Journal of Nematology 30(2):255-261. 1988.
© The Society of Nematologists 1988.

Neutral Storage Lipid and Exit Behavior of
Bursaphelenchus xylophilus Fourth-stage Dispersal
Juveniles from their Beetle Vectors'

W. TERRELL STAMPS AND MARC J. Lintt?

Abstract: The J4 dispersal juvenile is a specialized life stage of the pinewood nematode, Bursaphelenchus
xylophilus (Steiner & Buhrer) Nickle, that is transported by cerambycid beetles in the genus Monochamus.
The mediation of J4 exit from beetle vectors is poorly understood. We hypothesized that decreasing
neutral storage lipid in B. xylophilus J4 was related to behaviors leading to their exit from the beetle on
which they are carried. J4 remaining within beetles and J4 exited from beetles were fixed, stained, and
digitized for computerized image analysis of neutral storage lipid content. Nematodes remaining within
beetles had significantly higher neutral lipid area than those that exited during the first 4 weeks of adult
beetle life. Neutral storage lipid content of J4 from within beetles decreased dramatically at week 5 and
remained low through week 10. Desiccation was thought to be the reason for this decrease. Neutral
storage lipid was correlated with nematode exit and may contribute to B. xylophilus exit from vectors.
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Bursaphelenchus xylophilus (Steiner and
Buhrer) Nickle is a secondary, and some-
times primary, pathogen of Pinus spp. The
dispersal stage of the nematode is trans-
ported by cerambycid beetles in the genus
Monochamus (Mamiya and Enda, 1972). The
fourth-stage dispersal juvenile (J4) is a non-
feeding, dauer-like juvenile stage that is
adapted to unfavorable conditions (Mamiya,
1983). J4 enter the respiratory systems of
newly eclosed adult beetles that have devel-
oped within pine and are carried to new
host trees where the nematodes enter beetle
oviposition or feeding wounds (Kobayashi et
al. 1984; Linit, 1990; Wingfield and Blan-
chette, 1983).

The factors influencing J4 exit from
beetles are not well understood. Volatile ter-
penes such as B-myrcene from pine have
been suggested to stimulate exit from beetle
vectors (Giblin-Davis, 1993; Hinode et al,,
1987; Ishikawa et al., 1986), but the detec-
tion of these compounds by J4 cannot fully
explain the pattern of nematode exit. Large
numbers of J4 exit beetles in the apparent
absence of pine volatiles (unpublished
data). The temporal pattern of nematode
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exit does not coincide with the presence of
the most likely pine volatile cues. Exit is
miminal the first week after beetle emer-
gence, when beetles are feeding on healthy
pine and B-myrcene is present in high con-
centrations. Exit reaches a peak in 2 or 3
weeks, then gradually declines over the re-
maining weeks of the beetle’s adult life (Ko-
bayashi et al., 1984; Linit, 1989; Nakane,
1976).

The main food reserve for the non-
feeding stages of numerous plant- and ani-
mal-parasitic nematodes is neutral lipid
(Barrett, 1976; Storey, 1983, 1984; Van
Gundy, 1965). Kondo and Ishibashi (1978)
hypothesized that stored neutral lipid of J4
of B. xylophilus may be mobilized to glycogen
for energy needs or may be used in the his-
togenesis of the intestine, median bulb, sty-
let, and reproductive organs in preparation
for molting to the adult stage. Non-feeding,
dauer juveniles of some species of nema-
todes utilize lipid at a linear rate of about
1% a day under normal conditions (Barrett,
1969; Wilson, 1965). Bursaphelenchus xylophi-
lus J4 may use internal monitoring of utili-
zation of neutral storage lipid (NS lipid) as a
component in the initiation of exit behav-
ior.

Factors intrinsic to the nematodes may
mediate J4 exit from their beetle vectors.
Changes in the concentrations of lipid, gly-
cogen, or other compounds stored within
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the nematode is one possible mechanism.
We hypothesize that decreasing NS lipid in
B. xylophilus J4 is related to behaviors leading
to their exit from the beetle on which they
are carried. The objectives of this study were
to examine (i) the relationship of NS lipid
content to exit of J4 by comparing NS lipid
reserves in J4 within beetles with reserves in
those having exited from beetles without ex-
trinsic cues, and (ii) the temporal progres-
sion of NS lipid utilization in J4.

