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Detection and Identification of Bursaphelenchus Species 
with DNA Fingerprinting and Polymerase Chain Reaction 1 

JUDITH H .  HARMEY AND MATTHEW A.  HARMEY 2 

Abstract: We have evaluated the potential of DNA-based methods to identify and differentiate 
B ursaphelenchus spp. and isolates. The  isolation of a DNA probe, designated X14, and development 
of a DNA fingerprint ing method for the identification and differentiation of Bursaphelenchus species 
and strains is described. Polymerase chain reaction (PCR) amplification of  DNA isolated from Bur- 
saphelenchus species using two primers derived from the sequence of the cloned repetitive DNA 
fragment  X14 resulted in multiple band profiles. A 4-kb fragment  thus amplified from B. xylophilu6 
DNA was not amplified from B. mucronatus or B. fraudulentus DNA. In addition to this fragment,  
several o ther  fragments are amplified from the three species. The  banding patterns obtained al- 
lowed species identification and may have value in determining taxonomic affinities. 

Key words: Bursaphelenchus, differentiation, DNA fingerprinting, identification, nematode, pine- 
wood nematode species complex (PWNSC), polymerase chain reaction, systematics, taxonomy. 

Bursaphelenchus xylophilus (23,33) is the 
causative agent of  pine wilt disease (15,18, 
21), a serious disease of native pine trees in 
Japan, and is transmitted to pine trees by 
insect vectors, primarily Monochamus alter- 
natus (19). This nematode also occurs in 
Canada (16), China (44), and parts of  
North America (41,42). Another species, 
Bursaphelenchus mucronatus, has been de- 
scr ibed f rom J a p a n  (20) and E u r o p e  
(9,22). A third species, Bursaphelenchus 

fraudulentus, has also been described (27), 
Bursaphelenchus fraudulentus has not been 
shown to be pathogenic to healthy pine 
trees, and B. mucronatus is pathogenic to 
only stressed pine trees (20). Because pine 
wilt disease is regarded as a serious threat 
to European forests (17), the EC has insti- 
tuted a ban on the import of  coniferous 
timbers that have not been kiln dried from 
regions where the nematode is endemic. 
The protective policy of  the EC can be ef- 
fectively pursued only if a reliable test sys- 
tem exists for the screening of  imported 
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timbers for the presence of  B. xylophilus. 
With this aim in mind, we investigated 
DNA-based detection systems that could 
be applied to timber prior to importation 
to pine wilt-free areas. 

The identification of B. xylophilus is dif- 
ficult (24) because of  its morphological 
similarity to B. mucronatus (20) and B. 
fraudulentus (27). Unequivocal identifica- 
tion of  these nematodes is further compli- 
cated by the possible interfertility of  B. xy- 
lophilus and B. mucronat,us (26,29). Bursa- 
phelenchus fraudulentus is morphologically 
similar to both B. mucronatus and B. xylo- 
philus but does not mate with either (30). 
The morphological characteristics of  these 
nematode species are highly variable (35), 
in particular tail shape (43), which was 
used as the definitive morphological trait 
(20,24) but cannot be relied upon as a basis 
for accurate identification. For example, a 
B. xylophilus isolate, US 10, has a mucronate 
tail (43), a morphological feature charac- 
teristic of  B. mucronatus. These three dif- 
ferent species are thought to be derived 
from common origins and to constitute a 
supraspecies (10). 

Although protein profiles (14), immu- 
nological methods (31,37), and enzyme 
electrophoresis (9) have aided in the iden- 
tification of  nematode species, the value of  
these methods is limited by differential 
gene expression during the life cycle or ex- 
ternal influences such as environmental 
conditions. DNA-based methods, however, 
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of fe r  an attractive al ternative because 
DNA is independen t  of  developmental  
stage and phenotypic variation due to ex- 
ternal influences. DNA and restriction 
f ragment  length polymorphism (RFLP) 
profiles have been used with some success 
(1,4,8,14,25,35); more recently, sequence 
differences in ribosomal genes and non- 
transcribed spacer regions have been uti- 
lized (38). Recently, a method involving 
PCR amplification of  heat shock protein 
(Hsp) genes and subsequen t  sequence 
analysis of  the amplified f ragment  has 
been used to identify phylogenetic rela- 
tionships among Bursaphelenchus spp. (2). 

DNA amplification fingerprinting, us- 
ing arbitrary oligonucleotide primers (6, 
39,40) or primers targeting repeated DNA 
sequence elements (28), has been applied 
to the identification of a wide range of  or- 
ganisms. 

