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Abstract

The wood-boring wasp, Sirex noctilio, is a global invasive pest that infects

and kills pine trees by inoculating spores of a symbiotic fungus (Amylostere-

um areolatum) at oviposition. Wasp larvae depend on fungal growth to

feed, while the fungus relies on female wasps to initially condition the

pine tree by inoculating a phytotoxic venom and for dispersal. Wasp lar-

vae use the fungus as an external gut for the digestion of lignocellulosic

compounds resulting in a strong correlation between fungal growth inside

the wood and wasp fitness. This study explores the hypothesis that female

wasps will use fungal volatiles as a synomone in the process of locating

suitable oviposition areas (i.e. trees). Using a Y-tube olfactometer, adult

female wasp behaviour was assessed towards fungal and pine tree volatiles

(i.e. positive control). Our results are the first to demonstrate attraction of

female S. noctilio towards volatiles of their fungal symbiont. Furthermore,

the positive response towards these volatiles seems to be stronger than the

response to a known attractant (i.e. pine volatiles). These results could be

an important contribution to improving baits for monitoring and control

purposes. Further work is needed, mainly oriented towards the identifica-

tion of the volatiles that trigger the observed attraction response and their

possible synergistic effects with tree volatiles.

Introduction

The European woodwasp, Sirex noctilio Fabricius

(Hymenoptera: Siricidae), is an invasive pest of pines

worldwide. The wasp attacks a variety of pine species

and is the only member of the siricid family capable of

killing healthy trees (Spradbery 1973; Bordeaux and

Dean 2012). Sirex noctilio is native to Eurasia and

North Africa but over the last century, economic

losses have been caused by accidental introductions

into regions where pines are cultivated in the south-

ern hemisphere. More recently, the wasp established

in North America (Slippers et al. 2011) where it has

the potential to impact native pine forests.

Female wasps introduce a phytotoxic mucus and

spores of the fungal symbiont Amylostereum areolatum

Boidin (Basidiomycotina: Corticiaceae) into the wood.

It has been suggested that the mucus promotes fungal

establishment, while A. areolatum mycelia is essential

for wasp development since it is believed that larvae

cannot directly ingest wood, but depend on the sym-

biont for processing lignocellulosic compounds

(Thompson et al. 2014). Due to the combined effects

of the phytotoxic mucus and the fungus, trees that

suffer strong attacks often die (Spradbery 1973; Bor-

deaux and Dean 2012).

It is important to note that wasp adults do not feed;

hence, nutrients that will be allocated to somatic

maintenance and locomotion are derived entirely

from resources acquired during the larval stages (Tay-

lor 1981). This results in wasp fitness being strongly

linked to the location of adequate oviposition sub-

strates that will favour fungal growth. Favourable

fungal growth conditions, found in trees with appro-

priate wood moisture levels and aeration, may pro-

mote larger female wasps that will live longer, carry

more eggs (Madden and Coutts 1979) and perform

longer sustained flights (Bruzzone et al. 2009),
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facilitating the geographical spread of both wasp and

fungus.

Previous studies have established that wasp females

are attracted to stressed trees and use volatile emis-

sions (primarily monoterpenes) to find them (Simp-

son 1976; Simpson and Mcquilkin 1976). Defences of

stressed trees are easier to overcome than those of

healthy ones, which is why such trees are favoured

oviposition sites for female wasps (Bordeaux and

Dean 2012). Many of the volatile compounds pro-

duced by stressed pines, have been shown to elicit

behavioural and antennal response in the wasp

(Simpson 1976; Simpson and Mcquilkin 1976; Mad-

den 1988; B€or€oczky et al. 2012) and some of them

(i.e. a and b pinenes in a ratio of 70 : 30, respectively)

are used to sample and monitor female wasp popula-

tions in affected areas (Bashford 2008; Mart�ınez et al.

2014). Regardless of these findings, to date the most

commonly used way to monitor wasp populations

when in low densities is the use of girdled or herbi-

cide-treated pines as a lure, which are costly and logis-

tically difficult to implement (Zylstra et al. 2010).

While some studies on the chemical ecology of the

woodwasp have focused mainly on the volatiles pro-

duced by host pine species, more recently Cooperband

et al. (2012) identified a male produced pheromone

which is active both on females and males in labora-

tory assays but not in the field (Hurley et al. 2014).

