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Pathogenic Roles of the Bacteria carried by Bursaphelenchus mucronatus
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Abstract: Fifty strains of bacteria were isolated from six isolates of the nematode Bursaphelenchus mucronatus (Bm) from China and
Russia and identified using the BioMerieux Vitek 32 system. In bioassay, 3 bacterial strains showed the high levels of phytotoxin
production while 19, 16, and 12 strains showed moderately, low and no phytotoxin production, respectively. Inoculation of 2-month-
old Pinus thunbergii seedling with each of the six Bm isolates showed that the mean number of days from inoculation to death of 80%
of the seedlings was significantly related to the ratio of the total number of bacterial strains for a nematode isolate to the number of
pathogenic bacterial strains of the nematode isolate. The results of inoculation of 3-year-old P. thunbergii seedlings showed that
inoculation with either axenic Bm (ABm) or axenic B. xylophilus (ABx) and the pathogenic bacterial strain together were essential for
inducing pine wilt. These findings demonstrate that wilt symptoms caused by Bm conform to our earlier hypothesis (Zhao et al.,
2003) that pine wilt disease, induced by certain Bx or Bm isolates, is caused by a complex of both the nematodes and their associated
pathogenic bacteria. The results also account for the variation in pathogenicity of Bm populations from different parts of the world.
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INTRODUCTION

The nematode Bursaphelenchus mucronatus (Bm),
a close relative of the pine wood nematode, Bursaphe-
lenchus xylophilus (Bx), is a wood-inhabiting nematode
native to northern Eurasia. Nematodes in Bursaphelen-
chus are mycophagic and phytophagic (mostly on co-
nifers) and the specialized entomophilic nematode
juvenile (dauerlarva) are vectored to conifers by wood-
inhabiting beetles. Inoculations with Bm isolates from
different regions of the world have resulted in varying
pathogenicities to pine species. Mamiya (1998) stated
that the occurrence of B. mucronatus has never been
related to epidemic disease anywhere within its distri-
bution area. Kanzaki and Futai (2006) reported that
when they inoculated shaded and unshaded Pinus
densiflora seedlings with B. mucronatus, the nematode was
only pathogenic on shaded seedlings. However, other
authors have reported the potential pathogenicity of B.
mucronatus (Kulinich et al., 1994; Kishi, 1995). Damage
caused by B. mucronatus may be related to special envi-
ronmental conditions of susceptible pine species
(Braasch et al., 1998). Li et al. (2007) reported that
more than 20,000 trees of Pinus yunanensis died of pine
wilt caused by B. mucronatus in 2005 in five forests in
Huaping county, Yunnan Province, China. Zhang
(2003) indicated that more than 65 million pine trees
died of pine wilt disease caused by B. mucronatus in the
local pine forests in Guiyang City, Guizhou Province,
China. Caroppo et al. (2000) used three Bursaphelenchus

species to inoculate conifer seedlings in a growth
chamber and outdoors. They found that inoculation
with Bm isolates resulted in 30-100% mortality to P.
sylvestris, P. pinaster, and Larix decidua. The highest
mortality was recorded for P. sylvestris seedlings. A sim-
ilar result was reported in Turkey for P. sylvestris seed-
lings (Akbulut et al., 2007). At Nanjing, China, Zhang
and Lin (2004) inoculated 2-year-old Pinus thunbergii
seedlings with 20 Bm isolates from China, Japan, Can-
ada, Korea, France and Norway. The results showed that
the most pathogenic Bm isolates, with seedling mor-
tality rates above 85%, were BmFr (from France),
BmCGHH (from China), BmCFJ2 (from China) and
BmCFJ3 (from China). The second most pathogenic
group of Bm isolates, with a significant higher seedling
mortality relative to the control, included 11 popula-
tions from China and Canada. A third group of Bm
isolates, which caused no significant seedling mortality,
included BmJan (from Japan), BmK1 (from Korea),
BmK2 (from Korea) and BmH (from Norway).

These differences in results raise the question as to
why Bm isolates vary in their pathogenicity. There is
currently no generally accepted answer to the question.
To investigate whether the bacteria carried by Bm play
a role in pine wilt disease, we isolated and identified the
bacterial strains associated with the following six Bm
isolates: Ru1 (from Russia), Ru2 (from Russia), Ru3
(from Russia), SC (from Sichuang Provice, China), JX1
(from China) and JX2 (from China), and then de-
termined the ability of the bacterial strains to produce
phytotoxins using a bioassay comprised of bacterial cell
free cultures and 2-month-old P. thunbergii seedlings. In
addition, the pathogenicity of various combinations of
Bm isolates, Bx isolates and their associated bacterial
strains were determined in 3-year-old P. thunbergii
seedlings.

