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Abstract Root-knot nematodes (Meloidogyne spp.) can
cause severe yield loss of soybean [Glycine max (L.)
Merr.] in the southern production region of the USA.
Planting root-knot nematode-resistant cultivars is the
most effective method of preventing yield loss. DNA
marker-assisted breeding may accelerate the develop-
ment of root-knot nematode-resistant cultivars. RFLP
markers have previously been used to identify quantita-
tive trait loci (QTLs) conferring resistance to southern
root-knot nematode [Meloidogyne_incognita (Kofoid and
White) Chitwood] (Mi) in a F,.5 soybean population cre-
ated by crossing the resistant PI96354 and the suscepti-
ble ‘Bossier.” A magjor QTL on linkage group (LG) O
conditioning 31% of the variation in Mi gall number and
a minor QTL on LG-G conditioning 14% of the gall
variation were reported. With the development of SSR
markers for soybean improvement, a higher level of
mapping resolution and semi-automated detection has
become possible. The objectives of this research were:
(1) to increase the marker density in the genomic regions
of the QTLs for Mi resistance on LG-O and LG-G with
SSR markers; and (2) to confirm the effect of the QTLs
in a second population and a different genetic back-
ground. With SSR markers, the QTL on LG-O was
flanked by Satt492 and Satt358, and on LG-G by Satt012
and Satt505. Utilizing SSR markers flanking the two
QTLs, marker-assisted selection was performed in a sec-
ond F,.; population of PI96354x Bossier. Results con-
firmed the effectiveness of marker-assisted selection to
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predict the Mi phenotypes. By screening the BC,F, pop-
ulation of Prichard (3)xG93-9009 we confirmed that se-
lection for the minor QTL on LG-G with flanking SSR
markers would enhance the resistance of lines containing
the mgjor QTL (which is most-likely Rmil).
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Introduction

Southern root-knot nematode [Meloidogyne incognita
(Kofoid and White)] (Mi) is a major soybean [Glycine
max (L.) Merrill] pest that causes severe yield losses in
the southeastern USA. Considerable effort has been di-
rected toward the development of root-knot nematode-
resistant soybean cultivars (Boerma and Hussey 1992).
Although 28% of the cultivars released in the southeast-
ern USA showed high levels of resistance to Mi, no cur-
rent soybean cultivar exhibited complete resistance to Mi
gall formation (Hussey et al. 1991). Among the resistant
sources found through the screening of 2370 soybean
accessions in Maturity Groups V,VI, VII and VIII from
the USDA Soybean Germplasm Collection (Urbana,
[11.), the highest level of resistance to Mi was found in
PI96354 (Luzzi et a. 1987). Studies on the inheritance
of Mi resistance in soybean indicated that few genes
condition Mi resistance. ‘Forrest’, a moderately resistant
source, contained a single gene, Rmil, conferring resis-
tance to Mi (Luzzi et a. 1994a), which differed from
PI96354 in Mi resistance by at least one gene (Luzzi
et a. 1994b). Tamulonis et a. (1997) indicated that this
major gene might reside on linkage group (LG) O of the
public soybean genetic linkage map (Cregan et al. 1999).

DNA marker technology has been developed and in-
tegrated into soybean improvement programs (Boerma
and Mian 1999). Marker-assisted breeding may acceler-
ate the development of nematode-resistant cultivars.
Using RFLP markers, Tamulonis et a. (1997) mapped
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two QTLs for Mi resistance in a F,.5 population derived
from the cross of highly resistant PI96354 and suscepti-
ble Bossier. A major QTL on LG-O explained 31% of
the total variation in gall number, and a minor QTL on
LG-G accounted for 14% of variation. Tamulonis et al.
(1997) suggested that the lack of polymorphic RFLP
markers on LG-O prevented more precise mapping of
the genomic location of this QTL and the study’s inabili-
ty to account for a greater percentage of the variation in
Mi gall number. Microsatellites or simple sequence re-
peat (SSR) markers that have recently been developed in
soybean are highly polymorphic (Maughan et al. 1995;
Rongwen et al. 1995), abundant, and distributed through-
out the genome (Cregan et al. 1999). They are highly
amenable for automation and allele sizing, which allows
their high-throughput application (Diwan and Cregan
1997; Mitchell et al. 1997). With the development and
public release of SSR primers, SSR markers have be-
come available on LG-O and LG-G in the regions of the
major and minor QTLs for Mi resistance (Cregan et al.
1999).