However, knowledge on the role played by symbiont

Amylostereum areolatum volatiles on wasp behaviour

remains an open question. In this study, we hypothe-

size that fungal volatiles could be used as synomones

indicating the location of previously attacked trees to

female wasps. The summed effect of numerous female

ovipositions in a tree could facilitate overcoming tree

defences as more phytotoxic mucus and fungal spores

are inoculated into the wood (Coutts 1969a,b;

Thompson et al. 2014). Such behaviours could also

lead to observed spatial aggregation and faster grow-

ing populations (Corley et al. 2007; Aparicio et al.

2013). We conducted laboratory experiments to eval-

uate the behaviour of S. noctilio females towards fun-

gal volatiles that could be used in the process of

locating previously attacked trees.

Methods and Materials

Sirex noctilio rearing

Female adults used in all experiments were obtained

from trees felled in attacked plantations near the city

of Bariloche, Argentina. Pine trees (Pinus contorta var.

latifolia Engelm.) were all naturally attacked by S. noc-

tilio and selected by looking for the typical oviposition

symptoms (i.e. resin beads at each ovipositor inser-

tion). After felling, trees were cut to 1-m-long billets

and kept at 22 � 3 °C in locker-type cages with natu-

ral lighting in the rearing facilities at INTA EEA Baril-

oche until wasps emerged. Insects were collected

daily and placed in individual containers for at least

50 min before bioassays. Females used in bioassays

were 1–4 days old with an average thorax width of

393 � 117 mm.

Fungal culture

Amylostereum areolatum volatiles used in choice tests

were obtained from artificial cultures. Hyphal frag-

ments were extracted from Sirex noctilio female my-

cangia and grown in Petri dishes on a medium based

on agar–agar, malt, yeast and pine extract (Mart�ınez

et al. 2006). The fungus was left to grow in an incuba-

tor at 25 � 1 °C and 70 � 5% RH until the full sur-

face of the Petri dish was covered by the mycelium

(18 � 3 days). The mycelium was used as volatile

production substrate during bioassays by removing a

circular portion (7.9 or 23.6 cm2) using a sterile glass

puncher. Petri dishes with sterile culture medium

were left in the incubator during the same period to

be used as controls during the experiments.

Bioassays

All trials were conducted under controlled tempera-

ture (25 � 1 °C) and artificial light conditions (700

Lm) between November 2013 and April 2014. We

used a custom-made glass Y-tube olfactometer (base

35 cm, arms 19 cm, diameter 4 cm), connected to an

air pump creating an air flow of 0.1 � 0.02 l/min. Air

entering the olfactometer arms was previously filtered

through 200 g of activated charcoal and then humidi-

fied through 0.25 l of distilled water. Two odour

sources were placed inside individual sealed glass con-

tainers and attached via silicone tubing (inner diame-

ter 6.6 mm) to each of the olfactometer arms. Volatile

sources/control treatments, were introduced in the

containers and replaced every five replicates (i.e.: 1

replicate = 1 wasp). To reduce visual stimuli/asym-

metries during the bioassay, the olfactometer was

placed inside a black corrugated plastic box. Wasp

behaviour was observed using a webcam (Logitech

HD, C310) connected to a laptop. After each replicate,

females were discarded. All glassware was thoroughly

cleaned with non-ionic soap (Novanil-Novara S.R.L.,

Argentina) and rinsed with distilled water after every

replicate. To account for irregularities in the olfactom-
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eter arms that could bias wasp behaviour, the odour

sources were interchanged after each replicate.

Experimental procedure

Wasps were introduced into the base of the olfactom-

eter and left to acclimatize during 2 min during this

period, and wasps were restricted to walk upwind by

means of a pivoting metal gate (mesh 2 mm) which

was then opened utilizing a magnet from the outside,

once the acclimation period was over. A choice was

considered as such when within the first 7 min of

starting the assay (acclimation time was not consid-

ered), the female entered at least 13 cm into one of

the arms and remained there for 10 s. Wasps that did

not enter an arm of the olfactometer after 7 min had

elapsed were considered non-responders. A minimum

of 19 responding wasps were used per experiment.

The following parameters were recorded for each

responding wasp; the arm/odour source chosen and

the time taken to make the choice. For each ex-

periment, the overall response level was calculated

(number of responding wasps/total wasps tested

(responders + non-responders) 9 100); the percentage

of wasps responding to each of the treatments and the

average time taken to respond were calculated.

