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Abstract: Drought is the primary abiotic stress that limits yield of soybean (Glycine max (L.) Merr.).
The study aimed to identify yield-related quantitative trait loci (QTLs) in soybeans using a population
of 160 F4-derived lines from ‘Hutcheson’ × PI 471938 crosses, which were cultivated under rain-fed
and irrigated conditions. Seed yield was determined based on a total of nine irrigated and five
rain-fed environments over two years. Twenty and twenty-seven SSR markers associated with yield
(p ≤ 0.05) were identified in the irrigated and rain-fed environments, respectively. Four markers
accounted for 22% of the yield variation in the irrigated environments (IR-YLD) and five markers
explained 34% of the yield variation in the rain-fed environments (RF-YLD). Two independent
IR-YLD and RF-YLD QTLs on chromosome (Chr) 13 (LG-F) were mapped to the Satt395-Sat_074
interval (4.2 cM) and near Sat_375 (3.0 cM), which explained 8% (LOD = 2.6) and 17% (LOD = 5.5) of
the yield variation, respectively. The lines homozygous for the Hutcheson allele at the IR-YLD QTL
linked to Sat_074 averaged 100 kg ha−1 higher yield than the lines homozygous for the PI 471938
allele. At two independent RF-YLD QTLs on Chr 13 and Chr 17, the lines homozygous for the PI
471938 alleles were 74 to 101 kg ha−1 higher in yield than the lines homozygous for the Hutcheson
alleles. Three of the five significant SSR markers associated with RF-YLD were located in a genomic
region known for canopy-wilting QTLs, in which the favorable alleles were inherited from PI 471938.
The identification of yield-QTLs under the respective rain-fed and irrigated environments provides
knowledge regarding differential responses of yield under different irrigation conditions, which will
be helpful in developing high-yielding soybean cultivars.

Keywords: drought; molecular marker; quantitative trait locus; soybean; yield

1. Introduction

Yield improvement is one of the major goals of many domesticated crop breeding
programs. Yield is a complex trait controlled by many physiological processes, such as
plant height (r = 0.59) and maturity (r = 0.48), and various genetic or environmental
factors [1–3]. A yield-related trait is characterized by having relatively low heritability,
given that yield is influenced to a greater extent by environmental factors, which renders
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many breeding efforts challenging [4,5]. Among the environmental factors that affect
soybean crops, drought is the primary abiotic stress that limits yield. Additionally, yield is
a complex quantitative trait that is influenced by other abiotic and biotic factors including
wilting, salinity, soil fertility, and soybean aphid and nematodes [6–9]. Abiotic stresses such
as drought and salinity create osmotic stress, reactive oxygen species (ROS), and oxidative
damage, decrease photosynthetic activities, create nutrient imbalance, and damage proteins
and DNA in plant cells, thus affecting the growth and productivity of crops [10–15].
Therefore, selected lines or cultivars with high yield performance in irrigated environments
can be further improved by the introgression of genes associated with high yield under
conditions of drought stress [4].

The genetic component of soybean yield has been investigated using molecular mark-
ers, and the results have assisted in the optimization breeding efforts [16,17]. Molecular
markers can be used to identify the locations of quantitative trait loci (QTLs) associated
with traits of interest and to introgress superior yield-related alleles into elite cultivars [18].
Selection for markers linked to high-yield QTLs should allow desirable individuals to be
identified in early generations, when replication and testing in multiple environments is
impossible [19]. Other issues in breeding programs for yield improvement include the
co-segregation of undesirable alleles closely linked to favorable alleles. Therefore, yield
improvement is limited due to linkage drag as well as pleiotropic effects in which two or
more traits are controlled by a single locus. Therefore, it is necessary to dissect the genomic
regions of yield-related QTLs to render breeding efforts more effective.