Verification and confirmation of the QTLs identified
with DNA markers are important aspects for the selec-
tion of those QTLs with DNA markers in a practical
breeding program (Boerma and Mian 1999). Based on
our experience, phenotypic selection for Mi resistance is
highly effective in identifying the resistance allele at the
major QTL and relatively inefficient in selecting the re-
sistance allele at the minor QTL. Phenotypic selection
for the minor QTL requires high levels of Mi inoculum,
extensive replication, and optimum environmental condi-
tions (Luzzi et al. 1994b, 1996). Selection of the minor
QTL on LG-G with DNA markers would improve the ef-
ficiency of trait selection and enhance the resistance of
the major QTL (Tamulonis et a. 1997). In this study, we
report the mapping of SSR markers in the region of the
major (LG-O) and minor (LG-G) QTLs for Mi resistance
in the population of PI96354x Bossier. We confirm the
effectiveness of those SSR markers to identify Mi-resis-
tant plants and validate the effect of the minor QTL in a
different genetic background.

Materials and methods

SSR mapping of the QTL for Mi resistance
Mapping population and Mi screening

One hundred and ten F, plants from the cross of PI196354x Bossier
were used in this study. This population was utilized in the initial
RFLP mapping of the QTL conferring Mi resistance by Tamulonis
et al. (1997). The collection of phenotypic data has been previous-
ly described by Tamulonis et a. (1997). Briefly, one hundred and
one F,.;lines were evaluated for Mi galling in the greenhouse. The
lines and both parents were arranged in a randomized complete
block design with two replications. An experimental unit of each
F,.5 line consisted of seven plants, and each plant was inoculated
with 3000 Mi eggs. The Mi galls that developed on each plant
were counted 30 days after inocul ation.

SSR marker data collection

SSR markers on LG-G and LG-O were chosen to achieve a higher
marker density in the regions previoudly identified by Tamulonis et al.
(1997). DNA was extracted using the modified CTAB procedure of
Keim et a. (1988), quantified using a TKO 100 Fluorameter (Hoffer
Scientific Instruments, San Francisco, Calif.) or aUV/VIS Spectrom-
eter (Pekin Elmer), and diluted to 20 ng/pl. PCR reactions were pre-
pared based on the protocol of Diwan and Cregan (1997) with dight
modifications. The reactions were performed in a 384-well ABI 877
robotic thermal cycler or adual 384-well and 96-well GeneAmp PCR
System 9700 (PE-ABI, Foster City, Cdlif.). Fluorescence dye-labeled
primers were synthesized by PE-ABI using phosphoramidite chemis-
try. The 10-yl PCR reaction mix contained 2 pl of 40-ng template
DNA, 1.0x PCR buffer, 2.5 mM of MgCl,, 100 uM of each dNTPR,
0.2 UM each of forward and reverse primers, and 0.5 unit of Tag DNA
polymerase. AmpliTag Gold DNA polymerase (PE-ABI, Foster City,
Cadlif.) was used in the PCR reactions for the ABI 877 robotic thermal
cycler. The amplification program consisted of 1 min a 95°C, fol-
lowed by 32 cycles of 25 sfor denaturation at 94°C, 25 s of annealing
at 46°C, and 25 s of extension at 68°C. At the end of amplification,
the reaction mixtures were held at 4°C. With an ABI 877 robotic ther-
mal cycler, 10 min of the enzyme activation step at 95°C, followed by
32 cycles of amplification was used.

Electrophoresis was run with 12-cm plates on an ABI-Prism 377
DNA Sequencer (PE-ABI, Foster City, Cdif.) a 750 V for
2 h. A loading sample for each lane was prepared with 2.5 pl of de-
ionized formamide, 1.5 pl of loading buffer, 0.2 Wl of ROX-500, and 2
to 3 Yl of the pooled PCR products. The mixture was denatured at
95°C for 2 min, and an approximately 1.0-pl vol was loaded for each
lane on a 4.8% acrylamide: bisacrylamide (19:1) gel with KLOEHN
micro-syringes (Kloehn Ltd., Las Vegas, Nevada). Marker data were
collected with PE ABI 377-96 DNA Sequencer Data Collection soft-
ware (Version 2.5, PE-ABI, Foster City, Cdif.). With ABI PRISM
377 filter set D, FAM was visualized as blue, NED asyellow, HEX as
green, and ROX as red. The DNA fragments were analyzed with
GeneScan (Version 3.0) and scored with Genotyper (version 2.1).

