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Phytotoxin Production in
Bursaphelenchus xylophilus-infected
Pinus sylvestris'

F. SHaHEEN, R. E. K. WINTER, AND R. [. BoLLA2

Abstract: Our findings suggest that i) phytotoxic materials can be isolated from Bursaphelenchus
xylophilus-infected Scots pine, but not from noninfected pines; ii) the phytotoxins cause wilting of
45-day-old and 2-year-old pine seedlings in a dose and species dependent manner; iii) the phytotoxins
are produced early in the infection, accumulate or increase with time, and may function to suppress
water transport in the tree; and iv) the phytotoxins are lipid materials of low molecular weight

which are not acidic.
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Pinewilt caused by Bursaphelenchus xylo-
philus (Steiner and Buhrer, 1934) Nickle,
1970 is epidemic in Japan (4,8) and may
soon eliminate Pinus densiflora and P. thun-
bergii (8). Since the report of this infection
in P. sylvestris in Columbia, Missouri, in
1979 (2), the disease has been reported in
the United States from 33 states in 23 pine
and 7 nonpine species (3,6,13,14). Several
states, including Missouri and Illinois, have
reported serious, widespread infestation of
B. xylophilus pinewilt, particularly in P. syi-
vestris and P. nigra (1,7).

The nematode, which resides in the lat-
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eral and radial resin canals of the infected
pine, is transported from stressed or dead
trees to healthy trees by an insect transport
host. The main insect vectors in both the
United States and Japan appear to be ce-
rambycid beetles (5,6,9). Infective third-
stage larvae overwinter as dauer larvae in
association with the insect pupae in pupal
chambers in the infected tree. Upon eclo-
sion of the pupae, the larvae enter the
tracheae and spiracles of the insect. As
emerging young adult beetles undergo
maturation feeding on growing shoots of
an uninfected tree, the nematodes leave
the insect and enter the tree through the
site of wounding, migrate to the resin ca-
nals, and develop to adults. The adult nem-
atodes feed on the epithelial cells and re-
produce in the resin canals (8,10).

In P. sylvestris this infection is character-
ized by rapid total wilting (8); in P. nigra
rapid wilting occurs in areas of the tree
followed by progressive total wilting within
9 months (7). The initial symptoms of the
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disease are loss in resin production within
3~5 days of infection followed by a loss of
transpiration and water transport (11,15).
The onset of these initial symptoms occurs
far in advance of the time that the nema-
tode population is large enough to cause
extensive conspicuous damage to the resin
canals (8—10). This relationship might sug-
gest_involvement of a phytotoxin in the
mechanism of wilting. Oku et al. (12) were
able to isolate a water soluble extract from
infected P. thunbergii, which, when applied
to healthy young pine seedlings, caused
rapid wilt symptoms similar to those ob-
served in a natural infection. A similar ma-
terial, as determined by bioassay, could not
be recovered from noninfected pines.
This paper presents our studies on the
isolation of a phytotoxin from pinewilt
nematode-infected P. sylvestris.

MATERIALS AND METHODS

Extraction of pine wood: P. sylvestris in-
fected with B. xylophilus and uninfected P.
sylvestris were obtained from Columbia and
Ashland, Missouri. All trees were 10-20
years old at the time of cutting. The wood
was ground to a coarse sawdust and ex-
tracted in one of two ways. Initially the
charcoal adsorbent method of Oku et al.
(12) was used with slight modification. The
wood was boiled for 16 hours in distilled
water (4,800 g/ 10 liters), the water extract
was concentrated to 0.5-1 liter by rotary
evaporation and then dialyzed 48 hours
against four changes of distilled water (5
liters /dialysis). The water fractions outside
the dialysis bag were combined, reduced
to 0.5-1 liter, mixed 50% (w/v) with ac-
tivated charcoal and the slurry suction fil-
tered through Whatman No. 2 filter paper.
The filtrate was discarded and the charcoal
was washed with 5 liters acetone by re-
peated resuspension and suction filtration.
The acetone fraction was rotary evapo-
rated to dryness and the total weight of the
extract determined. This is referred to as
the charcoal extract.

In a second and more expedient method
of extraction, the sawdust was boiled for 3
hours at 121 C and 15 psi in an autoclave
in distilled water (4,800 g/2.5 liters). The
water was recovered and the extraction re-
peated. The water extracts were com-
bined, adjusted to pH 12.0 with 1 N NaOH,

and held at this pH for 1 hour by further
addition of NaOH. The basified extract
was partitioned five times, each with ¥s vol-
ume of CHCl;; the CHCl, fractions were
combined and dehydrated over anhydrous
Na,SO, and the CHCI,; removed by rotary
evaporation. Total extract dry weight was
determined. This is referred to as the
CHCl;-base extract.

