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Abstract

Key message Inheritance studies and molecular map-
ping identified a single dominant gene that conditions
seed coat impermeability in soybean PI 594619.

Abstract High temperatures during seed fill increase the
occurrence of soybeans with impermeable seed coat, which
is associated with non-uniform and delayed germination and
emergence. This can be an issue in soybean production areas
with excessively high-temperature environments. The objec-
tives of the present study were to investigate the inheritance of
impermeable seed coat under a high-temperature environment
in the midsouthern United States and to map the gene(s) that
affect this trait in a germplasm line with impermeable seed
coat (PI 594619). Crosses were made between PI 594619 and
an accession with permeable seed coat at Stoneville, MS in
2008. The parental lines and the segregating populations from
reciprocal crosses were grown in Stoneville in 2009. Ninety-
nine F,.; families and parents were also grown at Stoneville,
MS in 2011. Seeds were assayed for percent impermeable
seed coat using the standard germination test. Genetic analysis
of the F, populations and F,.; families indicated that seed coat
impermeability in PI 594619 is controlled by a single major
gene, with impermeable seed coat being dominant to perme-
able seed coat. Molecular mapping positioned this gene on
CHR 2 between markers Sat_202 and Satt459. The designa-
tion of Isc (impermeable seed coat) for this single gene has
been approved by the Soybean Genetics Committee. Selection
of the recessive form (isc) may be important in developing
cultivars with permeable seed coat for high-heat production
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environments. The single-gene nature of impermeable seed
coat may also have potential for being utilized in reducing
seed damage caused by weathering and mold.

Introduction

Environmental stress during the reproductive growth of
soybean [Glycine max (L.) Merr.] can reduce seed germina-
tion and seedling vigor (Gibson and Mullen 1996; Spears
et al. 1997; Egli et al. 2005). Exposure of soybean plants to
excessively high temperatures during seed fill can increase
the presence of hard seed (impermeable seed coat) and
wrinkled/shriveled seed, which can lower the quality of
the seed (Gibson and Mullen 1996; Spears et al. 1997; Egli
et al. 2005; Smith et al. 2008). Seed with hard or imperme-
able seed coats may look normal, but do not imbibe water.
Therefore, seed lots with impermeable seed coats have
reduced germination and, where emergence does occur,
there is often reduced seedling vigor (Spears et al. 1997).
The terms “hard seed” and “impermeable seed coat” have
been used interchangeably for permeability of the soybean
seed coat to water based on tests of seed germination or
imbibition (Keim et al. 1990; Sakamoto et al. 2004; Wata-
nabe et al. 2004; Liu et al. 2007). “Hard seededness” has
also been used as a term for whole seed hardness in evalu-
ating food-grade soybeans, where pressure-cooked samples
were tested for hardness using a texture analyzer (Zhang
et al. 2008). In the present study, seed coat impermeabil-
ity (Hard Seed) was defined as “seeds that remain hard at
the end of the prescribed test period because they have not
absorbed water due to an impermeable seed coat” (Asso-
ciation of Official Seed Analysts 2000).

Earlier studies conducted in humid areas in the southern
United States indicated that seeds with impermeable seed
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coat might be beneficial for reducing field deterioration of
soybean seed and for improving its storage potential (Potts
et al. 1978). However, delayed and non-uniform germina-
tion and emergence are problems associated with planting
impermeable soybean seed because the degree of seed coat
permeability can be highly variable within a given lot of
seed (Gibson and Mullen 1996; Keith and Delouche 1999).
Hence, although impermeability may provide some protec-
tion against field weathering (Potts et al. 1978; Hartwig and
Potts 1987), it may not be a reliable positive characteristic
for producers.

High-quality seed is needed by producers to ensure
adequate plant stands with reasonable seeding rates (Egli
et al. 2005). This can be a concern for seed bean produc-
tion in the tropics and sub-tropics. It may become an issue
for soybean producers in the midsouthern United States
because of the shift to the early soybean production sys-
tem (ESPS). Under the previous production system, the
dominant maturity groups (MG) planted were VI and VII
cultivars, with these being planted in May and June. Seed
bean production for these cultivars occurred in the south-
ern regions where they were intended for production. How-
ever, the ESPS consists of the early planting (March and
April) of “early” (MG IV and V) soybeans that usually
begin to mature in August when temperatures and humid-
ity are usually high (Tyler 1999; Heatherly 1999; Mengistu
and Heatherly 2006; Gillen et al. 2012). Although the ESPS
was adopted for its improved overall profitability, produc-
tion of seed with impermeable seed coats lowers the value
of the seed for seed beans, as well as for grain intended for
specialty markets (food-grade soybeans), where hard seed-
edness reduces the value of the product (Geater et al. 2000;
Zhang et al. 2008). Therefore, producers of seed beans for
the midsouthern United States have mostly avoided the
issue of seed coat impermeability by producing their seed
beans in northern states such as Illinois, where seed fields
mature later under cooler temperatures. This avoidance
resolves the immediate issue, but also reduces the earnings
of southern seed producers. However, the problem is not so
easily avoided in many seed production areas of the world,
such as in South America, where seed production fields
are located in the same area as are grain production fields.
Additionally, as global temperatures rise, current seed pro-
duction locales may be impacted.

When considering genetic/environmental interactions
on seed coat permeability it is important to understand the
development of the seed coat (testa), which develops from
integumentary tissue (Esau 1965) in the mother plant. At
the time of fertilization of the pistil, the inner integument
consists of two to three cell layers and the outer integu-
ments consists of two to four cell layers, except in the
hilum, where it is thicker (Carlson and Lersten 2004).
The two levels of integument (inner and outer) develop to
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envelop the embryo sac prior to fertilization, and then con-
tinue to develop into the mature seed coat as the embryo
and cotyledons develop and mature inside it (Carlson
and Lersten 2004). Ordinarily in seed plants, the level of
impermeability depends on the genetics of the species as
well as on that of the specific cultivar. However, environ-
mental conditions during seed maturation are also impor-
tant (Hartman and Kester 1975). In general, high tempera-
tures during senescence increase seed coat impermeability.
This is especially true for legumes on the whole (Hartman
and Kester 1975) and for soybeans in particular (Egli et al.
2005). Therefore, as the mother soybean plant experiences
high heat during seed fill and senescence, the seed coat it
forms to surround the newly developing seed becomes
increasingly impermeable. Hence, it is the genotype of the
mother plant that interacts with the environment to affect
the level of impermeability of its progeny’s seed coat. As
such, in this study we evaluated the progeny seed to assess
the genotype of the mother plant. In a similar way, Keim
et al. (1990) compared the phenotypes from bulked F,
progeny seed with their corresponding F, genotypes in a
genetic study on hard seededness.

