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Abstract A mapping strategy is described for the con-
struction of a linkage map of a non-inbred species in
which individual o�spring genotypes are not amenable
to marker analysis. After one extra generation of ran-
dom mating, the segregating progeny was propagated,
and bulked populations of o�spring were analyzed. Al-
though the resulting population structure is di�erent
from that of commonly used mapping populations, we
show that the maximum likelihood formula for a normal
F2 is applicable for the estimation of recombination.
This ``pseudo-F2'' mapping strategy, in combination
with the development of an AFLP assay for single cysts,
facilitated the construction of a linkage map for the
potato cyst nematode Globodera rostochiensis. Using 12
pre-selected AFLP primer combinations, a total of 66
segregating markers were identi®ed, 62 of which were
mapped to nine linkage groups. These 62 AFLP markers
are randomly distributed and cover about 65% of the
genome. An estimate of the physical size of the Glob-
odera genome was obtained from comparisons of the
number of AFLP fragments obtained with the values for
Caenorhabditis elegans. The methodology presented here
resulted in the ®rst genomic map for a cyst nematode.
The low value of the kilobase/centimorgan (kb/cM) ra-
tio for the Globodera genome will facilitate map-based
cloning of genes that mediate the interaction between the
nematode and its host plant.
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Introduction

Linkage maps are important tools in genetic research.
High-density maps that include numerous molecular
markers facilitate the genomic localization of genes
responsible for monogenic and polygenic traits, and
have facilitated the cloning of genes whose products
were initially unknown. In studies on evolution and
population structure, linkage maps have been used to
identify genomic regions involved in selection processes.
Moreover, linkage maps are of practical relevance for
diagnostics, breeding and germplasm conservation.

During the past decade, detailed linkage maps based
on restriction fragment length polymorphism (RFLP)
markers have been developed for a number of species
(reviewed in Tanksley et al. 1989; O'Brien 1993). How-
ever, RFLP analysis involves labor-intensive procedures
and requires large quantities of DNA. With the advent
of PCR-based molecular marker techniques, such as
randomly ampli®ed polymorphic DNA (RAPD; Wil-
liams et al. 1990), sequence-tagged micro satellites
(STMS; Beckmann and Soller 1990) and AFLP markers
(Vos et al. 1995), more sensitive and e�cient methods
have become available for the generation of large
numbers of genetic markers. High-density maps (>500
markers) have been published for ± among others ±
Arabidopsis thaliana (Reiter et al. 1992; Hauge et al.
1993), rice (Harushima et al. 1998), tomato and potato
(Tanksley et al. 1992), barley (Qi et al. 1998), mouse
(Dietrich et al. 1996) and human (Murray et al. 1994).

Linkage maps are preferably constructed by analysis
of inbred or immortalized populations derived from the
F1 of a cross between two homozygous inbred parents,
i.e. RILs (recombinant inbred lines) or IF2 (immortal-
ized F2; Gardiner et al. 1993). RILs and IF2s have the
advantage that the population can be propagated
inde®nitely, thereby allowing an unlimited number of
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markers and traits to be analyzed repeatedly at di�erent
times and in di�erent environments. Where litter sizes
are small, data from several families can be combined
and maps can be re®ned by collecting information from
common databases. In plants, F2 and backcross (BC)
populations are useful because many crops can be
propagated clonally and backcrosses can be carried out
without severe inbreeding depression. The advantage of
molecular markers is that individual members of a pop-
ulation can be genotyped using minute amounts of tissue.
Among the DNA marker systems available, the AFLP
technique has the highest sensitivity. As little as 25 pg of
genomic DNA is su�cient for the generation of a virtu-
ally unlimited number of markers (Vos et al. 1995).
Nevertheless, the isolation of even such a quantity can be
an insurmountable problem in the case of microscopic
organisms that reproduce only by outbreeding.

We set out to generate a genetic linkage map of the
genome of the potato cyst nematode, a tiny roundworm
which has so far only been analyzed at the population
level. The potato cyst nematodes (PCNs) Globodera
rostochiensis and G. pallida are serious pests of potato,
accounting for estimated yield losses of 10% annually
(Oerke et al. 1994). For growth and development, PCNs
depend on a feeding site; a conglomerate of metaboli-
cally highly active plant cells. In resistant host plants,
feeding site induction is hampered, resulting in a
substantial reduction in the size of the nematode popu-
lation. As with many other plant parasites, a gene-
for-gene relationship is postulated as a model for the
interaction between cyst nematode genotypes and potato
clones (Bakker et al. 1993; Thompson 1994). Several
potato resistance genes have been identi®ed and will
probably be cloned in the near future (Leister et al.
1997; Rouppe van der Voort et al. 1999). However, very
few data are available on the genetics of virulence in cyst
nematodes. The ability to construct a genetic map is a
prerequisite for the analysis of virulence traits in potato
cyst nematodes.

