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Summary. Hard seededness in soybean [Glycine max (L.) 
Merr.] is a quantitative trait that affects the germination 
rate, viability, and quality of stored seeds. We have used 
72 restriction fragment length polymorphisms (RFLPs) 
to identify genomic regions containing quantitative trait 
loci (QTL) affecting hard seededness in a segregating 
population from a G. max by a Glycine soja (Sieb. & 
Zucc.) cross. Five independent RFLP markers were 
found to be associated with variation in the hard-seeded 
trait. These markers and the epistatic interactions be- 
tween them explain 71% of the variation for hard seeded- 
ness. A genomic region associated with the i locus ac- 
counted for 32% of the variation in this segregating pop- 
ulation. This study illustrates one approach to physiolog- 
ical genetic studies in plants. 
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Introduction 

Imbibition is one of the first steps in breaking dormancy 
and initiating germination of a soybean seed. Dormancy 
and viability can be maintained for long periods in hard- 
seeded soybean accessions because their seed coats are 
impermeable to water (Rolston 1978). Some legume seeds 
have remained viable for more than 100 years (Rolston 
1978). This is important ecologically in wild populations 
and economically in cultivated legumes. Typically, wild 

* Journal Paper No. J-13557 of the Iowa Agriculture and Home 
Economics Experiment Station, Ames, IA, Project No. 2763 
** Current address: Department of Biology, NAU Box 5640, 
Northern Arizona University, Flagstaff, AZ 86011, USA 

soybean accessions are hard seeded, whereas cultivated 
varieties are not. In the southern United States and in the 
tropics, hard seededness would be beneficial by contrib- 
uting to the quality of stored soybeans and to their viabil- 
ity (Potts et al. 1978). Some breeding programs have rec- 
ognized the importance of hard seededness and have 
introgressed this trait into adapted cultivars (Kilen and 
Hartwig 1978). 

The physiological basis for seed-coat impermeability 
is not fully understood (Rolston 1978, Ballard 1973), but 
morphological (Egley and Paul 1981; Yaklich etal. 
1984), enzymatic (Egley et al. 1983), and phenolic differ- 
ences (Marbach and Mayer 1974, ~975) have been impli- 
cated. Even though as few as three genes may control 
variation in soybean hard seededness in some popula- 
tions (Kilen and Hartwig 1978), the relationship between 
the physiology and the genetics of hard seededness has 
not yet been explored. 

The use of genetics to understand physiological phe- 
nomena has been invaluable in bacteria and fungi (Gots 
and Benson 1974; Henry et al. 1984), and this success has 
fostered many attempts to develop comparable systems 
in plants (Terzaghi et al. 1985). The problems associated 
with these types of studies in plants have been enormous, 
and plant genetics has played a relatively minor role in 
physiological studies when compared with other systems. 
Arabidopsis seems the best candidate for integrating ge- 
netic and physiological studies, and notable success has 
been achieved (Bowman et al. 1989). However, this suc- 
cess is dependent upon the unique biology of Arabidopsis 
and may not be generally applicable to studies in other 
plants. Novel genetic strategies will be required for wide 
application of physiological-genetic studies in soybean. 

Restriction fragment length polymorphisms (RFLPs) 
as genetic markers have facilitated the genetic study of 
traits conditioned by multiple genes (Burr et al. 1989). 
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Marker loci genetically linked to quantitative trait loci 
(QTLs) can be used to first identify genomic regions that 
contain important  genes, and then to facilitate the genet- 
ic manipulat ion of the trait. We have developed such 
markers for soybean and used them to genetically char- 
acterize seed-coat hardness. Our goals were to identify 
genes conditioning this trait and to characterize their 
genetic action. This study illustrates a possible genetic 
strategy for studying physiological phenomena. 

Materials and methods 

A population containing great diversity in the hard-seeded trait 
was chosen for our studies. This was an F 2 population (provided 
by Dr. W. R. Fehr) generated by crossing a Glycine max breeding 
line (A81-356022 from Iowa State University) and a wild G. soja 
accession (P1468916). Each of 60 F 2 individuals was grown near 
Ames/IA and harvested separately. Thirty F 3 seeds from each 
F 2 individual were scarified and grown in a winter nursery (Isa- 
bella, Puerto Rico). The F 4 seeds from each F2-derived line were 
bulk harvested and then used in evaluating the seed-hardness 
trait. 