Studies have been conducted to identify genes condi-
tioning seed coat permeability and to characterize its gene
action (Kilen and Hartwig 1978; Keim et al. 1990; Saka-
moto et al. 2004; Watanabe et al. 2004; Liu et al. 2007).
Kilen and Hartwig (1978) studied the inheritance of imper-
meable seed coat in soybean and suggested that as few as
three major genes may control the permeable—imperme-
able response with additional minor genes contributing to
impermeablility. Six genomic regions on chromosomes
(CHR) 2, 3, 6, 8, 19 and 20 (Linkage groups, D1b, N,
C2, A2, L and I, respectively) have been found to influ-
ence seed coat permeability in soybean in other studies
(Keim et al. 1990; Sakamoto et al. 2004; Watanabe et al.
2004; Liu et al. 2007). Smith et al. (2008) reported high
and low levels of seed coat impermeability in PIs 594619
and 587982A, respectively, when planted in mid-April and
harvested in mid-August in Mississippi. As the genetics of
seed coat impermeability have not been previously exam-
ined in PI 594619, the objectives of the present study were
to study the inheritance of impermeable seed coat under
high-temperature environments in the midsouthern United
States and to map the gene/s that affect this trait in this PL.

Materials and methods
Plant material and seed assays
Glycine max accessions PI 587982A (MG III) (USDA

2014a) and PI 594619 (MG 1V) (USDA 2014b) were
obtained from the USDA-ARS Soybean Germplasm
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Collection located at Urbana, IL. PI 587982A has a per-
meable seed coat, whereas PI 594619 has an imperme-
able seed coat (Plant Anatomy Ontology—Seed Coat,
PO:0009088; Plant Trait Ontology—Seed Coat Hardness,
TO:0000889; Soybean Trait Ontology, Seed Coat Hard-
ness, SOY:0001415) as observed by Smith et al. (2008)
under conditions of the ESPS in Mississippi. Crosses were
made between these two accessions as PI 587982A x PI
594619 (POP1) and as a reciprocal cross PI 594619 x PI
587982A (POP2) at the Jamie Whitten Delta States
Research Center, Stoneville, MS in 2008. Hybrid seed
was harvested, mechanically scarified by making a single
fleck in each seed coat with a small hand-held knife, and
then sent to the Tropical Agriculture Research Station in
Mayaguez, Puerto Rico for F, seed production at Isabela,
Puerto Rico. Seed from individual F; plants was harvested
separately and shipped back to Stoneville in 2009. The
parental lines, cultivar Williams 82 (Bernard and Cremeens
1988), F, seed from POP2, and F, seed from POPI and
POP2 were planted at Stoneville, MS in a Sharkey clay soil
(very-fine, smectitic, thermic Chromic Epiaquert) on May
18, 2009. Prior to planting, seed of PI 594619 and the F,
and F, generations were mechanically scarified. Seed of the
F, was scarified as indicated above, while seed of the F,
and PI 594619 were scarified as follows. Seed was placed
inside a hollow tin cylinder (13.5 cm high and 10 cm in
diameter) with jagged-edged perforations (1-3 mm in
diameter with approximately four perforations cm~2) on
the inside of the cylinder. The cylinder was hand rotated
in a circular motion for 15 revolutions, thereby producing
small flecks in the seed coats.

Single-row plots (2.74 m long with 0.91 m between
rows) were used with a seeding rate of 25 seed m~'. PIs
594619 and 587982A and Williams 82 were arranged in
a randomized complete block design (RCBD) with three
replications, with F; plants grown in one row, POPI-F,
plants grown in seven rows, and POP2-F, plants grown in
two rows. Water was applied as needed during the grow-
ing season by furrow irrigation through poly-pipe to allevi-
ate moisture-deficit stress that could potentially affect seed
quality (Heatherly 1993). Each F, and F, plant was indi-
vidually tagged with a unique number after flowering (R1,
Fehr and Caviness 1977) for the purpose of associating leaf
tissue/DNA sampling with impermeable seed coat rating.
Air temperature and relative humidity were measured at
the official weather station at Stoneville. Within 1-4 days
after R8 (Fehr and Caviness 1977), individual parental, F,,
and F, plants were harvested by hand. All plants were indi-
vidually threshed in a single-plant belt thresher (Almaco
BT14-E, Nevada, IA) so as to reduce mechanical damage.
Diseased and mechanically damaged seeds were removed
after threshing and not tested because these could affect
the measures of seed coat permeability. Seed from each

individual F, plant was bulked to form F,-derived F; (F,.3)
families. Threshed seed was stored at 21 °C and 60 % rela-
tive humidity until they were assayed for impermeability
during the winter of 2009-2010.

Fifty seeds from each harvested plant (parental, F;, and
F,) with sufficient seed were assayed for percent imper-
meable seed coat as part of the protocol for the standard
germination test. Specific details are provided by the Asso-
ciation of Official Seed Analysts (2006), but a brief sum-
mary is provided here. Seed from each plant were placed
in water-moistened germination paper towels, which were
then rolled up and placed vertically in plastic containers
on a shelf in a germinator (Percival Scientific, Inc., Perry,
IA). The towels were maintained at near 100 % humidity
for the 7 days duration of the assay. Daily temperatures
were maintained at 20 °C for 16 h and then adjusted to
30 °C for 8 h. At the conclusion of the 7 days, seed that had
not imbibed water were counted as “hard seed,” and were
recorded as the percentage of seed out of 50 total seed that
had not imbibed water. All assays were conducted by the
State Seed Testing Laboratory, Mississippi State, MS.

