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INTRODUCTION 

The Disease in Japan and the U.S. In 1913 a forest entomol
ogist reported from Kyushu, Japan the first case of pine wilt, 
an epiphytotic that had originated in Nagasaki in 1905. Since 
then, pinewilt has spread through southern and central regions 
and is now present in northern Honshu. Japanese authors 
recorded the loss of 1.25 million m 3 of wood in 1948, one 
million in 1975, and two million in 1978. Despite strenuous 
efforts to contain the disease, the annual loss is estimated as 
400,000 m 3 • The Japanese government appropriated $35 million 
in 1980 to control the disease. Most of this appropriation was 
spent on aerial sprays against the insect vector. 

Japanese investigators have studied the disease inten
sively. Tokushiga and Kiyohara first reported in 1969 that 
large numbers of a species of Bursaphelenchus nematodes were 
present in wood of pine trees killed by pine wilt. In 1971 
Kiyohara and Tokushiga inoculated healthy pines with nematodes 
and reproduced the disease. A species description and the 
histopathology of the disease appeared in 1972 (Mamiya and 
Kiyohara). The problem is acute in Japan because two of the 
major forest trees, Pinus densiflora and f. thunbergii, are 
highly susceptible. 

A disease of pine trees characterized by rapid death carne 
to notice in Columbia, MO, in February, 1979. A portion of the 
trunk of a 39-year-old Austrian pine (f. nigra) was received in 
the Diagnostic Clinic of the Department of Plant Pathology. 
The tree had died in late summer, 1978, with no previous symp
toms of disease. At the suggestion of a visitor from Japan, 
Dr. S. Ouchi, a search was made for nematodes. The wood had a 
large population of Bursaphelenchus xylophilus, the nematode 
known as the causal agent of pine wilt in Japan. After the 
report of pine wilt in the U.S. (Dropkin and Foudin, 1979), 
pathologists and entomologists were alerted to the disease. 
Workshops were organized in Columbia, MO, in 1979 and 1980. 
The U.S. Forest Service assembled forest pathologists from 
various locations for the 1979 meeting. In 1980 pathologists 
and extension personnel shared their findings. In addition, a 
leading Japanese investigator (Y. Mamiya) reported the current 
status of research in his country. 

Dr. K. Robbins (USDA Forest Service, St. Paul, MN) is com
piling reports of pine wilt disease in the U.S. These are 
usually not the result of systematic surveys, but represent 
diagnoses of pine wilt and confirmation of the presence of the 
nematode etiologic agent. The reports do not record numbers of 
trees involved, but simply list the county, state, and species 
of conifer. Table 1 presents the geographical distribution of 
pine wilt in the U.S. as of August, 1981, and Fig. 1 shows the 
counties in which pine trees containing ~. xylophilus have been 
found. Twenty-one species of Pinus and two each of Cedrus, 
Larix, and Picea are known to SUCCUmb to the nematode. The 
disease occurs in 33 states. Most cases are in ornamental 
plantings, but the disease also appears in forest sites. 
Scotch pine (f. sylvestris) is the most commonly reported 
victim, but native species are also included. 
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Table 1. DISTRIBUTION OF PINE WILT DISEASE CAUSED BY A NEMA· 
TODE (BURSAPHELENCHUS XYLOPHILUSj IN THE U.S. AS OF 
AUGUST,1981. 1 

Conifer species Number of counties 

Pinus sylvestris 111 

(Scotch) 

P. resinosa 

(Red) 

E. nigra 
(Austri an) 

P. taeda - --
(Loblolly) 

E. thunbergi i 
(Japanese black) 

E. strobus 
(Eastern wh ite) 

P. virginiana 

(Scrub) 

E. elliotti 
(Slash) 

27 

24 

21 

21 

20 

12 

12 

States 

Arkansas, Delaware, Illinois, 
Indiana, Iowa, Kentucky, Maryland, 

Minnesota, Missouri, New Jersey, 

New York, Ohio, Oklahoma, Tennessee, 

Vermont, Virginia, W. Virginia 
Wisconsin 

Delaware, Illinois, Indiana, Iowa 

Maryland, Ohio, Tennessee, Vermont 
West Virginia, Wisconsin 

IllinOis, Indiana, Iowa, Kansas, 
Kentucky, Maryland, Minnesota, 
Missouri, Pennsylvania, S. Dakota, 
Tennessee, Wisconsin 

Alabama, Arkansas, Delaware, Florida, 

Illinois, Louisiana, Maryland, Mississippi 
N. Carolina, Tennessee, Texas, Virginia 

Arkansas, Delaware, Maryland, Missouri, 
New Jersey, New York, Oklahoma, Virginia 

Connecticut, Delaware, Illinois, Iowa, 

Kentucky, Maryland, Michigan, Minnesota, 

Missouri, Nebraska, N. Carolina, 
Tennessee, Virginia, W. Virginia, 

Wisconsin 

Illinois, Indiana, Maryland, Missouri, 

S. Carolina, Virginia 

Florida, Louisiana 

Conifer species reported from 5 or less counties. 

f. banksiana 5 Illinois, Indiana, Wisconsin 
(Jack) 

f. cembra 
(Swiss Stone) 

E. clausa 
(Sand) 

f. contorta var. murrayana 

(Lodgepo 1 e) 

f. dens i fl ora 
(Japanese red) 

Pennsylvania 

Florida 

Ca 1 iforni a 

Virginia 
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Table 1. cont. 

P. echinata 
(Short leaf) 

t. halepensis 
(Aleppo) 

t. Mugo 
(Swiss Mt.) 
t. palustris 

(Long 1 eaf) 
t. ponde 

t. ponderos a 
(Ponderosa) 
t. radiata 
(Monterey) 

t. rigida 

(Pitch) 

Cedrus deodara 
C. atlantica 
Larix decidua 
L. laricina 

Picea glauca 

t·~ 

4 

3 

3 

4 

2 

2 

3 

'List compiled by Kathryn 

Service, St. Paul, MN 55108 

Arkansas, Indiana, Kentucky, S. Carolina 

Arizona 

Illinois, Missouri, Virginia 

Florida, Louisiana 

Wisconsin 

California, Missouri 

Ca 1 ifornia 

De 1 aware 

Virginia 
Virginia 

Wisconsin 
Vermont 

Virginia 
Maryl and 

Robbins, Pathologist, NAS & PF, USDA Forest 

The discovery of pine wilt in the U.S. raised a number of 
questions. In Japan, Oku et al (1980) postulated that toxin
producing bacteria are part of the etiology. Is this the case 
in the U.S.? Is the nematode present here the same as that in 
Japan? Which species of pine are susceptible? Why is pine 
wilt epidemic in Japan and not in the U.S.? 

The Disease Cycle. Symptoms appear in Japan during the late 
summer. An adult Cerambycid beetle, Monochamus alternatus, 
carries nematodes in its tracheae when it emerges from a dead 
infected tree. The insect flies to a healthy pine to feed for 
about 30 days on succulent growing branch tips, stripping the 
bark to ~each cambial tissue. During this time its gonads 
mature. As the beetle feeds, nematodes emerge from the 
spiracles and enter the pine through the wound. Once within 
the plant, the parasites invade resin canals where they repro
duce rapidly. Within three to four weeks after inoculation the 
tree shows symptoms of stress and in five to six weeks it dies. 
Mature beetles oviposit under the bark of stressed or dead 
trees. Emerging insect larvae burrow under bark, then invade 
deeper layers of the wood to pass the winter. In the spring, a 
larva excavates a chamber in which it pupates, and from which 
the adult emerges by chewing its way to the exterior. 

7 



'----' ;.....0 ........ .... . 

!USM ....... s.r."-) 

PINEWOOD NEMATODE DISTRIBUTION IN THE UNITED STATES - AUG , 1911 

Fig,l. 

The nematode's life cycle proceeds along two pathways. 
During the period between invasion and death of the tree, the 
nematodes feed on plant cells. After the pine dies, a host of 
organisms enter the dead tree, including bacteria, fungi, non
pathog'enic nematodes and insects. Pinewood nematodes maintain 
their population for a year or more by feeding on fungi. 
During the early phases of infection each mated female produces 
about 80 eggs. Development proceeds through four molts, 
leading to reproducing adult stages in about four days at 25 C. 
The developmental stages are designated L 1, L2, L3, L4 and 
adult. Later in the infection, a different form of third-stage 
larva appears. This is called the dispersal stage 
(LIII ), and is characterized by large amounts of nutritional 
reS~Lves and by its thick cuticle (Kondo & Ishibashi, 1978) . 
When the insect pupates, the third-stage dispersal nematodes 
aggregate a r ound the pupal chamber and molt to the fourth-stage 
dispersal larvae called Dauerlarvae(~v). They are especially 
adapted to survive in the insect. As the adult beetle emerges 
in early summer from the pupal case, large numbers of Dauer
larvae enter its respiratory system through the thoracic spir
acles. The beetle bores its way out of the wood, flies to 
succulent branch tips of a healthy tree, and the nematode's 
life cycle continues. The Dauerlarvae penetrate the tissues 
and molt into adults which reproduce. For more detailed 
accounts of pine wilt, consult Mamiya (1976) and Dropkin 
(1980) . 

With partial support from the USDA Forest Ser v ice, North 
Central Forest Experiment Station, St. Paul, MN RWU-NC-2205, we 
assembled a group of investigators to study pine wilt. The 
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team consisted of Dr. Marc Linit and Mike Smith, Department of 
Entomology, University of Missouri-Columbia: Dr. Eizo Kondo (on 
leave from Saga University, Japan), Dr. Arnold Foudin, and Dr. 
Victor Dropkin, Department of Plant Pathology, University of 
Missouri-Columbia: Dr. Robert Bolla, Department of Biology, and 
Dr. Rudy Winter, Department of Chemistry, both from the Univer
sity of Missouri-St. Louis. 

Our work had three objectives: (1) to investigate nema
tode population development and symptom expression in various 
pine species, under both aseptic and nonaseptic conditions: 
(2) to describe the disease and the insect vectors in the 
field, principally in Ashland, MO: and (3) to identify the 
toxin extracted from pines killed by pine wilt. This bulletin 
presents results of the year's effort. 

HOST SUSCEPTIBILITY 
Through the cooperation of the U.S. Forest Service, three

to five-year-old seedlings of Pinus spp. were sent from various 
locations, maintained until growth resumed, and inoculated with 
~. xylophilus from two sources. Nematodes were obtained either 
from dead ~. sylvestris collected at Ashland, MO, or from cul
tures maintained on Botrytis cinerea fungus. We removed a 
small portion of the bark with a knife, then placed a wad of 
moistened cotton over the wound, and added a suspension of 
nematodes in 0.3 ml of water. The cotton was bound with a 
latex bandage. Plants were maintained out doors, and then 
removed to a greenhouse as temperatures fell. Controls were 
inoculated in the same way with supernatant water from which 
nematodes had been centrifuged. 

Two series of observations were made, at 53-56 days and at 
61-77 days after inoculation in September and October 1980. 
Because results of the second observation did not differ from 
the first, the results of the first series are presented in 
Table 2. Entries were restricted to species with a minimum of 
five trees inoculated with 1000-2000 nematodes, and with no 
deaths among uninoculated seedlings. Inoculations with 20,000 
nematodes were made to find the most resistant species. 

This test showed differences among pine species. Highly 
susceptible species suffered 60% to 70% mortality after inocu
lation with 1000-2000 ~. xylophilus. Species of moderate sus
ceptibility lost 30% to 42%, and those of low susceptibility 
lost 0% to 22% of the inoculated seedlings. The distinction 
between high, moderate, and low susceptibility was not apparent 
when the seedlings were inoculated with 20,000 nematodes. Both 
Jeffrey and Lodgepole pine (two each) remained healthy. 

To measure nematode populations, we sectioned dead seed
lings into 1- to 2-cm pieces. Needles were not included 
because few nematodes were found in them in other experiments. 
The pieces were wrapped in paper tissue and placed into dishes 
with enough water to moisten the samples. Nematodes emerged 
into the water and were counted by aliquoting. Counts 
represent nematodes present in the stem and taproot at 53-56 
days after inoculation. These counts do not necessarily 
represent peak populations because the dead trees had already 
become desiccated. Numbers of nematodes ranged from 0 in inoc-
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Table 2. MORTALITY OF SEEDLINGS OF VARIOUS PINE SPECIES 53-56 
DAYS AFTER INOCULATION WITH BURSAPHELENCHUS XY
LOPHILUS. 

Spec i es 

Monterey 
Jl. radiata) 

Sugar 
Jl. lambert iana) 

Scotch 
Jl. sylvestris) 

Short leaf 
Jl. echinata) 

Western white 
if. monticola) 

Red 
'if. resinosa) 

Ponderosa 
if. ponderosa) 

LOd1E.pole 
P. contorta) 

Southwestern white 
if. strobiformis) 

Eastern white 
if. strobus) 

Jeffrey 
if. jeffreyi) 

Mean no. of nema-
todes/g fr. wt. 