The purpose of  this study was to de- 
velop DNA and PCR-based methods for 
discriminating among B. xylophilus, B. mu- 
cronatus, and B. fraudulentus. We used re- 
peated DNA sequences from Bursaphelen- 
chus xylophilus as DNA f ingerpr in t ing  
probes to distinguish between B. mucrona- 
tus and B. xylophilus. One DNA probe, X14, 
was specific for B. xylophilus and B. mu- 
cronatus and did not hybridize to DNA 

from other nematode species or from pine 
wood (Pinus sylvestris) DNA under  the con- 
ditions employed. In addition to differen- 
tiating between B. xylophilus and B. mucr- 
onatus, this probe also differentiated be- 
tween different isolates of  the two species. 
The PCR amplification, using sequences 
derived from within the sequence of  the 
X14 p robe  as pr imers ,  d i sc r imina ted  
among B. xylophilus, B. mucronatus, and B. 
fraudulentus. Our results confirm the divi- 
sion of  the PWNSC into three distinct spe- 
cies. 

MATERIALS AND METHODS 

Bursaphelenchus isolates were maintained 
on mats of  a sterile Botrytis cinerea mutant 
(strain 389S) as described (38) and were 
subcultured every 2 to 4 weeks. The iso- 
lates used in this study are listed in Table 1. 

Nematode DNA extraction: DNA f rom 
mixed life stages of  nematodes was ex- 
tracted by a modification of  a described 
method (38). Nematode pellets (ca. 100 ~1) 
were suspended in five volumes of  extrac- 
tion buffer (100 mM Tris .  HC1 [pH 8.5], 
200 mM NaC1, 50 mM ethylenediaminetet- 
raacetic acid [EDTA], 1% sodium dodecyl 
sulfate (SDS), and 2 mg/ml Proteinase K 
[Sigma Chemical Co., St. Louis, MO]) and 

TABLE 1. Geographical origins and hosts of the nematode isolates used in this study. 

Isolate Origin Host 

Bursaphelenchus xylophilus 
US4 United States (Florida) Pinus elliotti 
US9 United States (Tucson, Arizona) Pinus halepensis 
US10 United States (Cloquet, Minnesota) Abies balsamea 
US15 United States (Cook Co., Illinois) Pinus sylvestris 
Bc Canada (British Columbia) Pinus spp. 
St. Will Canada (St. William, Ontario) Pinus spp. 
C2 Canada (Quebec) Abies balsamea 
J3 Japan (Ueki, Kumamota Pref.) Pinus densiflora 
J 10 Japan (Nishiaizu, Fukushima Pref.) Pinus densiflora 

Bursaphelenchus mucronatus 
J 13 Japan (Yachiyo, Chiba Pref.) Pinus thunbergii 
BmN Norway Pinus sylvestris 
BmF France (For4t de Campet, Landes) Pinus pinaster 

Bursaphelenchus fraudulentus 
BfHU Hungary Quercus robur 

Heterorhabditis spp. 
K122 Ireland (Wexford) GaUeria meUonella 
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incubated at 65 C for 45 minutes with oc- 
casional mixing. The DNA was extracted 
twice with an equal volume of  phenol: 
chloroform :isoamyl alcohol (25:24:1) and 
twice with an equal volume of chloroform: 
isoamyl alcohol (24:1). The DNA was re- 
covered by ethanol precipitation. 

Wood DNA extraction: A modification of  a 
described method (11) was used to extract 
DNA from primary wood tissue of  Pinus 
spp. The material was ground in a coffee 
mill together with broken glass Pasteur pi- 
pettes. The ground material was incubated 
in 2 volumes of  a solution of  220 mM 
Tris .  HC1 (pH 8.0), 140 mM sorbitol, 22 
m M  E D T A ,  0 . 8 %  c e t y l t r i m e t h y l  
ammonium bromide (CTAB), 1% N-lau- 
roylsarcosine, and 1 mM [3-mercaptoetha- 
nol at 65 C for 20 minutes with occasional 
shaking. The  DNA was extracted twice 
with an equal  vo lume of  ch loroform:  
isoamyl alcohol (24:1) and precipitated 
with two volumes of  ice cold isopropanol at 
- 2 0  C. The  pelleted DNA was washed 
three times with 30 mM sodium acetate 
and 12.5 mM MgC12 in 70% ethanol. The 
nucleic acid pellet was resuspended in 4 ml 
TE buffer  (10 mM Tris • HC1 [pH 8.0], 1 
mM EDTA),  and l i th ium acetate was 
added to a final concentration of  2.0 M. 
RN A  was pe l le ted  by cen t r i fug ing  at 
1,250g for 10 minutes. DNA was precipi- 
tated by adding 2 volumes of  100% etha- 
nol and pelleted by centrifuging at 12,000g 
for I0 minutes. The DNA pellet was resus- 
pended in TE buffer,  phenol-extracted, 
and ethanol-precipitated. 

