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ABSTRACT

A genetic analysis of parasitic ability in the soybean cyst nematode Heterodera glycines was performed.
To identify and characterize genes involved in parasitism, we developed three highly inbred H. glycines
lines, OP20, OP25 and OP50, for use as parents for controlled crosses. Through these crosses, we have
identified genes in the inbred parents that control reproduction of the nematode on hosts that carry
resistance genes. These genes, designated as ror-* for reproduction on a resistant host, segregate in a
normal Mendelian fashion as independent loci. Host range tests of F; generation progeny indicated
that at least one parasitism gene in both the OP20 and OP50 lines for host PI 88788 was dominant.
Parasitism genes in OP50 for hosts ‘‘Peking” and PI 90763 are recessive. Two types of single female
descent populations, a single backcrossed BC,Fy-derived and a double backcrossed BC,F,-derived, were
established on the susceptible soybean cultivar ‘‘Lee 68.”” Host range tests for parasitism in these lines
demonstrated the presence of two independent genes in OP50, one for host PI 88788 designated ror-1
and one for host PI 90763 designated ror-2. OP20 carries two independent genes for parasitism on PI

88788, designated as alleles k73 and kr4.

OYBEAN cyst nematode (SCN) (Heterodera glycines)
is one of the most devastating pests of soybean on
a worldwide basis, accounting for most of the approxi-
mately $2.5 billion in annual crop loss due to nema-
todes (SASSER and FRECKMAN 1987; NOEL 1992). Hetero-
dera glycines is a obligate cross fertile species and a seden-
tary endoparasitic plant nematode. The life cycle
consists of six stages: the egg, four juvenile stages and
the sexually dimorphic adults. The second stage juve-
nile (J2) is the infective form. After the J2 penetrates
the root, it migrates to an area near the vascular cylin-
der, where it establishes a complex feeding site (JONES
1981; ENDO 1992). SCN males migrate out of the root
for mating within 15-20 days after infection. The adult
female nematode produces 200-400 eggs, which re-
main primarily in her swollen, hardened body, forming
a cyst (TRIANTAPHYLLOU and HIRSCHMANN 1962). Each
life cycle takes 25—-30 days and there may be several
generations per growing season. The nematode egg is
able to survive in the cyst for a number of years under
very harsh environmental conditions (ALSTON and
ScHMITT 1988; YOUNG 1992).

The ability of a nematode species to parasitize a host
is measured by reproduction. In general, resistant hosts
do not permit the female nematodes to develop to re-
productive maturity, and host resistance is manifested
as a hypersensitive response (KIRALY 1980). Parasitic
ability, therefore, is a qualitative trait that the nematode
either possesses or not. In addition, nematode popula-
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tions are often quantitatively described by different lev-
els of aggressiveness. Aggressiveness is generally defined
as the relative level of reproduction that occurs on a
given host genotype.

The genetic basis of the nematode-host interaction
is poorly characterized. In the case of the potato cyst
nematode, (Globodera rostochiensis)-potato interaction, a
gene-for-gene relationship appears to be in operation
(JANSSEN et al. 1991). In this system, nematode genes for
parasitism are recessive. Potatoes carrying the dominant
HI gene are resistant to certain pathotypes of G. rosto-
chiensis, but those nematodes carrying recessive parasit-
ism genes can reproduce. Pure parasitic and nonpara-
sitic lines of G. rostochiensis have been selected, and
crosses using these lines have revealed that parasitism
is inherited at a single locus in a recessive manner (JANSs-
SEN ¢l al. 1990, 1991). Results from reciprocal crosses
suggested that there is no evidence for sex-linked inher-
itance of parasitism. The expected segregation patterns
of 3:1 nonparasitic to parasitic combined with the domi-
nant nature of the HI resistance gene suggest that this
interaction functions in a classical gene-for-gene type
of mechanism (JANSSEN et al. 1991).

Genetic variability in H. glycines was detected almost
as soon as host resistance was identified (Ross and BRiM
1957; MILLER 1970). Initially, four races of H. glycines
were designated based on reproduction on four resis-
tant host differentials: ‘‘Peking,” ‘‘Pickett” (resistance
in Pickett is derived solely from Peking), PI 88788 and
PI 90763 (GOLDEN et al. 1970). A fifth race was soon
added to this system (INAGAKI 1979), and presently 16
races of H. glycines are proposed (RiGGs and SCHMITT
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1988). Nematode reproduction on one of the host dif-
ferentials is considered positive if it exceeds 10% of
that observed on the fully susceptible cultivar ‘“Lee.”
In essence, races of H. glycines are field populations that
possess a number of genotypes (TRIANTAPHYLLOU 1975;
LEUDDERS and DROPKIN 1983). Selection pressure by
cropping resistant cultivars is likely to alter the fre-
quency of alleles for parasitism and, therefore, the race
designation. The race concept as it is applied to H.
glycines is not based on genotype, but rather on the
predominant phenotype encountered at a particular
time (NIBLACK 1992).

