
Theor Appi Genet (1996) 93: t -8  �9 Springer-Verlag t996 

F. Lasserre  �9 F. Gigaul t  �9 J . P .  Gauthier  �9 J. P.  H e n r y  
M.  Sandmeier  �9 R. Rivoal  

Genetic variation in natural populations of the cereal cyst nematode 
(Heterodera avenae Woll.) submitted to resistant and susceptible 
cultivars of cereals 

Received: 4 February 1996 / Accepted: 8 March 1996 

Abstract  The purpose of the present work was to study 
the genetic characteristics of cereal cyst nematode (Het-  
erodera avenae) populations re-established after the 
long-term use of resistant oat cultivars in field condi- 
tions. Population features were analyzed through fitness 
components and variation in enzymatic polymorphism 
(esterase and malate dehydrogenase loci). The longest (6 
year) use of the same resistance genes (oat cv Panema) at 
high frequency (Rotation IB) led to the selection of a 
resistance-breaking pathotype and to a decrease in vi- 
ability which suggested either a founder effect or a lower 
reproductive potential for the new pathotype. Analysis 
ofesterase allelic frequencies led to the conclusions that: 
(1) the genetic constitution of this pathotype was differ- 
ent from the reference population maintained on the 
susceptible host (oat cv Peniarth), and (2) that the 
esterase locus may develop a disequilibrium linkage 
with loci involved in virulence 1. Random mating was 
recorded at the whole-field level but not always at the 
single-plant level, suggesting that cultivation practices 
such as annual ploughing could play a major role in 
homogenizing subpopulations developed in the vicinity 
of a plant. These phenomena showed that the long-term 
use of highly effective resistance could provok marked 
genetic modifications in populations. These risks should 
be taken into account when deciding strategies for 
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Introduction 

The cereal cyst nematode, Heterodera  avenae Woll., is 
one of the most damaging species to cereals and is widely 
distributed through the world. It shows an important 
polyphenism which is expressed through differences in 
virulence (pathotypes) and in hatching temperature re- 
quirements (ecotypes) (Rivoal and Cook 1993). Its bio- 
logical cycle begins by the emergence of second stage 
juveniles preserved in cysts which represent the brown 
chitinized tegument of dead females (Fig. 1). These ju- 
veniles penetrate the roots and establish themselves 
close to the vascular cylinder where they induce the 
formation of nutrient cells. The nematodes develop into 
white lemon-shape females or filiform males after three 
moults. Their reproduction is strictly amphimictic. The 
free males are attracted by the gelatinous matrix of the 
adult females attached to the host root where they 
intimately intrude before fertilization (Person and 
Rivoal 1979). After fertilization the females die and 
become cysts. These nematodes complete only one gen- 
eration in a year. Attempts at recognizing differences 
between pathotypes using biochemical markers (isoen- 
zymes) has demonstrated a high genetic polymorphism 
in this species, especially for esterase and malate dehy- 
drogenase loci (Berg6 et al. 1981; Dalmasso et al. 1982). 
Further analysis on the esterase polymorphism has 
shown significant differences in genotype and allelic 
frequencies both between nearby cropping fields and 
within the same field (Bossis and Rivoal 1989). 

The use of resistant cultivars is the most efficient way 
to control the pathogen in cereals. Several resistance 
~enes are indeed available in oats. barlev and wheat. 
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Fig. 1 Life cycle of the cereal cyst nematode He~erodera avenae 

Mostly based on oligogenic systems, they almost com- 
pletely inhibit the development of females (Rivoal and 
Cook 1993). The frequent use of monospecific resistance 
often contributes to the selection of new virulent patho- 
types (Turner etal. 1983). In long-term cropping 
(1982-1993) with resistant cereal cultivars (oat cv 
Panema, predominantly cultivated), we have studied the 
consequences on the population dynamics of the target 
species H. avenae. These cultivars caused dramatic de- 
creases in nematode populations to almost undetectable 
densities by biological assessment methods routinely 
applied in diagnostic laboratories. Nevertheless these 
populations may increase rapidly following the re-intro- 
duction of susceptible cultivars into the rotation. The 
population of H. avenae re-established in this way in- 
cluded some nematodes able to overcome the resistance 
of the oat cv Panema (Rivoal et al. 1995). 

Dramatic distrubances in demography and high se- 
lection pressure (60% frequency of the same resistant 
cultivar on a 12-year cropping period) could have 
caused modifications in the population genetic structure 
of H. avenae, as already shown in several nematode 
species (Turner 1990; Young et al. 1986). The purpose of 
the present work was to study the genetic characteristics 
of the re-established populations after the frequent use 
of resistant cultivars compared to populations which 
experimentally had never been exposed to plant resis- 
tance genes. The population features were analyzed 
through fitness components and variation in enzymatic 
allele frequencies. The polymorphism in restriction 
fragments length in genes and internal transcribed 
spacers (ITS) of ribosomal DNA was furtherly 
studied to evaluate the species status of nematodes able 
or unable to overcome the resistance of the oat cv 
Panema. 