MATERIALS AND METHODS

Bacteria carried by Bm: Six Bm isolates were used in the
studies. Three originated in Russia (all isolated in 2002)
including Ru1 from Abies sp. tree logs in the Ural
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Mountains, Sverdlovski region, Ru2 from Larix sibirica
in the Irkusky Region, and Ru3 from Picea sp. in the
Krasnoyarsky Territory and three (all isolated from P.
massoniana in 2004) from China: JX1, JX2 from Jiangxi
Province, China and SC from Sichuan Province. JX2
was collected from a log of a healthy P. massoniana,
which was cut down in 2003 in a pine forest in Jingde
Zhen, Jiangxi Province, China, where pine wilt disease
has never been reported. The other Bm isolates from
China were from naturally-affected pine forests, where
surveys for Bx before collecting the wood samples of
Bm showed that the nematode was not present.

Isolation and identification of bacteria: The wood from
which the nematodes were isolated was surface sterilized
with 70% ethanol and the sapwood was removed with
a sterilized knife. Four blocks (1 cm 3 0.5 cm 3 0.5 cm
each) were removed from the centre of the wood and
plated onto nutrient broth (NB) medium (10 g of
peptone, 5 g of NaCl, 12 g of agar per liter, pH 7.2-7.4)
in petri dishes and incubated at 288C. Three replicate
plates were made for each sample. Two to three days
later bacterial colonies were selected from the trails
made by nematodes on the medium. To avoid losing
bacteria species, colonies with different characters from
those already selected were intentionally chosen and
kept for further purification. The selected and purified
colonies were stored at 2288C.

To ensure all the colonies of the bacteria came from
Bm, the nematodes were collected from the dishes in
which bacterial colonies had been isolated, and identi-
fied morphologically using a microscope. Only those
colonies from dishes in which all the nematodes were
identified as Bm were selected for further identification.

Characteristics such as color, transparency, promi-
nence, edge, and viscosity of the isolated and purified
colonies were observed while Gram and oxidase re-
actions were performed (Noel & Bergey, 1984). These
cultures were then identified using a bioMérieux Vitek
32 Auto-BacteriaI Analyzer (bioMérieux Inc., Marcy-
Etoile, France). The VITEK GNI+ or VITEK GPI cards
were adopted according to the Gram, catalase, and
oxidase reactions of the bacterial strains. The results
were then subjected to analysis using the related soft-
ware (bioMerieux Inc., Marcy-Etoile, France).

To further identify the Bm and Bx used in this study,
genomic DNA was extracted from the six Bm isolates
and one Bx isolate. Duplex PCR was then applied
according to the method outlined by Jiang (2005).

Aseptic culture of P. thunbergii seedlings: Seeds of P.
thunbergii, were washed in running water for 4 hr, dip-
ped in 0.1% potassium permanganate for 2 hr and then
washed three times in sterile water. The seeds were af-
terwards treated with 70% ethanol for 30 sec, then with
0.1% mercuric chloride for 1 min and washed five times
in sterile water. Under aseptic conditions the seed coat
was removed, the seed contents were washed three
times in sterile water, treated with 5% hydrogen per-

oxide solution for 3 min, then washed five times in
sterile water. The treated seeds were soaked for 24 hr,
treated with 3% hydrogen peroxide solution for 3 min,
and washed five times in sterile water. They were then
put on a potato dextrose agar (PDA) plate for germi-
nation at 268C. If a plate was contaminated, the seeds or
seedlings were discarded. When new seedlings sprou-
ted, they were transferred to 20 mm diameter test tubes
containing MS media (Sigma Chemicals), incubated at
258C and grown using a 14 hr, 10,000 lux light followed
by 10 hr dark regime.

Bioassay of toxins produced by the bacteria: All the iden-
tified strains of bacteria were separately inoculated into
nutrient broth liquid medium (3 g of nutrient broth, 10
g of peptone, 5 g of NaCl, pH 7.2-7.4). The cultures
were then grown as shake cultures (110 rotations/min
at 288C) for 5 days. The original liquid medium was
then adjusted to a final concentration of 13106 bacte-
ria/ml and was centrifuged at 800 g for 15 min. Then,
the supernatant liquid was filtered through a 0.45 mm
filter (ME25STL, Whatman Inc.) and the liquid without
bacterial cells was used in the bioassay tests.