As a measure of seed-coat hardness (permeability), seed 
germination was evaluated in the absence of scarification. F 4 
seeds from each Fz-derived line were placed on wet germination 
paper in the dark at room temperature for 7 days. The propor- 
tion of seeds that germinated was then determined. As a control, 
all ungerminated seeds were scarified and placed on wet germi- 
nation paper for an additional 7 days. More than 98% of the 
ungerminated seeds germinated with scarification. This is con- 
sistent with high seed viability and suggests that the seed-coat 
permeability is a major barrier to germination. The germination 
assay was replicated twice. 

RFLP genotypes of the 60 F z plants were determined. DNA 
was isolated from leaves (Keim et al. 1988) and digested with 
one of five restriction endonucleases (EcoRI, EcoRV, HindIII, 
TaqI, or DraI). Digested DNA was then separated by agarose 
gel etectrophoresis (Maniatis et al. 1982) and transferred to ny- 
lon membrane (Biotrace RP, Gelman) by using a VacuBlot ap- 
paratus (Applied BioNetics). Recombinant DNA clones were 
isolated from a PstI library (Keim and Shoemaker 1988) and 
screened for their ability to detect RFLPs in this population (P. 
Keim, B.W. Diers, R.C. Shoemaker unpublished results). 
Recombinant DNA was radioactively labelled with 32p 
(Boehringer-Mannheim random primer kit no. 1004760) and 
then used for molecular hybridization (Apuya et al. 1988) with 
DNA from F 2 individuals. F 2 genotypes for five isozymes (ma- 
late dehydrogenase, malic enzyme, isocitrate dehydrogenase, 
acid phosphatase, and diaphorase; Griffin 1986) and three mor- 
phological loci (pb, i, and dull seed coat; Palmer and Kilen 1987) 
were determined by screening F~ progeny. 

RFLP genotypes established in the F 2 plants were com- 
pared with germination scores in the F 4 progeny of each plant. 
The families were sorted into genotypic classes (homozygous 
G. max, heterozygous, homozygous G. soja) for each of the 72 
marker loci. F-tests (GLM, Statistical Analysis Systems, Cary/ 
NC) were used to determine if significant differences existed for 
germination rates among the classes. Loci significant in this 
analysis were combined into a multivariate linear regression 
model to determine their combined effects. The significant 
markers were also tested for epistatic interactions by two-way 
analysis of variance. The significant interactions and main ef- 
fects were combined in a multivariate regression model (GLM, 

SAS) to predict the total variation explained with markers. Ge- 
netic linkage among markers was determined by the maximum 
likelihood method and the computer program MAPMAKER 
(Lander et al. 1987). 

In this study, 72 one-way ANOVAs were performed on the 
same set of data. By using a significance level of p<0.05, there 
is a great risk of concluding that a marker is linked to a QTL 
when it is not, whereas choosing a lower level creates the possi- 
bility of missing important loci. This dilemma has been resolved 
by some researchers via a two-step design (Nienhuis et al. 1987). 
First, significant relationships are observed and then tested in a 
second set of progeny from the same population. This study 
constitutes only the observation stage, and markers detecting 
variation near the p < 0.05 level will require further confirma- 
tion. 

Results 

In this study, the hard-seed trait was tested on ca. 150 
seeds from each of 60 F2-derived lines. The germination 
response of the progeny lines was continuous from the 
extremes of 9% to nearly 100% germination (Fig. 1). The 
lack of discrete classes is consistent with a polygenically 
determined trait. Even so, some of the progeny exhibit 
the extreme parental phenotypes (A81-356022 ca. 100%; 
PI 468916 ca. 1% germination). This also has been ob- 
served on other soybean populations (Kilen and Hartwig 

1978), which suggested that a relatively small number  of 
genes (ca. three) was involved in seed-coat hardness. The 
mean for this segregating populat ion was 53% germina- 
tion, which is not  significantly different from the midpar- 
ent value. 

