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We conducted an inoculation test using nine open-
pollinated families of pine trees to evalunate their
susceptibility and mortality in different densities of pine
wood nematode. Three-year-old nine open-pollinated
pine families were inoculated with Bursaphelenchus
xylophilus at levels of 3,000, 5,000, and 7,000 nematodes/
seedling in greenhouse. There were no distinct patterns in
latent period among three densities of B. xylophilus in
all families. Most families showed the first disease
symptoms of needle discoloration within 12-15 days
after inoculation. However, open-pollinated progenies
of Pinus densiflora showed the longest latent period
because none of one-year-old needles were wilted until
14 days after inoculation with 5,000 and 7,000
nematodes. One-year-old needles were wilted earlier
than current needles in all tested families with all
densities of B. xylophilus. Current needles were not
wilted until 14 days after inoculation in all seedlings.
The mortality of all seedlings rapidly increased from 35
days to 49 days after inoculation, and all died within 80
days except two seedlings. A 3,000 nematodes/100 puL
with sterilized distilled water are enough to screen 3-
year-old pine seedlings for resistance to B. xylophilus.
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Pine wilt disease caused by Bursaphelenchus xylophilus
(Steiner & Buhrer) Nickle, the pinewood nematode (PWN),
is a devastating disease and spreading in Korea since the
first notice at Mt. Keumjeong in Pusan in 1988 (Yi et al,,
1989; Enda, 1989; Choi and Moon, 1989). It has damaged
about 7,811 ha of Pinus densiflora Sieb. et Zucc. and P,
thunbergii Parl. until 2005 (Shin and Han, 2006). In 2006,
the disease was found on a new host, Pinus koraiensis Sieb.
et Zucc., artificially planted in Kwangju, Kyeonggi province,
Korea. It has been known that the B. xylophilus in P
densiflora and P. thunbergii was spread by one native pine
sawyer, Monochamus alternatus; however, B. xylophilus in
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P. koraiensis is supposed to be spread by the other native
pine sawyer species, Monochamus saltuarius which is the
most abundant in the middle to northern part of South
Korea (Kwon et al., 2006). The epidemic of this devastating
disease has not increased rapidly in Korea because the
Korean government has made a lot of efforts on the
management of the disease such as felling, burning, and
fumigation of damaged trees. However, the damages
increased gradually to the southern provinces, eastern coast,
and middle of the peninsula (cities of Chuncheon,
Kwangju, and Kyeonggi province) since the first report in
1988, implying that there is limit to control this disease.

Pines are important tree species in Korea and only a few
pine species were tested for the susceptibility of the
pinewood nematode in Korea (KFRI, 2002). There are a
few reports on the pathogenicity of B. xylophilus to P.
massoniana, P. taiwanensis, and P, thunbergii x P. massoni-
ana (Futai and Furuno, 1979; Mamiya, 1983; Yang and
Wang, 1989). P. taiwanensis was moderately susceptible to
the pinewood nematode but P. massoniana was resistant
(Yang and Wang, 1989). The interspecific hybrid of P
thunbergii x P. massoniana was resistant to the pinewood
nematode (Futai and Furuno, 1979; Mamiya, 1983). How-
ever, no inoculation tests have been conducted to determine
the susceptibility of open-pollinated progenies of P
thunbergii x P. taiwanensis and P. thunbergii x P. massoni-
ana with a Korean isolate of the pinewood nematode.

A most promising method for controlling the pine wilt
disease is a breeding of resistant trees. In the stems of
seedlings from resistant families of P. densiflora, nematode
reproduction was restricted more than those of susceptible
families (Kuroda, 2004). The progenies of P. densiflora and
P, thunbergii that were screened using grafts inoculated
with B. xylophilus proved to be resistant to pine wilt disease
(Toda and Kurinobu, 2002). In 1997, 52 seedlings of two
resistant families (unknown sources) developed in Japan
have been imported and planted at the Anmyon Experiment
Forest, Korea Forest Research Institute. It is worthwhile to
test whether the progenies of the families show resistance to
Korean isolate of B. xylophilus.

Susceptibility of pine trees to pine wilt disease varies
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depending on tree ages and the population densities of B.
xylophilus. Wilt occurred much more rapidly and severely
in young trees than in old trees and in mature trees
inoculated with 16,000 B. xylophilus than those with
125~500 (Kishi, 1999). Adult trees of P. armandii var.
amamiana inoculated with 100,000 B. xylophilus showed
initial symptoms 2 weeks after inoculation and all died
within 29 weeks, however, the trees inoculated with 1,000
B. xylophilus all died within 33 weeks after inoculation
(Akiba and Nakamura, 2005).