By far the best characterized nematode genome is
that of Caenorhabditis elegans: its genetic map contains
more than 1000 mutationally de®ned genes (Brenner
1974; Waterston et al. 1997). C. elegans has many
attractive features for genetic research; it has a 3-day
generation time, it reproduces either by self- or by cross-
fertilization, and strains can be grown on agar plates
containing Escherichia coli as the sole food source. These
features do not apply to the potato cyst nematode.
Under natural conditions G. rostochiensis has one life
cycle per year. It is an obligate biotrophic and amphi-
mictic plant parasite. Inbred lines cannot be raised and a
diapause seriously hinders mass culture under labora-
tory conditions and thus makes the development of
homozygous populations di�cult.

To circumvent our inability to analyze individual
nematodes, a mapping procedure was developed which is
based on segregation analyses of a series of sibling pop-
ulations. These sibling populations consisted of the en-
cysted progenies formed as a result of random mating.

The strict physical separation of the progenies in the cysts
and the ability to analyze single cysts allowed us to follow
the segregation patterns of molecular marker alleles.

As a consequence of the non-inbred nature of the
o�spring, the family of sibling populations is not
comparable to the commonly used F2, BC1 and RIL
families. Nevertheless, the maximum likelihood estima-
tor of the recombination frequency was shown to be
identical to the estimator normally used to analyze F2
populations. This novel strategy enables the generation
of linkage maps of non-inbred species in cases where
individual genotypes are not amenable to marker anal-
ysis. Estimates of the physical and genetic sizes of the
Globodera genome revealed a low kilobase/centimorgan
(kb/cM) ratio. These attributes are both necessary and
su�cient for the isolation of genes involved in the inti-
mate interaction between cyst nematode and host plant.

Materials and methods

Nematode crosses

The parental populations Ro1-19 and Ro5-22 were selected from
controlled matings using individuals from the natural populations
Ro1-Mierenbos and Ro5-Harmerz, respectively (Janssen et al.
1990). Females were obtained by inoculating pre-parasitic juveniles
singly onto the roots of Solanum tubersosum cv. Eigenheimer grown
in petri dishes on water agar. In PCNs, sex is determined epige-
netically, and females will develop if the inoculum density is low,
e.g., one second-stage juvenile per root tip. Males were reared in
pots and extracted from the soil with an Oostenbrink elutriator
(Oostenbrink 1960). Controlled matings were performed in petri
dishes as described by Mugniery (1982). The plates were kept at
21°C. Four to six weeks after inoculation, bright, white-colored
females were induced to mate by placing one male on the gelatinous
matrix of the female. Two months later dark-brown cysts were
collected and stored at 4°C for at least 9 months. Although the
diapause can be circumvented by avoiding desiccation of the cysts
(Janssen et al. 1987), we observed a reduction in the reproduction
rate if Ro1-19/Ro5-22 hybrids were used immediately for the
production of F1 females.

The mating scheme (Fig. 1) involved two generations of con-
trolled crosses and one generation of random mating. The ®rst
generation was obtained from a controlled cross performed be-
tween a male of population Ro5-22 and a female of population
Ro1-19 (generation P1). For the second generation, an F1 hybrid
female was backcrossed with a Ro1-19 male. As individual nema-
todes cannot be analyzed separately, the BC1 population hatched
from the cyst was propagated in a pot containing the susceptible
potato cultivar Eigenheimer. Random mating (RM) was assumed
between the individuals of the BC1 population during this multi-
plication step. The result of each mating was a cyst. Thus, the
family of sibling cyst populations consists of BC1RM1 cysts.

The BC1RM1 family used in this study consisted of 107 cysts;
the highest number found among a set of 36 such families examined.
Before production of the BC1RM1 progeny, the numbers of eggs
within BC1 cysts were counted to determine the multiplication
rate for each BC1 cyst. Out of a BC1RM1 progeny of 107 cysts,
56 individual cysts allowed successful preparation of AFLP tem-
plates. Hence, the mapping population is represented by 56
BC1RM1 cysts.

Estimates of recombination frequencies

To estimate the frequency of recombination between the hypo-
thetical dominant marker allelesM1 andM2 in the meiosis of the F1
hybrid female based on the distribution of phenotypic markers in

1022



the mapping population (Table 1), a mating table was constructed
(Table 2) in which only the Ro5-22 speci®c markers were consid-
ered. As a consequence of the fact that a non-inbred species was
used, the linkage phase of the markers is variable. A backcross was
therefore included in the mating scheme, to ensure that all AFLP
alleles segregating in the BC1RM1 family are in coupling phase.
Knowledge of the linkage phase is essential for proper estimation of
the recombination frequency. One result of the backcross is that the
Ro5-22 speci®c markers alone account the mating table.

