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14 SUMMARY STATEMENT

15  The feeding behavior of Monochamus alternatus has no effect on the departure of
16  pine wood nematodes, but the respiration of Monochamus alternatus may be the

17 cause.

18 ABSTRACT

19 In order to study the causes of pine wood nematode (PWN) departure from
20  Monochamus alternatus, the effects of the feeding behavior of M. alternatus on the
21  dtart date of departureof PWN were studied. The start date of the departure of PWN
22 carried by the directly fed M. alternatus was 5-13 d after beetle emergence, mainly
23 concentrated within 6-10 d, with amean (£SD) of 8.02 £ 1.96 d. The start date of the
24  departure of PWN carried by the M. alternatus fed after starvation was 5-14 d after
25  beetle emergence, mainly concentrated within 6-9 d, with a mean of 7.76 + 2.28 d.
26 The results show that there was no significant difference in the start departure date of
27  PWN between the two treatments. This show that the feeding behavior, subsequent
28  metabolic changes caused by feeding behavior of M. alternatus and pine volatiles

29  were not the triggers for PWN departure. At the same time, it was found that the
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30  motility of the PWN carried by M. alternatus at 8 d after emergence was significantly
31 greater than that of the PWN carried by the newly emerged M. alternatus. And the
32 PWN carried by M. alternatus at 8 d after emergence more easily extracted than the
33 PWN carried by newly emerged beetles. Greater maotility PWN were easier departure

34  from M. alternatus.

35 INTRODUCTION

36 Pine Wilt Disease (PWD) constitutes one of the most serious conifer diseases
37 worldwide, affecting Pinus spp. from the Far East forestlands (Japan, China and
38  Korea) (Cheng et a., 1983; Yi et a., 1989), and from Europe (Portugal and Spain)
39 (Abelleiraet a., 2011; Fonsecaet al., 2012; Motaet a., 1999; Robertson et al., 2011).
40  This disease causes significant economic and environmental damage to the countries
41  affected, with large annual losses of timber (Mamiya et a., 2004), increased costs in
42  management procedures, including disease and pest control (Mamiya et al., 2004,
43 Yang et al., 2004). This disease is caused by the pine wood nematode (PWN),
44  Bursaphelenchus xylophilus (Steiner & Buhrer) Nickle, and PWN transmission is
45  dependent on vector insects, the main vector insect in East Asia is Monochamus
46  alternatus Hope (Linit, 1989; Morimoto and Iwasaki, 1972). There are two
47  developmental forms in the life cycle of the PWN, namely the propagative and
48  dispersal forms. Under favorable conditions, PWN molt into their propagative form,
49 and then reproduce rapidly (Mamiya, 1984; Wingfield, 1983). However, under
50 unfavorable conditions, e.g. high population density, starvation, and high temperature,
51 the propagative second-stage juveniles will molt to produce dispersal third-stage
52 juveniles, which will aggregate around the pupal chamber of the vector insects (Linit,
53 1988; Zhao et al., 2014). The dispersa third-stage juveniles molt to produce
54  fourth-stage juveniles, which enter the tracheal system of the vector as the beetles
55 emergence (Linit, 1988,1990; Necibi and Linit, 1998; Zhao et al., 2014), the
56  fourth-stage dispersal juveniles to be transmitted to the heathy pine trees through
57  wounds caused by the vector (Niu et al., 2012; Stamps and Linit,1988,2001; Zhao et
58 a., 2007).
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59 The PWN cannot be transmitted immediately after the emergence of M.
60 alternatus. A number of studies have investigated the time after M. alternatus
61 emergence when the PWN transmission starts. Fourth-stage dispersal juveniles exit
62  thetrachea system of M. alternatus a 3-5 d after emergence (Hosoda and Kobayashi,
63 1977), or a 5 d after emergence (Jikumaru and Togashi, 2000), or a 7 d after
64 emergence (Aikawa, 2008), others observed that M. alternatus started to transmit
65 PWN a 7-12 d after emergence (Wang et al. 2019), or at 10 d after emergence
66  (Togashi, 1985), or within 10 d after the emergence of the beetle (Enda, 1972).