Numbers of nematodes in dead trees 
inoculated i nocu 1 ated with 

0 1000-2000 20,000 1000-2000 nematodes 

0/7 1 11/15 2/2 211 

0/5 7/11 1/2 90 

0/4 3/5 1/2 147 

0/3 3/5 1/1 383 

0/5 5/12 1/2 190 

0/5 3/10 2/2 159 

0/4 2/9 1/2 583 

0/4 1/6 0/2 52 

0/6 2/14 2/2 207 

0/4 0/5 2/2 812 

0/4 0/10 0/2 

lNumber of seedlings dead/number inoculated. 

Suscept i b il ity 

High 

Moderate 

Low 

ulated Jeffrey pine to 5643/g fresh weight in Slash pine, (~. 
elliotti, not included in Table 2). Of 97 dead plants 
examined, 91 had living ~. xylophilus. Nematodes were present 
throughout the seedlings including the'taproot, but very few or 
no specimens were extracted from the dried portions of the 
shoot. 

Uninoculated (control) trees from the host-susceptibility 
tests were inoculated with 2000 nematodes from fungus cultures. 
After 30 days we counted nematodes in the entire stern and 
taproot of these seedlings which were all approximately equal 
in size (Table 3). Nematodes multiplied in all species tested 

10 



except in Jeffrey pine. The data in Tables 2 and 3 indicate 
that pine species differ both in their support of nematode 
population increase and in their response to the nematodes. P. 
ponderosa fell into the class of low susceptibility because 
only two of nine seedlings inoculated with 1000-2000 ~. xylo
philus died, but high concentrations of nematodes were present 
in seedlings of this species. Monterey and Sugar pines had far 
lower concentrations and succumbed to the disease. 

Table 3. NEMATODE POPULATIONS IN ENTIRE SEEDLINGS HAR
VESTED 30 DAYS AFTER INOCULATION WITH 2000 BUR
SAPHELENCHUS XYLOPHILUS CULTURED MONOXENICAL
LYON BOTRYTIS CINEREA. 

Species 

Ponderosa 

Scotch 

Slash 

Loblolly 

Monterey 

Sugar 

Southwestern white 

Eastern wh ite 

1 Mean.! S.D. of two seed 1 i ngs 

Number of nematodes 

per gram wood 
(fr. wt. ) 

2507 + 474 ' 

1689 + 99 

1144 + 136 

1007 + 216 

893 + 76 

864 .! 392 

455 .! 75 

190 + 20 

per seedling 

20,700 

48,900 

19,800 

12,525 

19,050 

12,600 

11,550 

5,025 

More extensive tests will be required to determine popula
tion growth and pathogenicity of ~. xylophilus in various pine 
species. Table 4 shows that the nematodes did not survive or 
reproduce in Jeffrey pine even after reinoculation. 

To further test our previous observations of the high 
resistance of Jeffrey pine, we inoculated seedlings with 2000-
200,000 nematodes from cultures on ~. cinerea. For comparison, 
seedlings of Scotch pine were inoculated with 2000 nematodes. 
Stems were cut with a scalpel, a bit of sterile cotton was 
inserted into the wound, and the nematodes in sterile water 
were added. Two series were prepared, one with cultures origi
nating in Ashland, MO, and the other in Saga, Japan. Since no 
differences in symptoms were observed, the data are combined in 
Table 5. This experiment confirms previous findings that our 
populations of nematodes are not pathogenic to Jeffrey pine and 
do not multiply in this species. 
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Table 4. NUMBERS OF NEMATODES RECOVERED FROM JEFFREY PINE 
SEEDLINGS 48 DAYS AFTER REINOCULATION WITH BUR
SAPHELENCHUS XYLOPHILUS CULTURED MONOXENICAL
LYON BOTRYTIS CINEREA. 1 

Number of nematodes 
per gram wood per seedling 

Inoculum size (fr. wt.) 

200,000 0 0 
200,000 44.5 1740 

100,000 0 0 
100,000 0.2 7 

50,000 0 0 
50,000 1.8 41 

20,000 0.2 3 

20,000 0 0 

ISeedlings had been inoculated three months earlier with 1000-2000 
nematodes for the host susceptibility tests. 

THE NEMATODE 
Nomenclature of the Nematode. Steiner and Buhrer (1934) 
described Aphelenchoides xylophilus from a sample of wood of £. 
palustris collected in 1929. The paper contained a drawing of 
the distinctive male spicule. Mamiya and Kiyohara (1972) 
described ~. lignicolus from Japan as a new species (Fig. 2). 
Nickle et al. (1981) examined specimens from Steiner's original 
material and concluded that they conformed to the Japanese 
population, thus giving priority to Steiner's name xylophilus. 

Comparison of ~. xylophilus from Saga, Japan, and Ashland, MO.A 
comparison of nematodes from Japan and Missouri was necessary 
to establish the relevance of the knowledge of the disease in 
Japan to the Missouri situation. 

Mating experiments. Crosses between nematodes from Japan and 
from Missouri were made to determine whether both populations 
belong to the same species. Nematodes were isolated from 
wilted Japanese black pine (£. thunbergii) in Saga, Japan, in 
June, 1980 and from wilted Scotch pine (£. sylvestris) in 
Ashland, MO, in September, 1980. Both populations were main
tained on cultures of B. cinerea at 25 C. Five late fourth
stage females and 10 young males were isolated in a drop of 
distilled water on a cover slip. The cover slip was inverted 
and transferred to the surface of a culture of B. cinerea on 
PDA agar in a small Petri dish. The resulting progeny were 
counted on the 10th day after transfer. In addition, males of 
~. mucronatus, described by Mamiya and Enda (1979) as a non-
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Table 5. PATHOGENICITY OF BURSAPHELENCHUS XYLOPHILUS TO 
SEEDLINGS OF JEFFREY AND SCOTCH PINESt 

Number Number of nematodes ~er 

Pine Inoculum Healthy Stressed Dead Seedling g dry wt. 

Jeffrey 200,000 15 4 1 85(1-620)2 43(0 . 3-434) 

Scotch 

100,000 17 2 62(1-370) 31 (0.3-247) 

50,000 17 3 0 38(0-141) 13(0-49) 

10,000 20 0 0 21(0-68 9(0-31) 

2,000 20 0 0 7(0-29) 3(0-13) 

0 10 0 0 0 0 

2,000 0 3 5 2700(660- 1980 (667-

11 ,400) 6230) 

'Jeffrey pine seedlings were three years old and averaged 28 cm in height 
and 6 mm in width. Scotch pine seedlings were two years old and averaged 

19 cm in height and 4 cm in width. Condition of trees was recorded and 
nematodes counted 30 days after inoculation. 

2 Mean (range) 

pathogenic species differing somewhat in morphology from ~. 
xylophilus, were crossed with the two populations. This exper
iment tested the validity of the taxonomic distinction. 

Table 6 shows that there was no genetic barrier to gene 
flow between nematodes from Saga, Japan, and from Ashland, MO. 
We do not know whether populations from various parts of the 
U.S. are interfertile. Experiment #3 suggests that B. mucro
natus is probably a separate species because matings-between 
males of this species and females of both U.S. and Japanese ~. 
xylophilus produced sterile hybrids as shown by the high pro
portion of adults in the progeny. 

Comparison of morphology. Table 7 compares body dimensions of 
adult males and females from Ashland, MO, and Saga, Japan. 
Late fourth-stage larvae were isolated from cultures on B. 
cinerea and kept for 24 hr in water. Almost all (95%) of these 
molted to the adult stage. There are no significant differ
ences between the two groups of nematodes. Those from Missouri 
were somewhat larger than those from Japan, but the distribu
tions overlapped. 
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Comparison of rates of reproduction. Five male and five female 
adults from each population were inoculated onto six-cm petri 
dish cultures of B. cinerea and maintained at 25 C. Every 
third day, up to 18 days after inoculation, the nematodes from 
four dishes were harvested and counted. The Ashland, MO, nema
todes appeared to reproduce more quickly than those from Saga, 
Japan, (Table 8 ) but the results were not conclusive. In both 
series, the maximum population size was about 62,000 nematodes 
per dish. 

Seven dishes were inoculated with five virgin females from 
cultures of As h land, MO. No progeny resulted. 

A graduate student in Plant Pathology (Michael Wingfield) 
at the Uni versity of Minnesota at St. Paul isolated nematodes 
from dead Balsam fir (Abies balsamea). These resemble B. 
xylophilus, except that the tails of adult females all have a 
spike (mucro); Figure 2,J illustrates the character . This pop
ulation is pathogenic to Balsam fir but not to Scotch, Red, or 
White pine . As shown in Table 9, these nematodes interbreed 

14 



Table 6. MATINGS BETWEEN VIRGIN FEMALE AND MALE BUR
SAPHELENCHUS XYLOPHILUS FROM ASHLAND, MISSOURI 
AND SAGA, JAPAN, B. XYLOPHILUS AND B. MUCRONATUS. 

Experiment 

1 1 

2 

3 2 

Combination 
Male Female 

U.S. 

Jap. 

U.S. 

Jap . 

U.S. 

Jap. 

U.S. 

U.S. 

U.S. 

U.S. 

Jap. 

Jap. 

B.muc. B.muc. 

B.muc. U.S. 

B.muc. Jap. 

Number of 
replications 

5 

9 

9 

9 

9 

10 

10 

10 

Number of 
nematodes on 

10th day 
mean S.D. % adult 

8373 + 6698 

10334 :: 1016 

37337 + 7290 

28920 :: 5367 

31371 +6014 

23293 + 4340 

17700 :: 3502 

139 + 64 

113 :: 77 

24 

15 

17 

15 

14 

54 

62 

1 Experimental details are described in the text. In Experiment 1, the 
dishes desiccated somewhat, and , in Experiments 2 and 3 they were 
protected from desiccation. 

2 ~. mucronatus was described by Mamiya & Enda, (1979) as a nonpathogenic 

species differing somewhat in morphology from ~. xylophilus. This 
experiment was done to test the validity of the taxonomic distinction. 

with ~. xylophilus from Missouri but not with~. mucronatus 
from Japan_ Other variants of ~. xylophilus which differ in 
pathogenicity and morphology from the population we have 
studied in Missouri are probably present in the continental 
U.S. 

Comparison of pathogenicity. Reports of resistant pine species 
tested in Japan (Futai and Furono, 1979) suggest that the 
Ashland, MO, nematodes differ from Japanese ~. xylophilus in 
their ability to kill various species of pines. Therefore, we 
compared the pathogenicity of a population from Japan and from 
Ashland, MO on four species of pines. Two-year-old seedlings 
of Scotch (~. sylvestris), Jack (~. banksiana), Austrian (~. 
nigra) and Shortleaf (R. echinata) pines were inoculated with 
2000 streptomycin-treated nematodes in a greenhouse trial. 
There were 10 replicates and three un inoculated controls for 
each combination. Numbers of stressed (i.e., discolored or 
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Table 7. COMPARISON OF BODY DIMENSIONS OF AN AMERICAN 
(ASHLAND, MO) AND A JAPANESE (SAGA) POPULATION OF 
BURSAPHELENCHUS XYLOPHILUS 

body length 
Sex Source ().lm) 

U.S . 822 +37 1 

Female 
Jap. 761 .! 41 

U.S. 791 + 25 
Male 

Jap. 746 + 44 

1 Mean .! S.D. 

Measurements 
body width 

().lm) 

22 + 1 

22 + 1 

21 + 1 

21 + 1 

a-
value 

37 

35 

38 

36 

spear 
().lm) 

18.! 0.2 

17 + 0.7 

16 .! 1 

16 + 1 

v-value 
(%) 

75 + 1 

73 .! 2 

Number of 
nematodes 
measured 

12 

9 

10 

11 

Table 8. REPRODUCTION OF BURSAPHELENCHUS XYLOPHILUS 
REARED ON FUNGAL MATS OF BOTRYTIS CINEREA AT 25 C 

Number of .§.. xl::loEhilus 
Days after 
inoculation Ashland, MO Saga,Japan 

0 10 1 10 

3 28 + 10 2 27 .! 8 
6 585 + 28 479 .! 361 

9 6313 .! 1394 3935 .! 2940 

12 58833 + 18274 15692 .! 12146 

15 61700 .! 17587 52850 + 5040 

18 24950 + 12368 62850 .! 9138 

10ishes were inoculated with five male and five female adults. 

2Mean .! S.D., n = 4 culture dishes. 

with apical bud damage) and dead seedlings were recorded at 
five-day intervals from the 15th or 20th ~ay after inoculation 
until the 30th day (Table 10). The population from Saga, Japal 
appeared to be more pathogenic on R. sylvestris than the popu
lation from Ashland, MO. 

