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Intraspecific Variation in Ribosomal DNA in Populations of
the Potato Cyst Nematode Globodera pallida

V. C. BLog,! G. MarrocH,' B. HARROWER,! M. S. PaiLrips,! anD T. C. VRAIN®

Abstract: The relationships among a number of populations of Globodera pallida from Britian, the
Netherlands, Germany, Switzerland, and South America were examined using PCR amplification of the
ribosomal cistron between the 18S and 28S genes that include the two intergenic spacer regions (ITS1
and ITS2) and the 5.8S gene. Amplifications produced a similarsized product of 1150 bp from all
populations. Digestion of the amplified fragment with a number of restriction enzymes showed differ-
ences among the populations. The restriction enzyme Rsal distinguished the most populations. The
RFLP patterns revealed by this enzyme were complex and could have arisen from heterogeneity between
individuals within populatens and from differences between the repeats of an individual. Sequence
analysis from six of the populations, together with RFLP analysis of PCR products, shows that there is

intraspecific variation in the rDNA of G. pallida.

Key words: Globodera spp, PCR, potato-cyst-nematode, rDNA.

The potato cyst nematodes (PCN), Glo-
bodera rostochiensis (Wollenweber) Behrens
and G. pallide (Stone) Behrens, are major
pests of potato (Solanum tuberosum L.) that
were introduced into Europe from South
America (Evans et al., 1975). Determining
whether there have been more than one in-
troduction of each species has practical im-
portance in relation to the management of
this pest, as the genetic basis of virulence
may differ with distinct introductions. Bio-
chemical and molecular characterization of
PCN populations are being conducted to de-
termine the range of genetic diversity in re-
lation to the virulence of these populations
(Blok and Phillips, 1995; Blok et al., 1997:
Phillips et al., 1992).

Different regions of the ribosomal DNA
(rDNA) cistron have been used to examine
phylogenetic relationships between and
within species in a wide range of organisms
in the plant, animal, and bacterial king-
doms, and recently these techniques have
been applied to nematodes. Studies of
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rDNA using polymerase chain reaction
(PCR) amplification are of particular utility
where the quantities of DNA are limited.
Ferris et al. (1993, 1994, 1995) compared
sequence data from the internal transcribed
spacer (ITS) rDNA of the cyst nematodes
Heterodera glycines, H. schachtii, H. trifoliz, H.
carotae, H. avenae, and Globodera spp. follow-
ing PCR amplification, and found that they
have characteristic intra- and interspecific
variation. In other studies, Vrain et al.
(1992) used restriction fragment length
polymorphism (RFLP) in the PCR product
from the ITS regions and 5.85 gene to ex-
amine relationships in the Xiphinema ameri-
canum group. Wendt et al. (1993) and Ibra-
him et al. (1994) differentiated species and
populations of Aphelenchoides and Ditylenchus
angustus, and Zijlstra et al. (1995, 1997) dif-
ferentiated isolates of Meloidogyne hapla and
M. chitwoodi with restriction site differences
in this region. In contrast, no inter- or intra-
specific variation was observed in the ITS1
and ITS2 regions of M. incognita, M. are-
naria, M. javanica, and M. hapla with se-
quence or restriction enzyme analysis by
Xue et al. (1993).

In this study of intraspecific variation
within G. pailide, in relation to the original
introductions into Europe, PCR was used to
amplify a region of the tandemly repeated
ribosomal cistron including the ITS1 and
ITS2 regions, the 5.85 gene, and short
lengths of the 3’ end of the 18S gene, and
the 5" end of the 28S gene. Nematode popu-
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lations from Europe and South America
were examined for RFLP and sequence dif-
ferences in the rDNA and the results inter-
preted in relation to the complexities of
rDNA evolution.

MATERIALS AND METHODS

Nematode populations: Eighteen popula-
tions of G. pailida from Europe and South
America were used. Details of their origin,
virulence, and pathotype designations are
given in Table 1. Virulence was assessed in a
glass house pot test where the nematode cyst
production on a susceptible host was com-
pared with reproduction on a range of par-
tially resistant potato genotypes (Phillips
and Trudgill, in press).