One hundred and one F,.; families and parents of POP1
were planted into a Sharkey clay soil at Stoneville, MS on
April 13, 2011. Prior to planting, seed of each family and of
PI 594619 were mechanically scarified in the perforated tin
cylinder as previously described. Each family and parental
line was planted in two replications in a RCBD. Single-row
plots (2.74 m long with 0.91 m between rows) were used
as experimental units with a seeding rate of 9 seed m~".
The lower seeding rate was used due to limited seed sup-
ply. A minimum of 100 seeds per F, plant was needed to
phenotype the F, plant and still have sufficient seed to
test its corresponding F; family in replicated plots. Water
was applied as needed during the growing season by fur-
row irrigation through polypipe to alleviate potential mois-
ture-deficit stress. Air temperature and relative humidity
were measured at the official weather station at Stoneville.
Within 1-4 days after RS, ten plants were harvested from
each plot. Individual plants that were earlier or later than
the group of 10 were not harvested. Each harvested plant
from each plot was individually threshed, giving a total of
20 plants per family. Assays for seed coat impermeability
were conducted on the seed from each individual of each
family using 50 seeds per plant and following the official
protocols for standard germination (Association of Official
Seed Analysts 2006) and as described above. All assays
were again conducted by the State Seed Testing Laboratory.
Based on the parental distributions of seed coat imperme-
ability, F, phenotypes derived directly from the seed of F,
plants were grouped into two classifications; impermeable
seed coat and permeable seed coat. Those estimated from
F,.; families were classified as homozygous impermeable
seed coat: heterozygous: homozygous permeable seed coat.

@ Springer



1994

Theor Appl Genet (2014) 127:1991-2003

Genotyping with SSR and SNP markers

Leaf samples were collected from individual plants for F,-
POP1 and F,-POP2. The samples were freeze-dried in a
Model 2400 freeze dryer (The Freeze Dry Company, Nis-
swa, MN 56468, USA) and ground to a fine powder using
a tissue pulverizer (Garcia Manufacturing, Visalia, CA
93292, USA). DNA was isolated from the samples using
a Maxwell 16™ automated DNA isolation machine (Pro-
mega, Madison, WI 53711, USA) following the manufac-
turer’s protocols.

Primers for the SSR markers were manufactured with
either a hexachloro-fluorescein (HEX) or 6-carboxy-
fluorescein (FAM) 5’-fluorescent label (Integrated DNA
Technologies, Coralville, TA 52241, USA) based on
sequences obtained from SoyBase (http://soybase.org/
resources/ssr.php). About 600 SSR primers were screened
for polymorphism in the parental lines. PCR amplification
was performed on a MJ Research PTC-225 Thermal Cycler
(Bio-Rad, Hercules, CA 94547, USA) using conditions of
95 °C for 120 s; 35 cycles of 94 °C for 30 s; 46 °C for
30 s; 72 °C for 30 s; and one cycle of 72 °C for 300 s fol-
lowed by maintenance at 4 °C until detection. Amplicons
were detected on an ABI 3730 (Applied Biosystems, Foster
City, CA 94404, USA) at the USDA-ARS Midsouth Area
Genomics Facility at Stoneville, MS. The lengths (bp) of
amplicons were determined using GeneMapper 3.7 soft-
ware (Applied Biosystems, Foster City, CA 94404, USA).
All polymorphic SSR markers identified in this study were
co-dominant. The marker data were coded numerically into
three classes (1, 2 or 3), where 1 = the homozygous marker
allele from Parent 1, 2 = marker alleles from both parents
(i.e. heterozygotes), and 3 = the homozygous marker allele
from Parent 2.

KBioScience KASP genotyping assay (www.kbioscience.
co.uk) was used for SNP markers. Three hundred and
twenty-eight allele-specific primers and other assay compo-
nents were purchased from KBioscience (KBioscience Ltd,
Hoddesdon, EN11 OEX, United Kingdom) based on the
supplied marker sequences. PCR reactions were carried out
for 15 pL final volume reactions. The cycling conditions
were as follows: 94 °C for 15 min, 94 °C for 20 s, touch-
down over 65-57 °C for 60 s (10 cycles dropping 0.8 °C
each cycle) and an extra 30 cycles at 57 °C followed by
maintenance at 4 °C until detection. SNP genotyping was
performed using LightCycler® 480 System (Roche Applied
Bioscience, http://www.roche-applied-science.com) based
on endpoint analysis method.

Genetic map construction and linkage analysis

A linkage map was constructed using JoinMap® 4.0
(Van Ooijen 2006) on marker data collected from 89 F,
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individuals of POPlwith extreme ratings for seed coat
permeability (45 with permeable seed coat and 44 with
maximum seed coat impermeability). Chi square analysis
was performed for goodness-of-fit to the expected Mende-
lian segregation ratio for each marker and skewed mark-
ers were identified using a threshold of P < 0.05. Linkage
groups were created by omitting the skewed markers from
the data. A LOD (Log of odds) of 5.0 and recombination
fraction <0.40 were used to create linkage groups. Recom-
bination values were converted to genetic distances using
the Kosambi mapping function. Marker order determined
in this study was compared against the soybean consensus
map (http://soybase.org/MarkerDB/index.php) to identify
any major discrepancies and confirm position. This map
was used for a preliminary QTL analysis across all linkage
groups. For those chromosomes showing regions with sig-
nificant associations in the initial analysis (CHR 2 and 7)
the chromosomal linkage groups were reconstituted using
the full 199 F, individuals of POP1 and the QTL analysis
recomputed.

Single marker analysis (SMA) was conducted using the
SMA routine (regression of individual markers and trait
values) of JMP Genomics (JMP®, Version 6. SAS Insti-
tute Inc., Cary, NC, 1989-2007). The significance of puta-
tive associations is reported as the —log(probability) and
a conservative —log(2.0) level was used as a threshold of
significance. Based on the results of the SMA analysis on
the 89 extreme F, individuals of POP1, marker data were
generated on the additional 110 F, individuals of POPI on
the chromosomes which showed significant marker-trait
associations. The complete data (199 F, plants) were then
reanalyzed. Additionally, more markers were analyzed on
chromosomes where putative loci were identified using the
extreme phenotypes.

Quantitative trait loci (QTL) analysis was conducted
using the linkage map described above. Based on the results
of this preliminary screen and the putative loci identified
by SMA, linkage groups of chromosomes with regions of
interest were reconstituted using the full 199 member F,
population. The QTL analysis consisted of Interval map-
ping (IM) followed by Multiple-QTL model Mapping
(MQM) analysis using MapQTL6.0 software (Van Ooijen
2009). Interval mapping analysis was performed to find
putative QTL and to select markers significantly associated
with the seed coat impermeability trait. Genome-wide LOD
thresholds were determined for the trait using the Permuta-
tion test of MAPQTL with 10,000 iterations. Based on the
permutation tests, a threshold LOD value of 3.5 (P < 0.05)
was used to declare presence of a QTL. Automatic cofactor
selection was run for each linkage group. Markers located
in the vicinity of putative loci associated with seed coat
impermeability were selected as cofactors. MQM analysis
was used to more precisely locate the loci associated with
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the trait. The positions with the maximum LOD score on
the linkage groups were considered to be the loci associ-
ated with seed coat impermeability.