Determinations of the moisture content of stems and tap 
roots of the seedlings in Table 10 were made as part of an 
experiment to test the ability of aseptic ~. xylophilus to 
induce symptoms in two-year-old seedlings of Scotch, Jack, 
Austrian, and Shortleaf pines. The un inoculated controls 
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Table 9. MATINGS BETWEEN BURSAPHELENCHUS XYLOPHILUS 
FROM MINNESOTA (MN) AND MISSOURI (MO) AND BETWEEN 
B. XYLOPHILUS FROM MN AND B. MUCRONATUS FROM 
JAPAN. 

Mean No. of % Female 
Combination Number of nematodes per Adults wi th 
Female Male replicates petri dish" % Adults Mucro 

MN MN 5 19,280 14 100 

MN MO 5 8,992 
272 68 

MO MN 3 6,147 

MN 8.muc 3 6 21 71 100 

B.muc MN 6 100 100 

1 Nematodes were counted on the 14th day after initiation of the culture 
with 5 virgin female and 10 male nematodes. 

2 Nematodes from both crosses were combined and % adults and females with 
mucro determined from combined population. 

3 Bursaphelenchus mucronatus (see Mamiya and Enda, 1979). 

averaged 64.5% moisture and inoculated seedlings averaged 
61.5%. In three of the species there were no differences 
between seedlings inoculated with the Saga and the Ashland 
populations. The greater pathogenicity of the Saga population 
in Scotch pine was reflected in the greater loss of water from 
the Saga series (average percent moisture was 49.1) than from 
the Ashland series (57.2%). 

Observations were also made on .the degree of browning of 
the xylem tissues. Portions of the seedlings were cultured on 
nutrient agar. None of the control seedlings had brown xylem; 
but diseased plants showed xylem browning, both in examples 
free of bacteria and in contaminated seedlings. 

Although minor differences in morphology, reproduction, 
and pathogenicity were apparent, we conclude that both popula
tions belong to the same species because crosses of nematodes 
from both sources were fertile. Differences of the same magni
tude as we observed probably can be found among populations 
from various localities in the U.S. 

Population Cycles in Trees. Knowledge of changes in populations 
of pinewood nematodes through the cycle of seasons is important 
to understand the epidemiology of the disease. Some useful 
information was obtained in this first year of study. We col
lected data on the populations of ~. xylophilus in Scotch pine 
in two types of plantations: four commercial Christmas tree 
nurseries, and the Ashland plantation of 20-year-old trees. 
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Table 10. PATHOGENICITY OF BURSAPHELENCHUS XYLOPHILUS 
FROM SAGA, JAPAN AND ASHLAND, MISSOURI, U.S.A. 

Pine and Days after inoculation 1 

inoculum 15 20 25 30 
source No. Str.2 Dead Str. Dead Str. Dead Str. Dead 

Scotch 

Saga 10 0 7 0 8 

Ashland 10 0 0 2 0 2 2 

Uninocul ated 3 0 0 0 0 0 0 

Jack 

Saga 10 1 2 4 

Ashland 10 2 0 2 2 3 

Uninoculated 3 0 0 0 0 0 0 

Austrian 
Saga 10 4 0 3 3 3 6 

Ashland 10 1 1 2 4 3 7 

Un i nocu 1 ated 3 0 0 0 0 0 0 0 0 

Shortleaf 
Saga 10 0 0 2 0 2 0 

Ash 1 and 10 0 0 0 0 1 0 

Un i nocu 1 ated 3 0 0 0 0 0 0 

1 Inoculum = 2000 nematodes treated with 2000 ppm streptomycin for 2 hrs; 
seedl i ngs were wounded by stri ppi ng the bark to expose xyl em tissue. A 

wad of cotton was placed over the wound, nematodes were added in 

streptomycin so 1 ut ion in water, and the cotton was held in place with 
elastic tape. 

2Str . = stressed. 

Christmas tree plantations. The plantations are located at 
Sparta, southeast of Springfield, MO; Strafford, west of 
Springfield; Vulcan in east-southern Missouri; and the Nichols 
plantation close to Columbia. In each location, groups of 
affected trees occurred, but the entire plantation was not 
severely damaged. Some of these trees had very high popula
tions of the wood-boring beetle, M. carolinensis, a vector of 
pine wilt in Missouri. The dead trees are potential sources of 
rapid spread of infection to the healthy young pines of the 
plantation. Apparently, the practice of culling and burning 
dead trees in the plantations prevents the development of 
epidemics. 
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A brief survey of the four sites was made in late October, 
1980. Samples of dead trees, consisting of five to six cm of 
the trunk at breast height, were brought to the laboratory. 
Each was cut into small pieces, weighed, wrapped in tissue 
paper, and soaked in water at room temperature in weighing 
dishes. After 24 hr the number of nematodes/g fresh wt. was 
estimated by subsampling the water with the aid of a Peter's 
counting slide. Although the nematodes continued to emerge for 
up to five days, the readings taken at 24 hr represent over 90% 
of the total population that emerged (Table 11). 

Table 11. KINDS OF NEMATODES EXTRACTED FROM WOOD OF DEAD 
SCOTCH PINE IN CHRISTMAS TREE PLANTATIONS IN MIS
SOURI, U.S.A. 

Number Average 
of trees ~l ~ Others number 

Location samp 1 ed only others only ~./g fro wt. 

Sparta 48 17 31 0 2079 

Strafford 3 1 2 0 342 
Vulcan 47 22 24 1 604 

Columbia 3 2 0 3970 

I§.. ill. = §.. xylophilus 

Table 12. RELATIONSHIP BETWEEN NUMBERS OF BURSAPHELEN
CHUS XYLOPHILUS AND NUMBERS OF OTHER NEMATODES 
(MOSTL Y BACTERIOPHAGOUS) IN CHRISTMAS TREE NUR
SERY NEAR SPARTA, MISSOURI, U.S.A. 

Number of §.. xylophilus/g fro wt. 

0 1-500 501-2000 2001-5000 5000+ 

Number of 2 19 11 g 8 
samples 

Mean number 0 373 290 47 5 
of other 
nematodes 
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Table 13. COMPOSITION OF NEMATODE POPULATIONS IN PINEWOOD FROM ASHLAND, MO PLANTA· 
TION AT THREE SAMPLING TIMES 

Month 

October March June 

Condition Number 1 % Number Number ~.~. % % 
of in.§.. ~./g LIII % other in~. ~./g in per 9 LIn other 

~ Trees sample fro wt. ~.~. nematodes sample fro wt. sample dry wt. ~.~. nematodes 

Hea 1 thy 3 0 0 2 0 20 0 

Dyi n9 3 455 26 23 

Dead 10 858 53 73 2 333 10 86 78 51 

1 .!!..~. B. xylophilus 



Wood from recently dead trees was usually of low moisture 
content, firm, and whitish. The bark was tight and showed some 
damage from Ips beetles. Such wood contained many ~. xylo
philus and few other nematodes. Dead trees with few ~. xylo
philus, on the other hand, were either very dry or rotted. 
Nematodes other than the pine wood nematode were more frequent, 
especially in the rotted samples. Table 12 presents the data. 
The great variability in concentration of ~. xylophilus in 
samples from different trees may result from variability of 
distribution of the nematodes within a single tree, as well as 
variability between trees. The highest concentration found was 
22,000/g fresh wt. from wood. Trees that had died recently had 
higher concentrations of pine wood nematodes than those with 
advanced decay. The numbers of other nematodes were inversely 
related to the numbers of ~. xylophilus (Table 12). 

Ashland Plantation. We undertook a detailed study of a planta
tion of ~. sylvestris established by Prof. Pyle, UMC, in 1960 
at Ashland, MO, 20 miles south of the Columbia campus. The 
trees were planted at 6' x 6' spacings. Our aim was to obtain 
information on the seasonal appearance of pine wilt, the 
vectors, and other parameters of the disease in a natural 
setting. 

Sampling technique. We have tried several systems to 
obtain reliable samples of wood to determine the presence 
or absence of ~. xylophilus in trees. The most satisfac
tory, rapid method is: 

1. Establish cultures of B. cinerea on slants of potato 
sucrose agar two weeks-before use. 

2. Remove two 2.5-cm cores of wood from each tree at 
breast height by use of an increment borer. Protect 
samples from drying by enclosing them in a plastic 
bag for transport to the laboratory. 

3. Remove the bark and wash the sections with a stream 
of water. Place both into a single test tube con
taining B. cinerea. Incubate the tubes at room temp
erature for 7-10 days. 

4. Wash the nematodes from each tube into a Petri dish 
with 20-25 ml of water. Add 1 ml of lactophenol 
solution to fix them. 

5. Examine the dish under sufficient magnification to 
recognize males. Transfer males to a drop of lacto
phenol lightly stained with cotton blue and examine 
under a compound microscope to confirm the presence 
of ~. xylophilus by morphology of the male. 

Samples were taken in October, March, and June. The con
centration of ~. xylophilus, the proportions of other nema
todes, and percent of dispersal third-stage ~. xylophilus 
(L111 ) changed as the year progressed (Table 13). 

When a tree dies the concentration of ~. xylophilus may 
rise to high levels, as shown in the data of the samples from 
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Christmas trees. As the wood dries out, the numbers decline. 
Then when the tree decays, it takes on moisture and the nema
todes eventually disappear. Moisture determinations were made 
on five of the June samples. Two of the ten cores had moisture 
contents ranging from 31% to 45% and contained from 29 to 283 
nematodes/g (mean = 130). The remaining three samples had 24% 
and 30% moisture. Nematodes in these ranged from 0 to 37/g of 
wood (mean = 14). 

The appearance of significant numbers of LIII stages in 
the population is important for the survival and transmission 
of the nematodes. LIII, is adapted to survive desiccation and 
cold. We tested the survival of this stage at freezing temper
atures. Preliminary trials showed that nematodes survived 
freezing better in wood than after extraction. One-to two-em 
cubes of wood containing nematodes were placed into the 
freezing compartment of a refrigerator at -17 C and portions 
were removed at one and five months. Table 14 shows that LIII 
nematodes survived storage more successfully than any other 
stage. Some decline in total numbers of ~. xylophilus 
occurred. Nematodes that recovered from being frozen repro
duced well on ~. cinerea. 

Table 14. SURVIVAL OF BURSAPHELENCHUS XYLOPHILUS AFTER 
STORAGE AT -17 C 

Number of emerging 
nematodes/g fro wt. 

I after storage for % LIII 

Source of wood 0 1 month 5 months 0 1 month 5 months 

P. resinosa 518 332 54 38 23 87 

P. s~lvestris 1592 1168 1162 98 99 99.7 

I LIn = Dispersal form of B. xylophilus (Kondo & Ishibashi, 1978) 

Japanese investigators report that the proportion of LIII 
~. xylophilus is low soon after the tree dies. During the 
winter the percent of this stage rises and remains high, then 
declines in the summer when some LIll individuals progress to 
L IV ' the Dauerlarva, and invade the insect vector while some 
convert to L 4 , and become reproductive adults. 

THE INSECT VECTOR 
Japanese investigators have reported ~. xylophilus fourth

stage dispersal larvae associated with five species of long
horned beetle (Coleoptera:Cerambycidae) adults: Acanthocinus 
qriseus, Arhopalus rusticus, Corymbia succedanea, Monochamus 
alternatus, and Spondylis buprestoides. ~. alternatus was 
considered the major vector by virtue of the high percentage of 
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nematode-carrying individuals in the emerging adult population, 
and the high number of nematodes carried by each beetle 
(Mamiya, 1972; Mamiya and Enda, 1972). 

Identification of Insect Vectors in Missouri. A basic component 
of our investigations was to identify the insect vectors of B. 
xylophilus in Missouri. Nematode-killed trees from two Scotch 
pine Christmas tree plantations and a 20-year-old Scotch pine 
plantation were used for this purpose. 

Fifty-five Christmas trees from plantations in Sparta and 
Vulcan were cut in March 1981 and placed outdoors in a screened 
cage so that emerging insects could be captured. The trees 
ranged from 8-11 years old and had a mean diameter at ground 
level of 6.4 cm. Insects were collected daily and dissected in 
order to determine if they carried nematodes on or within their 
bodies. Each insect was cut into small pieces within 24 hours 
of emergence, then wrapped in tissue paper and placed in water 
in a 100 ml plastic weigh boat. The insects were allowed to 
soak at room temperature for at least six hours before the 
weigh boat was placed under refrigeration, to retard fungal 
development prior to counting nematodes. 

The number of ~. xylophilus associated with each insect 
was estimated by sampling the nematodes suspended in 100 ml of 
water. Insect species in several orders were collected, but 

Table 15. COLEOPTERA AND DIPTERA COLLECTED FROM SCOTCH 
PINE CHRISTMAS TREES INFECTED WITH BURSAPHELEN
CHUS XYLOPHILUS (SPARTA AND VULCAN, MO, 1981). 