Isolation of fungal DNA: Botrytis cinerea 
was grown in Vogel's minimal medium 
(36) for 48 hours. Mycelium was collected 
by filtering the culture through Whatman 
No. 1 paper. The mycelium was ground in 
a mortar and pestle in extraction buffer, 
and the DNA was isolated as for nema- 
todes. 

Construction and screening of genomic li- 
brary: The B. xylophilus (J 10) genomic DNA 
was digested with Hind III and ligated into 
the Hind III site of  plasmid vector pKS450 
(34). Ligation reactions were used to trans- 
form Escherichia coli DS941 cells prepared 

according to a described procedure (13). 
Transformed cells were grown on LB agar 
plates containing 50 txg/ml ampicillin. Col- 
onies were lifted onto a Nytran membrane 
(Schleicher & Schuell, Dassel, Germany) 
and lysed in 10% (w/v) SDS. The DNA was 
denatured, neutralized, and fixed accord- 
ing to the manufacturer ' s  instructions. 
The library was screened with S2p-labeled 
Sau3A-digested B. xylophilus (J10) genomic 
DNA. DNA was labeled as described (12). 
Membranes were hybridized at 42 C in a 
solution of 6x SSC (20x SSC is 2.99 M 
NaC1 and 0.299 M sodium citrate), 10x 
Denhardt's solution (50 x Denhardt's is 1% 
bovine serum albumin [BSA], Ficoll, and 
polyvinylpyrollidone [PVP]), and 1% SDS 
conta in ing  50 ~g/ml shea red  sa lmon 
sperm DNA. The  filters were washed 
three times for 20 minutes each in a solu- 
tion of  10x SSC and 1% SDS at room tem- 
perature, twice in a solution of  1 x SSC and 
1% SDS at 37 C, and twice in a solution of  
0.1x SSC and 1% SDS at 65 C. Filters were 
air dried and exposed to X-ray film. DNA 
was isolated from selected clones by alka- 
line lysis miniprep (3), digested with Hind 
III to release inserted DNA, fractionated 
by electrophoresis through a 1% (w/v) aga- 
rose gel, and transferred to a Nytran mem- 
brane according to the manufacturer 's in- 
structions. Filters were hybridized with 
32p-labeled Sau3A-digested genomic DNA 
from B. mucronatus (BmF) as described 
above. 

DNA hybridization: Genomic DNA was di- 
gested with restriction endonucleases ac- 
cording to the manufacturer's instructions 
(Boehringer Mannheim, Mannheim, Ger- 
many). DNA electrophoresis  was con- 
ducted in agarose gels containing 50 Ixg/ml 
ethidium bromide in TBE buffer  (133 mM 
Tris • HC1 [pH 8.8], 74 mM boric acid, 2.5 
mM EDTA). Op t imum resolut ion was 
achieved with a Ficoll-based loading buffer  
(15% [w/v] Ficoll containing bromophenol  
blue). ~2P-Labeled probes were prepared 
by random primer labeling (12). Fraction- 
ated DNA was transferred to nitrocellulose 
membrane by Southern blotting (32). Ni- 
trocellulose filters were hybridized with 
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32P-labeled X14 DNA at 42 C in a solution 
of 25 mM potassium phosphate (pH 7.4), 
50% (v/v) formamide, 5x SSC, and 5x 
Denhardt's solution containing 50 l~g/ml 
sheared salmon sperm DNA. Nitrocellu- 
lose filters were washed twice for 30 min- 
utes each in a solution of 2 x SSC and 0.1% 
SDS at room temperature, three times in a 
solution of  1 x SSC and 0.1% SDS at 45 C, 
and three times in a solution of 0.2x SSC 
and 0.1% SDS at 60 C. Filters of probe 
hybridization to Bgl II-digested DNA re- 
ceived an extra wash in a solution of 0.1 x 
SSC and 0.1% SDS at 62 C. Filters were air 
dried and exposed to X-ray film. 

