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Intraspecific Variation in Ribosomal DNA in Populations of 
the Potato Cyst Nematode Globodera pal~ida 

V. C.  BLOK,  1 G.  M A L L O C H ,  1 B.  N A R R O W E R ,  1 M .  S. PHILLIPS,  1 AND T .  C.  VRAIN 2 

Abstract: The  relationships a m o n g  a n u m b e r  o f  populat ions  o f  Globodera pallida f rom Britian, the 
Nether lands ,  Germany,  Switzerland, and  South America  were examined  us ing  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 p roduced  a similar-sized produc t  o f  1150 bp f rom all 
populat ions.  Digestion of  the  amplified f r agment  with a n u m b e r  of  restriction enzymes showed differ- 
ences a m o n g  the populat ions.  The  restriction enzyme RsaI dis t inguished the most  populat ions.  The  
RFLP pat terns  revealed by this enzyme were complex  a nd  could have arisen f rom heterogenei ty  between 
individuals within popula t ions  and  f rom differences between the  repeats  of  an  individual. Sequence  
analysis f rom six of  the  populat ions,  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. pallida (Stone) Behrens, are major 
pests of  potato (Solanum tuberosum L.) that 
were in t roduced into Europe from South 
America (Evans et al., 1975). Determining 
whether  there have been more  than one in- 
t roduct ion of  each species has practical im- 
por tance 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 
phy logene t i c  re la t ionships  be tween  and  
within species in a wide range of  organisms 
in the plant,  animal,  and bacterial  king- 
doms, and recently these techniques have 
b e e n  app l ied  to nema todes .  Studies o f  
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rDNA using po lymerase  cha in  r eac t ion  
(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. trifolii, H. 
carotae, H. avenae, and Globodera spp. follow- 
ing PCR amplification, and found that they 
have characteristic intra- and interspecific 
variat ion.  In o t h e r  studies, Vrain et al. 
(1992) used restr ict ion f r agmen t  length  
polymorphism (RFLP) in the PCR product  
f rom the ITS regions and 5.8S gene to ex- 
amine relationships in the Xiphinema amo'i- 
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. incogwita, 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 variat ion 
within G. pallida, 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 5.8S gene,  and  shor t  
lengths of the 3' end  of  the 18S gene, and 
the 5' end of  the 28S gene. Nematode popu- 
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lations f rom Europe  and South America 
were examined for RFLP and sequence dif- 
ferences in the rDNA and the results inter- 
pre ted  in relation to the complexities of  
rDNA evolution. 

MATERIALS AND M E T H O D S  

Nematode populations: Eighteen  popula-  
tions of  G. pallida f rom 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 
product ion on a susceptible host was com- 
pared with reproduct ion on a range of  par- 
tially resistant pota to  genotypes (Phillips 
and Trudgill, in press). 

DNA extraction: DNA was ext rac ted  from 
bulked second-stage juveniles or dry cysts as 
described by Phillips et al. (1992). Single ju- 
venile nematodes  were g round  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-ml Eppendor f  
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 lad consisted 
of 10 mM Tris-HC1 pH 8.3, 1.5 mM MgC12, 
50 mM KC1, 10 taM each dNTP, 0.2 pM of  
each primer,  10 ng template DNA or 10 pl of  
extract f rom 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 
exper iment .  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- 
t ion  was p e r f o r m e d  in a t h e r m o c y c l e r  
(Techne PHC-3). 

The  amplified produc t  was fur ther  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 
pat terns  following e lect rophores is  of  the 
products on polyacrylamide gels. Following 
centrifugation and resuspension in TE (10 
mM Tris-HC1 pH 8.0, 0.1 mM EDTA), the 
DNA samples were divided into 2 or 3 por- 
tions, and  res t r ic t ion enzyme digestions 
(AluI, H i n t ,  MboI, DdeI, TaqI, and RsaI) 
were per fo rmed  according to the manufac- 
turer 's  instructions with the buffer  provided 
(Pharmacia, Uppsala, Sweden). Initially, the 

TABLE 1. Populat ions of  potato cyst nematode ,  Globodera pallida, used  in this study. 