Experiments

Four separate experiments were carried out. The

response of adult Sirex noctilio females was assessed

towards clean air, a known attractant and two differ-

ent concentrations of volatiles derived from artificial

cultures of A. areolatum. The first two experiments

were carried out to provide baseline information

about wasp behaviour in the olfactometer: (i) the

response towards clean air in both arms was evalu-

ated, expecting to observe no statistical differences in

the choices and (ii) the response towards volatiles

known to attract females S. noctilio in the field (20 ll
of a 70 : 30 a pinene ((�)-a-Pinene 99% Aldrich Inc.

UK - P45702) and b pinene ((�)-b-Pinene 99%,

Aldrich Inc. UK – 112089), on a 1 9 1 cm filter

paper) vs. clean air (1 9 1 cm clean filter paper). The

last two experiments consisted of fungal volatiles pre-

sented in two different concentrations: (i) a low con-

centration of fungal volatiles (a 7.9 cm2 circular

portion of mycelium) vs. the same surface of sterile

culture medium and (ii) a higher concentration (a

23.6 cm2 circular portion of mycelium) vs. the same

surface of sterile culture. Sterile medium was used as

olfactory control and to balance any humidity differ-

ences between both arms (Mart�ınez and Hardie

2009).

Statistical analysis

Data were analysed at three different scales. The first

analysis took into consideration the differences in

overall response levels (wasps that responded to any

of the arms vs. ones that did not respond at all) while

a second level of analysis took into account the

response percentage of responding wasps. In both

cases, Pearson’s Chi-Squared Tests were used. Differ-

ences across experiments were analysed by multiple

comparisons performed via Tukey tests with a general-

ized linear model using a binomial error structure

(GLM function with logit link function). In a third

stage, we compared the time taken by female wasps

that responded towards a target stimulus (either pin-

enes or fungi in low or high concentration) with the

nonparametric Wilcoxon Test for multiple comparisons.

All comparisons were done using the R statistical

environment (R Development Core Team 2011).

Results

Statistical differences were found in the overall

response levels between the four experiments

(v2 = 17.4; P = 0.0006; d.f. = 3, fig. 1). Response

was lowest when individuals were subjected to clean

air; only 36% of females tested responded within the

pre-established 7 min to any of the arms of the olfac-

tometer. When females were exposed to pinenes vs.

clean air, the proportion of responding wasps was

52%. Finally, when female response was tested

towards the fungal volatiles (at either dose), the num-

ber of responding wasps increased to ca. 70%. Pair-
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Fig. 1 Percentage of Sirex noctilio responding towards the stimuli of

the olfactometer (response) vs. females that did not respond to any of

the arms (no response). Four separate experiments were done using dif-

ferent combinations of odour stimuli. Numbers in parentheses indicate

the total individuals tested in each experiment. Different letters on top

of the bars indicate statistical differences between experiments

(P < 0.05).
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wise comparisons between experiments showed that

clean air and pinene experiments had the lowest

response levels, while responses towards both experi-

ments containing fungi had the highest overall

responses (control vs. high fungus: Z = 3.5;

P = 0.002; control vs. low fungus Z = 3.4;

P = 0.004; control vs. pinenes: Z = 1.8; P = 0.27;

low fungus vs. high fungus: Z = 0.1; P = 1.0; pin-

enes vs. high fungus: Z = 2.0; P = 0.16; pinenes vs.

low fungus: Z = 1.9; P = 0.2).

Comparisons between choices made by responding

wasps within each experiment showed that wasps

were not biased towards any of the olfactometer arms

when clean air was presented in the arms (v2 = 0.47;

P = 0.49; d.f. = 1; fig. 2). The response of females

exposed to clean air and pinenes resulted in a signifi-

cantly larger percentage of females choosing the arm

that contained the known attractant (v2 = 4,1;

P = 0,04; d.f. = 1). When tested against the artificial

fungal culture, significantly more females chose the

arm containing fungal volatiles (regardless of their

concentration) compared with the arm with the ster-

ile medium (low concentration experiment: v2 = 7.0;

P = 0.008; d.f. = 1 and high concentration trial:

v2 = 5,5; P = 0.02; d.f. = 1). No statistical differences

were found in the percentage of wasps responding

towards the arms of target stimuli between experi-

ments (pinenes, low fungal concentration and high

fungal concentration (v2 = 0.2; P = 0.9; d.f. = 2).