Several studies have been conducted to identify yield-related QTLs in soybeans.
In a study based on a ‘Noir’ and ‘Minsoy’ population, the restriction fragment length
polymorphism (RFLP) marker R79 on the U11 linkage group (LG) was associated with
seed yield (R2 = 13%) [3]. In other research, no major yield QTL was reported in the
recombinant inbred lines (RILs) developed from crosses between three cultivars adapted
to northern environments (i.e., ‘Minsoy’, ‘Archer’, and ‘Noir 1’). Yield-related QTLs were
identified on four chromosomes, 6, 17, 13, and 7 (LG-C2, D2, F, and M), with the highest
variation (R2 = 19%) attributable to a QTL near Satt150 on Chr 7 (LG-M) [20]. Unfortunately,
another study demonstrated that these high-yield alleles were not easily introduced to
different genotypes adapted to the southern United States due to possible epistasis and
poor adaptability to different environments [21]. In an ‘Essex’ × ‘Forrest’ RIL population,
yield QTLs were identified on three chromosomes, 4, 9, and 20 (LG-C1, K, and I), with the
highest variation (R2 = 10%) conditioned by a QTL near Satt337 on Chr 7 (LG-M) [5]. These
previous reports indicated that soybean yield QTLs are not located in the same genomic
region but are widely distributed across the genome.

Traditional breeding programs have focused on releasing high-yield cultivars by
crossing elite parental lines and have decreased genetic diversity among modern soybean
populations [22]. Transgressive segregation in yield was reported when crossing parents
with intraspecific and interspecific genetic diversity [23,24]. To the best of our knowl-
edge, soybean yield QTLs have never been investigated across different water availability
regimes. Plant introductions are potential sources for high-yield alleles under drought con-
ditions. The plant introduction PI 471938, maturity group V, was initially collected in Nepal
and was shown to have tolerance to drought (https://npgsweb.ars-grin.gov/gringlobal/
accessiondetail?id=1366874, last accessed 17 July 2021). We expected that this material
could increase genetic diversity and provide latent-yield alleles to the current elite soybean
germplasm. The objectives of this study were to identify soybean yield QTLs in both
irrigated and rain-fed environments and to compare any common QTLs from the different
water regime environments.

2. Materials and Methods
2.1. Phenotypic Evaluation

A total of 138 lines out of 160 F4-derived lines from a Glycine max (L.) Merr. ‘Hutche-
son’ × G. max PI 471938 population were selected for a phenotypic evaluation of drought

https://npgsweb.ars-grin.gov/gringlobal/accessiondetail?id=1366874
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tolerance. The evaluation of seed yield under different irrigation regimes was conducted
during 2000 and 2001 in Athens, GA; Marion, AR; Portageville, MO; Windblow, NC; and
West Memphis, AR. The experiment was conducted in a total of 14 locations consisting
of nine environments in 2000 (six irrigated and three rain-fed) and five environments in
2001 (three irrigated and two rain-fed). Four replicates of all locations were included in
2000, while two and three replicates for the irrigated and for the rain-fed environment were
included in 2001.

The irrigated plots were watered at 50 mm ha−1 w k−1 as needed via a lateral-move
irrigation system to allow optimum plant growth. Irrigation was begun at flower initiation
and terminated about 10 day before plant maturity, while rain-fed plots received natural
rainfall. Changes in rainfall collected in Athens, GA in years 2000 and 2001 are shown
along with other weather data such as evapotranspiration, vapor pressure deficit, and air
temperature in Supplementary Figure S1, Tables S1 and S2. In 2001 and 2002, a visual rating
of canopy wilting was scored for the three replicates in the rain-fed environment under
stressful conditions in Windblow, NC. A visual rating using a 1 to 5 scale was implemented
with symptoms scored between 0 (no wilting symptoms), 3 (half of the leaves with wilting),
and 5 (severely wilted or dead). The averaged visual ratings were used for the following
linkage analysis.