Code Pathotype Virulence ~ Origin 

Pa l  Pal  16 Scotland 
P4A P4A 6 South America  
P5A P5A 35 South America  
D375 Pa2 2 The  Nether lands  
Coll 1077 Pa3 8 The  Nether lands  
Vp74-768-20 Pa3 32 The  Nether lands  
Germany  (BBA1) Pa2 5 Germany  
Chavonery Pa3 16 Switzerland 
Lindley Pa3 10 Eng land  
Hal ton Pa2 2 Eng land  
Farcet Pa3 2 England  
Yapham Pa3 4 Eng land  
Newton Pa3 6 Eng land  
Bedale Pa3 7 Eng land  
Derby Pa3 6 Eng land  
Bryn Adda  Pa3 5 Wales 
Luffness Pa3 22 Scotland 
Gourdie  Pa3 4 Scotland 

aVirulence: 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 culfivar 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 e lectrophoresed in 0.25M 
Tris/glycine buffer pH 8.3 for 6 hrs at 150V 
(Sambrook et al., 1989). DNA was visualized 
u n d e r  UV l ight  fol lowing s ta ining with 
ethidium bromide (0.5 pg /ml )  and then sil- 
ver-stained (Merril, 1990) to confirm the 
presence or absence of  minor  bands. Results 
were repeated to confirm that the digestion 
pat terns  were reproducib le .  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  f rom each of  the G. 
paUida populations (Halton, Luffness, Pal,  
P4A and P5A) were isolated, and 12 were 
isolated f rom 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 
s e que nc ing  (Appl ied Biosystems, Foster  
City, CA) on both DNA strands. Sequence 
was de te rmined  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 (5' TATCGGTGGATCACTCGG 3'), ribo 
r2 (5' GATGTCACTCC&ATGGCG 3'), and 
2043 (5' GTCGAGTCACCCATTGGG 3'). 

Sequence information was assembled us- 
ing the Staden (1982) package of  programs, 
and  fu r the r  analysis was pe r fo rmed  with 
STADEN, UWGCG (Devereux et al., 1984) 
and FASTA D e v e r e u x  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  
resolut ion was super ior  following discon- 
t inuous non-denatur ing 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 
l ight  i l l umina t ion  (results  no t  shown) .  
Hence,  the former  me thod  was used for the 
RFLP analyses. 

Comparison of RFLP and sequence info,vna- 
tion: Four restriction enzymes that recognize 
four-base-pair target sequences (AluI, MboI, 
TaqI, and RsaI), and two that recognize a 
five-base-pair site ( H i n t  and DdeI) were 
used to test for RFLPs in the rDNA PCR 
produc t  from the different populations of  G. 
pallida. There  were restriction sites in the 
PCR products for all of  these enzymes. Se- 
quence  al ignment of  the amplification prod- 
ucts f rom 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 AluI, DdeI, 
or  Hinf[  (results not  shown), and no se- 
quence differences between the populations 
at the sites recognized by these two enzymes 
were observed (Fig. 1). With MboI, the P5A 
populat ion 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 confi rmed in 
the s equence  analysis, which ident i f ied  
GACC at position 288 instead of  GATC, 
which is the recognit ion 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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0 60 

18S 
Luffness GTACACACCG CCCGTCGCTG CCCGGGACTG AGCCATTTCG AGAAACTCGG GGACGATTAT 

P4A ............................................................ 

Halton ............................................................ 

Pal ............................................................ 

D375 ............................................................ 

P5A ............................................................ 

Ferris ............................................................ 

61 120 

Luffness GCGTGTCGGC TTCGGTCGTC GCGTTGATTG GAACCGATTT AATCGCAGTG GCTTGAACCG 

P4A ............................................................ 

Halton ............................................................ 

Pal ............................................................ 