Materials and methods 

Biological materials 

The populations of H. avenae employed were located in the Argentan 
plain in Normandy (France) where an experimental design to assess 
the tolerance capacity of new resistant advanced lines of wheat was 
based on three pairs of blocks, each 360 m 2 (6 x 60 m). These were 
cropped with different resistant and susceptible cultivation frequen- 
cies to establish nematode densities above (rotations A) or below 
(rotations B) the damage thresholds (Rivoal et al. 1991, 1995). Only 
blocks I and III were involved in the present study. Soil nematode 
densities were estimated from samples of ten soil cores (5 x 18 cm) 
taken from each of 4 6 equidistant 10 m 2 (2 x 5 m) areas, along the 
middle of each block in October of each year. Techniques for extract- 
ing, counting nematodes and identifying antagonistic fungi have been 
published previously (Rivoat et ai. 1995). Figure 2 summarizes the 
population dynamics of nematodes in each rotation according to the 
cereal species and cultivars cropped. 

The experimental field was predominantly infested by pathotype 
H a l l  of H. avenae (Rivoal, unpublished). It has been previously 
demonstrated that the resistance of Arena sterilis 1.376, which cv 
Panema is derived from, to this pathotype is based on three dominant 
genes (Cook et al. 1978; Clamot and Rivoal 1984). The breaking ofcv 
Panema resistance had been consistently recorded only in rotation IB 
from soil sampled both in January and in June (Rivoal et al. 1995). IA 
and IB, IIIA and IIIB will be considered as field subpopulations. 

Fitness components 

The reproductive potential of each population was characterized 
both by viability (the ability of second stage juveniles to develop into 
females or cysts) and fecundity (the mean number of the progeny 
produced by these females or cysts). Both parameters had been 
assessed on nematodes developing on the susceptible host oat cv 
Peniarth. 

Infective second-stage juveniles were obtained from cysts sampled 
in October and stored at 7 _+ I~ until emergence. Cysts were sam- 
pled in 1991 for rotations IIIA and IIIB, and in 1992 for rotations IA 
and IB (see Tables 1, 2). Strict viability had been assessed by inocula- 
ting juveniles into oat plantlets cultivated on 2% agar medium in 
Petri dishes, at 16 _+ I~ and a 16 h photoperiod; 48 (3 x 16) juveniles 
were inoculated on each plantlet with more than 30 replicates per 
population. 

A second assessment of viability, with a concomitant measure of 
fecundity, was based on the production of white females or/and cysts 
on oat plants cultivated in plastic tubes (2.5 x 8 cm) filled with either 
naturally infested soil for populations IIIA and IIIB in 1992, or a 
mixture of sable de Fontainebleau (85 %) and kaolin (15 %) infested by 
two full cysts contained in 250%tm nylon mesh bags for populations 
IA and IB in 1993. White females and cysts were counted 3 4 months 
after inoculation by washing the cereal roots above a 250%tm mesh 
sieve. All these newly formed females and cysts were squashed to 
evaluate the juvenile content as a measure of the mean fecundity. 
These experiments were conducted under the same temperature and 
photoperiod conditions as previously mentioned, with more than 15 
replicates per population. 

Enzymatic polymorphism 

The enzymatic polymorphism for esterase and malate dehydrogenase 
loci was studied in 1993 on the field subpopulations of nematodes 
from rotations IA, IB, IIIA and IIIB cropped with the susceptible oat 
cv Peniarth (see Fig. 2) Three types of sampling were carried out. 
Sampling 1. At the post-flowering stage of the cereal (15 June 1993), 40 
plants were uniformly sampled in each experimental strip, according 
to a grid of four 54-m lines separated by 1 m in width and located at 
1.5 m from the outer and inner borders of each parcel. Along each line 
the plants were sampled at 6-m intervals. The plant roots were 
immediately placed in an insulated picnic bag for transport to the 
laboratory for further storage at 3 ~ A single female fiom each plant 



was used for each enzymatic locus giving 39 replicates in subpopula- 
tions IA and IB, and 40 replicates in subpopulations IIIA and IIIB. 
Sampling 2. Enzymatic polymorphism was analyzed on a large sample 
of females developed on two individual plants ofcv Peniarth from the 
rotation IIIB, generating two replicates each of 65 and 69 single 
females, and called IIIB-Plantl and IIIB-Plant2, respectively. 
Sampling 3. A third analysis compared the genetic polymorphism of 
nematodes collected from rotation IB and reared in a room at the 
same temperature and photoperiod conditions as given previously, 
either on five plants of the resistant oat cv Panema (IB-Panema) or on 
two plants of the susceptible cv Peniarth (IB-Peniarth). The number 
of single females analyzed was respectively 38 and 51 for esterase, 44 
and 50 for malate dehydrogenase. 