Farly genetic studies on H. glycines variability were
mainly by directional selection experiments on the vari-
ous host differentials. In these studies, selection on a
resistant host resulted in a gradual increase in the ability
of the nematode population to reproduce on that host
(MCCANN et al. 1982; YOUNG 1982). However, selection
on one resistant differential had no effect on the nema-
tode population’s ability to parasitize a different host.
From these studies, it was supposed that multiple genes
in the nematode were involved in parasitism of resistant
cultivars and that these genes could be separated into
three relatively independent groups (TRIANTAPHYLLOU
1975). These groups corresponded to the ability to par-
asitize PI 88788, PI 90763 and Peking/Pickett, respec-
tively. Later tests combining a primary directional selec-
tion on a resistant cultivar with a secondary selection
on a cultivar with different resistance genes have further
complicated the issue. In these experiments, secondary
selection resulted in increased parasitic ability on the
secondary host, but a loss of parasitism on the primary
host (LUEDDERS and DROPKIN 1983; LEUDDERS 1985).
Although it may be argued that these data support the
idea that different alleles at the same locus are responsi-
ble for parasitic ability, the lack of fixation of parasitism
genes during primary selection casts doubts on that
conclusion (TRIANTAPHYLLOU 1987).

Results from controlled crosses between various races
of H. glycines have suggested that parasitic ability is in-
herited in a dominant fashion, but no specific ratios
were observed (TRIANTAPHYLLOU 1975; PRICE ef al
1978). This was most likely because the populations
used for these experiments represented a mixture of
genotypes rather than pure strains.

Our laboratory maintains a substantial collection of
SCN populations from multiple locations in the United
States. In addition to our field populations, we have
over 70 populations that have been selected repeatedly
on certain resistant soybean hosts. Although many of
these lines still maintain a degree of heterogeneity due
to the limited number of selection cycles that have been
imposed, we have developed several highly inbred lines.
These lines have been repeatedly selected and inbred
by single female nematode inoculation for many gener-
ations. In particular, we are working with three highly

homozygous lines, OP20, OP25 and OP50, which have
been inbred for a minimum of 29 generations. Isozyme
analysis has demonstrated that these three lines are ho-
mozygous at the esterase and glucose phosphate iso-
merase loci (ESBENSHADE and TRIANTAPHYLLOU 1988).
Genetic analysis of esterase pattern indicates that the
three observable phenotypes correspond to three co-
dominant alleles at a single locus. No maternal inheri-
tance patterns were detected in these studies (ESBEN-
SHADE and TRIANTAPHYLLOU 1988). Host range testing
using the standard soybean differential genotypes re-
veals that these lines are highly specific in their parasitic
abilities. Unlike the standard race concept, parasitism
of a differential by one of the inbred lines is either
positive or negative. No cysts develop on resistant soy-
bean lines. In this article, we report on a genetic analysis
of parasitism on resistant soybeans by these inbred SCN
lines.

MATERJALS AND METHODS

Parental lines: Three full sib inbred SCN lines, OP25,
OP20 and OP50, all originating from North Carolina field
isolates, were used in these experiments. The OP25 line was
inbred on Lee 68 for 48 generations, OP20 was inbred on
PI 88788 and OP50 was inbred on PI 90763 for 30 and 29
generations, respectively, in the greenhouse. Each line was
also fixed for a different specific homozygous esterase marker.
The host ranges of these lines were tested in the greenhouse
with six replications and 500 eggs per plant on hosts Lee 68,
Peking, PI 88788 and PI 90763. This experiment was repeated
twice. Esterase phenotypic markers were also tested from ran-
domly picked females from the susceptible host Lee 68 and
individually run on a Phastgel using the Phast Electrophoresis
System (Phamacia Biotech Inc.).

