
To understand how Bursaphelenchus xylophilus kills 
pine trees, the differences between the effects of B. xy-
lophilus and B. mucronatus on pine trees are usually 
compared. In this study, the migration and attacking 
ability of a non-pathogenic B. mucronatus in Pinus 
thunbergii were investigated. The distribution of B. 
mucronatus and the number of dead epithelial cells 
resulting from inoculation were compared with those 
of the pathogenic B. xylophilus. Although B. mucrona-
tus is non-pathogenic in pines, its distribution pattern 
in P. thunbergii was the same as that of B. xylophilus. 
We therefore concluded that the non-pathogenicity of 
B. mucronatus could not be attributed to its migration 
ability. The sparse and sporadic attacking pattern of B. 
mucronatus was also the same as that of B. xylophilus. 
However, the number and area of the dead epithelial 
cells in pine cuttings inoculated with B. mucronatus 
were smaller than in those cuttings inoculated with 
B. xylophilus, meaning that the attacking ability of 
B. mucronatus is weaker than that of B. xylophilus. 
Therefore, we concluded that the weaker attacking 
ability of B. mucronatus might be the factor respon-
sible for the non-pathogenicity.

Keywords : cell death, epithelial cell, evans blue, fluores-
cein isothiocyanate-conjugated wheat germ agglutinin, 
pine wilt disease

It has been shown that Bursaphelenchus mucronatus is a 
non-pathogenic pine wood nematode affecting pine spe-
cies in South Korea and Japan (Mamiya and Enda, 1979; 
Son and Moon, 2013; Woo et al., 2010). To understand the 
mechanisms of pine wilt disease (PWD), the responses of 
Pinus thunbergii and P. densiflora to the non-pathogenic 
B. mucronatus have been investigated and compared with 
the responses to the pathogenic B. xylophilus (Fukuda et 
al., 1992; Kojima et al., 1994; Odani et al., 1985). In the 
case of the pathogenic B. xylophilus, its multiplication, mi-
gration, and pine cell destruction abilities are considered 
important factors in the development of PWD (Ichihara et 
al., 2000; Ishida et al., 1993; Kiyohara and Suzuki, 1978). 
These abilities have also, to some extent, been described in 
B. mucronatus (Fukuda et al., 1992; Futai, 1980; Nobuchi 
et al., 1984).

Several studies have reported on the multiplication abili-
ty of B. mucronatus (Futai, 1980; Odani et al., 1985; Wang 
et al., 2005). The multiplication ability of B. mucronatus 
inoculated into P. thunbergii and/or P. densiflora seedlings, 
P. thunbergii stem cuttings, or Botrytis cinerea fungal mats 
is lower than that of B. xylophilus (Futai, 1980; Odani et 
al., 1985; Son and Moon, 2013). Wang et al. (2005) con-
cluded that the low multiplication ability of B. mucronatus 
was due to a low egg laying rate, longer generation time, 
and lower fecundity.

The migration ability of B. mucronatus has been previ-
ously demonstrated (Ishida et al., 1993; Son and Moon, 
2013; Togashi and Matsunaga, 2003). There are two 
conflicting opinions on the migration ability of B. mu-
cronatus. Ishida et al. (1993) indicated that migration 
of B. mucronatus was much more restricted than that of 
B. xylophilus in 5 cm current-year stem cuttings of P. 
thunbergii seedlings. However, Togashi and Matsunaga 
(2003) indicated that the migration ability of B. mucrona-
tus (isolate Un-1) in 5 cm branch sections of P. densiflora 
was not significantly different from that of B. xylophilus 
(isolate S-10). Son and Moon (2013) also showed that the 
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Migration and Attacking Ability of B. mucronatus

migration abilities of both B. mucronatus and B. xylophi-
lus in 20 cm current-year stem cuttings of P. thunbergii 
were not significantly different. 

The meaning of attacking ability is host cell destruction 
abilities that consisted of a combination of mechanical 
force and enzymatic softening of plant cells (Smant et al., 
1998). Cellulase secreted from B. mucronatus showed a 
lower level of activity than that secreted from B. xylophi-
lus (Kojima et al., 1994). Recent studies have shown that 
cellulase molecules are localized in the esophageal gland 
cells of B. xylophilus, secreted from the stylet, and used to 
enter host cells (Kikuchi et al., 2004; Zhang et al., 2006). 
B. xylophilus is likely to attack one pine cell at a time us-
ing the stylet, and migrate for subsequent attacks from 
the sparse and sporadic distribution of the dead epithelial 
cells in the cortical resin canals of P. thunbergii (Son et 
al., 2014). The attacking ability and pattern of B. mucro-
natus is not yet known. Thus, there may be undiscovered 
differences between the attacking abilities of B. xylophi-
lus and B. mucronatus. 

