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Transmission of Bursaphelenchus xylophilus through 
Oviposition Wounds of Monochamus carolinensis 

(Coleoptera: Cerambycidae)l 
O. R. EDWARDS 2 AND M.J.  LIMIT 3 

Abstract: Transmission of  pinewood nematode through Monochamus carolinensis oviposition 
wounds was documented. Nematode transmission was measured as the average number of nema- 
todes isolated per oviposition wound excavated and also as the percentage of oviposition wounds 
from which nematodes were isolated. The influence of three factors that might affect nematode 
transmission was investigated: age of the beetle vector, number of nematodes carried per beetle, and 
egg deposition in the oviposition wound. Only the number of nematodes carried by the beetle was 
found to have a significant effect on transmission. Nematodes were transmitted more frequently and 
in slightly greater numbers by beetles carrying more nematodes. The influence of pinewood on 
nematode exit from beetles were investigated by comparing nematode exit from beetles placed over 
pine chips with those placed over distilled water. Nematodes exited in greater numbers and at a 
higher frequency from beetles over pine chips than from beetles over distilled water. Apparently, the 
nematodes are able to detect a factor from the pine chips that promotes their exit from the beetles. 

Key words: Bursaphelenchus xylophilus, Monochamus carolinensis, nematode, pine sawyer, pinewood 
nematode. 

The pinewood nematode, Bursaphelen- 
chus xylophilus (Steiner & Buhrer) Nickle, is 
a mycophagous and phytophagous nema- 
tode  associated with stressed pines in 
North America. The  nematode is trans- 
por ted between trees by insect vectors. 
The  principal vectors of  the pinewood 
nematode throughout  its distribution are 
cerambycid beetles in the genus Monocha- 
mus (9). These beetles lay their eggs under  
the bark of  stressed or recently felled pine 
trees. The wounds created by these beetles 
during oviposition provides a means by 
which the nematodes can enter pine trees 
(20). Nematodes may also enter healthy 
pine trees through beetle feeding wounds 
(11). In susceptible pines, pinewood nema- 
todes feed on the cells lining resin canals 
(13,14). These pine trees may show symp- 
toms of  pine wilt disease as a result of  this 
type of  feeding. 

Historically, interest in the pinewood 
nematode has focused on its transmission 
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to susceptible healthy pines. Recently, the 
detection of  pinewood nematode in North 
American wood chips shipped to Finland 
resulted in an embargo on North Ameri- 
can raw softwood products by that nation. 
Sweden and Norway have passed similar 
import restrictions (1). The economic loss 
associated with this embargo has increased 
interest in the transmission of  the nema- 
tode into felled timber through beetle ovi- 
position wounds. 

The purpose of  this study was to inves- 
tigate pinewood nematode transmission 
through the oviposition wounds made by 
its principal vector in the midwestern  
Uni ted  States, Monochamus carolinensis 
(Olivier) (12). The first objective of  this 
study was to determine the frequency of  
successful t ransmission and the mean  
number  of nematodes transmitted into M. 
carolinensis oviposition wounds. The  influ- 
ence of  beetle age, number  of  nematodes 
carried per beetle (nematode load), and 
egg deposition on nematode transmission 
was examined. The second objective of  this 
study was to investigate the potential role 
of  pinewood volatiles in controlling nema- 
tode exit from the beetle. 

MATERIALS AND METHODS 

M. carolinensis adults used in these ex- 
periments were from a laboratory colony 
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infested with pinewood nematode.  The  
beetles were reared  in jack pine, Pinus 
banksiana Lamb., logs, as described previ- 
ously (3). The  wood bolts (12-18 cm in 
length, 5-8 cm in diameter) used in the 
transmission studies were from the main 
bole of  recently felled jack pine trees from 
the Thomas A. Baskett Wildlife Research 
and Education Center in Boone County, 
Missouri. The  bolts were taken from an 
area of  the tree where the bark was thin 
(1-2 mm) in order  to promote oviposition 
(7) and to minimize mandibular activity 
during oviposition (19). The  ends of  the 
wood bolts were coated with paraffin to 
retard desiccation and were held for at 
least 3 days before use to increase their 
attractiveness to ovipositing M. carolinensis 
(7). All statistical analyses were conducted 
using the Statistical Analysis System (15). 