Crosses and F, generation testing: The inbred lines, OP25,
OP20 and OP50 were maintained on Lee 68, P1 88788 and
PI 90763, respectively, under greenhouse conditions with av-
erage day/night temperatures at 25°/20°. Controlled matings
between a bulk sample of females from one line and a bulk
sample of males from another line were conducted on a 2%
agarose plate surface. All three combinations (OP25 X
OP20), (OP25 X OP50) and (OP20 X OP50), including recip-
rocal crosses, were made. Eggs from freshly harvested females
of each inbred line were inoculated onto ~20-day-old trans-
planted Lee 68 seedlings in 10-cm-diameter pots. Ten days
later, the roots were carefully washed free of soil, and the
plants were suspended in a 4iter beaker with halfstrength
Hoagland’s solution continuously aerated by bubbling air
from aquarium pumps at 25°. Solutions were changed at 2-
day intervals. Males usually began to emerge from the root
14 days after inoculation and sunk to the bottom of the bea-
ker. They were recovered daily by passing the collected solu-
tions through a 400-mesh sieve to concentrate the nematodes,
and then they were stored at 4° for later use. Females were
carefully removed from the root surface individually 25-30
days after inoculation, sterilized with 40 mg/ml streptomycin
sulfate for 10 min, rinsed in tap water and transferred to a
2% agarose surface in 10-cm-diameter petri dishes. The water
on the agarose surface around females was carefully removed
and the dishes were kept at 25° for 3 days. Only white-colored,
healthy-looking females were selected for mating; those that
were beginning to turn brown were considered to be sib-
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FIGURE 1.—Mating strategies to construct backcross 1 F, (BC,Fo-derived) and backcross 2 F; (BCyF,-derived) generations. In
both crosses the female and recurrent parent OP25 was nonparasitic on resistant hosts (pp), and the male parent, either OP20
or OP50, was parasitic (PP). The pearshaped objects represent female nematodes and the long thin lines represent males. (A)
In the BC,F; derived, the individual eggs, juveniles and virgin females segregated for parasitism:nonparasitism at the F; generation.
The backcross was made at this stage, and individual fertilized females were selected, gently disrupted to release the eggs and
individual batches of eggs were inoculated to the susceptible soybean Lee 68. After several generations of amplification, individual
plants were harvested and egg-containing cysts were bulked into individual progeny lines. These individual bulk lines were used
for host range testing. Since the lines were individually bulked after amplification, observed ratios corresponded to phenotypes
present in the lines. Therefore, the BC,Fs-derived single female descent lines should have segregated into a 3:1 ratio for
parasitism:nonparasitism for a single gene trait or 15:1 for two separate genes. (B) In the BC,F, derived, the first backcross was
made to F; virgin females arising from the original mating. The individual egg, juvenile and virgin female progeny from this
backcross segregated for parasitism:nonparasitism at the BG,F; generation. At this point, the second backcross to the nonparasitic
recurrent parent (OP25) was made. Individual fertilized females were selected from matings, disrupted to release eggs and
inoculated to Lee 68 as described previously. As with the BC,Foderived crosses, amplification and individual bulking were
completed. The individual bulk lines were used for host range tests. Using this strategy, the BC,F,-derived single female descent
lines should have segregated into 1:1 ratio for parasitism:nonparasitism if one gene controls the trait or 3:1 if two independent
genes are involved.

fertilized. The virgin females were transferred onto 2% agar- mine the esterase phenotype. Because the alleles for esterase
ose in 24-well, flat-bottom tissue culture plates with ~30 fe- are co-dominant, sib-mated females could be detected by look-
males per well. A drop of water that contained ~50 live males ing for homozygous F, progeny.
of the appropriate parental line were transferred into each Mating and backcrossing: Analysis of segregation of parasit-
well. The mating plates were incubated at 25°. All females ism genes is complicated by several factors, including the need
that turned brown in the plate within the first 5 days after to screen individuals for occurrence of parasitism, the obli-
addition of males were removed to further control sib-mating. gate nature of nematode parasitism and uncertainty over how
Twenty days after mating the remaining females were har- many genes could potentially be involved. To compensate for
vested, bulked based on each cross and crushed to release these problems, we designed a crossing strategy to maximize
the F, eggs. our chances of detecting rare phenotypes. The strategy we
Eggs of the F, generation from (OP25 X OP20), (OP25 X chose was to perform one or two backcrosses to the nonpara-
OP50), (OP20 X OP50) and their reciprocal crosses were sitic parent (Figure 1). Single cyst-descent lines were then
used for host range tests on Lee 68, Peking, PI 88788 and PI established by culturing individual egg-containing females for
90763 in the greenhouse, with five replications and 1,000 eggs several generations to increase numbers of nematodes for
per plant. There were two separate runs of this experiment. screening. This step was necessary because host range tests
Average greenhouse temperatures were 25° day and 20° night. on individual F; worms are not reliable. In this way, we were
The F, generation females from each host were counted. Fe- able to determine accurately the number of genes controlling

males were also randomly picked from the Lee 68 to deter- parasitic ability on a given soybean genotype. If a single gene



1314 Dong and Opperman

TABLE 1

Parental inbred line host range test results on standard
soybean differentials

Line” Lee 68" Peking PI 88788 PI 90763
OP20 44 0 44 0
OP25 80 0 0 0
OP50 33 28 26 27