DNA extraction: DNA was extracted. from
bulked second-stage juveniles or dry cysts as
described by Phillips et al. (1992). Single ju-
venile nematodes were ground in a 1-ml
glass homogenizer (Burkard Scientific, Ux-
bridge, UK) in 5 pl of water, after which the
extract was removed to a 0.5-m] Eppendorf
tube. The homogenizer was washed with an
additional 5 pl of water, which was com-
bined with the previous 5 pl of extract.

PCR reaction: The primers used for PCR
amplification were as described by Vrain et

al. (1992). PCR reactions (100 pl) consisted
of 10 mM Tris-HCl pH 8.3, 1.5 mM MgCl,,
50 mM KCI, 10 pM each dNTP, 0.2 pM of
each primer, 10 ng template DNA or 10 pl of
extract from a single nematode, 2.5 units
Taq polymerase (Boehringer, Mannheim,
Germany). A negative control with no tem-
plate DNA and a positive control with Cae-
norhabditis elegans DNA was included in each
experiment. The cycling parameters used
were 95 °C for 30 seconds, 55 °C for 30 sec-
onds, and 72 °C for 90 seconds for 35 cycles
followed by 72 °C for 5 minutes. Amplifica-
tion was performed in a thermocycler
(Techne PHC-3).

The amplified product was further puri-
fied using phenol-chloroform and chloro-
form, then ethanol-precipitated at -20 °C
for at least 1 hour (Sambrook et al., 1989).
This step was required to give clear digestion
patterns following electrophoresis of the
products on polyacrylamide gels. Following
centrifugation and resuspension in TE (10
oM Tris-HCI pH 8.0, 0.1 mM EDTA), the
DNA samples were divided into 2 or 3 por-
tions, and restriction enzyme digestions
(Alul, Hinfl, Mbol, Ddel, Taql, and Rsal)
were performed according to the manufac-
turer’s instructions with the buffer provided
(Pharmacia, Uppsala, Sweden). Initially, the

TaBLE 1. Populations of potato cyst nematode, Globodera pallida, used in this study.
Code Pathotype Virulence® Origin

Pal Pal 16 Scotland
P4A P4A 6 South America
P5A P5A 35 South America
D375 Pa2 2 The Netherlands
Coll 1077 Pa3 8 The Netherlands
Vp74-768-20 Pa3 32 The Netherlands
Germany (BBAl) Pa2 5 Germany
Chavonery Pa3 16 Switzerland
Lindley Pa3 10 England
Halton Pa2 2 England
Farcet Pa3 2 England
Yapham Pa3 4 England
Newton Pa3 6 England
Bedale Pa3 7 England
Derby Pa3 6 England
Bryn Adda Pa3 5 Wales
Luffness Pa3 22 Scotland
Gourdie Pa3 4 Scotland

2 Virulence: the mean percentage of cyst production of each population on the differential host 62.33.3 (Kort et al., 1977)

relative to cyst production on the susceptible cultivar Desiree.
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digestion products were separated on 1%
agarose TBE gels (Sambrook et al., 1989);
however, the digestion patterns were diffi-
cult to visualize. Hence, discontinuous non-
dissociating polyacrylamide gel electropho-
resis with a 10% resolving gel was used.
These gels were electrophoresed in 0.25M
Tris/glycine buffer pH 8.3 for 6 hrs at 150V
(Sambrook et al., 1989). DNA was visualized
under UV light following staining with
ethidium bromide (0.5 pg/ml) and then sil-
verstained (Merril, 1990) to confirm the
presence or absence of minor bands. Results
were repeated to confirm that the digestion
patterns were reproducible. Marker VIII
(Boehringer) was co-fractionated as a size
standard. However, the sizes of the markers
did not correspond to the sizes of the diges-
tion products predicted from the sequence
analysis. This was probably due to differ-
ences in the buffer of the marker and the
restriction digests.

