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Abstract This study identified QTLs influencing seed
quality characters in a cross of two early maturing soy-
bean (Glycine max [L.] Merr.) cultivars (Ma.Belle and
Proto) adapted to the short growing seasons of Central
Europe. A molecular linkage map was constructed by us-
ing 113 SSR, 6 RAPD and 1 RFLP markers segregating
in 82 individuals of an F, population. The map consists
of 23 linkage groups and corresponds well to previously
published soybean maps. Using phenotypic data of
the F,-derived lines grown in five environments, four
markers for protein content, three for oil content and
eight for seed weight were identified. Four from fifteen
seed quality QTL-regions identified in the present study
were also found by other authors. Markers associated
with seed weight QTLs were consistent across all envi-
ronments and proved to have effects large enough to be
useful in a marker-assisted breeding program, whereas
protein and oil QTLs showed environmental interactions.

Keywords Glycinemax (L.) - SSR - RAPD - RFLP -
Marker-assisted selection

Introduction

Soybean [Glycine max (L.) Merr., 2n=2x=40] is one of the
World’'s mgjor crops grown for seed protein and oil con-
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tent. In Asiait is used mainly for its protein content in hu-
man consumption. In North America, it is used mostly for
animal feed and for oil production (Smith and Huyser
1987). In Europe it is amost exclusively grown for its pro-
tein content to feed livestock. However, soybean varieties
of early maturity groups adapted to short-season growing
conditions of Central Europe have alower average protein
content than available on the world market (Vollmann et a.
2000). Therefore, to improve the competitive value of Aus-
trian grown soybean varieties, increasing the seed protein
content of adapted germplasm is highly desirable.

Recent developments in the use of molecular markers
can make plant breeding more efficient (Paterson et al.
1991). Marker-aided selection (Lande and Thompson
1990) can serve as a tool to substantially increase the
efficiency of selecting appropriate genotypes. The first
molecular genetic maps of soybean were constructed
using different kinds of parents and segregating popula-
tions. Shoemaker and Olson (1993) used an interspecific
cross between Glycine max and Glycine soja, Lark et al.
(1993) used recombinant inbred lines from a cross
between Minsoy and Noir, and Muehlbauer et al. (1991)
used near-isogenic lines (NILs) between the varieties
Clark and Harosoy. Meanwhile, a large number of reports
on the molecular mapping of characters such as seed pro-
tein and oil content (Diers et a. 1992; Mansur et al. 1993,
1996; Lark et a. 1994; Lee et a. 1996; Brummer et a.
1997; Qiu et al. 1999) shows the great interest for using
molecular markersin soybean breeding.

In this study, molecular markers associated with seed
quality characters were identified in a segregating soy-
bean population of the early maturity gene pool. As a
first step a molecular-marker map was established and
compared with the already published maps. Microsatel-
lite markers, frequently referred to as simple sequence
repeats (SSRs), were used in constructing the core map.
Such amap can later be saturated by other markers such
as RFLPs, RAPDs and AFLPs. In a second step, markers
associated with seed protein content, oil content and seed
weight were identified by means of a single-marker ap-
proach and interval mapping.
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Table 1 Description of the two

parental genotypes Genotype Pedigree Maturity Group Origin
Proto M70-504/M 69-42 0 University of Minnesota
Ma. Belle Unknown 00 Agriculture Canada
Fig. 1 Example of fragment
separation for Ma.Belle, Proto =
and 24 F,-plantsin a 12% poly- 2
acrylamide gel for SSR marker 4 5
Satt316 with size marker { Z2& 1 2 3 456 7 8 91011121314 151617 181920 2122 23 24
pBR322/Mspl ~ e 2 - H
217bp 3 ~
L1 /Dp —ea -
= Lol o - e e -
180bp & &= /
SRR Rr R ey e weeeeeeR @

Materials and methods

Plant material

The two parent genotypes, Ma.Belle and Proto (Table 1), originate
from a collection of early maturing soybean accessions evaluated
at the University of Agricultural Sciences Vienna. These two ge-
notypes were selected because of their difference in seed protein
content (Proto 462 g kg~ MaBelle 390 g kg™1) and their large ge-
netic distance (Doldi et a. 1997). MaBelle and Proto were
crossed, and the F, plants were self-pollinated resulting in an F,
population of 82 individuals which were used for the mapping ex-
periment.

