Theor Appl Genet (1999) 99:1131-1142

© Springer-Verlag 1999

K. Meksem - T.W. Doubler - K. Chancharoenchai
V.N. Njiti - SJ.C. Chang - A.P. Rao Arédlli
P.E. Cregan - L.E. Gray - P.T. Gibson - D.A. Lightfoot

Clustering among loci underlying soybean resistance
to Fusarium solani, SDS and SCN in near-isogenic lines

Received: 22 September 1998 / Accepted: 12 May 1999

Abstract In the soybean [Glycine max (L.) Merr.] culti-
var ‘Forrest’ a single chromosomal region underlies co-
inheritance of field resistance of the sudden-death syn-
drome (SDS), caused by the fungus Fusarium solani
(Mart.) Sacc. f. sp. glycines (Burk.) Snyd. & Hans. and
soybean cyst nematode (SCN) race 3 (caused by Hetero-
dera glycines Ichinohe). Our objectives were to verify
that co-inheritance was derived from a single chromo-
somal region in near-isogenic lines and to separate com-
ponent gene clusters. DNA markers were compared with
a SDS leaf-scorch index (DX), F. solani root-infection
severity (I1S) and a SCN index of parasitism (IP) among
80 near-isogenic lines (NILs). The genomic region iden-
tified by the RFLP marker Bng122D was strongly asso-
ciated (0.0004 < P < 0.006) with mean SDS DX (R2 >
16-38%) and IS (R2 > 38-73%), but only marginally as-
sociated with resistance to SCN. However, the linked
(4.3-7.4 cM) microsatellite marker SATT309 was
strongly associated with both resistance to SCN (0.0001 <
P < 0.0003; R? > 24-97%) and mean leaf DX (0.0001 <
P < 0.0003; R2 > 25-63%), but not root |S. Recombina-
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tion events among markers and traits enabled separation
of the qualitative loci underlying resistance to SDS and
SCN. Our data showed that resistance to SDS DX, SDS
IS and SCN IP in Forrest may be caused by four genesin
acluster with two pairsin close linkage or by a two-gene
cluster with each gene displaying pleiotropy, one condi-
tioning SDS IS and DX and the other SCN IP and SDS
DX.
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QTL - Diseaseresistance - Co-inheritance - Gene cluster -
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Introduction

The continuous variation in phenotype observed for
many important traits in agriculture is caused by the seg-
regation of independent polygenes of small effect (Pater-
son et a. 1990). Polygenes can be detected and mapped
within 10-20-cM intervals as quantitative trait loci, par-
ticularly with DNA markers. Such localization is suffi-
cient for some aspects of their study and manipulation.
However, highly accurate estimates of the QTL map lo-
cation, within less than 1-2 cM, are necessary for effec-
tive marker-assisted selection (Prabhu et al. 1999), the
dissection of genes within complex loci (Chase et al.
1997; Graham et al. 1997), and the physical mapping of
genes underlying QTLs (Meksem et al. 1998).

Fine mapping of QTLs cannot be achieved in F, or RIL
populations (Darvasi et a. 1993; Darvasi and Soller
1995). Errors in phenotype scores and the effects of loci
that ater the trait independently of the QTLs for which the
map is generated preclude accurate fine mapping of QTLSs
in such populations (Kearsey and Farquhar 1998). Fine-
mapping relies on the analysis of derived sub-populations
in which the QTLs can be further localized. Such methods
include: substitution mapping in BC,F, lines (Paterson et
al. 1990); mapping in advanced intercross lines (Darvasi
and Soller 1995); mapping in recombinant backcross in-
bred lines (Eshed and Zamir 1995); and mapping in re-
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Table 1 Overview of the popu-

lations and QTL segregationin ~ Population  Type Alleles® and linkage groups of

Essex x Forrest-derived RIL

and NIL populations n SDSQTLs SCNQTLs

IG 2G c2 N 1G A2

EXF RIL 100 Ha H H H H H
ExF11 NIL H F F E H F
ExF34 NIL H E E H H F
Qualitative genes inferred rfsl nd nd nd rhgl Rhg4

aAlleles at the major QTLs detected in Chang et al. 1997 are designated: E is the allele derived from
Essex, F is the allele derived from Forrest and H indicates the population is heterogeneous across the

interval containing that QTL

combinant inbred sub-line populations (Haley et a. 1994).
Each of these related methods involves isolation of the
QTLsto a 30-40-cM region using molecular markers, fol-
lowed by the analysis of recombination events within this
region in an otherwise homogeneous genetic background.
A single cycle of recombination analysis can place QTLsS
within intervals less than 1 cM. Subsequent cycles gener-
ated by intercrossing novel recombination events will re-
duce the interval size still further, given a sufficient mark-
er density and population size.

The degree of localization necessary for individual
QTLsislikely to vary widely with the trait and locus stud-
ied. Both marker-assisted selection and separation of a
beneficial QTL from aclosely linked deleterious QTL will
often be effective, with localization to a 1-cM interval.
However, for gene isolation smaller intervals may be re-
quired since regions of the plant genoe vary widely in
their recombination frequency per Mbp of DNA (Funke et
a. 1993; Martin et a. 1993 a b). The soybean
(Xiaozhu et a. 1994) and the region of linkage group G
studied herein are known to range from 70 kbp to
1000 kbp per cM (Danesh et al. 1998; Meksem et al.
1999). Therefore, the degree of marker saturation and the
extent of fine mapping required for each QTL will vary.

The heritability of traits underlying QTLs can vary
widely (Kearsey and Farquhar 1998). However, methods
for the fine mapping and genetic dissection of QTLS can
be applied to field-trait data where heritability of near
unity is seldom achieved (Edwards et al. 1996; Njiti et
a. 1998). In soybean, both the sudden-death-syndrome
(SDY) resistance trait and the cyst-nematode (SCN) rei-
stance trait are much more heritable (90-100%) than
many field traits. Resistance to SDS should provide a
model for detailed analyses of field-trait QTLS.

Resistance to SDS appears to be partly derived from a
locus on linkage group G conferring rate-reducing resis-
tance to colonization of the taproot by Fusarium solani
(Mart.) Sacc. f. sp. glycines form. nov., aswell asloci on
linkage groups C2, G and N that reduce foliar symptoms
but not root infection (Hnetkovsky et al. 1996; Chang et
al. 1997; Njiti et al. 1998). Resistance to SCN race 3
(caused by Heterodera glycines Ichinohe), whilst race-
cultivar specific, is also incomplete and quantitative. It is
largely derived from a locus in the same region of link-
age group G and sometimes a second locus on linkage
group A2 (Concibido et al. 1994, 1996; Webb et al.

1995). Analysis of both regions could be improved by
the use of near-isogenic lines where genetic heterogene-
ity in other loci affecting the traitsis reduced.

We show here the isolation and separation of two
closely linked QTLs on linkage group G that underlie re-
sistance to SDS and SCN, and identify the underlying
gene clusters in near-isogenic lines.