Due to this backcross, the maternal allelesM1 andM2 segregate
in the BC1 genotypes. These BC1 genotypes mate randomly and,
depending on the BC1 genotype, up to four di�erent types of gamete
are produced (Table 1). The phenotype of the BC1RM1 cyst is the
result of a single random mating and is determined by the combi-
nation of the paternal and maternal gamete pools involved (Ta-
ble 2). As a consequence, the frequencies of the bulked gamete
phenotypes are the same as the genotype frequencies of these (BC1)
parents. By pairwise multiplication of the BC1 genotype frequencies
(Table 1), the formulas for expected frequencies of the BC1RM1
phenotypes were obtained (Table 3). These formulas are similar to

the formulas that describe a cross of the typeM1M2/m1m2 ´ M1M2/
m1m2 with markers M1 and M2 in coupling phase (Allard 1956).
Solving the maximum likelihood equation for the recombination
frequency p (Fisher 1921) results in an estimator of p (Allard 1956;
Ritter et al. 1990; Ritter and Salamini 1996). It is concluded that
despite the aberrant design of the crosses, recombination frequen-
cies can be estimated as described for an F2 population.

DNA manipulations

DNA was extracted from single cysts as follows. A clean, acetone-
washed cyst was transferred to a ®xation dish (Seinhorst 1962) in a
humid chamber and soaked in 75 ll of deionized, double distilled
water overnight. The cyst was crushed to release the eggs or J2
juveniles and the cyst wall was discarded. The mixture was cen-
trifuged for 90 s and the pellet was washed twice with 100 ll of
distilled water. The pellet was frozen for 30 min at )80°C and
thawed at room temperature. This freeze-thaw procedure was re-
peated twice. Subsequently, 200 ll of Proteinase K bu�er (0.1 M

Fig. 1 Crossing scheme used to
generate a BC1RM1 progeny.
Males are represented as vermi-
form objects, females are pear-
shaped, whereas egg-containing
cysts are depicted as ovals. M1

and M2 are hypothetical Ro5-
22-speci®c markers that are
linked in coupling phase.
Throughout this scheme, the
genotypes for the hypothetical
loci M1 and M2 are indicated.
After a controlled mating be-
tween a Ro1-19 female and a
Ro5-22 male (generation P1),
the F1 females (hatched from
the F1 cyst) are backcrossed
with a Ro1-19 male. Random
mating between the BC1 nema-
todes generates the BC1RM1
family of sibling populations.
Recombination between mark-
ers M1 and M2 is estimated on
the basis of the marker pheno-
types observed in the BC1RM1
cysts
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TRIS-HCl pH 8.5, 0.1 M EDTA, 0.5% SDS) and 5 ll of Pro-
teinase K (20 ng/ll) was added and the mixture was incubated at
50°C for 4 h or overnight. After extraction ®rst with phenol and
then with chloroform/isoamylalcohol, the DNA was precipitated
by adding 480 ll of 96% ethanol and 40 ll of 0.1 M ammonium
acetate and incubating at )20°C for 1 h. The mixture was centri-
fuged for 10 min at 13,000 rpm. The pellet was washed in 70%
ethanol, dried and dissolved in 20 ll of TE (Sambrook et al. 1989).
For AFLP template preparation, 10 ll of DNA was used, and 3 ll
of fresh 5 ´ restriction-ligation bu�er (Vos et al. 1995), 0.1 ll
(2.5 U) of EcoRI, 0.12 ll (2.5 U) of MseI and 1.78 ll of distilled
water was added. After incubation at 37°C for 1 h, an adapter-
ligation mix was added containing 0.5 ll of the EcoRI (5 pmol/ll)
and the MseI adapter (50 pmol/ll), and the AFLP procedure was
continued as described (Vos et al. 1995).

For the selective ampli®cation of restriction fragments, ``EcoRI-
primers'' (E-primers) and ``MseI-primers'' (M-primers) were used
(Vos et al. 1995). A total of four or ®ve selective nucleotides for
each primer pair was used ± indicated by the primer codes ``E + 2/
M + 2'' and ``E + 2/M + 3'', respectively.

Genomic DNA from the parental populations was isolated
from approximately 6000 young females, harvested 5±6 weeks after
inoculation (Roosien et al. 1993). AFLP template preparation was
performed using 50 ng of this DNA (Vos et al. 1995).

Construction and analysis of the genetic map

Linkage analyses of pairwise recombination frequencies between
the markers were carried out using the computer program JoinMap
version 1.4 (Stam 1993). The data were analyzed according to an

F2-type segregation model and marker genotypes were encoded as
either ``C'' (presence of a marker) or ``A'' (absence of a marker).
Markers which were linked to other markers at LOD values
between 1.0 and 3.0 were subjected to a Chi-square test of inde-
pendence by means of 2 ´ 2 contingency tables. These tests were
applied using the program Linkage-1 (Suiter et al. 1983). Markers
were considered to be linked if the Chi-square test criterion
exceeded 8.0 (Ellis et al. 1992). To correct for spurious linkage due
to skewed segregation, this test was also applied for linked markers
which deviated from the expected segregation ratio of 3:1. A Chi-
square test is more conservative than the log-likelihood method
since the production of 2 ´ 2 contingency tables results in two
additional degrees of freedom to test for signi®cant linkage.
Recombination frequencies were converted into map units (cM)
using the Kosambi function. Graphic representations of the maps
were made by the computer program Drawmap (Van Ooijen 1994).