D375 ............................................................ 

P5A ............................................................ 

Ferris ............................................................ 

121 180 
188 ITS1 

Luffness GGCAAAAGTC GTAACAAGGT AGCTGTAGGT GAACCTGCTG CTGGATCATT ACCCAAGTGA 

P4A ............................................................ 

Halton ............................................................ 

Pal ............................................................ 

D375 ............................................................ 

PSA ............................................................ 

Ferris ......... . .................................................. 

181 240 

Luffness TACCAATTCA CCACCTACCT GCTGTCCAGT TGAGTCAGTG TGGGCAACAC CACATGCCTC 

P4A ............................................................ 

Halton ............................................................ 

Pal ............................................................ 

D375 ............................................................ 

P5A .... T ....................................................... 

Ferris ......................... T .................................. 

241 300 

Luffness CGTTTGTTGT TGACGGACAC ATGCCCGCTA TGTTTGGGCT GGCACATTGA TCAACAATGT 

P4A ............................................................ 

Halton .................................................. C ......... 

D375 ............................................................ 

P5A .................................................. C ......... 

Ferris ............................................................ 

301 360 

RsaI 
Luffness ATGGACAGCG CCCTGTGGGC ACATGAGTGT TGGGGTGTAA CCGATGTTGG TGGCCCAATG 

P4A ............................................................ 

Halton .C .......................................................... 

Pal .......... T ................................................. 

D375 ............................................................ 

P5A .C .......................................................... 

Ferris ................ --.. G ...................................... - 
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361 420 

Luffness GGTGACTCGA CGATTGCTGT TGTCGTCGGG TCGCTGCACC AACGGAGGTG GCACGCCCAC 

P4A ............................................................ 

Halton .......................... A ................................. 

Pal ............................................................ 

D375 ............................................................ 

P5A ............................... T ............................ 

Ferris ............................................................ 

421 480 

Luffness AGGGCACCCT AACGGCTGTG CTGGCGTCTG TGCGTCGTTG AGCGGTTGTT GCGCCTTGCG 

P4A ............................................................ 

Halton ............................................................ 

Pal ............................................................ 

D375 ............................................................ 

P5A ............................................................ 

Ferris .................................................. --. ....... 

481 540 

RsaI RsaI 

Luffness CGGATATGCT GACATGGAGT GTAGGCTACT ATTCCATGTC GTACGTGCCG TACCCAGCGG 

P4A .................. A ........ G ........... T ............... G .... 

Halton ............... T..A ......... T .......... T ............... G .... 

Pal ............................................................. 

D375 ........................... G ................................ 

P5A .T ......................... G ........... T ............... G .... 

Ferris .................. A ........ G ........... T ............... - .... 

541 600 

Luffness CATGTCTGCG CTTGTGTGCT ACGTCCGTGG CCGTGATGAG ACGACGTGTT AGGACCCGTG 

P4A ........... C ................. A .............................. 

Halton ............................................................ 

Pal ............................................................ 

D375 ............................................................ 

P5A ...A ........................................................ 

Ferris ............................. A .............................. 

601 660 

Luffness CCTGGCATTG GCACGCGGTT TAAGACTTGA TGAGTGCCCG CAGGCACCGC CAGCTTTTTC 

P4A ............. T .............................................. 

Halton ............... T ............................................ 

Pal ...................................... T ..................... 

D375 ...................................... T ..................... 

P5A A .............. T ............................................ 

Ferris ............... T ................. TGC..G- ...-..- ............. 

661 720 

ITS1 5.8S 

Luffness TCATTTTTAT AAATTTTTTA ATGCAATTTG ATTGCTAAAA TATTCTAGTC TTATCGGTGG 

P4A ....... C .................................................... 

Halton ............................................................ 

Pal ............................................................ 

D375 ............................................................ 

P5A ................... T ........ C ............................... 

Ferris ............................................................ 
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721 780 

Luffness ATCACTCGGC TCGTGGATCG ATGAAGAACG CAGCCAACTG CGATAATTAG TGTGAACTGC 

P4A ............................................................ 