Cloning and sequencing of PCR products:
PCR products were excised from 1% TBE
buffered agarose gels using the Wizard PCR
Prep kit (Promega) and cloned into the vec-
tor pGEM-T (Promega, Madison, WI). Two
clones of PCR products from each of the G.
pallida populations (Halton, Luffness, Pal,
P4A and PHA) were isolated, and 12 were
isolated from D375 (two were sequenced
over the whole length of the PCR product
while the remaining 10 were sequenced over
the first 500-600 bp). DNA was prepared us-
ing the Wizard Midipreps DNA Purification
System (Promega) and sequenced by cycle
sequencing (Applied Biosystems, Foster
City, CA) on both DNA strands. Sequence
was determined from all clones using for-
ward (5’-GTTTTCCCAGTCACGAC-3') and
reverse (5'-AACAGCTATGACCATG-3')
primers. The internal primers used were ribo
f2 (5"-CGATTGCTGTTGTCGTCG 3'), ribo
f4 (6" TATCGGTGGATCACTCGG 3"), ribo
r2 (5" GATGTCACTCCAATGGCG 3'), and
2043 (5" GTCGAGTCACCCATTGGG 3').

Sequence information was assembled us-
ing the Staden (1982) package of programs,
and further analysis was performed with
STADEN, UWGCG (Devereux et al., 1984)
and FASTA (Devereux et al.,, 1984) pro-

grams provided by the Daresbury Labora-
tory, Warrington, United Kingdom. The ge-
netic similarity between the sequences was
calculated with the DNADIST program from
PHYLIP 3.5 supplied by J. Felsenstein, Uni-
versity of Washington, Seattle, Washington.

ResuLts

The sensitivity in detecting the products
of restriction enzyme digestion and their
resolution was superior following discon-
tinuous non-denaturing polyacrylamide gel
electrophoresis followed by ethidium bro-
mide staining or silver staining when com-
pared with agarose gel electrophoresis fol-
lowed by ethidium bromide staining and UV
light illumination (results not shown).
Hence, the former method was used for the
RFLP analyses.

Comparison of RFLP and sequence informa-
tion: Four restriction enzymes that recognize
four-base-pair target sequences (Alul, Mbol,
Taql, and Rsal), and two that recognize a
five-base-pair site (Hinfl and Ddel) were
used to test for RFLPs in the rDNA PCR
product from the different populations of G.
pallida. There were restriction sites in the
PCR products for all of these enzymes. Se-
quence alignment of the amplification prod-
ucts from seven G. pallida populations are
displayed in Fig. 1. A map indicating the
positions of these restriction sites based on
this sequence information is shown in Fig. 2.
The six enzymes varied in the degree to
which they distinguished populations. No
RFLP differences were observed when the
PCR product was digested with Alul, Ddel,
or Hinfl (results not shown), and no se-
quence differences between the populations
at the sites recognized by these two enzymes
were observed (Fig. 1). With Mbol, the P5A
population lacked the 125- and 431-bp di-
gestion products present in all of the other
populations but had a product of 556 bp
(results not shown). This was confirmed in
the sequence analysis, which identified
GACC at position 288 instead of GATC,
which is the recognition site for this enzyme.
One of the Halton sequences also had the
P5A type sequence at this point, but the 556-
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Fic. 1. Sequences of ITSI, 5.8S, and ITS2 regions and partial sequence of 18S and 288 regions from five
Globodera pallida populations, and sequence of G. pallidafrom Ferris et al. (1995). The 188, 5.8, and 28S sequences
are in bold. Actual and potential Rsal sites are underlined. Sequence differences between clones are shown in

Table 2.

bp product was not obvious in the digestion
patterns. The P5A population was distin-
guished from all the other populations with
the enzyme Taql by the absence of a prod-
uct of 371 bp. The sequence of the P5A
clones had an additional Tagl site at 688 bp,
which accounts for the RFLP difference with
this population.

