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Abstract: Soybean (Glycine max (L.) Merr.) is an important nutritional crop, not only as a rich source
of protein and oil, but also for the production of isoflavones. There is a demand to breed soybean
cultivars bearing consistently high protein, oil and isoflavone yields, yet this requires a clear heritable
genetic relationship among isoflavone, protein and oil production. Here, two soybean genotypes
contrasting in terms of protein, oil and isoflavone contents and their 185 Fg.79 recombinant inbred
lines (RILs) were employed to characterize seed protein, oil and isoflavone contents over two years of
field trials. In this population, protein, but not oil, was significantly correlated with isoflavone content.
A high-density genetic linkage map containing 3943 SNP markers identified through genotyping-
by-sequencing (GBS) technology was constructed for further genetic analysis, whereby a total of
25 integrated isoflavone loci were identified, including gISO1, gISO 6.1, gISO 6.3 and gISO 6.4, which
are newly identified QTLs. Two major QTLs identified in this study, gISO5 and qISO6.2, were fine-
mapped for production of daidzein and genistein derivatives, as well as for glycitein derivatives, in
the sequences between nucleotide positions 41042159 and 42098680 on chromosome 5 and between
18449510 and 19395795 on chromosome 6, which, respectively, explain 9.3-20.4% and 7.8-24.8% of the
phenotypic variation in these traits. Further combination of gISO5 and gqISO6.2 resulted in additive
impacts on isoflavone production. Among the 13 QTLs linked with seed protein content in this study,
three also colocated with QTLs for isoflavone content, indicating that seed isoflavone and protein
content may be coordinately inherited. These results contribute to understanding the relationships
between isoflavone and protein or oil content in soybean seeds. This knowledge could be valuable
for soybean breeding programs aiming to combine consistently high isoflavone production with high
protein or oil content.
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1. Introduction

Soybean (Glycine max L. Merr.) is a nutritional crop yielding seeds rich in protein and
oil which, in 2020, accounted for about 70% of the protein meals and 28% of the vegetable oil
consumed by humans and livestock [1,2]. In recent years, with increasing demands for food
and feed, the planting area and production of soybean have increased dramatically. In 2020,
soybean was planted in over 127 million hectares of land, primarily in Brazil, the United
States, Argentina and China (data from FAO), while global soybean production reached
399 million metric tons [1]. This makes soybean the fourth most widely cultivated crop
globally based on planting area and production, after wheat, maize and rice. Therefore, the
release of elite soybean cultivars rich in protein and/or oil will remain a critically relevant
target for soybean breeders globally for the foreseeable future.
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Along with protein and oil, soybean is also capable of producing significant quantities
of isoflavones, compounds useful in soybean adaptions to diverse environments [3-5] as
well as in the maintenance of human health and well-being. For example, recent studies
have shown that isoflavones may reduce the risk of cancer [6,7] and help prevent the
onset of a number of chronic diseases [8,9]. Therefore, there are practical and pressing
demands to breed soybean cultivars rich in isoflavones that are capable of producing
high protein or oil content to meet the different needs of consumers. Although soybean
seeds may contain high concentrations of isoflavones, wide ranging variation in this trait
exists among soybean germplasms. For example, it was found that variation in isoflavone
concentrations among 1168 soybean varieties ranged from approximately 700 pug-g~! to
5000 ug-g ! [10], while other studies have also discovered relatively high heritability in
isoflavone concentrations among soybean varieties [11,12]. On the whole, previous results
suggest that efforts to breed or genetically engineer soybean varieties that consistently
produce high concentrations of isoflavones have a reasonable chance of success.

Due to the fact that isoflavones are synthesized through an amino acid (phenyl-
propanoid) pathway [13], potential relationships between the production of isoflavones
and proteins or oils have been investigated, though released reports have generated un-
certainty through significant disagreements in results. One group of researchers found
that isoflavone synthesis is negatively correlated with protein production and positively
correlated with oil content [14]. Others found that isoflavone contents were negatively
correlated with protein levels and not significantly correlated with oil production [15,16].
In other work, decreases in protein content were associated with increases in isoflavone
production in LOX near isogenic lines of soybean [17], which suggests that isoflavone and
protein synthesis pathways might share common genes or that these pathways include
genes with pleiotropic impacts. In short, all previous reports have consistently found
correlations between protein and isoflavone production and unclear associations between
isoflavone and oil synthesis, though the genetic components of protein, oil and isoflavone
production that might be involved remain yet to be determined.

Quantitative trait localization is a method for studying the genetic basis of quantitative
traits using a linkage map constructed of molecular markers that is widely applied in
studies of cereal crops, such as rice [18,19], maize [20,21] and wheat [22,23], as well as
legumes [24,25]. Isoflavone, protein and oil content are complex quantitative traits that
are expected to be controlled by multiple loci exhibiting highly flexible responses to en-
vironmental conditions [14,16,26]. Previous studies have exerted tremendous efforts to
locate markers for protein and oil production. To date, 238 QTLs associated with protein
synthesis and 305 QTLs associated with oil production have been detected in soybean
through experimentation on contrasting bi-parental populations [27]. The first report of
soybean QTLs being associated with protein and oil content was published in 1992 [28],
while efforts to confirm and identify more loci involved in protein or oil production have
continued through to the recent report of the cloning of an important protein production
QTL, cqSeed protein-003, from chromosome 20 [29,30].

Studies aiming to locate genetic regions of soybean involved in isoflavone production
have commenced later than those investigating proteins and oils yet have still produced
informative results. The first QTLs associated with isoflavone synthesis were originally
reported in 1999 [31], and, up to the present, 87 QTLs associated with isoflavone production
have been detected in bi-parental populations of soybean [27]. A number of major and
stable QTLs associated with isoflavone production have been identified and verified in
different soybean populations [15,32-36], while several candidate isoflavone pathway genes
have also been characterized [32,33].

Despite this abundance of relevant results, few studies have investigated the potential
genetic colocalization of protein or oil production markers with isoflavone synthesis mark-
ers. Several protein and isoflavone synthesis markers have been colocalized, though the
common fragment was not given [15]. Other researchers have located protein and oil mark-
ers, along with those for isoflavone production, but colocation was not detected, likely due



Agriculture 2022, 12,1178

3 0f24

to the low-density linkage map employed [16]. In the current study, we aimed to analyze
the genetic basis of isoflavone, protein and oil production in soybean using a high-density
genetic linkage map composed of 3943 SNP markers identified using genotyping-by-
sequencing (GBS) technology on 185 F8:10 RILs. The colocalization of isoflavone markers
with protein or oil markers is likely to be identified at this density of markers, and verifica-
tion of colocalized markers may be useful for breeding elite soybean varieties rich in both
isoflavones and proteins or oils.

2. Materials and Methods
2.1. Plant Materials and Growth Conditions

In this study, the cultivated soybean variety JD12 (ZDD23040), which produces rel-
atively low amounts of isoflavones and proteins, was crossed with the wild soybean
accession Y9 (2YD02739), which produces isoflavones and proteins in relative abundance,
to construct a contrasting population comprised of 185 F8-derived recombinant inbred
lines (RILs) using the single seed descent (SSD) method. The parents and population were
planted in a randomized complete block design (RCBD), with three replications in 2020 and
2021 at the Dishang Experiment Farm (114.48° E, 38.03° N) of the Institute of Cereal and
Oil Crops, Hebei Academy of Agricultural and Forestry Sciences, Shijiazhuang City, China.
The soil of the site is a Fluventic Ustochrept type of soil. The average temperature in the
soybean growing season is traditionally about 22 degrees, and the average rainfall is about
500 mL. The physical and chemical properties of the surface 25 cm of soil are as follows:
pH is 8.3; organic matter is 19.9 g-kg~!; available N, P (Olsen-P) and K are 109.2 mg-kg~*,
21.6 mg-kg~! and 193.4 mg-kg !, respectively. Randomized complete block designs were
employed in these field trials. Parental genotypes were planted in six replications and
RILs in three replications. Each plot contained three 2 m-long rows spaced 0.5 m apart.
Six plants were grown in each row. Seeds were harvested upon maturity from each plot
and dried at ambient temperatures for later isoflavone, protein and oil determinations.

