide poly-
morphisms (SNPs) originating from putative homologous genes; these SNPs were se-
lected from the SNP dataset produced by the comparison of 55 re-sequenced soybean
genomes [28,29]. The exclusion of SNPs with a missing data rate >0.25 and a minor allele
frequency <0.05 resulted in 639 SNP markers being retained for the subsequent analysis.
The 98 SSR and 639 SNP markers are listed in Supplementary Table S1.

2.6. Population Structural Analysis

The population structure of the 185 soybean accessions was investigated using 639 SNPs
according to STRUCTURE program [30]. The subgroup number k values were set at 1 to 10,
and both the burn-in time and Markov Chain Monte Carlo (MCMC) repetition number were
set at 100,000 for each run. The correct k estimation was determined by combining the log
probability of data (ln P(D)) from the STRUCTURE output and an ad hoc statistic, ∆k, which
was based on the rate of change in the log probability of data between successive k values.
Each soybean variety was assigned to a subpopulation for which there was a membership
value (Q-value) [30].

2.7. Association Mapping

Using the general linear model (GLM) program of TASSEL 2.0 software [31], the
individual Q values were used as covariates for the regression analysis of marker variation
against phenotypic variation for each of the 24 sub-traits. The population structure consisted
of a Q matrix that described the subpopulation parentage for each line in the analysis; these
percentages were inputted into the STRUCTURE software [30]. SNP genotype data from
639 SNP markers were used in the analysis.

2.8. Genetic Map Construction

The markers used to construct the low-light resistance of the soybean genetic map
were selected from 639 SNP markers and 98 SSR markers. Mapchart 2.32 was used to draw
the map [32].

3. Results
3.1. Stem Height and Thickness Variation of Soybean Accessions under Low-Light

The low-light conditions produced significant changes in the soybean stalk develop-
ment. At the seedling stage, the cotyledon height and plant height increased and the stem
diameter decreased. However, the magnitude of changes varied among accessions, with
the plant height and cotyledon node height traits increasing significantly in the low-light-
sensitive material, while the stalks of the low-light-resistant material were basically the
same as in normal light when studied under low-light conditions (Figure 1).

As shown in Table 1, at the adult stage, most accessions also showed stalk elongation
and reduced stem thickness under low light, and the number of bean pods was significantly
reduced. Among the 185 representative accessions, the maximum soybean plant height
was 143.67 cm, and we found a minimum value of 39 cm and a mean value of 82.03 cm with
a coefficient of variation of 0.27. In contrast, the maximum plant height under low-light
culture conditions was 215.67 cm and the lowest was 41 cm, with a mean value of 102.09
and a coefficient of variation of 0.29. The coefficients of variation of the plant height and
cotyledon node height at the seedling stage after low-light treatment, for all samples, were
basically the same as those at the adult plant stage. Meanwhile, the stem diameter and the
number of bean pods decreased after the low-light treatment in all samples. Furthermore,
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the variance of the stem diameter reduction rate under low-light conditions reached 2.17
(Table 1), showing that the stem diameter under low-light conditions varied greatly between
different accession materials.
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significantly under low-light. Accession 11HX-127 is a low-light-resistant material, and plant height
did not change significantly under low-light.

Table 1. Variation of 185 representative accession materials for traits related to stalk development
under normal and low-light conditions.

Sub-Traits Max. 1 Min. 2 Mean SD CV 3

Plant height

PHN (cm) 143.67 39.00 82.03 22.10 0.27
PHL (cm) 215.67 41.00 102.09 30.05 0.29
PHC (cm) 91.67 0.17 22.75 17.92 0.79

PHCR 0.99 0.00 0.28 0.21 0.76

Stem diameter

SDN (mm) 12.43 4.15 7.62 1.47 0.19
SDL (mm) 9.18 3.94 6.29 1.18 0.19
SDC (mm) 6.07 0.00 1.52 1.18 0.78

SDCR 0.49 0.00 0.18 0.11 0.62

Number of bean
pods (individual)

