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Abstract A high level of resistance to Globodera pallida 
pathotypes Pa2 and Pa3 exists in Solanum spegazzinii, a 
wild relative of potato (S. tuberosum ssp. tuberosum). Here 
we report the mapping of loci involved in quantitatively- 
inherited nematode resistance with the use of RFLPs. One 
major locus, Gpa, was mapped on chromosome 5 and two 
minor loci on chromosomes 4 and 7 of S. spegazzinii. Ad- 
ditionally, the contribution of the susceptible parent to 
nematode resistance was determined. The Gpa locus was 
solely responsible for the high resistance level found in 
the segregating population. However, the RFLP marker 
closely linked to this resistance locus showed a distorted 
segregation, with a shortage of plants having the resistance 
linked allele. Our results indicate that a prediction of the 
genetic constitution of a quantitative trait based solely on 
phenotypic observations can lead to erroneous conclu- 
sions. 
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Introduction 

The potato cyst-nematode Globodera paIlida (Jones et al. 
1970; Stone 1972) can cause severe damage to the potato 
crop. Three pathotypes of G. pallida, Pal  to Pa3, can be 
distinguished with a set of differentials which are derived 
from backcrosses of  Solanum tuberosum with S~ multidis- 
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sectum and with S. vernei (Kort et al. 1977). Most culti- 
vated potato varieties (S. tuberosum ssp. tuberosum) do not 
posses good resistance to this nematode but resistance 
against G. pallida has been found in wild Solanum species. 
S. multidissectum shows resistance to pathotype Pal  due 
to the presence of one major gene, H2 (Dunnet 1962). A 
gene-for-gene relationship between this resistance gene 
and a G. pallida avirulence gene has been described by 
Parrott (1981). Resistance to pathotypes Pa2 and Pa3 was 
found in S. tuberosum ssp. andigena CPC 2802. This re- 
sistance was first thought to be monogenic (Howard et al. 
1970), but was later proven to be polygenic (Dale and Phil- 
lips 1982). Another source of resistance to G. pallida is S. 
vernei, which has a quantitative, presumably polygenic, re- 
sistance (Ross 1986). 

Recently, Arntzen et al. (1993) described a qualitative 
and monogenic resistance to Pa2 population D236. This 
resistance was derived from S. tuberosum ssp. andigena 
CPC1673. So far, this locus only gives resistance to one 
population of pathotype Pa2, namely D236, and not to other 
Pa2 or Pa3 populations tested (Arntzen et al. 1992). 

New sources with a broad spectrum resistance to G. pal- 
lida as well as G. rostochiensis have been searched for in 
other wild Solanum species (Van Soest et al. 1983; Del- 
laert and Hoekstra 1987; Jackson et al. 1988; Turner 1989). 
Most resistances of these wild species showed a quantita- 
tive inheritance, suggesting the action of several genes 
(Dellaert et al. 1988). S. spegazzinii 8218-15 was one of 
the resistant accessions that had been studied in detail. Del- 
laert et al. (1988) assumed that the resistance to G. pallida 
pathotype Pa3 was dominated by two to three major genes, 
each with incomplete resistance and in addition they pre- 
dicted the presence of minor genes. 

Quantitative traits can be dissected into discrete genetic 
factors with the use of detailed RFLP linkage maps; all re- 
gions of the genome can be assayed and accurate estimates 
of phenotypic effects and genetic positions can be derived 
(Paterson et al. 1988). In the present paper we describe the 
identification and mapping of loci, involved in resistance 
to G. pallida pathotypes Pa2 and Pa3, derived from S. spe- 
gazzinii 8218-15. The aim of this study was to examine 



the assumptions about the genetic basis of resistance made 
by Dellaert  et al. (1988). In addit ion we investigated the 
possibi l i ty of the presence of QTLs, contr ibut ing to the 
nematode resistance, from the susceptible parent S. tube- 
r o s u m .  

Materials and methods 

Plant material 

S. spegazzinii BGRC accession 8218 seedling number 15 was used 
as pollinator in a cross with the diploid susceptible S. tuberosum 
SH 78-88-1320. The F1 progeny were tested for resistance to G. 
pallida pathotypes Pa2 and Pa3 (see below). The S. spegazzinii par- 
ent appeared to be heterozygous at the resistance loci because resis- 
tance to pathotypes Pa2 and Pa3 was segregating in the F1 progeny. 
Mapping of the loci involved in resistance with RFLPs was, there- 
fore, performed in this F1 population. 

