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Abstract Soybean [Glycine max (L.) Merr.] is the single
largest source of protein in animal feed. However, a
major limitation of soy proteins is their deficiency in
sulfur-containing amino acids, methionine (Met) and
cysteine (Cys). The objective of this study was to identify
quantitative trait loci (QTL) associated with Met and
Cys concentration in soybean seed. To achieve this
objective, 101 F6-derived recombinant inbred lines (RIL)
from a population developed from a cross of N87-984-
16 · TN93-99 were used. Ground soybean seed samples
were analyzed for Met and Cys concentration using a
near infrared spectroscopy instrument. Data were ana-
lyzed using SAS software and QTL Cartographer. RIL
differed (P<0.01) in Met and Cys concentrations, with a
range of 5.1–7.3 (g kg�1 seed dry weight) for Cys and
4.4–8.8 (g kg�1 seed dry weight) for Met. Heritability
estimates on an entry mean basis were 0.14 and 0.57 for
Cys and Met, respectively. A total of 94 polymorphic
simple sequence repeat molecular genetic markers were
screened in the RIL. Single factor ANOVA was used to
identify candidate QTL, which were confirmed by
composite interval mapping using QTL Cartographer.
Four QTL linked to molecular markers Satt235,
Satt252, Satt427 and Satt436 distributed on three
molecular linkage groups (MLG) D1a, F and G were

associated with Cys and three QTL linked to molecular
markers Satt252, Satt564 and Satt590 distributed on
MLG F, G and M were associated with Met concen-
tration in soybean seed. QTL associated with Met and
Cys in soybean seed will provide important information
to breeders targeting improvements in the nutritional
quality of soybean.

Introduction

Soybean [Glycine max (L.) Merr.] is a major source of
protein for humans and livestock throughout the world.
It is estimated that more than 70% of the world’s total
protein meal comes from soybean (Soytech Inc. 2004). A
major function of proteins in nutrition is to supply
adequate amounts of required amino acids (Friedman
and Brandon 2001). Although soybean protein is rela-
tively rich in most of the essential amino acids, the
concentration of the sulfur containing amino acids
methionine (Met) and cysteine (Cys) is approximately
half that of egg protein, which is the standard nutritional
reference protein (George and de Lumen 1991) identified
by the Food and Agriculture Organization (FAO) of the
United Nations. Because of this deficiency, either syn-
thetic or natural supplementary ingredients are utilized
to fulfill the requirement of Met in soy based animal
feed. However, Met supplementation has possible
problems such as leaching during processing and bac-
terial degradation leading to formation of undesirable
volatile sulfides (George and de Lumen 1991).

Methionine occupies a central position in cellular
metabolism in which the processes of protein synthesis,
methyl group transfer, polyamine and ethylene syntheses
are interconnected (Ravanel et al. 1998). Among these
pathways, the synthesis of proteins is the only pathway
consuming the entire Met molecule. Since Met is in-
volved in all these physiological and biochemical pro-
cesses, an ample supply of Met in animal feed is needed.
The FAO recommended a combined requirement of Cys
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and Met as 3.5% of the total protein (George and de
Lumen 1991). In regular soybean cultivars, average Met
and Cys content is approximately 0.65 g/100 g of dry
matter each (Friedman and Brandon 2001). Efforts are
needed to develop soybeans with enhanced Met and/or
Cys to overcome the nutritional limitations of existing
cultivars.

The amount of supplemental Met required to balance
a deficient ration for animals is about 4–10 g per day per
animal. Sulfur containing amino acids are extremely
important in wool producing animals to produce high
quality wool (Liu and Masters 2003). Natural sources of
Met (such as corn gluten meal or animal proteins) sup-
ply Met at a cost of about US$ 0.03 g�1. Synthetic ru-
men-protected Met products typically supply Met at
about US$ 0.02 g�1. It is estimated that the commercial
value of a 10% improvement in the present level of Met
would be about US$ 3.5 t�1 (Clarke and Wiseman
2000). The poultry and swine industry would derive
considerable savings if an improved cultivar of soybean
could be developed with enhanced S-containing amino
acids. Some people, whose primary source of food is
root crops e.g., cassava (Manihot esculenta Crantz),
suffer from deficiency of S-containing amino acids. If a
genetic solution could be provided in soybean, it may
also help to solve this deficiency problem.