“OP20, OP25 and OP50 are H. glycines inbred lines devel-

oped by single female descent inoculation for a minimum of

29 generations on PI 88788, Lee and PI 90763, respectively.
"Lee 68, Peking, PI 88788 and PI 90763 are standard differ-
entials for designating races of H. glycines. Lee 68 is completely
susceptible to all H. glycines genotypes.
“Number of reproductively mature (i.e., egg-containing)
female H. glycines produced by a given inbred line on corre-
sponding soybean differentials.

is involved in parasitic ability, the segregation ratio of the egg
producing females in a BC,Fy-derived generation should be
3:1, whereas in the double backcrossed BC.F,-derived genera-
tion itis 1:1. If two genes are involved, then the BC,Fo-derived
ratio is 15:1 and the BCyF,-derived ratio is 3:1.

OP25 was chosen as both the female parent and recurrent
parent to initiate mating and backcrossing. The donor parent
was either OP20 or OP50. For example, the BC,Fo-derived
generation for parasitic parent OP20 and nonparasitic parent
OP25 was constructed as [(OP25 X OP20) X OP25], and
the BC,F)-derived generation can be described as {[ (OP25 X
OP50) X OP25] X OP25}. All matings were carefully made
as previously described. Generations were clearly separated
without overlapping.

Single female inoculation and progeny lines: After all mat-
ings had been conducted, mature females with eggs were used
to start progeny lines by single female inoculation on Lee 68.
Females at the end of the reproductive process were recovered
from the agarose surface and rinsed with tap water to remove
both eggs and second stage juveniles outside the female bod-
ies. Eggs from an individual intact mature female were re-
leased in a small glass dish and rinsed into a 10-cm-diameter
pot with a 20-day-old transplanted Lee 68 seedling. Each sus-
ceptible Lee 68 plant was used to develop and amplify a single
female descent progeny line. Approximately 100 days after the
single female inoculation, the plants were washed individually
and females from each plant were harvested as bulks for later
tests.

Esterase segregation ratio test: After ~3 mo amplification
from single female descent on Lee 68, progeny female nema-
todes from each plant were harvested as bulks. Segregation
of esterase phenotypes among 116 progeny lines from
{[(OP25 X OP20) X OP25] X OP25}, the BC.F,-derived popu-
lation, were tested. Six white-colored young females were ran-
domly selected from each bulk, individually tested for esterase
markers, and phenotypes were determined.

Parasitism test of progeny lines: Progeny lines from single
females were harvested. Each progeny line usually contained
>500 mature females. Eggs were bulk collected from each
line, concentrated on a sucrose gradient and pelleted in 1.5-
ml microcentrifuge tubes. Each 5-ul egg pellet contained
~20,000 eggs. These eggs were then inoculated into 20-day-
old transplanted differential host plants (either PI 88788 or
PI 90763) in a 10-cm-diameter pot. There were two replica-
tions per line, and the experiment was conducted twice. Para-
sitism of each progeny line was evaluated 90-100 days after
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FIGURE 2.—(A) Single female esterase phenotypes of in-
bred lines OP20 (lanes 1-3), OP25 (lanes 9-11) and OP50
(lanes 5-7). (B) The female parent OP25 (lanes 1 and 2),
male parent OP20 (lanes 9 and 10) and the F, generation
individual female esterase phenotype (lanes 3-8). (C) The
{[(OP25 X OP20) X OP25] X OP25} BC,F,-derived genera-
tion esterase phenotype, homozygous (lanes 7-12) wvs. segre-
gated (lanes 1-6).

inoculation. Because the recurrent parent OP25 was nonpara-
sitic and cannot reproduce on either of the resistant hosts,
parasitism among the progeny lines was evaluated based on
the reproductive ability. If a certain line did not reproduce on
these resistant hosts, the line was designated as nonparasitic.
Otherwise, the line was classified as parasitic.

RESULTS

Parental lines: Parasitism test results of the three in-
bred lines, OP20, OP25 and OP50, are shown in Table



Genetics of Heterodera glycines 1315

TABLE 2

F, generation host range test results from
controlled crosses

Crosses’ Lee 68° Peking PI 88788 PI 90763
OP25 X OP20 157 0 107 0
OP20 X OP25 198 0 119 0
OP25 X OP50 162 0 51 0
OP50 X OP25 189 0 74 0
OP20 X OP50 165 0 123 0
OP50 X OP20 153 0 118 0

“Crosses and reciprocal crosses between H. glycines inbred
lines. Female parent is listed first.

®Lee 68, Peking, PI 88788 and PI 90763 are standard differ-
entials for designating races of H. glycines.

‘Number of reproductively mature (i.e., egg-containing)
female H. glycines produced by a given cross on corresponding
soybean differentials.