RFLP analysis 

The RFLP markers that were used in this study and the RFLP anal- 
ysis have both been described earlier by Kreike et al. (1993). 

Resistance test 

The resistance test for pathotype Pa2 was done in 1988 on 96 F1 
plants (total F1 progeny) with nematode population P2-22 (Arntzen 
and Van Eeuwijk 1992) and for pathotype Pa3 in 1987 (44 plants) 
and 1989 (39 plants) with nematode population Coll. 1077 (Arntzen 
and Van Eeuwijk 1992). The F1 population was also tested for resis- 
tance against G. rostochiensis pathotype Ro 1, which is described by 
Kreike et al. (1993). The resistance tests were performed in five rep- 
lications in a randomized block design. Thirty cysts enclosed in a 
nylon net were used as inoculum. After 5 months the newly-formed 
cysts were collected and counted. A more detailed description of the 
resistance test is given by Kreike et al. (1993). The differentials 
VT(N)262-33-3 and AM78-3778 were used to discriminate between 
the G. pallida pathotypes Pa2 and Pa3 used in this study. 

Statistical analysis 

A normalizing transformation [l~ was performed on the 
counts of the newly-formed cysts per replicate. These transformed 
data of the resistance test were investigated with analysis of variance 
(ANOVA) for a randomized block design. From this ANOVA the he- 
ritability of the genotypic mean values for each pathotype was cal- 
culated as described by Kreike et al. (1993). The association of mark- 
er genotypes with resistance was assessed with one-way ANOVAs 
based on the averages over the five replicates of the log-transformed 
cyst counts. In these ANOVAs the data were classified with the al- 
leles of each parent separately i.e., for each marker having two S. 
spegazzinii and two S. tuberosum alleles two separate ANOVAs were 
performed. A significance level of P< 0.05 was employed. The mag- 
nitude of the marker-associated ~henotypic effect is described by the 
coefficient of determination (R), which represents the fraction of 
the total variance accounted for by the marker genotypes. Since the 
ANOVA assumes a normal distribution of the data within the class- 
es, and this assumption might be violated, the ANOVA results were 
verified with a nonparametric test (Mann-Witney U-test). 

An RFLP linkage map of chromosome 5 was constructed with 
the computer program JoinMap (Stare 1993). Interval mapping, as 
described by Lander and Botstein (1989), could be performed for 
chromosome 5 for the alleles from the S. spegazzinii parent, by treat- 
ing the F1 as a first generation backcross progeny with fully homo- 
zygous genotypes. This analysis was done using the computer pro- 
gram MapQTL, written by Van Ooijen. Readers who are interested 
in receiving MapQTL should contact Van Ooijen fur further details 
[E-mail (internet): j.w.van.ooijen@cpro.agro.nl]. 
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Results and discussion 

Resistance test 

The genetic variance in the F1 for both Pa2 and Pa3 resis- 
tance was very signif icant  (for both P< 0.0001), which 
means that the different levels of Pa2 and Pa3 resistance 
found in the F1 populat ion had a genetic basis. The herit- 
ability of the genotypic mean  values for resistance to G. 
pall ida was very high, 0.88 for Pa2 and 0.89 for Pa3 (both 
1987 and 1989 experiments).  A high correlation (r--0.65) 
was detected between Pa2 and Pa3 resistance. This indi- 
cated either genes with pleiotropic effects, or closely l inked 
genes. No significant  correlations (Pa2-Rol :  r=0.17 and 
Pa3-Ro 1: r=0.10) were detected between resistances to G. 
pallida and G. rostochiensis (h2=0.63) (Kreike et. al., 
1993) and therefore different, unl inked loci are assumed 
to be involved in resistance for the two nematode species. 