Phenotyping

For phenotypic evaluations of seed protein content, oil content
and seed weight, F,-derived lines were grown in five environ-
ments in the east of Austria, i.e. Raasdorf and Viennain 1997, and
Raasdorf, Vienna and Pama in 1998. In each environment, geno-
types were planted in single-row plots of 2-m length using gener-
alized lattice designs in two replications. Seed protein and oil con-
tent were determined in g kg=1 on a dry matter basis using near-in-
frared reflectance spectroscopy (NIRS) as described in Vollmann
et a. (1996). For each environment, raw data were evaluated
statistically using the PLABSTAT software package (Utz 1995).
For subsequent genetic analyses, lattice-adjusted mean values
were used.

DNA analysis

DNA was isolated from freeze-dried leaf tissue. Total DNA was
prepared according to Keim et al. (1988a) with slight modifica-
tions due to the high level of polysaccharides in field-grown
plants. Chloroform/isoamylalcohol was applied twice and, after
precipitation, DNA was washed in 15 mM NH,Ac dissolved
in 80% ethanol. For RFLP detection 100 probes (BioGenetic
Services, Brookings, South Dakota, USA) were used, originating
from a genomic DNA library constructed by Keim et al. (1988b).
They were pre-selected for unique or low-copy number fragments
using Pstl enzyme digestion (Keim et al. 1988b). For radioactive

hybridisation the buffer (C+G) of Church and Gilbert (1984), un-
der the conditions described by Kiss et al. (1993) for apha-P32
dCTP nucleotide, was used. For RAPD analysis primer Kits 02
and 03 were purchased from Advanced Biotechnologies Ltd., UK.
The 15-pl reaction mixture contained 40 ng of genomic DNA,
10 pmol of random primer, 1x reaction buffer (containing 1.5 mM
MgCl,), 0.6 U of Taq DNA Polymerase (Genecraft, Munster, G)
and 7 nmol of dNTPs. The amplification products were loaded
either on a 1.5% agarose gel and stained with ethidium bromide,
or on a 10% native acrylamide gel (Amersham-Pharmacia-
Biotech, Hoefer Se 600, Uppsala, S), with running conditions for
1.30 h at 85 W constant at 15°C, and then silver-stained (Stift, un-
published). For microsatellite (SSR) amplification 561 soybean
primer pairs were used. They were developed at the USDA-ARS,
Soybean and Alfalfa Research Laboratory, Beltsville, Md. 20705,
USA, (Cregan et al. 1999). The PCR reaction and cycling were
performed following Akkaya et a. (1995) and Cregan et al.
(1999). The amplification products were loaded on a 12% poly-
acrylamide gel (Amersham-Pharmacia-Hoefer, Hoefer Se 600,
Uppsala, S), run for 2 h at 85 W constant and 15°C, followed by
silver staining (Fig. 1). After staining, gels were dried using the
model Drygel Sr, Slabgel Dryer SE 1160 (Amersham-Pharmacia-
Biotech, Uppsala, S).

Statistical analysis

MAPMAKER/EXP 3.0 (Lander et a. 1987; Lincoln et al. 1992a)
was used to construct the genetic linkage map. We used the two-
point commands “group”, “map” and “lod table”, and the multi-
point analysis “compare” and “pairwise” commands, for building
the linkage groups. New markers were added by using the “try”
multipoint analysis command and the results were checked by the
“ripple” command. The error detection ratio was set at 5%. The
Haldane mapping function was used with a default LOD score of
3.0 and a 50 cM maximal distance. Dashed lines along the bars of
the linkage groups mark the regions where genetic distance be-
tween markers exceeded 50 cM (see Fig. 2). The linkage groups
were designated LG em, with “em” referring to “early maturity.”
The corresponding linkage group names of the USDA/lowa State
University map (Cregan et al. 1999) are also indicated in Fig. 2.
Single marker-QTL associations were identified by one-way
ANOVA (SAS/STAT software, SAS Institute 1988) using pheno-
typic data from single environments and from all the environments
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Table2 Summary of pheno-