1. The OP25 line only produced females on Lee 68,
but had no females on the resistant hosts Peking, PI
88788 and PI 90763. The OP20 line produced equal
numbers of females on both Lee 68 and PI 88788 and
no females on Peking and PI 90763. However, the OP50
line produced almost equal numbers of females on all
three of the resistant hosts.

The esterase phenotypes from the three parent lines
also indicated that the individuals are homozygous and
each population was homogeneous for each of these
lines. Each line exhibited a characteristic esterase
marker: OP25 as the AA line, OP50 as the BB line and
OP20 as the CC line (Figure 2A).

Crosses and F; generation host range tests: Table 2
depicts the F, generation host range test results from
crosses and reciprocal crosses of (OP25 X OP20),
(OP25 X OP50) and (OP20 X OP50). The F; genera-
tion from (OP25 X OP20), (OP25 X OP50) and their
reciprocal crosses produced females on PI 88788, indi-
cating that at least one parasitism gene in both OP20
and OP50 to PI 88788 is dominant or partially domi-
nant. No females were observed in the F; generation of

either (OP25 X OP50) or (OP20 X OP50) or reciprocal
crosses, on either Peking and PI 90763. Therefore, the
parasitism gene(s) in the OP50 line to both Peking and
PI 90763 are completely recessive. Additionally, results
of reciprocal crosses indicated that there is no preferen-
tial effect of the donor parent on inheritance of parasit-
ism genes.

Comparison of esterase phenotypes of both the par-
ents and the F, progenies revealed that the F, genera-
tion was heterozygous, e.g., the F; females from cross
OP25 X 020 possessed co-dominant esterase markers
(Figure 2B). No sib-mated individuals among the F,
generation females were observed.

Progeny lines, esterase segregation ratio and parasit-
ism gene number: Four kinds of progeny lines were
established, including 260 lines from [(OP25 X OP20)
X OP25], 116 lines from {[(OP25 X OP20) X OP25]
X OP25}, 223 lines from [ (OP25 X OP50) X OP25] and
130 lines from {[(OP25 X OP50) X OP25] X OP25}.

Esterase segregation ratios were evaluated from the
{{(OP25 X OP20) X OP25] X OP25} populations. The
female and recurrent parent OP25 is esterase AA, and
the male parent OP20 is CC. Results from six single
female esterase phenotype determinations for each of
the 116 lines revealed 56 homozygous AA lines and 60
segregated lines (AA, AC and CC) (Figure 2C). The
observed ratio was not significantly different from the
1:1 ratio (P= 0.5-0.75), which demonstrated that these
progeny lines were suitable for further analysis of para-
sitism.

Results from the parasitism tests of OP25 X OP50 are
depicted in Tables 3 and 4. Since the F, females from
the original cross were all heterozygous for esterase,
no further analysis of segregation was performed. The
BC,Fy-derived progeny lines yielded 48 nonparasitic
and 175 parasitic phenotypes on the resistant host PI
88788. The observed ratio was not significantly different
from the 1:3 ratio (P = 0.10-0.25). The BC.F,-derived
lines segregated 63 nonparasitic to 67 parasitic, which
is very close to the 1:1 ratio (P = 0.5-0.75) (Table 3).

TABLE 3

Host range test of OP25 X OP50 segregating progeny lines on PI 88788

Cross® Lines’ Np:P* Exp-rt* X2 P
[(OP25 X OP50) X OP25] 223 48:175 1:3 1.437 0.10-0.25
{[{OP25 X OP50) X OP25] X OP25} 130 63:67 1:1 0.123 0.50-0.75

“OP50 was the parasitic and OP25 was the nonparasitic H. glycines inbred line on PI 88788. The mating
processes [(OP25 X OP50) X OP25] (BC,F; derived) and {[(OP25 X OP50) x OP25] x OP25} (BCgF,
derived) were developed by using OP25 as the female and recurrent parent and conducting one or two

backcrosses to OP50.

*Numbers of single female-derived lines from the corresponding mating process.
‘Numbers of the nonparasitic (Np) and the parasitic (P) lines on PI 88788. Parasitic lines were scored based
on the presence of reproductively mature (i.e., egg-containing) female H. glycines; nonparasitic lines were

scored by the absence of any female nematodes.
Y Expected segregation ratio.
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TABLE 4

Host range test of OP25 X OP50 segregating progeny lines on PI 90763

Cross” Lines’ Np:P* Exp-rt* x? P
[(OP25 X OP50) X OP25] 223 57:166 1:3 0.037 0.75-0.90
{[(OP25 X OP50) X OP25] X OP25} 130 68:62 1:1 0.277 0.50-0.75

“OP50 was the parasitic and OP25 was the nonparasitic H. glycines inbred line on PI 90763. The mating
processes [(OP25 X OP50) X OP25] (BC,F; derived) and {[(OP25 X OP50) X OP25] X OP25} (BC.F,
derived) were developed by using OP25 as the female and recurrent parent and conducting one or two

backcrosses to OP50.