Clustering of markers was tested by a Chi-square test for
goodness of ®t at P ³ 0.05 (Rouppe van der Voort et al. 1997).

Estimation of genome coverage

An estimate of the total length of the genetic map of G. rosto-
chiensis was obtained by the method of Hulbert et al. (1988). This
method is based on calculation of the probability P that a pair of
linked markers randomly chosen from a genome of size G has a
LOD score ³ a threshold value T. An estimate of P is given by the
number of marker pairs obtained at a LOD value equal to T and
the theoretical number of marker pairs expected for a given number
of marker loci. The genome size G follows from the expression 2x/
P, where x is the genetic distance obtained from the expected LOD

Table 1 Parameters of the
BC1RM1 mapping population
used to derive the estimator of
the recombination frequency p
for a family of BC1RM cysts

BC1 genotypesa BC1 genotype
frequency

BC1 phenotypesb Gametes

M1M2/m1m2 (1)p)/2 M1M2 M1M2, m1m2, M1m2, m1M2

m1m2/m1m2 (1)p)/2 m1m2 m1m2

M1m2/m1m2 p/2 M1m2 M1m2, m1m2

m1M2/m1m2 p/2 m1M2 m1M2, m1m2

aM1 and M2 are visible alleles of loci M1 and M2 for which m1 and m2 are null alleles
b Because the BC1RM1 phenotypes represent the bulked o�spring of a single mating, the BC1
genotype frequency is similar to the (pooled) gamete frequency

Table 2 Mating table for the
BC1RM1 population Gametes BC1RM cyst phenotypesa

M1M2, m1m2,
M1m2, m1M2 m1m2 M1m2, m1m2 m1M2, m1m2

M1M2, m1m2, M1m2, m1M2 M1M2 M1M2 M1M2 M1M2
m1m2 M1M2 m1m2 M1m2 m1M2
M1m2, m1m2 M1M2 M1m2 M1m2 M1M2
m1M2, m1m2 M1M2 m1M2 M1M2 m1M2

aBy multiplying the BC1 genotype frequencies for each parental genotype combination (see
Table 1), the probabilities for the BC1RM1 cyst phenotypes can be obtained (see Table 3).

Table 3 Expected and observed frequencies for the occurrence of BC1RM1 cyst phenotypes

Recombination frequency BC1RM1 cyst phenotypes

M1M2 m1m2 M1m2 m1M2

pj
a (3 ) 2p + p2)/4 (1 ) p)2/4 p(2 ) p)/4 p(2 ) p)/4

Complete linkage (p = 0) 3 1 ± ±
Absence of linkage (p = 0.5) 9 1 3 3

a pj is the probability for the occurrence of the marker phenotype j
where pj is a function of the recombination frequency p. The for-
mulas for pj can be obtained by multiplying the corresponding BC1
genotype frequencies given in Table 1. These formulas are similar

as obtained for the expected frequencies of marker phenotypes in
an F2 population with alleles M1 and M2 in coupling phase (Allard
1956)
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score. An MS Excel spreadsheet for obtaining map length estimates
by this method is available upon request.

Estimation of the physical parameters of the Globodera genome

Estimates of the physical characteristics of the G. rostochiensis
genome were obtained by determining the number of AFLP frag-
ments ampli®ed with a given primer combination and comparing
this with the number of AFLP fragments obtained from the
C. elegans genome. For C. elegans, AFLP fragments were gener-
ated from the strain N2 Bristol (kindly provided from H. van
Luenen, The Netherlands Cancer Institute, Amsterdam, The
Netherlands) using 64 primer combinations. Thirty-two primer
combinations were obtained with AFLP primers E + GA or
E + AA andMseI primers with two selective nucleotides at their 3¢
end. Another 32 combinations were made between primer E + GA
and all possible M + 3 primers. The e�ects of species, number of
selective nucleotides and G + C content of the primer extension on
the total number of AFLP fragments ampli®ed were analyzed by
multiple linear regression (Genstat 5 release 3.2, Payne et al. 1987).

Results

Selection of AFLP markers

AFLP markers speci®c for parental population Ro5-22
were selected by testing 70 E + 2/M + 2 and E + 2/
M + 3 primer combinations on template DNA of
populations Ro5-22 and Ro1-19. Because the AFLP
template is based on a population of nematodes in which
markers can have an allele frequency as low as p = 0.25
(Fig. 1), a third template ± a 9:1 mixture of Ro1-19/Ro5-
22 template DNA ± was included to permit us to discard
Ro5-22 speci®c AFLP markers that might not give a
clear ampli®cation product in the genetic background of

Ro1-19 alleles. An example of a primer combination pre-
screen and AFLP genotyping of the progeny is shown in
Fig. 2.