67 What causes the departure of PWN from its insect host? A number of studies have
68 tried to investigate the factors: the degradation of neutral storage lipid was correlated
69 with nematode exit (Stamps and Linit, 1988), assumed p-myrcene to play an
70  important role in the transmigration of the PWN from the sawyer to the pine tree
71 (Ishkawaet al., 1986), PWN has a trait of spontaneous departure from M. alternatus,
72 pinevolatiles repress PWN departure from M. alternatus(Aikawa and Togashi, 1998),
73 PWN departure behavior possibly endogenous nature factors (Aikawa and Togashi,
74  1998; Stamps and Linit, 1988), when CO, concentration in the trachea reaches a
75  certain critical value, PWN begins to escape from beetle (Wu et a., 2019). The
76  feeding period of M. alternatus is an important stage in the life cycle of the beetles as
77 well as a key step in PWN transmission (Yoshimura et al., 1999; Togashi and
78  Shigesada, 2006). Whether the feeding behavior of M. alternatus is the factor of PWN
79  departure has not been studied. In order to further study the causes of PWN departure
80 from M. alternatus, we investigated the effect of the feeding behavior of beetle on
81  PWN departure, the differences in motility and difficulty level of extracted between

82 the PWN carried by M. alternatus at 8 d after emergence and newly emerged.

g3 RESULTS

84  Effect of beetle feeding behavior on PWN departurefrom M. alternatus

85 Data from the study into the time after M. alternatus emergence required for
86 PWN start departure from beetles are shown in Table 1. It can be seen from the table
87  that the mean start time for PWN departure from directly fed M. alternatus was 8.02 +
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88  1.96 d after beetle emergence, and there was no significant difference between mae
89 and female beetles fed directly (P=0.47). The mean start time for PWN departure
90 from M. alternatus fed after starvation was 7.76 + 2.28 d after beetle emergence, with
91  no significant difference between male and female beetles (P=0.19). There was no
92  dignificant difference in the time that PWN started to departure from the beetles under
93  the two feeding regimes (P=0.34), with no significant differences in the start time of

94  PWN departure from female (P=0.58) or male (P=0.12) beetles under the two feeding

95  regimes.

96 Table 1. The gart date of PWN departure from Monochamus alternatus
Treatment Direct feeding Feeding after starvation
Sex of insects Q 3 Q 3

5 6 5 5
6 6 6 6
6 6 6 6
6 6 6 6
P 7 6 6 6
IS
c 7 6 6 6
g
° 7 7 6 6
]
e
8 7 7 7 6
[&]
o
S 7 7 7 7
=
2 7 8 7 7
(&)
B
E 7 9 7 7
()
3 7 9 8 8
LE 7 9 8 9
g
o
8 10 9 9
8 10 9 9
9 10 9 12
9 11 10



https://doi.org/10.1101/2019.12.13.875575

bioRxiv preprint doi: https://doi.org/10.1101/2019.12.13.875575; this version posted December 13, 2019. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

10 12 12
10 13
10 14
13
Average (mean =+ 7.82+1.82 8.26+2.13 8.19+2.54 7.19+1.80
SD) 8.02+1.96 7.76£2.28
97
98 The start date of PWN departure from M. alternatus fed directly was mainly

99  concentrated in the period 6-10 d after emergence, which thirty-six M. alternatus
100 accounted for 87.8% of the total. The start date of departure of PWN from M.
101  alternatus fed after a starvation treatment was mainly concentrated in the period 6-9 d
102  after emergence, which twenty-nine M. alternatus accounted for 78.4% of the total.
103  There was no significant difference between the two treatments in peak period of
104  PWN start departure from beetles (P = 0.078).

105 These results indicated that the feeding behavior of M. alternatus had no
106  significant effect on the departure of PWN. It also suggest that the consequent
107  metabolic changes caused by feeding behavior and volatiles from pine twigs had no
108  effect on the departure of PWN (When the beetles were treated with sarvation, they
109  were not stimulated by volatiles.).

110

111  Comparisons of nematode motility

112 The effect of beetle feeding behavior on the motility of the PWN carried by the
113 beetles is shown in supplementary video 1 (the motility of the PWN carried by the
114 newly emerged M. alternatus) and video 2 (the matility of the PWN carried by the
115  beetles at 8 d after emergence).

116 After dark treatment for 15 minutes (simulate conditions in the body of the
117  beetle), the PWN carried by the newly emerged beetles were less motility than the
118  PWN carried by the beetles at 8 d after emergence ((starvation beetles have the same
119  results). At the same time, it was found that the PWN carried by M. alternatus a 8 d
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120  after emergence were easier to extracted (starvation beetles have the same results)

121 than the PWN carried by the newly emerged beetles (Table 2). A higher proportion of
122 PWN being collected within12 h than from the newly emerged beetles (P < 0.01).

