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A b s t r a c t  Seed weight (SW) is a component of soybean, 
Glycine max (L.) Merr., seed yield, as well as an important 
trait for food-type soybeans. Two soybean populations, 
120 F4-derived lines of 'Young' xPI416937 (Popl) and 
111 Fa-derived lines of PI97100•  237' (Pop2), 
were mapped with RFLP makers to identify quantitative 
trait loci (QTLs) conditioning SW across environments and 
populations. The genetic map of Popl  consisted of 155 loci 
covering 973 cM, whereas Pop2 involved 153 loci and cov- 
ered 1600 cM of map distance. For Popl ,  the phenotypic 
data were collected from Plains, GA., Windblow, N.C., and 
Plymouth, N.C., in 1994. For Pop2, data were collected 
from Athens, GA., in 1994 and 1995, and Blackville, S.C., 
in 1995. Based on single-factor analysis of variance 
(ANOVA), seven and nine independent loci were asso- 
ciated with SW in Pop1 and Pop2, respectively. Together 
the loci explained 73% of the variability in SW in Popl 
and 74% in Pop2. Transgressive segregation occurred 
among the progeny in both populations. The marker loci 
associated with SW were highly consistent across environ- 
ments and years. Two QTLs on linkage group (LG) F and 
K were located at similar genomic regions in both popula- 
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tions. The high consistency of QTLs across environments 
indicates that effective marker-assisted selection is feasible 
for soybean SW. 

K e y  w o r d s  Soybean �9 Glycine max �9 Seed weight  - 
RFLP - QTL �9 Markers 

Introduction 

Seed weight (SW) is one of the yield components of soy- 
bean and, in general, is positively correlated with seed yield 
(Burris et al. 1973; Smith and Camper 1975). SW is espe- 
cially critical for various soybean food-types. For exam- 
ple, soybean seed used for sprouts should possess small 
SW, whereas soybean seed used for cooking with rice 
should have large SW. In South Korea, the average weight 
of a black soybean for cooking with rice is 300-350 mg 
seed -a whereas that of a soybean for sprouts is about 
120 mg seed -1 (Hong et al. 1994). The demand for food- 
type soybean is increasing in the international market. 
Thus, the need for development of productive soybean cul- 
tivars with either large or small seed is increasing in im- 
portance. 

Soybean SW is a highly heritable trait with heritability 
ranging from 44 to 94% (Brim 1973). Recently, Paterson 
et al. (1995) detected seven, eight, and eight QTLs for the 
SW of Sorghum bicolor (L.), Oryza sativa (L.), and Zea 
mays (L.), respectively. These QTLs explained from 52 to 
78% of the variation in SW. Christian et al. (1992) identi- 
fied two QTLs for SW in Vigna unguiculata (L.) and four 
QTLs for SW in Vigna radiata (L.) explaining 53 and 50% 
of total variation in the trait, respectively. Mansur et al. 
(1993), however, detected only one unlinked marker for 
soybean SW explaining 13% of the variation for the trait. 

Many earlier studies examining molecular marker as- 
sociations with QTLs have used phenotypic data from a 
single environment. Recent studies using phenotypic data 
from multiple environments have shown inconsistencies 
among environments in the detection of QTLs (Paterson 
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et al. 1991; Dudley  1993; Tanks ley  1993). Stuber  et al. 
(1992), however ,  repor ted  a consistenc3~ of  QTLs  across 
envi ronments  for seven quant i ta t ive traits in maize.  Aj -  
mone et al. (1995) also repor ted  a cons is tency  of  QTLs  
across  envi ronments  for three quant i ta t ive  traits in maize.  
Lee et al. (1996 a), in a s tudy of  QTLs  assoc ia ted  with soy-  
bean plant  height,  lodging,  and matur i ty  over  four loca-  
t ions,  found that the cons is tency of  QTLs  was trait  spe- 
cific. 