All glassware and materials were sterilized and the
bioassay was conducted in a 300 ml glass bottle with
a 4.5 cm diameter mouth that contained three 1.5 ml
ampoules. Under aseptic conditions, a 2-month-old
aseptic seedling with the root cut off was put into an
ampoule containing the bacteria-free supernatant from
an identified bacterium. Enough water was added to
the bottle to maintain a high humidity level. There were
six replicates for each strain of the identified bacteria.
The blank nutrient broth was medium treated identi-
cally to the inoculated media used in the control. Each
bottle with three seedlings was sealed and kept at 278C
under 14 hr light (10000 lux) and 10 hr dark. For 10
days the appearance of the seedlings was recorded,
along with the number of days from beginning of the
bioassay to the wilting of a seedling. The mean time for
the six replicates was used as an indicator of the phy-
totoxicity of each bacterium. If all six inoculated seed-
lings wilted within 2, 2-4, or 4-6 days, the strain was
considered to produce the strong (+++), moderate (++)
or weak (+) phytotoxic reactions, respectively. For those
assays with no wilted seedlings within 6 days, the strain
was considered as nontoxic (2).

Inoculation of 2-month-old P. thunbergii seedlings with Bm
isolates: After culturing the wild Bm isolates on a Botrytis
cinerea culture, the nematodes were extracted using
Baermann funnels, then washed three times with
a sterile, physiological salt solution (0.9% w/v NaCl)
with the suspension adjusted to 2000 nematodes/ml.
The upper stem of a 2-month-old P. thunbergii seedling
was lightly punctured with a needle. Then, a small piece
of sterilized cotton was introduced onto the wound and
500 nematodes pipetted onto it. Each treatment con-
sisted of 20 replicates. Inoculation with a sterile, phys-
iological salt solution was used as the control.
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The seedlings were observed daily for 30 days, while
the symptoms which developed and the days at which
80% of the seedlings had wilted were recorded for each
treatment.

Inoculation of 3-year-old P. thunbergii seedling with Bm
isolates: The JX2 isolate of Bm was cultured on the
fungus Botrytis cinerea growing on PDA medium in
a petri dish kept at 288C for 1 week. Bx (Nanjing isolate,
NJ) was isolated from naturally diseased and wilted Pi-
nus thunbergii in Nanjing, Jiangsu, China. The infested
wood was cut into 2 mm 3 10 mm 3 10 mm chips and
the nematodes were extracted from 20 g (fresh weight)
samples using a Baermann funnel. The nematodes
were cultured on B. cinerea, growing on PDA.

Bm and Bx nematodes were washed off the culture
plates with sterilized water and individuals were isolated
and identified using a dissecting microscope. An adult
female and a male adult were placed on a B. cinerea
culture grown on PDA and incubated at 288C. Adult
nematodes of the two species were extracted from the
resulting culture using a Baermann funnel and placed
into a petri dish containing a thin layer of 2% agar and
1% ethanol (Shuto and Watanabe, 1988) and kept at
288C for 24 hr. The nematodes and eggs were then
washed with a physiological salt solution and centri-
fuged in a test tube at 800 g for 6 min. The eggs were
then removed from the precipitate with a 10 ml syringe
and used as the non-sterilized egg control.

The remaining precipitate, containing nematodes
and eggs, was sterilized with 15% hydrogen peroxide for
10 min at 208C. After the precipitate was washed five times
and centrifuged at 800 g, the nematodes were removed.
The remaining axenic eggs were cultured on bacteria-free
B. cinerea. To confirm that the nematodes were free of
bacteria, a few eggs were placed on NB medium and in-
cubated at 288C for 2 days and examined for bacterial
colonies. If any bacteria were present, the nematodes
from the same batch were discarded. The bacteria free
nematodes were propagated for use as inoculum on B.
cinerea growing on PDA in petri dishes kept at 288C.