Seed yield (kg ha−1) was averaged over the two years. Since the two years had
unequal numbers of environments and replicates, we gave each year an equal weight in
the calculation of the overall mean. For example, for the rain-fed environments, seed yield
in 2000 (SY2000) was calculated as the average of four replicates (Equation (1)), while the
average of 2001 (SY2001) was calculated as the average of three replicates (Equation (2)):

SY2000 = rep1[(location1 + location2 + location3)/3] + rep2[(location1 + location2 + location3)/3]

+ rep3[(location1 + location2 + location3)/3] + rep4[(location1 + location2 + location3)/4]
(1)

SY2001 = rep1[(location1 + location2)/2] + rep2[(location1 + location2)/2] + rep3[(location1 + location2)/2] (2)

The two-year average seed yield was also calculated (Equation (3)):

Two-year average = [{(SY2000 × 3) + (SY2001 × 2)}/5] (3)

The parents were included in each test to adjust for field effects. The field experiment
was planted in three or four replicates (two replicates for irrigated plots in 2001) in a
randomized complete block design with four blocks of 40 lines each, and the data were
collected from two center rows in four-row plots with 5 m long rows and 0.76 m row
spacing, or from two rows after end-trimming to 3.66 m in two-row plots with 6.1 m long
rows and 0.76 m spacing, which allowed a border effect on the seed yield to be minimized.
Depending on the field size and use, the plot configuration was varied by location, and
yield testing was thus conducted in multiple years and locations.

2.2. SSR Marker Data Collection

DNA from each of the 160 F4-derived lines and the two parents was extracted from
the first trifoliate leaves of the plants grown in a greenhouse. The modified CTAB (hex-
adecyltrimethylammonium acid) procedure [25] was used to extract DNA. A total of
150 polymorphic simple sequence repeat (SSR) markers spanning the whole soybean
genome were used to identify yield-related QTLs. The PCR reactions were prepared based
on the protocol by Diwan and Cregan [26] with slight modifications. The primers were
labeled with the fluorescent dyes 6-FAM, NED, or HEX. The reactions were performed
in a dual 384-well or a 96-well GeneAmp PCR System 9700 (PE-ABI, Foster City, CA,
USA). A PCR sample for each lane of the gel was prepared with a loading mixture (2.0 µL
of deionized formamide, 2.0 µL of loading buffer, and 0.3 µL of Genescan Rox-500) and
1–2 µL of the PCR products. Once the loading sample was denatured at 95 ◦C for 5 min,
the sample was separated (~1.0 µL per lane with microsyringes) on a 4.8% (w/v) polyacry-
lamide gel with 12 cm plates and 1X TAE (Tris-Acetate EDTA) running buffer at 750 V for
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approximately 2 h in an ABI PRISM 377 DNA Sequencer (PE-ABI, Foster City, CA, USA).
The marker fragments were analyzed with GeneScan v. 2.1 and scored with Genotyper
v. 2.5 software (PE-ABI, Foster City, CA, USA).

2.3. Linkage Map and Statistical Analysis

DNA marker data were collected from 160 F4-derived lines and used to develop a
linkage map, constructed with the marker data using Gmendel [27]. All phenotypic data
were analyzed with an analysis of variance (ANOVA) using the PROC GLM in SAS [28].
Significant associations of the markers with seed yield under different water regimes were
tested with a single-factor ANOVA (SF-ANOVA) using PROC GLM in SAS (p ≤ 0.05). A
forward-selection multiple regression model was used to identify the independent markers
linked to QTLs within and across linkage groups. To evaluate epistatic interactions, two-
factor ANOVA was tested with significant markers at p < 0.05. Map Manager QTX was used
to confirm the results from the SF-ANOVA, linkage maps, interactions among markers,
and the most probable QTL positions [29]. The analysis tools initially followed the default
values with the Kosambi mapping function [30]. A 1000-permutation test in 1 cM steps was
conducted to establish the significance thresholds for the likelihood ratio statistic (LRS),
which was converted to LOD by multiplying by 0.217 of the QTLs generated by the interval
mapping, as described by Churchill and Doerge [31].