123 These suggests greater motility PWN were easier departure from M. alternatus.
124

125

126 Table 2 The percentage of PWN in different extracted periods

The time of PWN collected

NO. 12h 24 h 36 h

1 29% 50% 21%

2 35% 53% 12%

3 26% 49% 25%
8

3 4 38% 49% 13%
o)

B 5 25% 61% 14%
T

5 6 29% 46% 25%
>

3 7 41% 40% 19%
Z

8 27% 51% 22%

9 33% 51% 16%

10 31% 55% 14%

11 80% 15% 5%

12 84% 11% 5%

8 13 91% 6% 3%
g
[@)]

g 14 81% 13% 6%

% 15 77% 16% 7%

g 16 75% 17% 9%
[o0]

g 17 72% 20% 8%

0 0 0

§ 18 81% 15% 4%

19 83% 12% 5%

20 70% 23% 7%
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mean 31% 51% 18%
79% 15% 6%
127
128 DISCUSSION
129 A number of studies have investigated the cause which affect PWN departure

130  from beetles, although there were differences in the results. Stamps et a. reported that
131 neutral storage (NS) lipid was correlated with nematode exit and may contribute to
132 PWN exit from vectors(Stamps and Linit, 1988). A rolling fulcrum model of the
133 integration of intrinsic (NS lipid) and extrinsic (volatiles) cues is proposed to explain
134  the behavioura ontogeny of fourth-stage dispersal juveniles in relation to the beetle
135  vector (Stamps and Linit, 2001). Neutral storage (NS) lipid content is proposed as a
136  modifier of PWN response to beetle and tree-produced volatiles, with the lowest NS
137  lipid content were attracted to f-myrcene, a pine volatile, while PWN with the highest
138  NSlipid content were attracted to toluene, a beetle cuticular hydrocarbon (Stamps and
139 Linit, 1998, 2001). Ishkawa et al. (1986) examined the attractant effect of volatile
140  components in Pinus densiflora, to the PWN (dispersal nematodes that leave M.
141  alternatus), and assumed that f-myrcene play an important role in the transmigration
142 of the PWN from the sawyer to the pine tree and for the movement of the PWN inside
143  the pine wood. However, in the present study, we believe that volatiles were not the
144  cause of PWN departure from M. alternatus.

145 Provided autoclaved or fresh pine twigs to the beetles respectively. Consequently,
146 it was suggested that PWN had a trait of spontaneous departure from M. alternatus
147  and that the volatiles from fresh P. densiflora twigs repressed PWN departure from M.
148  alternatus (Aikawa and Togashi, 1998). Stamps and Linit (1988), examined the
149  effects of various pine volatiles on PWN departure, suggested that PWN exit behavior
150 possibly controlled by endogenous nature factors. Volatiles thought to be attractants
151 may actually act more as aggregation stimulants than as attractants, with PWN
152  moving randomly until the desired chemical is reached, whereupon movement

153  decreases or stops (Futai, 1980; Stamps and Linit, 1998). Volatiles may only play a
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154  role in fourth-stage dispersal juveniles movement from beetles into pine once the
155  nematodes have physically dropped onto the tree surface (Stamps and Linit, 1988,
156  1998).

157 In the present study, feeding behavior of the beetles had no significant effect on
158  the PWN departure from M. alternatus. The results also indicated that volatiles of
159  pine and the metabolic changes of M. alternatus caused by feeding had no effect on
160  the departure of PWN. The two main behaviors of M. alternatus following emergence
161  are feeding and breathing. Wu et a. reported that the metabolic and respiratory rates
162  of M. alternatus after emergence were increased by feeding. Thisled to arisein CO,
163  concentration in the trachea of M. alternatus. When the CO, concentration in trachea
164  reached a certain critical level, PWN began to escape from beetle (Wu et a., 2019). In
165  the present study, we observed that the PWN carried by the newly emerged beetles
166  were less motility than the PWN carried by the beetles at 8th d after emergence, and
167  the PWN carried by M. alternatus at 8 d after emergence were easier to extracted than
168  the PWN carried by newly emerged beetles, suggest that the departure of PWN from
169 host might be related to their motility. PWN movement requires energy, lipid
170  degradation provides the energy needed for exercise (Stamps and Linit, 1988,1998),
171 and lipid fully degradation to produce large amounts of energy requires sufficient O2.
172 Respiratory behavior leads to a critical level of CO; in the trachea of M. alternatus
173 (Wu et al., 2019), meanwhile the O, concentration in the beetle trachea will also reach
174  acritica level when breathing (the concentration of O2 will increase when inhaling).
175  May be PWN which in the trachea of the beetle receive sustained stimulation of high
176  concentration of O,, which leads to lipid degradation and expression of motor-related
177  genes, and ultimately leads to increased motility of PWN. The departure may be
178  caused by strong motility of PWN to avoid CO, (Wu et al., 2019) or to move toward
179 high-O2 conditions.