Efforts made in the past to address low Met include
conventional plant breeding, biotechnological ap-
proaches, and nutrient amendments. One of the suc-
cessful efforts was the development of mutants with
increased concentration of Met and Cys by the use of
0.5% Ethylmethanesulfonate (EMS) (Imsande 2001). In
this study, a mutant line was developed with both Met
and Cys concentrations of 1.85% of total protein. An-
other research group was able to increase the Met con-
centration in maize inbreds by 17% over their recurrent
parent via backcrossing (Olsen et al. 2003).

Muntz et al. (1998) have discussed in detail the ap-
proaches adopted to increase the concentration of
essential amino acids including Met and Cys by means
of biotechnology. The most promising approach adop-
ted was the introduction of foreign gene(s) encoding for
proteins with extremely high Met level. Examples of
such approaches are the gene encoding for the 2S
albumin of Brazil nut (Bertholettia excelsa) (Altenbach
et al. 1987) and sunflower (Helianthus annus) (Kortt and
Caldwell 1990). The feasibility of this strategy was
shown by transforming tobacco (Altenbach et al. 1989).
The transformation approach was also successfully used
in soybean (Townsend and Thomas 1994). The Met
concentration in transgenic soybean was nearly double
that of the wild type. However, the Brazil nut protein
proved to be allergenic making the transgenic beans
unusable (Nordlee et al. 1996). Despite all of these ef-
forts, not a single commercial cultivar of soybean with
the FAO standard total sulfur containing amino acids
has been developed to date.

A nutrient amendment approach to improve sulfur
containing amino acids included regulation of N and S

in soil (Imsande and Schmidt 1998; Sexton et al. 1998).
They assessed the seed quality of soybean with respect to
7S and 11S fractions of seed storage protein because 11S
contains more Met concentration than 7S. However, this
is not a sustainable approach.

Development of a cultivar with increased levels of S-
containing amino acids in a short time would be an
alternative to address this problem. Marker-assisted
selection (MAS) is promising for this purpose, as has
been used to improve various traits in several crops
including soybean (Orf et al. 2004). However, mapping
quantitative trait loci (QTL) or identifying a closely
linked marker is a prerequisite for this purpose. The
objective of this study was to identify QTL associated
with Met and Cys concentration in soybean seeds.

Materials and methods

Plant material

A total of 101 F6-derived recombinant inbred lines
(RIL) were developed from a cross of N87-984-16 (P1) ·
TN93-99 (P2). The N87-984-16 parent is one of two F8-
derived near isogenic sister lines, whose blend constitutes
the high protein commercial cultivar ‘Prolina’ (Burton
et al. 1999). The TN93-99 parent is a high yielding line,
developed by the Tennessee Agricultural Experiment
Station, and is registered as germplasm GP-280 (Pan-
talone et al. 2003). Crossing was done during summer of
1998. F1 seeds were harvested in October 1998 and F1

single plants were grown in Costa Rica during winter
1998. Generations were advanced via single seed descent
until F5 in Costa Rica and F5:6 seeds were obtained in
May 2000. About 300 F5:6 single plants were grown at
the East Tennessee Research and Education Center in
Knoxville, TN as an RIL population and 101 random
plants of Tennessee adapted maturity were selected as a
source population for this study. All 101 lines and par-
ents were planted in 6 m length two-row plots with three
replications in a randomized complete block design
(RCBD) at the Knoxville Plant Science Farm (KPSF) in
2001. All the RIL, the two parents, as well as checks
(Hutcheson, 5002T and 5601T) were planted in an
RCBD with three replications at three locations: the
Knoxville and Holston units of the East Tennessee Re-
search and Education Center and the Ames Plantation
Research and Education Center near Grand Junction,
TN in May 2002 and 2003. Each line was planted in a
four-row plot of 6 m length with a spacing of 75 cm
between rows.