Of the six enzymes used, the enzyme that

discriminated among most of the popula-
tions was Rsal. RFLP patterns were pro-
duced that distinguished Pal, P5A, and
D375 from the remaining populations (Fig.
3). The differences in the RFLP patterns
were due to the presence or absence of Rsal
sites within the 520-bp digestion product
that spans part of the 18S gene and part of
the ITS1 region. No restriction sites for Rsal

Restriction  Recognition
enzyme sequence
1 &0 19% Alu 1 AG/CT
= Ll o Dde1 C/TNAG
2= e 4 Hinf 1 G/ANTC
i Gl AL % Mbo1 /GATC
288
3.8 3§7 ] 738 30_3 10‘74 Taq 1 T /C GA
688
. — et Rsa 1 GT/AC
256 300
117 704 861 1072
] f ] f 1151
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Fic. 2. Schematic diagram showing restriction sites in Globodera pallidafor Alul, Ddel, Hinfl, Mbol, Taql, and
Rsal in the PCR products amplified with the ribosomal primers. The primers are not included at the extremities
of the map. Positions of sites common to all populations are shown above the lines, and known variable sites are
shown below.
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Rsal digestion products of ribosomal PCR products from 17 Globodera pailida populations. Sizes of

digestion products based on sequence information are indicated. (Size marker: Marker VIII, Boehringer).

were observed in the sequence of the other
region (620-bp fragment) of the PCR prod-
uct for any of the isolates. With the Pal
population the 520-bp band was not di-
gested, and the sequence confirms the ab-
sence of Rsal sites in this region. With the
P5A population, an internal Rsal site (posi-
tion 300) gives rise to products of 222 and
298 bp in size, which is confirmed in the
P5A sequence. With P4A, a mixture of pre-
sumably digested and undigested 520-bp
bands was seen, but neither of the two se-
quences obtained from this population
showed a Rsal site in this region. In the
D375 population both digested and undi-
gested products of the 520-bp band were
seen, with the digested product of 260 bp
presumably a doublet. It is possible that
some copies of the 520-bp fragment have a
Rsal site at position 255. With the remaining
populations, digestion patterns in which
there are apparently mixtures of products,
some of which do not have Rsal sites within
the 520-bp fragment and a small proportion

with one or the other Rsal site, were ob-
served in the RFLP patterns. Twelve clones
of D375 were sequenced in the region of the
520-bp fragment, but no Rsal sites were
found.

tDNA of individuals: To determine if the
complex patterns observed with the Rsal di-
gests were the result of populations being
mixtures of individuals with different types
of rDNA or whether the rDNA of an indi-
vidual had different types of repeat units,
PCR was performed on indidividual nema-
todes. Digestion of the PCR products pro-
duced from individual nematodes from the
population Halton with Rsal again pro-
duced the 520-bp band and the smaller
bands presumably resulting from internal
digestion of some copies of this fragment
(Fig. 4).

Comparison of sequences: Sequence com-
parisons from two clones of PCR products
from the populations P5A, P4A, Pal, D375,
Luffness, and Halton were aligned with the
sequence of Ferris et al. (1995) and are



270 Journal of Nematology, Volume 30, No. 2, June 1998
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Fic. 4. Rsal digestion products of ribosomal PCR products from 18 individual Globodera pallida juveniles. Each
track (1-18) represents products from an individual nematode from population Halton. The gel was silver-stained.
(Size marker: Marker VIII, Boehringer).

shown in Fig. 1. There were no differences
between any of the sequences in the 171 bp
of 188, 79 bp of 28S, or 157 bp of 5.8S se-
quence. There were more sequence differ-
ences in the ITS1 region than in ITS2. The
two P5A sequences were identical as were
the D375 sequences; there was one differ-
ence between the two Luffness sequences,
four between the two Pal clones, and eight
between the two P4A clones. The Halton
clones were the most variable with 13 differ-
ences (Table 2). Overall, the South Ameri-
can P5A sequence is most distinct from the
others. In the ITS] region there were 10 po-
sitions that differentiated P5A from all the
other sequences, one position that differen-
tiated the Pal clones from all of the rest, six
sites that differentiated the P5A clones from
one or both of the P4A and Halton clones;
in the ITS2 region there were two positions
at which the P5A sequences were different
from all of the rest and two where one of
each of the Halton, P4A, and Pal were dif-
ferent from the rest. With the P4A se-
quences, neither showed Rsal sites in the
520-bp region. With the Rsal digest for P4A
there appeared to be two types of PCR prod-
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ucts in similar proportions—those without a
Rsal site and those with the 300-bp site.
There were 11 differences between the two
clones of P4A (eight in ITS1 and three in
ITS2) (Table 2). The dissimilarities between
the clones and populations are shown in
Table 3. The sequence from Ferris et al.
(1995) was most different, being 2.4% dif-
ferent from the sequences examined in this
study.