Populations can be partitioned into genotypic classes 
defined by genetic markers to identify quantitative trait 
loci (Edwards et al. 1987). In our study, seed-coat hard- 
nes data were sorted according to marker classes, and 
F-tests were used to determine if significant differences 
among genotypic classes existed. Seventy-two markers 
were used, 7 of which described significant effects at the 
p < 0.05 level (Table 1). One explanation is that a QTL for 

hard seededness is located on the same chromosome as 
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Fig. 1. Variation in seed germination among F2-derived lines 
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Fig. 2. Genetic linkage of markers predicting variation in seed- 
coat hardness 

Table 1. Markers predicting variation in seed hardness 

Marker One-way ANOVA Class means" 

R 2 P r < F  SS MS MM 

i 0.32 0.0001 0.26 0.52 0.67 
pT-153a 0.34 0.0001 0.22 0.53 0.68 
pG-17.3a 0.15 0.0140 0.39 0.52 0.39 
pK-411 0.13 0.0257 0.49 0.50 0.72 
pK-418a 0.12 0.0276 0.35 0.55 0.62 
pA-111 0.11 0.0380 0.38 0.56 0.61 
pR-22 0.11 0.0488 0.37 0.58 0.58 

SS - homozygous G. soja; MS heterozygous; MM - homo- 
zygous G. max 

Table 2. Multiple regression model of hard seed-coat variation 

Source d f  Sum of Mean F-value Pr > F 
squares squares 

Model a 10 2.05 0.20 
Error 46 1.53 0.03 
Total 56 3.57 
R 2 = 0.57 

6.17 0.0001 

a Model includes all the markers from Table 1 except for pT- 
153a and pA-it t  

Table 3. Significant interactions between marker loci 

Markers Pr > F R 2 

i * pK-418 a 0.025 0.13 
pK-411 �9 pT-4t8 a 0.042 0.14 
i * pK-4tl 0.033 0.11 
Combined model a 0,0001 0.71 

Multivariate model including the main effects from TaMe 1 
and the interactions 

variation predicted because recombination dissociates a 
particular QTL allele from its marker allele. 

The amount  of  genetic variation (R 2) in hard seeded- 
ness explained by each marker ranged from 11% to 34% 
(Table 1). The sum of all the markers'  R 2 values exceeds 
100%. Therefore, different markers may be explaining 
the same variation in the population. Genetic linkage 
studies indicated that the i locus, pT-153a, and pA-111 
are genetically linked (Fig. 2). These three markers seem 
linked to the same QTL. Because there is evidence (see 
"Discussion") that the i locus itself may be this QTL, the 
pT-153a and pA-111 markers were not used in subse- 
quent analyses. A fourth marker (pA-136) was also in 
this linkage group (Fig. 2), but it was not significant in 
predicting variation in seed-coat hardness. Presumably 
this was due to the increased map distance between the 
QTL and pA-136. No  other genetic linkage was detected 
among significant markers. 

It is possible that other markers are explaining the 
same variation, perhaps due to chance colinearity in the 
data set. Multiple regression models, which combine all 
the main effects, give a better estimate of  the total varia- 
tion explained than the estimate provided by summing 
the variation associated with each marker. When the five 
markers (without pT-153a and pA-111) were analyzed by 
using multiple linear regression, the total R 2 value was 
57% (Table 2), a decrease of  71% from the summed val- 
ues in Table 1. About  45% of this decrease resulted from 
the genetically linked markers. The balance may be due 
to chance colinearity. 

Another source of  genetic variation in this population 
are epistatic interactions between genes. All two-way 
combinations of  the significant markers (Table 1) were 
tested for significant interactions. Three interactions 
were significant (Table 3). Summed together, the interac- 
tions represent 38% of the total variation. The i locus is 
thought to be a regulatory gene that epistatically modi- 
fies the action of  other genes (Bernard and Weiss 1973). 
The significant interactions of  the i marker with markers 
pK-411 and pK-418a are consistent with the i locus itself 
being the QTL. As with main effects, a particular interac- 
tion may be partially explained by other markers or inter- 
actions (i.e., colinearity in the data set). A combined 
model representing both main effects and interactions 
resulted in an R 2 value of  71% (Table 3). This represents 
a gain of  14% from the main-effects model (Table 2). 