Mean No. 
No. Insects No. Insects with ~. xx:loehilus 

Insects Species Co 11 ected B. xx:loehilus per insect 

Coleoptera 
Cerambycidae 

Monochamus carolinensis 217 205 19,386 

Anmiscus sexguttata 14 0 0 

Curculionidae 
Pissodes approximatus 13 8 70 

Buprestidae 
Chr~sobothris sp. 1 33 

Chr~sobothris sp. 1 0 0 

Diptera 
Anthomyidae 

Unknown sp. 25 0 0 

Lauzan i i dae 
Unknown sp. 18 a a 
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only species in the order Coleoptera had nematodes asso'ci'ated 
with them. Monochamus carolinensis, Pissodes approximatus, and 
one Chrysobothris sp. carried dauerlarvae of ~. xylophilus 
(Table 15). One individual of Chrysobothris sp. was collected, 
and it carried an extrenely low number of nematodes. 

Ten Scotch pines from the Ashland plantation were felled, 
cut into 50 cm logs, and caged within the stand from which they 
were cut. Insects were collected from the cages twice weekly 
and dissected as above. Four species of Cerambycidae and one 
Curculionidae carried ~. xylophilus dauerlarvae upon emergence 
from their host trees (Table 16). 

Table 16. COLEOPTERA COLLECTED FROM BURSAPHELENCHUS xy. 
LOPHILUS INFECTED SCOTCH PINE (ASHLAND, MO, 1981). 

Insects 

Cerambyc i dae 

Monochamus carolinensis 
Arhopalus rusticus obsoletus 
Asemum striatum 
Amniscus sexguttata 

Curculionidae 
Pissodes approximatus 
Hylobius pales 

Elateridae 
Unknown sp. 

Scarabaeidae 
Unknown sp. 

Tenebrionidae 
Unknown sp. 

No. Insects 
No. Insects with 
Collected B. xylophilus 

17 

192 

1 

165 

18 

40 

6 

15 

24 

1 
6 

0 

3 

0 

0 

0 

Mean No. 
li. xylophilus 

per insect 

16,163 

301 
900 

8 

0 

10 

0 

0 

0 

A Closer Look at Monochamus carolinensis-Nematode-beetle asso
ciation. Adult M. carolinensis emergence from the nematode 
infected Christmas trees began on April 10 and continued for 
over 3 months (Fig. 3,4). Peak emergence occurred during late 
April-early May and declined slowly thereafter. Warm tempera
tures in early spring, of 1981, may have initiated beetle emer
gence earlier than during most years. For the period of April 
la-July 18, 300 adult M. carolinensis were collected. The sex 
ratio was 1:1, and remained constant throughout the emergence 
period. Emergence from the nemcatode infected pines at Ashland 
occurred from June l-August 17, ' with peak emergence during 
early June. Seventeen adult beetles were collected from the 
Ashland trees. This number was considerably lower than 
expected and may be an artifact of the collection method. 
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Fig. 3. Temporal emergence of Monochamus carolinensis from 
Christmas trees (Pinus sylvestris). 

Fig. 4. Adult Monochamus Carolinensis 
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Of the adult M. carolinensis examined from the Christmas 
trees 95% were carrying g. xylophilus dauerlarvae (Table 15). 
The mean number of nematodes carried per beetle was 19,386. 
Fifteen of seventeen M. carolinensis examined from the Ashland 
pines were carrying g~ xylophilus dauerlarvae (Table 16). The 
mean number of nematodes per beetle was 16,163. These values 
are similar to those reported by Japanese investigators. In 
Japan, 75-100% of the adult ~. alternatus population emerging 
from nematode-infected pines in outbreak situations carried B. 
xylophilus dauerlarvae. The mean number of nematodes per -
beetle was 15,000 (Mamiya 1972, 1976). 

There was no significant difference (P=.30) in the mean 
number of nematodes per adult ~. carolinensis between sexes for 
the Christmas tree population of beetles. There also was no 
significant difference (P=.21) in the mean nematode density 
between beetles emerged from the two Christmas tree popula
tions. 

Distribution of nematodes in Monochamus carolinensis. Fifteen 
adult M. carolinensis were dissected within one day after 
emerging from the Christmas trees to determine the distribution 
of dauerlarvae within the beetle. Each insect was divided into 
seven sections: the head, the prothoracic, mesothoracic, and 
metathoracic segments, the anterior and posterior portions of 
the abdomen, and the appendages consisting of the antennae, 
legs, and wings. The thoracic region contained 85% of the 
total number of nematodes, with the majority of the remaining 
nematodes located in the abdomen (Table 17). Within the 
thoracic region, the greatest concentration of nematodes was 
found in the metathoracic segment. Mamiya (1976) reported a 
similar concentration of nematodes in the trachea leading from 
the metathoracic spiracles of ~. alternatus. 

Scanning electron micrographs were produced to show the 
nematodes within the insects. Adults of M. carolinensis, which 
had emerged within one day from dead Scotch pine, were used for 
SEM observations. After removing the appendages including 
antennae, legs, and wings, the insect body was cut into three 
parts--head, thorax, and abdomen. The thorax was cut again 
into two pieces along a central dorsoventral line, and some of 
the tracheae were cut to expose the nematodes within them. All 
specimens thus prepared were immediately fixed in 2% OsO~ for 
48 hrs at 3-5 C. After rinsing with distilled water four times 
over one hr, the specimens were treated with a saturated 
aqueous solution of thiocarbohydrazide for 45 min at room tem
perature, followed by rinsing with distilled water four times. 
The specimens were treated again with 1% OsO~ for one hr at 
room temperature, then thoroughly rinsed with distilled water, 
and finally dehydrated through a graded series of ethanol: 
20%, 40%, 60%, 80%, 95%, 100%, 100%, 100%, and 100%; 2 hr in 
each with swirling. Dehydrated specimens were dried with 
liquid C02 in a critical point apparatus. Dried specimens were 
mounted on specimen holders by means of conductive tape and 
then were coated with gold by ion sputtering for two min. The 
specimens were observed with a JSM-35 operated at 20 KV. 

Figure 5 (54x mag.) is a view of the metathoracic spiracle 
with ~. xylophilus at the opening. The space between the 
insect hairs and the wall of the spiracle offers ample passage 
for the nematodes. 
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Table 17. DISTRIBUTION OF BURSAPHELENCHUS XYLOPHILUS IN MONOCHAMUS CAROLINENSIS 
BEETLES 

Thorax Abdomen 

Sex Head Pro Meso Meta Total Anterior Posterior Total Appendages Total 

m 0 100 4,300 7,050 11 ,450 200 733 933 233 12,616 

m 67 33 0 7,667 7,700 4,333 0 4,333 1,500 13,600 

m 0 0 2,667 16,000 18,667 1,067 400 1,467 100 20,234 

m 0 400 2,000 4,660 7,060 1,530 560 2,090 430 9,580 

m 0 9,135 16 1,428 10,579 

m 27 18,852 1,280 45 20,204 

f 0 0 300 25,333 25,633 33 187 220 213 26,066 

f 910 1,373 7,233 17,333 25,939 3,267 1,960 5,227 1,040 33,116 

f 90 800 3,433 26,333 30,566 15,000 3,967 18,967 567 50,190 

f 210 1,100 23,000 31,333 55,433 1,800 2,633 4,433 533 60,609 

f 800 300 2,000 24,333 26,633 167 100 267 147 27,847 

f 0 1,500 7,360 47,150 56,010 3,560 2,460 6,020 533 62,563 

f 4 23,011 5,840 10,440 39,295 

f 1 65,672 1,400 37 67,110 

f 1 36,605 1,660 117 38,383 

Total 2,110 418,366 54,153 17,363 491,992 

Percent 0.43 85.04 11.00 3.53 100.00 



Fig. 5 

Fig. 7 

Fig. 6 

Fig. 5. Metathoracic spiracle of Mono
cham us carolinensis showing Bursaphe
lenchus xylophilus Dauerlarvae at open
ing (54x). 
Fig. 6. Metathoracic trachea of Mono
cham us carolinensis cut transversely to 
show Dauerlarvae (400x). 
Fig. 7. Abdominal trachea of MonochaffiUS 
carolinensis showing Dauerlarva revers
ing direction (440x). 
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Figure 6 (400x) shows a cut thoracic trachea packed with 
nematodes seen in cross section. 

Figure 7 is a view of an abdominal trachea. This picture 
shows that the nematodes were motile within the trachea and 
reversed their orientation to prepare for emergence during the 
maturation feeding of the vector. 

Maturation Feeding and Nematode-Transmission Studies. Male and 
female adult ~. carolinensis fed readily on a variety of pine 
species. Five species of 2-yr-old seedlings (Pinus sylvestris, 
P . echinata, .E.. strobus, .E.. banksiana, and .E.. nigra) were all 
fed upon by newly emerged adult beetles when each species of 
pine seedling was presented alone. There has not been a com
parison of beetle feeding preference when two or more pine 
species are present. Initial feeding by the beetles was con
centrated on the expanding terminal bud and shoot of the 
seedling. The beetles then proceeded to strip the tender bark 
and phloem of the main stem. 

For transmission of pine wilt, an insect vector must carry 
nematodes upon emergence from an infected host tree. To 
complete the disease cycle, however, that insect must also 
introduce the nematodes into a new, healthy tree. In the case 
of Monochamus spp., nematode transmission occurs during the 
period of maturation feeding. In preliminary studies, nema
tode-carrying ~. carolinensis adults transmitted ~. xylophilus 
to 7 .E.. sylvestris seedlings. These subsequently wilted and 
died. Pinewood nematodes were recovered from the stem of each 
of these. The beetles fed on a total of 37 .E.. sylvestris 
seedlings. ~. carolinensis did not successfully transmit nema
todes during maturation feeding on the remaining four species 
of pine used in the maturation feeding studies. Further 
studies are needed in order to understand this essential link 
in the transmission of pine wilt disease. 

Surrma ry. (1) The following insects which emerged from dead 
pines have been found to contain Dauerlarvae of 
~. xyloph ilus: 

a. in Christmas tree plantations of .E.. 
sylvestris--~. carolinensis and Pissodes 
approximatus; 

b. in mature trees (P. sylvestris) -- Arhopalus 
rusticus obsoletus. 

(2) Ninety-five percent of adult M. carolinensis 
emerging from infected Christmas trees carried 
pinewood nematodes. 

(3) The average vector beetle carried 19,386 nema
todes, of which 85% were in the thoracic tracheae 
with the majority in the metathorax. 

(4) In cage tests containing a single seedling in a 
pot of soil, newly emerged adult ~. carolinensis 
fed on R. sylvestris (Scotch), R. strobus 
(Eastern White), P. echinata (Shortleaf), P. 
nigra (Austrian) ,-and R. banksiana (Jack).-
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(S) In a preliminary trial, an adult M. carolinensis 
successfully transmitted pinewood-nematodes to 
seedlings of R. sylvestris which died and from 
which pine wood nematodes were recovered. 

ETIOLOGY 
Role of Associated Microorganisms. The etiology of pine wilt is 
not entirely clear, although ~. xylophilus is certainly a 
primary factor. Is it the only agent that kills the pines? A 
few cases are known of an association of nematodes and bacteria 
that causes disease. For example, a species of Corynebacterium 
is carried by Anguina agrostis, a gall-forming nematode that 
infests rye grass. The bacteria produce a toxin lethal to 
livestock only when they are present in galls induced by the 
nematode. Bacteria adhere to the nematode's body surface and 
are transported to the interior of rye grass plants (Bird et 
aI, 1980). 

We studied the association of ~. xylophilus and bacteria. 
In particular, we wanted to know whether there is an obligatory 
association without which the disease is not induced. 

In September 1980 we began a study of the disease cycle in 
a natural setting at Ashland, MO. Trees in the plantation of 
R. sylvestris were classified as healthy, dying, dead, and 
decaying. Samples of wood were removed aseptically from the 
trunk according to the following method: 

1. An increment-boring tool was immersed in 70% ethanol. 

2. Bark was removed from an area of the trunk one m 
above soil level, and the exposed xylem tissue was 
treated with 70% ethanol. 

3. Three cores (8.S cm long x 3 mm diam) were removed 
and transported in sealed sterile containers. 

The cores were separated into several portions for deter
mination of nematode populations, presence of bacteria, and 
presence of fungi. Nematodes were assayed in two-cm portions 
of the cores from each end by the standard method. The center 
portion of each core was dipped for 30 sec into a solution of 
O.S% NaOCl (l/lOth bleach), blotted dry on sterile filter 
paper, cut into two-cm sections, and placed on the surface of 
potato dextrose agar (PDA) plates to culture fungi, and on 
nutrient agar plates for bacteria. In addition, some sections 
were ground in a mortar, then shaken with 0.8S% NaCl. The 
washings were added to a quantity of cooled nutrient agar and 
poured into a Petri dish for determination of numbers of 
bacteria. 