This study reported here was undertaken 1) to compare
latent period of nine open-pollinated families of pine trees
to B. xylophilus, 2) to compare the time of wilting between
current- and one-year-old needles, 3) to compare variation
in susceptibility and mortality of the pine trees to pine wilt
disease, and 4) to clarify the relationship between nematode
densities and susceptibility. The results from this study will
be used for breeding resistant pine trees against to pine wilt
disease caused by B. xylophilus.

Materials and Methods

Open-pollinated seeds of four individuals of P. thunbergii,
two individuals of P thunbergii x P, taiwanensis, two
individuals of P thunbergii x P. massoniana, and one
individual of P. densiflora were sowed in a nursery bed of
the Department of Forest Genetic Resources, Korea Forest
Research Institute (KFRI) in spring 2003. In 2004, the
seedlings were transplanted in plastic pots and moved in
a greenhouse. Four mother trees of P thunbergii were
imported as seedlings from Japan and planted at the Anmyon

Experimental Forest, Forest Seed Research Center, KFRI in
Chungbuk province, Korea in 1997. The seedlings were
supposed to be produced by the pine wilt disease resistance
program in Japan. Four hybrid mother trees were planted at
the Boseong Experimental Forest, Cheonnam province,
Korea in 1985. One individual of the P densiflora was
planted at the Seonkamli Experimental Forest, Kyeonggi
province, Korea.

A virulent isolate of B. xylophilus, originally from a dead
P. thunbergii in Jinju city, was reared on a fungal mat of
Botrytis cinerea Pers. growing on potato dextrose agar at
25°C for about 10 days. Three-year-old nine half-sib families
were inoculated in a greenhouse with the nematode on July
6th, 2005. Twelve seedlings per family were inoculated
with each of three densities adjusted to 3,000, 5,000, or
7,000 nematodes/100 L with sterilized distilled water of
B. xylophilus and six with sterilized water as control. The
nematode suspension was pipetted on wound, which was
made on the main stem by removing an area of bark 2 cm
long and 1 cm wide. The inoculated wounds were covered
with Parafilm to prevent drying of the inoculum.

Seedlings were examined weekly and observed for
foliage discoloring, latent period, and mortality for 80 days
after inoculation. B. xylophilus was re-isolated from the
inoculated seedlings of four families, PT1-9, PT3-TW,
PT12-MS, and PDN, using the Baermann funnel method
(Southey, 1986) at 25°C for 24 hours.

Results and Discussion

Latent period of nine open-pollinated families was not

Table 1. Latent period of open-pollinated progenies of 9 individuals under three densities of B. xylophilus

Number of B. xylophilus inoculated

Family*
3,000 5,000 7,000

PT1-9 13~16 days"(12/12) 14~20 days (12/12) 13~20 days (10/12)
PT1-23 12~20 days (10/12) 14~20 days (12/12) 13~16 days (11/12)
PT2-3 13~20 days (11/12) 14~21 days (12/12) 14~20 days (10/12)
PT2-19 14~21 days (11/12) 14~21 days (9/12) 14~20 days (11/12)
PT3-TW 13~20 days (12/12) 15~20 days (12/12) 13~20 days (11/12)
PT5-TW 12~23 days (10/12) 14~21 days (10/12) 14~19 days (12/12)
PT9-MS 13~22 days (12/12) 12~21 days (7/12) 13~21 days (11/12)
PT12-MS 12~21 days (12/12) 12~17 days (12/12) 12~17 days (12/12)
PDN 14~23 days (12/12) 15~23 days (10/12) 17~21 days (9/12)

*PT1-9, PT1-23, PT2-3, and PT2-19: half-sib families from four mother trees of P, thunbergii which were imported as seedlings from Japan and
planted at the Anmyon Experimental Forest, Forest Seed Research Center, KFRI in Chungbuk province, Korea in 1997; PT3-TW and PT5-TW:
half-sib families from two hybrid mother trees, P. thunbergii3 x P. taiwanensis and P. thunbergii5 x P, taiwanensis; PT9-MS and PT12-MS: half-
sib families from two hybrid mother trees, P, thunbergii9 x P. massoniana and P. thunbergiil2 x P. massoniana. The mother trees of PT3-TW,
PTS5-TW, PT9-MS and PT12-MS were planted at the Boseong Experimental Forest, Cheonnam province, Korea in 1985; PDN: half-sib family
from one mother tree of P. densiflora which was planted at the Seonkamli Experimental Forest, Kyeonggi province, Korea.