MATERIALS AND METHODS

Monochamus carolinensis (Olivier) adults
were examined for infestation of J4 upon
emergence from logs of jack pine, Pinus
banksiana Lamb, and maintained at 28 °C
and 70% RH (Zhang et al., 1995). Infested
beetles were marked with a binary labeling
technique (Humphry and Linit, 1989) to
document their date of emergence. Nema-
tode-infested beetles of 11 ages (1, 7, 14, 21,
28, 35, 42, 49, 56, 63, and 70 days following
adult beetle emergence) were placed in exit
arenas on raised wire screen floors. J4 that
exited the beetles in 24 hours were collected
in distilled water in the bottom of the petri
dishes. Beetles from which nematodes ex-
ited were processed in a Baermann funnel
for 24 hours to collect resident J4 (those
that remained within beetles) (Southey,
1986).

If no nematodes exited a beetle, the
beetle was either returned to the laboratory
colony or macerated for nematode extrac-
tion, as above. Beetles returned to the lab
colony were reassayed weekly for up to 4
weeks. Additional beetles that were not as-
sayed during the first 14 days of adulthood
were added to the study to increase the
number of time points, as younger beetles
died or were processed for nematode recov-
ery.

Nematode processing and lipid staining: The
NS lipid reserves of the two groups of J4,
those that exited beetles and resident J4,
were quantified and compared. J4 from 1- to
70-day-old adult beetles were examined.

The low numbers of nematodes that typi-
cally exit beetles over a 24-hour period (a

few hundred or less) required us to use a
computerized digital quantification of
stained NS lipid rather than the more tradi-
tional chemical quantification methods that
require many thousands of nematodes (Fit-
ters et al.,, 1997). J4 were fixed, and the
droplets of unbound neutral lipid within the
nematodes were then stained with oil red O
following the procedure of Stamps and Linit
(1995). Approximately 10 nematodes from a
single beetle were then mounted on a mi-
croscope slide using the wax ring method
(Southey, 1986).

NS lipid content of resident and exited J4: In-
dividual stained J4 were recorded for 10 sec-
onds with a high-resolution video camera
mounted on a brightfield microscope, and
images were videotaped. A frame grabber
board in a desktop computer was used to
caputure a single image of each of the J4
recorded.

Image analysis software (Mocha, SPSS,
Chicago, IL) was used to determine total
body area and NS lipid droplet area of each
videotaped J4. A clearfield image was ap-
plied to each nematode to correct for un-
even lighting across the image, thereby im-
proving accuracy of the measurement pro-
cess. A calibration was also performed on
each image to convert raw pixels to millime-
ters.

Two ‘“‘overlay planes’ were created to
measure the NS lipid area and the body area
of each nematode. The planes were set to
measure area (mm?®) and average light in-
tensity (scale of 0-255; 0 = black, 255 =
white) based on pixel intensity of the NS
lipid and the unstained non-lipid area of the
nematode body, respectively. Images of
more than 1,500 nematodes from approxi-
mately 100 beetles were analyzed during the
course of the study.

The percentage of body area occupied by
droplets of NS lipid (percent lipid area) was
measured on 5 to 10 nematodes from an
individual beetle, and the mean value was
used as the experimental unit in all subse-
quent data analyses. Light intensity values
originally were intended to be used as an
indicator of depth of NS lipid (i.e., over-
lapped droplets), but slight variations in
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staining among wells of the tissue-culture
plate outweighed subtle differences in NS
lipid density among nematodes. Though
area of NS lipid is a less accurate estimate
than volume, area measurements usually are
sufficient to indicate significant differences
between treatments (Nwosu, 1978; Van
Gundy et al., 1967).

Analysis of variance and least squares
means tests were used to determine if per-
cent NS lipid area differed significantly be-
tween resident and exited J4 from 1- to 70-
day-old beetles. Least squares means tests
were used to determine if NS lipid contents
within each nematode group changed sig-
nificantly over time. Pearson product mo-
ment correlations (r) were used to deter-
mine the relationship over beetle ages
between percent beetles with exiting nema-
todes and percent NS lipid area of resident
nematodes and percent resident nematodes
with no stained lipid.