Materials and methods
Plant material

The Fs-derived population of 100 RILs (Hnetkovsky et a. 1996;
Chang et a. 1997) generated from the cross of ‘Essex’ (Smith and
Camper 1973) by ‘Forrest’ (Hartwig and Epps 1973), (ExF), was
advanced to the Fs,.15 generation from never less than 300 plants per
RIL per generation during these studies. Essex is susceptible to both
SDS and SCN, while Forrest is resistant to both SDS and SCN race
3 (Gibson et a. 1994; Hnetkovsky et a. 196; Chang et al. 1997).

Two RILs, ExF11 and ExF34 were used to derive NIL popula-
tions (after Haley et al. 1994) of 40 sublines at the F5.q generation
by seed-to-row descent (Njiti et al. 1998). From the Fg.q.4; to the
Fs.9.13 generations the NIL populations were used to test for resis-
tance to SDS and SCN.

Assays of resistance of SDS

The soybean NILs Essex and Forrest were planted in a randomized
complete block design in two-row plots, three replications, and four
Southern Illinois locations [Villa Ridge 1994 (V94), Ridgway 1995
(R95), Ullin 1995 (U95), and Ridgway 1996 (R96)]. The Ridgway
soil type was Bonnie silt loam, fine-silty mix, acid, mesic Typic Flu-
vaquents, the Villa Ridge soil type was Belknap Silt Loam, coarse-
silty, mixed, acid, mesic typic fluguavents; and the Ullin soil type was
Patton silty clay loam, fine-silty mix, mesic, Typic Haplaquolls. Ex-
periments were planted between 15 May and 15 June each year. Rows
were 0.75-m wide and 3.0-m long, with about 17 plants/m. At Ridg-
way 1996 we assayed F. solani infection severity (1S), but DX was
too low (Essex DX < 2.0) to distinguish resistant and suceptible culti-
vars or NILs. At V94, U95 and R95 we assayed DX where SDS was
moderate to severe (Essex DX was 3.0-12; Njiti et a. 1998), but not
IS since this method was not invented until 1996 (Njiti et al. 1997).

SDS disease scoring

The methods for SDS scoring of the ExF lines have been de-
scribed in detail (Matthews et a. 1991; Hnetkovsky et al. 1996;
Njiti et al. 1996). From the onset of disease, plots were rated
weekly for disease incidence (DI; 0—100%), disease severity (DS;
1-9) and the reproductive stage (R; RO-R8) (Fehr et al. 1971).
The disease index (DX, 0-100%) was calculated as DI*DS/9
based on the closest score to the R6 (full pod).
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Fig. 1 Estimated positions of the SDS and SCN resistance genes
on linkage group G, relative to SATT309, Bng122D and O1035;,,
by quantitative and qualitative mapping in NILs compared to quan-
titative mapping in RILs. To the left is the LOD plot for the RIL
population (n = 100) and the supporting map (Chang et al. 1996,
1997). Numbers correspond to the markrs on the RILs map in the
center. To the right is the map from the combined NIL populations
(n = 80) derived from ExF34 and ExF11. Arrows indicate the rela-
tive positions of flanking markers that are heterogeneous within the
NIL populations. The map distances shown for the NIL popula-
tions have been reduced by 5-fold, rather than the normal 2-fold, to
compensate for the increased recombination in NILs compared to
RILs. This empirical adjustment is based on the effect of an in-
creased frequency of heterozygous NILs from the F5:9 to F5:13.
On the bar charts to the right the dark bars indicate the relative R2
term from ANOVA at the marker for resistance to SCN (IP2) con-
ditioned by the rhgl gene. The dark gray bars indicate the relative
R2 term form ANOVA at the marker for resistance to SDS leaf
scorch (DX). The light gray bars indicate the relative R? term from
ANOVA at the marker for resistance to root infection severity (1S).
Discontinuous lines indicate longer distances. From qualitative
gene mapping the position of the gene for resistance to SCN is
shown as rhgl; the position of the rfsl gene for resitance to F. so-
lani is shown as an interval to reflect the inaccuracy of scoring for
thisfield trait

Root colonization by F. solani

The sample was taken at R8 (harvest maturity) from Ridgway in
1996. Following Njiti et al. (1997, 1998) five plants per plot were
randomly harvested, recovering at least 15 cm of the taproot.
Roots from sampled plants were transported on ice to the laborato-
ry where they were stored at 4°C (1-7 days). Fifteen slices of tap-
root per sample were cultured on a restrictive medium at room
temperature for 14 days. Pure colonies of al slow-growing fungi
from each segment were transferred onto fresh medium and al-
lowed to incubate at room temperature for 14 days. The percent-
age of plantsyielding blue F. solani from at least one segment was
determined as the infection frequency (IF). The percentage of seg-
ments yielding blue F. solani from all sampled plants of each plot
was determined the infection severity (1S).

SCN index of parasitism (IP) determination

Two SCN indexes of parasitism were determined for each popula-
tion by comparing the number of white female cysts on each geno-
type to the number of white female cysts on a susceptble check
(Rao-Arelli and Anand 1988). The first index of parasitism (IP1)
was determined on seedlings in the greenhouse at Southern Illinois
University, Carbondale, 36 days after planting in soil from a field
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Fig. 2A—C DNA marker ana- A
lysesin ExF34- and ExF11-de-

rived near-isogenic line popula-
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cy of heterogeneous lines. Pan- F =
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infested with a heterogeneous field population of H. glycines, race
3. Temperature was regulated by a heating pad and Essex was the
susceptible check (Chang et al. 1997). The second index of para-
sitism (1P2) was determined on seedlings at the University of Mis-
souri Research Center by inoculating the genotypes with 2000 +
25 eggs from a homogeneous isolate of H. glycines.Temperature
was regulated in a water bath and ‘Hutcheson’, (Rao-Arelli et al.
1992; Webb et al. 1995) was used as the susceptible check. All ex-
periments used five single-plant replications per NIL. The mean
number of white female cysts on each genotype and the suscepti-
ble check were determined, and IP was calculated as the ratio of
the mean number of cysts on each genotype to the mean number
of cysts on the susceptible check.

DNA markers

Bacterial strains contained cloned soybean Pstl genomic-DNA in-
serts were obtained from Dr. R. Shoemaker, USDA ARS, Ames,
lowa (Shoemaker and Specht 1995). Polymorphic loci were de-
tected and screened as described by Chang et al. (1996). Polymor-
phic RFLP loci were referred to after Cregan et al. (1995).

Microsatellite markers were generated and scored by 6% (w/v)
denaturing PAGE exactly as described by Akkaya et al. (1995).
All markers used in this study were BARC markers except SIUC-
SAT122. The primer sequences are reported in Mudge et al.
(1997) and/or are available through Soybase.

For RAPD-PCR markers the amplification reactions were after
Williams et al. (1990) as described previously (Chang et al. 1996,
1997; Hnetkovsky et al. 1996).