The experiments were conducted between July and
October, 2006. The bacteria-free Bm JX2 isolate (ABm)
and the bacteria free Bm NJ isolate (ABx) were used for
inoculation. The bacterial strains used in the inoculation
were SC7 (Pseudomonas putida) and GcM6-1A (P. putida)
(Zhao et al., 2003), which were the strong phytotoxin
producers and ZM2C (Pantoea sp.) (Wang, 2003), Ru25
(Acinetobacter lwoffi/junii) and JX23 (Pantoea agglomerans),
which were not phytotoxin producers. The following
isolate assays were used in the inoculation experiments:
wild Bm (JX2), wild Bx (NJ), ABm (axeptic Bm JX2),
ABx (axeptic Bx NJ), Ru25, JX23, SC7, GcM6-1A, ZM2C
(Zhao et al., 2003; Wang, 2003), ABm and Ru25, ABm
and JX23, ABm and SC7, ABm and ZM2C, ABm and
GcM6-1A, ABx and ZM2C, ABx and GcM6-1A, ABx and
Ru25, ABx and JX23, ABx and SC7, and Control (phys-
iological salt solution, 0.9% w/v NaCl) (see Table 1).

A bacterial colony was removed from the slant nu-
trient broth agar media after incubation for 48 hr,
transferred into nutrient broth liquid medium, and
grown as a shake culture for 48 hr at 288C. The bacterial
culture was then centrifuged at 15000 g for 30 min
and the supernatant discarded. For inoculations with

TABLE 1. Bacterial strains identified from the six Bursaphelenchus
mucronatus isolates and their phytotoxicity to 2-month-old Pinus
thunbergii seedlings.

Bacterial strain Species 1Similarity (%) Phytotoxicity

SC1 Acinetobacter lwoffi/junii 93 ++
SC2 A. lwoffi/junii 98 ++
SC3 A. lwoffi/junii 82 +
SC4 Pseudomonas putida 99 ++
SC5 A. hydrophila 98 +++
SC6 A. hydrophila 99 ++
SC7 Pseudomonas putida 82 +++
SC9 Aeromonas hydrophila 98 +++
SC10 Acinetobacte lwoffi/junii 98 -
Ru11 Pseudomonas aeruginosa 99 +
Ru12 P. putida 85 ++
Ru13 Enterobacter intermedius 98 +
Ru15 E. cloacae 95 ++
Ru16 Pseudomonas intermediu 99 ++
Ru17 P. cloacae 91 +
Ru19 Enterobacter intermedius 98 ++
Ru110 E. intermedius 98 ++
Ru21 Acinetobacte lwoffi/junii 98 +
Ru22 Staphylococcus auricularis 99 +
Ru23 Acinetobacte. lwoffi/junii 98 +
Ru24 A. lwoffi/junii 98 ++
Ru25 A. lwoffi/junii 97 -
Ru26 Staphylococcus auricularis 99 -
Ru27 Acinetobacte lwoffi/junii 98 -
Ru28 A. lwoffi/junii 97 -
Ru29 Staphylococcus auricularis 99 +
Ru210 Pseudomonas aeruginosa 89 ++
Ru211 Staphylococcus aeruginosa 97 ++
Ru31 Enterococcus casseliflavus 99 +
Ru34 Acinetobacte lwoffi/junii 98 ++
Ru35 A. lwoffi/junii 98 ++
Ru36 A. lwoffi/junii 55 ++
Ru37 A. lwoffi/junii 98 +
Ru38 Actinobacillus ureae 99 ++
Ru39 Enterobacter intermedius 99 ++
Ru310 E. intermedius 99 -
JX12 Serratia marcescens 97 ++
JX14 P. putida 85 +
JX15 Escherichia hermannii 88 -
JX16 Pseudomonas putida 85 -
JX17 P. putida 85 ++
JX19 P. putida 87 +
JX21 Enterobacter cloacae 92 +
JX22 E. cloacae 96 -
JX23 Pantoea agglomerans 99 -
JX26 Escherichi ermannii 98 -
JX27 Pantoea agglomerans 99 -
JX28 Escherichi hermannii 98 +
JX29 E. hermannii 98 +
JX210 E. hermannii 98 +
control / - -

1 = The values are produced by an auto-bacterial analyzer and are sorted into
seven different categories of results: ($99.9) excellent identification;
(99.0;99.8) very good identification; (90.0;98.9) good identification;
(80.0;89.9) acceptable identification; and (<79.9) low discrimination.