Bioassay: Forty-five-day-old P. sylvestris,
P. banksiana, P. echinata, P. radiata, P. thun-
bergii, and P. jeffreyl seedlings and 2-year-
old P. sylvestris, P. strobus, and P. jeffreyi
seedlings were used for bioassay of the ex-
tracts. The roots of the 45-day seedlings
were cut to b cm from the stem and the
seedlings suspended in test tubes with the
cut roots immersed in the solution to be
tested. Experimental extracts were applied
to 2-year seedlings by scraping the bark
from one side of the stem half way up the
stem. A plug of absorbent cotton was af-
fixed to the scraped area and taped in place.
The experimental solution was applied to
the cotton and allowed to diffuse into the
seedling.

Experimental and control extracts were
solubilized in 20% acetone in water for
testing. Controls consisted of similar ex-
tracts from noninfected trees and 20%
aqueous acetone.

Infection of seedlings: Forty-five-day-old
seedlings were infected with 5,000-10,000
B. xylophilus by suspending the seedlings in
water containing a mixed population of
nematodes recovered from fungal mat cul-
tures (8). Older seedlings were infected us-
ing the scraped stem method with 5,000-
20,000 nematodes from a mixed popula-
tion applied to the cotton. Infection was
verified after 3-20 days by suspending the
seedlings in a modified Baermann appa-
ratus and examining the eluate for B. xy-
lophilus.

Rate of toxin production: Two-year-old P.
sylvestris seedlings were infected with 5,000
B. xylophilus recovered as mixed popula-
tions from fungal mat cultures (2). The
seedlings were observed daily for wilting.
Beginning 3 days post infection, when no
visual wilt symptoms were present, three
seedlings were examined for the presence
of B. xylophilus and then extracted by the
CHCl;-base extraction procedure to quan-
tify the total CHCl,-base extractable ma-



terial. Additional infected and noninfected
seedlings were similarly examined at 5-day
intervals from 5 to 45 days post infection.
The extracted material was quantified
gravimetrically.

Effect of infection on water transpiration: To
obtain preliminary information on the ef-
fect of B. xylophilus infection of P. sylvestris
on water transpiration, we observed the
state of the leaf stomates at various times
post infection. Two-year-old seedlings were
infected with 5,000 nematodes (mixed
population). On days 4, 10, 15, 20, and 30
after inoculation, the leaves of the seed-
lings were randomly selected, coated with
clear nail polish, and removed from in-
fected and control seedlings. The epithe-
lial layer was then stripped from the leaf
and mounted on a microscope slide for
study. Closed versus open stomates were
scored. All preparations were made at
9:00 a.m. to avoid diurnal variations. Con-
trol leaves from both infected and nonin-
fected seedlings were treated with sucrose
to verify stomate reactions.

Chemicals and supplies: All solvents used
were HPLC grade from Fisher Scientific
Co. Older seedlings were obtained from
the Missouri State Forestry Nursery; 45-
day seedlings were grown from seed.

REsuLTs

Effect of pinewood extracts on pine species:
The charcoal extract from infected P. syl-
vestris pine caused wilting on 2-year-old P.
sylvestris pine seedlings within 7-21 days.
The rate of wilting was dose dependent
(Table 1), and the onset of symptoms was
progressive. The initial wilt symptoms ap-
peared as a browning of the leaves at the
apex of the seedlings. This browning pro-
gressed downward until all leaves had a
characteristic red brown color. Resin flow
at a wound site ceased within 3—7 days after
toxin application. The obvious wilt symp-
toms in the toxin-treated seedlings were
identical to those in the nematode-infected
seedlings. Control seedlings treated with
an identically prepared extract from non-
infected Scots pine showed no wilt symp-
toms. Except that the response to the phy-
totoxin was slower, P. strobus responded
similarly to P. sylvestris (Table 1). Interest-
ingly, P. jeffreyi seedlings were not affected
by the charcoal extract from nematode in-
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TasLe 1. Days required for total wilting* of
2-year-old pine seedlings treated with various amounts
of an extract prepared by the charcoal absorbent
method from Bursaphelenchus xylophilus infected P.
sylvestris.

Extract applied (mg)t

Pinus spp. 250 500 1,000
P. sylvestris 10-15 9-12 3-5
P. strobus 28-35 30-35 12
P. jeffreyi no wilt no wilt no wilt

* Data presented at the range of days required for total
wilting of five of five seedlings of each species at each ex-
perimental dose. Seedlings treated with comparably prepared
extracts from noninfected Scots pine did not show any signs
of wilt.

+ One gram of wood yields approximately 13.75 mg of a
crude phytotoxic extract prepared by the charcoal absorbent
procedure.

fected or noninfected P. sylvesiris at any
dose applied (Table 1).

Similar results were obtained when
CHCl,-base extracts from infected or non-
infected P. sylvestris were bioassayed on
either 2-year or 4b5-day seedlings. When
several species of 45-day-old pine seedlings
were used in bioassay of the CHCl;-base
extracts, a tendency for a species depen-
dent rate of wilting was observed (Table
2). As with the 2-year seedlings, wilting
rate was dose dependent over the range of
doses tested (Table 2). The 45-day-old P.
Jeffreyi seedlings were not wilted. P. sylves-
tris 45-day seedlings were most sensitive to
the extract, Seedlings of the various pine
species were not wilted either by extracts
from noninfected P. sylvestris or by the 20%
acetone in water solvent (Table 2).