PCR amplification: Approximately 50 ng 
of genomic DNA was amplified by thermal 
cycling in 100 Ixl of a solution of  10 mM 
Tris .  HC1 (pH 9.0), 50 mM KCI, 1.5 mM 
MgCt 2, 0.01% gelatin, 1% Triton X-100 
containing 50 pmol of  each primer (HAR1 
and HAR2) and 40 ~M dATP, dTTP,  
dGTP and dCTP, and 0.2 ~Ci (50 pmol) 
et-[32p]dGTP (Amersham, UK). PCR prim- 
ers HAR1 and HAR2 were designed for 
other purposes but were used here as ar- 
bitrary primers for DNA amplification fin- 
gerprint ing (6,39,40). The sequence of  
HAR1 5 ' - 3 '  is T T G T G A G G G A G C -  
C C T T T C  a n d  H A R 2  5 ' - 3 '  is 
AGGGGCTTTGTCCCAAATT.  Melting 
temperatures (Tin) were calculated using 
"melt, 2.0" (J. Nash, National Research 
Council of  Canada). On the basis of  the 
Tm values of  49.3 C and 47.7 C for HAR1 
and HAR2, respectively, an anneal ing 
temperature of  42 C was selected. The re- 
action mix was incubated at 97 C for 10 
minutes before adding 5 units of Taq poly- 
merase (Cetus, Emeryville, CA) and begin- 
ning thermal cycling. Amplification was 
performed by 25 cycles of 97 C for 20 sec- 
onds, 42 C for 30 seconds, and 72 C for 2 
minutes with a Perkin-Elmer (Norwalk, 
CT) Cetus thermal cycler. Amplification 
products were analyzed by electrophoresis 
on 1.5% agarose gels. Following electro- 
phoresis, the DNA was fixed by washing 
the gel in 50 mM sodium acetate in 1% 
CTAB for 1 hour (7). The gel was dried 
and exposed to X-ray film for 3 hours. 

RESULTS 

Screening the genomic library: A genomic 
library constructed from B. xylophilus (J 1 O) 
was probed  with 32p-labeled. Sau3A- 
digested genomic DNA from the same spe- 
cies. Highly repetitive DNA hybridizes 
readily, and sequences occurring less fre- 
quently hybridize less easily. Therefore,  
when homologous genomic DNA is hy- 
bridized, the length of time taken to de- 
velop a strong signal reflects the degree of 
the repetitiveness and size of the cloned 
DNA. The length of  exposure time re- 
quired to develop a strong signal was 
therefore used as the basis for selecting po- 
tential clones for further analysis. Figure 1 
shows filters hybridized and exposed for 4, 
16, and 96 hours. Colonies that appeared 
after 4 hours should represent clones con- 
taining highly repetitive DNA sequences, 
such as short tandem repeats. Colonies 

C 
k 

k ,  

FxG. 1. Screening the Bursaphelenchus xylophilus 
J10 genomic library. A genomic library of Hind III 
restriction fragments from B. xylophilus J 10 was plated 
out and the DNA was transferred to a nylon mem- 
brane. Immobilized DNA was hybridized with 32p. 
labeled Sau3A-digested genomic DNA from B. xylo- 
philus J10. After hybridization, the filters were 
washed, air dried, and exposed to X-ray film for 4 
hours (A), 16 hours (B), or 96 hours (C). Colonies 
selected for further analysis are indicated by arrows. 
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that appeared after the 16-hour exposure 
may represent moderately repetitive DNA 
sequences. Such DNA is an ideal candidate 
for DNA fingerprinting probes, as it pro- 
vides multiple possible sites for hybridiza- 
tion. Colonies that  appea red  af ter  96 
hou r s  o f  e x p o s u r e  should  r e p r e s e n t  
unique  or low copy n u m b e r  DNA se- 
quences. Based on this rationale, a number  
ofB. xylophilus clones were selected for fur- 
ther analysis. Clones X1 to X15 appeared 
after a 16-hour exposure time, and clone 
X16 appeared after 96 hours. 

Because the prime objective was to de- 
tect and discriminate B. xylophilus isolates, 
we analyzed the selected clones for homol- 
ogy toB. mucronatus (BmF) DNA. A 1,191- 
bp DNA insert, X14, appeared not to hy- 
bridize with B. mucronatus DNA (data not 
shown) and was therefore  selected as a 
likely candidate for a B. xylophilus-specific 
probe. 

