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Relationship of Bursaphelenchus xylophflus Population 
Density to Mortality of Pinus sylvestris 1 

H. MELAKEBERHAN AND J. M. WEBSTER 2 

Abstract: Seven-month-old Scots pine seedlings were inoculated with water or culture filtrate 
(controls), with 10,000, or 20,000 (experiment 1), and with 2,500 (experiment 2) Bursaphelenchus 
xylophilus B.C. isolate nematodes and maintained under defined experimental conditions. Controls 
did not develop pine wilt disease over a 2-month period. In experiment 1, less than 50% of the 
inoculum was recovered from the nematode-inoculated seedlings in the first 48 hours, after which 
the nematode population of both treatments increased exponentially resulting in pine death and 
approximately equal populations at 216 hours after inoculation. In the second experiment, plant 
mortality, which was always preceded by 2-3 days of chlorosis and associated stem vascular necrosis, 
first occurred 14 days after inoculation. The  nematode population increased until about day 40 
after inoculation and declined thereafter. Nematodes extracted from the roots 2 weeks after in- 
oculation accounted for ca.l 5% of the total number of nematodes per pine. The  study indicates 
that the rate of nematode reproduction is a factor in pine wilt disease. However, the lack of a linear 
correlation between the number of  nematodes and the timing of pine mortality suggests that the 
timing of  pine death may also depend on the location of  nematode damage to the host tissue. 

Key words: Bursaphelenchus xylophilus, damage threshold, pinewood nematode, pine mortality, pine 
wilt disease, Pinus sylvestris, population dynamics, Scots pine. 

Bursaphelenchus xylophilus (Steiner and 
Buhrer) Nickle, causal agent of  pine wilt 
disease, is one of  the few plant-parasitic 
nematodes that kill a mature host plant 
within a relatively short period after pen- 
etration (1). Under  field conditions, bark 
beetles of  the genus Monochamus are the 
primary vectors ofB. xylophilus (14). Tem- 
perature affects nematode reproduction 
(7), and the number  of  nematodes from the 
initial inoculum that become established in 
host tissue influences disease expression. 
Although as many as 289,000 B. xylophilus 
per adult M. alternatus have been reported 
(14), the number of nematodes carried per 
beetle varies enormously with host plant 
and locality (19) and only 10-20% of the 
nematodes exit from the vectors (16). Un- 
der experimental conditions, inocula of  as 
many as 200,000 (13) and as few as 100 (4) 
nematodes per plant have been used, but  
a common range seems to be 10,000 (9) to 
40,000 (2) nematodes per plant. 

When pines (Pinus spp.) are simulta- 
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neously inoculated with similar numbers of  
B. xylophilus under similar experimental 
conditions, pine death occurs over a period 
ranging from 2 weeks to several months 
after inoculation (2,6,12,15,17). Hence, the 
relationship between the number  of  nema- 
todes in the plant and the timing of  pine 
death is unclear. In order to bet ter  under- 
stand the mechanisms of  nematode-in- 
duced pine wilt, the size of the nematode 
population at the time of  pine death should 
be determined under a range of  specified 
experimental conditions. The  objectives of  
this paper are to show I) the percentage 
of the nematode inoculum that becomes 
established in the host and 2) the time until 
death and nematode population level at 
pine mortality under specified experimen- 
tal conditions. 

MATERIALS AND METHODS 

Seven-month-old Scots pine, Pinus syl- 
vestris L., seedlings were grown in a 50:50 
peat : vermiculite mixture in blocks of  sty- 
rofoam seedling cavities (4 cm d x 15 cm 
deep). The  experimental conditions were 
30 C, 75% RH at 400 tzE m -2 s -1 and 16- 
hour day and 25 C, 80% RH 8-hour night 
cycle in a Conviron growth chamber. Plants 
were watered daily with tap water. 