Mapping and statistical analysis

The SSR marker data were combined with the previously collected
RFLP data to estimate genetic linkage using the Kosambi mapping
function (Kosambi 1944) of MAPMAKER/EXP (Lander et a. 1987,
Lincoln et a. 1992a). The markers were assigned to linkage groups
with the criteria of LOD =3.0 and a maximum distance < 37.2 centi-
morgan (cM). The positions of QTLs were estimated with interval
mapping of MAPMAKER/QTL (Lincoln et al. 1992b). A minimum
LOD score of 3.0 was used for the determination of significance.
The percentage of variation explained by each QTL and the additive
and dominant effects were estimated at the maximum-likelihood
QTL position.

Single-factor analysis of variance was also used to determine
the significance between SSR genotypic class-means using the
General Linear Model (GLM) (SAS Institute 1989). To detect epi-
stasis, two-factor analysis of variance was performed on all pairs
of significant markers. A multiple regression model was used for
the identification of independent markers linked to the QTL within
a single linkage group (SLG-reg) and among multiple linkage
groups (MLG-reg) (SAS Institute 1989).

The QTL Cartographer Windows version (version 1.01) was aso
used to identify QTLs using the output files from MAPMAKER/
EXP (Basten et d. 1994; Wang et a. 1999). Composite interval map-
ping was done with the Zmapgtl Model 6 and a forward regression
method. In the Zmapatl mode! 6, five control markers and a 10-cM
window size were selected.

QTL confirmation and marker-assisted selection
Marker-assisted selection

A second population of F, lines derived from the cross of
PI96354x Bossier was created. Ninety six lines were randomly se-



lected, and seeds from each line along with their parents were
planted in the greenhouse. Young trifoliolate leaves from ten
plants of each line were sampled for DNA extraction. SSR makers
were assayed based on the above procedure. Based on the SSR
mapping results a SSR marker near the major QTL on LG-O
(Satt538) and a SSR marker near the minor QTL on LG-G
(Satt012) were selected. Five lines homozygous for the PI96354
alele (PIPI/PIPI) and one line homozygous for the Bossier alele
(BB/BB) at both Satt358 (LG-O) and Satt012 (LG-G) markers
were selected from 96 F,.; lines. Four entries of PI96354 and three
entries of Bossier were also included in the experiment. All entries
were planted in three replications of a randomized complete block
design in the greenhouse. Individual seeds of each entry were
planted in Ray-Leach Cone-Tainers(3.8-cm diameter and 14.0 cm
depth). The experimental unit consisted of six plants of each entry
(one plant per Cone-Tainer). Twelve days after planting, each
plant was inoculated with 3000 Mi eggs according to the proce-
dures of Luzzi et a. (1987). Thirty eight days after inoculation,
the numbers of Mi galls were counted on the roots of each plant.

Confirmation

To verify the effect of the minor QTL from PI196354 in a different
genetic background, a BC,F, population derived from the cross of
‘Prichard’ (3)x G93-9009 was constructed. This population con-
sisted of 136 plants. G93-9009 (Luzzi et al. 1996) has PI96354
and Forrest in its pedigree, and Prichard (Boerma et a. 2001) has
Forrest in its pedigree (Fig. 1). In each backcross-generation F,
plants were phenotypically screened in a greenhouse nematode as-
say and F, plants with the PI96354 level of resistance were used
for backcrossing with Prichard. The 136 plants from the BC,F,
population, along with parents, grandparents and the susceptible
check Bossier, were evaluated for Mi resistance in a greenhouse
nematode assay. Each BC,F, seed was planted in a one Ray-Leach
Cone-Tainer (see above). Ten days after planting, each plant was
inoculated with 12,000 Mi eggs. Forty days after inoculation the
number of Mi galls were counted on the roots of each plant. Leaf
samples were taken from a unifoliolate leaf of each individual

G93-9009:

G80-1515+ X PI96354%

G80-15151 x in\ Phenotypic screening of F, plants for

l / the P196354 level of Mi resistance

G83-5591 x BC\Fa}
Phenotypic screening of F, F3, and F4 plants
4 for the PI96354 level of Mi resistance

G93-9009%

Prichard:

Forrest t (2) x (D68-18 x PI88788) Centennialf x [Forrest tx (Cobb x D48-216)]

! !