Transmission through oviposition wounds: 
Female beetles were removed from the col- 
ony at the beginning of  the scotophase of  
the photoperiod.  For each of  218 trials, 
one beetle was placed in a cylindrical card- 
board container (19 cm high, 17.5 cm di- 
ameter) that contained a jack pine bolt. 
Bolts were exposed to beetles for 4 hours. 
Bolts that had oviposition wounds after 2 
hours were removed to prevent nematode 
dispersal from the wood surrounding ovi- 
position wounds pr ior  to examination.  
These were replaced by fresh bolts for the 
remaining 2 hours. Bolts that contained no 
oviposition wounds after beetle exposure 
were discarded. 

Each oviposition wound was examined 
to determine whether an egg had been de- 
posited. To  determine if transmission oc- 
curred ,  the bark, cambium, and heart- 
wood around each oviposition wound were 
removed to a radius of  0.75 cm and a 
depth of  at least 2 cm. Nematodes were 
extracted f rom the bark and wood to- 
gether using a modified Baermann tech- 
nique (16). One additional bark and wood 
sample from each bolt was taken from a 
region where oviposition did not occur. 
These  samples were checked to ensure 
that no pinewood nematodes were present 
in the bolts prior to beetle oviposition. Bee- 

ties that made oviposition wounds were 
macerated immediately after the experi- 
ment, and the number of  nematodes they 
carried was determined using the modi- 
fied Baermann technique. All nematodes 
extracted from wood samples were indi- 
vidually examined to identify them posi- 
tively as B. xylophilus. 

Beetles from five adult age classes were 
tested: 1, 2, 3, 4, and 5 weeks post adult 
emergence. One day of  leeway was used 
for the beetle ages, so that all 1-week-old 
beetles were 6-8 days old, 2-week-old bee- 
tles were 13-15 days old, and so forth. At 
least 50 oviposition wounds from nema- 
tode-infested beetles in each age class were 
tested. Because we could not determine 
without killing the beetles whether the bee- 
tles were nematode infested before carry- 
ing out the experiment, some beetles with- 
out nematodes were tested. The  wounds 
made by these beetles were examined to 
ensure that the wood brought  f rom the 
field was nematode-free. 

The  mean number  of  nematodes trans- 
mitted per oviposition wound was calcu- 
lated for each age class. Percentage of  suc- 
cessful transmission was calculated as the 
percentage of  oviposition sites into which 
at least one nematode was transmitted. 
Analysis of  variance was used to determine 
whether number  transmitted was affected 
by beetle age; chi-square analysis was used 
to determine whether percentage of  success- 
ful transmission was affected by age class. 

Regression analysis was used to investi- 
gate the relationship between nematode 
load of  beetles and number  of  nematodes 
t ransmi t ted .  To  analyze the e f fec t  o f  
nematode load on percentage of  successful 
transmission, the beetles were classed as 
follows: beetles carrying 1-100 nematodes, 
1 0 1 - 1 , 0 0 0  n e m a t o d e s ,  1 , 0 0 1 - 1 0 , 0 0 0  
nematodes, and more than 10,000 nema- 
todes. Chi-square analysis was used to de- 
termine whether percentage of successful 
transmission was independent  of  nema- 
tode load. 

Differences in mean nematode transmis- 
sion and percentage of  successful trans- 
mission were also examined between sites 
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in which an egg had been laid and those 
without an egg by t-test and chi-square 
analysis, respectively. 

Transmission by male beetles: An experi- 
ment to determine whether male beetles 
t ransmit ted nematodes into oviposition 
wounds was performed concurrently with 
the videotaping of  M. carolinensis oviposi- 
tion behavior as described by Edwards and 
Linit (3). Nematode-free M. carolinensis fe- 
males were placed in the videotaping 
a rena  with n e m a t o d e - i n f e s t e d  males. 
Nematode-free females were obtained by 
omitting nematode inoculation from the 
rearing procedure described previously 
(3). Videotaping provided a record of ev- 
ery oviposition event. The wood surround- 
ing all oviposition wounds was excavated 
and checked for nematodes as described 
above. The number of nematodes trans- 
mitted during each oviposition event was 
recorded. 

Pine volatiles and nematode exit: Beetles 
over 1 week of  age were used to exclude 
those from which nematodes were exiting 
at very low rates (10). Beetles carrying 
fewer than 1,000 nematodes were not in- 
cluded in data analysis to eliminate the 
poor transmission associated with beetles 
carrying few nematodes. 