Mapping resistance loci

To detect genomic regions associated with SCN IP and resistance
to SDS the RILs were classified as Essex type or Forrest type for
each marker. Markers were compared with SDS disease-respone
scores by the F-test in an analysis of variance (ANOVA) done
with SAS (SAS Institute Inc., Cary, N.C.). The probability of as-
sociation of each marker with each trait was determined and a sig-
nificant association was declared if P < 0.05 (unless noted other-
wisein the text) since the detection of false associations is reduced
inisogenic lines (Lander and Botstein 1989; Paterson et a. 1990).
Mapmaker-EXP 3.0 (Lander et a. 1987) was used to calculate
the map distances (cM, Haldane units) between linked markers
and to construct a linkage map including traits as genes. The RIL
(ri-self) and F5-self genetic models were used. The log,, of the
odds ratio (LOD) for grouping markers was set at 2.0; the maxi-
mum distance was 30 cM. Conflicts were resolved in favor of the

—

highest LOD score after checking the raw data for errors. Marker
order within groups was determined by comparing the likelihood
of many map orders. A maximum-likelihood map was computed
with error detection. Trait data were used for QTL analysis in
Mapmaker/QTL 1.1 (Webb et al. 1995; Chang et al. 1997).

Mean comparison
The data were subjected to ANOVA (SAS Ingtitute Inc., Cary,

N.C.), with mean separation by LSD. Graphs were constructed by
Quattro Pro version 5.0 (Novell Inc., Orem, Utah).

Results and discussion
Polymorphism and linkage

The present report summarizes the data from seven poly-
morphic marker loci. One locus was identified by an
RFLP marker, two loci by RAPD bands and four loci by
microsatellite markers. Markers that were not polymor-
phic in the near-isogenic-line population included the 74
discrete loci previously mapped to 23 linkage groups
(Chang et al. 1997).

The ExF34-derived near-isogenic-line population was
shown to be polymorphic in the region of linkage group
G associated with resistance to SDS (Njiti et al. 1998)
and SCN (Chang et a. 1997). The heterogeneous region
of linkage group G encompassed about 10-27 cM. The
DNA markers SATT163, SATT214, SATT275, SATT309,
Bngl22D and OI035;,, but not OG13,y, (Chang et a.
1997), segregated within this population see (Figs. 1, 2).
Among the 40 Fgq.3 NILs two recombination events
were detected between Bng122D and 1003s;,, eight be-
tween Bng122D and SATT309 and six between SATT309
and Ol035;,. The number of recombination events was
surprising in view of the close linkage (3.2 + 1.0 cM) of
these three markers reported in the Fs.9 RIL populations
(Fig. 1; Chang et a. 1996, 1997). This distance represent-
ed six recombination events among 100 recombinant in-
bred lines between Bng122D and SATT309.
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Table 2 Substitution mapping

among recombination-event Line SATT309 SCNa SDsP 01035;,¢  F. solanid Bngl122D
linesin the ExF 34-derived no. allele dlele dlele
population either resistant or IPL/I1P2 Allele Allele DX IS dlele
susceptible based on marker
and di sease scores 3 H 0.23/081 E E 248 E 56 E E
9 E 0.77/1.08 E E 14.6 F 31 F F

13 H 0.31/056 H E 10.3 E nd nd E

17 E 0.48/1.10 E E 195 F 30 F F

19 H 0.34/0.28 H E 154 F 19 F E

23 F 0.00/0.02 F F 14 F 60 E E

26 H 0.11/0.72 H F 5.9 F 53 E F

28 E 0.50/1.38 E E 115 F 36 F F

a An SCN IP1 of less than 0.23 and more than 0.46 were the critical scores used to distinguish be-
tween resistant and susceptible lines. An SCN P2 of less than 0.03 and more than 0.1 were the criti-
cal scores used to distinguish between resistant and susceptible lines. Heterogeneous lines (H) were
identified by individual plants within aline being resistant or susceptible

b A DX of 5.9 or less and 10.3 or more were the critical values used to distinguish between resistant
and susceptible lines for disease index

¢ 0103g,, is adominant marker with avisible E allele; scores for the F allele were inferred by the ab-
sence of the E allele. The E allele could not be distinguished from the H state

d An infection severity of 36 or less and 54 or more were the critical values used to distinguish be-
tween NILs resistant and susceptible to F. solani

In addition, an unexpectedly (P < 0.001) large num-
ber (4) of heterogeneous NILs were identified with the
microsatellite marker SATT309 (Fig. 2). Either sam-
pling error has occurred where one heterozygous F5:9
genotype was sampled four times, or some NILs were
mixed unintentionally, or some genetic region has been
isolated in the NIL that selects for heterozygous proge-
ny. Sampling error is unlikely because not all the heter-
ogenous lines are identical by genotype or phenotype
(Table 2) and not al satellite markers identify the same
lines as heterogeneous (data not shown). Unintentional
mixing of the NILs is equally unlikely since the RFLP
probe Bng122D detected no heterogenous NILs (see be-
low). These heterogeneous NILs must be derived from
RIL plants that were still heterozygous at the F5:9. Er-
rors in marker scores were further excluded by replica-
tions (4) from independent DNA preparations by inde-
pendent researchers (3) for al three markers. Further,
for Ol1035,;, the scores were confirmed by Southern hy-
bridization to the RAPD profile with the cloned 512-bp
band as a probe. To further confirm Bng122D scores we
have isolated a BAC, identified a microsatellite marker
(SIUC-SAT122) and scored it twice in the lines
(Meksem et al. 1998, 1999). Heterogeneous NILs were
confirmed by analysis of individuals within asingle NIL
(Fig. 2 C). Finally, we have generated a very large NIL
population from ExF34 by crossing contrasting NILs. In
this population we have detected a high frequency of re-
combination between SAT309 and Bngl122 (Meksem et
al. 1999 and seed is being prepared for trait scoring.
Therefore, we conclude that these scores are accurate
and do not represent the doubling of map distance per
3% marker miss-scores (Kearsey and Farquhar 1998).
Rather, EXF34 may contain a genetic element that se-
lects against the homozygous state in this region in
NILs but not RILs. This genetic element promotes the
maintenance of the heterozygous state in this region,
causing recombination to be increased about 3-fold over

the four generations between line-extraction (F;) and
subline-extraction (Fg).

The ExF11-derived near-isogenic-line population was
shown to be polymorphic in the region of linkage group
G associated with resitance to SDS. The heterogeneous
region of about 10-17 cM again encompassed SATT163,
SATT214, SATT275, SATT309, Bng122D and OI035;,,
but not OG13,y, (Chang et a. 1997) which segregated
within this population. Among the 40 Fgq45 NILS at
least 13 recombination events were detected between
Bngl22D and OI03;,, 14 between Bngl22D and
SATT309, and at least two between SATT309 and
0I03;,, (Table 3). The total number of recombination
events (17) was surprising in view of the close linkage
(2.0-4.2 cM) of these three markers reported in the Fgq
RIL populations (Fig. 1; Chang et al. 1996; 1997) and
greater than that seen in the ExF34 NIL population.