3. Results
3.1. Frequency Distribution of Seed Yield under Irrigated and Rain-Fed Conditions

The frequencies of seed yield among lines were normally distributed in the population
in both the irrigated and rain-fed environments (Figure 1). The ranges of seed yield
among the 160 F4-derived lines were 2674–3480 kg ha−1 in the irrigated environments and
1545–2016 kg ha−1 in the rain-fed environments, with means of 3079 ± 158 kg ha−1 and
1766 ± 108 kg ha−1, respectively. Compared to seed yield in rain-fed soil, the higher yield
in irrigated plots appeared to be due to insufficient water supply when the weather data in
Athens, GA were considered (Supplementary Tables S1 and S2). Significant transgressive
segregation for seed yield occurred in both the irrigated and rain-fed environments.

3.2. Genetic Map

A total of 405 SSR markers were tested for polymorphism between Hutcheson and
PI 471938, and 150 polymorphic SSR markers (37%) were mapped to 19 chromosomes with
an average genetic distance of 7.8 cM.

3.3. QTL Analysis for Yield and Wilting

Twenty SSR markers on nine chromosomes were significantly associated with soybean
yield in the irrigated environments (R2 = 4–8%; LOD 1.3–2.4). Twenty-seven markers
were associated with yield in the rain-fed environments (R2 = 4–17%; LOD 1.3–5.1). Eight
chromosomes (i.e., 1, 9, 11, 12, 13, 16, 17, and 18) had SSR markers associated with yield
in either the irrigated or rain-fed environments. The independent putative markers that
had additive effects on each chromosome are presented in Tables 1 and 2. Five QTLs were
identified in each of the irrigated and rain-fed environments. Two genomic regions (Satt226
on Chr 17 and Sat_375 on Chr 13) were associated with seed yield in both the irrigated
and rain-fed environments. An allele with a major effect was inherited from PI 471938
(Figures 2–4).
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Figure 1. Distribution of seed yield among lines from the nine irrigated (A) and five rain-fed (B) environments in the
Hutcheson × PI 471938 population.

Table 1. Single-factor analysis of variance representing the putative markers significantly associated
with seed yield from the irrigated environments (p ≤ 0.05).

Chr(LG) Marker 1 p-Value R2 (%)
Additive
Effect 2

Allelic Means (kg ha−1) 3

Hut/Hut Hut/PI PI/PI

17(D2) Satt226 0.0253 5 0.59 3037 3097 3104

13(F) Sat_375 0.0261 5 0.59 3044 3071 3124

13(F) Sat_074 0.0029 8 −0.72 3124 3077 3024

18(G) Satt217 0.0189 6 0.57 3044 3098 3124

9(K) Satt518 0.0479 4 0.57 3044 3098 3118
1 Independent markers with a distance > 50 cM from the neighboring markers significantly associated with seed
yield in the irrigated environments. 2 Allelic effect of substituting PI 471938. 3 Hut/Hut, homozygous allele from
Hutcheson; Hut/PI, heterozygous allele from Hutcheson and PI 471938; PI/PI, homozygous allele from PI 471938.
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Table 2. Single-factor analysis of variance representing the putative markers significantly associated
with seed yield from the rain-fed environments (p ≤ 0.05).

