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Abstract  Soybean is an important source of protein 
and oil globally with soymeal providing amino acids 
and metabolizable energy to both humans and ani-
mals. The objective of this study was to identify quan-
titative trait loci (QTL) for amino acids, crude protein 
and near-infrared reflectance spectroscopy (NIR)-
measured seed protein and oil content. To achieve 
this objective, a recombinant inbred line (RIL) popu-
lation was genotyped using 12,761 molecular mark-
ers and phenotyped for 18 amino acids, crude protein 
and NIR-measured protein and oil content. Multiple 
major effect QTL were identified for all three traits on 
chromosomes 2 and 15. A major effect QTL for one 
amino acid, cysteine, was identified on chromosome 
20. The QTL identified in this study for soybean com-
position traits and the associated molecular markers 
may be useful in breeding to improve the nutritional 
quality of soybeans.
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Soybean (Glycine max (L.) Merr.) is a source for 
essential amino acids and metabolizable energy for 
both human and animal consumption (Patil et  al. 
2017; Ma et  al. 2019). One of the most important 
uses of soybean is protein rich soymeal for poultry 
and swine feed, since it has the highest level of crude 
protein among plant-based protein sources (Brzos-
towski and Diers 2017; Cromwell and Coffey 1991). 
The profile of the amino acid constituents which com-
prise protein is one of the more important aspects of 
soymeal (Friedman and Brandon 2001).

Amino acids have been divided into two groups, 
essential and non-essential, based on their require-
ment and availability during metabolic processes. 
Non-essential amino acids do not need to be supplied 
from an outside source, whereas essential amino acids 
are not produced by animals and are needed for vital 
metabolic processes (Panthee et  al. 2006). All nine 
essential amino acids including histidine, isoleucine, 
leucine, lysine, methionine, phenylalanine, threonine, 
tryptophan and valine are present in soymeal (Boisen 
et al. 2000).

Soybean seed protein, amino acids, and oil con-
tent are complex quantitatively inherited polygenic 
traits (Wehrmann et  al. 1987; Wilcox 1998; Cober 
and Voldeng 2000; Singer et  al. 2023). Increasing 
seed protein becomes difficult as there is a strong 
negative correlation between oil and protein accu-
mulation in seeds (Patil et  al. 2017). The relation-
ship between these QTL and the environment adds 
to the complexity of developing improved soybeans, 
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especially under unfavorable growing conditions, 
like drought and heat, which normally decrease pro-
tein and increase oil content (Nakagawa et al. 2020). 
Panthee et  al. (2006) used the population N87-
984–16 × TN93-99 and identified at least one QTL 
for each of the 18 amino acids studied in their experi-
ment. QTLs were found on almost every chromo-
some in their study except chromosomes 6, 11 and 
12. Li et al. (2018) identified QTL for multiple amino 
acids in the RIL population of Zheng 92,116 × Liao-
dou 14. They identified pleiotropic amino acid QTL 
clusters on chromosomes 6, 9, 10, 13, 17 and 20 in 
this population. Qin et al. (2019) evaluated 15 amino 
acids using 249 soybean accessions. They identified 
231 SNPs significantly associated with variations in 
amino acid contents. Lee et  al. (2019) conducted a 
genome-wide association study (GWAS) using data 
from 621 soybean accessions in five environments 
and identified eight SNPs significantly associated 
with QTL for methionine, cysteine, lysine and threo-
nine content. Kim et al. (2023) performed GWAS on 
protein, oil and amino acid content using 203 wild 
soybean accessions. A set of 44 significant SNPs 
were identified that were associated with these three 
traits. Van et  al. (2025) utilized multiple approaches 
to combine network analysis with GWAS to identify 
significant SNPs for single amino acids.

