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Abstract: Pseudomonas fluorescens GcM5-1A, isolated from the pine wood nematode (PWN), Bursaphelenchus xylophilus, was cultured
in Luria Broth medium (LB). The clarified culture was extracted with ethyl acetate, and two dipeptides were purified from the
extract. The chemical structures of 1 and 2 were identified as cyclo(-Pro-Val-)and cyclo(-Pro-Tyr-), respectively, by MS, 1H NMR, 13C
NMR, 1H-1H COSY, 1H -13C COSY spectra. Bioassay results showed that the two compounds were toxic to both suspension cells and
seedlings of Pinus thunbergii, which may offer some clues to research the mechanism of pine wilt disease caused by PWN.
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The pine wood nematode (PWN), Bursaphelenchus xy-
lophilus, is the causal agent of pine wilt disease (PWD).
It is native to North America and has been introduced
to Japan by way of timber trade in the early 20th cen-
tury, from where it has spread into China and Korea. In
1999, it was reported for the first time in Portugal and
in Europe (Mota et al., 1999) and has become a world-
wide threat to forest resources. It is essential to know
the mechanism of pine wilt caused by PWN, in order to
better control the nematode.

Bursaphelenchus xylophilus has been thought to be the
only pathogen of PWD (Mamiya, 1983; Myers, 1988;
Yang, 2002), though the mechanism of the disease has
not been well elucidated. However, there has been an
increase in claims that bacteria are associated with
PWN, and thus surface-sterilized PWN would lose its
pathogenicity (Kawazu and Kaneko, 1997; Oku et al.,
1980; Zhao et al., 2000a). Each nematode from natu-
rally infected Japanese black pine trees, P. thunbergii,
has been reported to carry an average of 290 bacterial
cells (Guo et al., 2002) on its body surface, which can
be observed directly by scanning electron microscopy
(Zhao et al., 2000b). A survey of species of bacteria
carried by PWN isolated from diseased P. thunbergii and
P. massoniana in China indicated that 24 bacterial
strains were isolated and identified. Bioassays showed
that 17 of the 24 strains could produce toxins, and most
of the strains belonged to genus Pseudomonas (Zhao et
al., 2003). Since it is a common phenomenon for nema-
todes to carry bacteria in nature, it is possible that these
bacteria may interact with nematodes and contribute to
pine wilt to some extent. Therefore, we hypothesize
that PWD is a complex, induced by both PWN and the
bacteria it carries. To further elucidate the role of bac-
teria carried by PWN in PWD, we report two phytotox-

ins, cyclo(-Pro-Val-) and cyclo(-Pro-Tyr-), referred to as
compounds 1 and 2, respectively, secreted by P. fluore-
scens GcM5-1A carried by PWN in vitro, which were
toxic to both suspension cells and shoot seedlings of P.
thunbergii.

Materials and Methods

Bacterium strain: Pseudomonas fluorescens GcM5-1A was
isolated and primarily identified from PWN in diseased
Japanese black pine, P. thunbergii, in China as described
by Zhao et al. (2003).

Culturing of aseptic black pine seedlings and callus: Fol-
lowing the procedure of Zhao et al. (2003), seeds of
black pine were washed in running water for 2 hr,
dipped in 0.1% potassium permanganate for 3 hr and
washed three times with sterile water. The seeds were
then treated with 0.1% mercuric chloride for 1 min and
washed with sterile water five times. They were then
placed on Murashige and Skoog (MS) solid medium
for germination at 25°C.When new seedlings sprouted,
they were transplanted into large bottles containing au-
toclaved perlite supplemented with MS liquid medium
and cultured under a regime of 14 hr light:10 hr dark
at 25°C until approximately 8 cm high.

Calli were induced on the tissue culture medium (1⁄2
MS, 10.0 mg/liter 2,4-D [2,4-dichlorophenoxyacetic
acid], 4.0 mg/liter KT [kinetin], 4.0 mg/liter 6-BA
[6-benzylaminopurine]) from mature embryos of P.
thunbergii at 27°C in the dark. The callus was subcul-
tured on the calli-maintaining medium (1/2 MS, 0.5
mg/liter NAA [1-naphthaleneacetic acid], 0.1 mg/liter
IBA [indolebutyric acid], 1.0 mg/liter GA3 [gibberel-
lin], 100 mg/liter LH [lactolbumin hydrolysate], 1.0
mg/liter 2,4-D) in the same conditions as described
above.