Chr(LG) Marker 1 p-Value R2 (%)
Additive
Effect 2

Allelic Means (kg ha−1) 3

Hut/Hut Hut/PI PI/PI

1(D1a) Satt507 0.0390 5 0.43 1801 1807 1854

2(D1b) Satt296 0.0143 6 −0.40 1868 1807 1814

17(D2) Satt226 0.0030 8 0.54 1794 1828 1868

13 (F) Sat_375 0.0000 16 0.69 1787 1807 1888

9 (K) Satt137 0.0132 6 0.41 1801 1814 1861
1 Independent markers with a distance > 50 cM from the neighboring markers significantly associated with seed
yield in the rain-fed environments. 2 Allelic effect of substituting PI 471938. 3 Hut/Hut, homozygous allele from
Hutcheson; Hut/PI, heterozygous allele from Hutcheson and PI 471938; PI/PI, homozygous allele from PI 471938.
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(Table 1 and Figure 2). An allele for increased seed yield was inherited from Hutcheson. 
The lines homozygous for the Hutcheson allele averaged 100 kg ha−1 higher yield than 
lines homozygous for the PI 471938 allele. The QTL that contributed most to seed yield in 
the rain-fed environments (RF-YLD QTL) was located about 3.0 cM from Sat_375 on Chr 
13 (Table 2 and Figure 3). The LOD score of this QTL was 5.5, and it accounted for 17% of 
the variation in seed yield in RF environments. The positive allele was inherited from the 
PI 416938 parent. The lines homozygous for the PI 471938 alleles had 101 kg ha−1 higher 
yield than that of the lines homozygous for the Hutcheson alleles. The additive, enhanced 
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Figure 3. Graphical comparison of the allelic compositions of ten high- and low-yield individuals at the yield QTLs on
Chr 13 in the rain-fed environments (RF-YLD QTL) and the maximum likelihood plot indicating the regions of RF-YLD
QTLs. The white, gray, and black segments indicate the homozygous PI 471938 alleles, the heterozygous alleles, and the
homozygous Hutcheson alleles, respectively.

In the irrigated environments, the most significant QTL (IR-YLD QTL; LOD score = 2.6),
was located near Sat_074 on Chr 13, and explained 8% of the variation in seed yield (Table 1
and Figure 2). An allele for increased seed yield was inherited from Hutcheson. The
lines homozygous for the Hutcheson allele averaged 100 kg ha−1 higher yield than lines
homozygous for the PI 471938 allele. The QTL that contributed most to seed yield in the
rain-fed environments (RF-YLD QTL) was located about 3.0 cM from Sat_375 on Chr 13
(Table 2 and Figure 3). The LOD score of this QTL was 5.5, and it accounted for 17% of
the variation in seed yield in RF environments. The positive allele was inherited from
the PI 416938 parent. The lines homozygous for the PI 471938 alleles had 101 kg ha−1

higher yield than that of the lines homozygous for the Hutcheson alleles. The additive,
enhanced yield effect of the PI 471938 alleles was evident at most loci, except for Sat_074
on Chr 13 and Satt296 on Chr 2 from the irrigated and rain-fed environments, respectively
(Tables 1 and 2).

Multiple regression analysis within each linkage group identified four IR-YLD QTLs
on Chr 13 and 18 from the irrigated environments (Table 3). Additionally, five RF-YLD
QTLs were identified on five chromosomes (1, 9, 13, 16, and 17) in the rain-fed environ-
ments (Table 3). Markers from the multiple regression analysis across the linkage groups
accounted for 22% and 34% of the yield variation in the irrigated and rain-fed environ-
ments, respectively. All favorable alleles for high seed yield in the rain-fed environments
were inherited from PI 471938.
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Figure 4. Maximum likelihood plot for Chr 17 (LG D2) indicating the genomic position of the IR-YLD
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environments, respectively.

Based on a single-factor ANOVA, five putative SSR markers were significantly associ-
ated with the visual rating of canopy wilting (p ≤ 0.05; Table 4). The contribution of the
markers to wilting ranged from 4 to 9% of the variation in canopy wilting. Most of the
positive alleles for low wilting were inherited from PI 471938 at the markers on Chrs 1, 4,
13, and 17, while one marker on Chr 9 (Sat_087) possessed a positive allele from Hutcheson.
Three SSR markers (Satt507, Sat_365, and Sat_375 on Chrs 1, 17, and 13, respectively) were
mapped to the same QTL for high yield under the rain-fed conditions, and the source of
the favorable alleles was also PI 471938.
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Table 3. Multiple regression analysis within and among linkage groups for DNA markers associated with seed yield in the
irrigated and rain-fed environments.

Environment Marker Chr (LG)
SF Analysis R2 (%) from Multiple Regression 1

Positive
AlleleR2 (%) p Value Within Chr Among Chrs

Irrigated

Sat_375 13 (F) 5 0.0261 4 3 PI 471938
Sat_074 13 (F) 8 0.0029 9 8 Hutcheson
Satt217 18 (G) 6 0.0189 7 5 PI 471938
Sat_094 18 (G) 7 0.0110 5 6 Hutcheson

Rain-fed

Satt507 1 (D1a) 5 0.0390 5 6 PI 471938
Satt226 17 (D2) 8 0.0030 8 3 PI 471938
Sat_375 13 (F) 16 0.0000 14 15 PI 471938
Satt244 16 (J) 6 0.0130 4 6 PI 471938
Satt137 9 (K) 6 0.0132 7 4 PI 471938

1 Only significant markers (p ≤ 0.05) from the SF analysis were included in the multiple regression analysis to detect the markers with the
greatest contributions. The multiple regression analysis among Chrs included the markers based on the SF analysis (from Chrs having only
one significant marker) plus the markers retained through the multiple regression analysis within Chrs (having ≥2 significant markers).