Figure 1 shows the frequency distr ibution of Pa2 and 
Pa3 resistance in the F1 population.  A cont inuous range of 
cyst numbers  was found in this populat ion for both patho- 
types. Hence,  no quali tative inheri tance can be detected. 
The average newly formed number  of cysts for the parents, 
S. spegazzinii  and S. tuberosum, were 1 and 300, respec- 
tively. The differential VT(N) 2 6 2 - 3 3 - 3  was susceptible 
for Pa3 (on average 128 cysts) while AM78-3778 was re- 
sistant for Pa3 (on average 1,2 cysts) but susceptible for 
Pa2 (on average 63 cysts) 

RFLP analysis 

One hundred and seven RFLP markers were tested for het- 
erozygosity within the parental genotypes using four re- 
striction enzymes.  This search yielded 29 RFLP markers 
heterozygous for S. spegazzinii  and 43 RFLP markers for 
S. tuberosum. Table 1 shows the number  of heterozygous 
markers per chromosome for each parent. The segregation 
of these markers was determined in the F1 populat ion and 

Table 1 Number of polymorphic markers used per chromosome to 
detect association with nematode resistance from S. spegazzinii or 
S. tuberosum 

Chromosome S. spegazzinii S. tubelvsum 

1 1 8 
2 1 5 
3 2 2 
4 2 1 
5 5 4 
6 2 0 
7 4 3 
8 0 3 
9 2 5 

10 2 3 
11 2 2 
12 5 4 
Not mapped 1 4 
Total 29 43 
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Fig. 1 Frequency distribution 20 
of the mean number of cysts 
found on the F1 plants with Pa2 
(a) and Pa3 (b) resistance tests. 
The data of the resistance tests 
were transformed [l~ 15 
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Table 2 Association between 
RFLP markers and nematode 
resistance after ANOVA and 
explained variance per RFLP 
marker in % of the total pheno- 
typic variance of clone means. 
P-values that are given in pa- 
renthesis are considered not 
significant. Abbreviations: 
Chr., chromosome; Segr., se- 
gregation; Expl. var., explained 
variance 

Marker Chr. Segr. ratio P value P value Expl. var. Expl. var. 
Pa2 Pa3 Pa2 Pa3 

S. spegazzinii 
Ssp27 4 47 : 40 (0.50) 0.03 - 5 
Ssp124 5 29:22 0.005 0.02 14 9 
Ssp112 5 37 : 30 0.0008 0.002 15 13 
Ssp37 5 49:41 0.0001 0.0001 27 22 
Ssp72 5 56 : 24 a 0.0001 0.0001 51 45 
TG143 7 48 : 33 0.03 0.02 5 7 
Ssp51 7 37 : 33 0.03 0.007 6 9 

S. tuberosum 
Ssp56 1 10 : 32 a 0.03 (0.11) 9 - 
TG130 3 21 : 33 (0.06) 0.03 - 7 
Ssp37 5 34 : 42 (0.09) 0.03 - 5 
Ssp75 11 17 : 19 (0.22) 0.05 - 9 
TG68 12 17 : 20 0.03 (0.27) 10 - 
Total b 76 80 

a Distorted segregation 
b The highest explained variances for each chromosome are added up to give the total explained vari- 
ance 

used for l inkage  analysis ,  which  is descr ibed  by Kre ike  et 
al. (1993). 

Mapp ing  of  the res is tance loci  

The  associa t ion  of  marker  genotypes  with nematode  resis-  
tance was assessed with one -way  ANOVAs,  of  which  the 
results  are shown in Table 2. S igni f icant  associa t ions  (P< 
0.05) indica ted  that the R F L P  marker  was l inked to a re- 
s is tance locus.  As  a ver i f icat ion,  associa t ions  were  also de-  
t e rmined  with a nonparamet r ic  test and these conf i rmed  
the results  found with the one-way  ANOVAs.  

The R F L P  markers ,  Ssp124,  Ssp112,  Ssp37 and Ssp72, 
with the h ighest  s igni f icance  for associa t ion  with nema-  
tode res is tance  were all loca ted  on ch romosome  5 (Table 

2) and showed associa t ion  with G. pallida pathotype  Pa2, 
as wel l  as pa thotype  Pa3, resis tance.  Also  two markers  on 
ch romosome  7, TG143 and Ssp51, showed associa t ion  
with res is tance to both pathotypes .  On ch romosome  4, 
however ,  marker  Ssp27 was associa ted  only with res is-  
tance to G. pallida pathotype  Pa3. 