Out of a total of 7104 DNA fragments ampli®ed from
population Ro5-22, about 7% were absent in Ro1-19; i.e.
on average, 7.6 Ro5-22 markers per primer combination
(SD=3.6). About 60% of these Ro5-22-speci®c markers
could either not be readily ampli®ed from the 9:1 tem-
plate mixture or could not be reliably scored due to co-
migrating fragments. Taking this into account, 12 AFLP
primer combinations were selected which ampli®ed at
least three Ro5-22 markers per primer combination.

Using these primer combinations, 66 segregating
AFLP markers were reproducibly ampli®ed from the
BC1RM1 progeny. Fifteen AFLP markers did not seg-
regate ± they were present in all BC1RM1 cysts. This
may be the result of the coincidental presence of the
same Ro5-22 marker allele in the Ro1-19 F1 male, or
indicate that the segregation ratio is strongly skewed
towards Ro5-22 alleles. Eighteen AFLP markers could
not be recovered from the progeny cyst ®ngerprints,
despite their presence in the 9:1 mixtures. This can be
explained if it is assumed that these markers (1) were not
transmitted by the P1 Ro5-22 male (Fig. 1), (2) were
subject to strong negative selection, or (3) could not
reliably be ampli®ed from the BC1RM1 cysts. The last
case is not inconceivable, because below an absolute
threshold of starting material (approximately 25 pg of
DNA) ampli®cation products may remain below the
detection limit (Vos et al. 1995). The appearance of
template-independent ampli®cation products in some of
the AFLP pro®les of single cysts indicates that the
protocol for single-cyst AFLP is close to the limit of the

Fig. 2 Part of an autoradio-
gram showing AFLP ®nger-
prints generated using the
primer combination E + GT/
M + GCA. On the left are
AFLP markers ampli®ed from
the parental lines Ro1-19 and
Ro5-22 and a subset of the
BC1RM1 progeny. Ro5-22 spe-
ci®c markers E + GT/M +
GCA-241, E + GT/M +
GCA-225 and E + GT/
M + GCA-154 are indicated.
Ro1-19 speci®c markers that are
present in all BC1RM1 progeny
cysts are indicated by small
arrows. Template-independent
fragments are marked by an
asterisk. On the right are AFLP
pro®les generated from the pa-
rental lines, two 9:1 Ro1-19/
Ro5-22 template mixtures, and
two templates prepared from
®eld population Ro1-Mierenbos
to screen for reproducible am-
pli®cation at low allele fre-
quencies of Ro5-22 speci®c
markers
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sensitivity of the AFLP technique (Fig. 2). AFLP ®n-
gerprints which involve templates prepared from such
minute amounts of genomic DNA, may contain tem-
plate-independent ampli®cation products (Vos et al.
1995). The occurrence of such fragments was both rare
and unpredictable and did not compromise marker
analysis.

Construction and analysis of the genetic map

At ®rst glance the BC1RM1 mapping population would
seem to require the use of di�erent estimates of recom-
bination frequencies from those commonly used to an-
alyze F2 or BC1 mapping populations derived from
inbred parents (Fig. 1). However, evaluation of the fre-
quencies at which the di�erent marker phenotypes can
occur (Table 1) revealed that recombination frequencies
can be estimated using the maximum likelihood esti-
mator for two markers in coupling phase segregating in
an F2 population. Therefore, the data set could be an-
alyzed like an F2-type population using JoinMap.

Out of the 66 segregating markers, 62 (94%) were
incorporated into nine linkage groups. Four markers
could not be assigned to any linkage group. This number
of linkage groups corresponds to the haploid number of
chromosomes in G. rostochiensis (Riley and Chapman
1957; Rouppe van der Voort et al. 1996). The linkage
groups were established by stepwise lowering of the
LOD score from 8.0 to 2.0. Seven linkage groups could
be discriminated at a LOD of 6.0. Lowering the linkage
threshold to 3.0 resulted in the addition of two linkage
groups (Fig. 3). Expansion of the map was observed
without agglomeration of linkage groups.

The nine linkage groups of the G. rostochiensis map
range in size from 20 cM to 85 cM, with a total map
distance of 431 cM. The average distance between the
markers is 8 cM, as determined by the dividing the total
map distance by the number of markers minus the
number of linkage groups. As tested by a Chi-square test
for goodness of ®t, no clustering of markers was ob-
served.