DNA fingerprinting of nematode DNA: Fig- 
ure 2 depicts the results of  hybridizing the 
X14 insert to Hind III-digested genomic 
DNA from a number  of  nematode isolates. 
The probe hybridized to only one (.]13 and 
BmF) or two bands (BmN) in the B. mucr- 
onatus isolates but hybridized to multiple 
bands in the B. xylophilus isolates. Samples 
M and X represent  DNA isolated from 
parallel cultures of  BmF and J10, respec- 
tively, and provide blind controls demon- 
strating the reproducibility of  the banding 
patterns obtained. The probe did not hy- 
bridize to DNA isolated from P. sylvestris 
(sample W). The  lack of probe hybridiza- 
tion observed with J10-infected P. thun- 
bergii (Sample IW) is probably a conse- 
quence of  the very low amount of  nema- 
tode DNA relative to the amount of wood 
DNA extracted from such a sample. The 
banding patterns obtained were species 
specific, clearly differentiating between B. 
mucronatus and B. xylophilus on the basis of  
the n u m b e r  of  hybridizing bands ob- 
served. 

Although the banding patterns observed 
were also isolate specific, the number  of 
bands obtained with Hind III-digested B. 
xylophilus DNA was too great and the pro- 
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FIG. 2. Hybridization of  the X14 probe to Hind 
Ill-digested genomic DNA from Pinu~ spp. and Bur- 
saphelenchus spp. Total genomic DNA was digested 
with Hind III  and fractionated by electrophoresis 
through a 0.8% agarose gel. Fractionated DNA was 
transferred to a nitrocellulose membrane and hybrid- 
ized with 32p-labeled X14 insert DNA. After hybrid- 
ization, the filter was washed, air dried, and exposed 
to X-ray film. Isolates (abbreviations as in Table 1) are 
shown at the top of the figure. W shows DNA isolated 
from P. sylvestris and IW shows DNA isolated from 
J10-infected P. thunbergii. Samples X and M show 
DNA isolated from parallel cultures of  J 10 and BmF, 
respectively, and provide blind controls on the repro- 
ducibility of the hybridization pattern. 

file too compressed to allow unambiguous 
comparison of these banding patterns. We 
therefore investigated the hybridization 
profiles obtained by probing genomic 
DNA digested with alternative restriction 
enzymes. Figure 3 shows the profiles ob- 
tained when X14 was hybridized to ge- 
nomic DNA digested with Bgl II. By run- 
ning the gel for long periods (up to 48 
hours), many of the smaller fragments ran 
off the gel, resulting in a fingerprint based 
on fragments larger than 1 kb, which gave 
a reduced number of well-spaced bands. 
The probe clearly distinguished between 
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FIG. 3. Hybridization of X14 to Bgl II-digested 
genomic DNA from Bursaphelenchus spp. Total ge- 
nomic DNA was digested with Bgl II  and fractionated 
by electrophoresis th rough a 0.7% agarose gel. Frac- 
donated  DNA was t ransfer red  to a nitrocellulose 
membrane  and  hybridized with 32P-labeled X14 in- 
sert DNA. After hybridization, the filter was washed, 
air dried, and exposed to X-ray film. Isolates are 
listed at the top of  the figure. Abbreviations as in 
Table 1. The  positions of molecular weight markers 
are indicated in base pairs (bp). 

B. mucronatus and B. xylophilus isolates on 
the basis of  the number  of  hybridizing 
bands. The probe hybridized to only a sin- 
gle band in B. mucronatus isolates BmN and 
J13 and two bands in BmF, whereas the 
probe hybridized to multiple bands in the 
B. xylophilus isolates. In addition to clearly 
differentiating the two species on the basis 
of band number, the probe gave a charac- 
teristic "fingerprint" for each of  the iso- 
lates. The Japanese B. xylophilus isolates J3 
and J10 had two common bands of ap- 
proximately 2.2 kb and 3.3 kb but also con- 
tained many unique bands. Although the 
probe did not hybridize to any band corn- 

mon to all the American B. xylophilus iso- 
lates (US4, US9, US10, and US15), a num- 
ber of  bands were shared between isolates. 
US10, which is a mucronate B. xylophilus 
isolate, showed a multiple band profile 
with the X14 probe, and a band of ca. 3.4 
kb was common to both US9 and US10. 
Although isolate C2 was supplied to us as a 
mucronate B. xylophilus, our X14 probe hy- 
bridized to only two bands in DNA from 
this isolate, suggesting that the C2 isolate is 
in fact a B. mucronatus type. The probe was 
specific for B. xylophilus and B. mucronatus 
but did not hybridize with DNA isolated 
from a third species B. fraudulentus (BfHu) 
under  the conditions employed, nor did it 
hybridize to DNA from Heterorhabditis iso- 
late K122 (data not shown). 