2.2. Isoflavone Extraction and Quantification

About 10 g of dried soybean seeds from each plot were selected and inspected to
ensure that they were pest-free and disease-free. Then, they were ground by a cyclone
mill (CT 293 Cyclotec™, FOSS, Shanghai agency, Denmark) and sifted through 80 mesh
filters. Isoflavones were extracted using previously described methods [37], with slight
modifications. Subsequently, 20 mg (+0.01 mg) of soybean powder was dissolved in 1 mL
70% (v/v) ethanol and 0.1% (v/v) acetic acid in a 1.5 mL plastic tube. The mixture was
shaken on an incubated shaker (INNOVA 42, Eppendorf, Shanghai agency, Germany)
at 28 °C and 200 rpm for 12 h. Mixture tubes were then centrifuged at 12,000x g rpm
for 10 min, with the supernatants (0.7 mL) being filtered through 0.45 um nylon syringe
filters JINTENG, Tianjin, China). Filtered samples were refrigerated at 4 °C prior to
isoflavone analysis.

High-performance liquid chromatography (HPLC) was used to identify and quantify
isoflavones according to published methods [37]. Chromatography was run on an Agilent
1260 HPLC system (Agilent, Santa Clara, CA, USA), with a 20uL injection volume run
through at a solvent rate of 1.0 mL-min~! using a 70 min linear gradient of 13-35% ace-
tonitrile (v/v) held at 35 °C. The column utilized was a YMC-Pack ODS-AM-303 column
(250 mm x 4.6 mm I.D., 5-5 um, 120A, YMC Co. Kyoto, Japan), with the mobile phases
A and B consisting of 0.1% acetic acid in distilled water and acetonitrile, respectively.
Isoflavones were detected by UV absorption at 260 nm.

Twelve isoflavone standards were provided by Dr. Zhang (Chinese Academy of
Agricultural Sciences). These isoflavones included daidzein (DE), daidzin (D), malonyl-
daidzin (MD), acetyldaidzin (AD), genistein (GE), genistin (G), malonylgenistin (MG),
acetylgenistin (AG), glycitein (GLE), glycitin (GL), malonylglycitin (MGL) and acetylglyc-
itin (AGL). Isoflavones were classified according to the aglycones they contained [10], as
follows: daidzein derivatives (Ds) were defined as the sum of De, D, MD and AD; genistein
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derivatives (Gs) were defined as the sum of GE, G, MG and AG; glycitein derivatives
(GLs) was defined as the sum of GLE, GL, MGL and AGL; while total isoflavone (TIF) was
defined as the sum of all individual isoflavone contents. The concentration of isoflavones
was determined according to the return time and peak area. Peak area data were extracted
in the R software package shiny_ HPLC v1.0 [38].

2.3. Protein and Oil Determination

Protein and oil content were measured with a near-infrared spectrometer (NIS) using
a constructed model [39]. About 10 g of disease-free dry mature soybean seeds were
placed in a measuring cup and then scanned with an NIS Analyzer (MATRIX-I, BRUKER,
Shanghai Agency, Germany) [40]. Reflection spectrum information was computationally
converted into log values for storage. These data were then analyzed in WINISI 1.02
software (InfraSoft International LLC, State College, PA, USA) [41], which finally outputted
the protein and oil contents of soybean seeds.

2.4. Genotyping by Sequencing and SNP Calling

DNA was isolated from soybean seedling leaf tissue using the cetyl trimethylam-
monium bromide (CTAB) method [42]. Collected DNA samples were randomly cut into
lengths of about 350 bp using a Covaris crusher. The library was constructed using a
TruSeq Library Construction Kit (Novogene, Beijing, China) and was sequenced on an Illu-
mina HiSeq platform. Sequencing data were compared with the reference genome (G. max
Wm82.a2) using BWA software [43], with the following parameters: mem -t 4 -k 32 -M.
Format conversion and SNP detections were conducted using the software SAMtools [44],
with the minimum SNP length set to 4 bp and the minimum quality value (MQ) set to 20.

2.5. Map Construction and QTL Detection

To improve the quality of the constructed maps, SNP data were analyzed in chi-square
tests, with a p-value threshold set at 0.05 for including SNPs in further steps. Redundant
markers were then removed using the bin function in the software QTL IciMapping 4.1
run with default parameters [45]. A genetic map was constructed in MSTmap (Linux
version) [46]. The parameters utilized were as follows: cut-off p-value was set to 10~2,
on-map-dist was set to 15, no-map-size was set to 2, estimation-before-clustering was set
to yes, other values were default values. To detect QTLs associated with protein, oil and
isoflavone content, MapQTL6.0 [47] with the multiple model (MQM) method and QTL
Cartographer V2.5_011 [48] with the CIM method was run. The logarithm of odds (LOD)
threshold was set to 2.5 to verify the presence of QTLs.

2.6. QTL Integration

Colocalized segments of isoflavone and protein or oil production identified in this
study were compared with previously published QTLs associated with the same traits. A
composite genetic map was constructed with all downloaded QTLs, all molecular markers
present on the consensus genetic map and all coordinates for the consensus map markers
using the G. max Wm82.a2 genome version present on the soybase website [27]. Significant
QTLs associated with target traits and nearby markers on colocated segments were assessed
for physical distances separating relevant features. Genetic and consensus maps were
constructed in MapChart 2.32 software [49].

2.7. Statistical Analysis

A total of 14 traits were analyzed, including 12 isoflavone traits, along with protein
and oil traits. Due to minimal detection of DE, GE, GLE and AG in the observed population,
these compounds were excluded from further analysis. The significance of parents was
analyzed using the Student’s t-test in the base R package [50]. Population genetic variation
was analyzed using the R package psych [51]. Broad-sense heritability (1?;) was calculated
using the R package Ime4 [52] according to the formula: W2, = VG/(VG + VE), where VG is
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the variance between RILs and VE is the variance within RILs. Correlation analysis was
performed using the R package PerformanceAnalytics [53].

3. Results
3.1. Comparison of Isoflavone, Protein and Oil Contents among Parents

The parents used in this study included the representative soybean cultivar JD12
(ZDD23040) and the wild soybean accession Y9 (ZYD02739). There were significant differ-
ences between the two parental genotypes with respect to seed traits, such as seed size and
seed color (Figure 1A), and, more importantly, significant variation existed in the contents
of isoflavones, proteins and oils (Figure 1). The wild soybean parent, Y9, had much higher
total isoflavone and protein contents, but lower oil content than the cultivated parent, JD12
(Figure 1). This suggests that the genetics are more favorable for isoflavone and protein
production in Y9, while the genetics of JD12 are more favorable for o0il synthesis. Cate-
gorizing the aglycones in isoflavones into three groups allowed for separately analyzing
Ds, Gs and GLs in the two parents. Here, we found that content of Ds, Gs and GLs was
significantly higher in Y9 than in JD12, as indicated by the respective 169%, 161% and 119%
greater concentrations in Y9 than in JD12 (Figure 1D-F).
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Figure 1. Comparison of quality and isoflavone traits between JD12 and Y9. (A) Photo of JD12 and
YO seeds. (B) Protein content. (C) Oil content. (D) Content of daidzein isoflavone derivatives (Ds).
(E) Content of genistein isoflavone derivatives (Gs). (F) Content of glycitein isoflavone derivatives
(GLs). (G) Total isoflavone content (TIF). Bars represent means + SDs from six replications. Asterisks
indicate the significance of differences between JD12 and ]9 as determined by the Student’s ¢-test at a
0.001 (***) significance level.