180 Tian et al. (2017) carried out analysis of metabolism related genes and showed that
181  the metabolic level of fourth-stage dispersal juveniles (carried by newly emerged
182  beetles) was much lower than third-stage dispersal juveniles. This was due to the

183  decrease in enzymatic activity in those pathways involving metabolism of glycolysis,
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184  oxidative phosphorylation, the tricarboxylic acid cycle, gluconeogenesis,
185  etc.(O'Riordan and Burnell, 1989). The expression of sorbitol dehydrogenase gene in
186 the fourth-stage dispersal juveniles (carried by newly emerged beetles) was
187  up-regulated (Tian et al., 2017), this enzyme may be involved in ethanol fermentation
188  under anaerobic conditions (Mcelwee et a., 2006) provides basic energy for PWN.
189  These indicated that the PWN were in a hypoxic environment in the early stage after
190 entering the trachea of M. alternatus. In the present study greater motility PWN
191 (carried by M. alternatus at 8 d after emergence) were easier departure from M.
192  alternatus. Greater motility showed that PWN had a strong metabolism and abundant
193  energy. A large amount of lipids metabolism after a period of emergence of the beetle
194  (Stamps and Linit, 1988), and Oxidative phosphorylation requires sufficient oxygen
195 sustained stimulation. The respiration of the adult beetle may provide sufficient
196  oxygen to PWN. In summary, our view is that may be the respiration of the adult
197  beetle causes the increase in O, concentration in the trachea, which causes the
198  degradation of lipid to produce energy which increased the mobility of PWN,
199  eventualy triggers the departure of PWN from insect host, with to avoid CO;
200 (Bretscher et al., 2008; Wu et a., 2019) or to move toward high-O2 directions.

201  Related molecular mechanisms are under investigation.

202  MATERIALSAND METHODS

203  Coallection of infected wood and M. alternatus

204 In March 2019, dead specimens Pinus massoniana trees, infested by M.
205  alternatus larvae and PWN, were collected at Bocun Forest Farm, Huangshan City,
206  Anhui Province in eastern China. The pine trees were cut into logs (1.0-1.2 m in
207  length) and maintained in outdoor insect cages (0.5 m x 0.5 m x 1.2 m), as shown in
208  Fig. 1 A. Monochamus alternatus were collected daily (every 6 h) during the period
209  of adult beetles emergence from the logs.

210 The collected M. alternatus were divided into two groups and maintained in
211 tissue culture flasks at 25°C, one of which was fed (with fresh one-year-old pine twigs

212 with the needles removed) immediately after collection (“direct feeding”), whereas
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213 the second group was fed after a starvation period of 4 d (The mortality rate of the
214 beetle for more than 4 d was very high.). In the present study, 41 M. alternatus were
215 fed immediately and 37 were fed after a starvation period, the feeding of the beetlesis
216  showninFig. 1B.

217

218  Extraction and counting of PWN

219 The twigs (with the pine needles removed) of P. massoniana were replaced daily.
220 The twigs had been fed by the beetles were cut into pieces and the PWN were
221 extracted using Bellman funnel method ( Baermann, 1917). Twenty-four hours after
222 extraction, the suspension at the bottom of the funnel was collected with a 10 ml
223 centrifuge tube. The number of PWN was counted with a microscope (Zeiss Axio Lab,
224 Al Carl Zeiss, Gottingen, GERMANY) under 10x4 field.

225  PWN motility and extraction percentage obser vations

226 PWN were extracted from newly emerged M. alternatus and at 8 d after
227  emergence (PWN were collected every 4 hours). The PWN were washed with sterile
228  water and treated in the dark for 10 minutes. Then the motility of PWN was observed
229  under a microscope (Zeiss Axio Imager.M2, Carl Zeiss, Gottingen, GERMANY) and
230  videos weretaken (Zeiss AxioCam HRc).

231 Extracted PWN from 10 M. alternatus a 8 d after emergence and 10 newly
232 emerged M. alternatus, respectively. And calculated the percentage of PWN in
233 different extracted periods (0-12 h, 12-24 h, 24-36 h) accounted for the total
234 extraction.

235  Statistical analysis

236 Statistical analysis was performed using SPASS 19.0 (IBM, Armonk, NY, USA).
237 One-way analysis of variance (ANOVA) was used to analyze the differences of the
238  dtart departure time of PWN between M. alternatus feeding after starvation and direct
239  feeding. Mann-Whitney test was performed to analysis the difference of difficulty
240 level of extracted between the PWN carried by M. alternatus at 8 d after emergence
241 and newly emerged.

242
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369

370 FIGURE

371

372

373 Fig. 1 Collection and feeding of Monochamus alter natus

374  A: The pine trees were cut into logs and maintained in outdoor insect cages. Monochamus alternatus
375  were collected daily (every 6 h) during the period of adult beetles emergence. B: The collected M.
376  alternatus were divided into two groups and maintained in tissue culture flasks at 25°C, one of which
377  was fed (with fresh one-year-old pine twigs with the needles removed) immediately after collection,
378  whereasthe second group was fed after a starvation period of 4 d.
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