Unexpectedly (P < 0.001) large numbers (5-6) of
heterogeneous NILs were identified with SATT309 (Fig.
2) and Bng122D (Table 3). Only one line was heteroge-
neous with both markers (# 3) and this NIL was shown
to contain heterozygous plants at the F;5 (Fig. 2, panel
C). This plant has been used to generate a very large
population of F, individuals and recombination has been
shown to be elevated (data not shown). Clearly, sam-
pling error has not occurred or NILs mixed unintention-
ally, and scores have been exhaustively verified as
above. Therefore, we conclude that ExF11 and ExF34
both contain a genetic element that selects against the
homozygous state in this region. This locus promotes
the maintenance of the heterozygous state in this region
and recombination is increased about 5-fold over the
four generations between line-extraction (Fs) and sub-
line-extraction (Fg).

Since the region is rich in recombination events it
should be possible to develop a map of the resistance
traits that are associated with this region as QTLs and as
qualitative genes.
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Table 3 Substitution mapping

among recombination-event Line SATT309 SCNa SDsp 01035,,¢  F. solanib Bng122D
lines in the ExF 11-derived no. dlele dlde —————— dlele
population either resistant or IPL/1P2 Allele DX Allele IS alele
susceptible based on marker 17 F 011001 F 19 F E nd nd H
and disease scores 14 E 0380026 H 41 E F nd  nd H
33 F 0.03/045 H 37 E F nd nd H
28 F 0.18/001 F 45 E F nd nd H
3% F 0.18/0.00 F 12 F F 2 F H
3 H 0.08/0.02 F 16 F F nd nd H
1 F 008/001 F 59 E F 50 E E
5 F 018/0.75 E 49 E F 12 F E
3% F 035109 E 26 E F 10 F E
39 E 111092 E 41 E E 23 F F
13 F 026/0.01 F 53 E F 29 F F
19 E 0.45/068 E 26 E E nd nd F
18 E 030/1.06 E 40 E E nd nd F
15 F 010/0.02 F 30 E E nd nd F
10 F 007/0.02 F 15 F F 55 E E
16 F 011001 F 09 F E 56 E E
4 E 0.37/060 H 56 E E nd nd E

a An SCN IP1 of less than 0.23 and more than 0.46 were the critical scores used to distinguish be-
tween resistant and susceptible lines. An SCN P2 of less than 0.03 and more than 0.1 were the criti-
cal scores used to distinguish between resistant and susceptible lines. Heterogeneous lines (H) were
identified by individual plants within aline being resistant or susceptible

b A DX of 5.9 or less and 10.3 or more were the critical values used to distinguish between resistant
and susceptible lines for disease index

¢ 0103s,, is adominant marker with avisible E alele; scores for the F allele were inferred by the ab-
sence of the E alele. The E alele could not be distinguished from the H state

d An infection severity of 36 or less and 54 or more were the critical values used to distinguish be-
tween NILs resistant and susceptible to F. solani

Fregquency distributions of traits

Mean DX, IS, IP1 and P2 did not show approximately
normal (P > 0.3), continuous distributions. There is evi-
dence for biphasic distribution in each trait although the
separation is clear only for IP1. The other traits, repre-
senting field data, will include more error variance that
is equalized, but not removed, by replication. Heritabili-
ties were high for DX (> 70%), IS (> 78%) IP1 (> 75%)
and IP2 (97%).

Correlations between traits

For both near-isogenic-line populations the traits of 1P1,
IP2 and SDS DX are significantly correlated (0.36 <r <
0.97; Table 4). However, SDS ISis not significantly cor-
related with the other traits (0.09 < r < 0.24). IS was pre-
viously shown to be significantly correlated with SDS
DX in cultivar trials (0.29 < r < 0.37; Njiti et al. 1998).
Such correlations were not improved by fixation of the
genetic background in NILs. However, removing recom-
binant NILs from the correlations increases significance
and r values, and some correlations while IS are signifi-
cant (0.45 < r < 0.66). Therefore, the poor correlation
between IS and the other traits may reflect the action of
separate genes or loci.

DNA markers associated with SDS disease index
and infection severity

To detect loci conditioning partia resistance to SDS, we
tested associations between Fg.q.,5 genotypic classes for
each DNA marker and the corresponding mean SDS IS
and DX. Significant (P < 0.005) effects on both IS and
DX (Tables 5 and 6) were noted for the region on link-
age group G (Chang et al. 1996, 1997; Njiti et al. 1998).

In the ExF34-derived population the associations with
mean IS were highly significant. The RFLP marker
Bngl122D was associated with mean IS (R2 > 0.73, P <
0.0004). The linked RAPD, OI035,,, accounted for 47%
of the total variation in mean IS, with P < 0.0017 (Table
5). The microsatellite marker SATT309 was not signifi-
cantly associated with mean |S.

The marker Bng122D was also associated with mean
DX (R2 > 38%, P < 0.006) and marker Ol035,;, account-
ed for 38% of total variation in mean DX, with P <
0.0004 (Table 5). The association was significant (P <
0.01) in al three locations. Surprisingly, given the IS da-
ta, SATT309 was strongly associated with DX (R2 >
68%, P < 0.0001). The data imply two QTLs in this re-
gion; that identified by SATT309 reduces DX but not IS,
whereas that associated with Bng122D reduces IS and
DX. Separate QTL positions are inferred from the eight
NILs carrying recombination between Bngl22D and
SATT309 (Table 2).

Again in the ExFll-derived population, Bngl22D
and OI03;,,, but not SATT309, were strongly associated
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Table4 Correlation between