A second study was undertaken to deter-
mine the rate of NS lipid loss in J4 resulting
from the energy expended during move-
ment in the exit arena water. One or two B.
xylophilusinfested beetles at each of five
time points (1, 7, 14, 21, and 35 days) were
processed in Baermann funnels to extract
J4. The nematodes from each beetle were
randomly assigned to one of two treatments:
(i) immediate fixation in FA 4:1, or (ii)
placement in distilled water in the bottom of
exit arenas for 24 hours, followed by fixa-
tion. All nematodes were then stained and
processed for image analysis, as above.
Analysis of variance was used to compare
percent NS lipid area of nematodes, pooled
across beetle ages, between treatments.

REsuLTs

Nematodes did not exit from 1-day-old
adult beetles. Exited nematodes from older
beetles were collected from an average of
30% of the beetles tested.

The percent NS lipid area of resident and
exited J4 in beetles 28 days old or younger
differed significantly between treatments (F
= 6.21; df = 1,86; P = 0.015) and among

beetle age (F = 4.62; df = 9,86; P = 0.0001).
The interaction was not significant (F = 0.49;
df = 8,86, P = 0.857). The percent NS lipid
area of J4 exited from 7- to 28-day-old
beetles was significantly lower than that of
resident J4 (Fig. 1). Within-treatment NS
lipid area did not decrease significantly over
the first 28 days for both resident and exited
JIv.

There was a significant, four-fold decrease
in NS lipid area of resident J4 from beetles
more than 28 days old, compared with the
NS lipid areas of resident J4 from younger
beetles (Fig. 1). Neutral stained lipid area
did not decrease significantly in resident J4
from beetles at least 35 days or older. There
was a decrease in the NS lipid area of exited
J4 corresponding to the drop observed for
residents, but the decrease was not signifi-
cant. Also, the NS lipid areas of resident and
exited J4 from older beetles did not differ
within beetle age. The number of resident
J4 containing few or no stained lipid drop-
lets increased dramatically in beetles more
than 28 days old. About half of the resident
J4 from beetles beyond 28 days contained no
stained lipid droplets. In comparison, only
about 10% of resident J4 from younger
beetles contained no stained lipid droplets
(Table 1). This accounted for the significant
decrease in NS lipid areas of resident J4
from the older beetles (Fig. 1). Nematodes
collected from beetles only 1 day after emer-
gence had large numbers of NS lipid drop-
lets, and NS lipid areas had little variation
compared to NS lipid areas of J4 from older
beetles (Fig. 1). Fifty percent of 7- to 28-day-
old beetles had exiting nematodes com-
pared to 22% of 35-day-old and older beetles
(T =3.012, df = 8, P= 0.017). There was a
significant positive correlation between the
percentage of beetles with exiting nema-
todes and the percent NS lipid area of resi-
dent nematodes (r = 0.665, P= 0.05). There
was a significant negative correlation be-
tween the percentage of beetles with exiting
nematodes and the percentage of resident
nematodes with no stained NS lipid (r =
-0.669, P=0.049). As the number of beetles
with exiting nematodes decreased over time,
the percent NS lipid in resident nematodes
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Percentage of neutral storage (NS) lipid contents of resident J4 dispersal juveniles of Bursaphelenchus

xylophilus (O) and exited J4 () over 10 weeks post-adult beetle emergence (beetle age 1, 7, 14 . .. 70 days). Data .
points are means of the NS lipid percentage of 5 to 10 resident or exited J4 per beetle, the numbers within each
data point are the number of beetles examined, and the error bars are standard errors. “No exit” indicates exited
J4 were not collected for that time point. Mean values followed by the same letter did not differ significantly within
treatments (percentage NS lipid area) across beetle age and between treatments within beete age at P = 0.05,

according to least squares means tests.

decreased and the number of resident J4
with no stained lipid increased. Most nema-
todes exited from beetles 2 to 4 weeks old,

TasLe I Percentage of total number of individual
resident J4 dispersal juveniles of B. xylophilus without
stained neutral storage (NS) lipid. Means followed by
the same letter do not differ significantly from one an-
other at P=0.05.