Beetles were individually placed in an 
arena for two 24-hour assays of nematode 
exit. The arena consisted of  a plastic Petri 
plate with an elevated floor and a lid, both 
constructed of wire screening. For one as- 
say, only distilled water was beneath the 
elevated wire floor. For the other, 5 g of  
pine chips in distilled water was used. The 
pine chips consisted of  bark, cambium, 
phloem, and xylem obtained by drilling 
1.5-cm-deep holes into a freshly cut jack 
pine log with a 2.5-cm-diameter drill bit. 
The top portion of  the chips extended 
above the water line, so that plant com- 
pounds could volatilize. Each beetle was as- 
sayed under  both experimental conditions 
for two consecutive 24-hour assay periods; 
the assays were randomly assigned to the 
periods so that half the beetles were ex- 
posed to one set o f  condi t ions  first,  
whereas the other half were exposed to the 

other set of  conditions first. After each 24- 
hour test period, the arena was thoroughly 
washed with distilled water. The washing 
was placed with the distilled water and 
wood chips (if present) into funnels for 
nematode extraction using the modified 
Baermann technique. After the second 24- 
hour testing period, the beetles were mac- 
erated and their nematode loads were de- 
termined. All nematodes extracted were 
examined with a dissecting microscope for 
positive identification as dauer juveniles of 
B. xylophilus. 

The data were analyzed as a crossover 
treatment design (2). Because there were 
only two treatments, residual effects could 
not be tested; any residual effects from the 
first to the second assay period were as- 
sumed to be the same for all the beetles. 
Analysis of variance was used to test for 
significant differences in nematode exit at- 
tributable to treatment, assay period, and 
beetle. A chi-square analysis was used to 
determine if the presence of wood chips 
affected frequency of  nematode exit into 
each treatment arena. 

RESULTS 

Transmission through oviposition wounds: 
During the testing period, 118 of  290 fe- 
male beetles made oviposition wounds. A 
total of 437 oviposition wounds was made 
by these beetles during testing. Of  these, 
274 were made by 64 nematode-infested 
beetles. No nematodes were recovered 
from the wood surrounding wounds (n = 
163) made by nematode-free beetles. All 
analyses were based on wounds made by 
nematode-infested beetles. 

The mean (S.D.) nematode load for the 
beetles used in this experiment (n = 64) 
was 2,293 (5,019). The maximum number 
of  nematodes recovered from one beetle 
was 29,500. The mean number of nema- 
todes transmitted per oviposition wound 
was 1.48 (4.85), and nematodes were re- 
covered from 27% of oviposition wounds. 
The mean number of  nematodes transmit- 
ted per oviposition wound was not depen- 
dent on beetle age class (F = 0.64; df  = 
4,268; P = 0.63) (Table 1). Percentage of  
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TABLE 1. Number of  nematodes transmitted and frequency of successful transmission of  Bursaphelenchus 
xylophilus into oviposition wounds on jack pine bolts by Monochamus carolinensis beetles of differing age (weeks 
post adult emergence), nematode load, and when eggs were laid or not. 

Number of nematodes recovered 
Number of oviposition wounds 

With Without 
Factor Condition Mean Minimum Maximum nematodes nematodes 

Aget  

Nematode load 

Eggs laid 

1 0.74:~ 0 11 16 (30%)§ 37 (70%) 
2 2.09 0 39 16 (25%) 49 (75%) 
3 1.19 0 18 13 (25%) 40 (75%) 
4 1.63 0 30 16 (31%) 35 (69%) 
5 1.63 0 27 14 (27%) 38 (73%) 

1-100 0.73 IE 0 30 8 (9%)¶ 77 (91%) 
101-1,000 1.67 0 39 16 (31%) 35 (69%) 

1,001-10,000 1.60 0 27 33 (36%) 59 (64%) 
10,000 + 2.39 0 27 18 (39%) 28 (61%) 

Yes 1.61 # 0 39 58 (29%)§ 139 (71%) 
No 1.16 0 27 17 (22%) 60 (78%) 

Means and frequencies were calculated by counting nematodes from the 
oviposition. 

Weeks post adult emergence. 
:~ Means did not differ significantly according to analysis of variance. 
§ Counts did not differ significantly according to chi-square analysis. 
II Significant linear relationship; data presented as class means in table. 
¶ Counts significantly different according to chi-square analysis. 

Means did not differ significantly according to a t-test. 

wood surrounding oviposition wounds after beetle 

successful n e m a t o d e  t ransmiss ion was also 
unaf fec ted  by beetle  age  class (×2 = 1.091; 
d f  = 4; P = 0.90). 