A British Columbia isolate of  B. xflophi- 
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lus was maintained under sterile conditions 
on potato dextrose agar on which a non- 
sporulating Botrytis cinerea was growing at 
27 C. When required for experiments, 
nematodes were washed off the lids of  
1-week-old culture plates under sterile con- 
ditions and aqueous nematode suspensions 
were concentrated to the desired volumes. 
Culture filtrates were collected similarly by 
washing the lids of  the petri dish cultures 
and the suspensions were filtered under 
vacuum through 5-~m-pore nylon sieve. 
Scots pines, 21.8 + 3.3 cm tall, were in- 
oculated by pipetting the required number  
of nematodes in aqueous suspension into a 
1-cm long vertical slit in the bark 11-12 
cm from the base of the stem, and covering 
the wound with nonabsorbent  poly filter 
wool (RolfC. Hagen Inc., Canada) and par- 
afilm immediately after inoculation. The  
inoculated seedlings were maintained un- 
der the prescribed experimental condi- 
tions; in order to obtain a uniform infec- 
tion time, the poly filter wool and parafilm 
covers were removed 48 hours after in- 
oculation. 

Pines were divided into groups of  40 (ex- 
periment 1), 36 (experiment 2), and 20 
(controls). In experiment 1, the 40 seed- 
lings were divided into two equal groups 
and each seedling was inoculated with an 
estimated suspension of  either 10,000 (low) 
or 20,000 (high) B. xylophilus. Four plants 
from each of  the high and low nematode 
treatments were harvested at 6, 18, 48, 96, 
and 216 hours after inoculation, the total 
fresh plant weight was measured, and the 
numbers of  nematodes in the shoot and 
root of  each plant were determined after 
extracting nematodes separately from top 
and roots of  pine seedlings on Baermann 
funnels for 3 days. 

In experiment 2, each of  the 36 seedlings 
was inoculated with an aqueous suspension 
of  an estimated 2,500 B. xylophilus. The  
times of  appearance of  chlorosis and wilt- 
ing, of  seedling death, and of  stem tissue 
necrosis were visually assessed and record- 
ed. Four randomly selected pines were har- 
vested and the shoot and root fresh weights 
and the number of  nematodes in them were 

recorded for each pine at 3, 7, and 11 days 
after inoculation. At 14, 18, 28, 53, and 
68 days after inoculation, dead and dying 
pines were harvested and processed as de- 
scribed. A pine seedling was considered 
dead when stem wilt occurred together with 
either needle chlorosis or needle wilt. 

Half  of  the controls received wound and 
water alone; the other  half received wound 
and culture filtrate. They were kept under 
the same experimental conditions as in ex- 
periment 1 for 9 weeks after which all plants 
were weighed and processed on the Baer- 
mann funnel. 

Data were analyzed using regression and 
(or) the following model: 

y = b l + b 2 X -  b3X 2 

where y = the number  of  nematodes re- 
covered per plant or per gram of plant 
weight, X = days after inoculation, and bl, 
b2, and b~ are coefficients describing the 
shape of  the curves (20). 

RESULTS 

In the first experiment, about 50% of 
the nematode inoculum was recovered 
from each plant 6 hours after inoculation, 
and the number of  nematodes extracted 
from each plant decreased with time dur- 
ing the following 42 hours (Fig. 1). There-  
after, the population per plant increased 
exponentially up to approximately equal 
levels in the two treatments at 216 hours 
post infection, reaching the initial inocu- 
lure levels at 120 (Pi = 10,000) and 160 (Pi 
= 20,000) hours after inoculation. The  
population increased faster in seedlings in- 
oculated with 10,000 than with 20,000 
nematodes (Fig. 1). At 216 hours after in- 
oculation, 10.2% and 9.6% of  the total 
number  of  nematodes per  plant in the low 
and high inoculum treatments, respective- 
ly, were recovered from the roots (Fig. 1). 
By that time all pines from both inoculum 
levels showed wilt and stem vascular de- 
struction. 

In the second experiment, the nematode 
population per plant increased to an esti- 
mated 60,000 at about day 40 and then 
declined by day 68 to ca. 12,500 (Fig. 2). 