Halton ............................................................ 

Pal ............................................................ 

D375 ............................................................ 

P5A ............................................................ 

Ferris ............................................................ 

781 840 

Luffness AGAAACCTTG AACACAGAAC TTTCGAATGC ACATTGCGCC ATTGGAGTGA CATCCATTGG 

P4A ............................................................ 

Halton ............................................................ 

Pal ............................................................ 

D375 ............................................................ 

P5A ............................................................ 

Ferris ............................................................ 

841 900 

5.8S ITS2 

Luffness CACGCCTGGT TCAGGGTCGT AACCAAAAAA TGCACTGCAT GTGCGTGTTT TATTTGCTAA 

P4A ............................................................ 

Halton ............................................................ 

Pal ............................................................ 

D375 ............................................................ 

P5A ............................................................ 

Ferris ............................................................ 

901 960 

Luffness GATCACGCTT CGGCGTGTTC TTGCATACCA TTGAATGCTA CGCTGTGTAG TGTTGGACGT 

P4A .................................................. C ......... 

Halton ............................................................ 

Pal ............................................................ 

D375 ............................................................ 

P5A ............ T ..................................... C ......... 

Ferris ...- ................................ CG ...................... 

961 1020 

Luffness GCTGGCGCGA AAATGTGTTG TCTTTCGCGC TTTACAGACC GTAATTTAGG CACGCCCTTC 

P4A ...................................................... A ..... 

Halton ...................................................... T ..... 

Pal ...................................................... T ..... 

D375 ............................................................ 

P5A .............. A ............................................. 

Ferris CG .......................................................... 

1021 1080 

ITS2 28S 

Luffness GTTCACATGC GATAGCTGAA TGCCTCGCCA ATAGGCATTC GCAATTGAAC ATTTCGACCT 

P4A .C ..................................... T .................... 

Halton ............................................................ 

Pal ....................................... T .................... 

D375 ............................................................ 

P5A ....................................... T .................... 

Ferris ....................................... T .................... 
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Luffness 

P4A 

Halton 

Pal 

D375 

P5A 

Ferris 

1081 1140 

GAACTCAGAC GTGAACACCC GCTGAACTTA AGCATATCAG TAAGCGGAGG AAAAGAAACT 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  - . . . . . . . . .  T .T . . . . . . . . .  - . . . . . . . .  

Luffness AACGAGGATT C 

P4A ........... 

Halton ........... 

Pal ........... 

D375 ........... 

P5A ........... 

Ferris ........... 

FIG. 1. Sequences oflTS1,5.SS, and ITS2 regions and parfialsequence of 18S and 28S regions ~om five 
Globodera pallida populations, and sequence of G. paEida from Ferris et al. (1995). The 18S, 5.8S, and 28S sequences 
are in bold. Actual and potential RsaI sites are underlined. Sequence differences between clones are shown in 
Table 2. 

b p  p r o d u c t  was n o t  obvious in  the d iges t ion 
pa t te rns .  T h e  P5A p o p u l a t i o n  was dist in-  
gu i shed  f rom all the o the r  popu la t i ons  with 
the  enzyme  TaqI  by the absence  of  a prod-  
uct  o f  371 bp. T h e  s e q u e n c e  of the P5A 
c lones  had  an  add i t iona l  Taq I  site at 688 bp,  
which  accounts  for the RFLP dif ference with 
this popu la t i on .  