Table 4. Single-factor analysis of variance representing the independent markers significantly associ-
ated with canopy wilting during drought stress (p ≤ 0.05).

Chr (LG) Marker 1 p-Value R2 (%)
Allelic Means 2

Hut/Hut Hut/PI PI/PI

visual rating (0 = no stress, 5 = dead)
4 (C1) Satt194 0.0211 6 2.4 2.3 2.3

1 (D1a) Satt507 0.0274 5 2.4 2.3 2.2
17 (D2) Sat_365 0.0346 5 2.4 2.2 2.3
13 (F) Sat_375 0.0459 4 2.4 2.3 2.2
9 (K) Sat_087 0.0019 9 2.2 2.3 2.4

1 Independent markers with a distance > 50 cM from the neighboring markers significantly associated with
the canopy wilting rate in the stress environment. 2 Hut/Hut, homozygous allele from Hutcheson; Hut/PI,
heterozygous allele from Hutcheson and PI 471938; PI/PI, homozygous allele from PI 471938.

4. Discussion

One way to increase the amount of genetic diversity and variation in traits such as
seed yield is to introduce genes into existing elite lines from either exotic germplasms
or wild relatives [24,32,33]. Rather than using parents from relatively closely related
gene pools, crosses between an elite line and an exotic line can increase the possibility
of recombined genes of interest [21,23]. With such approaches, many breeding programs
have improved tolerance to abiotic stresses such as drought. Based on the results of
the SF-ANOVA from among the 10 putative IR-YLD and RF-YLD QTLs, 6 QTLs had
positive alleles that were inherited from PI 471938, while 2 QTLs linked to the respec-
tive Sat_074 on Chr 13 and Satt296 on Chr 2 had Hutcheson alleles (Tables 1 and 2).
These results hold promise for increasing both genetic variation and yield among soybean
lines. Eventually, the PI 471938 alleles at the yield-related QTLs were introgressed into
some cultivars with drought tolerance, such as N98-7182, -7261, -7265, -7265, 7275, -7288,
7289 (https://soybase.org/uniformtrial/index.php?page=lines&filter=PI+471938, last ac-
cessed 22 July 2020). Moreover, the results of this study demonstrated that the favorable
alleles at RF-YLD QTLs can be used to improve soybean yield even under drought stress
conditions, while many superior alleles at yield-related QTLs were environment-specific.
In addition, the Hutcheson allele at Satt296 on Chr 2 and the PI 471938 alleles on the other
RF-YLD QTLs identified in this study can be used to maintain the high soybean yield of
current cultivars across multiple drought regimes [34].

Using the mapping population, a high-quality genetic map was developed to show
that the order of the DNA markers was in close agreement with that of the soybean
reference genetic map proposed by Cregan et al. [35]. A comparison of the genomic regions

https://soybase.org/uniformtrial/index.php?page=lines&filter=PI+471938
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of the soybean yield-related QTLs in this study with those of previous reports showed that
the yield-related QTLs from the current study are co-located in genomic regions that were
previously identified in different populations. We found that Sat_074, which accounted for
8% of the yield variation in the irrigated environments, and Sat_375, which accounted for
16% of the yield variation in the rain-fed environments, had alleles from either Hutcheson
or PI 471938, respectively, and contributed most to seed yield. Yield-related QTLs have
been found to be closely linked to Satt144 and Sat_074 with variation of 13% and 2.4% in the
Noir 1 × Archer and Minsoy × Noir 1 populations, respectively [20,36]. The SSR marker
Satt144 was located between Sat_375 and Satt554 (23.9 cM), although it was monomorphic
in our study (Figures 2 and 3). However, these markers were grouped near the bottom of
Chr 13 on the soybean genetic linkage map of Cregan et al. [35].