Bacteria may play a role in PWD development, in, for 
example, promoting the propagation of B. mucronatus 
(Tian et al., 2011) and B. xylophilus (Zhao and Lin, 2005). 
However, there are many different bacterial species as-
sociated with both nematode species and each has a dif-
ferent role that is not always positive or consistent (Zhao 
and Lin, 2005; Zhao et al., 2007, 2009). From Tian et 
al. (2011), only one bacterium showed cellulase activity. 
Moreover, Zhao et al. (2013) indicate that bacteria cannot 
increase the virulence of B. xylophilus and B. mucronatus. 
Contradictions still exist about the role of bacteria. There-
fore, we haven’t considered the roles of bacteria in this 
paper. 

In this study, to clarify the contradictions about B. mu-
cronatus migration, the distribution of B. mucronatus 
in pine stem cuttings was investigated at the tissue level 
using the fluorescein isothiocyanate-conjugated wheat 
germ agglutinin (F-WGA) staining technique (Komatsu 
et al., 2008; Son et al., 2010). The attacking pattern of B. 
mucronatus was also investigated by observing the dead 
epithelial cells in the cortical resin canals after B. mucro-
natus inoculation into pine stem cuttings using the Evans 
blue staining method (Son et al., 2014).

Materials and Methods

Detection of the distribution of B. mucronatus in P. 
thunbergii stem cuttings. B. mucronatus inoculum was 
prepared by multiplying an isolate Un-1 for approxi-
mately 10 days at 25oC on B. cinerea that had been culti-
vated on potato dextrose agar plates. The nematodes were 
extracted from the mycelia using the Baermann funnel 

method.
On July 23, 2008, 12 P. thunbergii foliage cuttings of 

20 cm in length (7–9 mm in diameter) were excised from 
the current-year part of the main stem of 3-year-old seed-
lings grown at the Tanashi Experimental Station of the 
University of Tokyo (Tokyo, Japan). Each cutting was 
placed upright and inoculated with 10,000 B. mucronatus 
suspended in 20 μl deionized water by placing the sus-
pension on the top cross-cut surface. After the inoculum 
suspension was absorbed into the cutting, both cut ends 
of the cutting were sealed with paraffin tape. The cuttings 
were packed into plastic bags to prevent them from dry-
ing out, and incubated at 30oC in the dark. 

Three cuttings were sampled 6, 24, 72, and 192 hours 
after inoculation (HAI). Blocks (1 cm long) were cut 
out at 0–1, 1–2, 5–6, 11–12, 15–16, and 19–20 cm from 
the top inoculation surface and fixed with FAA (1.85% 
formalin, 5% acetic anhydride, 63% ethanol in distilled 
water) to cut thin sections, as described in Son et al. 
(2015). These blocks were labeled block-0 cm, block-1 
cm, etc. From each block, five 25-μm-thin cross sections 
were cut with an interspace of 500 μm from the por-
tion at 0.1–0.325 cm from the top surface of the block, 
stained with F-WGA, and observed by epi-fluorescence 
microscopy (Olympus BX 50; Olympus Optical, Tokyo, 
Japan), as described in Son et al. (2015). The number of 
F-WGA-stained B. mucronatus in every thin pine-section 
was counted separately in each of the following tissues: 
cortical resin canal, cortical tissue, phloem, cambial layer, 
xylem axial resin canal, xylem radial resin canal, tracheid, 
pith, and short branch. 

The distribution of B. xylophilus in P. thunbergii stem 
cuttings was surveyed in Son et al. (2015). Our experi-
ment was conducted at the same time as that experiment, 
using the same material and methods. For this reason, the 
data on the distribution of B. xylophilus in P. thunbergii 
stem cuttings detailed in Son et al. (2015) were referred to 
in this study for comparison. 

Detection of the distribution of dead epithelial cells in P. 
thunbergii stem cuttings inoculated with B. mucrona-
tus. B. mucronatus inoculum was prepared by multiplying 
an isolate BMA87 (from the collection of the Korea Forest 
Research Institute) as described above.

On November 20, 2012, 9 stem cuttings of 20 cm in 
length (mean diameter = 7.9 mm) were excised from 
the current-year part of the main stem of 5-year-old P. 
thunbergii seedlings. Each of the 9 stem cuttings of the 
inoculation group was placed upright and inoculated with 
1,000 B. mucronatus suspended in 20 μl distilled water by 
placing the suspension on the top cross-cut surface. The 
upper and lower cut ends of the cuttings were sealed with 
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paraffin tape. Cuttings were then packed into plastic bags 
to prevent them from drying out and incubated at 25°C in 
the dark. 