Paterson et al. (1991) sugges ted  that the studies con-  
ducted in a s ingle env i ronment  are l ike ly  to underes t imate  
the number  of  QTLs  which  can inf luence  a trait. It  is also 
poss ib le  to have env i ronmenta l ly  sensi t ive  QTLs,  mean-  
ing that the express ion  of  these QTLs  wil l  only  occur  under  
certain envi ronments  (e.g., a par t icular  range of  t empera-  
tures). In the lat ter  case, one would  only  be able to iden-  
t ify the QTLs at a loca t ion  where  these envi ronmenta l  con-  
di t ions are satisfied.  Lee  et al. (1996 a) sugges ted  that the 
phenotyp ic  data  for a po lygen ic  trait  should be col lec ted  
over  a range of  locat ions  f rom within the base  popula t ion  
of  envi ronments  to ident i fy  puta t ive  QTLs.  

Unti l  now, very  few studies have been  repor ted  on as- 
sociat ions of  molecu la r  markers  with soybean  SW, and 
these studies did  not  use mul t ip le  envi ronments  or popu-  
lat ions for pheno typ ic  data. Even though Mansur  et al. 
(1993) col lec ted  the pheno typ ic  data f rom two environ-  
ments,  they repor ted  the QTLs  based  on the combined  data  
and did not discuss the cons is tency of  QTLs  across  envi-  
ronments .  Thus, the objec t ives  of  the present  s tudy were  
to: (1) detect  QTLs  condi t ioning  S W  in soybean,  and (2) 
invest igate  the cons is tency of  the QTLs  across popula t ions  
and environments .  

Materials and methods 

Two soybean populations, Young x PI416937 (Pop 1) and PI97100 x 
Coker 237 (Pop2), were used for this study. Popl was derived from 
a cross between the high-yielding cultivar Young (Burton et al. 1987) 
and drought-tolerant PI416937 (Sloane et al. 1990). The 120 F4-de- 
rived lines of this population were obtained by single-seed-descent, 
with each line originating from a different F 2 plant. Pop2 consisted 
of 111 F2-derived lines, with each line originating from a different 

F 2 plant. This population was segregating for growth habit. PI97100 
is indeterminate in its growth habit, whereas Coker 237 has a deter- 
minate growth habit. 

The procedures for RFLP mapping of the two populations have 
been described previously (Lee et al. 1996 a, b; Mian et al. 1996). 
Linkage maps were constructed with marker data using the 
Kosambi map function of GMENDEL (Holloway and Knapp 1993) 
for Popl and Mapmaker (Lander et al. I987) for Pop2. For group- 
ing markers into linkage groups, a minimum LOD of 3.0 (rmax of 
0.38 for GMENDEL) and a maximum distance of 50 cM were em- 
ployed. 

In 1994, the parents and the F4-derived lines of Pop 1 were grown 
at Plains (Univ. of Georgia Southwest Branch Exp. Stn.), GA., and 
Windblow (North Carolina State Univ. Sandhills Res. Stn.) and Ply- 
mouth (North Carolina State Univ. Plymouth Res. Stn.), N.C. The 
parents and the F2-derived lines of Pop2 were grown at Athens 
(Univ. of Georgia Plant Sciences Farm), GA., in 1994; and at Ath- 
ens as well as at Blackville (Clemson Univ. Edisto Res. and Educ. 
Ctr.), S.C. in 1995. 

To reduce experimental error due to soil heterogeneity within an 
individual experiment, the lines in each population were divided into 
three groups. For Popl, the lines in each of the groups were placed 
in separate tests along with three entries of Young and one entry of 
PI416937 as reference genotypes. Similarly, PI97100, Coker 237, 
and Stonewall were used as reference genotypes in each test of Pop2. 

In both populations, each test was planted in an incomplete block 
design. Each test of Popl was replicated twice, except for the tests 
at Windblow, N.C., where three replications were used. For Pop2, 
two tests had four replications each, while the third test had only 
three replications due to insufficient seed availability. The plot size 
at different locations varied from 5.56 to 14.05 m 2 (Table 1). Addi- 
tional details on plant culture for Popl and Pop2 can be found in Lee 
et al. (1996a, b). The SW was determined in mg seed -1 based on a 
100-seed-sample per plot. 