T h e r e  was a significant (F = 8.79; d f  = 
271 ; P < 0.01) l inear  re la t ionship be tween 
n e m a t o d e  load and  the  n u m b e r  o f  nema-  
todes t ransmi t ted ,  but  the predict ive value 
o f  the  resul t ing re la t ionship  was low (r 2 = 

0.03, s lope = 0.00012 -+ 0.00004). T h e  
m e a n  n u m b e r  o f  nema todes  t ransmi t ted  
r a n g e d  f r o m  0.73 (4.12) in the  lowest  
n e m a t o d e  load class to 2.39 (5.70) in the 
highest  n e m a t o d e  load class (Table  1). Per- 
c e n t a g e  o f  succes s fu l  t r a n s m i s s i o n  in- 
creased with increased n e m a t o d e  load (×2 
= 20.7; d f  = 3; P < 0.001). 

T h e  deposi t ion  o f  an egg  into the ovipo- 
sition w o u n d  did not  significantly affect  
the  n u m b e r  o f  nema todes  t ransmi t ted  (t = 
0.48; d f  = 271; P = 0.49). Percen tage  o f  
successful t ransmiss ion was also indepen-  
den t  o f  the occur rence  o f  egg  deposi t ion 
(×2 = 1.51; d f  = 1, P = 0.22). Both  values, 
however ,  were  h igher  when  egg deposi t ion 
occu r r ed  (Table  1). 

Transmission be male beetles: Dur ing  the 
v ideotap ing  of  M. carolinensis oviposi t ion 
behavior ,  21 oviposit ion events were  ob- 
served that  involved a nematode - in fes t ed  
ma le  on  top  o f  an  u n i n f e s t e d  f ema le .  
Pinewood nematodes  were  isolated f r o m  
t h e  w o o d  s u r r o u n d i n g  two  o f  t h e s e  
wounds.  One  wound  conta ined  one  B. xy- 
lophilus d a u e r j u v e n i l e  and  one  B. xylophilus 
adult .  T h e  o the r  wound  conta ined  221 B. 
xylophilus d a u e r  juveniles.  

Pine volatiles and nematode exit: T h i r t y  
nine beetles were  tested, 15 o f  which were  
not  included in the analysis because  they 
carr ied  less than  1,000 nema todes .  T h e  
m e a n  (S.D.) n e m a t o d e  load  fo r  the  re- 
main ing  beetles (n = 24) used in the anal- 
ysis was 8,147 (11,006). T h e r e  was no dif- 
fe rence  in the total n u m b e r  o f  nema todes  
recovered  a m o n g  beetles (F = 1.02; d f  = 
23,22; P = 0.49) or  be tween the assay pe- 
riods (F = 1.40; d f  = 1,22; P = 0.25). 
T h e r e  was a significant t r e a t m e n t  effect  on  
the n u m b e r  o f  nema todes  collected (F = 
12.60; d f  = 1,22; P = 0.002). T h e  m e a n  
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number of  nematodes collected in distilled 
water alone was 0.92 (2.53), whereas the 
mean number  collected in distilled water 
with pine chips was 11.79 (14.92) (Table 
2). Nematodes dropped off  the beetles 
more frequently in the trials with wood 
chips than in the trials without wood chips 
(X 2 = 12.08; d f  = 1; P < 0.001). 

DISCUSSION 

Tranmission through oviposition wounds: 
Wingfield and Blanchette (21) were the 
first researchers to quantify nematode 
transmission through M. carolinensis ovipo- 
sition wounds. Their values for percentage 
of  successful transmission and for the 
mean number of  nematodes transmitted 
per oviposition niche were much lower 
than the overall values obtained in this ex- 
periment. The beetles in their experiment 
did not carry a high number of  nematodes, 
which explains why the values they ob- 
tained were very close to the values ob- 
tained in this experiment for the lowest 
nematode load class. 

The absence of an age effect on trans- 
mission into oviposition wounds suggests 
that nematode transmission is not influ- 
enced by the lower rate of  egg deposition 
into oviposition wounds that is found in 1- 
and 2-week-old beetles (3). The lack of  a 
difference in nematode transmission be- 
tween wounds with eggs and without eggs 
supports this conclusion. The pinewood 
nematode exit rate from M. carolinensis is 
low during the first week following adult 
beetle emergence (10). Low nematode exit 
rates in 1-week-old beetles did not influ- 

ence transmission rates in the present  
study, perhaps due to the low numbers of  
nematodes transmitted per wound. 

Female beetles spend less time with their 
ovipositors inserted under  the bark when 
an egg is not laid than when an egg is laid 
(3). Nematode recovery from oviposition 
wounds was unrelated to the presence of  
an egg in the wound. This suggests that the 
amount of time in which the ovipositor is 
inserted under  the bark does not influence 
the number of nematodes transmitted or 
the frequency of successful transmission. 