All the females were extracted from the oat roots by wash- 
ing under tap water. They were then handpicked under a stereo- 
microscope and placed separately on humid filter paper in a 
Petri dish. They were immediately stored at - 7 0  ~ An aliquot 
collection of 200 females was taken from each of the four field 
subpopulations, crushed in 250 gl of extraction buffer and directly 
stored at - 70 ~ 

Allozyme analysis was carried out on single white females using 
cellulose acetate gels and standard methods (Hebert and Beaton 
1989). Esterase b (EST) and malate dehydrogenase (MDH) were 
assayed for all subpopulations. Electrophoretic mobilities were 
judged by visual comparisons of electromorphs against a reference 
200-female sample and the relevant Rf values, i.e., the ratio between 
the migration distance of the enzyme and the migration distance of 
the front (Hoelzel 1992). 

Ribosomal DNA polymorphism 

Partial sequences from internal transcribed spacer ribsomal DNA 
/ITS rDNA) obtained by the polymerase chain reaction (PCR) were 
compared on isolates of 40 single white females from subpopulations 
IA, IB-Panema, and pathotype Ha41 of H. avenae and He~erodera 
schachtii, another cyst nematode pathogenic to beet crop. Conditions 
for DNA extraction and amplification were according to the tech- 
nique modified fl'om De Jong et al. (1989) and Caswell-Chen et al. 
(1992). 

DNA extraction was carried out on single females crushed in 90 [al 
oflysis buffer (0.1 M Tris HCL, 50 mM EDTA, 1% SDS, 0.17 NaCI, 
pH 8) and digested with 10 ~1 of Proteinase K (5 gg/gl) over night at 
37 ~ The DNA was then extracted using 25 Phenol/24 Chloroform/l 
isoamyl buffer and precipated with isopropanol. FoIlowing this 2.5 ng 
of DNA was re-suspended in 5.3 !xl of 5T-E buffer (5 mM Tris, 0.I mM 
EDTA pH 8) and stored at 4 ~ 

Two 21-nucleotide sequences, 5'-TTG-ATT-ACG-TCC-CTG- 
CCC-TTT-3' and 5'-TTT-CAC-TCG-CCG-TTA-CTA-AGG-3' po- 
sitioned on the 18s and 26s ribosomal genes and isolated from a 
Xiphinema library by Vrain et al. (1992), were used to amplify the ITS 
region. These primers were manufactured by the Eurogentec Society 
(CHRU, Laboratoire de Biologie Mol~culaire, Angers-F). The reac- 
tion mixture contained 10x Taq buffer, 0.44 mM MgC12, 0.1 mM each 
ofdATP, dCTP, dGTP and dTTP, 0.25 gM of both primers, 0.5 units 
of Taq DNA polymerase, 2.5 ng of single female DNA and de-ionized 
water to a volume of 50 gl. For each isolate amplification was carried 
out in four phases in the thermocycler (Perkin Elmer Cetus DNA 
Thermal Cycler 480). The first phase consisted of one cycle of 30 s at 
94 ~ The second phase consisted of 40 cycles with denaturation at 
94 ~ for 1 min, annealing at 72 ~ for 1 rain, and extension at 72 ~ 
for 1 min. A last cycle at 72 ~ for 5 min ended the amplification. The 
amplified DNA bands were monitored by electrophoresis through 
1.5% agarose gels buffered in 1 • + ethidium bromide, in a 
Hoefer HE 99 apparatus. 

The product of amplification was digested with 14 enzymes 
(HindIII, HpaII, Sau3A, MaeII, MaeIII, NdeII, DdeI, HinfI, PstI, 
AIuI, BamH1, RsaI, HaeIII, ItaI) at 37 ~ for 12 h in the recommended 
buffer (Boehringer). The DNA fragments thus generated were separ- 
ated by electrophoresis in the same conditions as described previous- 
ly. For each population and each restriction enzyme, the bands were 
recorded on a matrix with 0 or 1 corresponding to the absence or 
presence of individual bands, respectively. 

Statistical analysis 

For fitness components, one-way analyses of variance were per- 
formed wherever necessary on logt0- or arcsine-transformed data 
with the SAS program (SAS Institute Inc. 1988). Means were classified 
as different according to the Newman-Keuls at P _< 0.05. 

Allelic and genotypic frequencies between nematode populations 
were compared with a Z2 test, after pooling the lower frequency alleles 
A, D, E, for esterase b, and A and B for malate dehydrogenase, in 
order to minimize problems due to a very small numbers in genotypic 
classes. Hardy-Weinberg equilibrium conditions, F-statistic es- 
timators (Wright), and Nei and Rogers genetic distances were com- 
puted with Biosys-1 (Swofford and Selander 1981). 

The RFLP matrix was computed with a PHYEIP package to 
calculate the dissimilarity coefficients between population isolates. A 
cluster was established froln Nei genetic distances (Nei and Li 1979). 