Bedfordt X Kirby¥

!

Co82-6221 x  Howardt
i Phenotypic screening of F plants
for Mi resistance
Prichardt

+ Moderate Mi resistance

1 High Mi resistance

Fig. 1 The pedigrees of G93-9009 and Prichard
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BC,F, plant for DNA exaction. Data on three polymorphic SSR
makers flanking the minor QTL on LG-G were collected based on
the above procedures. Marker data from BC,F, plants were col-
lected until 25 plants homozygous for Prichard aleles at al three
loci and 25 plants homozygous for G93-9009 alleles at al three
loci were identified.

Results and discussion
QTLs conditioning Mi resistance

Based on the integrated soybean genetic linkage map
(Cregan et al. 1999), we selected 25 SSR markers that
had the potential to map near the QTL for Mi resistance
identified by Tamulonis et a. (1997). Twenty of these
twenty five were polymorphic between PI96354 and
Bossier. Among those markers, ten SSR markers were
expected to map on LG-O and ten on LG-G. These
markers mapped onto LG-O or LG-G in the PI96354x
Bossier population and their locations were in close
agreement with their positions on the public genetic map
(Figs. 2 and 3) (Cregan et al. 1999).

When the marker and phenotypic data from the
PI196354x Bossier population were analyzed with
MAPMAKER/QTL, a major QTL was indicated in the
Satt492 to Satt358 interval (Table 1; Fig. 2). Its most-
likely location was 3.1 cM from Satt492. Tamulonis et
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Fig. 2 Linkage map of SSR and RFLP markers in the region of
the major QTL and the QTL likelihood plot for the Mi gall
number on Linkage Group O
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Table1l QTLs associated with

Mi gall numbers on soybean Linkage Interval Length  QTL R2 LOD Effectt Predicted mean
roots in the population of group (cM)  position (%)
PI96354x Bossier based on (cM) PI/PIc PI/B  B/B
MAPMAKER/QTL analysis
Galls/plant
(e} Satt492-Satt358 9.1 31 558 163 27 9 36 61
G Satt012—Sait505 8.2 4.0 17.7 3.6 12 27 26 51

aThe distance from the left marker of the interval

b Effect: average change in galls/plant resulting from a QTL allele substitution
¢ PI/PI: homozygous for marker allele from P196354;

PI/B: heterozygous for marker aleles from PI96354 and Bossier; and

B/B: homozygous for marker allele from Bossier

al. (1997) created simulated markers to predict the most-
likely location of this QTL. The simulated markers locat-
ed the QTL 10-15-cM distal to RFLP marker G248A-1.
In the current study the addition of SSR markers on
LG-O, map this QTL 14 cM from G248A-1. The LOD
score for the presence of this QTL 3.1-cM distal to
Satt492 was 16.3 compared to a LOD of 6.9 for the
most-likely location in the interval between RFLP mark-
ers A882D-1 and G248A-1. The QTL located in the
Sait492 to Satt358 interval explained 56% of the varia-
tion in gall number (Table 1).

After mapping the ten SSR markers onto LG-G, the
MAPMAKER/QTL analysis suggested the location of a
minor QTL within the 8.2-cM interval between Satt012
and Satt505 (Table 1; Fig. 3). The most-likely site of this
QTL was 4 cM from Satt012. The LOD score for the
presence of a QTL conditioning gall number at its most-
likely location in this interval was 3.6. This compares
with the LOD score of 2.4 for the presence of a minor
QTL for gall numbers on LG-G in the previously report-
ed K493H-1 to Cs008D-1 interval (Tamulonis et al.
1997). At its most-likely location, the QTL in the
Satt012 to Satt505 interval explained 18% of the pheno-
typic variation in gall number (Table 1).