typic data Character Ma.Belle Proto Progeny mean LSD (0.05) h2 (%)
Protein content (g kg-1) 402 423 417 15 58.4
Qil content (g kg™1) 199 185 189 13 59.2
1000 seed weight (g) 215 191 208 17 83.0
combined. Associations between markers and phenotypic charac-  dominant segregation. The complete map spans

ters were evaluated by F-tests. QTLs were only considered as sig-
nificant at alevel of P<0.01 in the combined analysis across envi-
ronments. In the combined analysis across all environments, in or-
der to remove environmenta effects, data from each environment
were standardized. This alowed an accurate estimation of the
amount of variation explained by each marker locus (R?).

For simple interval mapping using MAPMAKER/QTL 1.1
(Paterson et al. 1988; Lincoln et al. 1992b), the significance level
was set at LOD 2.0 (default) and each 2-cM interval (default) was
checked for the presence of QTLs. The LOD score peak was used
to estimate the most-likely QTL position on the linkage map.
QTL regions were also verified across environments by composite
interval mapping using the multiple regression-based software
program PLABQTL at a minimum LOD score level of 2.5 (Utz
and Melchinger 1996). Markers of a linkage group were selected
as cofactors for analysis using the cov SELECT command.

Results
The map and its characteristics

The genetic map based on the segregating population of
the two early ripening genotypes Ma.Belle and Proto
consists of 120 different molecular markers (Fig. 2). The
core map is made up almost exclusively of SSR markers.

From al the marker types used in this study, SSRs
displayed the highest polymorphism ratio, 160 out of
546 (i.e. 29.3%). From these 160, 113 were mapped on
the F, population, and 36 were unlinked. From the re-
maining 11, six (Satt023, Satt088, Satt326, Satt334,
Satt410 and Satt425) showed only the band of one of the
two parents in the F,. In five cases (Satt291, Satt309,
Satt324, Satt506 and Satt563) the gels of the F, popula-
tion could not be evaluated.

Out of 100 RFLP markers, only 15 (15%) were poly-
morphic and only one (K070) could be integrated into
the map. We aso tested five RAPD primers using
polyacrylamide for fragment separation and obtained
20 polymorphic bands. The location of six RAPD
loci (11/5/C, I1/5/D, I1/6/A, 11/6/B, 11/6/C and 11/14/B)
was determined. Apart from the six SSR primers with
only one band in the F,, as mentioned above, no segrega-
tion distortion of SSR and RFLP markers occurred. The
dominantly inherited RAPD showed a 1:3.5 recessive/

Fig. 2 Linkage map of the early maturing soybean F,-population
(n=82) of the cross MaBellexProto consisting of 23 linkage
groups integrating 113 SSRs, 6 RAPDs and 1 RFLP marker. The
designation of linkage groups from the USDA/lowa State Univer-
sity integrated linkage map is given in parenthesis. Effects of par-
ticular QTL regions on seed protein content (p), oil content (o)
and seed weight (s) are indicated on the map, followed by R2-val-
ues from analysis of variance results combined across all environ-
ments

757.5 cM (6.3 cM/marker density) and fallsinto 23 link-
age groups.

QTLsfor seed protein and oil content,
and for seed-weight

The summary of seed protein data is presented in
Table 2. Using a one-way ANOVA, 15 markers (14 SSRs
and 1 RAPD) were identified showing significant
(P<0.01) association with seed protein content in at |east
one environment on LG em05 (Satt319, Sct 028,
Satt433, Satt316, Satt307), LG em06 (Satt468, Satt077),
LG em12 (11/5/D, Satt246, Satt293), LG em14 (Satt196,
Sat_020), LG eml11 (Satt472), LG em18 (Satt477) and
Satt567 (unlinked). From these 15 markers, only four
(Satt77, Sct_028, Satt567, Satt196) have shown a signif-
icant association with protein content across all environ-
ments (Table 3). Jointly, they explain about 23% of the
overall variation.