"The days from inoculation to initial appearance of needle discoloration.

“The number of seedlings showing needle symptoms/Total number of seedlings inoculated.
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Fig. 1. Percentage of seedlings showing wilt in current- and one-year-old needles at three different densities of pine wood nematode.

different distinctively among three densities of B. xylophilus
(Table 1). On species level, none of one-year-old needles on
family PDN were wilted under 5,000 and 7,000 nematode
until 14 days after inoculations (Fig. 1), indicating that P,
densiflora has the longest latent period. The most number
of seedlings (16.7%) of family PT9-MS showed no initial
appearance of needle discoloration until 22 days after
inoculation under three densities of nematode (Table 1).
The difference of latent period appeared to be caused by
genetic difference.

The first appearance of needle discoloration varied
among families, but most of the families showed the
symptom within 12~15 days after inoculation in all three
densities of B. xylophilus (Table 1). An inoculation test of
pine wood nematode by Togashi et al. (1997) showed that
3-year-old potted P. thunbergii seedlings varied in the time
required from the initiation to completion of foliage
discoloration. It ranged O to 12 weeks depending on their
proximity to other tree species; however, the mean time
required for complete foliage discoloration was not



Variation in Susceptibility of Pine Species Seedlings with Bursaphelenchus xylophilus 73

statistically significant among treatments (Togashi et al.,
1997). Five-year-old P. thunbergii seedlings inoculated
with 10,000 nematodes showed that the color of one-year-
old needles changed to brown by 5 weeks and all needles
tummed brown from about 9 weeks (Ikeda and Kiyohara,
1995). In this study, the completion of all needle discoloration
was observed by 10 weeks except two seedlings survived
through the experimental period.

One-year-old needles were wilted earlier than current
needles in all tested families with all densities of B.
xylophilus (Fig. 1). Current needies were not wilted until 2
weeks after inoculation in all seedlings and treatments.
Malek and Appleby (1984) reported that 15- to 80-year-old
Scotch pines (£, sylvestris L.) died in the spring by pine
wood nematode usually showed the color change in the
second- and third-year needles first.

Family PT'12-MS showed the greatest percentage of one-
year old needle wilt as 41.7%, 66.7%, and 66.7%,
respectively when 3,000, 5,000, and 7,000 of B. xylophilus
were inoculated (Fig. 1). All 36 seedlings appeared to be
infected within 21 days. Four of nine families inoculated
with 3,000 nematodes showed that one-year-old needles of
all seedlings were wilted within 3 weeks after inoculation,
however, five of nine families showed that current needles
of all seedlings were wilted within 5 weeks after
inoculation (Fig. 1). Five of nine families inoculated with
5,000 nematodes showed that one-year-old needles of all
seedlings were wilted within 3 weeks after inoculation, but
four of five families showed that current needles of all
seedlings were wilted within 5 weeks after inoculation (Fig.
1). The 8.3% of seedlings of each of the three families,
PT2-19 inoculated with 3,000 and 5,000 nematodes, PT5-
TW inoculated with 5,000 nematodes, and PT2-3
inoculated with 7,000 nematodes, had both current- and
one-year-old needles without any symptoms, until 49 days
after inoculation (Fig. 1).

The susceptibility of pine species to infection by B.
xylophilus varies depending on differences in inoculum
densities, tree age and genotype, experimental length and
environmental factors. For example, Yang and Wang (1989)
tested the susceptibility of 2- to S-year-old seedlings of P
massoniana and P. taiwanensis to pine wilt disease after
inoculating with 7,000~8,000 nematodes each by injecting
5 ml of water into each seedlings, and found that P,
massoniana was resistant and P, faiwanensis was moderately
susceptible. Kishi (1999) reported that wilt occurred more
rapidly and at higher levels in young P. densiflora and P,
thunbergii than in old tree and in those trees inoculated with
many B. xylophilus than others (Akiba and Nakamura,
2005) reported that adult trees of all P. thunbergii inoculated
with 1,000 nematodes had died within 6 weeks after
inoculation. In this study, the first mortality was shown on
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Fig. 2. Mortality of nine open-pollinated families within 80 days
after artificial inoculation with B. xylophilus. PT1-9, PT1-23, PT2-
3, and PT2-19: half-sib families from four mother trees of P
thunbergii which were imported as seedlings from Japan; PT3-
TW and PT5-TW: half-sib families from two hybrid mother
trees, P thunbergii3 x P taiwanensis and P. thunbergii5 x P
taiwanensis, PT9-MS and PT12-MS: half-sib families from two
hybrid mother trees, P thunbergit9 x P. massoniana and P.
thunbergiil2 x P. massoniana; PDN: half-sib family from one
mother tree of P. densiflora.