DNA amplification f ingerprinting: PCR 
amplification of  genomic DNA with prim- 
ers HAR1 and HAR2 resulted in multiple 
band profiles for all isolates examined 
(Fig. 4). Amplification of DNA from B. mu- 
cronatus isolates BmF and BmN resulted in 
three common bands (indicated by e) ab- 
sent from B. xylophilus profiles. There was, 
however, a suggestion of the top band in B. 
xylophilus isolates J10, J3, and US9. The 
middle band appeared as a minor compo- 
nent in B. xylophilus isolates Bc, J 10, J3, and 
US10. Amplification of  B. mucronatus J13 
resulted in a very different profile, with 
one band in common with B. mucronatus 
isolate BmN (shown by o) but absent in B. 
mucronatus BmF. The uppermost band in 
B. mucronatus isolate J13 also occurred in 
B. xylophilus US15. Isolate C2 shared a 
band (o) with B. mucronatus J13 and BmN 
and three additional bands (o) with B. mu- 
cronatus BmF and BraN. An additional 
365-bp fragment (~) was common to B. 
mucronatus BmF, BmN, and isolate C2 and 
B. xylophilus isolates. 

Amplification of B. xylophilus DNA re- 
sulted in a ca. 4-kb band (11) common to all 
B. xylophilus isolates studied and a number 
of minor bands. The 4-kb band was also 
present as a minor component of B. mu- 
cronatus BmN. Another band (U] <3) was 
common to all B. xylophilus isolates except 
the St. Will isolate and the US 10 isolate, a 
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mucronated B. xylophilus morphologically 
distinct from the other B. xylophilus iso- 
lates. The Japanese isolates (J10 and J3) 
shared an additional four bands ([5), pos- 
sibly indicating common origins. A fainter, 
lower, ca. 365-bp band (~) was common to 
all B. mucronatus and B. xylophilus isolates, 
except J13 and St. Will. A ca.2.3-kb band 
( i ) ,  common to B. xylophilus isolates J3, 
US15, US10, and US4, was also evident 
when DNA from B.fraudulentus was ampli- 
fied, possibly indicating a degree of  relat- 
edness between these two species. Bursa- 
phelenchus fraudulentus did not share any 
bands in common with the B. mucronatus 
isolates. 

Because the nematodes were cultured 
on Botrytis cinerea mats, a control amplifi- 
cation with B. cinerea DNA resulted in a 
band profile with no fragments common 
to the Bursaphelenchus profiles, showing 
that the observed nematode PCR product 
profiles were not a result of  amplification 
of  DNA from contaminating fungal hy- 
phae. PCR amplification of  another nema- 
tode species, Heterorhabditis isolate K122, 
similarly produced a completely different 
band profile (Fig. 4). DNA from Pinus 

Fro. 4. Amplification products from Bursaphelen- 
chus mucronatus, B. xylophilus, B. fraudulentus, Botrytis 
cinerea, Pinus sylvestris, and Heterorhabditis K122. Ge- 
nomic DNA was amplified by polymerase chain reac- 
tion and the amplification products were fractionated 
by electrophoresis through a t.5% agarose gel. Fol- 
lowing electrophoresis, the gel was dried and exposed 
to X-ray film. Isolate names as described in Table 1. 
Symbols indicate diagnostic bands described in text. 
Molecular weights are indicated in base pairs (bp). 

sylvestris, a host species for Bursaphelenchus, 
was not amplified under  the conditions 
employed. Because P. sylvestris DNA was 
amplified using primers to rRNA genes 
(data not shown), the lack of  amplification 
products with HAR1 and HAR2 cannot be 
attributed to inhibitory compounds in the 
sample. The results presented in Figure 4 
were obtained by autoradiography of aga- 
rose gel separations. Similar, albeit fainter, 
profiles were obtained from ethidium bro- 
mide stained gels. 