Using the phenotypic data of the different environ-
ments separately and simple interval mapping, three
main intervals were detected for seed protein content
on LG em04, LG em05 and LG em13. The interval
identified on LG em05 (Satt319-Satt307) also covers
all the markers identified by ANOVA. Combining
protein data from all environments and using composite
interval mapping verified one QTL region close to
marker Sct_ 028 on LG em05 at a LOD-value of 2.7
(Table 3).

The summary statistics of the seed oil content of par-
ents and progeny are listed in Table 2. One-way ANOVA
detected SSR markers significantly (P<0.01) linked to
seed oil content in at least one environment and to each
other in linkage groups LG em03 (Satt272 and Satt020),
LG eml4 (Satt196, Sat_020), LG eml8 (Satt358,
Satt487, Satt445, Sattd73, Satt262, Sattl73, Satt188,
Satt345, Satt094, Satt219), LG eml13 (Satt562), and LG
em04 (Satt139). From al these markers, only Satt020,
Sait196 and Sait562, proved to be significant across
environments (Table 3), explaining about 15% of the
variation.

Simple interval mapping using single environments
only, confirmed the presence of a QTL in LG eml4
(Satt196, Sat_020) and identified two additional seed oil
QTL-intervals in LG em05 (Satt319, Sct_028, Satt433,
Satt316, Satt307) and in LG em13 (Satt571, Satt562).
The average LOD of these QTLsis 2.78 (the threshold is
2.0). However, none of these regions proved to be signif-
icant in a combined analysis across all environments us-
ing composite interval mapping.
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Table3 Soybean microsatellite markers and marker-associated
effects on seed protein and oil content and on 1000-seed weight in
F,-progeny of the cross Ma.BellexProto (analysis of variance re-
sults combined across five environments). * Linkage group desig-

nations of the USDA / lowa State University map in parenthesis.
** | OD-score from composite interval mapping across all envi-
ronments

Marker Linkage-group Sig. level R2 (%) LOD- Allelic means
(F-test) score* *
Ma.Belle Heterozygous Proto
Protein content (g kg1)
Satt077 6 (D1a)* 0.0009 47 - 417.4 419.1 413.0
Sct_028 5(C2) 0.0069 6.6 2.7 414.6 417.0 4187
Satt567 Unlinked (M) 0.0020 7.1 - 417.0 418.4 413.1
Satt196 14 (K) 0.0009 47 - 416.9 418.8 4137
Oil content (g kg™?)
Satt020 3(B2) 0.0013 31 - 206.9 209.4 204.9
Satt196 14 (K) 0.0004 6.5 - 188.5 186.1 191.7
Satt562 13(1) 0.0040 5.7 - 184.6 189.1 190.1
1000-seed weight (g)
Satt210 16 (M) <0.0001 45 - 202.6 208.3 2131
Satt219 18 (0) <0.0001 12.0 4.3 214.0 207.5 196.2
Satt229 Unlinked (L) <0.0001 4.8 - 212.8 207.8 200.2
Satt306 Unlinked (M) <0.0001 6.8 - 212.7 203.8 191.3
Satt313 15(L) <0.0001 4.9 - 203.7 212.9 211.7
Satt358 18 (O) <0.0001 7.8 - 215.8 205.9 202.4
Satt477 18 (O) <0.0001 5.6 2.6 209.3 210.7 199.8
Satt562 13 (1) <0.0001 11.6 - 218.0 208.9 200.4
In the investigated population, the phenotypic data of o 20 E1
seed protein and oil content were negatively correlated ' ,
(r=-0.77, P<0.0001). The negative correlation between 35 | —— giflme'“
the two characters was also reflected in their association
with molecular markers. In the QTL region of marker 3.0 4
Satt196 on LG emil4, for instance, the alele from 0 s
Ma.Belle codes for high protein and low oil content, g
whereas the allele from Proto is associated with low pro- D 20 |
tein and high oil content (Table 3). o
Similarly, in the QTL-region of marker Sct_028 on 3 159
LG emO5, the Proto alele codes for high, and the 10|
MaBelle alele for low protein content (Table 3),
whereas for oil content the respective marker aleles re- 05
veal opposite effects. The data on oil content were, W
however, not significant across al environments and 00 . ‘ : M
therefore were not included in Table 3. In the region of 0 o 20 30 40 50 60C
marker Sct_028 on LG em05, the LOD-score plots can |" | | |
not separate the two QTLs for seed protein and oil L L\
content, respectively, indicating a close linkage of the 3 25832 8 3 2 S
. g JdoFIEe S 8 e
two loci (Fig. 3). S SELEE o B O 2
0 nnuonyy 0 v w n