The identification of unique QTLs responsible 
for high protein content and essential amino acids is 
a critical step in the improvement of the nutritional 
quality of soymeal. The goal of this study was to 
identify QTL associated with amino acids, protein 
and oil content. The population of PI 507429 × PI 
399084 was used previously in Clevinger et al. (2023) 
to identify large effect QTLs for protein and oil con-
tent on chromosomes 2 and 15 using four years of 
field replicated data. In the present study, additional 
data from the same population was collected and 
analyzed on the seed amino acid, protein and oil con-
tents from an additional year of field study in Blacks-
burg, Virginia, in 2022 with two replications. For this 
study, the two replications and their average at the F12 
generation were used to analyze seed amino acids, 
protein and oil content data.

A complete amino acid profile and crude protein 
assay were conducted at the University of Missouri-
Columbia Agricultural Experiment Station Chemi-
cal Laboratories (AOAC Official Methods 982.30E 
(a,b,c) and 990.03) for both replications based on 

dry seed weight. The 18 amino acids analyzed were 
aspartic acid (Asp), threonine (Thr), serine (Ser), glu-
tamic acid (Glu), proline (Pro), glycine (Gly), alanine 
(Ala), cysteine (Cys), valine (Val), methionine (Met), 
isoleucine (Ile), leucine (Leu), tyrosine (Tyr), phe-
nylalanine (Phe), lysine (Lys), histidine (His), argi-
nine (Arg), tryptophan (Trp). These same lines were 
also assayed for seed protein and oil content utilizing 
near-infrared reflectance (NIR) spectroscopy at Vir-
ginia Tech (Blacksburg, VA) using a DA 7250 NIR 
Analyzer (Perten Instruments, Springfield, IL) as 
described in Clevinger et al. (2023).

To identify chromosomal regions associated with 
protein, oil and amino acids from the 2022 harvest, 
the segregating population was genotyped with a total 
of 12,761 markers including 10,526 SNP loci from 
GBS, 2217 SNP markers from SoySNP6k Illumina 
Beadchip (Song et  al. 2020), 26 SSR and one indel 
type marker using DNA from F7 RILs as described 
previously in Clevinger et  al. (2023). Linkage map 
construction was done using SNP data from GBS, 
SSR and one indel type marker and SoySNP6K of the 
RIL population. JoinMap 4.0 (van Ooijen 2006) with 
a LOD threshold of 4.0 and a maximum recombina-
tion frequency of 50% for the original grouping was 
employed. Marker order and their positions within 
each linkage group were determined using the maxi-
mum likelihood algorithm and Kosambi mapping 
function; those unassigned to any linkage group were 
excluded.

The RIL population was planted in 2022 with 
two replications. The data from each replication 
(Table  S1A and S1B) and the mean of those two 
replications (Table  S2) resulted in three phenotypic 
data sets. After performing correlation analysis of the 
composition trait values between the two replications 
(Table S3), it was determined they were in agreement, 
so the average values (Table S2) were used for sub-
sequent analysis. The 18 amino acids assayed were 
positively correlated with one another, crude pro-
tein and NIR protein and negatively correlated with 
NIR oil (Table S4). All amino acids were negatively 
skewed except Cys and Trp, which were positively 
skewed (Table S2). The crude protein content ranged 
from 31.51 to 48.52 (w/w%), whereas protein content 
measured via NIR ranged from 32.05 to 46.74% for 
the RILs (Table S2) in the population. Transgressive 
segregation in this RIL population was observed in all 
the traits assayed in this study. There were no lower 
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end transgressive lines for Cys and Met and no higher 
end transgressive lines for Gly and Val (Figure S1).

The average value of two replications of the 
population was used for phenotypic trait data analy-
sis. Major effect QTLs for seventeen amino acids 
were identified on chromosome 2 in this popula-
tion (Table 1). Met had the lowest LOD at 6.26 that 
explained 26.1% of the phenotypic variation. LODs 
for the remaining 16 amino acid QTLs ranged from 
6.97 to 14.39 with explained variations of 28.5% 
and 50.7% for Trp and Leu, respectively (Table  1). 
The chromosome 2 QTL region for 12 out of the 
17 amino acids shared the same marker, BARC-
SoySSR_02_1672, at the maximum LOD (Fig.  1a, 
Table 1). QTLs for all 17 amino acid contents were 

flanked by KASP markers GBS02_47122206K and 
GBS02_47432297K (KASP converted) on chro-
mosome 2. The physical positions of these flanking 
markers were 47,122,206 to 47,432,297  bp (Wm82.
a4).