To confirm the locus that was identified in POP1, which
is associated with seed coat impermeability, marker data
were generated on 52 F, individuals of POP2 (a reciprocal
cross of POP1). SSR and SNP markers on the chromosome
which showed significant marker-trait association in POP1
were used to conduct SMA and QTL analyses using the
methods indicated above.

Marker analysis on the F,.; families was conducted using
the F, marker data and the phenotype inferred from 99 F, ;
family classifications (As indicated above, data were origi-
nally collected on 101 F,.; families. However, the classifi-
cation of two families could not be resolved and they were
dropped from the analysis). The 99 F, plants from which
the 99 F,.; families were derived, were reclassified based
on the results of the F,.; family phenotyping as homozy-
gous permeable seed coat, heterozygous, or homozygous
impermeable seed coat. SMA and QTL analyses were con-
ducted using the reclassified phenotypic data and marker
data for the 99 F, plants.

Results
Air temperatures during seed fill

As indicated above, high temperatures during seed fill in
the midsouthern US can increase the presence of imperme-
able seed coat. During the 2009 R7-R8 stages (Fehr and
Caviness 1977) of the plants of POP1 (PI 587982A x PI
594619), POP2 (PI 594619 x PI 587982A), and the par-
ents, daily maximum air temperature ranged from 27 to
36 °C. The R8 stage for the permeable seed coat parent (PI
587982A) ranged from August 14 through September 1
with a mean R8 date of August 23, while that of the imper-
meable seed coat parent (PI 594619) ranged from August
25 through September 8th with a mean R8 date of August
31. The R8 stage for the F, individuals of POPland POP2
ranged from August 21 through September 8th, and the
mean R8 date for both populations was August 30th. The
average maximum temperature during the 2011 R7-R8
stages for the F,.; families of POP1 and the parental lines
ranged 28-41 °C.

Inheritance and mapping of POP1 (PI 587982A x PI
594619)

In 2009, the seed coat impermeability ratings for the 199
F, individual plants of POP1 ranged 0-98 % with an over-
all mean of 37.9 % (Table 1). The frequency distribution
of the F, plants in POP1 is shown in Fig. 1b. In this test,

the seed coat impermeability ratings for the permeable seed
coat parent, PI 587982A, ranged 0—4 % with an average of
0.3 %, with only one plant with a score of 2 % and three
plants with a score of 4 % out of 46 total plants (Fig. 1a).
The impermeable seed coat parent, PI 594619, had ratings
ranging from 50 to 94 % with an average of 80.6 % (30
plants). On the basis of the parental impermeability rat-
ings, a binary system of classifying plants as having either
permeable or impermeable seed coats was developed. The
cut-off point between the permeable and impermeable
seed coat classes was set at 4 % (seed coats <4 % imper-
meability were rated as “permeable” and >4 % were rated
as “impermeable,” Fig. 1b) based on the maximum PI
587982A score of 4 %. Eighteen Williams 82 plants were
also evaluated as a check, and all had similar ratings as the
permeable seed coat parent (Table 1).

Using the binary classification system with 4 % as the
break point between permeable and impermeable seed
coat based on the parental distribution (described above
and shown in Fig. 1a), the F, plants were classified as 147
“impermeable seed coat” to 52 “permeable seed coat”
(Table 1). These values fit a 3:1 ratio (x2 =0.14, P =0.71)
expected for a single gene with dominance/recessive gene
action and indicate that impermeable seed coat is dominant
to permeable seed coat.

A total of 197 SSR and SNP molecular markers were
used to genotype 89 individual plants of F,-POP1. The seed
coat impermeability ratings of these 89 plants represented
the extremes of the distribution of the entire 199 plant F,
population. Of the 89 plants, 45 had a permeable seed coat
(all had a seed coat impermeability rating of 0 %) and 44
had an impermeable seed coat (seed coat impermeability
rating of >66 %). Single marker associations were evalu-
ated using the SMA routines of JMP-Genomics over the
whole genome using the SSR and SNP marker data for the
89 F, plants with the extreme ratings for seed coat imper-
meability. Figure 2 shows a Manhattan plot of associations
(negative log of probability) with percent seed coat imper-
meability across all markers analyzed. By far the strong-
est association detected was with markers located at the
end of CHR 2 (Satt274, —log(P) = 20.8 and Sat_192,
—log(P) = 5.6). The marker with the strongest associa-
tion (Satt274) accounted for 65 % of the variation in seed
coat impermeability. Additionally, there was a significant,
but much less strong association with markers at the end of
CHR 7 (Fig. 2). One marker (Sat_330), was significantly
associated with seed coat impermeability (—log(P) = 2.4).
Sat_330 accounted for about 9 % of the variability in seed
coat impermeability. Two other markers at the end of CHR
7 were just below the —log(P) threshold of 2.0. A some-
what stronger association with seed coat impermeability
was also detected with one marker at the end of CHR 20
(Sat_155, —log(P) = 5.1, Fig. 2). This marker accounted
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Table 1 Descriptive statistics for seed coat impermeability in the
parental lines, Williams 82, the F,, and F,; families of the cross
PI 587982A x PI 594619 (POP1), and F, and F, individuals of the

reciprocal cross PI 594619 x PI 587982A (POP2) from field studies
at Stoneville, MS in 2009 and 2011

Genotype N Mean Impermeable seed Observed Expected x2 P
(%)° (%) range® ratio ratio value

2009

PI 587982A (permeable seed coat parent) 46 0.3 04

PI 594619 (impermeable seed parent) 30 80.6 50-94

Williams 82 (check) 18 1.2 04

F,-POP1 PI 587982A x P1 594619 199 37.9 0-98 147:52 3:1 0.14 0.71

F,-POP2 PI1 594619 x PI 587982A 2 56 52-60

F,-POP2 PI 594619 x PI 587982A 52 325 0-88 35:17 3:1 1.64 0.20
2011

PI 587982A (permeable seed coat parent) 27 0 0

PI 594619 (impermeable seed parent) 20 73.7 46-96

Williams 82 (check) 33 6.4 0-22

F,.; families PI 587982A x PI 594619 99 families (20 0-100 26:48:25 1:2:1 0.11 0.95

plants each)

# Number of individual plants

® Mean value for seed coat impermeability scores in percent

¢ Seed coat impermeability with 0—4 % is classified as permeable and >4 % as impermeable

for about 22 % of the variability in seed coat impermeabil-
ity. Very similar results were found for these same markers
when the analysis was conducted using the binary classifi-
cation system (data not shown).