A large number of markers displayed association with
seed weight at a high significance level (P<0.0001) on
LG em10 (Satt343, Satt193, Satt149, Satt160), LG eml16
(Satt250, Satt108, Satt346, Satt210, Satt336), LG eml8
(Satt358, Satt487, Sattd77, Sattd73, Satt262, Sattl73,
Satt188, Satt345, Satt094, Satt219, Satt243), LG em06
(Satt482), LG em08 (Satt413), LG em1l (Satt288), LG
eml3 (Satt562), and LG eml5 (Satt313); two more
markers (Satt229 and Satt306) were unlinked. Out of this
large number of markers, eight showed very strong asso-
ciation with seed weight across al environments, ex-
plaining more than 55% of the total variation observed
(Table 3).

LG em 05 (C2)

Fig. 3 LOD score plots from composite interval mapping of QTL
regions for both seed protein and oil content identified near the
position of marker Sct_028 on LG em 05 (data from the Raasdorf
1997 trial)

Simple interval mapping confirmed the presence of a
QTL on LG eml10 between Satt149 and Satt343, on LG
em13 between K070 and Satt562, and on LG em18 be-
tween Satt173 and Satt219. Combining seed weight data
from all environments and using composite interval



mapping, two significant QTL regions could be verified
close to marker Satt219 (interval Satt094-Satt219;
LOD=4.3) and near Satt445 (interval Satt445-Satt477;
LOD=2.6) on LG em18 (Table 3).

Discussion

The main goa of the present study was to identify QTLsS
for seed quality characteristics in a segregating soybean
population produced by the crossing of two early matur-
ing genotypes. A molecular genetic map was constructed
using 1 RFLP, 6 RAPD and 113 SSR markers. Due to the
narrow range of adaptation of the early maturing variet-
ies, we expected a low level of polymorphism. In our
mapping population, 160 out of the 546 tested SSR prim-
er pairs were polymorphic (29.3%), which is comparable
to data reported by Arahana et a. (1999) who detected
16-30% polymorphism depending on the population.
The six markers which were found to be monomorphic
in the F, population, indicate heterogeneity of the two
parents. The DNA used in testing for parental polymor-
phism did not originate from the same plants which were
used for crossing.

By comparison, from the 100 RFLP markers tested,
only 15% were polymorphic in our population. These re-
sults underline the usefulness of SSR markers for soy-
bean. Another magjor advantage of this set of markers
is that they al reportedly map to a single locus (Cregan
et a. 1999) which is supported by the present study
(Fig. 1). This makes SSRs ideal for integrating genetic
linkage maps constructed by different laboratories using
different mapping populations. Integrated maps may
contain information from both classical and molecular
genetic maps (Shoemaker and Specht 1995; Cregan et al.
1999).

Mapping 113 SSR loci to 23 linkage groups did not
reveal any major discrepancy from the maps published
by other groups (USDA/lowa State University, Univer-
sity of Utah, University of Nebraska, Cregan et al.
1999). Some linkage groups are not represented in our
map (e.g. LG B1 or LG P, USDA/lowa) and we identi-
fied two LGs (LG em19, LG em20) which do not corre-
spond to any of the LGs in the other maps. The two SSR
markers making up LG em19 are well integrated into LG
D2 of the USDA/lowa map which correspondsto our LG
em08. They should occur in the region between the
markers Satt389 and Satt082 (Fig. 2). Such discrepancies
could probably be eliminated by further saturation of
our core map with markers such as RAPDs, AFLPs or
ISSRs.