Crude protein shared the same flanking mark-
ers as the 17 amino acids, GBS02_47122206K 
and GBS02_47432297K (Fig.  1a), and maximum 
LOD marker of Gm02_48583877_A_C with an 
LOD of 12.58 and explained 45.9% of the varia-
tion. Protein and oil content measured via NIR also 
shared the same flanking markers but differed from 
each other for the marker at the maximum LOD, 
Gm02_48583877_A_C and BARCSoySSR_02_1672, 
respectively (Table 1).

Table 1   Quantitative trait 
loci for amino acid, crude 
protein, NIR-measured 
protein and oil content 
detected on chromosome 
2 based on composite 
interval mapping in the 
RIL population using the 
average of data from two 
replications

Trait LOD % Explained 
variation

Marker at max LOD Flanking markers

Asp 10.7 40.7 BARCSoySSR_02_1672 GBS02_47122206K 
and 
GBS02_47432297K

Thr 12.53 45.8 BARCSoySSR_02_1672

Ser 11.16 42 BARCSoySSR_02_1672

Glu 13.51 48.2 Gm02_48583877_A_C

Pro 10.67 40.6 BARCSoySSR_02_1672

Gly 13.02 47.1 BARCSoySSR_02_1672

Ala 12.45 45.7 BARCSoySSR_02_1672

Val 14.24 50.3 BARCSoySSR_02_1672

Met 6.26 26.1 BARCSoySSR_02_1672

Ile 13.59 48.7 Gm02_48583877_A_C

Leu 14.39 50.7 BARCSoySSR_02_1672

Tyr 13.38 48.2 BARCSoySSR_02_1672

Phe 14.05 50.1 BARCSoySSR_02_1672

Lys 12.74 46.4 BARCSoySSR_02_1672

His 11.39 42.6 Gm02_48583877_A_C

Arg 10.89 41.6 Gm02_48583877_A_C

Trp 6.97 28.5 Gm02_48702118_T_G

Crude protein 12.58 45.9 Gm02_48583877_A_C

NIR protein 12.84 46.4 Gm02_48583877_A_C

NIR oil 7.74 31.5 BARCSoySSR_02_1672
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QTLs for 17 amino acids were also identified on 
chromosome 15. The LODs for these QTL ranged 
from 3.92 to 6.22 for Ile and Pro, respectively, with 
the explained phenotypic variation ranging from 
18.1 to 27.5% (Table  2). Sixteen out of the seven-
teen detected amino acid QTL regions had the same 
marker at the maximum LOD, Gm15_3967324_A_G, 
with flanking markers of Gm15g49200_CC (based 
on Glyma.15g049200) and GBS15_3975982K 
(Fig.  1b). The physical positions of these markers 
on chromosome 15 were (3,861,273–3,863,135) to 
3,975,982  bp, respectively (Wm82.a4). A QTL for 
Cys was identified further down chromosome 15 with 
marker, Gm15_11257759_T_C, at the maximum 
LOD and flanking markers, Gm15_10467095_G_A 
and Gm15_12531884_A_G (Table 2, Fig. 1b). These 
flanking markers are at the physical positions of 
10,545,687 to 12,553,029  bp, respectively (Wm82.
a2).

The crude protein QTL on chromosome 15 
explained 22.8% of the phenotypic variation 
with the same marker at the maximum LOD, 

Gm15_3967324_A_G, and the same flanking mark-
ers, Gm15g49200_CC and GBS15_3975982K, as 
the majority of the amino acids (Fig.  1b). Protein 
and oil content measured via NIR explained 21.2% 
and 29.7% of the phenotypic variation (Table  2). 
Seed protein content shared the same flanking 
markers and the marker at the maximum LOD as 
all the amino acids aside from Cys, whereas seed 
oil content shared the same marker at the maxi-
mum LOD but differed in its flanking markers 
(Gm15_3845971_T_C and Gm15_4114622_T_C) 
(Table  2). The physical positions of the flanking 
markers of the seed oil QTL on chromosome 15 
were 3,863,922 to 4,133,547 bp (Wm82.a2).