disease measures among near-  Trait SDSdisease ~ SDSdisease  SCN index of SCN index of SDSinfection
isogenic lines (NILS); Tgrait-l, n severity (DS)  index (DX)  parasitism (IP1)  parasitism (IP2)  severity (1S)
=40 (including recombinants);
Trait-2n=320r n= 23 (ex- ExF34 NILs
cluding recombinants). H 1P1 DI-1 0.86*** 0.97*** 0.57*** 0.76*** 0.18
was determined at Southern1l-  DI-2 0.85%** 0.97*** 0.61*** 0.78*** 0.30
linois University at Carbondale DS-1 0.95%** 0.57*** 0.66*** 0.12
using a predominantly race-3 DS-2 0.94x** 0.61*** 0.72%** 0.20
field population of SCN. 1 IP2  DX-1 0.58*** 0.72%** 0.17
was determined at the Univer- DX-2 0.63*** 0.77*** 0.25
sity of Missouri at Columbia IP1-1 0.70%** 0.04
using a homogeneous popula- IP1-2 0.71*** 0.20
tion of SCN race 3 1P2 0.17
P2 0.32
ExF11
DI-1 0.66*** 0.94*** 0.36* 0.58*** 0.19
DI-2 0.67*** 0.95%** 0.42* 0.65*** 0.58*
DS1 0.84*** 0.50*** 0.57*** 0.09
DS-2 0.84*** 0.61*** 0.53** 0.49*
DX-1 0.47** 0.63*** 0.22
DX-2 0.58** 0.66*** 0.66**
IP1-1 0.44** 0.24
— IP1-2 0.41* 0.62*
* Rk kRx Gignificant at P = 1P2-1 0.13
0.05, 0.01, and 0.001 respec- |P2-2 0.45
tively
Table5 Markers associated with disease resistance in the ExF34-derived near-isogenic line population
Trait Marker
Bng122D 0103,5, SATT309
P R2 Allelic P R2 Allelic P R2 Allelic
mean = SEM mean = SEM mean = SEM
SCN |P1a 0.050 23% E0.44+0.19 0.006 30% E0.55+0.12 0.0001 42% EO0.44+0.06
F0.19+0.18 F0.24+0.11 F0.16 £ 0.05
SCN [P2b 0073 19% EO0.89+0.14 0.0001 47% E1.10+0.06 0.0001 97% EO0.51+0.03
F0.44+0.19 F0.37+0.14 F0.02 £ 0.02
V94DXc¢ 0046 23% E85+140 0.014 21% E95+0.98 0.0005 49% E9.66+ 0.92
F4.5+0.98 F 5.90 £ 0.95 F3.99+ 0.93
U95DX 0003 38% E80+205 0.001 35%  E8.73+167 0.002 41% E7.01+1.48
F0.8+0.18 F2.03+0.83 F0.91+0.42
R95DX 0.008 36% E27.9+4.17 0.0006 37% E31.2+284 0.0001 62% E30.11+245
F122+254 F16.9+ 233 F 10.92 £ 2.42
MeanDX 0.006 38% E14.8+236 0.0004 38% E16.5%1.63 0.0001 63% E15.65+1.37
F57+112 F829+1.29 F528+1.15
IS (R96) 0.0004 73% EB56.3+5.1 0.0017 47% E51.0+43 0.0797 8% E48.43+4.93
F209+45 F26.00+ 4.9 F 45.80 + 8.80

a SCN IP1 = SCN index of parasitism, measured in the greenhouse in SIUC, and was based on the number of cysts on the susceptible

check, Essex

b SCN P2 was calculated in the same manner as |P1 except that the data were collected after infection with SCN eggs at the University

of Missouri research station compared to Hutcheson

¢ R94, Ridgway 1994; U95, Ullin 1995; R95, Ridgway 1995. Disease index at R6 stage; DX is DI*DS/9. IS is the infection severity by
F. solani. E sthe allele derived from Essex, F isthe allele derived from Forrest

with mean IS. Bng122D accounted for 38% of the total
variation in mean IS, with P < 0.0039 (Table 6). The
RAPD marker O103;,, was also associated with mean 1S
(R2>0.39, P <0.017).

The marker locus Bng122D accounted for 32% of the
total variation in mean DX, with P < 0.002 (Table 6). The
association was significant (P < 0.05) in al three loca-
tions. The RAPD marker O103;,;, was not associated with

mean DX (R2 > 0.07, P < 0.09), surprisingly, given the IS
data. Again SATT309 was strongly associated with DX
(R2> 25%, P < 0.002) supporting the hypothesis of two
QTLs in this region. Separate QTL positions are inferred
from trait scores of the 16 NILs carrying recombination
events between Bng122D and SATT309 (Table 3).

The associations between markers and QTLs tend to
be weaker in the ExF11 population compared to the
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Table6 Markers associated with disease resistance in the ExF11 sub-line-derived near-isogenic line population

Trait Marker
Bngl122D 01035, SATT309
P R? Allelic P R2 Allelic P R2 Allelic
mean + SEM mean + SEM mean + SEM
SCN IP1 2 0.42 3% EO0.40+0.04 0.12 6% E0.42+0.20 0.003 24% E0.63+0.24
F0.24 +£0.10 F0.20+0.05 F0.14 £ 0.02
SCN IP 20 0.02 19% E0.60+0.12 0.003 21% F0.62+0.10 0.002 25% E63.00+12
F0.21+0.11 F0.17 +0.09 F17.00+ 11
V 94 DXc¢ 0.03 28% E6.68+1.06 0.21 9% E 5.56 + 0.94 0.09 17% Eb5.92+ 1.07
F3.43+0.86 F3.69 +0.98 F3.28+0.91
U95DX 0.046 16% E2.19+0.86 0.24 4% E 1.77 £ 0.59 0.03 14% E270+1.01
F0.41+0.19 F0.94 +0.40 F0.80+0.35
R95DX 0.002 34% E9.58+ 1.60 0.11 7% E7.57+1.24 0.003 27% E9.47+1.34
F3.76+0.72 F 4.95 +1.02 F 4.20 £0.85
Mean DX 0.002 2% Eb5.91+0.98 0.09 7% E4.75+0.77 0.002 25% E6.11+0.97
F2.34+0.42 F 3.04 + 0.60 F2.64 +0.53
Mean IS 0.0039 38% E43.2+6.40 0.0017 39% E 42.9+ 5.60 0.183 9% E356+76
F21.1+1.80 F21.3+3.20 F25.2+34

aSCN IP1 = SCN index of parasitism, measured in the greenhouse in SIUC, and was based on the number of cysts on the susceptible

check, Essex

b SCN P2 was calculated in the same manner as |P1 except that the data were collected after infection with SCN eggs at the University

of Missouri research station compared to Hutcheson

¢ R94, Ridgway 1994; U95, Ullin 1995; R95, Ridgway 1995. Disease index at R6 stage; DX is DI*DS/9. IS is the infection severity by
F. solani. E sthe allele derived from Essex, F isthe allele derived from Forrest

ExF34 population. Associations would be weakened by
the many heterogeneous lines in the ExF11 population if
gene action was codominant or recessive. Dominance re-
lations are unknown for ficus resistance to SDS. For
SDS scores (but not SCN scores, see below) associations
may be weaker because greater resistance to SDS tends
to increase the standard deviation as a proportion of the
mean (Njiti et al. 1996, 1998). The greater resistance to
SDS in ExF11 compared to ExF34 is derived from the
second QTL on linkage group G for resistance to SDS
identified by A112I (Chang et al. 1997; Fig. 1; Table 1).
However, in both the ExF11- and ExF34-derived popula-
tions the QTLs for resistance to SDS and SCN, predicted
to be closely linked to Bngl22D and Ol035;, in RIL
populations (Chang et al. 1996, 1997), are segregating in
a second test population. The effect of higher-frequency
recombination does not prevent detection of the QTLS.
In fact the QTLs that were not separated in the RIL pop-
ulation analysis (Chang et al. 1997) can be distinguished
by the analysis of NIL populations due to the high num-
bers of recombination events.