Sample preparation and amino acid analysis

Approximately 20 g of soybean seeds were ground in a
water-cooled Knifetec 1095 Sample Mill (FOSS Teca-
tor, S-26321, Hogana, Sweden) for 20 s. This setting
produced soybean flour with a uniform particle size.
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The near infrared spectroscopy (NIRS) instrument
(NIRS 6500, FOSS North America) was warmed up
for 2 h after turning on the lamp and auto diagnostics
were run. Diagnostics tests ensured that the instrument
passed three different tests for instrument response,
wavelength accuracy, and NIRS repeatability. A room
dehumidifier was used throughout the analysis, setting
the humidity to 40%; room temperature was approxi-
mately 20�C. The ground soybean samples were scan-
ned using Winisi II 1.5 software. The instrument was
left on for the entire period of analysis, and diagnostics
were performed every day until scanning of all samples
was completed. The scanning produced the predicted
levels of Met and Cys as concentration of total seed on
a dry weight basis. We also calculated total sulfur
containing amino acids (Met + Cys) and their ratio
(Met:Cys).

DNA extraction and polymerase chain reaction

DNA was extracted from the RIL and parental lines
utilizing Qiagen Plant Easy DNA Extraction Kit (Qia-
gen Hilden, Germany). PCR consisted of 7.4 ll of
ddH2O, 1 ll of 10· PCR Buffer, 1 ll of 2 mM dNTPs
mixture (Pharmacia, Piscataway, NJ, USA), 0.5 ll of
20 lM forward and reverse primer, 0.1 ll of 5 U/ll�1

Klentaq (Ab Peptides Inc., St Louis, MO, USA) and
2 ll of 20 ng ll�1 template DNA. The PCR was per-
formed in a 96-well MBS Hybaid thermocycler (Hybaid,
Franklin, MA, USA). PCR conditions were (a) 94�C for
5 min followed by 35 cycles at 94�C for denaturation for
25 s, (b) 47�C for annealing for 30 s, (c) 72�C for 25 s
for extension, and one last cycle at 72�C for final
extension for 5 min. Parents were screened for a total of
585 (ATT)n simple sequence repeat (SSR) genetic
markers (Cregan et al. 1999), of which 138 were found
polymorphic. The sequence information for the markers
is publicly available from the USDA website http://
www.soybase.org, which was verified on 20 October,
2005. A total of 94 scorable and polymorphic SSR
markers were used in QTL analyses.

DNA gel electrophoresis

A 6% non-denaturing polyacrylamide gel electrophore-
sis (PAGE) used to separate the PCR product consisted
of 6% bis-acrylamide, 0.5% TBE buffer, 0.07% APS
and 0.035% TEMED. Two microliter of loading buffer
(6·) were added to PCR products and a 10 ll sample
was loaded on the gel. The running buffer was 0.5· TBE.
The gel was run at constant 300 V for 3 h. A fan was
used to keep the glass plates cool during gel running.
Ethidium bromide (50 ll, 10 mg ml�1) was added to the
running buffer in order to visualize the bands under
exposure to UV light. Bands were scored using 1 to
represent P1 (N87-984-16), 2 to represent heterozygote,

and 3 to represent P2 (TN93-99) alleles for each primer
locus.

Data analysis

Phenotypic data on Met and Cys were analyzed using
MIXED procedure of SAS software to determine
genotypic differences among the RIL (SAS Institute Inc.
2002). Location and replication were considered as two
blocking factors in the model. Heritability of the trait in
the population was estimated on an entry mean basis
(Nyquist 1991) as follows:

h2 ¼
r2
g

r2
g þ

r2
ge

e

� �
þ r2

re

� � ;

where h2 represents narrow-sense heritability, rg
2 is

genotypic variance, rge
2 is genotype · environment var-

iance, r2 is error variance, r is number of replications
and e is the number of environments.