NOBN 242.67 7.33 49.52 27.51 0.56
NOBL 116.33 3.67 28.43 17.83 0.63
NOBC 186.67 0.67 24.87 21.59 0.87

NOBCR 2.75 0.01 0.51 0.34 0.67

Cotyledon height
(seedling stage)

CNHSN
(cm) 8.85 0.57 3.62 1.22 0.34

CNHSL
(cm) 15.50 4.23 8.40 2.01 0.24

CNHSC
(cm) 12.50 0.13 4.81 2.26 0.47

CNHSCR 9.94 0.03 1.62 1.29 0.80

Plant height
(seedling stage)

PHSN (cm) 25.00 1.14 7.03 2.38 0.34
PHSL (cm) 32.50 8.03 19.46 3.67 0.19
PHSC (cm) 26.17 1.62 12.38 4.09 0.33

PHSCR 16.71 0.17 2.11 1.59 0.75

Stem diameter
(seedling stage)

SDSN (mm) 26.60 1.31 2.66 1.90 0.71
SDSL (mm) 13.66 1.40 2.43 1.10 0.45
SDSC (mm) 26.60 0.01 0.63 2.31 3.66

SDSCR 4.12 0.00 0.18 0.39 2.17
1 Max., maximum value; 2 Min., minimum value; 3 CV, coefficient of variation (CV = SD/Mean).
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3.2. Accessions with Outstanding Performance in Low-Light Conditions

Under low-light conditions, all mature stage soybean plants showed increased plant
height, decreased stem diameter, and a decreased number of bean pods. Accessions with
more parameters assuming smaller values of PHCR, SDCR, NOBCR, CNHSCR, PHSCR,
or SDSCR were considered to be low-light-resistant as they exhibited smaller changes
when under low-light stress compared to normal light. We sorted in ascending order
the accessions with each of the PHCR, SDCR, NOBCR, CNHSCR, PHSCR, or SDSCR
parameters, and accessions with more parameters in their first 10% were considered to
represent low-light-resistant accessions. As an example, the variation rates of plant height,
stem diameter, or bean pods number were very small. For example, when 11HX-020 was
under low-light treatment, the plant height only increased by 0.01 and the bean pod number
of the main stem only decreased by 0.08. In Table 2, we list certain accessions with more
than two parameters in their first 10%. Some details of these 185 accessions can be found in
Supplementary Table S2; more low-light-resistant accessions can be identified by PHCR
and SDCR.

Table 2. Accessions with a stable phenotype under normal and low-light conditions.

Trait 11HX-
020

11HX-
025

11HX-
029

11HX-
124

11HX-
127

11HX-
166

11HX-
183

11HX-
216

PHCR 0.01 0.42 0.46 0.05 0.16 0.12 0.04 0.49
SDCR 0.25 0.01 0.02 0.05 0.02 0.01 0.28 0.05

NOBCR 0.08 0.05 0.10 0.14 0.09 – 0.04 0.04
SDSCR – 0.33 0.12 – 0.07 0.01 0.10 0.03

The values that indicated these accessions as being “low-light-resistant” are shown in bold.

3.3. Population Structure Analysis of Accession Material

To avoid false-positive associations because of population stratification, STRUCTURE
was used to estimate the relatedness of 185 soybean accessions using 639 SNPs. The
distribution of the ln P(D) value for each given k value did not show a clear peak trend.
To find the optimum k value and to determine the number of its subpopulations, the ∆K
value was further calculated. The ad hoc quantity (∆k) exhibited a much higher likelihood
at k = 4, suggesting that the 185 soybean accessions could be divided into four major
subpopulations (Figure 2). Accordingly, when k = 4, the corresponding Q value of each
accession was used for the next step of correlation analysis correction. Q value of each
accession can be found in Supplementary Table S3.

3.4. Identification of SNP and SSR Loci Related to Low-Light Resistance

Using the GLM model of TASSEL 2.0 software, the population structure was taken as
a covariate and the phenotypic values were regressed on each marker separately. A total
of 75 SNP or SSR loci were obtained for soybean stalk development closely related to a
low-light response.