Bacteria and fungi were not present in the wood of healthy 
pines, suggesting that they invade dying trees (Table 18). The 
wood of a healthy pine appears to be free of microorganisms. 
When a tree dies, however, it becomes a favorable substrate for 
the growth of bacteria and fungi. It also becomes attractive 
to various insects as a suitable site for oviposition and 
subsequent development of larval stages. Trees affected by 
pine wilt die rapidly and are invaded by several bacteria and 
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fungi. In cores of wood from such trees we found three kinds 
of fungi and three kinds of bacteria distinguishable by 
staining characteristics and by colony type. The fungi were 
identified (by M. Wingfield, Dept. of Plant Pathology, Univer
sity of Minnesota, and by Dr. A. Foudin) as Ceratocystis ~, 
Diplodia pini, and Trichoderma sp. 

Table 18. PRESENCE OF NEMATODES AND MICROORGANISMS IN 
SCOTCH PINES AT ASHLAND, MISSOURI, U.S.A.l 

Number of trees with 
Tree Number Other 

condition examined B. x~lo2hilus Nematodes Bacteria Fungi 

Healthy 5 0 0 0 0 
Dying 3 3 3 3 

Dead 10 10 10 10 10 
Decaying 5 2 2 4 

I Cores taken October 10, 1980 

The pinewood nematode usually invades a susceptible tree 
during the summer, the disease develops in a few weeks, and the 
tree dies. Then the nematode must survive through the winter 
until the beetle has completed its life cycle to emerge as an 
adult at the beginning of the next summer. After tree death, 
nematode populations build to high levels, presumably by 
feeding on fungi that have colonized the wood. We compared the 
growth of populations after five adult males and five females 
were inoculated onto cultures of each of the three fungi 
isolated from cores taken at Ashland, MO. ~. xylophilus did 
not destroy any of the three fungi. On £. ~, populations 
averaged 10,600 per dish; on Q. pini, they reached' 5,600; and 
on Trichoderma sp. they did not reproduce at all. The latter 
fungus appears to be toxic to the nematodes. The nematodes 
reproduced best on cultures of B. cinerea. This species did 
not occur in our tree samples. -Cultures of this fungus were 
destroyed by the nematodes and populations reached 235,000 per 
dish at 20 days. 

Inoculations with Aseptic Nematodes. To determine whether nema
todes alone can cause pine wilt disease we inoculated two-year
old seedlings of several pine species with aseptic nematodes, 
alone and in association with microorganisms. The nematodes 
were rendered free of microorganisms by rinsing in sterile, 
distilled water three times followed by immersion for 20 min in 
0.5% chlorhexidine diacetate (Hibitane). Following three 
rinses in sterile, distilled water they were inoculated to a 
culture of ~. cinerea growing on PDA containing 1000 ppm of 
streptomycin. After testing ,some of the nematodes for asepsis 
by addition to nutrient agar, the population was established in 
tubes of contaminant-free B. cinerea. Nematodes were collected 
aseptically from these tubes after they migrated through 
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sterile filter paper in an autoclaved Millipore filter 
assembly. Before use in inoculations, nematodes from cultures 
were allowed to move over nutrient agar to confirm the absence 
of bacteria. 

One week before inoculation, two-year-old seedlings were 
transferred to vermiculite in plastic tubes (3.5 cm i.d. x 19 
em long) with a cheesecloth barrier to retain the medium. 
Vigorous seedlings were selected and prepared for inoculation 
by isolating the stem region to be sterilized. Both tops of 
seedlings and lower stems were sealed in plastic bags. All 
oPerations were then done in a laminar-flow hood. A two-cm 
region at the base of the exposed portion of the stem was 
washed briefly in 3% H202, then wrapped in sterile cheesecloth. 
An excess of H202 was added to the cheese cloth repeatedly 
during two hr or more. The cheesecloth was removed, and the 
stem was cut to reach xylem tissue. Sterilized cotton was 
inserted into the wound and 0.1 ml of nematode suspension con
taining 2000 aseptic g. xylophilus was added to the cotton. 
Finally, the stem was wrapped with parafilm sterilized in 70% 

Table 19. NUMBERS OF TWO-YEAR-OLD SEEDLINGS OF SCOTCH PINE 
WITH SYMPTOMS OF PINE WILT AFTER INOCULATION 
WITH 2,000 BURSAPHELENCHUS XYLOPHILUS 

Inoculum 

§.. xylophi"lus 
axenic 

§.. xylophilus 2 
+ bacteria "A" 

B. X~lOPhilus 
- +acteria "B" 2 

§.. xylophilus + 
contaminants 
i so 1 ated from 
dead tree 2 

Aphelenchoides sp. + 
contaminants 
from dead 
pine2 

Control inocu-
1 ated with 
steril e water 

Seedlings with symptoms on Number with 
__ ---.:d:!.::a"'y.=.s .-....::a~f.=.t~erc......!i.!.!n~oc::..::u'-'l..:::.at;:..l'-'· o",n __ -!::b ac ter i a or fung i 

Number 10 15 20 25 30 

30 6 10 24 27 29 12/29' 

5 o 5 5 5 3/5 

5 3 5 5 1/5 

5 2 5 5 5 2/5 

3 o o o o o 0/3 

8 a o a o o O/B 

'Number of seedlings with bacteria or fungi/total number of seedlings 
examined. 

2 Bacteria "A" and "B" were isolated from recently dead trees. 
Contaminants are unidentified bacteria and/or fungi from dead trees. 
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ethanol and the plastic wrappings from the rest of the plant 
were removed. To check on the adequacy of the sterilizing pro
cedures, pieces of bark tissue (1 mm x I rom) were removed after 
the treatment and incubated on nutrient agar and on PDA. Cul
tures from six seedlings showed no bacterial contaminants and 
two had saprophytic fungi. 

The seedlings were kept in the laboratory for 24 hr and 
then moved to a greenhouse sand bench for one month. Symptoms 
were recorded at five-day intervals from the 10th to the 30th 
day after inoculation (Table 19). At the conclusion of the 
experiment, numbers of nematodes in the stern and taproot were 
determined. In addition, a one-em sample of wood taken just 
above the site of inoculation was surface-sterilized and placed 
on nutrient agar or PDA. 

The average number of nematodes/g dry wood was 1091 in all 
treatments combined. There were no differences between treat
ments. Those seedlings that showed neither stress nor death 
contained no nematodes. 

The inoculation of two-year-old seedlings of Scotch pine 
with aseptic nematodes resulted in death with typical symptoms 
of pine wilt. Nematodes together with bacteria also killed 
seedlings, and the rate of appearance of symptoms was the same 
in both treatments (Table 19). Inoculation with Aphelenchoides 
sp. plus bacteria did not kill the trees. These nematodes 
were frequently recovered from dead Scotch pine in Ashland and 
cultured on ~. cinerea. Therefore, the presence of ~. xylo
philus is essential for the induction of pine wilt. 

Table 20. NUMBERS OF BURSAPHELENCHUS XYLOPHILUS IN PINE 
SEEDLINGS 30 DAYS AFTER INOCULATION WITH 2000 ASEP· 
TIC NEMATODES 

Numbers of Nematodes % 
Stressed 

Pine species Condition 0 1-100 101-500 501-2500 2501+ or Dead 

Scotch Healthy) 2 63 
if. s~lvestri s) Str./D. 7 4 

Jack Healthy 7 2 50 
if· banksiana) Str./D. 3 3 4 

Austrian Healthy 3 1 80 
if. nigra) Str./D. 6 8 

Shortleaf Hea lthy 5 11 16 
if. echinata) Str./D. 2 

)Str./D. = Stressed or Dead 
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Because 12 of 29 trees inoculated with aseptic nematodes 
contained bacteria or fungi, we cannot exclude some involvement 
of bacteria or fungi in these experiments. The roots of the 
dead seedlings were brown and rotted. Therefore, bacteria may 
have entered through this portal. Further experiments should 
be prepared to check for the presence of bacteria or fungi in 
the early stages of disease. 

We repeated the inoculations to include Jack, Austrian, 
and Shortleaf pine in addition to Scotch (Table 20). 

If there is a close association between nematodes and 
bacteria in pine wilt, we might expect that the nematodes in 
the insect carry many bacteria adherent to the nematode 
cuticle. We might also expect that bacteria are not easily 
dislodged from the cuticles. Both these assumptions do not 
seem to be accurate. 

Scanning electron micrographs showed that dispersal 
fourth-stage larvae isolated from tracheal tubes of M. caro
linensis had adherent matter on their cuticles (Fig.-S), and 
that this material was removed by washing (Fig. 9). Nematodes 
removed aseptically from tracheal tubes averaged only 0.6 
bacteria per individual. We conclude that dispersal fourth
stage larvae are not carriers of significant numbers of bac 
teria. On the basis of the inoculation trials with aseptic 
nematodes, we conclude that bacteria are not essential to the 
disease, although the evidence does not rigorously exclude them 
from participation. 

Fig. 8. Cuticl e of Bursaph elench us 
xyJophilu s Dauerlarva removed from 
trac hea of Mon ochamus caro /in ensis. 
Note particles (10 ,OOOx). 
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Fig. 9. Same as Fig. 8 except that 
nematode was washed with sterile 
distilled water. 

Fig. 10. Mite on abdomen of Mono
chamus caro}inensis. Note numerous 
bacteria on mite (360x). 

35 



Under natural conditions, the feeding site during matura
tion feeding of the insect vector is contaminated by bacteria 
and fungi. Not only microorganisms residing on the bark, but 
also those on the insect and on mites will be present. We 
found that everyone of the 13 adult ~. carolinensis examined 
carried some mites on the thorax and abdomen and under the 
elytra. A maximum of 61 mites was recorded from the thorax of 
a beetle, but two specimens had only one mite each. The mites 
were contaminated with numerous bacteria and a few fungal 
spores (Fig. 10). 

Inoculations of aseptic young pine seedlings were made to 
reveal the difference in symptoms induced by the addition of 
bacteria to the system. Aseptic nematodes were isolated from 
cultures of B. cinerea, and the absence of bacteria was con
firmed by cuIturing some of the nematodes on nutrient agar. 
Seeds sterilized with 3% H2 02 were germinated on PDA and trans
planted to a small test tube containing 0.8% agar, soluble 
fertilizer and dilute nutrient. The plants were maintained in 
test tubes for one month, at which time they were inoculated 
with ~. xylophilus. Five days after inoculation they were 
stained and examined for the presence of nematodes in the 
tissues. Inoculation trials of five susceptible pine species 
showed that ~. xylophilus did not penetrate intact roots of 
young pine seedlings. The nematodes aggregated around roots of 
all 25 one-month-old seedlings in these tests, fed on and 
damaged the root hairs, but did not enter the plants. This 
behavior was also shown on roots of seedlings inoculated four 
days after germination. 

Three methods of wounding young pines were tested to find 
a practical system of inducing infections. 

Method A: Transect the stem at the mid-point and immerse the 
upper portion in 0.3 ml of water containing 500 nema
todes. Replace the water taken up by the stem. 

Method B: With a hypodermic syringe, inject 500 nematodes into 
the crown of the stem at the base of the leaves. 

Method C: Puncture the upper stem with a pulp canal file or 
similar needle and inoculate nematodes with a fine 
glass capillary. 

Maintain plants in a saturated atmosphere throughout the 
experiment. Replace the water taken up in Method A. 

Ten aseptic seedlings of Scotch pine were inoculated with 
distilled water and ten with nematodes by each method. All 
seedlings inoculated with nematodes wilted in 10 days, whereas 
all control plants remained healthy. Nematodes were detected 
in roots and in all parts of the stems including the crown, but 
not in leaves. These results showed that any of the wounds 
sufficed to permit entry of nematodes into seedlings. In this 
experiment the nematodes were contaminated with bacteria. 
Stems and leaves were brown in wilted plants, and the leaves 
drooped. Both leaves and stems shrank. In a second experi
ment, we inoculated 100 aseptic nematodes by Method C into 10 
aseptic seedlings each of Monterey, Japanese Black, Shortleaf, 
Scotch, and Jack pine. Five days after inoculation, stems of 
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from five to ten seedlings of each species had wilted, but the 
color of stems and leaves was pale green, in contrast to that 
of control seedlings which retained their normal green color. 
Leaves bent down and both stems and leaves became thinner. 
Results are presented in Table 21. Once again, nematodes were 
detected in roots and stems but not in leaves. 

Table 21. PATHOGENICITY OF BURSAPHELENCHUS XYLOPHILUS TO 
ONE-MONTH-OLD PINE SEEDLINGS GROWN ASEPTICALLY. 