Rate of toxin production: As seen in Table
3, production of phytotoxin was observed
as early as 3 days post infection and in-
creased in concentration on a per gram
wood basis until 30 days post infection af-
ter which no change occurred. Visual wilt
symptoms were present in the infected P.
sylvestris seedlings at 10 days post infection
and progressed until 30 days post infection
when the seedlings were completely wilted.
The toxicity of the extracts from the var-
ious seedlings was bioassayed on 45-day P.
sylvestris seedlings. All extracts from in-
tected seedlings (3-4b days post infection)
caused total wilting of the seedlings within
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TasLE 2. Days required for total wilting* of 45-day-old pine seedlings treated with various amounts of an
extract prepared by the CHCls-base procedure from Bursaphelenchus xylophilus infected P. sylvestris.

Extract applied (mg)}
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* Data presented as mean number of days required for total wilting * standard error of the mean,

N = 10 seedlings.

Seedlings treated with comparably prepared extracts from noninfected P. sylvestris did not show any signs of wilt.
1 One gram of wood yields approximately 1.1 mg of a partially purified phytotoxin when extract is prepared by the CHCl,-

base procedure.

5-7 days in a dose-dependent manner. No
wilting was caused by extracts from the
noninfected seedlings.

Effect of infection on water iranspiration:
Stomate closure was used as a means of
estimating water transpiration in B. xylo-
philus-infected P. sylvestris seedlings.
Throughout the study only 0-5% of the
stomates were observed to be closed in
leaves from control seedlings whereas, by
3 days post infection, 50% of the stomates
on the leaves of infected seedlings were
closed. By 7 days post infection, 100% of
the stomates were closed; this complete
closure of the stomates was observed
through 30 days post infection. The seed-
lings were completely wilted 30-45 days
after infection.

DiscussioN

Oku et al. (12) observed production of
phytotoxic materials in B. xylophilus-infect-

TasLE 3. Rate of phytotoxin synthesis in Bursa-
phelenchus xylophilus infected 2-year-old P. sylvestris.

Days postinfection Mg phytotoxin/g wood?

3 0.611 %= 0.06
7 0.652 = 0.10
10 0.837 = 0.13
15 1.35 £ 0.18
30 2,77 £ 0.29
45 2.56 = 0.21
0 0.54 + 0.08

*> Milligrams phytotoxin was calculated based on the dry
weight of the base resistant material extractable by CHCI,
from 2-yr-old P. sylvestris seedlings infected with 5,000-20,000
nematodes (mixed population).

ed P. thunbergii. Results of the present study
indicate that phytotoxins are similarly pro-
duced in B. xylophilus-infected P. sylvestris
and thus support Oku’s initial observation.
The timing of the production of these ma-
terials following infection of 2-year-old P.
sylvestris seedlings corresponds to the onset
of initial wilt symptoms and to the reaction
of the leaf stomates to the infection. That
1s, resin production at the site of a wound
ceased 3 days post infection, 50% of the
leaf stomates were closed at this time, and
phytotoxic material could be extracted. An
increase in the concentration of extract-
able phytotoxin accompanied further
changes in stomate closing and wilting of
the seedlings. This suggests an involve-
ment of the phytotoxin in restricting water
flow in the infected seedlings.

Preliminary cytological observation of
the infected seedlings suggests that 3-5
days post infection the resin canals are in-
tact (unpublished data). The onset of phy-
totoxin production by 3 days post infection
suggests that the phytotoxin is produced
in advance of the time that the nematode
population is large enough to cause exten-
sive damage to the resin canals. This would
agree with earlier observations of Mamiya
and co-workers (8—11) that in older trees
wilt symptoms begin and progress in ad-
vance of large destructive nematode pop-
ulations and might suggest that the pro-
duction of phytotoxic materials is one of
the main factors in the early disease symp-
toms.

The species-dependent sensitivity to the
phytotoxin corresponds to the species-de-



pendent susceptibility to B. xylophilus (6).
That is, 2-year-old P. sylvestris, which is
highly susceptible to infection, is highly
sensitive to the toxin, whereas P. strobus,
which is less susceptible, is less sensitive and
the infection-resistent P. jeffreyi is not af-
fected by the phytotoxin. This correspon-
dence is also reflected in 45-day-old seed-
lings of other species. The observation that
phytotoxic extracts could not be obtained
from noninfected P. sylvestris indicates that
these materials are specific to stressed or
wilted pines and may be unique to B. xy-
lophilus-infected pines.

Several conclusions about the chemical
nature of the toxin can be drawn, based on
the methods of its extraction. The phyto-
toxic materials are small, dialyzable, heat-
resistant lipid materials as defined by sev-
eral criteria (unpublished observations, 15).
These materials are resistant to base treat-
ment and therefore are either neutral or
basic and contain no base-sensitive func-
tional groups. Finally, the methods of ex-
traction preclude the possibility that these
materials are phenols or carboxylic acids.
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