O f  the six enzymes  used,  the enzyme that  

d i sc r imina ted  a m o n g  mos t  of the popula -  
t ions  was RsaI. RFLP p a t t e r n s  were pro-  
d u c e d  tha t  d i s t i n g u i s h e d  P a l ,  P5A, a n d  
D375 f rom the r e m a i n i n g  popu la t i ons  (Fig. 
3). T h e  differences in  the RFLP pa t te rns  
were clue to the  p re sence  or  absence  of RsaI 
sites wi th in  the 520-bp d iges t ion  p r o d u c t  
that  spans  par t  of  the 18S g e n e  a n d  par t  of  
the ITS1 region.  No restr ic t ion sites for RsaI 

142 653 
i i 

Restriction Recognition 
enzyme sequence 

lO?S AIu 1 AG/CT 

2,8 s97 lO,e4 Dde 1 C/TNAG 

212 364 
i i 114,THinf 1 G/ANTC 

163 288 719 735 900  
, , i  i 

2~8 

38 367 738 803 1074 

s~s 

2 522531 

2ge 36o 

18S 

117 704 861 1072 

I ,TS, I I ITS2 [ ~  
5 . 8 S  2 8 S  

Mbol /GATC 

Taq 1 T/CGA 

Rsa 1 GT/AC 

1151 

i i t i i i I i i i i i 

0 100 200 300 400 500 600 700 800 900 1000 1100 

FIG. 2. Schematic diagram showing restriction sites in Globod~a pallida for ~ u l ,  Dde], H in f l ,  Mbol ,  Taql,  and 
Rsal in the PeR 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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/ m 
190 

e-.-- 298 

e - -  222 

FIG. 3. RsaI digestion products of ribosomal PCR products from 17 Globodera pallida 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  
popu la t ion  the 520-bp band  was no t  di- 
gested, and the sequence confirms the ab- 
sence of  RsaI sites in this region. With the 
P5A population,  an internal RsaI site (posi- 
tion 300) gives rise to products of 222 and 
298 bp in size, which is conf i rmed in the 
P5A sequence. With P4A, a mixture of  pre- 
sumably digested and undiges ted  520-bp 
bands was seen, but  nei ther  of  the two se- 
quences  o b t a i n e d  f rom this p o p u l a t i o n  
showed a RsaI site in this region. In the 
D375 populat ion 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 f ragment  have a 
RsaI site at position 255. With the remaining 
populat ions,  digestion pat terns  in which 
there are apparently mixtures of  products,  
some of which do not  have RsaI sites within 
the 520-bp f ragment  and a small propor t ion  

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

rDNA of individuals: To determine  if the 
complex patterns observed with the RsaI 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 per formed on indidividual nema- 
todes. Digestion of  the PCR products pro- 
duced from individual nematodes  f rom the 
popu la t ion  Ha l ton  with RsaI again pro- 
duced  the 520-bp band  and  the smaller  
bands presumably resulting from internal  
digestion of  some copies of  this f ragment  
(Fig. 4). 

Comparison of sequences: Sequence  com- 
parisons from two clones of  PCR products  
from the populations P5A, P4A, Pal ,  D375, 
Luffness, and Hal ton were aligned with the 
sequence of  Ferris et al. (1995) and are 
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 f 

* - -1114 
641 "~*  

520 ~ *--- 489 

298 
260 
222 " ~  

190 

FIG. 4. RsaI digestion products of ribosomal PCR products from 18 individual Globodera pallidajuveniles. 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  18S, 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 ITS1 region there were 10 po- 
sitions that differentiated PSA 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- 
f e r en t  f rom the rest. With the P4A se- 
quences, neither showed RsaI sites in the 
520-bp region. With the RsaI digest for P4A 
there appeared to be two types of  PCR prod- 

ucts in similar propor t ions- - those  without a 
RsaI site and those with the 300-bp site. 
There were 11 differences between the two 
clones of  P4_A (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, 