Multiple regression analysis can be useful for deter-
mining the most-important markers within and among
linkage groups and resolving whether multiple peaks
generated with interval mapping are caused by single or
multiple QTLs on same linkage group. Two peaks were
observed from interval mapping on LG-G. The result ob-
tained from a SLG-reg for al significant markers on
LG-G showed that only Satt012 was retained in the
model (Table 2). This result indicated the presence of a
QTL near the marker Satt012 and agreed with the result
from MAPMAKER/QTL analysis (Table 1). Two mark-
ers, Satt492 and Satt358, on LG-O were retained in a
SLG-reg, which suggested that both markers are essen-
tial for the marker-assisted selection of magjor QTL on
LG-O (Table 2). However, relative to Satt492, Satt358
only accounted for a small portion (3%) of the variation
in gall number (Table 2). The coefficient of determina-
tion (R?) obtained from multiple regression models
among linkage groups represents the contributions of the
significant markers to the phenotypic variation. By in-
cluding all significant markers from LG-O and LG-G in

Table2 Results from multiple regression analysis of the DNA
markerson LG-O and LG-G

Markers Linkage SLG-rega MLG-regP
group
Pvaue Partiad R2 Pvaue Partial R?

(%) (%)
Sattd92 O <0.001 50 <0.001 52
Satt358 O 0019 3 0.029 2
Satt012 G 0.002 10 <0.001 7
MLG-Reg R2 61

aMultiple regression analysis within a single linkage group
b Multiple regression analysis across linkage groups
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Fig. 3 Linkage map of SSR and RFLP markers in the region of
the minor QTL and the QTL likelihood plot for the Mi gall
number on Linkage Group G



Table 3 Mean number of Mi galls on soybean roots for nine
marker genotypes at Satt492 (LG-0) and Satt012 (LG-G)

Satt492 Satt012 Mean
PI/Pla PI/B B/B
No. of galls
PI/PI 65(100 87(21) 21.5(6) 10.2
PI/B 390(10) 356(25) 48.8(12) 39.7
B/B 42.2 (5) 684 (5  71.2(8) 68.5
Mean 26.6 27.7 49.4

aP|/Pl: homozygous alele from Pl196354;

PI/B: homozygous allele from Bossier; and

B/B: heterozygous alleles from PI96354 and Bossier

b Number of plantsin each genotypic classis shown in parenthesis

MLG-reg, three markers were retained in the model, and
accounted for 61% of total variation (Table 2). This is
very close to the heritability estimate of 69% for gall
number in this population (Tamulonis et a., 1997).

Composite interval mapping combines the interval
mapping with multiple regression (Zeng 1994). The
composite interval mapping with QTL Cartographer also
identified two QTLs, one on LG-O, and other on LG-G
in this population (data not shown). The peak positions
of the two QTLs identified by composite interval map-
ping were similar to those identified by MAPMAKER/
QTL and indicated by multiple regression with SAS pro-
grams. The consistency of results across procedures sup-
ported the presence of asingle QTL on LG-O and one on
LG-G.

The significant shift in map location of the QTL on
LG-G (approximately 25-30 cM) from the Tamulonis
et al. (1997) study is not totally unexpected upon close
examination of the origina results. In the work of
Tamulonis et al. (1997), two peaks were observed on
LG-G (one peak in the K493H-1 to Cs008D-1 interval
and another in the L156V-1 to A890V-1 interval). Be-
cause of lack of DNA markersin the interval of L156V-1
to AB90V-1, the actual effect of the potential QTL in this
interval was unable to be resolved. After adding more
SSR markers on LG-G in this study, the effect of the
QTL in the interval of Satt012 to Satt505 (which is em-
bedded within the L156V-1 to A890V-1 interval) became
larger than that in the K493H-1 to Cs008D-1 interval
(Fig. 3). Thus, it appears the increased marker density on
LG-G has provided a better resolution of this QTL's lo-
cation.