REML was used to estimate variance components for
calculating heritability estimates. Phenotypic correla-
tions were determined using the CORR procedure (SAS
Institute Inc. 2002) and genetic correlations were deter-
mined using the following formula (Falconer and Mac-
kay 1996; Kearsey and Pooni 1996):
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Covxyffiffiffiffiffi

r2
x

p
r2

y

;

where rG represents genetic correlation, x represents one
trait, y represents a second trait and r2 is genetic vari-
ance. Cross products (Cov) were generated using the
MANOVA option of the PROC GLM procedure.
Associations between molecular data and least squares
means of NIRS predicted Met and Cys were detected by
analyzing the data using PROC GLM (SAS Institute
Inc. 2002). Heterozygotes were excluded from the anal-
ysis because the RIL population was F6-derived, and our
interest was to detect heritable alleles from pure lines.
QTL position and distance were estimated using Map-
maker/Exp 3.0 (Lincoln et al. 1993) and the information
from Mapmaker was then used in QTL Cartographer
(Wang et al. 2003) to confirm the QTL by composite
interval mapping (CIM). We used the standard model
Zmapqtl 6 in the CIM procedure with a 10 cM window
size and a 2 cM walking speed. We also performed QTL
· Environment interaction using least squares means for
Cys and Met from six environments by the multiple trait
analysis (MTA) method of QTL Cartographer choosing
hypothesis 14 (Wang et al. 2003). We performed 1,000
permutations on Cys, Met and Met+Cys in each envi-
ronment and in the combined data from six environ-
ments to establish empirical LOD thresholds at the 5%
probability level (Churchill and Doerge 1994). However,
QTL with LOD ‡ 2.0 are also reported as has been done
in other papers (Concibido et al. 2003; Njiti et al. 2002;
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Rector et al. 1998), in order to identify potential QTL
for further research.

Results and discussion

Methionine and cysteine phenotype

A significant difference (P<0.01) was found among
genotypes in the population for Met and Cys concen-
tration. Descriptive statistics (g kg�1 seed dry weight) for
Met, Cys and a combination of Met + Cys are pre-
sented in Table 1. The frequency distributions for Met,
Cys and Met + Cys are presented in Fig. 1. RIL means
ranged from 5.1 to 7.3, and from 4.4 to 8.8 (g kg�1 seed
dry weight) for Cys and Met, respectively. The combi-
nation of total S-containing amino acids (Met + Cys)
ranged from 9.7 to 15.9 (g kg�1 seed dry weight) among
the RIL. The upper end of these ranges represents a
reasonably high level of S-containing amino acid con-
centration in soybean. The average concentrations of
Met and Cys in soybean reported by Friedman and
Brandon (2001) are 0.65% each of dry matter, which
is 6.5 g kg�1 seed dry weight each, making the total
S-containing amino acids 13.0 g kg�1 of dry matter The
combination of Met + Cys was 1.28% of dry matter (or
12.8 g kg�1 seed dry weight) in a study by Fontaine et al.
(2001). Kwanyuen et al. (1997) analyzed the amino acid
composition in selected Glycine soja, a wild relative of
cultivated soybean germplasms and found that the con-
centration of Met and Cys ranged from 0.7 to 1.1% (7–
11 g kg�1dry weight) and 0.4 to 0.8% (4–8 g kg�1seed
dry weight), respectively. Thus, on the basis of these past
observations, the average Met and Cys levels found in
our population were high enough to enable QTL detec-
tion for these S-containing amino acids.

The genetic variance and breeders’ ability to select
from observed phenotypes for Met and Cys should be
interpreted with respect to heritability. A moderate
heritability was found for Met (0.57) in data combined
from six environments, whereas heritability was low
(0.14) for Cys. Quantitative traits like Met and Cys are
influenced by the growing environments to a great ex-
tent. Whitehead et al. (1989) concluded from a similar
type of study that a high level of heritability observed for
amino acids indicated that phenotypes observed are
likely to have similar observations in future generations.

Selection from among high performing lines is more
likely to achieve significant genetic gains when herit-
abilities are high. Unlike qualitative traits, it is difficult
to make significant response to selection in quantitative
traits if the heritability is low.