In order  to obtain an es t imate  of  the map  pos i t ion  of  the 
res is tance locus,  in terval  mapping  (Lander  and Bots te in  
1989) was pe r fo rmed  for ch romosome  5 in which  an R F L P  
map could  be constructed.  The F1 popula t ion  was t reated 
as a first  genera t ion  backcross  popula t ion  by  using the two 
S. spegazzini al leles  for each marker  only. In this way  only 
the segregat ion  of  res is tance loci  he te rozygous  in S. spe- 
gazzinii is studied. The results  f rom the interval  mapping  
on c h romosome  5 are presented  in Fig. 2 a. The threshold  
was set at LOD 3.0 according  to Van Ooi jen  (1992). These  
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Fig. 2 a LOD scores for G. palIida pathotype Pa2 and Pa3 resis- 
tance on chromosome 5 of S. spegazzinii, b Position of the Gpa Io- 
cus on chromosome 5 and the location of other resistance loci on this 
chromosome (Ritter et al. 1991; Leonards-Schippers et al. 1992; Geb- 
hardt et al. 1993; Pineda et al. 1993) 

results show that there is most probably one major resis- 
tance locus active against both Pa2 and Pa3, which is lo- 
cated between the markers Ssp37 and Ssp72, approxi- 
mately 10 cM from Ssp72. We propose to name the major 
resistance locus on chromosome 5, Gpa, since it is involved 
in resistance to G. pallida pathotype Pa2 as well as Pa3 
(Fig. 2b). 

The existence of loci, heterozygous for alleles involved 
in nematode resistance, in the susceptible parent S. tube- 
rosum, was also determined. Indications for the presence 
of QTLs were found on chromosomes 1, 3, 5, 11 and 12 
(Table 2). Since the segregation of the corresponding RFLP 
alleles was determined on a limited number of plants only, 
these associations have to be seen as mere indications for 
the presence of loci contributing to nematode resistance. 
The existence of these loci, in the susceptible S. tuberosum 
ssp. tuberosum has been described previously. Dale and 
Phillips (1985) found variation in nematode resistance 
level within S. tuberosum ssp. tuberosum genotypes, rang- 
ing from fully susceptible to fully resistant. 

It is possible that the Gpa locus does not consists of one 
locus that is responsible for resistance against both patho- 
types but consists of two closely-linked loci, each confer- 
ring resistance to an individual pathotype. Four Flplants 
were found which were resistant [log (x+l)< 1.0] to one 
pathotype only and susceptible [log (x+l)>1.0] to the other 
(Table 3). The presence of the Gpa locus can be determined 
with the RFLP markers Ssp72 and Ssp37, which surround 
the resistance locus. For two plants the presence of this lo- 
cus cannot be determined because the RFLP pattern of 
Ssp72, which is closely linked to the locus, is not known. 
Based on the RFLP markers, plant SP1 did not possess the 
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Table 3. Mean cyst numbers of F1 plants which are resistant to on- 
ly one pathotype and susceptible to the other, and the RFLP data for 
markers Ssp72 and Ssp37 on chromosome 5. In brackets the mean 
log (x + 1) transformed cyst numbers are given with the standard er- 
ror. 1, presence of resistance linked RFLP allele; 0, absence; nd, not 
determined 

Plant Cysts Pa2 Cysts Pa3 Ssp72 Ssp37 

sP17 101.4 9.0 nd 0 
(2.01 +0.19) (1.00+0.19) 

V28 100.2 3.5 nd 1 
(2.01+0.21) (0.65+0.21) 

SP1 5.6 85.3 0 0 
(0.82+0.19) (1.94+0.19) 

V223 4.9 42.9 I 0 
(0.77+0.21) (1.61+0.21) 

Gpa locus, therefore the high-resistance level to pathotype 
Pa2 could be caused by the action of several minor loci. 
Based on marker Ssp72, plant V223 most likely possessed 
the Gpa locus, but has a recombination between marker 
Ssp72 and Ssp37, for which it has the susceptibility-linked 
allele. The recombination event could have taken place at 
the Gpa locus, separating the Pa2 and the Pa3 pathotype- 
specific resistance loci. 