A QTL for Cys content was identified on chro-
mosome 20. This was the only amino acid QTL 
mapping onto this chromosome in this popula-
tion. This QTL explained 19.5% of the variation of 
this amino acid with an LOD of 4.39. The marker 
at the maximum LOD is Gm20_30245573_G_A 
with flanking markers of Gm20_27578013_T_C 
and Gm20_33001386_A_G (Fig. 1c) with physical 

Fig. 1   Regional chromosomal maps for the PI 507429 × PI 
399084 RIL population with the QTL region for amino acids, 
crude protein content, NIR-measured protein and oil content 
shown by the black bar region to the right. a regional map for 

chromosome 2 (b) regional map for chromosome 15, and (c) 
regional map for chromosome 20. Genotypic data is the same 
as used in Clevinger et al. (2023)
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positions of 28,741,905 to 34,140,804  bp (Wm82.
a2).

Soybean composition traits such as seed amino 
acid, protein and oil content are quantitatively inher-
ited traits. These traits are influenced by multiple 
genes and environmental conditions such as heat and 
drought, that complicate the breeding process. Few 
studies have been conducted to identify genes con-
trolling amino acid content, while many have been 
performed focusing on protein and oil content (Duan 
et al. 2023; Patil et al. 2017). The previous mapping 
studies involving protein, oil and amino acids have 
identified multiple QTLs across many chromosomes 
for these traits which make breeding for improvement 
difficult using conventional breeding methods since 
so many QTL are involved across multiple chromo-
somes (Fallen et  al. 2013; Khandaker et  al. 2015; 
Warrington et al. 2015; Ma et al. 2019; Singer et al. 

2022; Cunicelli et  al. 2022). Breeding for improved 
amino acid content has been hindered due to the 
lack of genetic variability and the absence of high-
throughput and cost-effective phenotyping screen-
ing for large numbers of samples (Patil et  al. 2017). 
Our study aimed to look at the relationship between 
these three soybean composition traits. Nodulation 
is another trait that influences protein and oil con-
tent. The high protein phenotype in soybeans relies 
on nodules. Protein content levels are reduced in 
soybean lines that are non-nodulating (Indrasumu-
nar et al. 2011). Patibandla et al. (2025) identified a 
mutant soybean line that showed a high oil pheno-
type with consequently low protein levels due to a 
mutation in the Glyma.02g270800 gene associated 
with the rj1 locus controlling nodulation. This gene, 
Glyma.02g270800, is in the QTL region of chromo-
some 2 of this study.

Table 2   Quantitative trait loci for amino acid, crude protein, NIR-measured protein and oil content detected on chromosome 15 
based on composite interval mapping in the RIL population using the average of data from two replications

Trait LOD % Explained 
variation

Marker at max LOD Flanking markers

Asp 5.24 23.6 Gm15_3967324_A_G Gm15g49200_CC and GBS15_3975982K
Thr 5.21 22.9 Gm15_3967324_A_G