Proper analysis of the genetic constitution of the BC1
generation presupposes monogamy. This was tested by
investigating the level of segregation distortion of the
markers. Since 75% of the progeny was expected to
contain a Ro5-22 marker (Fig. 1), insemination of one
female by multiple males would tend to increase the
fraction of the progeny bearing such a Ro5-22 marker.
Deviations from the expected Mendelian ratio were
observed for 19 (29%) of the segregating markers (tested
by a Chi-square test at P £ 0.05). However only 8/19 of
the aberrantly segregating marker loci showed a bias
towards the presence of Ro5-22 alleles. These markers
mapped primarily to two regions of the genome. On
linkage group A, Ro5-22 alleles were under-represented,
possibly due to selection. On this linkage group, segre-
gation ratios varied between 1:1 and 8:1, where a 1:3
ratio for absence vs. presence of an AFLP marker was

expected. For three markers on linkage group G, Ro5-22
markers were over-represented; with segregation ratios
varying between 1:6 and 1:8. Hence, no genetic evidence
was obtained for the fertilization of single PCN females
by multiple males.

Genome coverage

The ®nding that virtually all markers mapped to one or
other of the linkage groups indicated that this set of
markers covers a signi®cant proportion of the genome of
the potato cyst nematode. An estimate of the maximum
genetic length of the genome was obtained using the
method of Hulbert et al. (1988). Since no clustering was
observed on the map all 66 markers were taken into
consideration. With a mapping population of 56 geno-
types, 253 marker pairs were found within 34 cM at
LOD 1.0, whereas 170 marker pairs were linked within a
distance of 26 cM at LOD 3.0. This corresponds to
estimates for G of 629 cM and 676 cM, respectively.
Taking these data together, the genome size of
G. rostochiensis is likely to be approximately 650 cM.
This implies that the markers presented here cover about
65% of the genome of the potato cyst nematode.

Estimates of genome size and G+C base composition

Estimates of the physical parameters of the G. rostoc-
hiensis genome were obtained by a comparative analysis
with the C. elegans genome. Theoretically, the total
number of AFLP fragments obtained per primer com-
bination depends on the number of selective nucleotides
and the number of GC residues in the extension of the
primers. Since the physical size and the G+C base
composition of the C. elegans genome are known
(Sulston and Brenner 1974), a comparative AFLP
analysis may provide a relative measure of these pa-
rameters for the G. rostochiensis genome.

In Fig. 4, numbers of ampli®cation products ob-
tained with varying G+C contents in the primer ex-
tensions are presented for both nematode species. For
C. elegans strain N2 Bristol, a total of 6773 AFLP
fragments were ampli®ed using a similar set of primers
to that used to analyze the G. rostochiensis genome.
AFLP ®ngerprints were not taken into account when
fragment numbers di�ered by more than three standard
deviations from the mean number of fragments for a
given G + C content of the primer extension. Such
extreme di�erences were observed infrequently and are
presumably caused by the relative paucity or abundance
of particular sequence motifs. A multiple linear regres-
sion analysis showed that both the number of selective
nucleotides and the G + C content of the extension had
a signi®cant e�ect on the numbers of AFLP fragments
ampli®ed (at P £ 0.001, determined by a t-test). Similar
intercepts (genome size) and slopes (G + C content) for
the regression lines of both species were obtained for
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Fig. 3 Genetic linkage map of G. rostochiensis. Markers are desig-
nated by the enzyme combination (E and M), followed by the
selective nucleotides used (+NNN) and a relative measure for the
molecular weight of the AFLP fragment. All markers are mapped
with a LOD score of greater than 3.0, with the exception of
markers E + CA/M + AC-120 (linkage group B), E + GA/
M + CC-145 and E + GA/M + CC-485 (linkage group D),
E + GT/M + GCA-65 (linkage group F) and E + AC/

M + CT-470 (linkage group I). These markers were mapped with
LOD scores between 1.0 and 3.0 and assigned to linkage groups by
means of a Chi-square test for independence with a Chi-square
value above 8 (Ellis et al. 1992). Markers that deviated from the
expected 3:1 segregation are marked with asterisks (* indicates
deviation at P = 0.01)0.05; **, deviation at P = 0.001 ) 0.01;
***, deviation at P much less than 0.001). Four markers remained
unassigned
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both primer extension lengths (Fig. 4). In addition, no
statistical interaction (P ³ 0.05) was found between
G + C content and species e�ect, which shows that the
regression lines for both species can be considered to be
parallel. This indicates that the size and average G + C
composition of the G. rostochiensis genome are similar
to the estimates obtained for the C. elegans genome
)8 ´ 107 bp for haploid genome size and a G + C
content of 36% (Sulston and Brenner 1974).

Discussion

A linkage map for the potato cyst nematode was con-
structed by means of a ``pseudo F2'' mapping strategy.
This novel approach enabled us to generate a linkage
map for a non-inbred species in which individual
genotypes are not amenable to extensive marker analy-
sis. We have chosen the name ``pseudo F2'' because the
experimental design for analysis of a family of sibling
populations allowed for the use of the same estimator of
recombination frequencies as is applicable to a normal
F2. The mapping procedure di�ered from that for an F2
in at least three aspects. Firstly, the mapping was not
based on recombination in both male and female
meiosis, but only in the meiosis of the female F1 hybrid.
Secondly, a backcross was introduced to ensure that all
AFLP alleles segregating in the BC1RM1 were in the
same linkage phase. Thirdly, data on marker segregation
were derived from the analysis of sibling populations
instead of individual genotypes.