According to the FAO standard, the combination of
Met + Cys should be ‡3.5% of protein (approximately
14.0 g kg�1 seed dry weight) to make soybean protein
equivalent to egg protein, a reference protein (Clarke
and Wiseman 2000). In the present study, the combined

Table 1 Descriptive statistics (seed dry weight basis) for cysteine (Cys), methionine (Met), total sulfur containing amino acids
(Met + Cys) and total seed protein concentration averaged over six environments in a soybean RIL population derived from N87-984-
16 · TN93-99

Trait Minimum Maximum Mean P1 P2 LSD0.05 h2

Cysteine (g kg�1) 5.1 7.3 6.2 7.0 6.0 0.3 0.14
Methionine (g kg�1) 4.4 8.8 6.4 6.8 6.8 0.7 0.57
Cys + Met (g kg�1) 9.7 15.9 12.6 13.8 12.8 0.7 0.42
Protein (g kg�1) 399.7 434.5 416.1 431.0 401.0 3.3 0.66

P1 N87-984-16, P2 TN93-99, LSD Least significant difference at the 0.05 probability level, h2 Heritability on an entry mean basis
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average Met + Cys was 12.6 g kg�1, ranging from 9.7
to 15.9 g kg�1 seed dry weight, thus a few RILs existed
which were greater than the FAO standard. Generally,
both Met and Cys were higher in this population, but
Cys was much higher than in other populations. One of
the parents (N87-984-16) constitutes the high protein
commercial cultivar ‘Prolina’, which contains not only
high protein but also exhibits superior gelling properties
of its storage protein, indicating that it may contain
more S-containing amino acids (Kwanyuen et al. 1998;
Luck et al. 2001). Our choice of N87-984-16 as one of
the parents provided us with an opportunity to generate
lines with higher S-containing amino acids.

In our population, a negative phenotypic correlation
between protein and Cys (r = �0.48) and no correla-
tion between protein and Met (Table 2) indicated that
high protein genotypes per se may not have high S-
containing amino acids, which is in agreement with past
findings (Whitehead et al. 1989). Therefore, it is neces-
sary to assess the lines for S-containing amino acids in a
breeding program aiming to improve protein quality.

The population was grouped into two subsets of
relative plant maturity for ease of field production and
to minimize measurement errors. We labeled the subsets
as maturity ‘A’ and ‘B’ whose RIL differed by a range of
approximately 14 days in maturity. It is interesting to
note that there are six clusters in the scatter diagram of
total S-containing amino acid (Met + Cys) (Fig. 2).
Evaluation of individual lines and Met and Cys con-
centration revealed that the earlier maturing genotypes
(maturity A) produced higher S-containing amino acids
in all three locations than maturity B. There was a
negative phenotypic correlation between maturity and
total S-containing amino acid content (r = �0.68) in
this population. To our knowledge, this is the first report
of such an association in soybean.

Quantitative trait loci analysis

We initially identified candidate QTL for Cys and Met
on the basis of single factor ANOVA and then con-
firmed by CIM using QTL Cartographer (Wang et al.
2003). CIM analysis detected four QTL near molecular
markers Satt235, Satt252, Satt427 and Satt436 signifi-
cantly associated with Cys concentration in this popu-

lation. These QTL were distributed on three molecular
linkage groups (MLG) D1a, F and G (Table 3). All
these QTL showed association with Cys in multiple
environments indicating that they may be an important
QTL. However, MTA of QTL Cartographer confirmed
that QTL near Satt252 and Satt235 were stable across
the environments. Phenotypic variation explained by
individual QTL ranged from 8.5 to 12.6% (Table 3).
Alleles for increased Cys in three of the four loci were
contributed through N87-984-16 whereas that near
Satt436 was contributed through TN93-99. There were
four additional QTL associated with Cys near Satt002,
Satt185, Satt201 and Satt590 markers on MLG D2, E
and M, respectively, but all of them were significant only
in one environment (data not shown); hence they may be
environmentally sensitive QTL (Brummer et al. 1997).

In our population, genetic gains for Cys were
attainable by both parents but the magnitude of con-
tributions was higher for N87-984-16. This is as expected
because N87-984-16 was thought to be rich in S-con-
taining amino acids (Kwanyuen et al. 1998; Luck et al.
2001). Moreover, N87-984-16 had some unusual bio-
chemistry in its b-conglycinin (7S) fraction of protein in
the sense that it had almost five times more Cys con-
centration (Kwanyuen et al. 1998), which is presumably
because of sulfur-bonding. That may explain why more
Cys was contributed via N87-984-16 alleles. Moreover,
the distribution of Cys was skewed towards the higher

Table 2 Genetic and phenotypic correlation coefficient among Cys, Met and other traits in an F6-derived RIL population of soybean from
N87-984-16 · TN93-99