DISCUSSION 

Our DNA probe (X14) was isolated from 
a B. xylophilus (J10) genomic library and 
gives a characteristic and reproducible  
DNA fingerprint with restriction enzyme- 
digested DNA from B. macronatus and B. 
xylophilus. The fingerprints obtained are 
isolate specific, allowing the geographical 
origins of  a given sample to be deter- 
mined. The banding patterns we observed 
in our  fingerprinting experiments were 
consistent over time, as repeated experi- 
ments using DNA isolated from subcul- 
tures over a year-long period produced 
the same pattern for a given Bursaphelen- 
chus isolate. In addition, DNA isolated 
from parallel cultures of  the same isolates 
produced the same band profile in our 
DNA hybridization experiments. The sam- 
ple designated "X" was sent from Japan, 
where it has been cultured for some years. 
It gave a profile identical to the J10 sup- 
plied to us by Georges de Guiran, which 
has been cultured in his laboratory for a 
number of years. 

Our  X14 hybridization results agree 
with those obtained using a heterologous 
unc-22 DNA probe from C. elegans (1), a 
h o m o l o g o u s  DNA p robe  (35), o r  se- 
quences from the non-transcribed spacer 
(NTS) region of  ribosomal RNA genes 
(38). These findings clearly demonstrate 
the existence of  a B. xylophilus group and B. 
mucronatus group  within the pinewood 
nematode species complex (PWNSC). Un- 
der  the conditions employed,  the X14 
probe does not hybridize to DNA from B. 
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fraudulentus, which is reproductively iso- 
lated from B. xylophilus and B. mucronatus 
(30). Although once thought to form a su- 
praspecies with the other two Bursaphelen- 
chus spp. (10), this nematode is no longer 
considered part of  the pinewood nema- 
tode species complex (35). Our  results 
from arbitrarily primed PCR are also con- 
sistent with the division of  the PWNSC into 
a B. mucronatus group and B. xylophilus 
group (38), with B. fraudulentus represent- 
ing a third species (1). On the basis of  am- 
plification products of  common molecular 
weight, there may be a distant relationship 
between B. fraudulentus and B. xylophilus. 

In addition to confirming and extending 
the results of  other workers (1,35,38), we 
have identified isolate C2 as a B. mucrona- 
tus on the basis of  its hybridization pattern 
with the X14 probe. In our PCR experi- 
ments, isolate C2 was distinct f rom all 
other Bursaphelenchus isolates studied, but 
it clearly fell within the B. mucronatus 
group because it shared bands with all B. 
mucronatus isolates. Although this isolate 
was believed to be B. xylophilus at the time 
of  our  experiments, since submission of  
this manuscript, isolate C2 has been classi- 
fied as B. mucronatus on the basis of  mating 
potential and chromosome number  (5), 
thereby illustrating the usefulness of  both 
methods for differentiation of  B. xylophilus 
and B. mucronatus. 

Although all B. xylophilus isolates pro- 
duced related profiles, there were clear 
differences between the various isolates. 
The  Japanese and American strains of  B. 
xylophilus may be derived from common 
origins (1,10), and our PCR results sup- 
port  this. Because Norwegian and French 
B. mucronatus isolates shared several bands 
in our  PCR experiments ,  they may be 
closely related--unlike the Japanese B. mu- 
cronatus, which was quite distinct. This 
finding supports the hypothesis of  Beck- 
enbach et al. (2) that there exist two distinct 
B. mucronatus groups: one group contain- 
ing the European isolates and another con- 
taining the Japanese isolates. Other work- 
ers using DNA hybridization techniques 
obtained similar results (1,38). 

In agreement with other workers' data 

(1), the X14 probe identified US10, a mu- 
cronated B. xylophilus, (43) as part of  the B. 
xylophilus group. This isolate was clearly re- 
lated to the other B. xylophilus isolates by 
PCR, but  a band common to the other  
American, Japanese, and Canadian Bc iso- 
lates was absent from this particular iso- 
late. Similarly, Abad et al. (1) obtained a 
different DNA hybridization pattern for 
this isolate with an unc-22 C. elegans probe 
than the pattern they obtained for other 
American and Japanese isolates. 

The PCR banding profiles were repro- 
ducibly obtained in two separate experi- 
ments. The use of  [32p]dGTP in PCR re- 
action mixes is unconventional, but  the low 
number  of  cycles used resulted in very 
faint ethidium bromide staining. Inclusion 
of  [~2p]dGTP resulted in increased sensi- 
tivity and enhanced band definition. Al- 
though the use of  [32p]dGTP could con- 
ceivably cause a bias in favor of  G-rich se- 
quences, e thidium bromide  staining of  
DNA is also a function of  both DNA size 
and base composition. The total dGTP (la- 
beled and unlabeled) concentration is 40.5 
p.M, compared to 40.0 v,M of the other 
dNTPs, which is not sufficient to cause a 
bias in favor of  G-rich sequences. 32p_ 
Labeled dNTPs have been used by other 
workers for  visualization of  arbitrarily 
primed PCR products (39). We used am- 
plification products of  similar molecular 
weight as an index of  relatedness between 
species and isolates, but these fragments 
are not necessarily homologous. 