Drscussion

This study on G. pallida in Europe aims to
analyze genetic diversity and relate this to
the likely introductions from South America
and to their virulence characteristics. Our
knowledge of South American G. pallida is
limited, and the two populations included
here may be unrepresentative. The P5A
population from South America is clearly
most distinct from the others, both with
RFLP and sequence analysis. This popula-
tion was also found to be most distinct in
previous work assessing relationships among
populations of G. pallida with simple se-
quence repeat (SSR) primers (Blok and
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Phillips, 1995) and RAPDs (Blok et al,,
1997). P5A is also distinct biologically, being
highly virulent on clones bred from . vernei
and S. tuberosum spp. andigena (Phillips and
Trudgill, in press). The P4A population,
also from South America, was found to be
distinct from the other populations in an
RAPD study (Blok et al., 1997), but here the
separation from the European populations
is less clear, particularly with regard to the
sequence analysis. The Pal population pos-
sesses only two distinguishing nucleotides
from the sequences of the other populations
in this study. However, biologically it is dis-
tinguished from the other populations by
lacking virulence to the H2 gene derived
from Solanum multidissectum. The D375
population from the Netherlands, which has
very low virulence (F. Arntzen, pers.
comm.), was distinguished from the others
in the digestion patterns of the rDNA PCR
product obtained with both Rsal and Hinfl,
However, previous studies with SSR primers
and RAPDs did not separate this population
from the other Dutch populations included
in this study. With the remaining popula-
tions from Europe, the Rsal digests indi-
cated that the proportion of different types
of repeat units within an array varied, with
some populations displaying little or no evi-
dence of the minor repeat types. Thiéry and
Mugniéry (1996) reported no intraspecific
variation in their rDNA analysis, which in-
cluded six G. pallida populations (Pal, Pa2,
and Pa2/3 pathotypes), although with Rsal
digests they found additional weak polymor-
phic bands, suggesting differences in some
of the repeat units within their populations.
There were no restriction patterns with frag-
ment sizes consistent with both potential in-
ternal Rsal sites within the 520-bp fragment.

In summary, these data support already
existing studies that suggest that the major-
ity of European populations of G. pallida de-
rive from one source. There are a few excep-
tions: Pal has been found to be distinct in
other studies but not D375. The Luffness
population also has shown dissimilarity to
most European populations, but this was not
confirmed here. The distinctness of P5A is
apparent, but that of P4A is not.

C/T
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Cc/T
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TaBLE 3.  Between and within population dissimilarity matrix for seven populations of Globodera pallida.
Luffness P4A Halton Pal D375 P5A
Luffness 0.0009%
P4A 0.0057 0.0105*
Halton 0.0057 0.0081 0.0114%
Pal 0.0026 0.0072 0.0070 0.00%5%
D375 0.0013 0.0061 0.0066 0.0026 0.0000%
P5A 0.0145 0.0149 0.01%6 0.0158 0.0149 0.0000*
Ferris® 0.0180 0.0180 0.0195 0.0190 0.0174 0.0269

2 A number for a population vs. itself shows the dissimilarity between the two cloned PCR products from each of six populations
used in this study. The other numbers show the average dissimilarity between populations.

® Population of Ferris et al. (1995) included for comparison.

It is tempting to speculate that the popu-
lations displaying several repeat types arose
through the hybridization of ancestors with
different repeat types. One of each of the
Halton and P4A clones showed some se-
quence similarities with those of the P5A
clones, but these differences were scattered
throughout the sequence.