‘‘/’’ indicates no bacterium found.
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bacteria and nematodes, the suspension was left for 1 hr
to allow the bacteria to combine with the nematodes.
Untreated nematodes were obtained using Baermann
funnels after culturing wild BX on a mat of B. cinerea
and washing them three times with sterile physiological
salt solution. The nematode suspension was adjusted to
10,000 nematodes/ml. To ensure that the nematodes
were axenic, they were checked again before use as
described previously. Tests using 3-year-old P. Thunbergii
seedlings were conducted in a P. thunbergii forest on
the campus of Nanjing Forestry University, China. In-
oculations were made with 5000 wild or axenic Bm or
Bx in 0.5 ml and/or 2 3 106 bacteria in 0.5 ml of sterile
physiological salt solution and a control treatment with
0.5 ml of sterile physiological salt solution. Twelve trees
were used for each treatment. All tools and materials
used in the experiments were sterilized. A cut, about 5
mm deep, was made on the tree trunk after surface
sterilizing the bark with 70% alcohol, after which, the
inoculum was introduced onto a piece of sterilized
cotton and inserted into the cut. Then, the cotton was
covered with a piece of five-layer-thick gauze and a sec-
ond piece, surface–treated with streptomycin paste, was
added and both were bound tightly onto the trunk with
a bandage. Symptoms which developed on the trees
were observed and recorded 3 months after inocu-
lation. Two branch samples were cut from an inocu-
lated seedling and were used to recover bacteria and
nematodes by the protocol outlined in the ‘‘Isolation
and identification of bacteria’’ paragraph.

RESULTS

As expected, PCR of the six Bm isolates yielded
a fragment of approximately 800 bp, while the duplex
PCR of Bx isolate yielded two fragments with sizes of
approximately 800 bp and 570 bp (Fig. 1). This result
was consistent with previously reported findings (Jiang,
2005), which indicated that the Bm isolates used in this
study were quite different from the Bx isolates with re-
spect to the size of the amplified DNA.

Table 1 shows the bacterial strains isolated from the
six isolates of Bm and their phytotoxicity to pine seed-

lings. Three strains produced the strong phytotoxic
reaction (+++), while strains 19, 16 and 12 produced
a moderate (++), weak (+) and no (2) phytotoxin ef-
fects, respectively (Tables 1 and 2).

Table 2 gives the number of bacterial strains from the
six Bm isolates, grouped by the level of their phytotoxin
production. Table 3 shows the number of bacterial
strains with ‘‘+++’’ and ‘‘++’’ phytotoxicity levels and
their distribution among the Bm isolates. The domi-
nant bacterial genera isolates which exhibited the
strong pathogenicity levels were Aeromonas, Acinetobacter
and Pseudomonas (Table 3). Table 4 shows the inverse
ratio of the number of bacterial strains with pathoge-
nicity ‘‘+++’’ and ‘‘++’’ to the total number of identified
strains for each of the six Bm isolates and the patho-
genicity of each of six Bm isolates based on the mean
number of days from nematode inoculation until the
death of 80% of the 2-month-old P. thunbergii seedlings.
In descending order, the ratio values for the Bm isolates
were SC, Ru1=Ru3, JX1, Ru2, and JX2. Their relative
pathogenicities followed the same sequence. The JX2
isolates not exhibiting strong or moderate phytotoxic
bacteria in our bioassay system did not show pathoge-
nicity to the 2-month-old P. thunbergii seedlings (Table 3
and Table 4). This indicates that the pathogenicity of
each Bm isolate on P. thunbergii seedlings is related to
the inverse ratio of the pathogenic bacterial strains in
the isolate.

FIG. 1. Duplex PCR with Bm and Bx isolates. 1, DNA marker; 2, Bx;
3, Ru1; 4, Ru2; 5,Ru3; 6, JX1; 7, JX2; 8, SC.

TABLE 2. The number of bacterial strains carried by the nema-
tode isolates and their pathogenicity.

Phytotoxicity1 of the
bacterial strain

Number of the bacterial strains
carried by nematode isolates

SC Ru1 Ru3 Ru2 JX1 JX2 S

+++ 3 0 0 0 0 0 3
++ 4 5 5 3 2 0 19
+ 1 3 2 4 2 4 16
2 1 0 1 4 2 4 12
S 9 8 8 11 6 8 50

1 = see Table 1 for phytotoxicity levels of the bacterial associated with the Bm
isolates.

TABLE 3. The number of bacterial strains with ‘‘+++’’ and ‘‘++’’
phytotoxicity levels and their distribution among the Bursaphelenchus
mucronatus isolates.