3.2. Genetic and Phenotypic Variation within the RIL Population

To further study the genetic basis of isoflavone production in soybean seeds, a total
of 12 isoflavone traits, as well as protein and oil contents, were evaluated over two years
of seed harvests in field trials of JD12 and Y9 and 185 of their Fs.;9 progeny recombinant
inbred lines (RILs). Aglycones of DE, GE, GLE and the acetylglycoside of AG were not
detected in this study, in accordance with previous results [10]. Beyond that, great genetic
variation was detected among the parents and RILs in the contents of the other isoflavones,
as well as in both protein and oil contents (Table 1). Due to the small differences in protein
content between parents (43.9% and 52.1% for JD12 and Y9, respectively), the average CV of
protein content was small (6.58% in 2020 and 7.37% in 2021). However, the average CVs of
isoflavone, oil and protein contents over the two years of observation were 34.44%, 13.12%
and 6.90%, respectively, which shows a greater genetic variation in isoflavone production
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than in protein or oil production. Extensive transgressive heritability among the 185 RILs
was observed for each of the observed traits, except oil. Population mean values for most
traits fell between parent values, while maximum and minimum values lay beyond parental
bounds, suggesting that both parents might contribute to phenotypic variation (Table 1).
According to kurtosis and skew values present in trait histograms, detected isoflavones,
proteins and oils all followed continuous distributions in content throughout the population,
indicating that these traits are inherited as multiple loci (Table 1 and Figure 1). In addition,
the broad sense heritability of the observed traits ranged from 0.72 to 0.87 over the two
years of trials (Table 1), indicating that phenotypic variation mainly arose from genetic
variation rather than environmental variation. Therefore, locating trait loci was feasible.
The heritability of protein and oil content were 0.81 and 0.87, respectively, which were
higher than isoflavone heritability, implying that isoflavone production is more sensitive to
environmental fluctuations than protein or oil synthesis.

Table 1. Phenotypic variation and genetic analysis of isoflavone and quality traits using 185 soybean
recombinant inbred lines (RILs).

Traits Year Parents RILs
JD12 Y9 Min Max Mean SD CV% Skew Kurt h?,
D 2020 157.71 392.23 10.95 635.36 273.69 119.81 43.78 0.24 —0.52 0.75
2021 106.95 417.70 7.85 514.92 229.13 105.01 45.83 0.30 —0.28
MD 2020 718.08 1783.34 72.74 2590.86  1164.66 493.15 42.34 0.19 —0.62 0.72
2021 699.90 2095.33 95.55 2385.68  1254.32 414.19 33.02 0.21 —0.08
AD 2020 45.24 114.64 3.01 174.77 83.66 34.18 40.86 0.09 —0.66 0.83
2021 117.48 166.65 1.27 238.03 128.94 42.37 32.86 —0.47 0.21
Ds 2020 921.03 2290.21 118.59 3367.06  1522.02 638.15 41.93 0.20 —0.63 0.75
2021 924.33 2679.69 268.91 3080.17  1612.38 533.34 33.08 0.25 —0.20
G 2020 109.83 448.79 14.18 580.52 257.63 112.81 43.79 0.19 —0.44 0.85
2021 264.09 685.19 12.05 685.19 347.84 129.23 37.15 —0.01 —0.21
MG 2020 900.45 2171.38 189.81 2839.65  1406.51 545.48 38.78 0.10 —0.58 0.81
2021 1125.64  2963.02 59.46 2976.68  1506.45 544.94 36.17 0.27 0.03
Gs 2020 1010.28  2620.16 203.99 3420.17 1664.14 655.79 39.41 0.12 —0.56 0.82
2021 1389.73  3648.21 99.98 3648.21  1854.29 664.46 35.83 0.21 —0.03
GL 2020 50.53 109.08 4.71 127.87 64.23 19.72 30.71 —0.09 0.84 0.85
2021 62.44 136.68 11.04 136.81 84.05 24.89 29.61 —0.23 —0.36
MGL 2020 299.58 590.92 147.61 594.40 348.87 86.56 24.81 0.30 —0.09 0.80
2021 229.44 672.04 175.66 696.02 349.30 86.97 24.90 0.85 1.53
AGL 2020 6.71 9.74 0.99 47.99 18.89 12.06 63.86 0.59 —0.96 0.77
2021 53.09 22.82 0.97 86.80 46.00 19.08 41.49 —-0.23 —0.79
GLs 2020 356.82 709.73 169.19 713.56 431.99 106.32 24.61 0.14 —0.12 0.84
2021 344.97 831.54 255.58 849.78 479.34 108.07 22.54 0.53 0.58
TIF 2020 2288.13  5620.11 498.75 7028.18 3618.14 1357.62 37.52 0.15 —0.60 0.81
2021 2659.03 7159.43 138342 7397.73  3946.01 1237.25 31.35 0.37 —0.08
PC 2020 42.26 50.55 37.47 54.53 46.45 3.35 7.22 —0.07 —0.45 0.86
2021 45.65 53.62 41.30 56.95 47.23 3.11 6.58 0.30 —0.26
oC 2020 18.81 9.64 9.64 21.04 15.46 2.12 13.74 0.11 —0.25 0.87
2021 19.16 8.24 8.24 21.02 16.01 2.00 12.51 —0.38 0.78

RILs: recombinant inbred lines. The traits observed are concentrations of 12 isoflavones, proteins and oils: D
(daidzin, ug/g), MD (malonyldaidzin, ug/g), AD (acetyldaidzin, ug/g), Ds (sum of daidzein derivatives, ug/g),
G (genistin, ug/g), MG (malonylgenistin, p1g/g), Gs (sum of genistein derivatives, ng/g), GL (glycitin, nug/g),
MGL (malonylglycitin), AGL (acetylglycitin, pug/g), GLs (sum of glycitein derivatives, ug/g), TIF (total isoflavone,
ug/g), PC (protein content, %), OC (oil content, %).

3.3. Correlation Analysis of Isoflavone, Protein and Oil Contents in Soybean Seeds

To study potential relationships between the observed traits, a correlation analysis
was performed using the data from two years, with the correlation coefficients, histograms
and scatter diagrams for isoflavone, protein and oil content summarized in Figure 2. There
was a consistent negative correlation between protein and oil content (r = —0.79 ***), and
a positive correlation of TIF with Ds, Gs, and GLs in soybean seeds harvested over two
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years of trials (Figure 2). Total isoflavone content was highly correlated with content
of Ds (r = 0.96 ***) and Gs (r = 0.98 ***), which is consistent with additionally observed
correlations of TIF with D, MD, G and MG (Figure S3). Meanwhile, TIF had a relatively low
correlation with GLs (r = 0.79 ***), indicating that Ds and Gs are likely the main contributors
to soybean TIF (Figure 2). Isoflavones were significantly correlated with both protein
and oil content, as reflected in a negative correlation between TIF and protein content
(r = —0.36 ***), along with a weak positive correlation between TIF and oil (r = 0.067 *)
(Figure 2). Similar results were observed when results from 2020 and 2021 were analyzed
separately, with annual TIF content having respective correlations with protein content
of —0.42 *** and —0.34 ***, and respective correlations with oil content of 0.09 * and 0.005
(Figures S1 and S2). These results suggest that isoflavone and protein traits might be
coordinately inherited, while oil production appears to occur more independently.

0 1000 2000 3000 2000 4000 6000 8000 8 10 12 14 16 18 20 22
L 1 1 1 1 1 1 1 Lo L1
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Figure 2. Correlation analysis of isoflavone, protein and oil content. Histograms of trait distributions
are located in the diagonal cells. Correlation coefficients with significance levels are presented above
the diagonal, while scatter plots with fitted curves are presented below the diagonal. Red asterisks
indicate the significance of differences in RILs as determined by the Student’s ¢-test at 0.05 (*), 0.01 (**)
and 0.001 (***) significance levels.