Trait Cysteine Methionine Met + Cys

Genetic Phenotypic Genetic Phenotypic Genetic Phenotypic

Methionine 0.73*** 0.44*** – – – –
Met + Cys 0.97*** 0.91*** 0.86*** 0.76*** – –
Met:Cys �1.00*** �0.93*** �0.64*** �0.150 NS �0.94*** �0.73***
Protein �0.64*** �0.48*** �0.250** �0.130 NS �0.55*** �0.40***

NS Nonsignificant
*, **, *** Significant at 0.05, 0.01 and 0.001 probability levels, respectively
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protein) in an F6-derived RIL soybean population from N87-984-
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indicated by ‘B’ in all three experiment sites, which differ by
14 days on average
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tail (Fig. 1b). This may result in higher type I or type II
errors for Cys QTL detected in this population.

There were three QTL near molecular markers
Satt252, Satt564 and Satt590 significantly associated
with Met concentration in this population, which were
distributed on MLG F, G and M, respectively (Table 3,
Fig. 3). Among these, QTL near Satt564 and Satt590
were associated with Met concentration in multiple
environments. However, MTA of QTL Cartographer
revealed that the genomic region linked to Satt564 was
stable across the environments. Another QTL near
Satt252 was detected only in one location for both the
years. The QTL near Satt002 was significant only in one
environment indicating that this may be an environ-
mentally sensitive QTL. Interestingly, unlike for Cys,
three of the four loci (including the QTL near Satt002)
had alleles for increased Met through TN93-99 (Ta-
ble 3). Phenotypic variation explained by an individual
QTL ranged from 15.2 to 22.9% indicating that all the
QTL detected were major QTL (Falconer and Mackay
1996).

It is interesting to note that most of the QTL asso-
ciated with Met were also associated with Cys in this
population although some of them appear to be envi-
ronmentally sensitive. It should be noted that Satt564 (a
marker linked to a Met QTL) located on LG G was
within 6 cM distance from Satt427 (a marker linked to a
Cys QTL) in the composite molecular linkage map. An
explanation for this observation could be that in the
biochemical pathway of Met biosynthesis, Cys is the
intermediate product in the process of assimilating sul-
fur (Matthews 1999; Saito 1999). With one amino acid
being dependent on the concentration of others, it is
possible to detect the same QTL for both Met and Cys.

With this in mind, an estimate of the total sulfur
containing amino acid was derived by adding Met and
Cys in this population and QTL analysis was performed
on that sum. We detected three QTL in multiple envi-
ronments near Satt002, Satt252 and Satt590 markers
associated with total S-containing amino acids (Ta-
ble 3). Furthermore, two QTLs near Satt185 and
Satt564 were detected in only one environment, indi-
cating that they may be environmentally sensitive QTL
(data not shown). All the QTL were distributed among
five MLG: D2, E, F, G and M (Table 3). The significant
QTL associated with total S-containing amino acids
were the same as those detected either for Cys or Met or
both, as expected.

We know that amino acids including Met and Cys are
components of protein. Therefore, QTL associated with
Met and Cys are expected to be associated with protein.
In this population, we previously identified some QTL
associated with seed nitrogen accumulation at various
reproductive growth stages (Panthee et al. 2004a), which
is the major component of storage protein. It is inter-
esting to note that not all QTL associated with Met and
Cys were the same as those detected for seed nitrogen
concentration, although some of them were located in
the same linkage groups. We found that there was no
correlation (r = �0.13) between Met and protein

Table 3 QTL detected by composite interval mapping for cysteine, methionine, and Cys + Met in F6-derived RIL population of soybean
from N87-984-16 · TN93-99

Trait Environment MLG Marker QTL position(cM) LOD score Additive effect R2 (%)

Cysteine Holston (2002–2003) D1a Satt436 11.57 2.46c �0.02 8.5
Combined (2002–2003) F Satt252 16.01 2.22b 0.01 11.0
Combined (2002–2003) G Satt235 25.36 2.78a,b 0.01 12.6
Ames (2002–2003) G Satt427 47.17 2.29 c 0.01 12.1