Based on data from single environments, 45 markers
linked to seed quality QTLs were found. These are local-
ized on ten main linkage groups. The low density of the
map did not alow efficient use of interval mapping. When
one-way ANOVA was used across al environments, the
number of useful markers was reduced to 15 (Table 3).
Thereby, the selection of markers was made based on the
highest level of significance over environments.
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In comparison with previously published data, four
out of our 15 seed quality character QTLs (one on LG
emO05 and em13, and two on em14) were localized to re-
gions in which other authors also reported similar QTLSs.
For example, in linkage group LG emO05, marker
Sct_028 is a protein marker of intermediate strength
(P=0.0069). Brummer et a. (1997) found RFLP marker
A538 to be associated with a seed protein content QTL
in a 3-year experiment at P=0.01. This marker, in the
University of Nebraska map (Cregan et a. 1999; LG
C2), isonly 1.3 cM away from Sct_028.

In linkage group LG eml4, marker Satt196 was
strongly associated with both protein and oil content
(P=0.0009 and P=0.0004, respectively). Brummer et al.
(1997) found RFLP marker K387 associated with ail
content at the 3-year average level of P=0.002. K387
is6.9 cM from Satt196 on the USDA/lowa map (Cregan
et al. 1999; LG K).

In linkage group LG em15, marker Satt313 was very
strongly associated with seed weight (P<0.0001). In the
same linkage group (L in the USDA/lowa map), Mian et
a. (1996) aso found a very strong marker for seed
weight. In their map, this marker is 10 cM from the de-
terminate growth habit locus (Dt1). Dtl is not integrated
into the USDA/lowa linkage map. In the University of
Utah linkage map, Satt313 is more than 50 cM apart
from Dtl. In the same linkage group, Orf et al. (1999)
found marker Satt527 to be associated with seed weight
at LOD=3.1. Satt527 is approximately 20 cM apart from
Dtl on the University of Utah map and therefore could
be linked to the same seed weight QTL as found by
Mian et al. (1996). Satt527 is approximately 25 cM fur-
ther from Satt313 in the USDA/lowa map. In LG em15
we found only three polymorphic markers. Satt527 was
arranged in LG em15A, obviously because of the long
distance between Satt313 and Satt076. Most probably
our marker Satt313 is linked to a different seed weight
QTL than the ones described by the two other authors
and therefore is specific to our population.

In LG em 13, Satt562 was associated with QTLs in-
fluencing oil content and seed weight (Table 3). This
marker is located in a region of chromosome | of the
USDA/lowa map, in which QTLs for protein content, oil
content, seed weight and other agronomic characters
have recently been reported by Sebolt et al. (2000), who
introgressed QTL alleles from the wild species G. soja
into different G. max backgrounds.

In linkage group LG em18, Satt219, Satt358 and
Satt477 were found to be very strongly linked to seed
weight (P<0.0001). In none of the previously mentioned
publications was a seed weight QTL described in this
linkage group (LG O of the USDA/lowa map). There-
fore, these QTLs appear to be specific for early maturing
soybean varieties.

The negative correlation between protein and oil con-
tent has repeatedly been verified by molecular markers,
i.e. QTL alleles coding for high protein content were
also associated with low oil content and vice versa (Lark
et a. 1994; Lee et a. 1996; Sebolt et a. 2000). A close
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linkage between QTLs influencing protein and oil con-
tent is also suggested in this study by the mapping of LG
em05 (Fig. 3). A much higher map density and a larger
plant population would be necessary to resolve whether
those protein and oil QTLs are controlled by the same
gene or by different genes closely linked in repulsion
phase.

Environmental effects on QTLs are illustrated in the
case of the association of Sct_028 and protein content.
This specific association was highly significant in two
(P<0.0001), significant in one (P<0.1) and not signifi-
cant in the remaining two environments. The calculated
average significance level over the five environments
was P=0.0069 (Table 3). At the same time, the combined
analysis for Sct_028 showed a significant QTL by envi-
ronment interaction (P<0.001). Brummer et al. (1997)
published similar results for the same QTL. Comparing
these protein data with those found for seed weight,
which showed a stable and high significance across all
environments, illustrates QTLs with a different degree of
environmental interaction. The results also reflect the
different heritability values obtained for these two traits
(Table 2). Therefore, at this point, while in our popula-
tion seed weight could easily be selected for using mo-
lecular markers, the efficient use of markers to select for
protein or oil content would require additional mapping
efforts.
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