Results 

Fitness c o m p o n e n t s  

Differences were observed  for viabil i ty and  fecundi ty  
between subpopu l a t i ons  acco rd ing  to the du ra t i on  of  
susceptible oa t  (cv Peniar th)  a n d / o r  whea t  (cvs A r m i n d a  
and  Fidel) c ropp ing  after use of  the resis tant  oa t  cv 
P a n e m a  (Fig. 2; Tables  1 and  2). Five years after the 
re - in t roduc t ion  of  the susceptible host ,  the re-estab-  
lished s u b p o p u l a t i o n  I I I B  showed  a significantly higher  
viabil i ty than  I I IA,  measu red  either in Petr i  dishes or  in 
tubes (sampling in O c t o b e r  1991; Tab le  1). In  contras t ,  
only  2 years  after the r e - in t roduc t ion  of  susceptible 
cult ivars the viabil i ty is significantly lower  in the re- 
establ ished s u b p o p u l a t i o n  IB c o m p a r e d  to IA where 
resistant  cult ivars had  never been c ropped  (sampling in 
O c t o b e r  1992; Table  2). This difference is significant 
only  in Petr i -dish experiments.  In  tube  experiments ,  the 
viabili ty of  s u b p o p u l a t i o n  IA cou ld  have been under-  
est imated,  due to the an tagonis t ic  effect of  the identified 
fungus, CyIindrocarpon destructans, k n o w n  to be de- 
structive to H. avenae females. This could  also have 
caused  a delay in the deve lopmen t  of  the nematode ,  
accoun t ing  for the significantly h igher  n u m b e r  of  white 
females, and  could  be responsible  for the c o n c o m i t a n t  
decrease in fecundity.  This fungus had  no t  been recorded  
in females and  eggs of  s u b p o p u l a t i o n  IB. The  fecundi ty  
of  females was a lways higher  in re-establ ished sub- 
popula t ions ,  at wha tever  date  the susceptible cult ivars 
had  been re- in t roduced.  M o n o c u l t u r e s  of  susceptible 
hosts  ( ro ta t ions  A, blocks  I and  I I I )  caused an  increased 
percentage  o f  inviable p rogeny ,  par t ly  expla in ing the 
densi ty dependan t  l imiting popu la t i on  dynamics  of  H. 
avenae under  such fa rming  pract ices  (Fig. 2). The  lower  
viabili ty in the earlier re-established s u b p o p u l a t i o n  IB 
was unexpected.  It  could  have depended  on  a combina -  
t ion of  two independen t  factors :  an  inbreeding  effect 
f rom survivors  ac t ing as founders  a n d / o r  a lower  repro-  
duct ive potent ia l  in nema todes  virulent  to cv Pa n e ma .  
The  absence  of  C. desrructans in s u b p o p u l a t i o n  IB re- 
vealed the indirect  decreas ing effect of  resistance 
c ropping  on the development  of  nematode  endoparasi t ic  
fungi. 



Fig. 2 Population dynamics 
ofH. avenae in field strips 
cropped with resistant (R) and 
suscepetible (S) cereals in 
long-term rotations 
(1982-1993). Each point 
represents the mean of 4-5 
replicates. Vertical bars show 
the standard error of the mean. 
The resistant and susceptible 
cultivars were cv Panema 
and cv Peniarth for oats, cv 
Welam and cv Aramir for barley, 
respectively. Susceptible wheats 
were cv Arminda except in 
1983, Block I (cv Talent) and 
in 1990, Block III (cv Fidel). The 
tolerance capacity of new 
resistant advanced lines of 
wheat was carried out in 1986 
(Block III) 
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Table 1 Fitness components of subpopulations of H. avenae from experimental rotations IIIA and IIIB (year 1992) 

Item Tests Replicates IIIA IIIB 

Viability Petri plates > 30 White females 8.3a 10.2b 
(number of respective 
life stage found) 

Tubes > 15 Cyst 
White females 
Total 

Fecundity Tubes > 15 Viable 
(juveniles/cyst) 

Total (viable + 
unviable) 
%Viable/total 

17.3a 35.3b 
7.4a 16.1b 

24.7a 52,3b 

99.2a 154,5b 

144.7a 175.5b 

70.0a 85.4b 

Mean initial density 62.2 93.3 
(juveniles/g of soil) 

Soil sampling (October) 1991 

Enzymat ic  po lymorph i sm 

As previously recorded (Berg6 et al. 1981; Da lmasso  
et al. 1982, Bossis and  Rivoal  1989), the monomer i c  
esterase and the dimeric mala te  dehydrogenese revealed 
an impor t an t  po lymorph ism,  with five and four alleles, 
respectively (Table 3, Fig. 3). All allelic frequencies were 
below the 95% limit. Except  for allele A, rare alleles were 
not observed either for esterase or for M D H .  M D H  allele 
A was also absent  in the IB-Peniar th  subpopulat ion.  

A Hardy -Weinbe rg  equil ibrium has been observed in 
the four subpopulat ions ,  IA, IB, I I IA  and I I IB,  assuming 
a r a n d o m  mat ing  in the field populat ions.  The different 
c ropping rota t ions  did not  seem to have disturbed 
panmict ic  reproduct ion,  as shown by the insignificant 
low values of F statistics for the IA, IB, I I IA  and I I IB  
subpopulat ions ,  indicating a non-excess of heterozygo-  
sity (Table 3). 