Number Number wilted 
Pine species Inoculum inoculated at 5 days Color 

Scotch 500 1 30 13 Brown 
100' 10 5 Pale Green 

Monterey 100' 10 6 

Japanese 100' 10 7 
Black 

Shortleaf 100' 10 10 

Jack 100' 10 9 

All species Distilled 
combined water 

INematodes contaminated with bacteria 

'Aseptic nematodes 

55 o Healthy 

Forty-day-old seedlings of ~. radiata (N=120) and ~. 
lambertiana (N=60) were inoculated with bacteria isolated from 
wilted pines. Five days after inoculation only two of the 180 
seedlings were wilted. Inoculations with ~. xylophilus alone, 
however, caused 6 of 10 ~. radiata seedlings to wilt in the 
same interval of time. We conclude that g. xylophilus alone 
can cause young seedlings of pine to wilt anQ that bacteria 
intensify the symptoms observed. Inoculataons of bacteria 
alone were not damaging. 

We conclude from these various experiments: 

1. Bacteria-free g. xylophilus inoculated into two-year
old seedlings can induce pine wilt in four species of 
pine. They can also cause very young seedlings to 
wilt, whereas bacteria alone inoculated into very 
young seedlings are much less pathogenic. 

2. There were no differences in symptom expression or in 
reproduction of the nematodes between seedlings inoc
ulated with nematodes of the Saga and Ashland, MO, 
populations in Jack, Austrian, or Shortleaf pines, 
but there was some difference in the Scotch pine. 
The Saga population appeared to be more pathogenic. 
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3. Shortleaf pine had fewer diseased (3/19) than Scotch 
(12/19), Jack (10/20), or Austrian (16/20) seedlings 
(Table 20). 

4. In seedlings that remained hea~thy after inoculation, 
the mean number of nematodes/g of wood and tap root 
(dry wt.) waS less in Scotch and Shortleaf pine than 
in Jack or Austrian. 

Scotch 

Jack 

Shortleal 

Austrian 

Nematodes/g dry wt. 
in healthy seedlings. 

5.7 (N 7) 

41. 7 (N 10) 

4.3 (N 16) 

73.5 (N 4) 

The data suggest that ~. xylophilus did not multiply 
well in Shortleaf pine and that this species succumbs 
to disease only when the number of nematodes is high. 
Scotch pine supports the increase of ~. xylophilus 
populations and succumbs at low concentrations. On 
the other hand, the threshold for damage seems to be 
higher in Austrian and Jack pines and these species 
support a high population increase of the nematodes. 

5. Dispersal 4th stage larvae are not carriers of signi
ficant numbers of bacteria. 

BIOCHEMICAL INVESTIGATIONS 
Toxin(s) Associated with Pine Wilt Disease. The mechanism of 
wilting in pines killed by ~. xylophilus is unclear. Although 
the nematode damages resin canals of infected trees, the 
initial symptoms occur prior to the time when the number of 
nematodes is great enough to cause Significant damage. Thus, 
it has been suggested that wilting results from toxin(s) 
produced by one or more of the organisms involved in the 
infection (Oku et a1., 1979, 1980). Oku et a1. (1979) isolated 
a substance from-infected, but not from uninfected wood. This 
caused wilting of seedlings. The wilt was similar to that 
observed in natural nematode infections. The toxic material(s) 
was obtained by boiling the wood in water, dialyzing the boiled 
extract, concentrating the material removed by dialysis, and 
adsorbing this material to activated charcoal. The toxic 
material(s) was then eluted from the charcoal with acetone. 
These investigators further reported that this material has an 
Rf value of 0.5 in thin-layer chromatography (TLC) on silica 
gel developed with chloroform/methanol. The area of toxic 
activity on the chromatograms could be identified by the 
inhibition of growth of spores of the fungus Cladosporium 
herbarum. When 5 mg of this material was eluted from the 
chromatograms and applied to pine seedlings, wilting occurred 
within three to five days. No such material could be isolated 
from normal wood. In a subsequent report, Oku et al. (1980) 
suggested that this toxin was produced by bacteria involved in 
the infection. When the bacteria were grown in culture with a 
water extract of the pine wood from noninfected trees, a toxic 
material with similar TLC properties, and which caused wilting, 
could be recovered. 
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Fig. 11. FLOW CHART OF THREE METHODS OF EXTRACTION OF TOXIN(S) FROM 
PINE WOOD (COARSE SAWDUST). 

Method A Method B Method C 

1. 16 hrs at 100 C in dis- 9. resuspend in CHCh 1. boil in distilled water 
tilled water 10. add equal volume IN for 3 hrs at 121C, 15 

2. evaporate to small vol- NaOH PSI in autoclave 
ume 11 . incubate 20 min 2. decant water layer, add 

3. dialyse 3 changes 12._ remove chloroform fresh water and boil 3 
distilled water fraction hrs at 121C, 15 PSI 

4. material outside of di- 13. extract base fraction 3 3. filter and combine wa-
alysis bag concentrated times with CHCI:J ter layers 
to small volume 14. evaporate CHCb frac- 4. adjust water layer to pH 

5. adsorbed to activated tion to dryness 12.0 and maintain for 1 
charcoal (50% slurry) hr 

6. filter 5. extract 4 times with 
7. elute charcoal with ace- CHCI:j 

tone 6. combine CHCb layers 
8. evaporate acetone ex- 7. evaporate to dryness 

tract to dryness 



We have verified the presence of a toxin in ~. xylophilus
infected pines in the United States and have attempted to 
purify and characterize the active toxin(s). 

Materials and Methods: Extraction and purification of 
toxin(s). Wood from infected and noninfected (normal) pines 
was ground to a coarse saw dust and boiled in distilled water 
(3,200 g wood/IO L) for 10-16 hr. The mixture was filtered and 
the filtrate concentrated by rotary evaporation at 40 C under 
reduced pressure to a final volume of 0.5 to 1 L. The concen
trated extract was then dialyzed for 72 hr against three 
changes of water (total volume 25 L). The material excluded 
from the dialysis bag was again concentrated to 0.5 to 1 Land 
mixed to a 50% slurry (v/w) with Norit A activated charcoal. 
Following filtration, the charcoal was eluted and washed with 
three L HPLC-grade acetone (Method A, Fig. 11). The acetone 
extract was evaporated to dryness, and total dry weight of the 
extract was determined gravimetrically. 

For further purification, the extract was dissolved in 
chloroform and an equal volume of IN NaOH was added. After 30 
min with occasional shaking, the chloroform fraction was col
lected and the base fraction was extracted two more times with 
CHC1 3. The CHC13 extracts were combined and evaporated to dry
ness (Method B, Fig. 10). The base fraction was then acidified 
to pH 2.0 with 5N HCl and re-extracted with CHC1 3. The CHC13 
extracts were combined and evaporated to dryness and the total 
dry weight of the acid chloroform extract was determined. 

Because Methods A and B require extended periods of evapo
ration during which the extract is exposed to heating at 40 C, 
techniques were developed to bypass the evaporation steps. We 
found that extraction of the coarse sawdust with chloroform: 
methanol (9:1, v/v) is not an effective method of toxin purifi
cation; the chloroform fraction contains materials which inter
fere with further purification and analysis. Therefore, a 
method (Method C) was developed in which the wood is boiled in 
distilled water for three hr at 121 C at 15 psi in an auto
clave. The water extract is recovered and the wood again 
boiled with fresh water for three additional hr under the same 
conditions. The water extracts are combined and adjusted to pH 
12.0 with IN NaOH. After 1 hr, during which the pH is held at 
12.0 by addition of more base, 500 ml of CHC1 3/4L of extract is 
added (Fig. 11) . After separation, the chloroform layer is 
collected, and the aqueous layer is extracted with three 
additional portions of chloroform (total vol chloroform = two 
L). The CHC1 3 extracts are combined, evaporated to dryness, 
and total dry weight determined. 

Further purification and analysis of the various extracts 
was done by thin layer and high performance liquid chromato
graphy (HPLC). For purification steps' involving TLC, the 
extracts dissolved in CHC13 were spotted on preparative layers 
of silica gel on glass plates. The chromatograms were 
developed in either ethyl acetate or in chloroform:methanol 
(95:5, v/v). Materials on the developed chromatograms were 
determined by fluorescence quenching and then scraped from the 
plates. The materials were eluted from the silica gel with 
either ethyl acetate or chloroform and evaporated to dryness. 
Partial purification was effected by repeated chromatography on 
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silica gel. The final fractions were then subjected to HPLC on 
Partisil PSX-IO eluted with either ethyl acetate or chloroform 
methanol. Column elution was monitored by absorbance at 254 nm 
and individual peaks were collected. Analysis of the various 
fractions was accomplished on thin layer analytical silica gel 
plates or by HPLC. Chemical characteristics of the various 
materials have been examined, in part, by chemical reaction on 
the silica gel plates. Thus, the analytical plates after 
development were sprayed with 50% sulfuric acid in methanol or 
with 3% phosphomolybdic acid in methanol. Comparative 
evaluation between extracts has been made by comparing 
retention times in HPLC. 

Bioassay The toxicity of the various extracts and fractions 
from thin layer plates was determined by bioassay using either 
one-to two-year-old Scotch or White pine seedlings or 30- to 
45-day-old Scotch pine seedlings. For assays using the one- to 
two-year-old seedlings, an area about one-half way up the stem 
was scraped to remove the bark. This area was then wrapped 
with adsorbent cotton, and the extract to be tested was applied 
to the cotton. Thirty- to 45-day-old seedlings were grown in 
vermiculite. For assay, these seedlings were removed from the 
vermiculite and the roots excised five cm from the stem. The 
seedlings were then placed in 50 x 6 mm test tubes containing 
the extract to be tested. The bioassays were observed daily 
and the appearance of the seedlings recorded. All extracts 
were applied to the seedlings as solutions in 20% acetone in 
water. Control seedlings were treated with the solvent alone. 

Chemical/structural analysis of the various extracts was 
made using techniques of HPLC, mass spectrometry, gas chromato
graphy, and nuclear magnetic resonance. 

Results. Extracts of noninfected and infected Scotch pines, 
prepared by Method A (Oku et al., 1979) were applied to one- to 
two-year-old Scotch pine seedlings. Initial results indicated 
that 200-600 mg (lipid dry weight) of extract from infected 
trees, when applied to three to five seedlings, caused wilting 
of all the seedlings within 14-20 days. Initial wilt symptoms, 
as characterized by browning of the leaves, were observed three 
to five days after application of the extract. The dead trees 
had an appearance comparable to that of a nematode-infected 
seedling. Five seedlings treated with comparable amounts of a 
similar extract from noninfected Scotch pines showed no symp
toms of wilt. Similar results were obtained when 600 mg of an 
extract of infected wood, prepared by extracting coarse sawdust 
by a modified Folch technique involving extraction of the wood 
with 2:1 CHC13:CH30H, was applied to seedlings. Upon further 
investigation we observed that a similar rate of killing 
occurred with as little as 40 mg of the toxin(s} prepared by 
Method A, i.e., 50% of the leaves were brown within 16 days and 
all three two-year-old seedlings were dead by day 18. 

When extracts prepared by Method A were applied to three 
two-year-old Eastern White pine seedlings, a slower response to 
the toxin(s} was noted. Extracts applied in the 200-500 mg 
range required 28-30 days to kill the seedlings. Killing 
occurred in 12 days when 1000 mg was applied to the seedlings. 
When these same levels of toxin were used on Scotch pines of 
comparable age and size, killing occurred in 8-12 days at all 
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dose levels (Table 22). Three two-year-old Jeffrey pine 
seedlings were not affected by the toxin-containing extract. 

Table 22. EFFECT OF TOXIN EXTRACT PREPARED BY THE METHOD OF 
OKU ET AL. (1979) ON SCOTCH AND EASTERN WHITE PINE 
SEEDLINGS 1-2 YEARS OLD. 

Eastern White Scotch 

Dose (mg) 1 250 500 1000 250 500 1000 

% Change 2 DAYS 

25 10 3 6 2 4 4 4 

50 16 12 6 6 8 

75 24 22 10 10 

100 28 30 12 8 12 8 

1 Dose calculated as mg of the lipid material in the original lipid extract 

from infected wood. 

2 Change was observed as the degree of brown i ng of the need 1 es and as 

differences in several other physical parameters of the seedling as 

compared with the controls. 

3 Data presented as days on which the change was observed after initial 

treatment with the toxic material. 

Extracts from normal wood and infected wood were chromato
graphed by TLC on silica gel. The chromatograms were developed 
in either CHCls:CHsOH (95:5, v/v) or in ethyl acetate. The 
most characteristic difference was the presence in the extract 
from infected wood of four distinct bands with Rf values in 
ethyl acetate in the range of 0.434-0.600 (Table 23). In 
CHCls:CHsOH developing system these materials had Rf values of 
.182, .239, .317, and .356, respectively. When the developed 
chromatograms were sprayed with 50% H2S04 in CHsOH, band 10 (Rf 
.475 in ethyl acetate Rf.239 in chloroform methanol) developed 
a light purple violet color. No similar material with 
comparable Rf values was observed in the extract of normal 
wood. 