The mean number of  nematodes trans- 
mitted through oviposition wounds in- 
creased with increased beetle nematode 
load. The mean number transmitted, how- 
ever, increased from 0.73 in the lowest to 
only 2.39 in the highest nematode load 
class. This weak relat ionship between 
nematode load and the number of nema- 
todes transmitted is similar to that ob- 
served by other workers (11,18). 

There was a dramatic effect of nema- 
tode load on percentage o f  successful 
transmission. This was especially apparent 
in beetles carrying less than 100 nema- 
todes. Percentage of successful nematode 
transmission into oviposition wounds may 
be a more meaningful measurement than 
the mean number of  nematodes transmit- 
ted. The only requisite for successful colo- 
nization of  a dying tree is that enough 
nematodes are transmitted to ensure that 
mating can occur. The number of nema- 
todes required to colonize a dying tree has 
not been documented. 

Transmission by male beetles: Our observa- 
tions indicate that nematodes can be intro- 

TABLE 2. Number and frequency of  Bursaphelenchus xylophilus drop-off  from Monochamus carolinensis 
adults into distilled water and into jack pine (Pinus banksiana) chips in distilled water. 

Nematodes recovered 

Treatment  No. beetles Mean Maximum 

Number of  trials 

With drop-off  Without drop-off  

Distilled water 24 0.92t 
Pine chips in 

distilled water 24 11.79t 

9 5,  19 

53 17, 7 

Nematodes were collected after a 24-hour exposure of the beetles to the treatments. 
t Means significanfly different according to analysis of variance. 

Counts significantly different according to chi-square analysis. 
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duced  into wood benea th  oviposit ion 
wounds by infested M. carolinensis males. 
Therefore, it may not be biologically ad- 
vantageous for pinewood nematodes to 
e n t e r  f e m a l e  bee t les  p r e f e r e n t i a l l y  
(5,12,17,21). Furthermore, the nematodes 
may not be able to distinguish between 
male and female beetles in the pupal 
chambers where beetle infestation occurs. 

It is unknown if the nematodes entered 
the wounds directly from the male or were 
transferred to the females during mating. 
Additional research is required to deter- 
mine if direct transmission from males 
does occur, and if it does, if nematodes are 
transmitted at the same frequency from 
males as from females. 

Pine volatiles and nematode exit: Though 
much research has been conducted on 
pinewood nematode  transmission into 
pine trees through M. carolinensis and M. 
alternatus Hope feeding and oviposition 
wounds, little is known about the factors 
that control nematode exit from beedes. 
Minor effects of nematode load (11,18), 
beetle age (8), and the size of the feeding 
wound (8) cannot account for all the vari- 
ability associated with nematode transmis- 
sion. Results of  this study suggest that a 
factor within pinewood influences nema- 
tode transmission. Because no contact oc- 
curred between the beetles and the pine 
chips, we hypothesize that a volatile chem- 
ical in the pinewood was responsible for 
the movement of  the nematodes. It must 
be noted, however, that nematodes could 
have responded to CO 2 from metabolic ac- 
tivity of the pinewood or microorganisms 
associated with the pinewood. 

Pine volatiles alone are not sufficient to 
explain all the variability associated with 
pinewood nematode transmission. Control 
mechanisms within the nematode may ex- 
plain some of  the variability. Endogenous 
control has been suggested to explain er- 
ratic resumption of development following 
arrest in some parasitic nematodes (4). Re- 
sumption of  development from the infec- 
tive juvenile stage in many plant-parasitic 
and entomopathogenic nematodes is trig- 

gered by rehydration (22). Infective-stage 
pinewood nematode extracted from pine- 
wood or adult beetles exhibit the same 
straight posture as inactive steinernematid 
nematodes (6). Activation of  sinusoidal ac- 
tivity occurs after a few hours in distilled 
water (pers. obs.). Depletion of food re- 
serves may be an endogenous  control  
mechanism that enables the resumption of 
dauer juvenile activity within beetle tra- 
cheae in response to host volatiles, causing 
the nematodes to exit from the beetles into 
appropriate transmission sites. In order to 
test these hypotheses, the behavioral re- 
sponse to rehydration or to depleted food 
resources needs to be studied. Further in- 
vestigations on the role of  host tree chem- 
istry on nematode exit are also needed. 
This information may help to explain the 
high degree of variability researchers must 
contend with when studying the nema- 
tode-vector complex. 
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