The association between markers and QTLs was evaluated by us- 
ing two different procedures. One method was interval mapping 
(Lander and Botstein 1989) with Mapmaker QTL software (Lincoln 
et al. 1992) for Pop2. The QTL analyses were done on the standard- 
ized genotypic means of SW data within each environment, as well 
as across environments. For standardization across the three tests, 
the plot values within each test were divided by the mean of the ref- 
erence entries within that test. A LOD score of 2.4 was chosen as the 
minimum to declare the presence of a QTL in a given genomic re- 
gion. The LOD score peak was used to estimate the most likely QTL 
position on the RFLP linkage map. The percent of variation explained 
by an individual QTL, and the additive (a) and dominance (d) ef- 
fects, were estimated at the maximum-likelihood QTL position. The 
average degree of dominance for each QTL was calculated as the ra- 
tio of d/a. 

The other method was single-factor ANOVA for Pop 1 and 2. Each 
marker locus was evaluated for linkage to a QTL affecting SW based 
on the standardized data. Significance among RFLP genotypic class 
means was determined by using an F-test from the Type-III mean 

Table 1 Description of plots 
and soil classifications at ex- 
perimental sites for two soy- 
bean populations 

Population Location Rows/ Row Row 
plot spacing length 

(m) (m) 

Soil classification 

Young • Plains, G.A. 

Plymouth, N.C. 

Windblow, N.C. 

PI97100xCoker237 Athens, G.A. 

Blackville S.C. 

4 0.76 3.66 Clayey, kaolinitic, thermic. 
Typic Paleudult 

3 0.96 4.88 Sandy, skeletal, mixed thermic. 
Typic Umbracudult 

3 0.96 3.05 Sandy, salicious, thermic. 
Arenic Paleudult 

2 0.76 3.66 Clayey, kaolinitic, thermic. 
Typic Hapludults 

2 0.96 3.05 Loamy, siliceous, thermic. 
Arenic Plinthic Kandiudult 



squares obtained from the GLM procedure (SAS 1988). For Pop1, 
only homozygous RFLP classes at each marker locus were compared 
for the determination of significant difference. Due to the limited 
number of heterozygous lines available for a given marker in F4-de- 
rived lines (the expected number is 15=12.5% of 120 lines), the het- 
erozygous class was excluded from the analysis. The significant 
markers were determined by first testing all the markers for signifi- 
cant association with SW at P<0.01. Then the relaxed probability 
level of P<0.05 was used to detect the consistency of the previous- 
ly identified markers across environments. Thus, each of the puta- 
tive independent marker loci presented in this paper was significant 
at P<0.01 in at least one of the environments for each population. 
Putative independence was defined as a significant marker which 
was at least 50 cM from another marker significantly associated with 
the trait, and which acted in an additive manner to explain variation. 
Two-factor analysis of variance was used to detect significant 
(P<0.01) epistatic interactions between all possible pairs of indepen- 
dent marker loci. 

Results and discussion 

Genetic map 

A total of 155 RFLP markers for Popl and 153 markers 
for Pop2 was used to construct the genetic linkage maps. 
In Pop1, 140 markers were genetically linked resulting in 
33 linkage groups with a coverage of 970 cM. The map of 
Pop2 had 23 linkage groups with 143 linked markers and 
covered 1600 cM. Detailed descriptions of the genetic 
maps were provided in Lee et al. (1996 a, b) and Mian 
et al. (1996). 

The abbreviated soybean linkage groups presented in 
the present paper (Fig. 1) were made possible due to re- 
cent research by Randy Sboemaker's laboratory at Iowa 
State University (Shoemaker et al. 1997). Using the 'Join- 
map software (Stare 1993), they created an integrated 
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RFLP map from nine different soybean populations, in- 
cluding both Pop 1 and Pop2 of this study. Most of the mark- 
ers from Popl and Pop2 were placed on this newly inte- 
grated map. 