Adult beetle age No. of J4 Percentage of total J4
(days) examined without stained NS lipid
1 52 6a
7 94 1a
14 215 11 a
21 115 17 a
28 56 14a
35 75 57b
42 51 63 b
49 20 80 b
56 10 60 b
63 28 68 b
70 20 65 b

with the number decreasing during the re-
mainder of the beetle’s life.

The NS lipid of J4 removed from beetles
and placed in distilled water in exit arenas
for 24 hours did not differ significantly (F =
0.10; df = 1,12; P = 0.735) from resident J4
that were fixed immediately upon removal.

Discussion

The temporal pattern of B. xylophilus exit
from its insect vector has been described by
several researchers (Kobayashi et al., 1984;
Linit, 1989; Nakane, 1976; Togashi, 1985)
and appears to be similar for all Monochamus
species. J4 exit is generally very low during
the first 5 to 10 days following adult beetle
emergence. Exit is highest during the next
few weeks and then declines as adult beetles
reach an age of 5 weeks or more. The
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mechanisms that underlie this pattern are
poorly understood.

A distinct bimodal pattern of J4 exit from
beetle vectors was observed in this study.
Most nematodes exited beetles within the
first 4 weeks following adult beetle emer-
gence, and a greater percentage of beetles
tested during the first 4 weeks of adult life
carried nematodes that exited. The rate of
nematode exit from adult beetles greater
than 4 weeks of age was dramatically lower.

No J4 exit was observed from 1l-day-old
beetles. The J4 exiting from 7- to 28-day-old
beetles had significantly lower NS lipid area
than resident J4 from beetles of the same
age range. This suggests that J4 behavior
changes are associated with changes in NS
lipid area or that a significant amount of
lipid was utilized during the exit process.
Work conducted with other nematode spe-
cies and the results of the present study do
not support the latter conjecture.

A variety of nematode species use lipid at
low rates under normal conditions (Barrett,
1969; Wilson, 1965). Nwosu (1978) deter-
mined that excessive activity resulting from
artificial and continuous stimulation by neo-
stigmine bromide for 8 hours was required
for a loss of 10% lipid in Ancylostoma tubae-
Sforme. In the present study, there was a three-
fold difference in estimated NS lipid be-
tween resident and exited J4 from 7- to 28-
day-old beetles. In contrast, the NS lipid of
J4 removed from beetles and placed in dis-
tilled water in exit arenas for 24 hours did
not differ significantly from resident J4 that
were fixed immediately upon removal from
beetles. Thus, it is unlikely that the differ-
ence observed in NS lipid area between resi-
dent and exited J4 was due to energy con-
sumption during the exit process.

Uniformly high amounts of NS lipid in J4
from 1-day-old beetles were correlated with
the absence of exiting J4 during the first
week of an adult beetle’s life (in the absence
of plant or fungal clues). J4 resident in older
beetles showed greater variation in NS lipid
area, with a significant portion of the popu-
lation sampled having few or no NS lipid
droplets. The change in variation of NS lipid
area from low to high over the first 4 weeks

in resident J4 corresponded to the onset of
exit behavior. Changes in NS lipid content
in resident nematodes were correlated with
the percentage of beetles with exiting nema-
todes.

Decreased NS lipid area in resident nema-
todes from older beetles (35 days or more)
indicated a physiological change. Resident
J4 in beetles at least 5 weeks old became
brown and dried in appearance and were
unable to move when placed on a glass slide.
These desiccated J4 could be rehydrated in
water in the laboratory, but this process is
unlikely to occur within a beetle’s trachea
under natural conditions. Thus, the major-
ity of resident J4 in beetles older than 5
weeks may be unable to exit because of des-
iccation or depleted energy reserves. The
lack of NS lipid may reflect the energy cost
of converting neutral lipid to other com-
pounds for surviving desiccation. In Aphelen-
chus avenae, lipid content dropped to 60% of
its original value in the first 72 hours of slow
drying, with a concomitant increase in tre-
halose and glycerol, both of which were im-
plicated in survival under drying conditions
(Evans and Womersley, 1980). Lipid also de-
creases upon rehydration. These processes
may explain the decrease in the NS lipid of
resident J4 from older beetles. J4 may use
NS lipid upon entering a desiccated state
and use still more NS lipid when rehydrated
during extraction in a Baermann funnel.
Dessication as a method of survival under
adverse conditions is a well-documented
component of the life histories of many
nematode species (Evans and Womersley,
1980; Van Gundy, 1965; Wharton et al.,
1985).