3.4. Map Construction and Verification

Chromosomal locations of loci impacting isoflavone, protein and oil content were
evaluated using 226186 SNPs identified between the parents through GBS analysis. As-
suming that markers separate in a 1:1 ratio, 6072 (2.68%) SNP markers remained after
chi-square testing, and 4075 (1.8%) markers remained after removing redundant markers
falling into common bins in the QTL software IciMapping 4.1 run with default parameters
(Meng et al., 2015). These filtered SNP markers produced a high-density linkage map con-
taining 3943 SNP markers spanning approximately 938 Mb of the 1.1 Gb soybean genome
and covering 6307 cM, with an average distance of 1.6 cM between adjacent SNP markers.
The average number of SNPs in each linkage group was 197, with the most in linkage
group 13 (314 SNPs) and the least in linkage group 2 (138 SNPs) (Figure S6 and Table S1).
To verify the accuracy of the map, the seed coat color trait was located on the constructed
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map, with the predominant QTL falling between 8.2-8.4 Mb of chromosome 8 having a
high LOD value of 39.87, which is consistent with previously published GWAS data [54].
The constructed high-density and -quality linkage map was, therefore, considered suitable
for use in further studies.

3.5. Identification of QTLs for Soybean Seed Isoflavone, Protein and Oil Content

With a suitable high-density linkage map in hand, the QTLs underlying isoflavone
content were identified separately for each year. A total of 176 QTLs surpassed the LOD
thresholds, which could then be integrated into 25 loci based on genetic and physical
distances (Tables 2 and S2). LOD values of isoflavone loci ranged from 2.52 to 11.34, and
PVE values ranged from 6.1% to 24.8%, with mostly negative ADD values indicating that
alleles from the male contributed to increasing isoflavone content, which was consistent
with the high isoflavone content in Y9. On the other hand, several favorable loci for
isoflavone production were found in JD12 on chromosomes 8, 9 and 20. Over two years of
trials, fourteen stable loci, accounting for 56% of total isoflavone variation, were consistently
detected (gISO1, qISOb5, q1S06.1, qIS0O6.2, qISO6.3, q1S0O6.4, gISO8.1, q1SO10.3, gISO11,
qISO12, qISO14, qISO17, qI1SO19.2 and q1SO19.3). These loci are located on chromosomes 1,
5,6,8,9,10,11,12,14, 17 and 19 (Table 2).

Two major and stable loci with average PEV values exceeding 15% were localized
to narrow genomic segments (Table 3). Locus gISO5 was localized to a physical section
of 1.05 MB (41042159-42098680) and identified as a strong major isoflavone locus for TIF,
DS, GS, GLS, D, MD, G, MG, GL and MGL. The LOD and PVE values for gISO5 ranged
from 3.1 to 11.11 and 7.5 to 24.4%, respectively, across trials. Furthermore, within the
g1SO5 locus, the individual QTLs of gDs5, gTIF5 and gGs5 each produced relatively high
LOD values (11.11, 9.94 and 7.12, respectively) and PEV values (24.4%, 22.1% and 16.4%,
respectively), indicating that these loci might be primary controllers of the synthesis of Ds,
TIF and Gs (Table 3). The other locus strongly associated with TIF, GL and MGL production,
q1506.2, was localized to a narrow physical distance of 0.95 Mb (18449150-19395795) and
harbored LOD and PVE values across trials ranging from 2.94 to 10.15 and 7.1% to 24.8%,
respectively. The mean LOD and PVE values for the combined qGLs6.2 and gMGL6.2
section within gISO6.2 were 10.59% and 23.4%, respectively, which indicates that this locus
is a primary controller of the synthesis of GLs (Table 3). Among them, Glyma.05¢237900
and Glyma.05¢244100 on chromosome 5 and Glyma.06¢202200 and Glyma.06g208000 on
chromosome 6 were highly expressed in seeds and might be candidate genes for isoflavone
content (Figure 3).

A total of 13 protein QTLs and 15 o0il QTLs were detected. The LOD values ranged from
2.51 t0 10.30 and the PVE values ranged from 6.10% to 22.80% (Table 4). Seven stable protein
QTLs were significant over both years, including gPC6.1, gPC8, qPC9, qPC15, qPC20.1,
gPC20.2 and gPC20.3. Each locus, except for gPCé6.1, produced QTL LOD values greater
than 5. Locus gPC20.2 (22632082 bp) returned the maximum protein LOD value of 9.41 and
the maximum PVE value of 21.10%. Eight oil QTLs could be detected each year, including
q0OCé.1, gOC8, qOC13.1, qOC15.1, qOC20.1, OC20.3, q0C20.4 and qOC20.5. Each locus,
except for gOC6.1, gOC13 and gOC20.5, returned LOD values greater than 5. Locus gOC20.1
(5834525 bp-6101553 bp) had the maximum mean LOD value of 10.13 and the maximum
mean PEV of 22.55%. For protein production, all QTLs, except for those on chromosome 6,
returned negative ADD values, indicating that, except for loci on chromosome 6, favorable
protein genetics were contributed by Y9. In contrast, favorable alleles for oil production
were donated by JD12, except for those on chromosome 6. Combined protein and oil
loci could be integrated into 15 quality loci according to genetic and physical distances.
These 10 loci contained both protein QTLs and oil QTLs (Table 4). This is consistent with
previous results in which protein production exhibits a strong negative correlation with
oil production in soybean (Figure 2). Overall, several stable major QTLs associated with
isoflavone, protein and oil content were detected in the observed RIL population.
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Table 2. Putative QTLs for soybean isoflavone traits detected in a population of contrasting soybean parents and 185 RILs.

Integrated QTL

Separated QTL

Chr

Position (cM)

Locus/Interval

LOD

ADD

PVE (%)

Reference

gIsO1

qGL1(21), gD1(20), gDs1(20),

gMD1(20), GL1(20)

1

231.938-275.569

01_51600690-01_54799844

2.52-3.96

—80.46

6.1-9.5

Novel (two year)

q1S02.1

qTIF2.1(21), qGs2.1(21),
gMD2.1(21), gMG2.1(21),
qDs2.1(21), qGLs2.1(21),
gMGL2.1(21)

N

15.149-32.887

02_2149517-02_3621233

2.67-3.06

—136.35

6.5-7.4

Seed_isoflavone_6-2 [11]

q1S02.2

gMGL2.2(20)

249.842

02_48470807-02_48176139

2.73

—-31.92

6.6-6.6

Novel

41SO3

gAD3(20), qTIF3(20), gG3(20)

8]

1.786-14.983

03_314515-03_601813

2.53-2.81

—166.70

6.2-6.8

Novel

qISO5

qDs5(20), gGL5(21), gMD5(20),

gAD5(20), gG5(20), gG5(21),

qTIF5(20), gGs5(20), gGLs5(20),

gMG5(20), gMG5(21),

gMGL5(20), qGs5(21), gD5(20),
qD5(21), qDs5(21), gGL5(20),

qTIF5(21), qMD5(21),
gMGL5(21), gGLs5(21)

a1

317.424-318.438

05_41415752-05_42098680

3.1-11.11

—188.13

7.5-244

Seed_isoflavone_1-1 [15],
Seed_isoflavone_6-1 [11],
Seed_isoflavone_7-5 [36]

q1506.1

gMD6.1(20), gAD6.1(21),
(Gs6.1(20), gMG6.1(20),
qD6.1(20), qTIF6.1(20),
4G6.1(20), qDs6.1(20)

179.84-191.072

06_14871510-06_15642762

2.53-5.34

—214.21

6.2-12.6

Novel (two year)

q1S06.2

qG6.2(21), gGLs6.2(21),
qGLs6.2(20), Gs6.2(21),
gMG6.2(21), gMGL6.2(21),
qTIF6.2(21), qMGL6.2(20),
qD6.2(20), qTIF6.2(20),
gMD6.2(20), gDs6.2(20)

213.609-225.650

06_18449510-06_21098994

2.94-11.34

—160.98

7.1-24.8

Seed_isoflavone_8-1 [35],
Seed_isoflavone_1-2 [15]

41S06.3

qG6.3(21), GL6.3(21),
qGLs6.3(21), qTIF6.3(20),
(Gs6.3(20), gMG6.3(20),
GMGL6.3(21), Gs6.3(21),
qD6.3(20), gGLs6.3(20),
qGL6.3(20), 4Ds6.3(20),
GMD6.3(20), gMGL6.3(20)

241.934-242.934

06_35913434-36835583

2.53-8.26

—124.50

6.2-18.8

Novel (two year)
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Table 2. Cont.