The bacterial genus containing
strain with ‘‘+++’’ or ‘‘++’’

Number of bacterial strains
in the Bm isolate

SC Ru1 Ru3 Ru2 JX1 JX2 S

Aeromonas 4 3 / / / / 7
Acinetobacter 2 / 3 1 / / 6
Pseudomonas 1 2 1 1 / 5
Staphylococcus / / / 1 / / 1
Actinobacillus / / 1 / / / 1
Enterobacter / / 1 / / / 1
Serratia / / / / 1 / 1
S 7 5 5 3 2 0 22
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In the inoculation experiments with 3-year-old seed-
lings (Table 5), the strong phytotoxin producing bac-
teria used were SC7 (Pseudomonas putida) (Table 1), and
GcM6-1A (P. putida) (Zhao et al. 2003), followed by the
non-phytotoxin producing Ru25 (Acinetobacter lwoffi/
junii) (Table 1), JX23 (Pantoea agglomerans) (Table 1),
and ZM2C (Pantoea spp.) (Wang, 2003). The bacterial
strains in the experiment were combined with Bm SC
and BX NJ nematode isolates, respectively. The results
of the inoculation experiment with 3-year-old P. thun-
bergii seedlings showed that the wild Bm SC and wild Bx
NJ isolates were the most pathogenic, resulting in death
of all 12 test trees (Table 5). However, the axenic Bm SC
isolate (ABm) and the BX NJ isolate (ABx) did not
cause wilting in any of the 12 inoculated trees. The trees
inoculated with all five bacterial strains showed no
symptoms. In the ABm or ABx plus the bacterial strains
of non-phytotoxin producing treatments, the test trees
did not show any wilting symptoms except for trees in-
oculated with ABx plus JX23 (Pantoea agglomerans)

showed wilting symptom in 4 trees of the 12 treated
ones. However, 9 to 11 seedlings wilted in the groups of
12 trees treated with ABm or ABx plus strong phyot-
toxin producing bacterial strains. At the end of the
experiment, all the components of inoculum (bacteria,
nematodes, or both) were recovered from the affected
tree seedlings, except in the trees inoculated with only
a bacterial strain, which showed no trace of the in-
oculum.

DISCUSSION

The dominative pathogenic bacterial strains isolated
from the six Bm isolates belong to the genera Aero-
monas, Acinetobacter and Pseudomonas. Thus, Bm carries
much more pathogenic bacterial diversity compared to
Bx, which mainly carries the Pseudomonas bacteria
(Zhao et al., 2003). The observation that some Bm
isolates carry only non-pathogenic bacteria implies that
the relationship between this nematode species and its

TABLE 4. The relationship between the inverse ratio of the number of bacterial strains and pathogenicity (‘‘+++’’ and ‘‘++’’) to the total
number of the identified strains in the Bursaphelenchus mucronatus isolate and its pathogenicity to the tested two-month-old Pinus thunbergii.

Bm isolate

control Sc Ru1 Ru3 JX1 Ru2 JX2

The inverse ratio of the number of bacterial strains
with pathogenicity ‘‘+++’’ & ‘‘++’’ to the total number
of identified strains of the Bm isolate

2 1.28 (9/7) 1.6 (8/5) 1.6 (8/5) 3.0 (5/2) 3.67 (11/3) / (8/0)

Pathogenicity (days until death in 80 % the tested
trees after inoculation of the Bursaphelenchus mucronatus isolate)

>30 3.6 4.2 4.2 5.5 5.8 >30

TABLE 5. Percentage of wilted, 3-year-old P. thunbergii and recovery of the inoculated bacterium and nematode.

Nematode
Treatment Bacterial

strain
Pathogenicity of the

bacterial strain
The ratio of
wilted tree

Recovery of
bacterial

Recovery of
nematode

Frenquency Species Frenquency Species

wild Bm (SC) / / 12/12 / / 12/12 Bm
wild Bx (NJ) / / 12/12 / / 12/12 Bx
ABm (SC) / / 0/12 0/8 / 12/12 Bm
ABx (NJ) / / 0/12 0/8 / 12/12 Bx

/ Ru25 (Acinetobacter lwoffi/junii) - 0/12 0/8 / 0/12 /
/ JX23 (Pantoea agglomerans) - 0/12 0/8 / 0/12 /
/ SC7 (Pseudomonas putida) +++ 0/12 0/8 / 0/12 /
/ ZM2C (Pantoea spp.) - 0/12 0/8 / 0/12 /
/ GcM6-1A (Pseudomonas putida) +++ 0/12 0/8 / 0/12 /