In contrast ,  subpopula t ions  sampled on single oat  
plants showed greater  positive or negative F values, 



Table 2 Fitness components of subpopulations of H.  avenae  from experimental rotations IA and IB (year 1993) 

Item Tests Replicates IA IB 

Viability Petri plates > 30 White females 13.7a 7.9b 
(number of respective 
life stage found) 

Tubes > 15 Cyst 
White females 
Total 

Fecundity Tubes > 15 Viable 
(juveniles/cyst) 

Total (viable + 
unviable) 
%Viable/total 

63.5 66.6a 
6,5a 0.5b 

70.8a 67.9a 

248.3a 313.7b 

319.1a 365.3a 

78.0a 85.6b 

Mean initial density 75.0 48.8 
(juveniles/g of soil) 

Soil sampling (October) 1992 

Table3 Allele frequencies at esterase and malate dehydrogenase 
loci for different subpopulations of H. avenae  and for three 
sampling methods (see text for explanation). The formula F 2 N ( K  - 1) 
follows a X z law with K ( K  - 1)/2 degrees of freedom; K is the number  

of alleles at the locus of interest and N the number  of individuals in 
the subpopulation. Negative F values indicate an excess in 
heterozygotes, positive values a deficit. The test is significant at 
P_< 0.05 

Method of sampling 1 

Locus Alleles IA IB IIIA IIIB 

2 3 

I l IB-Plant l  IIIB-Plant2 IB-Panema Ib-Peniarth 

Est6rase b A 0.077 0.013 0.013 
B 0.269 0.423 0.412 
C 0.359 0.410 0.363 
D 0.077 0.064 0.138 
E 0.218 0.090 0.075 

Sample size 39 39 40 
F static estimator (Wright) - 0.204 0.097 - 0.047 
Hardy-Weinberg equilibrium (P) 0.171 0.197 0.749 

Malate dehydrogenase A 0.013 0.064 0.050 
B 0.269 0.359 0.225 
C 0.449 0.359 0.463 
D 0.269 0.218 0.262 

Sample size 39 39 40 
F statistic estimator (Wright) - 0.150 0.125 0.077 
Hardy-Weinberg equilibrium (P) 0.336 0.052 0.523 

0.038 0.054 0.044 0.013 0.020 
0.375 0.323 0.397 0.539 0.304 
0.313 0.415 0.390 0.276 0.412 
0.138 0.092 0.044 0.026 0.118 
0.138 0.115 0.125 0.145 0.147 

40 65 69 38 51 
- 0.054 0.013 0.156" 0.077 0.314" 

1.000 0.316 0.041" 1.000 0.019" 

0.025 0.040 0.008 0.057 0.000 
0.287 0.290 0.383 0.352 0.490 
0.387 0,310 0.367 0.295 0.300 
0.250 0.360 0.242 0.295 0.210 

40 65 69 44 50 
- 0.095 0.202* - 0.004 0.033 0.201 

0,739 0.012" 0.599 0.537 0.094 

expressing an excess of heterozygosity for IIIB-Plant2 
(F = + 0.156; P = 0.041) at the esterase locus or a deficit 
for IIIB-Plantl (F = -  0.202; P = 0.012) at the MDH 
locus. These results indicate that matings do not occur 
randomly in the vicinity of a single plant. A critical 
aspect of the sampling conditions is demonstrated by 
the highest and significant deficit of heterozygosity ob- 
served for the IB-Peniarth subpopulation at the esterase 
locus (F = + 0.314, P = 0.019) which may have resulted 
fiom the collection of females from only two plants. 

A pairwise comparison of samples from subpopula- 
tions IB and IA gave significant differences in allelic 
frequencies (Table 4). The highest Z 2 value involved the 
comparison of samples from subpopulations IB- 
Panema and IB-Peniarth, demonstrating that even sub- 
populations originating from the same field strip may 
differ genetically. The differences could be due to a 

greater density of resistance-breaking individuals in the 
IB-Panema sample than in IB-Peniarth where multipli- 
cation of both avirulent and virulent pathotypes had 
been allowed. 

The occurrence of the resistance-breaking pathotype 
to cv Panema seems responsible for the genetic differen- 
tiation. This is confirmed by the lack of significant 
differences in allelic frequency comparisons between 
IliA and IIIB where resistance-breaking phenomena 
had not been recorded at a consistent level (Rivoal et al. 
1995). Multiplication of nematodes on single plants of 
the susceptible cv Peniarth (compare IIIB-Plantl/IIIB- 
Plant2) did not introduce any genetic dissimilarity. 

The differences between these subpopulations are 
confirmed through Nei (N) and Rogers (R) genetic dis- 
tances. The higher divergence ( N =  0.031; R = 0.197) 
was again expressed between nematodes on IB-Panema 



Esterase b 
A . . . .  0 . 2 0  . . . . . . . . . . . . . . . . . . . . .  