DNA markers associated with resistane
to cyst nematode race 3

Associations between markers and SCN |IP were deter-
mined by a one-way ANOVA. Only one chromosomal
region had significant (P < 0.005) effects on resistance to
SCN, the region identified on linkage group G reported
previously (Chang et al. 1996, 1997).

In the ExF34-derived population the marker locus
SATT309 accounted for 42% (P < 0.0001) of the total

variation in mean SCN IP1 and 97% (P < 0.0001) of the
total variation in IP2. RAPD marker OI035,,, accounted
for 30% (P < 0.006) of the total variation in mean SCN
IP1 and 47% (P < 0.0001) of the total variation in 1P2.
However, Bng122D accounted for only 23% and 19%
of the total variation in IP1 and IP2 respectively
(Table 5).

In the ExF11-derived population the locus identified
by SATT309 accounted for 24% (P < 0.002) of the total
variation in mean SCN IP1 and 25% (P < 0.003) of the
total variation in IP2. RAPD marker OI035,;, accounted
for 6% (P < 0.12) of the total variation in mean SCN |P1
and 21% (P < 0.003) of the total variation in 1P2. How-
ever, Bng122D accounted for only 3% and 19% of the
total variation in 1P1 and P2 respectively (Table 6).

The associations between markers and QTLs tend to
be weaker in the ExF11 population compared to the
ExF34 population. Associations would be weakened by
the many heterogeneous lines in the ExF11 population if
gene action was codominant or recessive, as predicted
for resistance to SCN (Rao-Arelli et al. 1988; Concibido
et a. 1994). However, in both the ExF11- and ExF34-de-
rived NIL populations the QTLs for resistance to SDS
and SCN, detected in RIL populations (Chang et al.
1996, 1997), are segregating in a second and third test
population. The effect of a higher frequency of recombi-
nation does not prevent detection of the QTLs. In fact

Fig. 3A-H Distributions of disease resistance traits with NIL
populations arranged by trait score. The ExF34-derived NIL popu-
lation (A-D) and the ExF11-derived NIL population (E-H) were
analyzed for SDS disease index (A, E), F. solani infection severity
(B,F), SCN IP1 (C, G) and SCN IP2 (D, H)
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the QTLs that were not separated in the RIL population
analysis (Chang et al. 1997) can be distinguished by
analysis of NIL populations due to the high numbers of
recombination events.

Mapping the QTLs for disease resistance
as qualitative markers

The discontinous distribution of the SCN IR, and to a
lesser extent SDS DX and SDS IS, suggested that sepa-
ration of genotypes into resistance classes was valid for
many genotypes for each trait (Fig. 3, Tables 2 and 3).
We selected mean separations based on the LSD 0.01
(appropriate for these small populations) and evidence of
discontinuity in the populations (Fig. 3).

The marker order shown minimizes double-recombi-
nation events within the ExF34 population and is the
most likely order. Flanking and intervening marker anal-
ysis has confirmed that the order is correct (Meksem et
al. 1999). As expected from the marker-trait associations
(Table 5), IS and DX do no agree in six of seven of the
NILs representing recombination events. Thee recombi-
nation events infer a cluster of different genes within the
locus for reistance to SDS. The phenotypes of the NILs
with recombination events are unlikely to represent scor-
ing errors for DX or IS becaue they are in good agree-
ment among 10 of the 15 NILs that have not had a re-
combination event and for which IS scores are above
54% or below 34% (Fig. 3). Further, the DX data is a
mean of three environments over 2 years providing ato-
tal of nine replicates. Within the data-set the variability
among NILs representing recombination events was nor-
mal. Nine replications have been sufficient to distinguish
resistant from susceptible RILs and cultivars without er-
ror compared to data from 18 replicates over 5 years
(Gibson et al. 1994). The IS data is from a single year
and location, providing atotal of three replicates within
which variability was normal. Three replications have
been sufficient to distinguish resistant from susceptible
NILs and cultivars without error when compared to data
for the same genotypes from 18 replicates over 3 years
(Njiti et al. 1997, 1998).

There were four ExF34-derived lines that are hetero-
geneous at the microsatellite marker SATT309 (Fig. 2).
Three of these lines (# 13, # 19, # 26) are heterogeneous
for SCN resistance (Table 2) and contain plants that con-
trast for their SCN resistance (data not shown). SCN re-
sistance was expected to behave as a recessive gene,
rhgl (Rao-Arelli et al. 1988, 1992; Webb et al. 1995,
Concibido et al. 1996). Two of the three heterogeneous
lines are susceptible by mean SDS DX; however, DX is
biased by calculation from DS scores based only on
symptomatic plants within a row. Therefore, lines het-
erogeneous for SCN resistance would have higher DX
scores than the intermediate score if pleiotropy or close
clustering of loci occurs.

Within the ExF11-derived population 17 of the 40
lines appear to contain recombination events in some in-

terval. Thisincludes al six of the lines that are heteroge-
neous for Bng122D and one of the five lines heterogene-
ous for the microsatellite marker SATT309 (Table 3;
Fig. 2). Three of the lines (# 4, # 14 and # 33) are hetero-
geneous for SCN resistance, which is expected to behave
as arecessive gene, rhgl (Rao-Arrelli et al. 1988, 1992;
Webb et al. 1995; Concibido et al. 1996), or be codomi-
nant (unpublished). Three of the six lines (# 14, # 28,
and # 33) appear to contain double recombination events
becaue they are susceptible by SDS DX. However, mean
DX is biased by calculation from DS scores based only
on symptomatic plants within a row. Therefore, hetero-
geneous-line DX scores would be higher than the inter-
mediate score.

There are three genotypic classes within the six lines
heterogeneous for Bng122D based on DNA markers and
SCN IR, suggesting that these lines are not produced by
sampling error. Three lines (# 1, # 5, # 35), that may re-
present double recombination events based on the RIL
and ExF34-derived NIL population gene order, were
identified that could not be explained by a bias in DX
caused by heterogeneous lines. Overall, recombination
events in the three intervals were about equal with 4-6
each, depending of whether ambiguous SDS scores were
heterogeneous (H) or not. The marker and gene order
shown in Table 3 generates the fewest double-recombi-
nation events and is the most-likely order. As in the
ExF34-derived population, IS and DX do not agree in six
of the non-heterogeneous recombination event near-iso-
genic lines (Table 3) but show strong association in the
population as a whole (Table 6; Fig. 3). These six
EXF11-derived genotypes and the six ExF34-derived ge-
notypes infer a cluster of different genes within the locus
for resistance to SDS. Alternately, they might represent
scoring errors for DX or IS. DX might be mis-scored
more often in ExF11-derived populations due to the
higher degree of resistance in this population derived
from SDS QTL-2G (Fig. 3; Njiti et a. 1998). However,
as discussed above, agreement among the NILs that have
no recombination events between the markers, and the
extensive replication of trait data, make wholesale error
unlikely.