When considering the wasps that made a choice

towards the target stimuli (pinenes and fungal vola-

tiles in low and high concentration), the time taken to

make a choice was significantly less when the fungal

volatiles were in high concentration compared with

the time taken to move towards the arm with the pin-

enes (Z = 2.14; P = 0.032; fig. 3). No statistical dif-

ferences were observed between the low vs. high

concentration (Z = 1.30; P = 0.019) or low concen-

tration vs. the pinenes (Z = 0.54; P = 0.62).

Discussion

This is the first report to our knowledge to show an

attractive response of Sirex noctilio females to Amylo-

stereum areolatum. When presented with fungal vola-

tiles, S. noctilo females are not only biased towards the

source of the stimulus, but the time taken to make a

choice was reduced when the fungal volatiles were in

the high concentration compared to the time taken to

respond to pinenes. Interestingly, results also indicate

that fungal volatiles increase the overall response

level (responding wasps vs. non-responding ones).

These results suggest that fungal volatiles may elicit

an attractive response and moreover, this response

could be incremental when compared to tree-derived

volatiles. The observed behaviour could be an

indication that volatiles present in fungal cultures

could be used as a synomone by female wasps to ori-

ent towards previously attacked trees.

Present results lead us to hypothesize that S. noctilio

females could use fungal volatiles to detect previously

attacked trees. The wasp attack patterns observed in

the field is consistent with this hypothesis. Previous
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tory stimuli: pinenes, a low concentration of fungal volatiles (fungi low

conc.) and a high concentration of fungal volatiles (fungi high conc.). For

each box, the top and bottom indicate the interquartile range, and the

line across the middle indicates the median value. Error bars indicate

the range of the data. Numbers in parentheses indicate the number of

wasps biased towards the arm with the stimulus. Different letters above

the boxes denote a statistical difference between the experiments

(P < 0.05).
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research shows that these can be highly aggregated at

a stand scale (Corley et al. 2007; Villacide and Corley

2012). The authors of this study conclude that spatial

aggregation may contribute to the species population

dynamics as wasp outbreaks could be explained by a

shift in attack from suppressed trees when wasp popu-

lation levels are low, to healthy trees when outbreaks

begin (see also Aparicio et al. 2013). At this stage,

multiple female ovipositions on a single tree are cru-

cial to overcome tree defences (Coutts and Dolezal

1969).

Past work suggests that insects are able to use fun-

gal volatiles as semiochemicals in the process of sub-

strate quality-assessment for oviposition. For

instance, Sirex noctilio makes fewer ovipositions in

areas previously colonized by Leptographium wingfiel-

dii Morelet, a bark beetle vectored fungi (Ryan et al.

2012). Avoiding such areas may be of considerable

reproductive benefit to S. noctilio because L. wingfiel-

dii outcompetes A. areolatum for resources (Ryan

et al. 2011). Other works have shown that the para-

sitoid Ibalia leucospoides Hochenwarth (Hymenoptera:

Ibaliidae) can recognize A. areolatum volatiles while

searching for S. noctilo eggs and larva concealed

under the wood (Mart�ınez et al. 2006). This sup-

ports the fact that fungal volatiles can permeate

from infected trees and be used as semiochemicals.

More recent studies on the Redbay ambrosia beetle

Xyleborus glabratus Eichhoff (Coleoptera: Curculioni-

dae) indicate that a synthetic blend of volatiles based

on the odour of its symbiotic fungus improves moni-

toring lures for this invasive pathogen vector (Kuhns

et al. 2014).

Our results could be important contributions to

the process of improving baits for monitoring pur-

poses or in control techniques. For instance, by

inundating affected areas with fungal volatiles, the

probability of aggregated attack to single trees could

be reduced. While current monitoring tools used in

many invaded regions rely on traps lured with com-

binations of pine volatiles, these techniques do not

offer yet an ideal solution to detect the pest at low

densities (Bashford and Madden 2012; Hurley et al.

2014). Future work directed at identifying the

behaviourally active chemical compounds emitted

by the fungus and possible synergistic effects with

tree volatiles will be important at deciphering the

chemical ecology of this species.
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