Three stem cuttings from the inoculation group were 
sampled 1, 3, and 7 days after inoculation (DAI), respec-
tively. Each cutting was split into 2.5-cm-long segments, 
which were then tangentially cut with a razor blade. 
Following this, the cortical resin canals were axially cut 
and their epithelia exposed. The split segments were im-
mersed in 0.25% Evans blue aqueous-solution for 20 
minutes. After 3 washes in distilled water, blue-stained 
epithelial cells on the tangentially cut surfaces of the seg-

ments were observed with a dissecting microscope. Since 
Evans blue stains only dead cells (Gaff and Okong’o-
Ogora, 1971), any blue-stained cells in the epithelia were 
regarded as dead cells. The number of dead cells in the 
exposed epithelia of each segment was recorded and the 
relative area occupied by dead cells in the exposed epithe-
lium of each segment was calculated using a photograph 
of the tangentially cut surface of the segment (area, 1.5 × 
1.1 mm) by using Adobe Photoshop CS5 Extended (Adobe 
Systems Inc., San Jose, CA, USA), as described in Son et 
al. (2014).

The distributions of dead epithelial cells in P. thunbergii 
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Fig. 1. Distribution of Bursaphelenchus mucronatus and B. xylophilus inoculated into 20 cm main stem cuttings of 3-year-old Pinus 
thunbergii seedlings. (A) Distribution of B. mucronatus. (B) Distribution of B. xylophilus. Data from the article of Son et al. (2015) 
(Forest Pathol. 45:246–253) with permission, conducted at the same time as the experiment in this study. Numbers 1, 2, and 3 at the 
top side of the columns indicate each of the three different stem cuttings. Abbreviations at the bottom represent cortical resin canals 
(CRC), cortical tissues (CT), phloem (Phl), cambial layer (C), xylem axial resin canals (XARC), xylem radial resin canals (XRRC), 
tracheids (T), pith (P), and short branches (SB). Block-0 cm to block-19 cm at the left side indicate the distance from the inoculation 
surface to the sampling blocks. Each column indicates the average number of nematode segments in five pine thin-sections depend-
ing on its color (white, no nematode; light gray, average nematode numbers less than 1; gray, average nematode numbers over 1 but 
fewer than 10; dark gray, average nematode numbers over 10).
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stem cuttings inoculated with B. xylophilus and distilled 
water were surveyed by Son et al. (2014). Experiments 
in the present study and that of Son et al. (2014) were 
performed at the same time using the same materials and 
methods. Therefore, the data on distributions of dead epi-
thelial cells in P. thunbergii stem cuttings inoculated with 
B. xylophilus and distilled water in Son et al. (2014) were 
referred to in this study for comparison. 

Results

Distribution of B. mucronatus inoculated into P. thun-
bergii stem cuttings. The distributions of B. mucronatus 
in P. thunbergii stem cuttings are shown in Fig. 1A. B. 
mucronatus were observed in the cortical resin canals up 
to block-15 cm and in the xylem resin canals only up to 

block-0 cm at 6 HAI. At 24 HAI and thereafter, B. mu-
cronatus distribution extended through the cortical resin 
canals up to block-19 cm. B. mucronatus were present in 
the xylem axial resin canals up to block-5 cm and block-1 
cm at 24 and 72 HAI, respectively. At 192 HAI, their dis-
tribution extended up to block-19 cm. 

Distribution of dead epithelial cells in the cortical resin 
canals of P. thunbergii  stem cuttings inoculated with 
B. mucronatus. At 1 DAI, no epithelial cells were stained 
in blue in 21/22 segments from the control stem cuttings 
(Son et al., 2014; Table 1, Fig. 2A). However, blue-stained 
epithelial cells were found in 11/24 segments from the B. 
mucronatus-inoculated stem cuttings (Table 1). More than 
50 epithelial cells were stained in blue in one segment, 
while in other segments the number of stained cells varied 
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Table 1. The % area of the blue-stained epithelial cells in segments of 20 cm main stem cuttings of 5-year-old Pinus thunbergii 
inoculated with 1,000 Bursaphelenchus mucronatus shown 1, 3, and 7 days after inoculation (DAI)

Inoculum DAI Sample 
No.