Culturing of bacteria: A single colony of P. fluorescens
GcM5-1A was inoculated into 30 ml Luria Broth (LB)
medium and shake-cultured at 30°C for 24 hr. Then the
culture was inoculated into 2 liters LB medium in an
8-liter flask and cultured in the same way as above. The
final culture was clarified by centrifugation at 15,000g
for 20 min at 4°C, and the supernatant was collected for
isolation of toxins.
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Extraction and purification of toxins: Ammonium sulfate
was added to 2 liters of clarified culture to a saturation
of 60%, the precipitated protein was collected by cen-
trifugation at 4°C, 15,000g for 30 min, and the resulting
supernatant was used to isolate low molecular weight
toxins. The supernatant was extracted three times with
1 volume of ethyl acetate. The combined organic phase
was concentrated in vacuum to give a brown oil (0.73
g). The brown oil was applied on a silica gel (200–400
mesh) column (2.0 × 30 cm) and eluted with a solvent
gradient of ethyl acetate-methanol (from 100 to 1:1).
Twelve fractions were collected guided by TLC (GF254).
At the same time, LB medium (2 liters) was extracted
with ethyl acetate (3 × 2 liters), and ethyl acetate extract
of LB medium was obtained. To establish that the main
component of each fraction was in fact from P. fluore-
scens GcM5-1A, they were analyzed by TLC (GF254) in
contrast with ethyl acetate extract of LB medium. Ac-
cording to their TLC profiles, the main components of
fractions III, IV, VI, VIII, IX, X and XII were found to
be produced by P. fluorescens GcM5-1A instead of from
LB medium. Bioassays in toxicities of fractions to both
suspension cells and seedlings showed fractions IV and
VI had strong toxicities. Active fraction IV (0.03 g) was
rechromatographied on a Sephadex LH-20 column
(1.6 × 30cm) using ethyl acetate-methanol (10:1) as
elution solvent, followed by preparative TLC (GF254)
with acetate-methanol (8:1) as developing solvent, to
yield compound 1 (1.2 mg), with strong toxicity. An-
other active fraction, VI (0.05 g), was again subjected to
silica gel (200 - 400 mesh) column (1.5 × 20cm) chro-
matography using an eluent of acetate-methanol (6:1)
and then to TLC (GF254) with acetate-methanol (5:1)as
developing solvent; finally, compound 2 (2.1 mg), also
with strong toxicity, was obtained.

Structure elucidation of toxins: NMR spectra were ob-
tained on a Bruker AV-400 with tetramethylsilane
(TMS) as internal standard in CDCl3. EI mass spectra
were measured at 70 ev using an Agilent 5973 mass
spectrometer. ESI mass spectra were obtained on Wa-
ters ZQ-4000 LC-ESIMS.

Assays of toxicity to Japanese black pine suspension cells:
Callus (about 0.1 g) was suspended in 0.5 ml 1/2 MS
medium; aliquots of 0.19 ml suspension cells were put
into sterilized Eppendorf tubes, and 10 µl of different
samples were added to the suspension cell solution and
mixed gently. For control, 10 µl distilled water was
added instead of tested sample. The suspension cells
were incubated at 28°C, and lethal rate of the suspen-
sion cells was calculated every day under a fluorescence
microscope following the procedure of Zhao et al.
(2005).

Assays of toxicity to Japanese black pine seedlings: Japanese
black pine seedlings approximately 8-cm high were
root-cut and put into Eppendorf tubes filled with 0.5 ml
of distilled water or sample through the small holes on
the lids. The seedlings were then cultured in an incu-
bator at 28°C with light intensity of 1,000 lux; symptoms

on the seedlings were observed and recorded every day
after treatment. For each test, 100 healthy seedlings
were used for treatment, and another 100 seedlings
were used for control. Each experiment was repeated
three times.

Results

Isolation of components from the culture of P. fluorescens
GcM5-1A: The culture of P. fluorescens GcM5-1A was ex-
tracted with ethyl acetate. The extract was applied to a
silica gel column and eluted with a solvent gradient of
ethyl acetate-methanol (from 100 to 1:1), 12 fractions
were eluted by TLC (GF254), and only the main com-
ponents of fractions III, IV, VI, VIII, IX, X and XII were
tested to confirm that they had been produced by P.
fluorescens GcM5-1A. After the solvents of these seven
fractions were evaporated, the fractions were dissolved
in distilled water and bio-assayed. The toxicities of the
seven components to suspension cells of P. thunbergii 36
hr after treatment were classified at three levels: −, le-
thal rate less than 10%; +, lethal rate between 10% and
40%; and ++, lethal rate greater than 40%. The bioassay
result showed that fractions IV and VI were most toxic
to suspension cells (Table1).