DISCUSSION 

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 unrepresentat ive.  The P5A 
populat ion from South America is clearly 
most  distinct f rom the others, both with 
RFLP and sequence analysis. This popula- 
tion was also found to be most distinct in 
previous work assessing relationships among 
populat ions 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 S. vernei 
and S. tuberosum spp. andigena (Phillips and 
Trudgill ,  in press). The  P4A populat ion,  
also from South America, was found to be 
distinct f rom the other  populat ions 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  populat ion pos- 
sesses only two distinguishing nucleotides 
f rom the sequences of  the o ther  populations 
in this study. However, biologically it is dis- 
tinguished f rom the other  populations by 
lacking virulence to the H2 gene derived 
f r o m  Solanum multidissectum. T h e  D375 
populat ion from the Netherlands, which has 
ve ry  low v i r u l e n c e  (F. A r n t z e n ,  pers .  
comm.),  was distinguished f rom the others 
in the digestion patterns of the rDNA PCR 
product  obtained with both  RsaI and HinfI. 
However, previous studies with SSR primers 
and RAPDs did not  separate this populat ion 
from the o ther  Dutch populations included 
in this study. With the remaining popula- 
tions f rom Europe,  the RsaI digests indi- 
cated that the propor t ion  of  different types 
of repeat  units within an array varied, with 
some populations displaying little or no evi- 
dence of the minor  repeat  types. Th i r ty  and 
Mugni6ry (1996) repor ted  no intraspecific 
variation in their rDNA analysis, which in- 
cluded six G. paUida populations (Pal,  Pa2, 
and Pa2/3  pathotypes),  al though with RsaI 
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- 
men t  sizes consistent with both  potential  in- 
ternal RsaI sites within the 520-bp fragment.  

In summary, these data support  already 
existing studies that suggest that the major- 
ity of European populat ions of  G. paUida de- 
rive f rom one source. There  are a few excep- 
tions: Pal  has been found  to be distinct in 
o ther  studies but  not  D375. The  Luffness 
populat ion also has shown dissimilarity to 
most European  populations, but  this was not  
conf i rmed here. The  distinctness of  P5A is 
apparent,  but  that of  P4A is not. 
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TABLE 3. B e t w e e n  a n d  w i t h i n  p o p u l a t i o n  d i ss imi la r i ty  m a t r i x  f o r  s even  p o p u l a t i o n s  o f  Globodera paUida. 

Lnffness P4A Halton Pal D375 PSA 

Luf fnes s  0 . 0009"  
P 4 A  0 . 0 0 5 7  0 . 0 1 0 5  ~ 
H a l t o n  0 . 0 0 5 7  0 .0081  0 . 0 1 1 4  ~ 
P a l  0 . 0 0 2 6  0 .0072  0 .0070  
D 3 7 5  0 . 0 0 1 3  0 .0061  0 .0066  
P 5 A  0 . 0 1 4 5  0 . 0 1 4 9  0 .0136  
Yerris  b 0 . 0 1 8 0  0 .0180  0 .0195  

0 . 0 0 3 5  ~ 
0 . 0 0 2 6  0 .0000"  
0 . 0 1 5 8  0 . 0 1 4 9  0 . 0 0 0 0  a 
0 .0190  0 . 0 1 7 4  0 .0269  

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

b Populat ion of  Ferris et al. (1995) included for comparison. 

It  is t empt ing  to speculate that  the popu-  
lations displaying several repeat  types arose 
th rough  the hybridization of  ancestors with 
different repea t  ~pes .  One  of  each of the 
Hal ton  and  p4_A clones showed some se- 
quence  similarities with those of  the P5A 
clones, but  these differences were scattered 
th roughou t  tile sequence.  

Based on  the sequence analysis and  the 
restriction enzyme digestions in this work, 
the P5A popula t ion shows little variation be- 
tween repea t  units. Arnhe im et al. (1980) 
repor ted  low variation a m o n g  rDNA arrays 
within individuals; the mult iple  copies of  
rDNA are homogen ized  in a process called 
concer ted  evolution. The  mult iple copies of  
rDNA do not  evolve independent ly,  and a 
n u m b e r  of  m o l e c u l a r  m e c h a n i s m s  have 
been  postulated to account  for  this process 
(Hillis and  Dixon, 1991). Given that  there is 
a tendency for homogeniza t ion  of  rDNA re- 
peats, then  the results of  this current  work 
would suggest that  in many  of  the British G. 
pallida populat ions,  the process of  homog-  
enization to a uni form repea t  type has not  
been  completed,  and represen ted  in their  
arrays are small numbers  of  repea t  types pos- 
sibly arising f rom hybridization in their  an- 
cestry between individuals with distinct ribo- 
somal genotypes. Work  by Grisi (1995) indi- 
cates that  the r ibosomal  repeats in G. pallida 
occur  only in one  ch romosomal  location; 
hence, the processes of  ribosomal gene evolu- 
tion in this species are not likely to be further 
compl ica ted by recombina t ion  between dif- 
ferent  ch romosomes  (Arnheim et al., 1980). 