* Numbers of single female-derived lines from the corresponding mating process.
“Numbers of the nonparasitic (Np) and the parasitic (P) lines on PI 90763. Parasitic lines were scored based
on the presence of reproductively mature (i.e., egg-containing) female H. glycines; nonparasitic lines were

scored by the absence of any female nematodes.
“Expected segregation ratio.

These results show that there is a single gene in OP50
that confers the ability to parasitize PI 88788. We have
designated this gene as ror-1(krl) for reproduction on
a resistant host (BIRD and RIDDLE 1994). Evaluation of
the same progeny lines for the ability to parasitize PI
90763 yielded similar results. The BC,F; derived was
not significantly different from the 1:3 ratio (P= 0.75-
0.9), and the BCyF; derived segregated 1:1 (P = 0.5-
0.75) (Table 4). These data reveal that OP50 carries a
single gene for parasitism of PI 90763, which we have
designated as ror-2(kr2).

Linkage analysis between ror-I and ror-2 was per-
formed. Evaluation of the 130 lines from the OP25 X
OP50 BC,F, derived revealed that 37 of the lines were
nonparasitic on both resistant hosts, 36 lines were para-
sitic on both resistant hosts, 26 lines were parasitic only
on PI 90763 and 31 lines were only parasitic on PI
88788. This is not significantly different from the 1:1:1:1
ratio for unlinked genes (P = 0.5-0.75). Therefore,
it appears that ror-1 and 70r-2 are unlinked genes that
independently confer parasitic abilities on different soy-
bean genotypes.

Results from the OP25 X OP20 progeny lines re-
vealed a somewhat unexpected phenomenon. Evalua-
tion of parasitism of PI 88788 by 260 BC,Fs-derived lines

showed a segregation pattern of 17 nonparasitic to 243
parasitic. This is very close to the 1:15 ratio for two
separate genes controlling parasitism (Table 5, P =
0.75-0.9). The results from the BCyF,-derived progeny
lines confirm this observation. These lines segregated
very close to the 1:3 ratio (P = 0.75-0.9). These results
indicate that OP20 carries two separate parasitism
genes, both of which may confer parasitism of PI 88788.
We have given these genes allele designations (kr3) and
(kr4) since we do not yet know if either are alleles of
ror-1 or exist as separate loci.

DISCUSSION

Although most previous reports conclude that para-
sitic ability in H. glycines might be conditioned by oligo-
genic loci, our results from the inbred line crosses
clearly demonstrate parasitic ability is inherited in a
Mendelian fashion. Previous reports also concluded
parasitism genes in this nematode were dominant or
partially dominant, but in our tests we uncovered both
dominant and recessive genes (TRIANTAPHYLLOU 1975,
1987). Both OP20 and OP50 carry dominant ror-1 al-
leles for parasitism of PI 88788. In contrast, OP50 car-
ries a recessive ror-2 allele for parasitism of PI 90763.

TABLE 5

Host range test of OP25 X OP20 segregating progeny lines on PI 88788

Cross” Lines’ Np:P* Exprt? X" P
[(OP25 X OP20) X OP25] 260 17:243 1:15 0.037 0.75-0.90
{[(OP25 X OP20) X OP25] X OP25} 116 28:88 1:3 0.046 0.75-0.90

* QP20 was the parasitic and OP25 was the nonparasitic H. glycines inbred line on PI 88788. The mating
processes [(OP25 X OP20) X OP25] (BC,F; derived) and {[(OP25 X OP20) X OP25] X OP25} (BC.F,
derived) were developed by using OP25 as the female and recurrent parent and conducting one or two

backcrosses to OP20.

® Numbers of single female-derived lines from the corresponding mating process.
“ Numbers of the nonparasitic (Np) and the parasitic (P) lines on PI 88788. Parasitic lines were scored based
on the presence of reproductively mature (i.e., egg-containing) female H. glycines; nonparasitic lines were

scored by the absence of any female nematodes.
¢ Expected segregation ratio.
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Finally, linkage analysis has confirmed that ror-1 and ror-
2are separate, unlinked loci. In fact, all of the previous
genetic analyses have been performed using field iso-
lates without phenotypic control (e.g., esterase mark-
ers). The heterogeneous nature of H. glcines among
and within field isolates has been well characterized
previously (TRIANTAPHYLLOU 1987). We therefore be-
lieve that the previous results are not accurate indica-
tions of the genetic basis of soybean parasitism in H.
glycines.