Another yield-related QTL was reported on Chr 17 in northern elite cultivars, and was
flanked by Satt002 [20]. In our Hutcheson × PI 471938 population, the SSR marker Satt397
near Satt002 was statistically associated with seed yield under both irrigated and rain-fed
conditions (Figure 4). The different genomic locations of QTLs known to be associated
with seed yield could be due to the different genetic backgrounds of the populations
(i.e., northern vs. southern germplasm). Parents with high parentage coefficients in a
population might have the same allele or alleles with similar phenotypic effects at a given
QTL. Additionally, different sets of DNA markers used in different studies can lead to the
identification of different markers flanking yield-related QTLs. For example, Satt002 did
not exhibit polymorphism between Hutcheson and PI 471938 parents, and many markers
around Satt277 on Chr 6 in the Noir 1 × Archer population were monomorphic in the
Hutcheson × PI 471938 population. The Chr 18 and Chr 9 regions where IR-YLD and RF-
YLD QTLs were identified are known to have seed weight-related QTLs, which probably
affected seed yield [20,36].

In this study, interactions between Satt395 on Chr 13 and Satt546 on Chr 2 in the
irrigated environment as well as between Satt298 on Chr 11 and Sat_365 on Chr 17 and be-
tween Sat_375 on Chr 13 and Sat_362 on Chr 17 in the rain-fed environment were detected
(Table 5). Under irrigated conditions, individuals showed higher yield when they were
homozygous for Hutcheson alleles at Satt395 (mean of 3138 kg ha−1) or homozygous for PI
471938 alleles at Satt546 (mean of 3097 kg ha−1) compared with the progeny homozygous
for PI 471938 (mean of 3044 kg ha−1) or Hutcheson alleles (mean of 3057 kg ha−1), respec-
tively. However, the highest yield (3158 kg ha−1), was in the individuals homozygous
for Hutcheson and PI 471938 alleles at the Satt395 and Satt546 loci, respectively (Table 5).
In the rain-fed environment, the additive effect of the PI 471938 alleles was commonly
demonstrated for the marker loci exhibiting an interaction, but the highest average yield
was found in the individuals homozygous for PI 471938 alleles at Satt298 and Sat_365
or Sat_375 and Sat_362. In addition, the highest yield was found in individuals with
homozygous alleles at both loci (Table 5). A previous study reported that the interactions
between yield QTLs in soybeans were environment- or allele-specific [37]. In the northern
germplasm Noir 1 × Archer population, only a Noir allele from an exotic parent on B172_2
was significantly associated with seed yield when it interacted with an allele from an elite
Archer parent on a yield-related QTL Chr 6 linked to Satt277. The seed-yield-related QTL
Satt507, which was on Chr 1 under rain-fed conditions, interacted with Satt561 on Chr 19
in the Minsoy × Archer population, and yield was increased by 63% by the presence of the
Archer allele associated with Satt507 on Chr 1 [37].

The top 10 yielding lines grown under irrigated conditions commonly had Hutch-
eson alleles between Satt395 and Sat_074 on Chr 13. The 10 lowest yielding lines were
commonly homozygous for PI 471938 alleles at Sat_074 and homozygous for Hutcheson
alleles at Sat_375, shown in a secondary peak at the IR-YLD QTL position (Figure 2). These
results indicate that a breeding strategy aimed to increase seed yield needs to introgress
homozygous Hutcheson alleles at Sat_074 and homozygous PI 471938 alleles at the Sat_375
locus on Chr 13. The mean difference in seed yield of the 10 lines in each group was 535 kg
ha−1, which was possibly due to allelic differences at those loci. A similar contrast in allelic
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composition was also found around the important RF-YLD QTLs near Sat_375 between
the top- and low-yielding lines under rain-fed conditions. All high-yielding lines under
rain-fed conditions were homozygous for PI 471938 alleles at Sct_188 and Sat_375, while
all low-yielding lines under drought conditions were homozygous for Hutcheson alleles
at those loci (Figure 3). These comparative results of high- and low-yielding individuals
indirectly confirm the existence of yield-related alleles flanked by those QTLs. Therefore,
the high-yielding lines identified in the irrigated environments can be crossed with the
high-yielding lines identified from the rain-fed environments to develop lines or cultivars
with favorable alleles at the IR-YLD and RF-YLD QTLs. Based on these results, the recombi-
nation of the superior alleles at these QTLs may enhance breeding efforts to produce more
drought-tolerant soybean cultivars in the near future. Like the reduction in seed size and
weight, seed composition was affected by drought stress [38], which requires further study
for those cultivars with positive alleles ensuring higher yield under drought conditions to
investigate any modification of nutritional value.