Methionine KPSF (2002–2003) F Satt252 16.01 2.84a,c 0.47 15.2
Combined (2003) G Satt564 56.80 2.59a,b �0.54 18.8
Combined (2002–2003) M Satt590 12.01 2.42c �0.04 22.9

Met + Cys Holston (2002–2003) D2 Satt002 23.22 2.10d �0.04 7.6
Combined (2002–2003) F Satt252 16.01 2.45 d 0.04 12.3
Ames (2002–2003) M Satt590 12.01 2.43 d �0.05 17.6

MLG Molecular linkage group, LOD Log of odds ratio, Additive Additive genetic effect with respect to P1 (N87-984-16), KPSF Knoxville
Plant Science Farm of the East Tennessee Research and Education Center at Knoxville, TN, Holston Holston Unit of the East Tennessee
Research and Education Center at Knoxville, TN, Ames Ames Plantation Research and Education Center near Grand Junction, TN
aSignificant QTL at empirical threshold levels determined by 1000 permutations
bQTL · Environment interaction analyzed by multi trait analysis detected QTL as stable across environments
cQTL · Environment interaction analyzed by multi trait analysis detected QTL as unstable across environments
dSignificant at LOD=2.0, but not at empirical threshold determined by 1,000 permutations
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whereas the correlation was moderately negative be-
tween Cys and protein (r = �0.48) (Table 2). Thus,
despite knowledge that amino acids are the components
of protein, there are some different genomic regions
which govern total protein concentration in soybean.

Several researchers have mapped QTL for protein in
soybean, which are close to the QTL detected in our
study or from the same MLG. A protein QTL near
Satt077 has been reported (Csanadi et al. 2001), which
is within 7 cM downstream of molecular marker
Satt436 on MLG D1a in the composite molecular
linkage map of soybean. However, the closest protein
QTL (near K002_1) reported from MLG F (Brummer
et al. 1997) is about 31 cM downstream of Satt252.
Molecular marker Satt235 was found to be associated
with seed nitrogen accumulation processes during
reproductive stages of soybean (Panthee et al. 2004a).
Two protein QTL linked to molecular markers A816_1
and A890_1 have been reported from MLG G
(Brummer et al. 1997), which are about 16 cM down-
stream of molecular marker Satt427 which we detected
to be associated with a Cys QTL in the present study.
A QTL associated with the glycinin fraction of storage
protein, which is believed to be rich in S-containing
amino acids, was detected between Satt564 and Satt191
from MLG G (Panthee et al. 2004b). Although a QTL
associated with protein fractions has been reported
from MLG D2 (Panthee et al. 2004b), no protein QTL
close to marker Satt002 has been reported. A protein
QTL linked with B174_1 from MLG E has been re-
ported (Brummer et al. 1997), which is approximately
13 cM upstream of Satt185. Molecular marker Satt201
has been reported as associated with seed nitrogen
accumulation processes in soybean during reproductive
stages (Panthee et al. 2004a), and was found to be
associated with an environmentally sensitive Cys QTL
in the present study. Therefore, all MLG (D1a, E, F, G
and M) which contained Cys and/or Met QTL have
already been reported to have protein QTL. Thus, our
data provide additional information that may be
important for future genetic research targeting the
improvement of soybean protein quality.

In quantitative traits, genetic gain or accumulation of
favorable alleles in the progeny is possible from both of
the parents. Favorable alleles are distributed in the
population, which can be brought together through
breeding efforts to make significant genetic gains. The
QTL for Met and Cys that we report provide a first step
to utilize a MAS program to achieve genetic gains.

Although there are several papers on QTL mapping
for other traits, there is very limited information on QTL
mapping for amino acids in any species. Loudelt et al.
(2003) mapped QTL for amino acids in Arabidopsis and
Wang et al. (2001b) mapped elongation factor involved
in lysine biosynthesis in Zea mays. Wang et al. (2001a)
also mapped a QTL involved in determining the free
amino acid content in Z. mays. QTL detected for Met
and Cys in the present study have potentially important
applications in improving protein quality in soybean by

MAS. The QTL detected in the present population need
to be verified in other populations to confirm, for
example, whether conserved alleles for Met and Cys
exist among important breeding population parents, or
whether specific lines would better facilitate MAS.
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