Bursaphelenchus P o p u l a t i o n ,  P ine  Mor ta l i ty :  Melakeberhan, Webster 299  

I-. 32 

..~20 c) c: 
O o  

,,=, 
m 4 

:::) 
Z 0 

. . . .  HIGH INOCULUM LOW INOCULUM ~nltblg , ~ . ~ '  

Poly flltLe wool removed . . . -  " 

A A . . . . . . . .  " J y = 9.068eO.OO53X 
. . . . . . . .  0.7o 

• ~ " y == 8.025eO.O105X 

• / , 2 .  0 .80  

0 ' 40 ' 8'0 ' 120 ' 160 ' 200 

HOURS AFTER INOCULATION 
FxG. 1. Population density curves for Bursaphelenchus xylophilus in 7-month-old Scots pines inoculated with 

10,000 (low) or 20,000 (high) nematodes per plant. Each data point represents a mean of four replicates. 
Removal of the poly filter wool cover from the point of inoculation and occurrence of wilt are shown. 

T h e  n u m b e r  o f  n e m a t o d e s  d id  no t  inc rease  
to  a level s ignif icant ly  g r e a t e r  t h a n  the  in- 
o c u l u m  unti l  11 days a f te r  inocula t ion .  T h e  
first disease s y m p t o m ,  chloros is ,  o c c u r r e d  
2 - 3  days b e f o r e  p ine  dea th .  A f t e r  14 days,  
all d e a d  pines  were  e x a m i n e d  o n  each  sam- 
p l ing  day;  i.e., f o u r  p ines  at  14 days fol- 

l owed  by  f o u r  at  18, t h r e e  at  28, f o u r  at  
53, and  two at 68 days a f t e r  i nocu la t i on  
(Fig. 3). 

T h e  n e m a t o d e s  w e r e  mos t l y  in the  s h o o t  
t issue bu t  f r o m  a b o u t  14 days a f t e r  inoc-  
u la t ion  n e m a t o d e s  also w e r e  f o u n d  in t he  
roo t s  (Fig. 4). T h e r e a f t e r ,  ca. 15% o f  the  
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FIG. 2. Population density curves for Bursaphelenchus xylophilus in 7-month-old Scots pines inoculated with 

2,500 nematodes. Date of first pine death is shown. Each sampling day has four data points except days 28 
and 68 after inoculation, which have three and two data points, respectively. 
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Fro. 3. Cumulative percentage mortality of 7-month-old Scots pines on each sampling date over a period 
of  68 days after inoculation with 2,500 Bursaphelenchus xylophilus. Each data point  represents four pines, except 
days 28 and 68, which are three  and two, respectively. 

total number of nematodes per plant (Fig. 
2) were extracted from the roots. 

No nematodes were found in the water 
and culture filtrate control plants, and none 
of  these plants showed disease symptoms 
after 2 months. 

DISCUSSION 

The  population of  B. xylophilus in pine 
seedlings declined during the first 48 hours, 
as less than 50% of the inoculum became 
established in the plant tissues, and then 
increased significantly as the nematodes re- 
produced (Fig. 1). Whereas the exponen- 
tial increase in the population during the 
9 days (Fig. 1) reflects the reproductive po- 
tential ofB. xylophilus, the faster nematode 
population build up in plants with the low- 
er inoculum suggests a possible density-de- 
pendent factor influencing the nematode 
reproduction rate. Despite the different 
initial infection levels of  the first experi- 
ment, the nematode population in plants 
from both treatments reproduced to sim- 
ilar levels and caused pine wilt at about the 
same time (Fig. 1). Differences in repro- 
ductive rate of nematode populations aris- 
ing from different sized inocula make pre- 
diction of host response difficult and may 

explain the lack of relationship between 
inoculum level and host response reported 
by Bolla et al. (5). 