Integrated QTL

Separated QTL

Chr

Position (cM)

Locus/Interval

LOD

ADD

PVE (%)

Reference

q1506.4

qGs6.4(20), gMG6.4(20),
qD6.4(20), gD6.4(21),
qGLs6.4(20), qG6.4(21),
qGLs6.4(21), qDs6.4(20),
qTIF6.4(20), gMD6.4(20),
GMG6.4(21), gMGL6.4(20),
gMGL6.4(21), Gs6.4(21),
qTIF6.4(21), qGL6.4(21)

[o)}

271.344-273.163

06_42113786-06_43887351

2.55-8.87

—153.17

6.2-20

Novel (two year)

41S08.1

gAD8.1(21), qD8.1(20),
qDs8.1(20), gGL8.1(21),
qGLs8.1(20), gMD8.1(20),
gMGL8.1(20), qTIF8.1(20),
qD8.1(21), gG8.1(21),
qGs8.1(21), TIF8.1(21)

95.815-96.096

08_9020859-08_9054795

2.52-4.59

128.77

6.1-10.9

Seed_isoflavone_7-1 [36],
Seed_isoflavone_6-7 [11]

q1S08.2

qD8.2(20), gDs8.2(20),
4G8.2(20), qTIF8.2(20),
gMD8.2(20), gMG8.2(20),
9Gs8.2(20)

178.241

08_15716820

3.11-4.26

220.78

7.5-10.2

Seed_isoflavone_3-3 [34]

q1509.1

4G9.1(20), gGL9.1(20),
qGLs9.1(20), gMGL9.1(20)

31.954

09_2556374

2.66—4.63

35.35

6.5-11

Seed_isoflavone_12-6 [32]

q1509.2

qTIF9.2(20), 4D9.2(20),
qDs9.2(20), gMD9.2(20)

46.908-48.224

09_3204462-09_3672384

2.83-3.09

22528

6.9-7.5

Seed_isoflavone_12-6 [32]

415010.1

qD10.1(20), gMD10.1(20),
gDs10.1(20)

2.436-3.436

10_570120-10_1109902

2.83-3.04

—144.96

6.9-7.4

Novel

415010.2

gAD10.2(20), §G10.2(20),
qTIF10.2(20), gMG10.2(20),
9Gs10.2(20)

20.954

10_1237908

2.77-3.21

—195.80

6.7-7.8

Novel

415010.3

qG10.3(21), 4AD10.3(20),
G10.3(20), 4Gs10.3(20),
gMG10.3(20), qTIF10.3(20)

259.847-305.896

10_43610530-10_48649271

2.54-2.93

—159.48

6.2-7.1

Seed_isoflavone_12-8 [32],
Seed_isoflavone_12-9 [32]
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Table 2. Cont.

Integrated QTL Separated QTL Chr Position (cM) Locus/Interval LOD ADD PVE (%) Reference
qG11(21), qGL11(21), . ]
4GLs11(21), qGs11(21), [sze]d_lsoﬂavone_12 10
qISO11 gMGL11(21), gMD11(20), 1 178.874-182.918  11_25422320-11_26086398 2.57-3.54 ~77.86 6.2-8.5 o
Seed_isoflavone_11-16
qDs11(20), gGLs11(20), 0]
gMGL11(20)
gAD12(21), gGL12(21),
qG12(20), qGs12(20),
qISO12 gMG12(20), gG12(21), 12 74.532-93.476 12_5008803-12_5797776 2.56-4.29 —127.06 6.2-10.2 Seed_isoflavone_6-4 [11]
qGs12(21), qMG12(21),
qTIF12(21)
gAD14(20), gGLs14(20),
qD14(20), 4G14(20), Seed_isoflavone_11-17
qISO14 qTIF14(20), qDs14(20), 14 200.845-216.814  14_45868867-14_46953015 2.55-3.83 —149.60 6.2-92 [1"46] —isoravone-
qGs14(20), gMD14(20),
GMG14(20), gGL14(21)
gAD15(20), gGs15(20), 5 B -~ B i . :
qISO15 IMGI5(20), 4G15020) 15 11.737-12.737 15_635901-15_1251734 3.26-3.58 129.16 7.9-8.6 Seed_isoflavone_7-8 [36]
qGL17(20), qGLs17(21), -~ B - . _
q1SO17 SCLs17(20), gMGL17(21) 17 86.186-86.186 17_6343179 3.02-4.28 26.22 7.3-10.2 Seed_isoflavone_9-8 [55]
q1S019.1 qGLs19.1(21), gMGL19.1(21) 19 49.333-49.333 19_4172732 2.62-3.19 —25.80 6.4-7.7 Novel
qGLs19.2(21), qMGL19.2(21), B 8 g B g Seed_isoflavone_7-3 [36],
q1S019.2 9D19.2020) 19 144.521-171.62 19_36928466-19_39216482 2.89-3.22 451 7-7.8 Seed_isoflavone 113 [14]
qTIF19.3(21), gMG19.3(21),
q1S019.3 qGs19.3(21), gAGL19.3(20), 19 229515-279.382  19_42466443-19_46653707 2.54-2.85 —124.14 6.2-6.9 Seed_isoflavone_6-5 [11]
gAGL19.3(21)
q1S020 qGLs20(20), gMGL20(20) 20 59.055 20_2260193 2.53-2.81 3431 6.2-6.8 Novel

ADD values of >0 and <0 represent increasing effects of the QTLs derived from JD12 and Y9, respectively. Numbers in brackets represents the year when the QTLs were detected.
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Table 3. Large-effect QTLs for soybean isoflavone traits verified through two years of detection in a

population of contrasting soybean parents and 185 RILs of JD12 x Y9.

Integrated QTL  Year  Separated QTL  Position =~ Chr Locus/Interval LOD ADD PVE (%)

q1sO5 2020 gD5 318.438 5 05_41042159-05_41415752 10.37 —75.1096 23
2021  gD5 318.438 5 05_41042159-05_41415752 8.63 —48.3228 19.5
2020  gDs5 317.424 5 05_41415752-05_42098680 11.11 —388.854 244
2021  gDsb 318.438 5 05_41042159-05_41415752 8.89 —248.71 20.1
2020 gG5 317.438 5 05_41415752 6.26 —63.5598 14.6
2021 ¢G5 317.438 5 05_41415752 32 —36.3361 7.7
2021  ¢GL5 317.424 5 05_41415752-05_42098680 3.1 —6.89811 7.5
2020  gGL5 318.438 5 05_41042159-05_41415752 6.3 —12.044 14.7
2020  gGLs5 317.438 5 05_41415752 6.73 —59.6474 15.6
2021  gGLs5 318.438 5 05_41042159-05_41415752 3.88 —34.3259 9.3
2020  gGsb 317.438 5 05_41415752 7.12 —357.82 16.4
2021  gGs5 317.438 5 05_41415752 4.84 —227.513 11.5
2020 gMD5 317.424 5 05_41415752-05_42098680 11.04 —297.505 242
2021  gMD5 318.438 5 05_41042159-05_41415752 8.93 —193.463 20.1
2020 gMG5 317.438 5 05_41415752 7.2 —294.26 16.6
2021  gMG5 317.438 5 05_41415752 5.1 —191.177 12
2020 gMGL5 317.438 5 05_41415752 6.4 —46.406 14.9
2021  gMGL5 318.438 5 05_41042159-05_41415752 3.88 —27.6317 9.3
2020  gTIF5 317.438 5 05_41415752 9.94 —806.12 221
2021  qTIF5 318.438 5 05_41042159-05_41415752 6.96 —516.56 16.1

q1S06.2 2020  gGLs6.2 213.609 6 06_18449510 10.15 —72.0882 225
2021  gGLs6.2 213.609 6 06_18449510 10.23 —52.4258 22.7
2020 gMGL6.2 225.408 6 06_19395795-06_21098994 11.34 —60.4788 24.8
2021  gMGLé6.2 213.609 6 06_18449510 10.65 —42.9397 23.5
2020  gTIF6.2 225.65 6 06_21098994 3.76 —515.976 9
2021  qTIF6.2 213.609 6 06_18449510 294 —336.537 7.1

ADD values of >0 and <0 represent increasing effects of the QTLs derived from JD12 and Y9, respectively.