After 20 generations of fullsib inbreeding, the in-
breeding coefficient is ~0.989. Our H. glycines lines
were inbred for a minimum of 29 generations and theo-
retically each inbred line is nearly homogeneous. The
host range results demonstrated that the parasitism
gene frequencies in OP25 to hosts Peking, PI 88788
and PI 90763 are reduced to 0%. The parasitism genes
in OP20 are fixed for host PI 88788 and completely lost
for hosts Peking and PI 90763. OP50 produced nearly
equal numbers of females on all resistant and suscepti-
ble hosts, implying that parasitism genes from the origi-
nal field isolate to the tested soybean genotypes are
fixed in OP50.

In soybean, it is believed that both major and minor
genes, dominant, partially dominant and recessive, are
all involved to some degree in conferring resistance to
H. glycines (TRIANTAPHYLLOU 1987). However, it is not
clear which genes are essential and which are specific
to certain nematode genotypes, if any. Interpretation
is further complicated by the previous use of H. glycines
field populations to evaluate resistant soybeans. We
have developed pure lines of H. glycines that carry single
genes for parasitic ability on soybeans and have demon-
strated that H. glycines contains unlinked dominant and
recessive genes for parasitism of various host genotypes.
A further observation is that the two genes in OP20
controlling parasitism of PI 88788 may be acting addi-
tively. Examination of ¥, data from controlled crosses
reveals that the presence of two genes (from OP20)
results in twice as many females being formed on PI
88788 as when only one gene is present (from OP50)
(Table 2). Although not verified, this is an intriguing
possibility and may explain varying levels of aggressive-
ness between different nematode populations on the
same host genotype. The lines we have developed will
be useful for both further nematode analysis and also
soybean genetics.

The mating technique we developed was a practical
necessity because individually inoculated infective nem-
atodes do not always penetrate soybean roots. This, in
turn, makes direct analysis of segregating F, popula-
tions highly variable and inaccurate. Crosses and back-
crosses were conducted using bulked individuals from
each inbred line as parents, and single female descent
populations were developed for testing the major and
independent gene numbers. Using this strategy, domi-

nance or recessiveness did not affect the analysis of
gene numbers. For example, in the cross shown in Fig-
ure 1A, nonparasitism can only arise from individually
derived lines that were homozygous to the nonparasit-
ism allele in the F, generation. Parasitism would always
be detected from lines that descended from heterozy-
gous Fy females due to segregation and random mating
during the amplification process. Possible linkage be-
tween the parasitism genes can also be detected among
the progeny lines, although the amplification process
on susceptible host Lee 68 may cause linkage equilib-
rium within each line. Nevertheless, these lines are ex-
tremely useful for both classical and molecular genetic
analysis.

During our analysis of parasitism genetics, we con-
structed ~1600 progeny lines from backcrosses such as
{[(OP25 X OP50) X OP25] X OP25}. We have sub-
jected these lines to a RAPD-PCR bulk segregant analy-
sis. Numerous polymorphic bands have been detected
among the inbred parent lines, and a genetic map of
the H. glycines genome is being constructed by RAPD
marker segregation and linkage analysis. Although ge-
netic drift may affect frequency of a certain allele within
each line, we have multiple lines that will allow us to
correct for this potential problem. Recombination
events that could cause linkage equilibrium within indi-
vidual lines should not affect our genetic mapping pur-
pose because we are using data from groups of lines.
The marker density or linkage distance, therefore, can
be calculated. Host range test results among these lines
combining with RAPD bulk-segregant analysis will pro-
vide information for us to detect markers physically
linked to parasitism genes as a prerequisite for map-
based cloning of the parasitism gene(s).
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We also thank to Davip MCKENZIE. BIRD for helpful discussions and
critical review of the data. This work was supported by the U.S. Depart-
ment of Agriculture National Research Initiative award 94-3702-
0499, the North Carolina Soybean Producers Association and the
North Carolina Agricultural Research Service.

LITERATURE CITED

ALSTON, D. G., and D. P. SCHMITT, 1988 Development of Heterodera
glycines life stages as influenced by temperature. J. Nematol. 20:
366-372.

BIRD, D. McK,, and D. L. RIDDLE, 1994 A genetic nomenclature for
parasitic nematodes. J. Nematol. 26: 138—143.

ENDO, B. Y., 1992 Cellular responses to infection, pp. 37-49 in Biol-
ogy and Management of the Sovbean Cyst Nematode, edited by R. D.
RiGGs and J. A. WRATHER. APS Press, St. Paul.

ESBENSHADE, P. R., and A. C. TRIANTAPHYLLOU, 1988 Genetic analy-
sis of esterase polymorphism in the soybean cyst nematode Hetero-
dera glycines. J. Nematol. 20: 486-492.