Eleven markers were related to plant height or its increase or decrease after low-light
treatment, eight of which were SNP markers. Among them, BARC-044741-08783 and BARC-
025861-05129 had higher phenotypic interpretation rates of 0.35 and 0.36, respectively.
Satt144 had a high explanation rate of 0.29 for PHSCR. Eight markers were associated with
the effect of stem diameter or its increase or decrease after low-light treatment. Some loci
were associated with multiple subtraits. For example, BARC-028407-05864, Satt557, Satt282,
and Satt703 were associated with both SDSN and SDSC. Meanwhile, the explanation rates
of the phenotypes Satt557, Satt282, and Satt703 were also very high, at 0.33, 0.33, and 0.34,
respectively. Sat_315, Sct_187, and Sat_141 were associated with both SDSL and SDSCR.
These results indicate that these sites were not only related to the stalk development itself
of soybeans but also to low-light tolerance (Table 3).
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Table 3. Marker loci associated with traits of soybean plant height, stem diameter, and their variation
under low-light conditions, along with the explanation rates of different phenotypes.

Marker Loci PHSN PHSCR SDSN SDSL SDSC SDSCR

BARC-017185-02246 0.17
BARC-016069-02054 0.18
BARC-044741-08783 0.35
BARC-025861-05129 0.36

Satt505 0.16
Satt179 0.18

BARC-019061-03295 0.10
BARC-014483-01560 0.12
BARC-038949-07404 0.13
BARC-021793-04213 0.13

Satt144 0.29
BARC-041903-08129 0.10
BARC-028407-05864 0.19 0.20

Satt557 0.33 0.19
Satt282 0.33 0.11
Satt703 0.34 0.18
Sat_315 0.15 0.12
Sct_187 0.09 0.08
Sat_141 0.28 0.31

The explanation rates of different phenotypes are R2 values of each significant (p < 0.01) marker–trait associations,
according to the result of GLM program of TASSEL 2.0 software.

Six SSR loci and 28 SNP loci were associated with the number of main stem meristems
or their increase or decrease after low-light treatment. Three SNP markers—BARC-039561-
07508, BARC-025709-05013, and BARC-015535-01992—had higher explanation rates of
the phenotype of 0.33, 0.31, and 0.34, respectively, which means they could be suitable
for use in further studies. Some markers were significantly associated with more than
two traits, and these subtraits did have certain relationships between themselves. Among
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them, BARC-015535-01992 and BARC-020139-04480 were associated with three subtraits,
indicating that they were directly related to both the number of bean pods and also to the
low-light response (Table 4).

Table 4. Marker loci associated with the number of bean pods and its trait variation in low-light,
along with the explanation rates of different phenotypes.

Marker Loci NOBN NOBC NOBCR

BARC-014329-01322 0.13 0.16
BARC-015535-01992 0.27 0.34 0.26
BARC-016413-02582 0.10
BARC-018681-02991 0.13 0.14
BARC-019069-03297 0.14 0.16
BARC-020103-04463 0.11
BARC-020105-04465 0.11
BARC-020139-04480 0.14 0.16 0.27
BARC-021191-04000 0.10 0.15
BARC-022039-04270 0.11 0.12
BARC-025709-05013 0.29 0.31
BARC-029975-06765 0.13 0.15
BARC-039561-07508 0.27 0.33

rhg1-597-606 0.12 0.15
Satt446 0.16 0.20
Satt578 0.23 0.24

BARC-018835-03260 0.11
BARC-020561-04671 0.13
BARC-025791-05069 0.11
BARC-030735-06928 0.11
BARC-039805-07589 0.13
BARC-040185-07678 0.14
BARC-043061-08513 0.15

Satt350 0.19
Satt365 0.26

BARC-016485-02069 0.12
BARC-018013-02496 0.26
BARC-018819-03259 0.16
BARC-021577-04150 0.12
BARC-030579-06905 0.15
BARC-030647-06914 0.26
BARC-040731-07826 0.23
BARC-041129-07912 0.13

Satt020 0.20

The explanation rates of different phenotypes are R2 values of each significant (p < 0.01) marker–trait associations,
according to the result of GLM program of TASSEL 2.0 software.