For the three genomic regions identified above (CHRs
2, 7, and 20), the SSR and SNP markers on these chromo-
somes were run on the entire 199 plants of the F, popu-
lation and additional polymorphic markers on CHR 2.
Figure 3 shows the results of analyzing the SSR and SNP
markers on the entire F, population. Seven markers at the
end of CHR 2 were highly significantly associated with
seed coat impermeability (Sat_069, Sat_183, Satt274,
Satt459, Sat_202, Sat_415, and Sat_192). The marker
most strongly associated with seed coat impermeability
was SSR Sat_202 (—log(P) = 22.91) which accounted
for about 41 % of the variability in seed coat imperme-
ability. Although much less strongly associated with seed
coat impermeability than those on CHR 2, four markers
(Sat_147, Satt336, Sat_330, and Sat_359) on CHR 7 were
over the threshold for significance. All had —log(P) values
between 2.17 and 2.84, slightly above the threshold for sig-
nificance at 2.0. However, none of these markers individu-
ally accounted for more than 5 % of the variation in seed
coat impermeability. The one marker on the end of CHR
20 that was significant in the analysis using the extreme
phenotypes (Sat_155) was still significant when using the
entire F, population (—log(P) = 3.71). However, no other
significant associations were detected on CHR 20. Addi-
tionally, Sat_155 only accounted for about 7 % of the varia-
tion in seed coat impermeability.
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In addition to using SMA on percent seed coat imper-
meability, SMA was also conducted using phenotypic data
split into two classes (0—4 % as permeable and 5-100 %
as impermeable) as described above and shown in Table 1
and Fig. 1b. The results of both analyses (percent seed coat
impermeability rating and rating the seed of each plant
in a binary system as either permeable or impermeable)
were very similar whether using both the extreme pheno-
type subset (data not shown) or the entire population on
CHR 2, 7, and 20 (Fig. 3). On CHR 2, the same marker
(Sat_202) had the strongest association in both classifica-
tion systems. However, for the binary classification, the
variation accounted for by Sat_202 increased from 41 to
60 % in the SMA. Similarly, Sat_330 had the strongest
association among the markers evaluated on CHR 7 using
the binary rating (—log(P) = 4.68) as it did in the seed coat
impermeability rating. The amount of variation accounted
for by Sat_330 increased to about 9 %. The one marker on
CHR 20 that was significantly associated with the seed coat
impermeability rating (Sat_155) was not significant using
the binary rating system (—log(P) = 1.95, r* = 0.03).

A two-marker model was evaluated using the two
markers with the strongest SMA associations on CHR 2
(Sat_202) and 7 (Sat_330) reported above. Although the
contribution of both markers was significant (P < 0.05),
using both markers only slightly increased the amount of
variation accounted for by Sat_202 alone (less than a 0.01
difference in 72 values). This was the case for both the
percentage of seed coat impermeability rating and for the
binary rating of either permeable or impermeable.
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Fig. 1 Frequency distributions for seed coat impermeability in
the (a) parental lines, PI 587982A (permeable seed coat) and PI
594619 (impermeable seed coat) (b) F, individuals of the cross PI
587982A x PI 594619 (F,-POP1), and (¢) F, and F, individuals of
the reciprocal cross PI 594619 x PI 587982A (F,-POP2). The break
point for phenotypic classes is shown by an arrow in each panel,
where seeds with impermeability percentages of 4 % or less were
rated as permeable and seeds with percentages greater that 4 % were
considered impermeable

Both the analysis of the percent seed coat imperme-
ability and the binary classification identified the same pri-
mary locus on CHR 2 (near Sat_202). When this marker’s
allele patterns were examined relative to the binary clas-
sification system for the 199 F, plants (04 % as perme-
able and 5-100 % as impermeable), all but two plants had

the permeable parental allele of Sat_202 in the 0—4 % class
(one heterozygote and one impermeable parental allele)
and only two plants had the permeable parental allele in
the 5-100 % class. The rest of the plants were either het-
erozygous for Sat_202 or had the impermeable parental
allele. Very similar allelic distributions were evident for the
nearby marker Satt459. These allelic distributions provide a
posteriori confirmation of the binary classification system.

Using the molecular marker data set and the 89 extreme
genotypes, a linkage map was developed with the 201 SSR
and SNP markers using JoinMap 4.0 software. The map
covered 2,187 cM (Kosambi function) and represented all
20 linkage groups. The groupings and positions of almost
all markers were consistent with the soybean consensus
map (http://soybase.org/MarkerDB/index.php). This map
was used in a preliminary QTL analysis to identify regions
of interest (results not shown). Linkage groups with regions
of interest identified from the preliminary QTL analysis
and from the SMA analysis were then expanded to include
all 199 F, plants and the QTL analysis re-conducted on
the expanded linkage groups. The QTL analysis was con-
ducted with MapQTL 6.0 software using both phenotypic
classifications (percent seed coat impermeability rating and
the binary classification of either permeable or imperme-
able seed coats). Interval Mapping (IM) was first applied
for each single locus to identify putative loci. At a thresh-
old value of LOD 3.5 (P < 0.05) as a genome-wide signifi-
cance threshold, a locus associated with markers Sat_202
(LOD 70.6) and Satt459 (LOD 17.4) on CHR 2 (Fig. 4)
showed a highly significant (P < 0.0001) association with
seed coat impermeability just as in the SMA. Another puta-
tive genomic region detected by SMA was also detected
by IM on CHR 7 (Sat_330, LOD 4.2; Satt336, LOD 3.6;
Sat_147, LOD 3.5). To ensure that these were stable QTL,
Multiple-QTL Model (MQM) analysis was performed by
using markers close to these putative QTL regions as cofac-
tors. The MQM results indicated that one significant and
stable genomic region was associated with the seed coat
impermeability ratings in this population, the same region
on CHR 2 that showed a highly significant association with
seed coat impermeability both in the SMA and IM. MQM
showed that seed coat impermeability was highly linked
to markers Sat_202 (LOD 88.1, P < 0.0001) and Satt459
(LOD 79.0, P < 0.0001) (Table 2) with a genomic region
spanning 1.6 cM. The phenotypic variation in seed coat
impermeability explained by these two markers was 65.6
and 63.3 % for Sat_202 and Satt459, respectively (Table 2).
About 65 % of the total phenotypic variation in seed coat
impermeability in this population was accounted for by this
genomic region. The analysis also indicated that the allele
from the impermeable seed parent, PI 594619, contributed
to the expression of the impermeable seed coat phenotype
in this genomic region.
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Fig. 2 Probability (—log(P)) of single marker associations between
markers and the seed coat impermeability ratings of 89 F, plants
from POP1 (PI 587982A x PI 594619). The 89 plants represent the
extremes of the population and consisted of 45 plants with a perme-
able seed coat (all had a seed coat impermeability rating of 0 %) and
44 plants with an impermeable seed coat (minimum seed coat imper-