GoLDEN, A.M,, ]. M. Epps, R. D. RIGGS, L. A. DUCLOS, ]. A. FOx, e
al, 1970 Terminology and identity of infraspecific forms of the
soybean cyst nematode Heterodera glycines. Plant Dis. Rep. 54:
544-546.

INAGak1, H., 1979  Race status of five Japanese populations of Hetero-
dera glycines. Jpn. J. Nematol. 9: 1-4.



1318 Dong and Opperman

JansseN, R., J. BAKKER and F. J. GOMMERS, 1990  Selection of virulent
and avirulent lines of Globodera rostochiensis for the H 1 resistance
gene from Solanum tuberosum ssp. andigena CPC 1673. Rev. Nema-
tol. 13: 265-268.

JanssEN, R., J. BAKKER and F. J. GoMMERs, 1991 Mendelian proof
for a gene-for-gene relationship between Globodera rostochiensis
and the H1 resistance gene from Solanum tuberosum ssp. andigena
CPC 1673. Rev. Nematol. 14: 207-212.

Jones, M. G. K., 1981 The development and function of plant cells
modified by endoparasitic nematodes, pp. 2565-278 in Plant Para-
sitic Nematodes, Vol. 3, edited by B. M. ZUCKERMAN and R. A.
ROHDE. Academic Press, New York.

KIrALY, Z., 1980 Defenses triggered by the invader: hypersensitivity,
pp. 201-219 in Plant Disease—An Advanced Treatise, edited by
J. G. HORrsFALL and E. B. COWLING. Academic Press, New York.

LUEDDERS, V. D, 1985 Selection and inbreeding of Heterodera glycines
on Glycine max. J. Nematol. 17: 400-404.

LUEDDERS, V. D., and V. N. DROPKIN, 1983  Effect of secondary selec-
tion on cyst nematode (Heterodera glycines) reproduction on soy-
beans. Crop Sci. 23: 263-264.

McCANN, ., V. D. LUEDDERS and V. H. DROPKIN, 1982  Selection and
reproduction of soybean cyst nematodes on resistant soybeans.
Crop Sci. 22: 78-80.

MILLER, L. I, 1970 Differentiation of eleven isolates as races of the
soybean cyst nematode (Abstr.). Phytopathology 60: 1016.
NiBLACK, T. L., 1992 The race concept, pp. 73-86 in Biology and
Management of the Soybean Cyst Nematode, edited by R. D. RiGGs

and J. A. WRATHER. APS Press, St. Paul.

NoEL, G. R, 1992 History, Distribution and Economics, pp. 1-13
in Biology and Management of the Soybean Cyst Nematode, edited by
R. D. Riggs and J. A. Wrather. APS Press, St. Paul, MN.

PRICE, M., C. E. CaviNEss and R. D. RicGs, 1978 Hybridization of
races of Heterodera glycines. J. Nematol. 10: 114-118.

Rices, R.D., and D. P. ScamritT, 1988 Complete characterization
of race scheme for Heterodera glycines. J. Nematol. 20: 392-395.

Ross, J. P, and C. A. BriM, 1957 Resistance of soybean to the soy-
bean cyst nematode as determined by a double-row method.
Plant Dis. Rep. 41: 923-924.

SASSER, J. N., and D. W. FRECKMAN, 1987 A world perspective on
nematology: the role of the society, pp. 7-14 in Vistas on Nematot-
ogy, edited by J. A. VEECH and D. W. DICKSON. Society of Nematol-
ogists, Hyattsville, MD.

TRIANTAPHYLLOU, A. C., 1975 Genetic structure of races of Hetero-
dera glycines and inheritance of ability to reproduce on resistant
soybeans. J. Nematol. 7: 356-364.

TRIANTAPHYLLOU, A. C,, 1987 Genetics of nematode parasitism on
plants, pp. 354—363 in Vistas on Nematology, edited by J. A. VEECH
and D. W. DICKSON. Society of Nematologists, Hyattsville, MD.

TRIANTAPHYLLOU, A. C., and H. HIRSCHMANN, 1962 Oogenesis and
mode of reproduction in the soybean cyst nematode, Heterodera
glycines. Nematologica 7: 235-241.

YOUNG, L. D., 1982 Reproduction of differentially selected soybean
cyst nematode populations on soybean. Crop Sci. 22: 385-388.

Youna L. D, 1992  Epiphytology and life cycle, pp. 27-36 in Biology
and Management of the Soybean Cyst Nematode, edited by R. D. R1GGs
and J. A. WRATHER. APS Press, St. Paul.

Communicating editor: R. K. HERMAN