Error in trait data among 1-2 lines per population
would not alter the major conclusion that QTLs for resis-
tance to SDS can be separated by both DX scores and 1S
scores, two contrasting methods. The errors become
more critical as marker saturation and the numbers of re-
combination events studied increase. We are currently
engaged in AFLP and recombination-event saturation of
thisinterval to generate a 0.1-cM map for rhgl isolation.
However, the error in scoring phenotype that cannot be
avoided with field trait QTLs such as resistance to SDS
is a problem. We are attempting to bypass the problem
by large-scale physical mapping of contiguous BAC
clones across a large (2-20 cM) interval (Zhang and
Wing 1997; Meksem et al. 1999) followed by the trans-
genic complementation of phenotype in a T-DNA BAC
vector (Hamilton et al. 1996; Meksem et al. 1998). Satu-
ration and physical mapping will alow unequivocal sep-



aration of rhgl and rfsl, dissection of each locus struc-
ture, and, ultimately lead to the isolation and DNA se-
guence determination of genes providing resistance to
agriculturally important plant root pathogens.

Implications for breeding for resistance

We have shown that the cluster of QTLs underlying re-
sistance to SDS and resistance to SCN race 3 can be iso-
lated in near-isogenic-line populations (Tables 5 and 6).
Within these populations the QTLs behave as qualitative
genes and accordingly can be assigned gene symbols
(Cregan et al. 1995). Recombination events between
DNA markers and qualitative resistance to SDS (IS) and
SCN show that the traits are encoded by separate loci
that may correspond to rhgl (Webb et al. 1995) and rfsl
(Torto et al. 1996). The DX data infer that rhgl or avery
closely linked locus (rfl resistance to fusarial leaf
scorch?) has a significant effect in reducing leaf necrosis
by SDS. This may explain why SCN race-3 resistance
can explain 50% of the variability in SDS response when
rfsl alone can explain just 25% of that variation in RIL
populations (Chang et al. 1997).

Elevated recovery of heterozygous lines was noted
in the ExF11 population, accompanied by elevated re-
combination frequencies. The genetic element responsi-
ble probably lies within the resistance gene cluster
since there were more heterogeneous lines with the
SATT309 and Bngl22D markers than with the others
tested (Meksem et al. 1999). The genetic element might
be a single gene or a complex locus. Fine mapping with
codominant markers may distinguish these possibilities.

Genetic elements causing an increase in recovery of
heterozygotes have been noted in several interspecific
crosses among inbred crops including tomato (Lycopers-
icon esculentum x L. chimlewski; Paterson et al. 1990)
and bean (Phaseolus vulgaris x P. coccineus; Guo et al.
1991). In soybean, within an intraspecific cross
(P1437.654 x BSR101; Webb et al. 1995), the P1437.654
alele of rhgl, the region we studied, was rarely recov-
ered without the PI437.654 allele at a locus on linkage
group M. In our laboratory we have noted elevated re-
combination in the same region in Pyramid x Douglas
RILs (Abu-Thredeih 1998) and Manokin x Flyer RILs
(unpublished). However, recombination was not elevated
in Hartwig x Flyer RILs (Prabhu et al. 1999), PI437654
x BSR 101 RILs, or in RILs from susceptible by suscep-
tible crosses (Mansur et al. 1996). Therefore, the genetic
element detected in ExF11- and ExF34-derived NIL pop-
ulations may be rare or be repressed by outcrossing.
Such a locus close to a major-fitness determinant may be
adaptive during inbreeding, generating increased oppor-
tunity for reassortment of the resistance gene cluster. The
locus may promote meiotic drive, gametic selection or
both.

1141

Ackowledgements Particular thanks to Dr. M.E. Schmidt, R.T.
Suttner and J.H. Klein Il for excellent management of the field
program in southern Illinois. Thanks also to all the workers on the
SDSfield team at Southern Illinois University at Carbondale from
1994-1997. Finally, we thank Dr. O. Myers Jr. for critical reading
of the manuscript. This work was supported in part by grants from
the Illinois Soybean Program Operating Board Nos. 93-19-132-3
and 94-20-143-3, and North Central Soybean Program Operating
Board Nos. 95-20-431 and 95-20-432.

References

Abu-Thredeih J (1998) Genetic mapping of loci underlying resis-
tance to SDS and SCN in Pyramid x Douglas. MS thesis,
SIUC Press, Carbondale

Akkaya MS, Shoemaker RC, Specht JE, Bhagwat AA, Cregan PB
(1995) Integration of simple-sequence repeat DNA markers
into a soybean linkage map. Crop Sci 35:1439-1445

Bentolila S, Guitton C, Bouvet N, Sailland A, Nykaza S, Freyssi-
net G (1991) Identification of an RFLP marker tightly linked
to the Ht1 gene in maize. Theor Appl Genet 82:393-398

Chang SJC, Doubler TW, Kilo VY, Suttner R, Klein J, Schmidt
ME, Gibson PT, Lightfoot DA (1996) Two additional loci un-
derlying durable field resistance to soybean sudden-death syn-
drome (SDS). Crop Sci 36:1424-1428

Chang SJC, Doubler TW, Kilo VY, Suttner RJ, Schmidt ME, Gib-
son PT, Lightfoot DA (1997) Association of field resistance to
soybean sudden-death syndrome (SDS) and cyst nematode
(SCN). Crop Sci 37:965-971

Chase K, Adler FR, Lark KG (1997) Epistat: a computer program
for identifying and testing interactions between pairs of quan-
titative trait loci. Theor Appl Genet 94:724-730

Concibido VC, Boutin S, Denny R, Hautea R, Orf J, Young ND
(1994) DNA-marker analysis of loci underlying resistance to
soybean cyst nematode (Heterodera glycine Ichinohe). Crop
Sci 34:240-246

Concibido VC, Orf J, Lange DA, Denny RL, Danesh D, Young
ND (1996) Targeted comparative genome analysis and qualita-
tive mapping of a major partial resistance gene to the soybean
cyst nematode. Theor Appl Genet 93:234-241

Cregan P, Diers BW, Specht JE (1995) Soybean genetics commit-
tee report. Soybean Genet Newslett 22:11-22

Danesh D, Penuela S, Mudge J, Denny RL, Nordstrom H, Marti-
nez JP, Young ND (1998) A bacteria artificial chromosome li-
brary for soybean and identification of clones near a major
cyst nematode resistance gene. Theor Appl Genet 96:196—
202

Darvasi A, Soller M (1995) Advanced intercross linesin an exper-
imental population for fine genetic mapping. Genetics
141:1199-1207

Darvasi A, Weinreb A, Minke V, Weller JI, Soller M (1993) De-
tecting marker-QTL linkage and estimating map location us-
ing a saturated genetic map. Genetics 134:943-951

Eshed Y, Zamir D (1995) An introgression line population of
Lycopersicon penellii in the cultivated tomato enables the
identification and fine mapping of yield-associated QTLS. Ge-
netics 141:1147-1162

Fehr WR, Caviness CE, Burmood DT, Pennington JS (1971) Stage
of development descriptions for soybeans, Glycine max (L)
Merrill. Crop Sci 2:929-931