Elucidation of structure of compounds 1 and 2: Com-
pound 1 was isolated from fraction IV through re-
peated chromatographies on silica gel and Sephadex
LH-20 columns and preparative thin-layer GF254 plates.
m/z197 of [M+H+] from ESIMS indicated the molecu-
lar weight of compound 1 was 196. The chemical struc-
ture was identified as a known cyclic dipeptide, cyclo
(-Pro-Val-) (Fig. 1), by 1H NMR, 13C NMR, 1H-1H COSY,
1H-13C COSY spectra and comparison with published
spectral values (Schmitz et al., 1983; Kang and Chen,
2003; Li et al., 2005).

Compound 2 was purified from fraction VI through
repeated silica gel column chromatographies followed
by preparative TLC (GF254). m/z260 of [M+H+] from
EIMS and m/z261 of [M+H+] from ESIMS indicated
the molecular weight of compound 2 was 260. Its
chemical structure also was identified as a known cyclic
dipeptide, cyclo(-Pro-Tyr-) (Fig. 1), by 1H NMR, 13C
NMR, 1H-1H COSY, 1H-13C COSY spectra and pub-
lished evidence (Xiong et al., 2002). The data for com-
pounds 1 and 2 are summarized as follows: compound
1, cyclo(-Pro-Val-), white crystals from acetate-methanol
(8:1), C10H16N2O2, ESIMS, m/z: 197([M+H]+), 1H

TABLE 1. Toxicities of seven fractions isolated from clarified cul-
ture of P. fluorescens GcM5-1A to suspension cells of P. thunbergii 36 hr
after treatment. a 10 µg aliquot of concentrated fractions III, IV, VI,
VIII, IX, X and XII was added to 0.5 ml suspension cells, respectively.
The cells were incubated at 28°C for 36 hr, and lethal rates were
calculated under a fluorescence microscope after cells were stained
with FDA (fluorescein diacetate) following the procedure of Zhao et
al. (2005).

Fraction III IV VI VIII IX X XII

Toxicity − ++ ++ + − − +
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NMR and 13C NMR(CDCl3), see Table 2. Compound 2,
cyclo(-Pro-Tyr-), white powder from acetate-
methanol(5:1), C14H16N2O3, EIMS,m/z:260([M]+,5),
154(100), 107(56), 77(10), 70(28), 41(10); ESIMS,

m/z:261([M+H]+), 1H NMR and 13C NMR(CDCl3),
see Table 1.

Toxicities of compounds 1 and 2 to suspension cells of
Japanese black pine: From the bioassay results it is clear
that compounds 1 and 2 were toxic to black pine sus-
pension cells, and the effect was quite related to treat-
ment time and concentration of the compounds. The
lethal rates of suspension cells treated with cyclo(-Pro-
Val-) at 10, 20, and 30 µg/ml for 48 hr were 65%, 73%
and 80%, respectively. Lethal rates of suspension cells
treated with cyclo(-Pro-Tyr-) were 55%, 63% and 69%,
respectively, while for control, the lethal rate was only
22%. Also, the lethal rates increased with the prolon-
gation of treatment time. The lethal rates of suspension
cells treated with cyclo(-Pro-Tyr-) at 10, 20, and 30 µg/
ml increased 1.17, 0.92 and 0.78 times from 12 to 48 hr
after treatment, respectively. Comparatively, lethal rates
for cyclo(-Pro-Val-) increased 1.29, 1.03 and 0.82 times,
respectively (Fig. 2). These data indicated that com-
pounds 1 and 2 were both toxic to suspension cells of
Japanese black pine and showed a similar toxicity.

Toxicities of compounds 1 and 2 to Japanese black pine
seedlings: Since these two compounds could cause dam-
age to suspension cells, we suggest that they may also
affect the physiology of Japanese black pine seedlings.
Seedlings were treated with 20 µg/ml of compound 1
or compound 2 for 5 d. At the same time, seedlings
were inserted in distilled water for control, and the
number of wilted seedlings was recorded every day. As
shown in Figure 3, the seedlings treated with the two
compounds began to wilt from d 2. On d 3, more than
half the seedlings treated with compound 1 and about
half the seedlings treated with compound 2 were wilted,
and 98% of seedlings treated with compound 1 and
96% of those treated with compound 2 were wilted by
d 5. In the control, only 2% of seedlings were wilted at

FIG. 1. Structure of cyclo(-Pro-Val-) (A) and cyclo(-Pro-Tyr-) (B)
isolated from clarified culture of Pseudomonas fluorescens GcM5-1A.