Segregation analysis of markers in families of sibling
populations can be performed by use of F2 estimators if:
(1) random mating is assumed, (2) parental-speci®c
markers are identi®ed and (3) the linkage phase of
these markers is known. Linkage analysis between
dominant markers in coupling phase in an F2 is
straightforward. A simulation study on the informa-
tiveness of an F2 population has shown that for two
dominantly segregating markers in coupling phase,
linkage can reliably be detected for recombination fre-
quencies up to 0.2, even within a progeny of about 50 in
size (Maliepaard et al. 1998). Moreover, the advantage
of an F2 estimator of recombination frequencies lies in
the fact that it is then possible to use the algorithms in
existing mapping software.

The level of polymorphism between the parental
populations appeared to be su�cient for construction of
a genetic map. An average of seven Ro5-22 speci®c
ampli®cation products were observed per AFLP primer
combination. However, since only one linkage phase
could be analyzed for segregation, a substantial pro-
portion of the Ro5-22 speci®c AFLP markers could not
be used in the experimental design. In addition, the am-
pli®cation of Ro5-22 AFLP markers from the o�spring
bulks may be hampered by the occurrence of competing
priming sites derived from the Ro1-19 genome and/or
di�erences in allele frequencies of the marker in the
bulks. At segregating marker loci, allele frequencies of
0.25 and 0.5 (Fig. 1) should be clearly detectable. To
ensure reliable discrimination between presence and
absence of a Ro5-22 marker allele in a bulked BC1RM1
progeny, a control sample equivalent to an allele
frequency of 0.1 was included. This pre-screen resulted in
the selection of 12 AFLP primer combinations which
identi®ed 66 segregating markers in the BC1RM1 family.
In retrospect, it is clear that because they exhibit stronger
selectivity in the ampli®cation reaction, the use of more
E + 2/M + 3 primer combinations would make detec-
tion of informative primer combinations more e�cient.
Hence, attempts to generate a saturated map of
G. rostochiensis will primarily be based on the use of
E + 2/M + 3 primer combinations.

The initial presumption of monogamy was justi®ed,
since no overall bias for the occurrence of Ro5-22 alleles
in the population was detected. A feature which may
prevent insemination of one female by multiple males is
the formation of a so-called copulatory plug which
prevents multiple inseminations (Barker 1994). ``Plug-
ging'' and ``non-plugging'' races have been found for
C. elegans in which males of a plugging race cause the
formation of gelatinous material over the vulva of the
recipient female after mating (Hodgkin and Doniach
1997). For other genera of nematodes, copulatory plugs
have also been described (Baird et al. 1994). However,
the presence of a gelatinous matrix on the vulva of virgin
PCN females makes it di�cult to discern whether PCN
females produce a copulatory plug after mating.

The instances of segregation distortion encountered
may be explained by the di�erential viability of the

Fig. 4 Multiple linear regression of the species e�ect, the G+C
contents and the numbers of selective nucleotides in the AFLP primer
on the numbers of AFLP fragments obtained. The regression lines can
be considered to be parallel as there is no interaction between species
e�ect and G + C content. The similarity of the intercepts and slopes
of the regression lines for both types of primer combinations indicate
that the size and G + C content of the G. rostochiensis genome is
similar to that of C. elegans
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segregating genotypes. Before production of the
BC1RM1 progeny, the numbers of eggs in 36 BC1 cysts
were counted (average 420 eggs/cyst; SD=171) and
compared with the numbers of new BC1RM1 cysts. The
BC1RM1 progeny sizes ranged between 0 and 114 with
an average of 35 (SD=35). Di�erences in cyst contents
were also observed within a BC1RM1 population, which
largely determined the success rate of the AFLP tem-
plate preparation. The largest, healthiest BC1RM1
family was selected for further analysis. Out of a total of
107 cysts, only 56 cysts allowed the preparation of
AFLP template. Cysts with the lowest numbers of eggs
invariably failed to yield a usable AFLP template. Dif-
ferences in viability between BC1RM1 cysts may be the
result of inbreeding depression; an inbreeding coe�cient
of 5/16 applies for the BC1RM1 family. Janssen et al.
(1991) observed a similar reduction in the vitality of the
selected populations Ro1-19 and Ro5-22, as compared to
F1 juveniles derived from controlled matings between
these populations. Inbreeding depression may be caused
by the combination of lethal (recessive) alleles. Likely
genomic positions for such loci are located on linkage
group A which harbors the largest number of marker
loci showing skewed segregation. Selection processes
may also occur during the life cycle of the nematode that
favor the growth of certain genotypes under the arti®cial
conditions of laboratory culture.