3.5. Distribution of the Markers Related to Low-Light Resistance in Soybean

To determine the distribution of these associated loci, based on the genetic maps of
Soybase (https://www.soybase.org/, accessed on 12 July 2021), we mapped the markers
related to low-light resistance to the soybean linkage map (Figure 3). These associated
markers were distributed on 14 LGs; there were eight associated markers located on LG G
(Chromosome Gm18), and the associated traits were SDSL, SDSCR, NOBN, NOBC, and
PHSN. Some markers were very close on the linkage map and associated with the same
traits, such as BARC-014329-01322, BARC-019069-03297, and BARC-040185-07678, which
were all associated with NOBC.

https://www.soybase.org/
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Figure 3. Soybean genetic linkage map showing the marker positions and estimated map distances
(cM; indicated on the left of the vertical bars) based on the linkage map of soybean, A1, A2, B2,
C1, C2, D1a, D1b, D2, E, I, G, K, L, N are the name of linkage groups (https://www.soybase.org,
accessed on 12 July 2021). Putative markers associated with SDSN, PHSN, SDSC, PHSCR, NOBC,
SDSL, NOBN, SDSCR, and NOBCR were labeled according to the associated markers, respectively.
As some associated markers have no location information for soybean, they are not present on the
above maps.

4. Discussion

Light is one of the most important environmental factors for soybean. First, light
provides energy for photosynthesis, and soybean is a light-loving crop. It is interesting
that soybean significantly overinvests in chlorophyl; despite a >50% chl reduction, there
was little negative impact on biomass accumulation or yield [33]. Second, light affects
plant morphology; when soybean plants are shaded or grown in a low-light environment
for a long time, the plant demonstrates a shade-avoidance response, which is harmful to
farmer yield. In a maize–soybean intercropping system, soybean plants will be affected
by the wide light fluctuation, which results from the shading by maize plants. Due to the

https://www.soybase.org
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shading of maize, the light is insufficent for soybean in the early morning and late afternoon;
the photosynthetic rate of soybean is then lower because of the lower light [34,35]. The
cotyledon node height, plant height, stem thickness, and number of bean pods of the crop
are sensitive to light changes. Previous research found that, when soybean suffered low-
light stress, the effective branching, number of grains per plant, number of pods per plant,
and mass of 100 grains decreased [36,37]. Shade at different stages of reproduction had
different effects on morphological indicators. Shade at the early stages (VER1 and VER2)
had (highly) significant effects on main stem morphological traits such as the main stem
length and main stem length/stem thickness ratio, with these parameters being 45.75%
and 93.64% higher on average than the control, respectively [38]. However, this does not
mean that shade is harmful for soybean.

In this study, we analyzed four quantitative traits of soybean, i.e., the plant height, stem
diameter, cotyledon node height, and bean pod number. We found that although soybean
stalk development changed significantly under the same shading level, the magnitude
of change differed for different accessions, and the low-light-sensitive material changed
significantly more than the low-light-resistant material. This is consistent with the results of
previous studies [39,40], and may be due to the different levels of negative resistance among
different accession materials. It is important to identify low-light-resistant accessions, which
can be directly used for low-light-resistant breeding. In this study, we screened low-light-
resistant accessions according to the parameters PHCR, SDCR, NOBCR, and so on. These
parameters are the change rates of PH, SD, and NOB, which are more accurate than PHC,
SDC, NOBC, and so on. Smaller values of PHCR, SDCR, NOBCR, CNHSCR, PHSCR, or
SDSCR mean that the accessions undergo smaller changes under low-light stress, so we
did not set a strict standard of low-light resistance; instead, accessions with smaller such
parameters were considered low-light-resistant.