Table 5. Mean yield of four genotypic groups from the interacting marker pairs in the irrigated
(Satt546 and Satt395) and rain-fed environments (Sat_365 and Satt298, Sat_362 and Sat_375). Bold
values represent the highest yield of the genotypic class for the interacting markers.

Satt546 (Chr 2)
Satt395 (Chr 13)

Mean
Hut/Hut 1 PI/PI 1

kg ha−1

Hut/Hut 3118 2963 3057
PI/PI 3158 3064 3097
Mean 3138 3044

Sat_365 (Chr 17)
Satt298 (Chr 11)

Mean
Hut/Hut PI/PI

Hut/Hut 1747 1801 1794
PI/PI 1841 1868 1861
Mean 1794 1848

Sat_365 (Chr 17)
Sat_375 (Chr 13)

Mean
Hut/Hut PI/PI

Hut/Hut 1760 1875 1794
PI/PI 1774 1901 1854
Mean 1794 1888

1 Hut/Hut, homozygous allele from Hutcheson; PI 471938; PI/PI, homozygous allele from PI 471938.

5. Conclusions

The identification of yield-related QTLs under different water regimes indicated that
only two SSR markers, Satt226 on Chr 17 and Sat_375 on Chr 13, were commonly detected,
indicating that the mechanisms of drought tolerance may be controlled by a gene cluster or
by multiple specific genes for a particular drought avoidance or tolerance strategy. Clearly,
the different QTLs identified under different water conditions reflected that the effects
of the yield-related alleles were environment-specific. As expected, there were different
QTLs under different drought conditions. Thus, the efficient development of soybean
cultivars with improved yield under drought stress is possible when high-yielding QTLs
are identified under drought-imposed conditions.

The SF-ANOVA of canopy wilting during drought stress revealed that three out of
five significant SSR markers associated with low wilting were located in the same genomic
regions as those markers linked to the RF-YLD QTLs. This implies that high yield under
drought stress is probably controlled by the same genes as drought tolerance, such as those
that reduce water loss, maintain water uptake, or control osmotic adjustments. Additionally,
the favorable alleles of the three QTLs for low wilting were inherited from PI 471938, the
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parent providing alleles for the RF-YLD QTL. This indicated that high-yield-related alleles
in the rain-fed environments were associated with as those alleles for drought tolerance.

High-throughput DNA marker strategies are becoming increasingly useful for MAS
in breeding programs. The information we obtained can be used to improve soybean
yields using MAS or for map-based cloning approaches if the location of the QTLs can be
mapped with high resolution. An alternative approach would be to use a large number of
expressed sequence tags for the selection of candidate genes. Based on the marker data we
collected, we can produce near-isogenic lines, which would enable to confirm the location
of high-yield QTLs as well as the degree to which the QTLs may affect soybean yield.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agronomy11112207/s1, Supplementary Figure S1. Changes in total rain (mm), evapotran-
spiration (mm), average vapor pressure deficit (kPa), and average air temperature in Athens, Georgia,
USA in years 2000 (A) and 2001 (B), Table S1. Changes in weather data collected in Athens, Georgia
in year 2000, Table S2. Changes in weather data collected in Athens, Georgia in year 2001.
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