Although the primers HAR1 and HAR2 
were designed to sequence the X14 probe, 
they were found to lie within regions of  
compressions in the sequence and did not 
in fact anneal to the X14 probe. In the 
PCR experiment presented herein, these 
primers behaved essentially as arbitrary 
PCR primers. 

Although our collection of  isolates is not 
exhaustive, the results presented indicate 
that the X14 insert can be used to discrim- 
inate between both species and isolates of  
B. mucronatus and B. xylophilus. Our efforts 
to identify these nematodes within DNA 
samples isolated from infected timber us- 
ing the X14 probe proved unsuccessful. 
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(As these were  l abora tory- in fec ted  wood  
samples,  they m a y  not  accurately  ref lect  
the si tuat ion in vivo with respect  to nema-  
tode  n u m b e r s  and  distr ibution.)  This  ap-  
p a r e n t  fa i lure  m a y  limit the usefulness  o f  
the X14 p robe  for  rou t ine  diagnosis.  How-  
ever ,  the X14 m e t h o d  prov ides  a clear, 
well-resolved f inge rp r in t  with a low n u m -  
ber  o f  bands ,  facilitating assessment  o f  the 
deg ree  o f  band - sha r ing  and  rep resen t ing  
an  i m p r o v e d  f i n g e r p r i n t  c o m p a r e d  to 
m a n y  p u b l i s h e d  prof i les .  F u r t h e r m o r e ,  
the m e t h o d  can be readily p e r f o r m e d  with 
basic equ ipmen t ,  wi thout  resor t ing  to se- 
quenc ing  or  o the r  technically d e m a n d i n g  
p rocedures .  One  l imitat ion o f  the X14 fin- 
ge rp r in t ing  m e t h o d  is the r e q u i r e m e n t  for  
significant quanti t ies  o f  DNA.  T h e  PCR- 
based m e t h o d  overcomes  that  l imitation, 
as only small a m o u n t s  o f  D N A  (as little as 
10 ng) are  needed .  

T h e  PCR ampl i f ica t ion  results  concur  
with those ob ta ined  f r o m  the X I 4  f inger-  
pr in t ing,  a l though  the profi les  ob ta ined  by 
ampl i f ica t ion f inge rp r in t ing  o fB .  mucrona- 
tus isolates a re  less distinct than  those ob- 
ta ined by f inge rp r in t ing  with X14. Never -  
theless, the PCR band  profi les  are clearly 
d i f f e ren t  for  each species and  g r o u p  of  iso- 
lates examined .  T h e  significance o f  these 
d i f f e r ences  mer i t s  f u r t h e r  invest igat ion.  
T h e  p re l imina ry  results p re sen ted  above 
are  e n c o u r a g i n g ,  and ,  with r e f i n e m e n t ,  
this technique  may  p rove  o f  value in de- 
f i n i n g  t h e  p h y l o g e n e t i c  r e l a t i o n s h i p s  
within the  PWNSC.  With fu r t he r  research,  
poss ibly  u s ing  a d d i t i o n a l  p r i m e r  pairs ,  
PCR may  deve lop  into a rap id  technique  
for  ident i fy ing  a given isolate and  t racing 
t a x o n o m i c  r e l a t i o n s h i p s  at  the  gene t i c  
level.  A n o t h e r  a d v a n t a g e  o f  PCR o v e r  
D N A  f inge rp r in t ing  is speed:  PCR can be 
p e r f o r m e d  in a single day  with resul ts  
within 24 hours ,  whereas  X14 D N A  fin- 
ge rp r in t ing  can requi re  a week to yield re- 
sults. 

T h e  value o f  DNA-based  techniques for  
identif icat ion pu rposes  is i l lustrated by the 
close a g r e e m e n t  be tween  o u r  results and  
those o f  o the r  workers  us ing D N A  hybrid-  
ization and  PCR-based  m e t hods  (1,2,4,8, 
35,38). Because P. sylvestris D N A  was not  

ampl i f ied  u n d e r  the condit ions employed ,  
the PCR m e t h o d  may  prov ide  a suitable 
means  for  direct  detect ion o f  Bursaphelen- 
chus in wood samples.  Th is  possibility is 
cur rent ly  u n d e r  investigation. 
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