21 days after inoculation with 3,000 nematodes for a
seedling of family PT9-MS (Fig. 2). The same period of
time was taken for mortality of seedlings of loblolly, pond,
slash, and Virginia pines inoculated in a greenhouse at the
rate of 4,000 nematodes in Southeastern United States
(Dwinell, 1985). In our study, the mortality of seedlings of
nine families rapidly increased from 35 days to 49 days
after inoculation, and all died within 80 days except two
seedlings (Fig. 3), one from family PT2-19 inoculated with
3,000 nematodes and the other from family PT5-TW
inoculated with 5,000 nematodes. The two seedlings are
supposed to be resistant genotypes. However, the latter
showed that only inoculated branch was wilted until the end
of the experiment, implying that the joint between branch
and main stem might be effective as barrier to nematode
dispersal as Kuroda reported (2004). No symptoms were
observed in the control inocutations of all families.

Pine wilt disease has caused the most severe damage to
forests of P. thunbergii in Japan (Mamiya, 1983). Ten-year-
old five P. thunbergii inoculated with 1,000 nematodes in
the field had all died 42 days after inoculation (Akiba and
Nakamura, 2005). In this study, the open-pollinated progenies
of four familes, PT1-9, PT1-23, PI2-3, and PT2-19,
continued to die from 35 days to 80 days after inoculation
except one seedling of family PT2-19 (Fig. 2). Four
families of the P. thunbergii were expected to show
resistance to B. xylophilus because they were imported from
Japan as resistance families. However, since the progenies
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Fig. 3. Two seedlings survived 80 days after artificial inoculation
with B. xylophilus. (A) A seedling of family PT2-19 inoculated
with 3,000 nematodes; (B) A seedling of family PTS5-TW
inoculated with 5,000 nematodes.

are half-sib family, we neither know genetic effects of
pollen parent for resistance to B. xylophilus nor prove the
virulence of B. xylophilus isolates from Japan and Korea.
An 88.9% of the four families’ seedlings were dead within
49 days after inoculation (Fig. 1) in which the time of
mortality after inoculation was similar to the field test of
Akiba and Nakamura (2005) even though the inoculum
density, tree age, and environmental factors were different.

The seedlings of two families, PT3-TW and PTS5-TW,
start to die 28 days after inoculation and 93.1% of the
seedlings died within 49 days. One seedling of family PT5-
TW has survived until 80 days after inoculation. It has
reported that the interspecific hybrid of P thunbergii x P.
massoniana is resistant to B. xylophilus (Futai and Furuno,
1979; Mamiya 1983). In this study, open-pollinated progenies
(72 seedlings) of two families, PT9-MS and PT12-MS,
were all dead within 80 days, implying that pollen parents
may not contribute to resistance to pine wilt disease. The
first mortality (1.4%) was shown 21 days after inoculation
and 80.6% of the seedlings died within 49 days after
inoculation. Family PDN tended to show delayed symptom
development and mortality compared with other families.
A seedling of family PDN died in 28 days after inoculation
and 50% of all seedlings of the family died between 43
days and 49 days after inoculation.

We re-isolated B. xylophilus from nine seedlings of each
of four families, PT1-9, PT3-TW, PT12-MS, and PDN, and

the average number of nematodes per gram of dry weight

recovered was ranged only from 9 to 182, appearing that
they were poor host. In good hosts, much more B.
xylophilus could be isolated. Dwinell (1985) reported that
average number of pinewood nematodes per gram fresh

weight recovered from stem base and inoculation site in 3-
year-old seedlings of five pine species was ranged from 45
to 1,102 (average: 725). We could not find any correlation
between mortality and the number of nematodes recovered
and between mortality and the density of B. xylophilus.
However, many inoculation tests demonstrated a positive
relationship with rapidity and severity of the disease (Kishi,
1999, Akiba and Nakamura, 2005), implying that 3,000 to
7,000 nematodes do not make significant difference in the
development of pine wilt disecase. We confirmed that 3,000
nematodes/100 pl with sterilized distilled water are enough
for screening 3-year-old pine seedlings for resistance to B.
xylophilus.
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