Seed-weight QTLs 

Combined across environments, Young and PI416937 did 
not differ in SW, while Coker 237 had a 15% larger SW 
than PI97100 (Table 2). The progeny of both populations 
displayed transgressive segregation for both larger and 
smaller SW than did the parents. In Popl,  in which the par- 
ents did not differ in SW, the progeny differed by as much 
as 93 mg seed -1. In Pop2, the parents differed by 19 mg 
seed -1, and the progeny differed by 44 mg seed -1 (Table 2). 

In Pop 1, a total of seven putatively independent marker 
loci was associated with SW in the combined analysis 
(Fig. 1), of which six were identified in all three environ- 
ments (Table 3). Thus, the level of consistency of the QTLs 
for SW across environments was very high. Marker locus 

Table 2 Mean seed weight for the parents and the extreme proge- 
ny lines combined over environments in two soybean populations 

Genotype Mg seed -~ 

Young x PI416937 PI97100 x Coker 237 

Female parent 160 128 
Male parent 174 147 
High progeny 227 160 
Low progeny 134 116 
LSDo.05 15 5 

Fig. 1 Soybean linkage groups 
(LG) with the independent 
marker loci conditioning seed 
weight (SW) in two soybean 
populations, Young x PI416937 
(Pop1) and PI97100 x Coker 
237 (Pop2). The map distance 
(in cM) shown on the left of 
each marker is according to the 
newly integrated USDA soy- 
bean linkage map (Shoemaker 
et al. 1997), and indicates the 
distance of a marker from the 
top of the LG. The length of 
horizontal bars indicates R 2 
values for the loci associated 
with SW in Popl (open bar) 
and Pop2 (solid bar). QTL* 
shows the most likely QTL po- 
sition determined by the Map- 
maker/QTL analysis 
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Table3 Putativeindependentmarker••ciass•ciatedwithvariati•ninseedweight•fF4-derived•inesfr•mthecr•ss•fY•ungx PI416937 
based on single-factor analysis of variance 

RFLP Linkage Combined Environment 
locus group 

P R 2 (%) Allelic mean (rag seed -1) Plains Plymouth Windblow 

Young PI416937 P R 2 (%) P R 2 (%) P R 2 (%) 

A059-1 C1 0.0001 10 172 185 0.006 9 0.0001 14 0.004 10 
A635-1 C2 0.0100 6 181 172 0.009 7 0.0400 4 0.009 6 
Blt49-2n E 0.0001 14 170 184 0.01 6 0.0001 16 0.0001 14 
Blt025-1 F 0.0200 5 177 170 0.04 4 0.0040 8 - - 
B031-1n G 0.0001 22 167 187 0.0001 18 0.0001 24 0.0001 20 
B166-1 J 0.006 8 180 170 0.007 7 0.0200 6 0.009 7 
K003-1 K 0.004 8 170 179 0.021 6 0.0100 6 0.002 9 

Table 4 Putative independent marker loci associated with variation in seed weight of F2-derived soybean lines from the cross of PI97100 x 
Cokker 237 based on single-factor analysis of variance 

RFLP Linkage Combined Environment 
locus group 

P R 2 (%) Allelic mean (rag seed-~) a Athens, 94 Athens, 95 Blackville, 95 

A/A A/B B/B P R 2 (%) P R 2 (%) P R 2 (%) 

A257-1 D2 0.0087 8 133 135 141 0.0062 9 0.0289 6 0.0164 8 
K002-1 F 0.0168 7 140 134 136 0.0388 6 0.0032 10 - - 
A235-1 G 0.0040 10 132 139 136 0.0125 8 0.0277 7 0.0029 11 
A199-1 K 0.0501 5 129 128 134 0.0098 8 - - 0.0140 10 
Dtl L 0.0028 10 140 137 131 0.0143 8 0.0321 6 0.0013 12 
Ev2-1 L 0.0256 7 140 133 134 . . . .  0.0052 10 
Cr529-1 M 0.0150 11 140 135 130 0.0329 9 0.0150 11 0.0362 9 
Cr395-1 P 0.0300 6 125 129 133 0.0052 7 0.0465 4 0.0099 6 
Cr235-1 R 0.0159 10 136 137 144 0.0430 8 0.0150 8 0.0470 8 