B . . . .  0 . 3 5  . . . .  

C . . . .  0 . 5 0  . . . . . . . .  

D . . . .  0 . 6 0  . . . . . . . . . . . .  

E . . . .  0 . 7 0  . . . . . . . . . . .  

A l l e l e s  A A  A B  A C  A D  A E  B B  B C  B D  B E  C C  C D  C E  D D  D E  E E  

Malate dehydrogenase 
A . . . .  0 . 1 5  . . . . . . . . . . . . . . . . .  

B . . . .  0 , 3 5  

C . . . .  0 . 5 0  

D . . . .  0 . 7 0  

A l l e l e s  A A  A B  A C  A D  B B  B C  B D  C C  C D  D D  

Fig. 3 Allelic patterns and genotypes of monomeric esterase b and 
dimeric malate dehydrogenase revealed on single females in 
populations of Heterodera avenae, using cellulose acetate gels 

Table 4 Selected paired comparisons of alMic frequencies in different 
subpopulations of H. avenae for the esterase b and malate dehy- 
drogenase loci. Differences are significant at P _< 0.05 (*), P _< 0.01 (**) 

Comparison of Esterase b Malate dehydro- 
subpopulations genase 

ddl Z 2 ddl Z a 

IB/IA 2 9.03* 2 
IB-Panema/IB-Peniarth 2 10.94"* 2 
IIIB/IIIA 2 1.58 2 
IIIB-Plant 1/IIIB-Plant2 2 1.77 2 

3.40 
2.05 
0.92 
3.75 

and the field subpopulation IA. IB-Panema nematodes 
were not distinct from the field subpopulation in IB but 
lay at an intermediate genetic distance with the IB- 
Peniarth subpopulation (N=0.017; R=0.156). The 
IIIB-Plantl and IIIB-Plant2 subpopulations did not 
differ at all (N = 0.002; R = 0.086). 

The ribosomal DNA primers allowed amplification 
of ITS1, ITS2 and the 5.8s gene (Vrain et al. 1992). The 
four populations studied yielded only one fragment, 
approximately 1.2 kb long. Digestion of the amplifica- 
tion product occurred with all enzymes except HindIII  
and BamH1. In every case the RFLPs were completely 
similar between the IA, IB-Panema and the pathotype 
Ha41 of H. avenae. According to the stringency level of 
this technique we naay consider that these three popula- 
tions belong to the same species. In contrast, H. schachtii 
presented similar bands to those of the H. avenae popu- 
lation cluster only with respect to the enzymes NdeII  
and PstI. The genetic divergence coefficient between the 
two species was 1.4604 (Fig. 4). 

Discussion 

The primary objective of nematode management pro- 
grammes is to reduce the population densities to below 

IA field subpopulation 

IB-Panema 

Heterodera avenae pathotype Ha41 

Heterodera schachtii 
1.4604 0 

Fig. 4 Genetic dissimilarity between different populations of 
Heterodera nematodes, in respect of RFLPs of ribosomal DNA, 
calculated using Nei distance 

damage thresholds. Studies on population dynamics 
(Pf/Pi ratio) and their impact on crop production have 
been carried out on plant parasitic nematodes, especial- 
ly in the genus Heterodera (McSorley and Phillips 1993). 
Studies on the consequences of crop rotation on the 
genetic structure of nematode populations are, however, 
infrequent and to-date have rarely involved enzyme 
polymorphism (Caswell and Roberts 1987). Nematodes 
such as H. avenae are very small animals (an average 500 
p~m width for white females or cysts) and sufficient 
quantities of enzymes are difficult to extract from single 
individuals. It would have been preferable to use more 
polymorphic loci but, unfortunately, attempts to find 
other informative enzymatic systems on single females 
have been unsuccessful. 

The panmictic reproduction of the nematode popula- 
tion is consistent at the field level and confirmed the 
previous results of Bossis and Rivoal (1989). Tremen- 
dous decreases in nematode densities and re-coloniz- 
ation resulting from resistant and susceptible plant 
cropping has not significantly disturbed the random 
mating of populations. We cannot exclude the possibil- 
ity that non-random mating at the field level occurred 
during the phase of extremely low population density 
but it would have disappeared after 2-3 years of suscep- 
tible host cropping. In contrast, subpopulations sam- 
pled from individual plants reared in pots showed non- 
random mating tendencies. 

We should have expected the same pattern both at 
plant and field levels as an excess of homozogosity at the 
plant level should be found, or even amplified with a 
Wahlund effect, for the whole field population (Hart and 
Clark 1989). Such as paradoxical observation could be 
explained by such cultivation practices as ploughing. 
This could serve to disrupt regular inbreeding that 
occurs at the plant level when infective juveniles ori- 
ginating from the same cyst could interbreed in the 
vicinity of the plant root system (Caswell and Roberts 
1987). Annual ploughing certainly caused a regular 
mixing of alleles at each generation for the whole field 
population. 