The linkage map of the G. rostochiensis genome
includes 62 markers which are randomly distributed over
the genome. Four markers could not be assigned to any
genomic region. The 62 markers fall into nine linkage
groups, a number similar to the haploid chromosome
number of the potato cyst nematode (Riley andChapman
1957; Grisi et al. 1995; Rouppe van der Voort et al. 1996).
The random distribution of markers on the map indicates
a homogenous distribution of recombination events along
the nine chromosomes. This random distribution of
markers on the map is in contrast to the severe clustering
of markers observed on the maps of many plant genomes
(e.g. Tanksley et al. 1992; Kesseli et al. 1994; Rouppe van
der Voort et al. 1997). Clustering of markers is often
attributed to suppressionof recombination in centromeric
regions (Sherman and Stack 1995). The mode of chro-
matid separation during meiosis suggests that the
G. rostochiensis chromosomes lack a localized centromere
(Rouppe van der Voort et al. 1996), which may explain
the random distribution of the markers along the map.

Based on the marker segregation data, a rough esti-
mate of 650 cM was obtained for the total genetic length
of the G. rostochiensis genome. The physical size of the
G. rostochiensis genome was estimated by a comparative
analysis of the number of AFLP fragments produced,
using the C. elegans genome as a reference. The size and
G + C content of the C. elegans genome has been
determined by DNA renaturation kinetics (Sulston and
Brenner 1974) and will be known precisely when the cur-
rent genome sequencing project is ®nished (TheC. elegans
Sequencing Consortium 1998). Similar numbers of bands
per ®ngerprintwere obtained for both species, irrespective

of the experimental conditions applied. This suggests that
the haploid genome sizes and G + C contents for both
nematodes are highly comparable. These estimates of the
physical parameters of theG. rostochiensis genome do not
di�ermuch from estimates obtained for the genome of the
related plant parasitic nematode species Meloidogyne
(Pableo et al. 1988; Pableo andTriantaphyllou 1989). The
estimates of the physical and genetic sizes of theGlobodera
genome yield an overall ratio of 120 kb of DNA per cM
genetic distance.

This type of comparative analysis appears to be a
convenient method for estimating the physical parame-
ters of the Globodera genome. When large AFLP data
sets are available for a particular organism, the genera-
tion of ®ngerprints with the same primer combinations
for a reference organism is straightforward. As the
thousands of AFLP fragments generated are distributed
over the genome, these numbers are directly correlated
with the genome size and G + C base composition of
the genome. Moreover, the use of many di�erent primer
combinations provides insights into the relative abun-
dance or scarcity of particular sequence motifs. For
example, using primer combination E + GA/M + CT
only 39 AFLP fragments were produced for G. rosto-
chiensis, where an average number of 120 AFLP frag-
ments is produced by E + 2/M + 2 combinations with
a G + C content of 0.5 (Fig. 2). At the other extreme is
primer combination E + GA/M + ACC, with which
170 AFLP fragments were generated for G. rostochiensis
(the average number of AFLP fragments produced for
this type of primer combination is 90). The comparative
method provides a relatively rapid estimate of the
physical properties of the genome. However, in addition
to information on size and base composition, renatura-
tion kinetics provides an estimate of the proportion of
repetitive DNA present in the genome.

The ability to construct a genetic map for the potato
cyst nematode opens the way for map-based cloning in
this organism. The genome size is small, and su�cient
recombination occurs to allow ®ne-scale mapping of any
gene of interest. Although the generation of su�ciently
large mapping populations for Globodera is a di�cult
task, generation of marker data from multiple BC1RM1
populations and subsequent analysis using JoinMap
o�ers the opportunity to merge segregation data from
di�erent populations. This should allow the construc-
tion of a map with a resolution in the sub-centimorgan
range. As Globodera has an estimated kilobase/centi-
morgan ratio of 120 kb/cM, this implies that one unit of
recombination is equivalent to a DNA fragment length
which can now be readily cloned in bacterial arti®cial
chromosomes (BACs; Shizuya et al. 1992; Zhang et al.
1996). Simple extrapolation from units of recombination
to distances in base pairs can be misleading, due to
regional di�erences in recombination frequencies.
However, the random distribution of markers on the
G. rostochiensis map indicates that the majority of the
genome is accessible for isolating genomic clones with
which to construct overlapping contigs.

1029



The coding capacity of nematode DNA and the fact
that the majority of nematode genomes analyzed so far
contains a small proportion of repetitive DNA (Ham-
mond and Bianco 1992) should facilitate the construc-
tion of BAC contigs. Potato cyst nematodes are an
important pest of potato, and a number of resistance
genes are now in the process of being cloned from the
plant (Ganal et al. 1995; Leister et al. 1997; Rouppe van
der Voort et al. 1999). The approach described in this
paper opens the way to identifying the nematode coun-
terparts with which the products of resistance gene in-
teract. For example, a similar set-up would in principle
allow for the identi®cation of e.g. AvrHs-1pro-1 in the
beet cyst nematode Heterodera schachtii whose coun-
terpart, the sugar beet resistance gene Hs1pro-1, was re-
cently cloned (Cai et al. 1997).
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