A large part of the total phenotypic variance could be 
explained with the associated RFLP markers (Table 2). 
Marker Ssp72, which is linked to a major locus, explains 
51% and 45% of the total variance of Pa2 and Pa3 resis- 
tance, respectively. The other markers on chromosome 5 
all showed linkage with the same major resistance locus. 
The markers on chromosomes 4 and 7 from S. speg, azzinii 
and on chromosomes 1, 3, 5, 11 and 12 from S. tuberosum 
explained 10% or less of the total variance and are there- 
fore considered to be minor loci. Because we were not able 
to employ more segregating markers, we could not inves- 
tigate whether the low explained variance of some mark- 
ers was due to either a large distance between marker and 
resistance locus, or to a small genotypic effect of a closely- 
linked locus. On the other hand, adding up the explained 
variance of all significant and unlinked markers leads to a 
total of 76% and 80% of the explained variance for Pa2 
and Pa3 respectively (Table 2). And because the heritabil- 
ity for Pa2 and Pa3 resistance was 0.88 and 0.90, respec- 
tively, it seems that most of the genetic variantion can be 
explained with these markers. Hence, we do not expect 
much larger genotypic effects of the loci linked to these 
markers. 

Classical segregation analysis versus Genetic analysis 
with markers 

Based on the research of Dellaert et al. (1988) we expected 
to find two to three major loci which are involved in resis- 
tance to G. pallida. However only one major locus was de- 
tected. There are several reasons for this discrepancy. First, 
Dellaert et al. performed segregation analysis on 44 plants 
only which is the population tested against Pa3 in 1987 
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Fig. 3 Presence of the alleles 
of marker Ssp72, which is 
closely linked to the Gpa locus, 
in the frequency distribution of 
Pa2 (a) and Pa3 (b) resistance 
in the F1 population 
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also used in the present paper (see Materials and methods). 
A population size of only 44 plants is relatively small for 
segregation analysis on a quantitative trait such as the 
present nematode resistance. Secondly, segregation anal- 
ysis of a continuously-distributed trait relies heavily on the 
choice of the threshold for genotype classification (e.g., 
resistant or susceptible). Genetic analysis based on (mo- 
lecular) markers circumvents the choice of genotype clas- 
sification. Thirdly, classical segregation analysis assumes 
segregation to be according to the Mendalian ratios. The 
estimation of the number of genes is based on the best fit- 
ting segregation ratio, given the chosen-genotype classifi- 
cation and genetic model. Minor deviations are often ex- 
plained by adjusting the genetic model, for instance, by as- 
suming incomplete dominance or linkage. When, however, 
genetic analysis with markers is performed, the realised 
segregation can be determined, and possible distortion can 
even be tested. 

We found that the Gpa locus is situated in a region where 
segregation is distorted. Marker Ssp72, which is closely 
linked to the resistance locus, showed a skewed segrega- 
tion with a shortage of the resistance-linked allele (Table 
2, Fig. 3). The choice of the genotype classification thresh- 
old based on Fig. 1 is quite arbitrary; thus, our results dem- 
onstrate that classical segregation analysis can easily lead 
to erroneous conclusions. 

Distorted segregation in this region of potato chromo- 
some 5 has been observed previously (Ritter et al. 1991). 
Resistance to PVX also showed a segregation ratio that de- 
viated significantly from 1:1 in the F1 progeny. Addition- 
ally in this case a marker was found on chromosome 5 
which cosegregated with the resistance trait. Several mech- 
anisms that cause distorted segregation are known, such as 
incompatibility, ma le / f ema le  gamete selection, or even 
sporophytic selection. The precise mechanism causing this 
disturbance at chromosome 5 remains to be elucidated. 

Other resistance loci on chromosome 5 

The Gpa locus on chromosome 5 is yet another nematode 
resistance locus on this chromosome (Fig. 2 b). The H1 

gene from S. tuberosum ssp. andigena CPC 1673 which 
conferred resistance to G. rostochiensis pathotype Ro 1 was 
also mapped on chromosome 5, near TG23 (Gebhardt et 
al. 1993; Pineda et al. 1993). Furthermore the locus deter- 
mining resistance to the D236 population of G. pallida 
pathotype Pa2 is probably located on chromosome 5 too, 
because Arntzen et al. (1993) assumed linkage with the H1 
locus. Resistance loci against other pathogens of potato 
have also been mapped on this chromosome, e.g., the Rx2 
locus against PVX (Ritter et al. 1991), the R 1 locus against 
Phytophthora infestans (Leonards-Schippers et al. 1992), 
and trichome-mediated insect resistance (Bonierbale et al. 
1992)(Fig 2 b). The location of the latter could not be 
shown in Fig. 2 b, because other markers were used to map 
this resistance, but its location is most likely in the same 
region as the Gpa locus. 
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