TABLE 2. 1H NMR and 13C NMR spectra of cyclo(-Pro-Val-)(1) and cyclo(-Pro-Tyr-)(2).

1 2

No. �H �C No. �H �C

Proline Proline
CO 169.8s CO 169.7s
� 4.08 (1H,m) 58.8d � 4.10 (1H,m) 59.2d

�
2.38 (1H,m)

29.7t �
2.33 (1 H,m)

28.3t
2.05 (1H,m) 1.99 (1H,m)

�
2.03 (1H,m)

22.4t �
2.01 (1H,m)

22.5t
1.90 (1 H,m) 1.93 (1 H,m)

�
3.64 (1 H,m)

45.2t �
3.63 (1 H,m)

45.5t
3.56 (1 H,m) 3.57 (1 H,m)

Valine Tyrosine
CO 164.9s CO 165.2s
� 3.95 (1 H,d, 11.2) 60.4d � 4.14 (1 H,m) 56.3d

� 2.64 (1 H,m) 28.4d �
3.46 (1 H,m)

35.9t
2.79 (1 H,m)

�1 0.92 (3 H,d, 6.92) 12.1q
1� 127.0s

�2 1.06 (3H,d, 6.92) 16.0q
N-H 5.82 (1 H,s) 2�,6� 7.05 (2 H,d, 8.4) 130.3d)

3�,5� 6.79 (2 H,d, 8.4) 116.1d
4� 155.6s
N-H 7.27 (1 H,s)
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the end of test. Thus, both compounds 1 and 2 were
toxic to black pine seedlings.

Discussion

It is a general and natural phenomenon for PWN to
carry bacteria. Previous studies showed that the bacteria
alone could not invade seedlings and cause PWD, and
axenic nematodes that remained free of bacteria were
also less pathogenic (Zhao et al., 2003). Bacteria iso-
lated from nematodes in diseased pine could produce
toxin in vitro, which led to a conclusion that pine wood
nematodes carrying toxin-producing bacteria were nec-
essary to induce to PWD in Japanese black pine (Zhao
et al., 2003, 2005). But until now, very little was known
about the toxins produced by bacteria or the effect of
nematodes on the production of toxins. Kawazu (1998)
reported that Bacillus spp. isolated from nematodes
could produce phenylacetic acid, which was toxic to

callus, suspension cells and black pine seedlings. Here,
we report for the first time two toxins synthesized by P.
fluorescens GcM5-1A carried by nematodes, cyclo(-Pro-
Val-) (1) and cyclo(-Pro-Tyr-) (2). Cyclo(-Pro-Tyr-) has
been detected in the plant Phytolacca polyandra (Xiong
et al., 2002), bacterium Aristabacter necator (Cain et al.,
2003) and fungus Alternaria alternata (Stierle et al.,
1988). This compound was phytotoxic to spotted knap-
weed and showed synergistic effect of antimicrobial ac-
tivity against Aspergillus niger with pyrrolnitrin. In this
study, this compound as well as cyclo(-Pro-Val-) was
found to be toxic to both Japanese black pine suspen-
sion cells and seedlings.

We propose that nematode-carrying bacteria might
produce various toxins including cyclo(-Pro-Val-) and
cyclo(-Pro-Tyr-) which may cause damage to pine trees.
More in vivo experiments are needed to ascertain this.
An interesting phenomenon was observed during ex-
perimental process: water in the Eppendorf tubes of
the treated group evaporated faster than that of control
(data not shown). To know exactly the role of com-
pounds 1 and 2 in the mechanism of PWD caused by
nematodes, first of all, these two compounds must be
detected in diseased trees. Zhao’s (2005) recent re-
search indicated that PWN promoted the production of
toxins by bacterium in host tissue. Therefore, we inocu-
lated 3-year-old Japanese black pine seedlings with
nematodes carrying P. fluorescens GcM5-1A and tried to
determine whether there was compounds 1 or 2 in vivo;
this work is still undergoing. From the above result, we
find that Japanese black pine seedlings were very sen-
sitive to the two toxins. Oku et al. (1980) reported that
bacteria were associated with PWN and a pine wilt toxin
was the metabolite of a bacterium associated with a
nematode. If bacteria associated with PWN could in-
deed produce toxins in seedlings, these toxins could be
transported from sites where nematodes intruded to
other parts of infected trees and cause cell necrosis of
the tissues. Therefore, this study offers a basis for fur-
ther investigation of the mechanism of PWD caused by
PWN.
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