Our long-cropping experiment attained several goals 
of experimental population genetic studies, which are 
able to detect, characterize and measure the intensity of 
natural selection where it is occurring (Lewontin 1985). 



The main and unexpected result of the present study was 
to observe the selection of a new resistance-breaking 
pathotype showing a fitness and an enzymatic polymor- 
phism different from the original field population. Selec- 
tion for nematode virulence to specific resistance genes 
through repeated exposure to resistant plants has rarely 
been experimentally demonstrated under agricultural 
field conditions (Roberts 1993). 

The major disturbance factor for allelic frequency is 
probably the appearance of nematodes breaking the 
resistance of cv Panema, which causes a structuring in 
the field subpopulation IB. Sharper differentiation of 
populations for the esterase locus could be explained by 
a linkage disequilibrium between this locus and those 
associated with virulence to cv Panema. Turner (1990) 
had earlier observed a contrasting increase and decrease 
in allelic frequencies for the enzymes phospho- 
glucosisomerase, phosphoglucomutase and hexokinase 
between virulent populations of the potato cyst 
nematode Globodera pallida and their unselected aviru- 
lent counterparts from geographical isolates. The same 
polymorphisms in enzymatic allele range or in 
ribosomal DNA RFLPs between the population viru- 
lent to cv Panema and the field population, which had 
never experimentally subjected to the resistance genes, 
indicate specific similarities between both nematode 
isolates. Ferris et al. (1994) had also observed that the 
rDNA ITS sequences were highly conserved among all 
the H. avenae stricto sensu isolates analyzed. The break- 
ing of resistance genes from A. sterilis 1.376 by H. avenae 
pathotype has never been observed previously. It occurs 
in Sweden with several Gotland-strain populations be- 
longing to the H. avenae complex, particularly with the 
Etelhem isolate (Ireholm 1994). Nevertheless, this 
Swedish population is easily differentiated to H. avenae 
stricto sensu by using RFLPs in ribosomal DNA (Bekal 
and Rivoal, unpublished). 

The re-establishment of populations from undetect- 
able densities also contributed to modifications in popu- 
lation genetic structure. Unfortunately our experimen- 
tal design could not indicate whether the lower viability 
of the re-established subpopulation IB resulted from a 
fitness cost in the wider virulence pathotype, an inbreed- 
ing effect in founding survivors, or both phenomena 
together. The significant difference in allelic frequencies 
between subpopulations IB and IA suggest that the new 
virulent pathotype to cv Panema occurs at a consistent 
frequency. The appearance of this virulent pathotype in 
only one experimental subpopulation poses questions 
about the heterogeneous distribution of virulence genes 
in the field and the mechanisms of selection involved. 
Rivoal et al. (1995) did not observe any acquired viru- 
lence in the geographically closed subpopulation liB 
when submitted to the highest selection pressure (oat cv 
Panema cultivated at 64% frequency from 1982 to 1993) 
indicating that the virulence genes are either infrequent 
in this location or else could not be progressively se- 
lected, as in the case of mitotically parthenogenetic 
Meloidogyne incognita in tomato (Jarquin-Barberena 

et al. 1991). In contrast, 3 years of successive host crop- 
ping (wheat cv Arminda in 1991 and 1992, oat cv 
Peniarth 1993) might have contributed to the strong 
increase in the frequency of virulence genes in sub- 
population IB, in spite of a lower genotypic fitness. 
Nevertheless Turner (1990), and more recently Beniers 
et al. (1995), have not found a decrease in fitness of G. 
pallida pathotype with increasing virulence to patato cv 
Darwina bred from different sources of resistance in 
Solarium vernei. 

These studies in population genetics complete our 
investigations on the population dynamics of H. avenae 
exposed to the repeated use of resistance genes. Un- 
doubtedly new in nematology, they must be further 
developed to evaluate the effects of different agronomi- 
cal practices such as rotations, the use of resistant 
cultivars, and fallowing, on the genetic evolution of 
pathogenic populations. 

Acknowledgements The results presented in this paper are part of a 
research programme with the integrated management of nematode 
densities supported by BAYER, grant P 00931 and by INRA, AlP 
92/9505. 

References 

Beniers A, Mulder A, Schouten J (1995) Selection for virulence of 
Globodera paIlida by potato cultivars. Fundam Appl Nematol 
18:497-500 

Berg6 JB, Dalmasso A, Person F, Rivoal R, Thomas D (1981) 
Isoest~rases chez le n6matode Heterodera avenae. I. Polymor- 
phisme chez diff6rentes races frangaises. Revue N6matol 
4:99 105 

Bossis M, Rivoal R (1989) Polymorphisme est~rasique chez He~ero- 
dera avenae Woll.: variations intra et inter parcellaires. 
Nematologica 35:331-339 

Caswell EP, Roberts PA (1987) Nematode population genetics. In: 
Veech JA, Dickson DW (eds) Vistas on hematology. A commem- 
oration of the 25th anniversary of the Society of Nematologists, 
Society of Nematologists, Hyattsville, Maryland, USA, pp 
390-397 