a A/A: homozygous PI97100, A/B: heterozygous, B/B: homozygous Coker 237 

Blt049-2n on LG E was mapped on LG Unk3 of the pre- 
viously published map of Young xPI416937 population 
(Mian et al. 1996). However, the LG Unk3 of the 
Young x PI416937 map is now placed on LG E of the newly 
integrated soybean map (Shoemaker et al. 1997). No sig- 
nificant epistatic interactions were detected among the in- 
dependent marker loci in the two-way analysis of variance. 

Individually, the seven marker loci explained between 
5 and 22% of the variation in SW. If combined, the seven 
marker loci would together explain as much as 73% of the 
total variation in SW. The heritability of SW in this popu- 
lation was 90% (based on a selection unit of three environ- 
ments, and two replications/environment). Thus, most of 
the variation in SW could be explained by the seven marker 
loci. The PI416937 alleles contributed to larger SW at four 
of the seven independent loci, while the Young alleles did 
so at the remaining three loci (Table 3). Thus, both parents 
potentially can contribute to a larger or smaller SW of the 
progeny, and this provides the genetic basis for the trans- 
gressive segregation observed in this population. 

In Pop2, nine independent loci were identified by sin- 
gle-factor ANOVA as being associated with SW in the 
combined analysis (Fig. 1); six of these were consistent 
across all three environments (Table 4). Markers K002-1 

(LG F) and A199-1 (LG K) were each detected at two out 
of the three environments. Marker locus EV2-1 (LG L) was 
significant only at Blackville (P<0.005) and in the com- 
bined analysis (P<0.02). Thus, the consistency level of the 
QTLs across environments for Pop2 was also high. At Ath- 
ens, the only location where data were collected in 2 dif- 
ferent years, the consistency level of significant QTLs 
across years was very high. Of the eight marker loci de- 
tected in 1994, seven were also detected in 1995. A199-1 
(LG K) was the only significant marker locus from 1994 
that was not detected in 1995. 

No epistatic interactions were found among the nine 
marker loci in the two-way analysis. Individually, these 
loci explained between 5 and 11% of the variation in SW. 
The nine loci, if combined, would explain 74% of varia- 
tion in SW. The heritability of SW in this population was 
91% (on the basis of a selection unit of three environments 
and four replications/environment). Most of the variation 
in SW could, therefore, be explained by these nine marker 
loci. At four of the nine marker loci, PI97100 alleles con- 
tributed to a larger SW, whereas the Coker 237 alleles did 
so at the remaining five loci (Table 4). 

The interval-mapping method identified four of the nine 
loci detected by the single-factor ANOVA in the combined 



Table 5 Genomic location, ge- 
netic effects, and percentage of 
variability for seed weight loci 
of F2-derived soybean lines 
from the cross of PI97100 x 
Coker 237 based on interval- 
mapping analysis 
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Linkage 
group a 

Ifiterval Length QTL Genetic effects(mg seed-l) ~ R 2 LODa 
(cM) position (%) 

(cM) b Additive (a) Dominant (d) d/a 

D2 A095-1 -A257-1 13 6 4.8 -2.2 -0.5 12 2.4 
G A235-1-L154-2 3 0 2.4 6.4 2.7 10 2.6 
L MO109-1-Dt 60 10 -7.2 6.6 -0.9 26 3.4 
R cr235-1-cr322-1 0 0 6.3 -3.9 -0.6 l0 2.6 

a USDA linkage group (Shoemaker and Specht 1995) 
b Most likely locus position, corresponding to LOD score peak, which represents the distance from the 
right marker of interval 
c Genetic effects were estimated using Mapmaker/QTL. A negative sign indicates that the Coker 237 al- 
lele decreases the value of the trait 
d LOD indicates how much more probable the data are to have arisen assuming the presence of a locus 
than assuming its absence; LOD theshhold = 2.4 