To facilitate purification of the toxic material(s) from 
the crude extract and to determine the acid-base characteris
tics of the various infected wood-specific components, the 
total extract from infected and noninfected wood was solubil
ized in CHCls and reacted with IN NaOH (Ill, v/v) for 20-60 
min. The CHCls layer was removed and the aqueous layer 
extracted again twice with CHCl s (Method B, Fig. 11). After 
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combining, the CHC13 fraction was reduced in volume by evapora
tion and analyzed by TLC in ethyl acetate. The aqueous 
fraction was acidified to pH 2.0 with concentrated HCl and 
extracted three times with CHC13. This extract was also 
analyzed by TLC in ethyl acetate. The results of this analysis 
are detailed in Table 24. Most notable is the presence of four 

Table 23. Rf VALUES OF SUBSTANCES SEPARATED BY THIN·LAYER 
CHROMATOGRAPHY FROM CHLOROFORM EXTRACTS OF 
INFECTED PINES 1 

Normal wood 

0.024 
0.059 
0.088 
0.129 
0.194 
0.306 
0.328 
0.412 

Infected wood 

0.029 
0.062 
0.096 
0.112 
0.198 
0.296 
0.324 
0.41 4 
0.434 
0. 475 
0.545 
0.600 

lExtracts were prepared as described by Oku et il. 1979, chromatography 
solvent Ethyl Acetate. 

materials in the extract from infected wood in the Rf range of 
.434-.600. These materials were not present in the extract 
from normal wood. In addition, following reaction with IN NaOH 
the materials with Rf values in this range were extracted into 
the chloroform layer. A chloroform extract of the 
fraction from normal wood reacted with base did not have these 
bands. After acidification to pH 2.0 of the aqueous phase 
resulting from base treatment of the total extract, three bands 
with Rf'S of .255-.420 were recovered in the CHC13 fraction 
(Table 24). These materials were common to both infected and 
normal wood extracts prepared by Method B. When developed TLC 
plates containing material from the base treated extract were 
sprayed with 50% H2 S04 in CH30H, the material in band 2 (Rf 
.475) developed a purple color comparable to band 10 (Rf = 
.475) in the total wood extract (Table 23). 

To determine the toxicity of chloroform extracts from 
base-treated total extract (method B) from infected wood a 
quantity of the total extract known to kill Scotch pine 
seedlings in 7-12 days was treated with base and a CHC13 
extract prepared. The extract was then applied to three one
year-old Scotch pine seedlings. The seedlings showed signs of 
wilt within three days, and the trees were dead in seven days. 
In additional experiments we found that 20 mg of CHC13 -so1uble 
material from the base extract killed seedlings in four to six 
days. To further test these materials, preparative TLC plates 
were spotted with 20 mg (dry wt) of base extract and chromato
graphed in ethyl acetate. Individual bands were scraped from 
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Table. 24. EFFECTS ON TLC Rf'S OF ACID OR BASE TREATMENT OF 
EXTRACTS FROM INFECTED AND NON-INFECTED PINE 
WOOD.l 

Untreated extract 

Norma 1 wood Infected wood 

0.025 

0.05 0.05 
0.125 0.122 

0.135 0.l37 
0.260 0.250 
0.350 0.345 

0.425 0.420 
0.435 

0.475 
0.545 

0.600 

Rf 

Base treated 
extract 

Infected wood 

0.434 
0.475 

0.545 
0.600 

Acid treated 
extract 2 

Infected wood 

0.255 
0.350 

0.410 

1 Extracts according to Oku et. al. 1979; chromatography solvent Ethyl 

Acetate. 

~ Acidification of aqueous layer from base extract followed by extraction 

with chloroform. 

the plates, eluted from the silica gel with ethyl acetate, 
evaporated to dryness, weighed, and solubilized in 20% acetone 
in water. The individual bands were then applied to one-year
old Scotch pine seedlings (Table 25). Band 1 (Rf = .434), band 
3 (Rf = .545), and band 4 (Rf = .600) had no effect on the 
seedlings when applied alone (three seedlings tested for each 
band). The three seedlings treated with Band 2 began to show 
signs of wilt at 15 days and were dead at 36 days. When Bands 
1, 3, and 4 were combined and applied to Scotch pine seedlings, 
initial signs of wilt appeared in five days and the seedlings 
were dead by day seven. Seedlings treated with all four bands 
together showed initial wilt in four days and were dead by day 
10 (Table 25). We estimate that Bands 1, 2, 3, and 4 account 
for 0.19%, 0.19%, 0.2%, and 0.09% of the material present in 
the original extract, respectively. 

To facilitate a more rapid bioassay for toxic effects of 
the various materials and to minimize the amounts needed in 
the assay, a bioassay using 30- to 45-day-old Scotch pine 
seedlings was established. Seedlings were removed from vermi
culite, the roots excised 5 cm from the stern, and each seedling 
placed in a 50 x 6 mm or a 100 x 7.5 mm test tube containing 
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Table 25. EFFECT OF COMPONENTS OF EXTRACTS OF WILTED PINES ON WILTING OF (1-2 YR OLD) 
SCOTCH PINE SEEDLINGS.1 

Pl ate Band 2 

CHCl -base 1 2 3 4 1+3+4 1-4 
extract (20mg) (1.2mg) (1.2mg) (1.2mg) (0.6mg) (4mg) (18.0mg) 

% Change 3 Days 

25 2 NC 4 15 NC NC 5 4 

50 4 NC 29 NC NC 6 6 

75 5 NC 34 NC NC 8 

100 6 NC 36 NC NC 7 10 

1 Components were scraped from TLC plates after fdentification under ultraviolet light and eluted from the silica gel 

with ethyl acetate . Plates were loaded with 20 mg dry weight of a chloroform base extract from infected wood. Plate 

size 20 x 20 cm, 1000\lm thickness. 

2 Band 1 Rf = 0.434 

Band 2 Rf = 0.475 

Band 3 Rf = 0.545 

Band 4 Rf = 0.600 

3 % Change in physical appearance of seedling as compared with control 

4 NC No change was observed in the seedling. 



"" al 

Table 26. EFFECT OF A CHLOROFORM-BASE EXTRACT FROM INFECTED WOOD ON 30-45 DAY OLD 
SCOTCH PINE. SEEDLINGS. 

% Change in days as compared 
with control seedlings! 

50% 

Dosage 2.5 5 

(mg dry wgt) 

Plant no. 

1 13 2 2 3 

2 NC 2 2 

3 NC 7 2 
4 8 13 2 

5 13 13 2 

! 50% and 100% refer to the proportions of brown leaves of seedlings. 

2 Numbers refer to the day on which the observed change was noted. 

3NC = No change was observed as compared with the control. 

100% 

2.5 5 10 

NC 3 13 7 6 

NC NC 6 7 

NC NC 6 8 
NC NC 7 7 

NC NC 7 8 



the solution to be assayed. The seedlings were observed daily, 
and the general characteristics were recorded. Initial signs 
of wilt were a drying and coloration change to a dark gray
green in the needles. As wilt progressed the original seedling 
leaves turned brown and new growth showed signs of bleaching 
and eventually became brown. The percent killing was recorded, 
based on browning of the leaves. Control seedlings were placed 
in tubes containing either water or 20% acetone which was used 
as a vehicle for the test extracts. A series of seedlings was 
exposed to ~. xylophilus as a basis with which to compare the 
effects of the various extracts. 

Seedlings exposed to a base extract (Method C) from 
infected wood or to ~. xylophilus showed 25% browning of the 
leaves in one to two days. The subsequent rate of leaf 
browning was dose dependent (Table 26). Seedlings exposed to 
one mg of the toxic material did not show wilting beyond the 
initial signs. Of the seedlings exposed to 2.5 mg of toxin 
only one was dead after 13 days, although all seedlings showed 
75% browning of the leaves between days 6 and 13. There was no 
significant difference in the rate of wilting in seedlings 
exposed to five and 10 mg of the toxic material. The 20% 
acetone controls showed initial signs of wilting in nine days 
but did not show any further change. Seedlings exposed to B. 
xylophilus were dead between five and seven days. Seedling; 
exposed to a CHCls-base extract from normal wood or the water 
controls showed no signs of wilt and did not die. The progres
sion of the wilt in ~. xylophilus-infected and toxin-treated 
trees was similar. 

To determine if a toxic material could be recovered from 
seedlings treated and killed with an extract from infected 
wood, five two-year-old Scotch pine seedlings were treated with 
a chloroform-base extract prepared by Method C from infected 
wood. After the seedlings had died, they were cut into small 
pieces and extracted by boiling in distilled water for six hr 
and an extract prepared by Method C. This extract was analyzed 
by TLC. Materials comparable to those in a similar extract of 
nematode-infected wood were identified in these extracts. When 
applied to seedlings, these extracts caused wilting, thus 
suggesting that a tree wilted by the toxin retained and/or 
produced increased quantities of the toxic material(s) which 
could be re-extracted. 

Chemical Studies of Pine Tree Toxin(s). Chemical studies have 
focused on three aspects: isolation and purification, chemical 
analysis, and structure determination. 

Further purification of extracts was accomplished by TLC 
in ethyl acetate with identification of infected wood-specific 
materials by UV quenching. After each chromatography, the 
individual materials were carefully removed from the chromato
gram, eluted from the silica gel with ethyl acetate, evaporated 
to a small volume, and rechromatographed. After four such 
chromatographic procedures, the individual materials from the 
TLC plates were further purified by HPLC on Partisil PSX-IO 
columns eluted with ethyl acetate or with chloroform:methanol. 
The eluting fractions were collected from the beginning of the 
upward slope of the elution to the base of the downward slope. 
Because of the limited separation of the various infected wood-
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specific materials by TLC it has not been feasible to effect an 
initial purification step using conventional silica gel column 
chromatography. 

Chemical analysis and structural determination have been 
attempted using chemical reactions on silica gel TLC plates, 
gas chromatography (gc), HPLC, mass spectral analysis, gas 
chromatography directly coupled to mass spectral analysis, and 
nuclear magnetic resonance (nmr). 

Discussion. Our experiments verified Oku et al's report (1979) 
that extracts from pines infected with g. xylophilus are toxic 
to pine seedlings. Toxic compounds are extractable by 3 
methods (Fig. 11) and they kill one- to two-year-old P. 
sylvestris and £. strobus seedlings. They also kill 30- to 45-
day-old pine seedlings. Symptom development and the final 
physical appearance of wilted seedlings are similar to those 
resulting from infection with g. xylophilus. 

Oku et al. (1979, 1980) measured inhibition of growth of 
the fungus Cladosporium herbarum to identify a toxin having an 
Rf value of 0.5 under their chromatographic conditions. This 
assay has not been successful here. Not all materials that 
inhibited fungal growth killed pine seedlings. Further, 
extracts from uninfected pines inhibited fungal growth but did 
not kill pine seedlings. Our attention has focused on four 
major materials specific to infected wood. These apparently 
correspond to the toxic factor reported by Oku et al (1979) 
because they kill pine seedlings and have comparable Rf values. 

The effect of these materials on Scotch, Eastern White, 
and Jeffrey pines correspond well with the effect of the 
nematode on these species of pine . Scotch pine, the most 
susceptible of these three to infection with g. xylophilus, is 
killed most rapidly. White pine, somewhat less susceptible to 
infection by the nematode, is affected by the toxin, but a 
longer period of time is required for wilting to occur. 
Jeffrey pine, which is not susceptible to nematode infection, 
is not affected by concentrations of the toxic materials which 
kill Scotch and White pine seedlings. 

The initial results of the effect of each of the four 
infected wood-specific bands scraped from TLC plates suggest 
that a complex mixture of materials may be involved in causing 
wilt of the pine (Table 25). Because toxic activity survives a 
base extraction, the substances of interest are not acidic nor 
do they possess base-sensitive functional groups. To account 
for water solubility, several functional groups must be 
present. The possibilities are hydroxyl, aldehyde, ketone 
carbonyl or, perhaps, esters as functional groups. The 
substances are not carboxylic acids or phenols. Purification 
by dialysis indicates a relatively low molecular weight (400 
amu). Chromatographic methods of analysis depend on absorption 
of at least short wave-length ultraviolet light (ca. 350 nm); 
thus, some chromophores are indicated. 

More specific chemical/structural information has been 
obtained for one of the major components of toxic material 
isolated by TLC. This material, found in the TLC Band 2 (Rf 
ca. 0.5) and characterized by blue-violet coloration on 
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spraying TLC plates with methanol/sulfuric acid, was purified 
by repeated HPLC. This substance was identified by both liquid 
and gas chromatographic methods. Mass spectral data were 
obtained both by direct introduction of "homogeneous" prepara
tions and by gas chromatography-mass spectroscopy of partially 
purified preparations. These data indicate a molecular formula 
of CloH14 02 (ratio PIP + 1) and structural aspects of four 
degrees of unsaturation, the presence of at least one methyl 
group, a primary alcohol, and probably a carbonyl group. The 
proton nmr spectrum of this substance has also been determined, 
although not all 14 individual hydrogens have been identified 
and assigned. As a working hypothesis (one consistent with the 
data available thus far), this component of toxin extract is 
viewed as an oxidized monoterpene, perhaps one derived struc
turally from common pine terpenes such as pinene, carene, or 
limonene. 