The % area of the blue-stained epithelial cells in each  
segment at each distance from inoculation surface (cm) Mean

0–2.5 2.5–5 5–7.5 7.5–10 10–12.5 12.5–15 15–17.5 17.5–20

Control* 1 1 0 0 0 0 0 0 0 0 0
2 0 0 - NE 0 0 0 0 0
3 0 0 0.70 0 0 0 0 0 0.09

Mean 0.03
3 1 - 0 0 - 0 0 0 - 0

2 0 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0 0 0

Mean 0
7 1 0 2.67 0 0 0 0 0 0 0.33

2 - 0 - 0 0 0 - - 0
3 0 0 0 0 0 0 0 0 0

Mean 0.11
B. mucronatus 1 1 0 0.34 0.37 2.65 0 1.35 0 0 0.59

2 6.03 0 0.90 3.74 0 1.96 4.51 0 2.14
3 5.53 0 0 0 0 0 0 0.30 0.73

Mean 1.15
3 1 25.03 37.90 15.50 11.38 5.77 32.87 9.96 19.53 19.74

2 1.20 14.04 5.99 0 0 1.07 11.29 30.18 7.97
3 13.48 35.91 27.69 8.88 13.17 11.94 0.64 2.81 14.31

Mean 14.01
7 1 37.57 35.69, e 24.03, e 37.52 31.39 69.24 67.17 60.41 45.38

2 100 85.22 100 92.61 93.64 86.13 84.97 56.37 87.37
3 18.03 20.15 26.85 70.89 52.55 17.80 95.40 69.67 46.42

Mean 59.72

Values are presented as % of the blue-stained epithelial cell area per whole resin canal area in one section of photograph (area, 1.1 × 1.5 
mm).
-, whole epithelial cells covered by resin; NE, no exposed epithelial cell; e, enlarged epithelial cells.
*Data from the article of Son et al. (2014) (Nematology 16:663–668) with permission, conducted at the same time as the experi-
ment in this study.
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from 1 to 18 cells. Blue-stained epithelial cells were dis-
tributed sparsely and sporadically in the epithelia of the 
cortical resin canals (Fig. 2B, C). The relative mean area 
of the blue-stained epithelial cells in the B. mucronatus-
inoculated stem cuttings was 1.15% (Table 1).

At 3 DAI, there were no blue-stained epithelial cells in 
21 segments in the control stem cuttings (Son et al., 2014; 
Table 1, Fig. 2D). Blue-stained cells were found in 22/24 
segments from the B. mucronatus-inoculated stem cut-
tings with 9 segments showing more than 50 blue-stained 
epithelial cells (Table 1). The distribution of blue-stained 
cells was still sparse and sporadic, depending on the 
density (Fig. 2E, F). The relative mean area of the blue-
stained epithelial cells in the B. mucronatus-inoculated 
stem cuttings had increased to 14.01% (Table 1). 

At 7 DAI, epithelial cells remained unstained in 19/20 
segments from the control stem cuttings (Son et al., 2014; 
Table 1, Fig. 2G). In contrast, every segment of the B. 
mucronatus-inoculated stem cuttings contained more 

than 50 blue-stained epithelial cells. The distribution of 
the blue-stained cells was sparse and sporadic when the 
density was relatively low. As the density of blue-stained 
cells increased, blue-stained cells bridged the gap and 
eventually filled the whole resin canal (Fig. 2I). The rela-
tive mean area of the blue-stained epithelial cells in the B. 
mucronatus-inoculated stem cuttings was 59.72% (Table 
1). In addition, swollen epithelial cells were found in 2/24 
segments from the B. mucronatus-inoculated cuttings 
(Table 1, Fig. 2H).

Discussion

Since it is possible that B. mucronatus in pine stem seg-
ments at 72 and 192 HAI showed a population increase 
(Son and Moon, 2013; Wang et al., 2005), only the distri-
bution data of B. mucronatus at 6 and 24 HAI were used 
for the migration assessment in this study. B. mucronatus 
migrated mainly axially through the cortical resin canals 
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G H I