analysis for Pop2 (Table 5 and Fig. 1). The likely position 
of the QTLs on LG D2 was 6 cM from marker A257-1, and 
explained 12% of the variation. The likely position of the 
QTL on LG G was right on the marker A235-1, and ex- 
plained 10% of the variation in SW. Lander and Botstein 
(1989) stated that the amount of variation explained by a 
particular marker in a single-factor ANOVA, compared to 
interval mapping, is a function of the distance between the 
QTL and the marker locus. The results from our data sup- 
port this concept. For example, the QTL identified on LG 
G was located at marker A235-1 and the amount of varia- 
tion explained at this locus was the same for both methods 
of analysis. In contrast, the QTL on LG L was 10 cM away 
from Dtl and the amount of variation explained by inter- 
val-mapping analysis was much higher (R z=26%) than that 
explained by Dtl in the single-factor ANOVA (R2=10%) 
(Tables 4 and 5, and Fig. 1). 

When a LOD score minimum of 2.4 was chosen, inter- 
val mapping underestimated the number of marker loci for 
SW compared to the number of marker loci detected by the 
single-factor ANOVA (Tables 4 and 5). In general, inter- 
val mapping detected the loci with larger effects and missed 
the loci with smaller effects, as determined by single-fac- 
tor ANOVA. The loci with smaller effects could be de- 
tected by the interval-mapping method at LOD scores 
lower than 2.4 (data not shown). These results are in agree- 
ment with those of Lee et al. (1996 b) who used the same 
genetic map for detecting QTLs for plant height, lodging, 
and maturity. In addition to the LOD score minimum, the 
underestimation of the QTLs by interval mapping may be 
due to low saturation of the genetic map used in this study. 
Advantages and disadvantages of the two methods of anal- 
ysis were discussed by Doerge et al. 1994). 

Consistency of QTLs across populations 

Linkage groups F, G, and K each had a locus for SW in 
both populations (Tables 3 and 4). On LG F, the two loci 
(Bit025-1 in Popl and K002-1 in Pop2) were 24 cM apart 
(Fig. 1) based on the concensus map of Shoemaker et al. 
(1997). On LG K, the two marker loci (K003-1 in Popl  
and A199-1 in Pop2) were positioned 25 cM from each 

other (Fig. 1). The two marker loci on LG G were 47 cM 
apart. Even though the QTLs on LG F and K appear to be 
fairly conserved across the two populations, the majority 
of the soybean SW QTLs are population specific. 

Relationship of SW with other agronomic traits 

In Pop1, SW had a positive correlation with seed yield 
(r=0.20*) and a negative association with maturity 
(r---0.19*). There was no association of SW with plant 
height and lodging. Two marker loci (Bit025-1 on LG F 
and B 166-1 on LG J) conditioned both SW and seed yield 
in this population. Marker locus B031-2 on LG G explained 
variation in both SW and maturity. 

In Pop2, SW had a positive correlation with plant height 
(r=0.30**), lodging (r=0.32"*), and seed yield (1"=0.34"*), 
but no relationship with maturity. The Dr1 locus was asso- 
ciated with variation in plant height (R2=60%), lodging 

2 2 (R2=53%), seed yield (R =10%), and SW (R =10%) in 
Pop2. Except from Dtl, none of the markers conditioning 
SW had any significant association with plant height, lodg- 
ing, or seed yield. 

The apparent inconsistency between the two popula- 
tions, in respect to the relationship of SW with other traits, 
may be due to the fact that Pop2 was segregating for growth 
habit while Popl  was not. Clearly, Dtl (the locus for 
growth habit) played an important role in explaining vari- 
ation in a number of agronomic traits in Pop2. 

The high level of consistency of marker loci across en- 
vironments (locations and years) indicates that an effec- 
tive marker-assisted selection program is feasible for SW 
in soybean. The transgressive nature of the trait provides 
a real opportunity to select for progeny lines with both 
larger or smaller SW than either parent. 
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