Inheritance and mapping of F,.; families (POPI)

The F,.; families that descended directly from the indi-
vidual F, plants assayed in POP1 were evaluated for seed
coat impermeability in two replicates in 2011. Of the 101
families, two families were eliminated from the analy-
sis because of phenotyping discrepancies that could not
be resolved between replications. The remaining 99 F,;
families had a total of 1,980 plants (20 plants per fam-
ily) that were individually scored for seed coat imperme-
ability. Each family was then classified as having perme-
able seed coat, impermeable seed coat, or as segregating,
using the same break point for each plant as was used for
the F, plants (Table 1). These classifications provided an
independent estimate for inferring the phenotype of the
F, source plant and also allowed the determination of het-
erozygous F, plants. The parental lines and Williams 82
were also planted and evaluated along with the F,.; fami-
lies in 2011. The seed coat impermeability ratings for the
permeable seed coat parent (PI 587982A) were 0 % for all
27 plants evaluated (Table 1). Ratings for the impermeable
seed parent (PI 594619) ranged 46-96 % with a mean of
73.7 %, where 20 plants were evaluated. The check, Wil-
liams 82, had a slightly higher seed coat impermeabil-
ity rating than in 2009, with a range 0-20 and a mean of
6.4 % (Table 1). There was 97 % concordance for seed coat
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meability rating of 66 %). A total of 197 SSR and SNP markers from
across all 20 chromosomes were applied to the 89-plant subset. The
red horizontal dashed line indicates the —log(0.01) = 2.0 level of sig-
nificance. Markers are arranged according to the order and distance
reported in the soybean consensus map (Song et al. 2004)

impermeability classifications between the F, individuals
and their F, ; families. Data from the F, ; families indicated
that the F, generation segregated 26:48:25 (permeable seed
coat: heterozygote: impermeable seed coat), which very
closely matched the expected 1:2:1 ratio expected for a
single gene (x? = 0.11, P = 0.95) (Table 1). In addition,
the impermeability/permeability ratings of 20 individual F;
plants per family, with each family derived from a subset
(70) of the 147 F, plants that were classified in the imper-
meable class (Table 1), were further evaluated to deter-
mine which of these families were homozygous imperme-
able and which were segregating. For a single-gene model
with dominance gene action, one would expect a ratio of
two segregating families:1 impermeable families. The
impermeability ratings for these 70 F, individuals ranged
6-94 %. After evaluation of the individual F; plant data, it
was determined that 46 families were segregating and 24
families were homozygous impermeable. This fits very
well (x> = 0.03, P = 0.87) the above expected 2:1 ratio
and confirms the above (Table 1) F, classification data that
originally suggested a single major gene with dominance
gene action.

Figure 5 shows the results of SMA using the correspond-
ing F, marker data and the phenotype inferred from the 99
F,.; family classifications of homozygous permeable seed
coat, heterozygous, or homozygous impermeable seed coat.
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Fig. 3 Probability (—log(P)) of single marker associations between
markers located on CHR 2, 7, and 20 and the seed coat imperme-
ability ratings (blue closed circles) of 199 F, plants from POP1 (PI
587982A x PI 594619). Also shown are the probabilities of associa-
tions between the two-class phenotypic ratings (represented by pur-
ple closed circles) and the markers. The red horizontal dashed line
indicates the —log(0.01) = 2.0 level of significance. Markers are
arranged according to the order and distance reported in the soybean
consensus map (Song et al. 2004)

That is to say, the corresponding 99 F, plants from which
the F,.; families were derived, were reclassified based on
the results of the F,.; family phenotyping and then reana-
lyzed. SMA of the F,.; family data detected a very strong
association at the end of CHR 2 and a significant, but much
less strong association detected on CHR 7 (3 markers each
with a (—log(P) < 2.5 and r? < 0.08). These results were
very similar to that of the SMA analysis of the 199 F,
plants, although the most significant association on CHR
2 was with Satt274 (—log(P) = 29.1, r* = 0.74) rather
than with Sat_202 (—log(P) = 27.9, r* = 0.72) These
results were also confirmed by MQM analysis, as shown in
Table 2.

Inheritance and mapping of POP2 (PI 594619 x PI
587982A areciprocal cross of POP1)

In POP2, the reciprocal cross of POP1, 52 F, individuals
were evaluated for seed coat impermeability. Seed coat
impermeability ratings for these plants ranged 0-88 % with
an average rating of 32.5 % (Table 1). The frequency dis-
tribution of this F, population is shown in Fig. 1c. Along
with the F, population for this cross, the seed of two F,;
plants were also evaluated and both had impermeable seed

CHR 2 (LG D1b)

~~— BARC-048593-10672
108 _| |- Sat_279
46 1~ sat 227

17.
8 Sat_351
41.5
Sat_373
28.2
Satt296
44.4
Satt537
16 = satta12
21 /] [\ sattoos
63.9
2 7N\ Satt459
16
b 7 ||\ sat_202 > Isc
2 T -Sat_415
19.4
Sat_192

Fig. 4 Genomic region associated with seed coat impermeability on
chromosome 2 (LG D1b) identified in the F, population of the cross
PI 587982A x PI 594619 (POP1). A linkage map was constructed
using JoinMap® 4.0 (Van Ooijen 2006). Distances between neigh-
boring markers measured in centi Morgans (cM, Kosambi units) are
shown on the left side of the map. Quantitative trait loci (QTL) anal-
ysis was conducted using MapQTL6.0 software (Van Ooijen 2009).
QTL position and Logarithmic odds (LOD) score plots are shown to
the right of the genetic map

coats (52-60 %, Table 1; Fig. 1), indicating that imperme-
able seed coat is dominant over permeable seed coat. The
impermeable: permeable seed coat ratio for the F, plants
was 35:17, which fits the 3:1 ratio (x2 = 1.64, P = 0.20)
expected for a single gene (Table 1) and so again supports
impermeable seed coat as dominant to permeable seed coat.
Further, that the F, data from the reciprocal crosses both
segregate 3:1 indicates that the trait is not maternally inher-
ited. That is, there was no evidence of a cytoplasmic effect
on seed coat impermeability.