Though evidence from other species sug-
gests lipid can be a minor component of the
energy required for host invasion (Van
Gundy et al., 1967), mobility of B. xylophilus
resident J4 may be affected when NS lipid is
depleted. NS lipid area of resident J4 from
beetles at least 4 weeks old decreased signifi-
cantly compared to 4 from younger beetles.
This decrease correlated with decreases in
the numbers of exiting nematodes and a de-
crease in percent beetles with exiting nema-
todes, as reported in this study and by others
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(Kobayashi et al., 1984; Linit, 1989; Nakane,
1976; Togashi, 1985). Consequently, J4 mo-
bility may have been compromised and
these older J4 may have been unable to exit
because of dessication or lack of energy re-
serves in the form of NS lipids. Robinson et
al. (1985) suggested that lipid depletion be-
low some minimum in G. rostochiensis com-
promised its ability to reach, invade, and
move to feeding sites in roots.

Nematodes continued to exit at later time
points, though at much lower rates, and
these nematodes may have been from
deeper tracheae within the beedes. A dry,
brown ball of nematodes often can be ob-
served within the atrium of the first abdomi-
nal spiracle of older beetles. Upon removal
of this ball, lighter colored, less desiccated
J4 can be seen within the tracheal system.
Consequently, a large number of J4 remain-
ing within older beetles may be desiccated,
unable to exit, and contain very little NS
lipid, while a small number of J4 within the
beetle’s tracheae, having avoided desicca-
tion, may still be able to exit the beetles.

Many nematode species rely on environ-
mental cues for exiting the dauer state or for
host location and penetration (Clarke and
Hennessy, 1984; Dropkin, 1989; Golden and
Riddle, 1984a,b; Prot, 1980). In contrast, the
exit behavior of B. xylophilus apparently fol-
lows a fixed temporal pattern, with exit
maximized during the second to fourth
weeks of an adult beetle’s life (Enda, 1972;
Hosoda and Kobayashi, 1977, 1978; Linit,
1989; Nakane, 1976). In the present study,
J4 exit occurred over distilled water in the
absence of pine volatiles and rate of exit was
correlated with beetle age. This suggests that
processes within the nematode or beetle are
related to exit behavior. J4 occupy beetle tra-
chea, a space external to the beetle hemo-
coel. Thus, it seems unlikely that nematode
exit would be linked to changes in the physi-
ology of the vector. We believe that exit rate
is related to lipid content of the J4, which is
a function of J4 age and correlated with
adult beetle age. However, we recognize that
lipid may be simply a co-correlate to another
intrinsic factor that involves nematode exit.
J4 exit based on lipid depletion may be a

“fail-safe’” default mechanism that operates
if external cues fail to initiate exit. If opera-
tive, this mechanism suggests that all J4
would eventually exit; however, exit would
be inhibited if desiccation occurred prior to
exit. Neutral lipids are not the only energy-
rich compounds in dispersal juveniles of B.
xylophilus. Other storage compounds such as
glycogen should be examined in relation to
the exit behavior of this nematode.

The sensitivity of Caenorhabditis elegans to
environmental cues changes with nematode
age (Golden and Riddle, 1982, 1984a). In B.
xylophilus, changes in NS lipid or other in-
trinsic factors may alter the nematode’s sen-
sitivity to plant- or insect-derived volatiles.
This interaction may result in J4 exit behav-
ior that is synchronized with beetle actvity
and host plant condition to ensure nema-
tode transmission to new host trees. The
role of environmental cues, particularly as
they interact with internal states such as
lipid reserves, needs to be investigated.
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