Chr. 541042159 bp-41415752 bp

JHL
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Chr. 541815753 bp-42098680 bp
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Figure 3. Heatmap of candidate genes’ expression levels in specific organs of soybean. The gene name is

indicated on the right of the heatmap. Transcript abundance is expressed in standardized log10 fragments

per kilobase of exon per million fragments mapped values. Data were obtained from soybase [27].
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Table 4. Putative QTLs for soybean protein and oil content detected in a population of contrasting soybean parents and 185 RILs.

Integrated QTL Separated QTL Chr  Position Locus/Interval LOD ADD PVE (%)  Reference
qQ2 q0C2(21) 2 31.253 02_3264911 2.84 0.53 6.9 Seed oil 26-1 [56]
q0C6.1(20), . .
qQ6.1 4OC6.1(21) 6 211.941-220.397 06_17707370-06_18597849 3.02-3.56 —0.59 7.3-8.6 Seed oil 33-2 [57], Seed oil 27-1 [58]
qPC6.1(20), . g B Seed protein 28-1 [16], Seed protein
4PC6.1(21) 6 224.401-224.408 06_19395795-06_20312314 3.16-4.65 1.00 7.6-11.1 29-1[57], Seed protein 35-2 [59]
qQ6.2 q0C6.2(20) 6 268.273 06_39743079 3.01 —0.58 7.3 mgqSeed_Oil-009 [60], Seed oil 24-19 [61]
qPC6.2(20) 6 271.344 06_42113786 3.45 0.97 84 Seed protein 24-1 [62]
qOC8(21), B g g B Seed oil 30-2 [16], Seed oil 30-3 [16], Seed
qQ8 4OC8(20) 8 80.663-103.272 08_7270752-08_9502316 2.78-5.3 0.64 6.8-12.5 0il 34-1 [63]
cqSeed_protein-013 [64],
B g g B g cqSeed_protein-016 [64], Seed protein
qPC8(21), gPC8(20) 8 80.663-103.272 08_7270752-08_9502316 6.85-8.61 1.387 15.9-19.5 26-1[58], Seed protein 30-4 [63], Seed
protein 34-4 [65], Seed protein 34-5 [65]
qQ9 q0CI9(21) 9 43.066 09_3076799 2.64 0.51 6.4 Seed oil 42-26 [14], Seed oil 43-22 [66]
Seed protein 24_3 [62], Seed protein
qQ11.1 qOC11(21) 11 155.446 11_12818547 3.45 0.59 8.3 36-27 [66], Seed protein 40-3 [67], Seed
protein 41-7 [68]
qPC11.1(21) 11 155.446 11_12818547 2.72 —0.82 6.6 Novel
qQ11.2 qPC11.2(21) 11 210.208 11_20292294-11_29740152 2.8 —0.84 6.8 Seed protein 25-2 [69]
qPC11.3(21) 11 231.455 11_30752151 3.68 —0.93 8.8 Seed protein 26-6 [58]
qOC13(20), .
qQ13.1 4OC13(21) 13 80.692-102.982 13_17332728-13_19878509 3.24-4.03 0.61 7.9-9.6 Seed oil 36-4 [70]
qPC13.1(20) 13 95.039 13_18585206-13_18654598 3.13 —0.95 7.6 Novel
gQ13.2 qPC13.2(21) 13 175.227 13_23043289 3.81 —0.96 9.1 Seed protein 36 [66]
qOC15.1(20), . .
qQ15.1 15 36.551-45.848 15_2321231-15_4370908 4.53-5.45 0.72 10.8-12.8  Seed oil 2-3 [28], Seed oil 32-1 [71]

qOC15.1(21)
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Table 4. Cont.

Integrated QTL Separated QTL Chr  Position Locus/Interval LOD ADD PVE (%) Reference
Zigigggﬁ’ 15 51.149-58.117 15_4573538-15_4859289 4.8-5.8 -1.16 11.4-13.6 Seed protein 30-3 [63]
cqSeed_protein-001 [72],
cqSeed_protein-008 [64], Seed protein
qQ15.2 qOC15.2(20) 15 98.598 15_7891207 4.22 0.68 10.1 3-6 [64], Seed protein 4-5 [73], Seed
protein 5-1 [73], Seed protein 30-3 [63],
Seed protein 39-2 [74]
g B B . Seed protein 1-3 [28], Seed protein
qPC9(20), qPCI9(21) 20 43.066-45.908 09_3076799-09_3672384 3.14-3.96 0.98 7.69.5 3-12 [75], Seed protein 11-1 [76]
PC20.1(20) Seed protein 1-4 [28], Seed protein
qQ20.1 qPCZO.I(ZI)’ 20 69.367-70.367 20_2916159-20_3536505 7.05-7.73 —1.35 16.3-17.8 11-1 [76], Seed protein 3-12 [75], Seed
1 ' protein 1-3 [28]
q0C20.1(20), N . . » Seed oil 13-4 [62], mqSeed_QOil-020 [60],
40C20.1(21) 20 82.612-84.337 20_5834525-20_6101553 9.96-10.30 0.98 22.3-22.8 Seed oil 24-30 [61]
PC20.2(20) Seed protein 31-1 [77],
qQ20.2 q PC2 0' 201 )’ 20 92.651 20_22632082 8.77-9.41 —1.48 19.9-21.1 cqSeed_protein-003 [78], Seed protein
A7 10-1 [76], Seed protein 37-8 [79]
q0C20.2(21) 20 110.448 20_15355398-20_19182017 8.92 091 20.1 cqSeed_oil-004 [78]
q0C20.3(21), . N g . Seed oil 13-4 [80], Seed oil 24-30 [61],
qQ20.3 40C20.3(20) 20 126.455-131.287 20_25307871-20_25691060 8.86-9.78 0.95 20.1-21.8 mqSeed_Oil-020 [60], Seed oil 15-1 [81]
g0C20.4(20), _ . il 2-
4OC20.4(21) 20 144.078 20_32381606 9.74-10.10 0.98 21.7-22.5 Seed oil 2-1 [28]
PC20.3(20) Seed protein 1-1 [28], Seed protein
qPCZO‘S(ZI)I 20 144.078-149.964 20_32381606—20_33290104 7.53-8.19 —-1.39 17.4-18.6 1-2 [28], Seed protein 39-4 [74], Seed
g protein 26-5 [58]
g0C20.5(20), B Seed oil 27-8 [58], Seed oil 42-39 [14],
qQ20.4 4OC20.5(21) 20 203.517 20_37787855 2.51-4.54 0.60 6.1-10.8 Seed oil 43-18 [66]

ADD values of >0 and <0 represent increasing effects of the QTLs derived from JD12 and Y9, respectively. Numbers in brackets represents the years when the QTLs were detected.
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3.6. Colocalization of Isoflavone, Protein and Oil Seed Content Loci in Soybean

In this study, three overlapping regions of colocalizing protein and isoflavone QTLs
were found on chromosomes 6, 8 and 9. Among them, gIS06.2 colocated with gPC6.1 and
gISO8.1 colocated with gPCS, while both gISO9.1 and q1SO9.2 colocated with gPC9 (Figure 4).
JD12 provided alleles for increasing protein and decreasing isoflavone contents on colocal-
ized fragments of chromosome 6, along with alleles for decreasing protein and increasing
isoflavone contents on colocalized fragments of chromosomes 8 and 9 (Tables 2 and 4).
This was consistent with the overall negative correlation between isoflavone and protein
contents observed throughout this study (Figure 2).
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Figure 4. Colocalization of isoflavone and protein loci identified in the current population with
loci identified in previous studies. Colors and bold fonts represent identified loci. Red and black
blocks represent loci of isoflavone and protein traits, respectively. Projected regions are highlighted
in corresponding colors. Bold markers in different colors indicate the boundaries of corresponding
loci, with green indicating markers for both the isoflavone and protein traits. The consensus map
shows previously identified loci for isoflavone or protein production based on soybase data.