Twenty-one SSR and SNP markers on CHR 2 were used
to genotype the F, individuals in POP2. As with POP1,
markers at the end of CHR 2 were found to be significantly
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associated with seed coat impermeability by SMA (Fig. 6).
Of the markers tested, seven had a —log(P) > 2.0 with SSR
Sat_202 having the highest probability (—log(P) > 8.0).
Using the percent impermeability rating, Sat_202
accounted for 54 % of the variability, whereas using
the binary system (either impermeable or permeable) it
accounted for 72 % of the variability. Multiple QTL Model
analysis of the POP2 F, data also detected highly signifi-
cant associations between seed coat impermeability rat-
ings and markers at the end of CHR 2 (Table 2), includ-
ing Sat_202 (LOD 28.5, P < 0.00001) which accounted for
83.9 % of the phenotypic variability. However, from the
MQM analysis two other markers (Satt274 and Satt459)
tightly linked to Sat_202, accounted for a greater percent-
age of the phenotypic variation (92.1 and 92.0 %, respec-
tively, Table 2). Although the size of POP2 was small, it
was developed from a reciprocal cross of POP1 and the
results independently confirm the presence and the position
of the gene detected in POP1.

Discussion

High-quality seed for planting has become an issue in soy-
bean production areas with excessively high temperatures
during seed fill, such as in the midsouthern United States
where the ESPS is practiced (Tyler 1999; Heatherly 1999;
Mengistu and Heatherly 2006; Gillen et al. 2012). This
environmental stress increases the occurrence of soybeans
with impermeable seed coat, which is associated with non-
uniform and delayed germination and emergence (Keith
and Delouche 1999). In this study, an effort was made to
investigate the inheritance of seed coat impermeability
and to identify gene(s) that control this trait in a Glycine
max soybean accession with impermeable seed coat (PI
594619) grown under field conditions in the midsouthern
United States. Seed coat impermeability is caused by both
genetic and environmental factors (Copland and McDonald
1999). The objective in the present study was to study the
inheritance of this trait in a high temperature environment,

Table 2 Markers significantly associated with seed coat impermeability in the F, plants of the cross PI 587982A x PI 594619 (POP1), the F, 5
families of POP1, and the F, plants of the reciprocal cross, PI 594619 x PI 587982A (POP2) based on MQM analysis

Chromosome (linkage ~ Marker Position LOD Phenotypic
group) — variation
Gm consensus 2008a (cM) Sequence position (bp) explained (%)
F,-POP1: PI 587982A x PI1 594619 (analysis of 199 F, plants)
2 (D1b) Satt459 119.5 48,389,888 79.0 63.3
2 (D1b) Sat_202 119.6 48,576,403 88.1 65.6
PI 587982A x PI 594619 (analysis of 99 F,.; families derived from POP1, 20 plants per family)
2 (D1b) Satt274 118.6 48,345,840 29.4 74.2
2 (D1b) Satt459 119.5 48,389,888 28.3 72.8
2 (D1b) Sat_202 119.6 48,576,403 27.1 71.3
F,-POP2: PI1 594619 x PI 587982A (reciprocal of POP1, analysis of 52 F, plants)
2 (D1b) Satt274 118.6 48,345,840 28.7 92.1
2 (D1b) Satt459 119.5 48,389,888 28.5 92.0
2 (D1b) Sat_202 119.6 48,576,403 20.6 83.9
> 25 P1587982A x Pl 594619
= 99 F,.; Families
'8 20 1 B B B B H
5 i Two Phenotypic Classes
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Y : : : : : : :
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Fig. 5 Probability (—log(P)) of single marker associations between
markers and the seed coat impermeability ratings of 99 F,.; families
from POP1 (PI 587982A x PI 594619). Single marker analysis was
conducted using the corresponding marker data from 99 F, plants
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and the phenotype inferred from the 99 F,.; family classifications
of homozygous permeable seed coat, heterozygous, or homozygous
impermeable seed coat. The red horizontal dashed line indicates the
—log(0.01) = 2.0 level of significance
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Fig. 6 Probability (—log(P)) of single marker associations between
markers located on CHR 2 and the seed coat impermeability rat-
ings (blue filled-circles) of 52 F, plants from POP2 (PI 594619 x PI
587982A). Also shown are the probabilities of associations between

which is common in the production areas of the midsouth-
ern United States. A high-temperature production environ-
ment combined with a genetic predisposition for imper-
meability results in a highly impermeable seed coat. Such
seeds are unfit for planting due to their low and inconsistent
germinability.

Genetic analysis of the F, individuals of the crosses
between the impermeable seed coat line, PI 594619, and
the permeable seed coat line, PI 587982A, indicated that
seed coat impermeability in PI 594619 is controlled by
a single major gene, with impermeable seed coat being
dominant to permeable seed coat. Analysis of the binary
classification of phenotypic ratings (0—4 % permeable and
5-100 % impermeable) on reciprocal F, populations and
on F,; families derived from one of the F, populations,
showed that the segregation in all three evaluations fit
expected ratios for a single gene. The segregation data and
data on F, plants also indicated that impermeability was
dominant over permeability.

Molecular mapping of the 199-member F, population
indicated the most likely position of the putative locus
associated with impermeable seed coat to be in the region
of Satt274 to Satt459 on CHR 2. This location was con-
firmed using phenotypic results of 99 F,.; families and a
smaller, but independent reciprocal F, population. Markers
in this region accounted for 63-92 % of the phenotypic var-
iation for seed coat impermeability (Table 2). The molecu-
lar marker results are consistent with the genetic segrega-
tion results and confirm that one major gene was involved
in conditioning seed coat impermeability under the condi-
tions of the present study.

In previous studies, six genomic regions on CHR 2, 3,
6, 8, 19 and 20 were reported to have effect on seed coat
impermeability in soybean in four different mapping popu-
lations (Keim et al. 1990; Sakamoto et al. 2004; Watanabe
et al. 2004; Liu et al. 2007). In each of these studies, more

the two-class phenotypic ratings (represented by purple filled-
squares). The red horizontal line indicates the —Log(0.01) = 2.0
level of significance

than one genomic region was found to be associated with
variation in seed coat impermeability, but one genomic
region on CHR 2 was common to all the studies. In the pre-
sent study, this same genomic region on CHR 2 was found
to be associated with seed coat impermeability using mark-
ers Satt459 and Sat_202 positioned at 119.5 and 119.6 cM,
respectively, on the Gm Consensus40_D1b map (Soybase
2014). This indicates that this genomic region contains a
gene that conditions seed coat impermeability in mapping
populations created by G. max x G. max crosses (present
study and Watanabe et al. 2004) as well as in mapping pop-
ulations created by G. max x G. Soja crosses (Keim et al.
1990; Liu et al. 2007). However, in the present study the
major gene identified on CHR 2 in PI 594619 had a larger
effect on seed coat impermeability than did all the QTL
reported in prior studies, accounting for 63-92 % of the
phenotypic variation (Table 2).