The group was divided into four major subgroups based on the ecological zone
and variety type, and the phenotypic traits of the varieties in each subgroup differed
significantly, indicating rich background variation. Higher coefficients of variation for
plant height and stem thickness under low-light conditions indicate a higher abundance
of phenotypic values for these two traits. Since the population structure can affect the
accuracy of association analysis by influencing the LD of loci, including each Q value as
a covariate in the regression analysis in this study could correct the pseudo-association
caused by subgroup mixing. This method has now been applied in many studies [30,41].

In this study, we scanned the 185 accessions using 639 SNP and 98 SSR markers,
combining phenotype and population structure data. We identified 75 marker–trait associa-
tions, and the associated markers can be used for soybean breeding. Some markers were
associated with more than two sub-traits (Tables 3 and 4), which may explain the possible
genetic correlation between quantitative traits; the interlinkage of traits may be caused
by interlocking QTL controlling the trait, or perhaps one QTL/gene can perform two or
more functions.

Genome-wide association study (GWAS) has become a powerful approach for elucidat-
ing complex agronomic traits and identifying causal variants with modest effects on target
traits in crops [42]. Identifying SNPs and SSRs associated with low-light resistance-related
traits may enable soybean breeders to combine the causal genes during the breeding of
new lines. Furthermore, GWAS is a fast and effective method of QTL/gene mapping,
along with the CRISPR/Cas9 technologies applied in soybean [43]; molecular breeding and
gene-editing breeding of soybean will soon be developed.

5. Conclusions

The results of this study show that low light leads to abnormal growth of soybean
plants, such as increased plant height and decreased stem diameter, which means that
the plant easily falls over. Soybean accessions have different expressions under low-light
stress. Some accessions show strong resistance to low-light, having very small values of
PHCR, SDCR, and so on, smaller values of which mean that the accessions change little



Agronomy 2022, 12, 1483 11 of 13

under low-light stress. In this study, 11HX-009, 11HX-025, 11HX-029, 11HX-064, 11HX-127,
11HX-182, 11HX-194, etc. were found to be low-light-resistant accessions with outstanding
performance in tolerating low-light conditions. SNP and SSR markers related to soybean
stem development and the response to low-light were identified by association analysis,
among which 11, 8, and 34 markers were related to the plant height, stem diameter, and
number of bean pods after low-light treatment, respectively (Table 5). Some markers were
associated with two or multiple traits, which may be the genetic reason for the correlation
between traits. These low-light-resistant accessions and molecular markers can be used for
soybean low-light resistance breeding.

Table 5. Markers related to the plant height, stem diameter, and number of bean pods after low-light
treatment.

Traits Marker Loci

Plant height-related traits
(PHSN, PHSCR)

BARC-017185-02246, BAR5 C-016069-02054, BARC-044741-08783,
BARC-025861-05129, Satt505, Satt179

Stem diameter-related traits
(SDSN, SDSL, SDSC, SDSCR)

BARC-041903-08129. BARC-028407-05864, Satt557, Satt282, Satt703,
Sat_315, Sct_187, Sat_141

Number of bean pod-related traits
(NOBN, NOBC, NOBCR)

BARC-014329-01322, BARC-015535-01992, BARC-016413-02582,
BARC-018681-02991, BARC-019069-03297, BARC-020103-04463,
BARC-020105-04465, BARC-020139-04480, BARC-021191-04000,
BARC-022039-04270, BARC-025709-05013, BARC-029975-06765,

BARC-039561-07508, rhg1-597-606, Satt446, Satt578,
BARC-018835-03260, BARC-020561-04671, BARC-025791-05069,
BARC-030735-06928, BARC-039805-07589, BARC-040185-07678,

BARC-043061-08513, Satt350, Satt365, BARC-016485-02069,
BARC-018013-02496, BARC-018819-03259, BARC-021577-04150,
BARC-030579-06905, BARC-030647-06914, BARC-040731-07826,

BARC-041129-07912, Satt020

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agronomy12071483/s1, Table S1: The 98 SSR and 639 SNP markers, Table S2: Plant height
and stem diameter related parameters of the 185 accessions, Table S3: Q value of each accession
under K=4.
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