ABm Ru25 (Acinetobacter lwoffi/junii) - 0/12 6/8 A. lwoffi/junii) 12/12 Bm
ABm JX23 (Pantoea agglomerans) - 0/12 7/8 P. agglomerans 12/12 Bm
ABm SC7 (Pseudomonas putida) +++ 11/12 6/8 P. putida 12/12 Bm
ABm ZM2C (Pantoea spp.) 2 0/12 5/8 Pantoea spp. 12/12 Bm
ABm GcM6-1A (Pseudomonas putida) +++ 9/12 6/8 P. putida 12/12 Bm
ABx ZM2C (Pantoea spp.) 2 0/12 5/8 Pantoea spp. 12/12 Bx
ABx GcM6-1A (Pseudomonas putida) +++ 10/12 6/8 P. putida 12/12 Bx
ABx Ru25 (Acinetobacter lwoffi/junii) 2 0/12 6/8 A. lwoffi/junii 12/12 Bx
ABx JX23 (Pantoea agglomerans) - 4/12 4/8 P. agglomerans and

other speciesw
12/12 Bx

ABx SC7 (Pseudomonas putida) +++ 10/12 7/8 P. putida 12/12 Bx
Control (Aseptic physiological salt solution) 0/12 0/8 / 0/12 /

w The other bacteria recovered were Pseudomonas putida, P. aeruginosa, Staphylococcus auricularis and Pantoea agglomerans.
‘‘/’’ means there is not any bacterial or nematode species existed in the inoculate or in the recovery of the sample.
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associated pathogenic bacteria is not as close as that of
Bx, which carries primarily pathogenic bacteria.

As described in the introduction of this paper, there
are different theories regarding the varying pathoge-
nicity of Bm. However, the cause of these differences
has not been clarified. Earlier, Zhao et al. (2003) pro-
posed that pine wilt disease is induced by the complex
of both the nematode Bx and the pathogenic bacteria it
carries. The results of the present study show that pine
wilt symptoms caused by certain Bm isolates were in-
duced by the nematode and associated pathogenic
bacteria. The Bm isolate JX2 which did not carry
moderate pathogenic bacteria, did not induce pine wilt
symptoms. Pine wilt caused by the Bm isolates has the
same etiology as that caused by Bx. Thus, we conclude
that pine wilt disease is induced by the complex of both
Bm and the pathogenic bacteria it carries. The differ-
ences between Bm and Bx in their pathogenicity levels
may reflect the relationship between the nematode and
the associated pathogenic bacteria. The relationship
between Bm and its associated pathogenic bacteria is
more diverse than that of Bx. Some of the Bm associ-
ated pathogenic bacteria may have forged a commensal
relationship with their nematodes or even act as para-
sites. Our findings might explain why some wild isolates
of Bm can induce pine wilt symptoms, while other
populations of this nematode species cannot.

In the inoculation experiment with 3-year-old P.
thunbergii seedlings, the only exceptions were the four
trees from a group of 12, inoculated with the nematode
ABx and bacterial strain JX23 (Pantoea agglomerans),
that wilted. This may have occurred because the ABx
was re-contaminated with pathogenic bacteria in the
field during or after inoculation (Zhao et al., 2003;
Kawazu & Kaneko, 1997). In the recovery, the other
pathogenic bacteria appeared in the 4 wilted seedlings,
but not in the healthy seedlings (Table 5), which sup-
ports this explanation.

In this study, bacteria were not recovered from trees
inoculated with only a bacterial strain. It indicates that
the bacterial strain could not survive in the tested trees
if bacteria were inoculated without nematodes. How-
ever, ABm or ABx inoculated without bacteria survived
in the pine seedlings. Therefore, it was suggested that
both the nematodes and their associated strong phyto-
toxin producing bacteria were required to induce pine
wilt. The phytotoxin producing bacteria play an essen-
tial role in the pine wilt disease caused by Bm or Bx.

To understand the inner processes of the wilt disease
caused by Bm, further research is needed on the re-
lationship between Bm and associated pathogenic
bacteria, what factors cause the bacteria carried by Bm

to increase their combined pathogenicity and on the
molecular etiology of wilt disease caused by Bm.
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