Caswell-Chen EP, Williamson VM, Wu FF (1992) Random amplified 
polymorphic DNA analysis of Heterodera cruciferae and H. 
schahtii populations. J Nematol 24:343 351 

Ciamot G, Rivoal R (1984) Genetic resistance to cereal cyst nematode 
Heterodera avenae Woll. in wild oat Arena sterilis I. 376. Eu- 
phytica 33:27-32 

Cook R, Lewis DA, Valentine J, Hayes JD (1978) New cultivars: 
Panema. Oat NewsleU 28 : 92 

Dalmasso A, Dedryver-Person F, Thomas D (1982) Polymorphisme 
g6n6tique chez Heterodera avenae. Bull OEPP 12:349-352 

De Jong A J, Bakker J, Roos M, Gommers FJ (1989) Repetitive DNA 
and hybridization patterns demonstrate extensive variability be- 
tween the sibling species Globodera rostochiensis and G. pallida. 
Parasitology 99:133-138 

Ferris VR, Ferris JM, Faghihi J, Ireholm A (1994) Comparisons of 
isolates of Heterodera avenae using 2-D PAGE protein patterns 
and ribosomal DNA. J Nematol 26:144 151 

Hartl DL, Clark AG (1989) Principles of population genetics, 2nd 
edn. Sinauer Associates, Inc., Sunderland, Massachusetts, USA, 
pp 282 296 

Hebert PDN, Beaton MJ (1989) Methodologies for allozyme analysis 
using cellulose acetate electrophoresis. Helena Laboratories, 
Beaumont, Ontario 

Hoelzel AR (1992) Molecular genetic analysis of populations. A 
practical approach. Oxford University Press, Oxford, England 



Ireholm A (1994) Characterization of pathotypes of cereal cyst 
nematodes, Heterodera spp., in Sweden. Nematologica 40: 
399 411 

Jarquin-Barberena H, Dalmasso A, De Guiran G, Cardin MC (1991), 
Acquired virulence in the plant parasitic nematode Meloidogyne 
incognita. 1. Biological analysis of the phenomenon. Revue 
N~matol 14:261 275 

Lewontin RC (1985) Population genetics. Annu Rev Genet 
19:81-101 

McSorley R, Phillips MS (1993) Modelling population dynamics and 
yield losses and their use in nematode management. In : Evans K, 
Trudgill DL, Webster JM (eds) Plant parasitic nematodes in 
temperate agriculture. CAB International, Wallingford, pp 61-86 

Nei M, Li WH (1979) Mathematical model for studying genetic 
variation in terms of restriction endonucleases. Proc Natl Acad 
Sci USA 76: 5269-5273 

Person F, Rivoal R (1979) Hybridation entre les races Frl et Fr4 d' 
Heterodera avenae Wollenweber en France et &ude du comporte- 
ment d'agressivit~ des descendants. Revue N~matol 2:177-183 

Rivoal R, Cook R (1993) Nematode pests of cereals. In: Evans K, 
Trudgill DL, Webster JM (eds) Plant parasitic nematodes in 
temperate agriculture. CAB International, Wallingford, pp 
259-303 

Rivoal R, Lasserre F, Huli6 M, Doussinault G (1991) Evaluation de la 
r~sistance et de la tolerance A Heterodera avenae chez ie b16 par des 
tests miniaturis6s. Med Fac Landbouw Rijksuniv Gent 
56:1281 1292 

Rivoal R, Lasserre F, Cook R (1995) Consequences of long-term 
cropping with resistant cultivars on the population dynamics of 
the endopasitic nematodes Heterodera avenae and Pratylenchus 
neglectus in a cereal production ecosystem. Nematologica 
41:516-529 

Roberts PA (1993) The future in nematology: integration of new and 
improved management strategies. J Nematol 25:383-394 

SAS Institute Inc (eds) (1988) SAS/STAT user's guide, release 6.03 
edition, SAS Institute Inc., North Carolina, Cary USA 

Swofford DL, Selander RB (1981) BIOSYS-1 : A computer program 
for the analysis of allelic variation in genetics (Release 1). Depart- 
ment of Genetics and Development, University of Illinois at 
Urbana-Champaign Urbana, Illinois 60801, USA 

Turner SJ (1990) The identification and fitness of virulent potato 
cyst-nematode populations (Globodera pallida) selected on resis- 
tant Solanum vernei hybrids for up to eleven generations. Ann 
Appl Biol 117:385-397 

Turner SJ, Stone AR, Perry JN (1983) Selection of potato cyst- 
nematodes on resistant Solanurn vernei hybrids. Euphytica 
32:911-397 

Vrain TC, Wakarchuk DA, L6vesque AC, Hamilton RI(1992) lntra- 
specific rDNA restriction fragment length polymorphism in the 
Xiphinema americanum group. Fundam Appl Nematot 
15:563-573 

Young L, Hartwig EE Anand SC, Widick D (1986) Responses of 
soybeans and soybean cyst nematodes to cropping sequences. 
Plant Dis 70: 787-791 