Based on the sequence analysis and the
restriction enzyme digestions in this work,
the PBA population shows little variation be-
tween repeat units. Arnheim et al. (1980)
reported low variation among rDNA arrays
within individuals; the multiple copies of
rDNA are homogenized in a process called
concerted evolution. The multiple copies of
rDNA do not evolve independently, and a
number of molecular mechanisms have
been postulated to account for this process
(Hillis and Dixon, 1991). Given that there is
a tendency for homogenization of rDNA re-
peats, then the results of this current work
would suggest that in many of the British G.
pallida populations, the process of homog-
enization to a uniform repeat type has not
been completed, and represented in their
arrays are small numbers of repeat types pos-
sibly arising from hybridization in their an-
cestry between individuals with distinct ribo-
somal genotypes. Work by Grisi (1995) indi-
cates that the ribosomal repeats in G. pallida
occur only in one chromosomal location;
hence, the processes of ribosomal gene evolu-
tion in this species are not likely to be further
complicated by recombination between dif-
ferent chromosomes (Arnheim et al., 1980).

Digestion of the rDNA PCR product from
individual nematodes from the Halton

population indicated that there are different
repeat types in a single individual. Multiple
digestion patterns generated from the PCR
product from rDNA from a single nematode
also have been observed by Zijlstra et al.
(1995) with M. kapla. They proposed that in
one individual there could be different ITS
types with digestion patterns yielding com-
posite patterns of M. chitwoodi and M. incog-
nita or M. javanica types. The arrangement
of these different types is unknown. A con-
siderable amount of sequencing would be
required to gain an accurate picture of the
amount of variation between different re-
peats within an individual. Ideally, multiple
clones of genomic DNA would be used to
minimize the interference of sequencing ar-
tifacts arising during amplification and sub-
sequent cloning of the PCR products.

In this study the ITS1 region showed the
most sequence variation and the 5.85 gene
showed the least, confirming reports with
other organisms where ribosomal gene se-
quences have been found to be highly con-
served but the spacer regions are more vari-
able (Hillis and Dixon, 1991). Ferris et al.
(1993, 1994), with H. glycines and H. avenae,
also reported more variation in the ITSI re-
gion than in ITS2 and more conservation in
the 5.8S gene. In a comparison of the ITS
regions and 5.85 genes of G. pallida, G. ros-
tochiensis, and G. virginia, Ferris et al. (1995)
also found the ITS1 region to be more vari-
able than the ITS2. They found no differ-
ences between G. pallida and G. rostochiensis
in the 5.8S sequence but did report a 5%
dissimilarity in the ITS1 region. Their se-
quences for a British isolate of G. pallida did
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not extend into the 185 and 28S regions
quite as far as the sequences in the present
study. However, the sequence of Ferris et al.
(1995) contained eight nucleotide deletions
not observed in this study. There were also
four sequence differences: two changes
shared with two or more of our sequences,
and two pairs of nucleotide inversions rela-
tive to our sequences. The explanation for
these sequence differences is unclear.

The study of rDNA using PCR to examine
phylogenetic relationships between and
within species is now widely used. This ap-
proach is particularly attractive with small
organisms like nematodes, where the quan-
tities of DNA available are a major technical
limitation. However, there are some limita-
tions with this approach that should be con-
sidered, particularly when examining closely
related isolates. Artifacts during amplifica-
tion, cloning, and propagation in E. coli may
contribute to sequence variation. When
there are small amounts of sequence poly-
morphism between isolates, differences aris-
ing from artifacts may account for some of
the polymorphism. The study of rDNA also
can be complicated by the presence of se-
quence and length variants in different
units. Analysis can be straightforward when
there is total uniformity in the repeat units,
both within an individual and among indi-
viduals in a species. However, as was found
with G. pallida, there can be more compli-
cated rDNA arrangements that confound in-
terpretations. Given the complexity of the
RFLP patterns that can arise with multiple
repeat units differing in their restriction di-
gestion patterns, interpreting relationships
must be approached with caution. Analysis
of ribosomal gene arrangements in different
populations gives insight into the relation-
ships of these populations; however, ex-
trapolation of evolutionary relationships
based on ribosomal genes to genes involved
in phenotypes such as virulence must be
done with care as the pressures driving their
evolution are different.
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