Digestion of the rDNA PCR produc t  f rom 
ind iv idua l  n e m a t o d e s  f r o m  the  H a l t o n  

popula t ion indicated that there are different 
repeat  types in a single individual. Multiple 
digestion pat terns genera ted  f rom the PCR 
produc t  f rom rDNA f rom a single nema tode  
also have been  observed by Zijlstra et al. 
(1995) with M. hapla. They proposed  that  ill 
one  individual there could be different ITS 
types with digestion pat terns yielding com- 
posite pat terns  of  M. chitwoodi and  M. incog- 
nita or M. javanica types. The  a r r angemen t  
of  these different types is unknown. A con- 
siderable amoun t  of  sequencing would be 
required to gain an accurate picture of  the 
amoun t  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 dur ing amplification and sub- 
sequent  cloning of  the PCR products.  

In this study the ITS1 region showed the 
most  sequence variation and  the 5.8S gene 
showed the least, conf i rming reports  with 
o ther  organisms where r ibosomal 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 repor ted  more  variation in the ITS1 re- 
gion than in ITS2 and more  conservation in 
the 5.8S gene. In a compar ison of  the ITS 
regions and 5.8S 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. paUida and G. rostochiensis 
in the 5.8S sequence but  did repor t  a 5% 
dissimilarity in the ITS1 region. The i r  se- 
quences for a British isolate of  G. pallida did 
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not  ex tend  into the 18S and 28S regions 
quite as far as the sequences in the present  
study. However,  the sequence of  Ferris et al. 
(1995) conta ined  eight  nucleot ide deletions 
not  observed in this study. The re  were also 
fou r  s equen c e  differences:  two changes  
shared with two or more  of  our  sequences,  
and  two pairs of  nucleotide inversions rela- 
tive to our  sequences.  The  explanat ion for 
these sequence differences is unclear.  

The  study of  rDNA using PCR to examine  
p h y l o g e n e t i c  r e la t ionsh ips  be t ween  a n d  
within species is now widely used. This ap- 
p roach  is particularly attractive with small 
organisms like nematodes ,  where the quan- 
tities o f  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 dur ing amplifica- 
tion, cloning, and  propaga t ion  in E. coli may 
con t r i bu t e  to s equence  var ia t ion.  W h e n  
there are small amounts  of  sequence poly- 
morph i sm between isolates, differences aris- 
ing f rom artifacts may account  for  some of  
the polymorphism.  The  study of  rDNA also 
can be compl ica ted by the presence  of  se- 
q u e n c e  and  leng th  var iants  in d i f fe ren t  
units. Analysis can be straightforward when 
there is total uniformity in the repea t  units, 
bo th  within an individual and  a m o n g  indi- 
viduals in a species. However,  as was found  
with G. paUida, there can be more  compli- 
cated rDNA ar rangements  that  confound  in- 
terpretations.  Given the complexity of  the 
RFLP pat terns that  can arise with multiple 
repeat  units differing in their  restriction di- 
gestion patterns,  in terpre t ing relationships 
must  be approached  with caution. Analysis 
of  r ibosomal gene a r rangements  in different 
populat ions gives insight into the relation- 
ships of  these popula t ions ;  however ,  ex- 
t r apo la t ion  of  evo lu t ionary  re la t ionships  
based on r ibosomal 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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