How do these compounds trigger wilting of infected pines? 
The data suggest that at least one of the toxic materials is 
produced by the tree itself in response to invasion by the 
nematode (band 2 from TLC, possibly related to a standard pine 
terpene). This suggestion is supported by the casual observa
tion that the symptomology of the disease becomes advanced 
prior to the time that the nematode population size is large 
enough to cause extensive damage to the resin canals. 

Further work is now under way to purify each of the major 
compounds that constitute the toxic fraction isolated from 
infected wood, to test these materials individually and in 
various combinations for toxicity, and to determine the 
chemical and structural characteristics of these materials. 

Axenic In Vitro Culture of Bursaphelenchus xylophilus. ~. 

xylophilus is routinely maintained in the laboratory on fungal 
mats of~. cinerea grown on PDA (Dozono and Yoshida, 1974). 
The population doubling time in this culture system is approxi
mately five to seven days. For biochemical and physiological 
studies, however, it is necessary to maintain the nematode 
axenically in a defined culture medium. Such a system allows 
the investigator to conduct precursor uptake studies, and to 
monitor environmental influences on metabolic pathways. Since 
biochemical aspects of energy metabolism, the end products of 
carbohydrate and fatty acid metabolism, and the involvement of 
the nematode in the production of a toxin possibly involved in 
the pathology of the infection are presently unknown, develop
ment of a defined axenic culture system became a major 
priority. 

Materials and Methods. ~. xylophilus was washed from fungal 
cultures with sterile 0.9% saline and collected by centrifuga
tion at 500 g for three min. The nematodes were then washed 
through five to seven changes of a solution of sterile saline 
containing 10 mg/ml of streptomycin sulfate, 5 mg/ml of 
Nystatin, and 16,000 units of penicillin-G. An incubation 
period of five min was allowed between each washing. The final 
pellet of nematodes was dispensed in the culture medium con
taining the same solution and the number of nematodes per ml 
was determined. Nystatin must be prepared fresh daily. 
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Two basic culture media were used. The first medium con
sisted of 4% soy peptone (a tryptic digest of soy peptides) and 
1% Difco yeast extract supplemented with 50 ~g/ml of choles
terol and 50 ~g/ml of bovirie hemoglobin. The medium was steri
lized at 15 psi for seven min. The second medium consisted of 
modified Caenorhabditis medium (Table 27) supplemented with 50 
~g/ml cholesterol and 50 ~g/ml bovine hemoglobin. These 
supplements were added to the media since it has been well 
established that animal parasitic and free-living nematodes 
require these factors for growth and development (Bolla, 1979). 
These media were selected for initial experiments because of 
their success in the cultivation of several species of nema
todes. 

Table 27. COMPOSITION OF MODIFIED CAENORHABDITIS MEDIUM.l 

Component 

1. Essential amino acids 

L-arginine 
L-histidine 
L-lysine 
L-tryptophan 
L-phenylalanine 
L-methionine 
L-threonine 
L-leucine 
L- isoleucine 
L-valine 

2. Non-essential amino acids 

L-alanine 
L-aspart i c ac i d 
L-cystine 
L-glutamic acid 
L-glutamine 
L-glycine 
L-proline 
L-serine 
L-tyrosine 

3. Nucleic acid precursors 

Adenosine-3'-2' phosphate 
Cytidine-3'-2' phosphate 
Guanosine-3'2' phosphate 
Uridine-3'2' phosphate 
Thymine-3'2' phosphate 

4. Water soluble vitamins and growth factors 

N-acetyl glucosamine 
D-L-alanine 
Vitamin B12 

Pantothenic acid 
Pyridoxine 
Riboflavin 
Thiamine 
Niacinamide 

50 

Final Concentration 
(gm/L) 

0.975 
0.283 
1.283 
0.184 
0.803 
0.389 
0.717 
1.439 
0.861 
1.020 

1.395 
1.620 
0.028 
0.550 
1.463 
0.722 
0.653 
0.788 
0.272 

0.347 
0.323 
0.363 
0.324 
0.126 

0.0750 
0.0750 
0.0190 
0.0375 
0.0375 
0.0375 
0.0375 
0.0375 



Table 27 cont. 

5. Triethanolamine soluble vitamins and growth factors 

P-amino benzoic acid 
Biotin 
Niacin 
Folic acid 
O-L-thioctic acid 

6. Other growth factors 

Choline"chloride 
L-inositol 
Reduced glutathione 

7. Carbohydrate 

D-glucose 

8. Salts 

KH2PO. 
K2 SO. 
FeNH. (50.) , ·12 H20 
MgS04 
CaCl, 
MgC12 
ZnCl, 

9. Supplements 

Bovine hemoglobin 
Cholesterol 

0.0375 
0.0190 
0.0375 
0.0375 
0.0190 

8.850 
6. 480 
0.204 

13 .150 

12.250 
4.860 
0. 590 
4.575 
2.200 
0.220 
0.100 

50 )J g/ml 
50 )J g/ml 

lComposition of medium according to M. Rothstein (personal communication to 
R. Boll a). 

The components of the modified Caenorhabditis medium were 
sterilized either by Millipore filtration or at 15 psi for 
seven min. The final medium was then compounded aseptically. 

~. xylophilus was grown at 25 C under two different sets 
of culture conditions with equal success. Initially, cultures 
were established on 4% agar substrates overlaid with five to 
ten ml of the culture medium in Petri plates. More recently, 
we found that the agar support was not needed, and thereafter 
the cultures were established in 75 mm 3 surface area tissue 
culture flasks containing five to ten ml of the culture medium. 
All cultures were initiated with approximately 2000-4000 nema
todes/ml of culture medium. 

During the first five days of culture the medium was 
supplemented with solution of antibiotics to suppress bacterial 
and fungal growth. On day five, ~. xylophilus cultures were 
transferred aseptically to fresh culture medium without this 
solution. On day 15 an aliquot of the culture fluid containing 
approximately 20,000 nematodes was aseptically transferred to 
10 ml of fresh medium without antibiotics. This subculture was 
serially repeated every 15 days. 

Sterility of the initial culture, before and after removal 
of the antibiotics, and of the subcultures was determined by 
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plating small aliquots of the culture medium on nutrient agar 
or PDA or by inoculation of thioglycollate broth. Sterility 
check cultures were incubated at room temperature and at 37 C. 
No bacterial or fungal growth was observed either from the 
initial cultures or from the subcultures. 

The growth of ~. xylophilus populations in these culture 
systems was determined by counting the nematodes on days 3, 7, 
9, 15, and 25 of the culture. An aliquot of 0.1 ml was asepti
cally removed from the culture, diluted 10-fold, and six sepa
rate samples of 0.1 ml were scored microscopically. 

Table 28. IN VITRO CULTIVATION OF BURSAPHELENCHUS XYLOPH
ILUS IN A DEFINED AND SEMI-DEFINED AXENIC CUL
TURE MEDIUM. 

Days o 3 

Yeast/soy peptone' 
"IC 2 28.8 32.8 

SC-1 3 25.0 27.0 
SC-2 15.0 20.3 

SC-3 11.2 12.3 
Caenorhabditis' 

IC 40.0 48.0 
SC-1 24.0 27.0 

SC-2 21.5 24.4 
SC-3 18.7 21.3 

Number of nematodes 
(x 10 3) 

7 9 

54.0 76.0 

40.0 48.6 
36.5 42.3 

15.9 24.9 

52 .0 60.6 
29.3 36.6 

27 .9 32.9 
29.8 30.2 

15 25 

98.0 94.8 

80.5 76.4 
74.8 69.8 
46.3 44.2 

80.4 72.6 
45.1 43.2 

41.3 44.8 
39.7 40.2 

'Medium of 4% soy peptone, 1% yeast extract supplemented with 50 ).lg/ml 

each of hemoglobin and cholesterol. 

2 IC = Initial culture 

3SC = Subculture. 

' Caenorhabdit i s rned i urn supp 1 emented wi th 50 ).lg/rnl each of hemog lob in and 

cholesterol. 

Results. A doubling time of seven to nine days was observed in 
the initial cultures and subcultures maintained on the yeast 
extract-soy peptone medium, whereas this was approximately 15 
days when modified Caenorhabditis medium was used (Table 28). 
In both culture media there was a significant population 
decline from 15 to 25 days of culture in most containers. 
Recent results indicate that these population dynamics occur in 
a temperature range of 20-30 C. 
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When the agar overlay system was used, a decrease in nema
tode number in the liquid phase was noted on day seven. This 
decrease was due to the migration of ~. xylophilus under the 
agar. Because there appeared to be no advantage of the agar 
support to culture growth and development, the cultures are now 
routinely established in tightly closed tissue culture flasks. 

Discussion. Growth, development, and reproduction of ~. xylo
philus is supported axenically in cultures of either soy 
peptone-yeast extract or modified Caenorhabditis medium supple
mented with hemoglobin and cholesterol. This supplementation 
is necessary for the in vitro cultivation of several species of 
free-living and parasitic nematodes on a defined medium (Bolla, 
1979). Best growth of~. xylophilus populations, based on the 
rate of increase in population size and on the appearance of 
larval stages in the culture medium, occurs in the soy peptone-
yeast extract supplemented medium. The population doubling 
time in this medium is approximately one-half that in the modi
fied Caenorhabditis medium. Further evidence that the culture 
media supports development of this nematode is derived from the 
growth of the nematode population in serial subcultures (Table 
28). Some populations of ~. xylophilus have now been main
tained through 10 subcultures without any change in population 
dynamics. 

Preliminary studies on the energy metabolism of ~. xylo
philus in axenic-defined culture have been undertaken to deter
mine the metabolic end products produced by this nematode from 
the catabolism of carbohydrate. Aliquots of media in which the 
nematode had been maintained for 24 hr were deproteinized by 
the addition of 60% perchloric acid to a final concentration of 
5%. After removal of the precipitate, the media were chromato
graphed on acid-washed chromatography paper and the chromato
grams developed in a solvent of acetone:butanol: acetic acid: 
ethanol:water using descending chromatography. After 24 hr the 
chromatograms were dried, sprayed with methyl red:bromothymol 
blue in formalin, and the location of metabolic acid end 
products was determined by exposure of the chromatograms to 
NH~OH vapors. Preliminary identification of the metabolic acid 
end products was made by comparison of the Rf values for 
standards chromatographed in parallel with the unknowns. Pre
liminary evidence suggests the production of malate, fumarate, 
and possibly succinate as end products of carbohydrate metabol
ism by ~. xylophilus. This suggests a microaerobic energy 
metabolism via a phosphoenol pyruvate-succinate pathway compar
able to that in several animal parasitic nematodes (see Bolla, 
1980, for review). Further studies are currently under way 
using radioisotope tracer methods, gas chromatography, and HPLC 
to better identify the metabolic end products from the metabol
ism of carbohydrate by this nematode in axenic-defined culture. 
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FIGURES 

Fig. 1. Pinewood Nematode Distribution in the United States - Aug. 1981 
(Compiled by K. Robbins, USDA Forest Service) . Each county with 
one or more confirmed cases of nematode-induced pine wilt is 
shown in black. 

Fig. 2. Morphology of Bursaphelenchus xylophilus (reproduced by per
mission of Y. Mamiya from Mamiya and Kiyohara , 1972). 

Fig. 3. Temporal emergence of Monochamus carolinensis from Christmas 
trees (Pinus sylvestris) . 

Fig. 4. Adult Monochamus carolinensis . 
Fig. 5. Methathoracic spiracle of Monochamus carolinensis showing Bur

saphelenchus xylophilus Dauerlarvae at opening (54 x magnifica
tion). 

Fig. 6. Metathoracic trachea of Monochamus carolinensis cut transversely 
to show Dauerlarvae (400 x magnification). 

Fig. 7. Abdominal trachea of Monochamus carolinensis showing Dauer
larva reversing direction (400 x magnification) . 

Fig. 8. Cuticle of Blirsaphelenchus xylophillis Dauerlarva removed from 
trachea of Monochamus carolinensis. Note particles which do not 
resemble bacteria (10,000 x magnification). 

Fig. 9. Same as Fig. 8 except that nematode was washed with sterile 
distilled water. Note that almost all of the particles have been 
removed. (10,000 x magnification). 

Fig. 10. Mite on abdomen of Monochamus carolinensis. Note the presence of 
numerous bacteria on mite (360 x magnification). 

Fig. 11 . Flow chart of three methods of extraction of toxin( s) from pine wood 
sawdust. 
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