In previous studies, the genomic region on Chr 2 (D1b)
accounted for 13 % (Keim et al. 1990), 10.6 % (Watanabe
et al. 2004), and up to 47.8 % (Liu et al. 2007). The larger
effect observed in the expression of this gene in PI 594619
may be due to the uniqueness of this genotype and to its
interaction with environmental factors. All four studies
were conducted in different environments. The studies of
Keim et al. (1990) and Watanabe et al. (2004) were con-
ducted in the field in Iowa, USA, and Chiba, Japan, respec-
tively. The study of Liu et al. (2007) was conducted in a
greenhouse. Only the current study was purposefully con-
ducted under conditions of high temperatures. In the other
three studies, the effect of temperature was not reported,
even though it is known that high temperatures can enhance
seed coat impermeability (Gibson and Mullen 1996; Spears
et al. 1997; Egli et al. 2005; Smith et al. 2008). The map-
ping populations derived from PI 594619 were grown under
high temperatures and this likely enhanced the effect of the
single major gene for expressing seed coat impermeability.
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Even though one major gene was detected in the present
study, the continuous nature of the seed coat imperme-
ability scores in the progenies evaluated in this study is an
indication that minor genes may have also been involved
in determining a portion of the variation. The genomic
region associated with seed coat impermeability that we
detected with the SMA and IM on CHR 7 may have been
overshadowed by the effect of the major gene on CHR 2.
Possibly, the region on CHR 7 may contain another gene
with a minor effect on seed coat impermeability. However,
the other studies reporting genomic regions associated with
seed coat impermeability did not report anything of signifi-
cance on CHR 7 (Keim et al. 1990; Sakamoto et al. 2004,
Watanabe et al. 2004; Liu et al. 2007). Possibly under other
environmental conditions, its effect could be larger. Even
so, this is the first report of a region on CHR 7 associated
with seed coat impermeability in soybean. As such, further
studies under different environments are needed to confirm
the validity and impact of this minor QTL.

As shown in Soybase, within the genomic region for
seed coat impermeability we identified on CHR 2, there
are QTL for seven seed amino acids (Glycine, Threonine,
Glutamine, Tyrosine, Phenylalanine, Leucine and Arginine)
(Panthee et al. 2006). This region has also been reported
to have a major seed protein QTL (Panthee et al. 2005).
However, we have not found any report indicating a rela-
tionship between amino acid/protein composition and seed
coat permeability.

The current study confirms that a region in the soy-
bean genome near linked markers Sat_202 and Satt459 on
CHR 2 (D1b) is associated with seed coat impermeabil-
ity. Previous studies also reported this region as contain-
ing a QTL associated with seed coat impermeability. How-
ever, based on phenotypic segregation ratios in the current
study, the locus acted as a single major gene. Possibly
this locus acted as a single major gene as a result of the
high-temperature environment in which the experiments
were conducted, coupled with the wide phenotypic differ-
ence between the parents. It may also be a result of the
specific allele present in PI 594619, which has not been
previously tested in a genetic study. From the analysis of
two independent F, populations, accompanying F, plants,
and related F,.; families in independent assays, the cur-
rent research determined that this major single gene was
responsible for 63-92 % of the observed variation for seed
coat impermeability and that it has dominance gene action
(impermeability is dominant to permeability). As it was
clear that a single major gene from PI 594619 is associated
with impermeable seed coat, we proposed Isc (imperme-
able seed coat) as its designation, which was approved by
the Soybean Genetics Committee. We preferred Isc rather
than a derivative of “hard seed” to distinguish this locus
from loci putatively involved in the physical hardness of
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seed, especially as the term is used in the food industry
(Zhang et al. 2008).

The recognition of Isc as a major gene with known gene
action has very useful implications for soybean breed-
ing. Of immediate importance is the knowledge that PI
587982A has the recessive form of the gene (isc) and that
its phenotype for seed coat impermeability is nearly zero
under high-heat production conditions. PI 587982A and
markers (Sat_202 and Satt459) linked to isc can be utilized
in breeding programs to create and select new soybean
lines with very low levels of seed coat impermeability. This
could be valuable for the Tofu, Natto, Miso, and other food-
grade markets (Watanabe et al. 2004), where there is near
zero tolerance for seeds with impermeable seed coats, as
well as for seed grade markets, where seeds are produced
to be planted by producers for grain. In both cases, usable
yields of seed lots will be increased by lowering the levels
of seed with impermeable seed coats, thereby improving
overall profits.

Another potential use for recognizing the single-gene
nature of Isc is in its possible use for reducing seed damage
caused by weathering and mold. Each year, producer earn-
ings on grain soybeans are discounted at the time of sale to
elevators due to seed damage caused by mold, weathering,
stinkbugs, heat, discoloration, etc. In the past, the imperme-
able seed coat trait was proposed as a way to protect beans
from field weathering (Potts et al. 1978; Hartwig and Potts
1987). For example, Hartwig and Potts (1987) reported
higher seed viability after 6 weeks of post-maturity weath-
ering for lines with impermeable versus permeable seed
coats. However, this protection was never realized for pro-
ducers because no large-scale effort to scarify hard seeds
prior to planting was ever established. But understanding
the mechanisms for impermeable seed coat may now allow
alternatives to scarification. Identifying the genomic loca-
tion of genes controlling impermeable seed coat could be
an initial step in understanding the biochemical and physi-
ological processes leading to an impermeable seed coat.
This understanding coupled with modern recombinant
DNA technology may allow improved protection against
weathering. Although highly undesirable for food-grade
soybean, the impermeable seed coat trait is not discounted
for U.S. No. 1 grain-grade yellow soybean. And PI 594619,
the source of Isc, contains the i allele for yellow seed coat,
thereby making it more readily useful to soybean breed-
ers. Hence, knowledge of the Isc locus and its alleles could
potentially benefit both food grade and grain-grade markets
in multiple ways.
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