Fig. 2. Evans blue-stained dead cells in the epithelium of the cortical resin canals in current-year main stem cuttings of 5-year-old 
Pinus thunbergii. Abbreviations represent cortical resin canals (CRC) and cortical tissues (CT). Scale bars = 0.25 mm. (A, D, G) 
Stem cuttings inoculated with distilled water shown 1, 3, and 7 days after inoculation (DAI), respectively, and no dead cells were 
found in the cortical resin canal. Data from the article of Son et al. (2014) (Nematology 16:663–668) with permission, conducted at 
the same time as the experiment in this study. (B, C) Stem cuttings inoculated with Bursaphelenchus mucronatus, 1 DAI. Note that 
blue-stained dead cells are sporadically distributed in the resin canal; the area covered by the blue-stained dead cells was 5.53% (C). (E, 
F) Stem cuttings inoculated with B. mucronatus, 3 DAI. The areas covered by the blue-stained dead cells were 19.53% and 30.18%, 
respectively. The resin canal is present between the 2 dotted white-lines (F). (H, I) Stem cuttings inoculated with B. mucronatus, 7 
DAI. Enlarged epithelial cells are observed between the 2 dotted white-lines (H). The resin canal is also present between the 2 dotted 
white-lines. All the epithelial cells in the resin canal were dead (I).
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to the opposite side of the stem cutting at 6 and 24 HAI. 
At these time points, the distribution of B. mucronatus 
coincided with that observed by Son et al. (2015) for B. 
xylophilus. Based on these results, we suggest that the 
migrations of B. xylophilus and B. mucronatus described 
in the studies of Togashi and Matsunaga (2003) and Son 
and Moon (2013), respectively, occur axially through the 
cortical resin canals. Therefore, the axial migration abili-
ties of B. xylophilus and B. mucronatus through the corti-
cal resin canals do not appear to differ from each other. 
However, our study could not explain the conflicting 
results obtained by Ishida et al. (1993), who suggested 
that the migration ability of B. mucronatus is much more 
limited than that of B. xylophilus. Based on the distri-
bution of B. mucronatus at 72 HAI, we suggest that B. 
mucronatus cannot migrate horizontally from the cortical 
resin canals to the surrounding tissues. B. xylophilus also 
showed a similar distribution pattern (Son et al., 2015). 
Horizontal migration of B. mucronatus was detected at 
192 HAI, which coincides with the result obtained for B. 
xylophilus (Son et al., 2015). Son et al. (2010) indicated 
that B. xylophilus migrate axially through the cortical and 
the xylem axial resin canals, and then, migrate horizon-
tally from both resin canals to the surrounding tissues. 
Our study also showed that B. mucronatus migrate faster 
through the cortical resin canals, and then, through the 
xylem axial resin canals, to finally migrate horizontally 
from both resin canals to the surrounding tissues. Son et 
al. (2015) also indicated that the xylem axial resin canal 
of P. thunbergii is an important pathway for B. xylophilus 
in inducing PWD in the whole pine tree. In the present 
study, we also detected B. mucronatus in every tissue in-
cluding in the xylem axial resin canals, meaning that B. 
mucronatus can also migrate throughout the whole pine 
tree.

In this study, a sparse and sporadic distribution of dead 
pine epithelial cells was observed in pine cuttings inocu-
lated with B. mucronatus. This distribution is similar to 
the one observed for B. xylophilus in a previous study (Son 
et al., 2014). These results indicate that both nematodes 
show the same pattern when attacking pine epithelial 
cells. However, at 1 and 3 DAI, the number and area of 
dead epithelial cells in pine cuttings inoculated with B. 
mucronatus were smaller than in those inoculated with 
B. xylophilus (Son et al., 2014). Based on this result, we 
suggest that the attacking ability of B. mucronatus is 
weaker than that of B. xylophilus. B. xylophilus kills pine 
cells using its stylet together with a cellulase secretion 
(Kikuchi et al., 2004; Kuroda and Mamiya, 1986; Zhang 
et al., 2007). However, B. mucronatus secretes a cellulase 
with weaker activity (Kojima et al., 1994). Therefore, the 
weaker activity of the cellulase may cause the weaker at-

tacking ability of B. mucronatus. However, the number 
and area of dead epithelial cells in pine cuttings inocu-
lated with B. mucronatus were larger than in those inocu-
lated with B. xylophilus at 7 DAI (Son et al., 2014). This 
may be the case because the stainability of dead cell by B. 
xylophilus was hidden by leaked resin and enlarged epi-
thelial cells. Further study is required to determine why 
resin canals were covered with resin and had more en-
larged epithelial cells inoculated with B. xylophilus than 
those inoculated with B. mucronatus at 7 DAI. 

This study is the first to suggest that the non-pathoge-
nicity of B. mucronatus may be related to their weaker 
attacking ability. As described in B. xylophilus, B. mu-
cronatus also migrate mainly through the cortical resin 
canals of pine cuttings, and then, through the xylem axial 
resin canals, to finally migrate from both resin canals to 
the surrounding tissues. The migration ability of both 
nematode species does not seem to differ when the nema-
todes migrate through pine resin canals. However, when 
the nematodes attack pine cells, the attacking ability of 
these nematode species differs due to the weaker attack-
ing ability of B. mucronatus compared to that of B. xy-
lophilus. In conclusion, the present study showed that the 
non-pathogenicity of B. mucronatus was caused by their 
weaker attacking ability. 
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