Unsurprisingly, within colocalized segments in this study, markers of previously
reported protein and isoflavone QTLs were found. On chromosome 6, the region of colocal-
izing isoflavone and protein loci identified in this study was also near to the previously
identified isoflavone loci Seed isoflavone 1-2 [15] and Seed isoflavone 8-1 [35], as well as
the protein loci Seed protein 28-1 [16], Seed protein 29-1 [57] and Seed protein 35-2 [59]. On
chromosome 8, the colocalization region found in this study was close to the previously
reported isoflavone loci Seed isoflavone 7-1, Seed isoflavone 7-7, Seed isoflavone 7-10 [36] and
Seed isoflavone 6-7 [11], along with the protein loci Seed protein 30-4 [63], cqSeed protein 013,
cqSeed protein 016 [64], Seed protein 34-4, Seed protein34-5 [65] and Seed protein 26-1 [58]. On
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chromosome 9, the region of colocalization defined in this study was near to the previously
identified isoflavone locus Seed isoflavone 12-6 [32] and the previously identified protein loci
Seed protein 36-27 [66], Seed protein 24-3 [62], Seed protein 41-7 [68] and Seed protein 40-3 [67]
(Figure 3, Table S4). We also conducted a joint QTL mapping analysis (multi-trait analysis)
for seed protein and isoflavone content using Cartographer software. The peaks of the red
and black curves overlapped on chromosomes 6 and 8 in 2020 and 2021 and overlapped on
chromosome 9 in 2020 (Figure 5), which is consistent with the results shown in Figure 4.

2020

A LODO
A @Z

Isoflavone

Protein

,u‘d'u“vlp l 'ILAJlI‘_ W

Chr. 8 Chr. 9

Figure 5. Joint QTL mapping analysis for seed protein and isoflavone content on chromosomes 6,
8 and 9 performed using Cartographer software. Different chromosomes are separated by double
solid lines; the horizontal line represents the threshold LOD value of 2.5; the red and black curve
lines represent LOD values of total isoflavone traits and protein traits, respectively. (A) LOD value
distribution in 2020. (B) LOD value distribution in 2021.

More interestingly, previously identified isoflavone and protein loci colocalized in the
vicinity of the main isoflavone and protein loci identified in this study. Proximal to gISO5 lay
the previously identified isoflavone loci Seed isoflavone 1-1 [15], Seed isoflavone 6-1 [11] and
Seed isoflavone7-5 [36], as well as the previously identified protein loci Seed protein 34-1 [65],
Seed protein 9-1 [82], Seed protein 2-1 [83], cqSeed protein 011 [64] and Seed protein 12-1 [80].
Meanwhile, the region near gPC15.1 contains the previously identified isoflavone loci
Seed isoflavone 6-3 [11], Seed isoflavone 9-2 [55] and Seed isoflavonel1-10 [14], along with the
protein loci Seed protein 30-3 [63], Seed protein 4-5 [73], Seed protein 39-2 [74], Seed protein 3-6,
cqSeed protein 001 [64] and Seed protein 5-1 [73] (Figure 4). Consensus markers and cor-
responding physical distances are shown in Table S4. All of the results taken together
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demonstrate clearly that soybean isoflavone and protein production are coordinately in-
herited, which could be useful for efficiently improving soybean isoflavone content in
conjunction with protein or oil content.

3.7. Effect of Combination of Isoflavone Loci on Isoflavone and Protein/Oil Content

Two major favorable loci, including qISO5 mainly for Ds and Gs and qISO6.2 mainly
for GLs, were selected for further analysis concerning the effects of combining isoflavone
loci on isoflavone, protein and oil content. The progeny without favorable loci (N group)
had significantly lower isoflavone contents than the progeny with favorable loci, and qISO5
(95 group) had more additive effects than gIS06.2 (36.2 group). Progeny carrying both
gISO5 and qI1S06.2 (g5q6.2 group) had the highest isoflavone concentrations, suggesting
that the two loci had cumulative effects on isoflavone content. More progeny with high
protein contents (pink dots) were scattered among N and g5 group members, while more
lines with high oil contents (round dots) were scattered in the 6.2 and q546.2 groups. This
leads to speculation that breeding soybeans for high isoflavone and high oil content might
be simpler than breeding soybeans for high isoflavone and high protein content, which is
consistent with the rest of the results presented here, according to which isoflavone content
is negatively correlated with protein content and weakly positively correlated with oil
content (Figure 2). We also found that some lines rich in protein were scattered among other
members in the g546.2 group, implying that it may be possible to breed high isoflavone and
high protein contents in targeted soybean breeding efforts (Figure 6).

A B C D

Oil
e HO

A LO

Protein
HP
e LP

N q6.2 a5 g5q6. 2
Faverable QTLs

Figure 6. Effect of combining favorable loci from gISO5 and qISO6.2 on total isoflavone (TIF), protein
and oil contents in the RIL population, produced as described in the Materials and Methods section.
Letters (A, B, C, D) indicate the significance of differences as determined by Fisher’s LSD method at a
0.01 significance level. Different shapes represent different levels of oil content, and different colors
represent different levels of protein content. N represents lines with no tested favorable loci, while g5
and 6.2 represent lines with the favorable loci gISO5 and gIS06.2, respectively. HP and HO denote
respective protein and oil contents in excess of the mean values across the RIL population. LP and
LO denote respective protein and oil contents below the mean values across the RIL population.
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4. Discussion

Increasing requirements for healthy nutrition driven by improvements in living stan-
dards have resulted in increasing demands for agricultural products from crops such as
soybean to provide combinations of optimal protein and oil content. Furthermore, soybean
seeds may also contain high isoflavone contents, which compounds are associated with
various health-beneficial functions, such as decreasing risks for cancer and several chronic
diseases [6-9]. Therefore, there are current and pressing needs to develop elite soybean
cultivars yielding high isoflavone contents in combination with high protein or oil contents
in modern soybean breeding programs.

The importance of optimizing protein, oil and isoflavone content in soybean has
long been recognized and studied using quantitative trait locus methods. However, un-
derstanding the relationships between isoflavone, protein and oil production in soybean
remains limited. Here, relationships between seed isoflavone, protein and oil contents
were studied using QTLs associated with the production of isoflavones, proteins and oils
over two years of field trials. The h?; of isoflavone content in these trials was 0.81 (Table 1),
corresponding to high heritability, as previously reported [11,12]. While genetic variation
in isoflavone production exists in soybean, environmental impacts are also known to affect
seed isoflavone concentrations [84-86]. Thus, it is not surprising that 11 out of 25 loci,
including 5 previously reported loci [11,32,34,36], were only detected in one year, while
6 novel loci were also identified and named qISO2.2, gISO3, q1S010.1, g1SO10.2, g1SO19.1
and gISO20 (Table 2). On the other hand, 14 out of 25 loci, including 10 previously reported
loci [11,14,15,32,35,36,55], were detected in both years of trials (Table 2), leaving 4 signif-
icant loci named gISO1, qI1S06.1, gISO6.3 and gqISO6.4 that are not yet registered in the
corresponding composite map on www.soybase.org. Interestingly, we found that the gene
Glyma.01g172900 on chromosome 1 (51020047-51025420) near qISO1 (51600690-54799844)
(Table 2) is predicted as an isoflavone reductase-like protein, which might be the gene
on the gISO1 locus controlling isoflavone content. Reconfirming QTLs in multiple trials
suggests that not only are the regions associated with isoflavone production detected in this
study reliable, but also that novel stable QTLs might be detected in different populations.