the markers and, hence, is genetically linked to the mark- 
ers. Therefore, the percentage of  variation explained by 
a given marker is a measure of  the magnitude of  the 
genetic influence by the QTL. The level of  variation ex- 
plained is modified by the actual genetic linkage between 
the marker and the QTL; a loose linkage will decrease the 

Discussion 

Only through the use of  molecular markers has it become 
feasible to systematically dissect the multiple genes that 
determine many complex traits. Reported here are five 
independent genomic regions containing putative quanti- 
tative trait loci for seed hardness. These regions do not 
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have equal genetic influence on seed hardness; one region 
determined more than 30% of the variation (i.e., i and 
pT-153a), whereas another determined only 11% (i.e., 
pR-22). The presence of"major genes" hidden within the 
continuous variation of a trait has now been described 
for other systems as well (Burr et al. 1989). "Minor 
genes" determine only a small portion of the variation, 
but create the continuous nature of the trait. The desig- 
nation of "major" and '~ genes is not irrevocable, 
inasmuch as the phenotypic consequence of a particular 
allele is dependent upon the genetic background (Tanks- 
ley and Hewitt 1988) and the environmental situation 
(Burton 1987). Therefore, what we have described as a 
"minor" gene could be of major importance in other 
populations or environments and should not be ignored. 

Typically, physiological genetic studies in bacteria, 
fungi, and Arabidopsis have dealt only with single-gene 
effects (qualitative phenomena) by isolating mutants or 
by constructing isolines. Great progress has been made in 
understanding basic metabolism and even developmental 
processes by using genetics. However, germ plasm in 
plants that contain single-gene differences is limited, and 
the physiological consequences of single genes will be 
oversimplified if the interactions with other genes are not 
considered. Through the use of segregating populations 
and RFLP markers, it is now possible to identify differ- 
ent '~ alleles at particular loci and, thus, to 
study the physiological genetics of polygenic traits. 

Our physiological assay is very rudimentary but illus- 
trates the potential of such studies. More sophisticated 
biochemical and physiological characterization of the 
seed-coat composition or specific enzymatic activity 
could be done and then correlated with the known RFLP 
genotypes. Even without markers, biochemical phenom- 
ena can be analyzed for additive and interactive effects in 
a population segregating for a trait. Then in conjunction 
with genetic markers, different phenomena could be cor- 
related with QTLs, and the characteristics could be given 
genetic determinants. Given enough individual QTLs, 
models can be constructed to explain complex physiolog- 
ical phenomena. 

Seed hardness has not been a desired agronomic char- 
acter and, when soybean was domesticated from wild 
populations such as G. soja, seed hardness would have 
been selected against. In our population, a cultivar has 
been crossed with its "putative" wild progenitor (G. so- 
ja). Genes (QTLs) that we have found to differ between 
the two parents probably were the objects of selection by 
early agricultural man. Seed-hardness variation associat- 
ed with the i, pA-111, and pT-153a markers might be 
determined by segregation of alleles at the i locus itself, 
because seed coat color has been correlated with hard- 
ness (Starzing et al. 1982). Although this may be true, it 
isn't possible to rule out a closely linked gene as the 
source of this variation. The relatively small number of 

genes and a partial association with seed color would 
have facilitated selection against seed hardness during 
domestication. 

A hard seed coat contributes to the viability of stored 
seeds. This is important to wild soybeans, which may 
remain dormant for many years before germinating. In- 
creased viability resulting from hard-seeded cultivated 
soybean becomes important in humid regions such as the 
southern United States and the tropics, where stored 
soybeans can deteriorate rapidly. When this occurs, the 
quality of the commodity decreases. In addition, a harder 
seed coat is more resistant to soil fungi, which are common 
in humid areas. A harder seed coat need not be associat- 
ed with a colored seed (agronomically undesirable), be- 
cause other genes will contribute to hardness in the ab- 
sence of the i allele (Table 1). In addition, Kilen and 
Hartwig (1978) have successfully introgressed seed hard- 
ness into a soybean breeding line (D76-5679) from G. so- 
ja  in the absence of the i allele. Using molecular markers, 
we have identified five genomic regions associated with 
seed hardness. These molecular markers could be used by 
breeders in constructing elite cultivars with varying levels 
of seed-coat hardness. 
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