The resistance alleles for both the maor QTL on
LG-O and the minor QTL on LG-G were inherited from
P196354 (Table 1). Based on the results of this study
from MAPMAKER/QTL and the analysis of variance
with SSR markers, the major QTL on LG-O showed
additive gene action, and the minor QTL on LG-G
showed dominant gene action. Two-factor anaysis of
variance demonstrated that there was no significant
(P=0.05) interaction between markers Satt492 and
Satt012. These results are consistent with the findings of
Tamulonis et al. (1997). When these two markers were
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evaluated in a multiple regression model, both were sig-
nificant (P=0.05) and together explained 57% of the phe-
notypic variation in gall number (data not shown). With
the reported heritability estimate of 69% for the gall
number (Tamulonis et al. 1997), the two markers to-
gether could predict 83% (57/69=83%) of the genotypic
variation.

The ten 10 F, 5 lines from the PI96354x Bossier map-
ping population that were homozygous for the PI96354
aleles at both Satt492 and Satt012 averaged 6.5 galls per
plant, and individual F,.5 lines ranged from 0.7 to 22
galls per plant (Table 3). By comparison, eight lines ho-
mozygous for Bossier alleles at both markers averaged
71.2 galls per plant and ranged from 34.5 to 135.3 galls
per plant. In general, the mean gall number of nine geno-
typic classes for these two SSR markers indicated the
lack of interaction between the two markers (Table 3).
Lines heterozygous at Satt492 and homozygous for
P196354 marker aleles at Satt012 produced more galls
than predicted by additive gene action for the major
QTL, but the expected number of galls is within the
range of the mean +SD. The results are consistent with
those of Tamulonis et al. (1997).

Marker-assisted selection for Mi resistance
in Pl96354x Bossier

Prior to the utilization of DNA markers in a marker-
assisted breeding program, it is a good strategy to con-
firm the association between DNA markers and QTLs
(Boerma and Mian 1999). In order to confirm the associ-
ation of Satt358 and Satt012 with the QTL for Mi resis-
tance, 96 F,.5 lines from an independent population of
P196354x Bossier (independent from the original popu-
lation) were screened for their genotypes with these two
markers. Before development and mapping of Satt492,
Satt358 was considered as the closest marker linked to
the mgjor QTL on LG-O, and was used in this experi-
ment.

Five families homozygous for the PI96354 alleles and
one family homozygous for the Bossier alleles at both
Satt358 and Satt012 were selected and evaluated for Mi
gall formation in the greenhouse. The five F,.5 lines ho-
mozygous for the PI96354 alleles (PIPI/PIPI) averaged
1.1+0.3 galls per plant and the line homozygous for the
Bossier aleles (BB/BB) averaged 22.3+3.0 galls. The
parents, Pl96354 and Bossier averaged 0.0+0 and
32.8+2.1 gallgplant, respectively. Among the five
PIPI/PIPI lines, one line produced three galls per plant,
while the other four averaged only 0.3 galls per plant.
Compared to previous studies (Luzzi et al. 1994b;
Tamulonis et al. 1997), there was considerably lower gall
development on the susceptible Bossier in this experi-
ment. Regardless of the level of gall development in the
present study, the selection of five F,.5 lines based on the
presence of P196354 alleles at both Satt358 and Satt012
identified four F,.5 lines with Mi resistance equal to
P196354 and one line with only 13% of the galls of the
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Table4 Comparison of band

sizes of polymorphic SSR SSR marker P196354 G93-9009 G83-559 G80-1515 Forrest Prichard

markers from the region of the

minor QTL on Linkage Group bp

G for G93-9009, its ancestors, ~ Satt303 256 256 222 222 222 222

and Prichard Satt501 341 341 347 347 347 347
Satt138 212 212 298 298 298 298
Satt199 200 200 159 159 159 159
Satt505 237 237 234 234 234 234
Satt012 144 144 163 163 163 163
Satt503 260 260 263 263 263 263
Satt517 272 272 279 279 279 279
Satt288 249 249 246 249 249 249
Satt472 225 225 209 204 204 204
Satt191 193 193 210 207 207 207

Mi-susceptible Bossier. These results strongly support
the association of these markers with the QTL for Mi re-
sistance.