Previously, a major QTL at the lower end of chromosome 5 was detected in five
different populations [11,15,32,33,36,84], which was narrowed down to a 611.4 kb fragment
on chromosome 5 located between bp positions 38434171 and 39045620 in the G. max
Wm82.al reference genome [32]. In this study, we also detected a major QTL labelled gTIF5
in a 373.6 kb fragment on chromosome 5 between bp positions 41042159 and 41415752
that explains 16.1 %—22.1% of the variation in isoflavone content observed over the two
years of the field trials. Near this fragment, the QTLs gD5, gMD5, qDs5, G5, gMG5, gGs5,
qGL5, gMGL5 and qGLs5 have also been found, suggesting that this region might control
production of multiple individual isoflavones (Table 4), which is consistent with previous
reports [11,32,84].

Glycitein derivative isoflavones had relatively low correlation coefficients with other
isoflavones in this study, which is consistent with previous reports [10,13,15] and suggests
that Ds and Gs might be produced via similar metabolic pathways that share metabolic
enzymes, while GLs might be produced via another, more isolated metabolic pathway that
shares few metabolic enzymes with the other isoflavone pathways [87]. This implies that
GL production might involve novel genes or loci.

In this study, we fine-mapped the locus labelled q/SO6.2, which is located in a 946.3 kb
fragment on chromosome 6 between bp positions 18449510 and 19395795. In this region,
higher PVE (average value: 23.4% versus 9.5%) and LOD (average value: 10.59 versus 3.4)
values were observed in the gGLs6.2 and gMGL6.2 fragments than in qTIF6.2, suggesting
that gISO6.2 mainly controls the content of GLs. A locus was found to be related to GL
production with an associated LOD value of 4.2 near BARC-031337-07051 (physical position:
16679945) on chromosome 6 using 480 SNP markers [35]. In our study, the loci detected on
chromosome 6 had higher LOD values than those reported in previous studies, which is
more conducive to cloning genes and marker assistant selection (MAS).
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A total of 15 integrated QTLs of protein and oil were detected, all of them detected
in both years of trials and largely consistent with those identified in previous studies
(Table 4). The major locus qPC20.3 fell between 32.38 Mb and 33.29 Mb on chromosome 20,
which is near the previously cloned gene Glyma.20g085100 that is present at the physical
location of 31.77 Mb on chromosome 20 [29]. In addition, the major locus gOC15.1 was
found to lie between 2.32 Mb and 4.37 Mb on chromosome 15, which is near GmSWEET39
(Glyma.159049200), at about 3.87 Mb on chromosome 15 [88]. These results indicate that the
high-density map produced herein accurately localized associated genes in the regions of
significant QTLs (Tables 4 and S3).

Three out of thirteen loci associated with protein content colocalized with isoflavone
loci in three linkage groups (chromosomes 6, 8, and 9) were analyzed using MapQTL and
QTL Cartographer software (Figures 4 and 5). In these colocalized segments, the additive
effects on isoflavone and protein content appeared to act in opposition. For example,
the additive effects of gISO6.2 on protein content were negative, with a minimum ADD
value of —515.976, while the gPC6.1 locus located in the same segment made a positive
contribution, with a maximum ADD value of 1.13 (Tables S2 and S3). This may be the
reason that soybean isoflavone contents are significantly and negatively correlated with
protein contents (—0.36 ***), which is also consistent with previous reports [14-16].

The phenotypic correlation between traits may be due to the proximity of genes in
linkage groups or gene pleiotropy [89]. To verify that the observed phenotypic correlation
was caused by colocalization, the 2020 data were analyzed for the effects of eliminating three
colocalized segments. In this permutation, the correlation between protein and isoflavone
content decreased (—0.12) and became insignificant (Figure S7), further demonstrating
that the observed correlations are due to colocalization. Furthermore, previously mapped
isoflavone and protein loci were found in all three eliminated segments (Figure 4). Although
only one major isoflavone locus (gISO5) was located on chromosome 5 in this study, both
isoflavone and protein loci have been found on the same fragment in previous studies
(Figure 4). Furthermore, it was found that the additive effects of this fragment on isoflavone
content were the opposite of those on protein content [15]. Similarly, while only one major
protein locus was detected on chromosome 15 in this study, both protein and isoflavone
loci have been previously mapped to the same region (Figure 4). These results strongly
imply that isoflavone and protein content in seeds may be coordinately inherited through
colocalization of impactful loci in the soybean genome.

Isoflavone production may be inversely correlated with protein content largely due
to colocalization of protein and isoflavone loci. However, some loci, such as gPC15.1
and gISOb5, are thought to control only protein or isoflavone content, so it might yet
be possible to breed soybean cultivars rich in both isoflavones and proteins or oils. No
favorable isoflavone loci were found to aggregate with high-protein loci in this study
(Figure 6), though there was sufficient segregation to imply that it might be possible to
breed soybean for both high levels of isoflavones and protein. For example, when gISO5
and gISO6.2 were combined, some progeny lines contained high levels of both isoflavones
and protein. In contrast, in certain situations, such as in providing infant nutrition, there
may be a requirement for low-isoflavone cultivars [90,91]. In this study, we clarified the
genetic foundation underlying protein, oil and isoflavone production, which can be further
explored for combinations that produce optimal contents of isoflavones, proteins and oils
for a variety of uses.

In summary, the studies conducted and presented herein identified and localized
stable and major QTLs for soybean isoflavone, protein and oil production in a high-density
genetic map. Some of the loci were consistent with previous studies, while other novel
isoflavone-related loci were first described here. Consistency with previous results, signifi-
cant correlations and the impacts of eliminating significant loci from analysis all demon-
strate the accuracy and novelty of the results. Additionally, loci for isoflavone and protein
production were mapped to colocalized regions, which further demonstrated that corre-
lations observed between isoflavone and protein contents in soybean seeds were likely
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produced through coordinated inheritance of linked loci rather than gene pleiotropy. On
the whole, these results provide a theoretical basis for coordinated improvement of both
isoflavone and protein quality in future soybean breeding efforts.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/agriculture12081178/s1, Figure S1: Correlation analysis among isoflavone,
protein and oil traits in 2020; Figure S2: Correlation analysis among isoflavone, protein and oil
traits in 2021; Figure S3: Correlation analysis among individual isoflavones and protein/oil traits;
Figure S4: Correlation analysis among individual isoflavones and protein/oil traits in 2020; Figure S5:
Correlation analysis among individual isoflavones and quality traits in 2021; Figure S6: Twenty
linkage of the soybean high-density genetic map; Figuer S7: Correlation analysis among isoflavone,
protein and oil traits eliminated the effect of co-location fragment on chromosome 6, 8 and 9 on them
in 2020; Table S1: Profile of linkage map constructed by SNPs in RILs population; Table S2: Putative
QTLs for soybean isoflavone traits detected in a population of contrasting soybean parents and 185
RILs reared under field conditions; Table S3: Putative QTLs for soybean protein and oil content
detected in a population of contrasting soybean parents and 185 RILs; Table S4: QTLs of Seed protein
and isoflavone and markers near them with physical location from Gm-composite map on soybase
which co-localized with identified QTLs for seed isoflavone and seed protein in this study.
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