Although infected pines died in both ex- 
periments (Figs. 1, 2), the pines differed in 
symptom expression. Stem tissue necrosis 
was evident in dead or wilting plants from 
both experiments. Chlorosis, which always 
preceded pine death by about 2-3 days, 
occurred in only the second experiment 
where pines received a much smaller in- 
oculum than in the first experiment (Fig. 
2). The  number of  nematodes per plant 
did not increase significantly above the level 
of  inoculum until about the time chlorosis 
first appeared (Fig. 2). This suggests that 
when Pi = 2,500, the nematode population 
built up sufficiently slowly to allow the 
physiological effects on the host to be man- 
ifest in changes in needle cell structure re- 
sulting in chlorosis before permanent  wilt 
occurred. When Pi = 10,000 to 20,000, 
the large nematode population per plant 
quickly destroyed the stem vascular tissue 
resulting in shoot wilt before needle chlo- 
rosis occurred. 

Bursaphelenchus xylophilus migrates 40-  
50 cm per day within tree tissues (11,18) 
and the extent of  tissue destruction prob- 



Bursaphelenchus Population, Pine Mortality: Melakeberhan, Webster 301 

m 28 

b .  
0 2 4  

m~ 
b J r -  
n o  16 

w o  

8 Z 
I, 
0 

4 
bJ 
m 

0 
z 

. . . .  S H O O T  . . . . . . .  K ~ O I "  ~ 

First appearance of C 'O O'i i" me death 

, /  % B I I /  

/ ,. ~, 

_ _ . . . . . . . . . . . . . . . . . . . .  

20 ~ ' ~ 
DAYS AFTER INOCULATION 

FIG. 4. Popula t ion  dens i ty  o f  Bursaphelenchus xylophilus pe r  g r a m  f resh  weight  o f  t he  shoot ,  root ,  a n d  total  
p lan t  over  68 days af ter  the  inocula t ion  o f  7 -mon th -o ld  Scots p ine  with 2 ,500 n e m a t o d e s .  Shoot  = 76.7 + 
1 .28X - 1 .003X 2, r ~ = 0.86.  Root  = - 1 9 . 3  + 1 .537X - 1 .005X 2, r ~ = 0.85. P lan t  = 33.45 + 1 .29X - 
1 .003X ~, r 2 = 0.90.  Each sampl ing  day has  four  da ta  points ,  excep t  days 28 and  68 a f te r  inocula t ion ,  which  
have  t h r e e  a n d  two da ta  points ,  respect ively.  

ably is proportional to spread of  the nema- 
tode. Our  study showed that a higher pro- 
portion of  the nematodes was found in the 
shoot than in the root in both experiments 
and nematodes did not migrate to the roots 
until disease symptoms appeared in the 
stems and needles (Figs. 1,4). This suggests 
that the nematodes migrate to the roots as 
shoot destruction intensifies, probably in 
search of  nutrients or a less toxic environ- 
ment. 

The  number  of  B. xylophilus that cause 
pine death varies with host type and ex- 
perimental conditions. For example, Dwi- 
nel (8) reported a high correlation be- 
tween the number  of  B. xylophilus and the 
mortality of  five pine species 12 weeks after 
inoculation, whereas Bolla et al. (5) found 
no correlation between nematode popu- 
lation and the mortality of  three pine 
species over a similar duration. There  does 
not seem to be a correlation within a species 
between the number  of  nematodes, host 
age, and time of  pine mortality. For ex- 
ample, Bedker and Blanchette (2) and Bed- 
ker et al. (3) showed death of  13-year-old 
and 11-year-old Scots pines with 224.5 and 

13.8 nematodes per  gram of wood at 50 
and 58 weeks after inoculation, respective- 
ly, whereas in our study it took about  
1,000-5,000 nematodes per gram of plant 
fresh weight to kill 7-month-old pines (Fig. 
4). In addition to the difference in host age 
and differences in the experimental con- 
ditions, the uneven distribution of  B. xy- 
lophilus within trees (10) may contribute to 
the difference in number  required to cause 
pine mortality. 

The  present study suggests a possible 
correlation between the number  of  nema- 
todes and pine mortality early in the in- 
fection period (Figs. 1, 2). However,  the 
linear increase in percentage of  pine mor- 
tality with time of  infection (Fig. 3) without 
a corresponding linear increase in nema- 
tode population in pines (Fig. 2) suggests 
that there is some additional factor, such 
as the number  and location of  nematode- 
damaged host cells, contributing to the 
timing of  pine death. 
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