Funke RP, Kolchinsky A, Gresshoff PM (1993) Physical mapping
of aregion in the soybean genome containing duplicated se-
quences. Plant Mol Biol 22:437-446

Gibson PT, Shenaut MA, Njiti VN, Suttner RJ, Myers Jr O (1994)
Soybean varietal response to sudden death syndrome. In: D
Wilkinson (ed) Proc 24th Soybean Seed Res Conf, Chicago,
Illinois 6-7 Dec. Am Seed Trade Assoc, Washington D.C., pp
2040

Graham GI, Wolff DW, Stuber CW (1997) Characterization of a
yield quantitative trait on chromosome five of maize by fine
mapping. Crop Sci 36:1601-1610



1142

Guo M, Lightfoot DA, Mok MC, Mok DWS (1991) Analyses of
Phaseolus vulgaris L and P. cocineus Lam hybrids by RFLP:
preferential transmission of P. vulgaris aleles. Theor Appl
Genet 81:703-709

Haley SD, Afanador LK, Kelly JD (1994) Heterogeneous inbred
populations are useful as sources of near-isogenic lines for
RAPD marker localization. Theor Appl Genet 88:337-342

Hamilton CM, Frary A, Lewis C, Tanksley SD (1996) Stable
transfer of intact high-molecular-weight DNA into plant chro-
mosomes. Proc Natl Acad Sci USA 93:9975-9979

Hartwig EE, Epps JM (1973) Registration of Forrest soybeans.
Crop Sci 13-287

Hnetkovsky N, Chang SJC, Doubler TW, Gibson PT, Lightfoot DA
(1996) Genetic mapping of loci underlying field resistance to
soybean sudden-death syndrome (SDS). Crop Sci 36:393-400

Kearsey MJ, Farquhar GL (1998) QTL analysis in plants; where
are we now? Heredity 80:137-142

Lander E, Botstein D (1989) Mapping Mendelian factors underly-
ing quantitative traits using RFLP linkage maps. Genetics
121:85-199

Lander E, Green P, Abrahamson A, Barlow A, Daley M, Lincoln
S, Newburg L (1987) MAPMAKER: an interactive computer
package of constructing primary genetic linkage maps of ex-
perimental and natural populations. Genomics 1:174-181

Mansur LM, Orf JH, Chase K, Jarvick T, Cregan PB, Lark KG
(1996) Genetic mapping of agronomic traits using recombina-
tion-event inbred lines. Crop Sci 36:1327-1336

Martin GB, Martin W, Ganal MW, Tanksley SD (1993 a) Con-
struction of a yeast artificial chromosome library of tomato
and identification of cloned segments linked to two disease re-
sistance loci. Mol Gen Genet 233:25-32

Martin GB, Brommonshenkel SB, Chunwongse J, Fraray A, Ganal
MW, Spivey R, Wu T, Earl ED, Tanksley SD (1993 b) Map-
based cloning of a protein kinase gene conferring disease re-
sistance in tomato. Science 262:1432—1436

Matthews WJ, Njiti VN, Gibson PT, Shenaut MA (1991) Inherit-
ance of soybean SDS response in segregating Fs- and Fg-de-
rived lines. Soybean Genet Newslett 18:102-108

Meksem K, Zhang H-B, Lightfoot DA (1998) A plant transforma-
tion-ready bacterial artificial chromosome library for soybean:
applications in chromosome walking and genome-wide physi-
cal mapping. Soybean Genet Newslett 25:139-141

Meksem K, Chancharoenchai K, Pantzapangopolous P, Zhang H-B,
Lightfoot DA (1999) Two plant transformation ready bacterial
artificial chromosome libraries for soybean: Applications in
chromosome walking and genome wide physical mapping.
Theor Appl Genet (in press)

Mudge J, Cregan PB, Kenworthy JP, Orf JH and Young N (1997)
Two microsatellite markers that flank the major soybean cyst
nematode resistance locus. Crop Sci 37; 1611-1615

Njiti VN, Shenaut MA, Suttner RJ, Schmidt ME, Gibson PT
(1996) Inheritance of soybean reponse to soybean sudden-
death syndrome (SDS) response as influenced by cyst nema-
tode (SCN) resitance in progeni of Pyramid x Douglas. Crop
Sci 36:1165-1170

Njiti V, Gray L, Lightfoot (1997) Rate-reducing resistance to Fu-
sarium solani f.sp. phaseoli underlies field resistance to soy-
bean sudden-death syndrome (SDS). Crop Sci 37:1-12

Njiti V, Doubler TW, Suttner RJ, Gray L, Gibson PT, Lightfoot
DA (1998) Resistance to soybean sudden-death syndrome and
Fusarium solani f.sp. glycine in near-isogeneic lines. Crop Sci
38:472-477

Paterson A, De Verna JW, Lanini B, Tanksley S (1990) Fine map-
ping of quantitative trait loci using selected overlapping re-
combination-event chromosomes in an interspecific cross of
tomato. Genetics 124:735-742

Prabhu R, Njiti VN, Bell-Johnson B, Johnson JE, Schmidt ME,
Klein JH, Lightfoot DA (1999) Selecting soybean cultivars for
dual resistance to soybean cyst nematode and sudden-death
syndrome using two DNA markers. Crop Sci 39:

Rao-Arelli AP, Anand SC (1988) Genetic relationship among
plant introductions for resistance to race 3 of soybean cyst
nematode. Crop Sci 28:650-652

Rao-Arelli AP, Anand SC, Wrather JA (1992) Soybean resistance
to soybean cyst neamtode race 3 is conditioned by an addition-
a dominant age. Crop Sci 32:862-864

Shoemaker RC, Specht JE (1995) Integration of the soybean mole-
cular and classical genetic linkage groups. Crop Sci 35:436—
446

Smith TJ, Camper HM (1973) Registration of Essex soybeans.
Crop Sci 13:495

Torto T, Njiti V, Lightfoot DA (1996) Loci underlying field and
greenhouse resistance to soybean sudden-death syndrome
(SDS) do not correspond. Soybean Genet Newslett 23:163—
166

Webb DM, Baltazar BM, Rao-Arelli AP, Schupp J, Keim P, Clay-
ton K, Ferreira AR, Owens T, Beavis WD (1995) QTLs affect-
ing soybean cyst-nematode resistance. Theor Appl Genet
91:574-581

Williams JGK, Kubelik AR, Livak KJ, Rafalski JA, Tingey SV
(1990) DNA polymorphism amplified by arbitrary primers are
useful as genetic markers. Nucleic Acids Res 18:6531-6535

Xiaozhu D, Shoemaker R, Atherly A (1994) An estimation of the
physical distance btween cosegregating RFLP markers in the
soybean genome. Soybean Genet Newslett 21:270-273

Zhang H-B, Wing RA (1997) Physical mapping of the rice ge-
nome with BACs. Plant Mol Biol 35:115-127