Ser 5.61 25 Gm15_3967324_A_G

Glu 4.24 19 Gm15_3967324_A_G

Pro 6.22 27.5 Gm15_3967324_A_G

Gly 5.16 23.3 Gm15_3967324_A_G

Ala 4.68 21.3 Gm15_3967324_A_G

Val 4.56 20.7 Gm15_3967324_A_G

Met 4.42 20.2 Gm15_3967324_A_G

Ile 3.92 18.1 Gm15_3967324_A_G

Leu 4.56 20.6 Gm15_3967324_A_G

Tyr 5.57 24.1 Gm15_3967324_A_G

Phe 4.19 19.2 Gm15_3967324_A_G

Lys 5.12 22.6 Gm15_3967324_A_G

His 4.71 21.2 Gm15_3967324_A_G

Arg 4.78 21.1 Gm15_3967324_A_G

Cys 4.45 19.2 Gm15_11257759_T_C Gm15_10467095_G_A and Gm15_12531884_A_G
Crude protein 5.07 22.8 Gm15_3967324_A_G Gm15g49200_CC and GBS15_3975982K
NIR protein 4.79 21.2 Gm15_3967324_A_G
NIR oil 6.83 29.7 Gm15_3967324_A_G Gm15_3845971_T_C and Gm15_4114622_T_C
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These rj1 mutants are associated with reduced 
yield and protein. Patibandla et al. (2025) also assayed 
the PI 507429 × PI 399084 population for nodule for-
mation and hypothesized that the PI 507429 parent 
may also carry an allele of rj1 that impacts nodule 
formation causing lower protein levels. Their work 
determined that the low protein/high oil phenotype 
was associated with a lack of nodules. They rese-
quenced the gene in PI 507429 and discovered that it 
has the same polymorphism as the rj1 reference allele 
(Patibandla et al. 2025).

In this study, the RIL population was evaluated 
with two replications in 2022 and identified large 
effect QTLs on chromosomes 2 and 15 for multiple 
amino acids, protein and oil contents and on chro-
mosome 20 for Cys amino acid content. These find-
ings align with the seed protein and oil content 
QTLs detected on chromosomes 2 and 15 (Clev-
inger et  al. 2023) and show a strong association of 
amino acids with both seed protein and oil contents. 
The QTL regions identified on chromosomes 2 and 
15 for amino acids, crude protein and NIR protein 
and oil content in this study are located within the 
QTL regions detected for protein and oil content by 
Clevinger et  al. (2023), aside from the QTL region 
for Cys content on chromosomes 15 and 20. Mul-
tiple candidate genes in the QTL regions on chro-
mosomes 2 and 15 are potentially related to protein 
activity (Table  S5). There were 50 genes identified 
in the QTL region on chromosome 2 (Table S5a) and 
30 and 114 genes, respectively, in the QTL regions 
of chromosome 15 (Table  S5b) identified. A study 
by Panthee et al. (2006) identified QTL for multiple 
amino acids in the region of Satt274, above the QTL 
region for this population on chromosome 2 (Fig. 1a). 
Van et  al. (2026) identified linkage disequilibrium 
blocks with significant associations with Phe on chro-
mosome 2 (46,612,167 — 46,852,340 bp) below the 
flanking markers for our area of interest on chromo-
some 2. Li et al. (2024) predicted 16 candidate genes 
associated with soybean essential amino acids and 8 
of these genes are located in the same QTL region of 
chromosome 2 in our population.

QTL were detected on chromosome 2 for all indi-
vidual amino acids assayed, except Cys, in the same 
QTL region as protein and oil content. It is interest-
ing to note that no Cys QTL was detected on chromo-
some 2 in this population. The QTL region detected 
on chromosome 2 for all the traits assayed was within 

a narrower region than we previously reported for 
protein and oil content (Clevinger et  al. 2023). A 
QTL for Cys was detected on chromosome 15 in this 
population but in a different region than the QTL for 
other individual amino acids, protein and oil contents. 
A QTL for Cys was the only trait looked at in this 
study that was detected on chromosome 20. There 
are 72 genes in the QTL region on chromosome 20 
for Cys (Table S5c). Amino acid and protein content 
are negatively correlated with oil and as we and oth-
ers have reported in previous studies, they are intrin-
sically linked which makes breeding for increased 
protein or oil difficult. The molecular markers identi-
fied for composition traits in this study should have 
applications in breeding for improved soybean culti-
vars. Transgressive segregation in the RIL population 
indicates that favorable alleles are inherited from both 
parental lines for all traits analyzed. These lines could 
be useful as breeding line germplasm.
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