Results from this study indicated that Satt358 on
LG-0 and Satt012 on LG-G should permit marker-assist-
ed selection for initial screening of Mi resistance in soy-
bean. Further mapping of both regions with recently de-
veloped SSR markers (developed after the initiation of
the present study) suggested that the combination of
flanking markers Satt492 and Satt358 on LG-O and
Satt012 and Satt505 on LG-G should be more efficient
in marker-assisted selection for Mi resistance. According
to the public soybean linkage map (Cregan et al. 1999),
four additional SSR markers, Sat 132, Satt445, Satt500
and Satt487, that were monomorphic in this mapping
population are in the region of the major QTL on LG-O.
These markers could also be useful in the initial screen-
ing of the major QTL on LG-O if they are polymorphic
in the targeted populations.

Confirmation of the minor QTL from PI196354
in adifferent genetic background

In apractical breeding program, it is often difficult to se-
lect the minor genes (QTLS) through conventiona phe-
notypic screening. These minor QTLs usually have small
effects on the phenotypes and are often affected by the
environment. In spite of the difficulties in selection, the
pyramiding of minor genes with major resistance genes
should enhance the level of resistance. Luzzi et al.
(1994) reported that one gene, Rmil, conditioned Mi re-
sistance in Forrest. Based on the segregation data for Mi
resistance in a cross of Forrestx PI96534, Tamulonis et
al. (1997) suggested that PI96354 possessed the Rmil
alelefor resistance. It islikely that the Rmil locusis lo-
cated at the QTL we have mapped 3.1-cM distal to
Satt492 on LG-O. In this study, a BC,F, population of
Prichard (3)x G93-9009 was constructed in which Prich-
ard was used as a recurrent parent. G93-9009 has both
P196354 and Forrest in its pedigree, while Prichard has
Forrest in its pedigree (Fig. 1). We have assumed that the
Rmil allele for Mi resistance is present in both Prichard
and G93-9009. If this assumption is correct, the minor

QTL on LG-G should segregate in the BC,F, population
and condition the variation in gall number among the
BC,F, plants.

(G93-9009 and its parents were screened with 11
polymorphic SSR markers in the region of the minor
QTL on LG-G (Table 4). At ten of these marker loci
G93-9009 was homozygous for the marker loci from
P196354. These results indicate that the phenotypic se-
lection for the PI96354 level of Mi resistance in the de-
velopment of G93-9009 retained these PI96354 SSR
marker alleles on LG-G. Among these SSR markers,
eight markers, Satt303, Satt505, Satt138, Satt199,
Satt505, Satt012, Satt503 and Satt517, segregated in the
BC,F, population of Prichard (3)x G93-9009. The high
ratio of segregating markers in the region of the minor
QTL on LG-G in this BC,F, population also suggest that
the minor resistance locus is located on LG-G as identi-
fied in the mapping population

In the Mi greenhouse screening, G93-9009 (similar to
P196354 in resistance) averaged 0.5+0.36 galls per plant,
and Prichard (similar to Forrest in resistance) produced
5.4+0.61 galls per plant. The susceptible check, Bossier,
averaged greater than 86 galls per plant. Although alow-
er gall development on Forrest was observed in this ex-
periment compared with previous studies (Luzzi et al.
1994b; Tamulonis et a. 1997), the difference between
PI96354 and Forrest in Mi gall number was significant
(P<0.01). No differences in gall number were observed
between PI96354 and G93-9009 or between Prichard
and Forrest.

The BC,F, plants were classified based on the pres-
ence of homozygous alleles at Satt505, Satt012 and
Satt503 in the region of the minor QTL on LG-G. Twen-
ty five BC,F, plants homozygous for the G93-9009
marker alleles produced 0 galls. By comparison, the 25
plants that were homozygous for the marker aleles from
Prichard averaged 3.3+0.9 galls/plant with a range of O
to 14 gallg/plant. These results indicated that marker-
based selection for the minor QTL in a population that
was already fixed for the mgjor QTL was effective in se-
lecting plants with the PI96354 levels of resistance. Be-
cause the greenhouse Mi assay was based on a single
BC,F, plant, some escapes of susceptible genotypes
(moderately resistant) may have occurred. Regardless,



selection of individuals homozygous for G93-9009 al-
leles at these three SSR markers resulted in plants with-
out galls. These results should facilitate marker-assisted
selection for the root-knot nematode resi stance.
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