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Abstract

Larvae of the sawflyArge (Hymenoptera, Argidae) are exposed to predatory sig ants. Their defence
mechanisms, which have been almost unstudied, imgsstigated by behavioural observations couplea to
morphological approach and by testing the bioatstiof several body part#\rge larvae raised their abdomen
when contacted b¥lyrmica rubraworkers. The ants rarely bit a larva and generadlyeated immediately,
sometimes without contacting it. Most of those femts that bit a larva then showed an uncoordinataii.
Crude hemolymph from a common specifs,pagana,was a feeding deterrent towards ants. Hemolymph
extracts remained active up to a concentration.8f @y DW extract per microlitre solution, and wenere
active than integument and gut extracts. We alsemed ants paralysed by extracts, especially framgut. It
is likely that this toxicity is due to a polypepidlophyrotomin, which is known to occur & pullata. Six or
seven non-eversible ventro-abdominal glands ocduimeall species studiedA( fuscipes, A. nigripes, A.
ochropus, A. pagana, A. pullata, A. ustulatdhese glands contain volatiles. We consider botiegyof
chemicals to be important in defence, and we prelost the paralysing effect is a common featureragprge
species.

Keywords: Argesawfly larvae ; Deterrence and paralysing bioatigisi; Hemolymph ; Predatory ants ; Ventral
glands

1. Introduction

The sawflies form a large group of phytophagousdts with many species being defoliators of woody,
ornamental and agricultural plants (Pschorn-Walch@e82; Wagner and Raffa, 1992)ge sawfly larvae live
freely on leaves of their host plant, typically radothe leaf edge (Lorenz and Kraus, 1957) wherg #re
exposed to natural enemies. Major predators of I[galafvae include arthropods, such as ants, andsbir
(Benson, 1950). Knowledge on the chemical ecoldgglefensive strategies in sawfly larvae mainly ans
the Diprionidae, Tenthredinidae and Pergidae (Egner et al., 1974; Boevé and Pasteels, 1985,néfagnd
Raffa, 1993; Boevé and Schaffner, 2003). In cohtneexy little is known about the wakrge larvae defend
against these predators, but the following traiéy fme involved.

First, some species have a conspicuous appearadckvea gregariously, although others are cryptid dive
either alone or in groups (Lorenz and Kraus, 19873. well known that conspicuous visual cues wofigentify
unpalatable prey, and that insectivorous birdsnldar avoid these aposematic species (e.g., Gujlfb@@0;
Marples et al., 1994). Full-grown larvae A&f paganaPanzer are brightly coloured and gregarious. Baad
Muller (2005) testedArge sp. (later identified a#\. pagana)on starlings,Sturnus vulgariswhich avoided
feeding on a majority of the larvae. Second, theybaf Arge larvae is covered by a relatively dense pubescence
made of bristles that may be of protective valubird, non-eversible ventral glands described frorfewa
species (Maxwell, 1955) could function in chemidafence, as do the eversible ventral glands of Nea&a
(Tenthredinidae) larvae that emit repellent voéeti(Boevé and Pasteels, 1985). Fourth, a toxindetected in
total extracts fromA. pullata Zaddach (Kannan et al., 1988). The toxin, lophymotg is a peculiar peptide
composed of eight amino acids including four infaguration D (Oelrichs et al., 1977). Lophyrotonand its
toxic effect were first discovered in larvaeladphyrotoma interruptdPergidae). These larvae feed on grasses
and grazing cattle were killed by ingesting themilljg¢ns et al., 1982). Similarly, the toxin & pullatalarvae
caused the death of sheep (Kannan et al., 1988nWhese sawfly species are in outbreak densitiedpsses

in cattle may have very serious economic impacts,(@hamsborg et al., 1987).
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The aim of the present work is to provide compaeatiata about defensive traits such as body appemra
pubescence or occurrence of ventral glands in éafiam severaRlrge species. We also tested the effectiveness
of other body organs in the chemical defencé.opaganala common sawfly species in Western Europe). We
therefore set up a series of bioassays using waddyrmica rubral., a common ant species belonging to the
guild of potentialArgelarvae predators.

Table 1 Appearance and feeding habits of full-grown laredérge speciestudied

Species Appearance Distibutior’ Field host plant  Investigation$
A. fuscipes C Often | Quercus a,b

A. nigripes C A Rosa a,b

A. ochropus B A Rosa a,b
A.pagana B G Rosa a,bcde
A. pullata B G Betula a,be
A.ustulata C A Crataegus, Salix a, b

Cryptic (C) or bright (B) colouration.

Plsolated (), or aggregated (A) on a plant, or gremus (G), i.e., distributed on one or a few leaosly.

“Investigations carried out in the present studyody pubescence (a) and ventral glands (b) asasdhly bioassays with larvae alive (c),
crude hemolymph (d) and extracts from several pzdys (e).

2. Material and methods
2.1. Insects and plants

Larvae were collected on their host plant in tredfi(Table 1):A. fuscipesFallén, A. ustulataLinné (from
Belgium), A. nigripes Retzius, A. ochropusGmelin, A. pagana(Belgium and Germany), ané. pullata
(Austria). They were maintained on their host plarthe laboratory, in plastic boxes with a regiylanoistened
filter paper, until used in experiments. The larveere identified with Lorenz and Kraus (1957), ahd two
similar speciesA. paganaand A. ochropus,were distinguished according to Chevin (1972). \lmrs are
presently kept at the Royal Belgian Institute oftiMal Sciences (Boevé collection). The distributafrarvae
was recorded. The larvae were either "aggregafed’, several larvae were on a same plant, betyranore
than one larva per leaf) or truly gregarious (iferming a group that was distributed on a singlef,l or on
several adjacent leaves).

A mature ant colony oM. rubra was collected in the field and maintained in thieolatory for use in the
bioassays. It contained an estimated number of1800 individuals. It was regularly fed sugared wated
living dipteran larvaeQalliphorasp.).

The number of larval instars was determined by kepp5 singleA. pagandarvae in Petri dishes at 24-34 °C
and searching daily for the presence of an exwidch indicated a moult. For each instar (L1, L&.)ethe
width of the head capsule was measured and thalbbedy appearance described. The larvae weredaa to
the imago for sex determination.

2.2. Body pubescence and ventral glands
Morphological studies were done on fixed and ethaneserved specimens from gixge species (Table 1).

Bristle morphology was observed and recorded witRhilips XL30 ESEM scanning electron microscope
(SEM). Bristles on abdominal segments IIl and I\fevalso observed under a binocular for their abonoeland
precise location on the body.

The studies of non-eversible ventral glands complanthose by Maxwell (1955). Larvae were dissedted
determine the presence of glands and to descriie general morphology. The volume of each gland wa
estimated and divided by the cubed width of thedhespsule, which leads to a glandular index. Fiteedae
were embedded in paraffin, and parasagital sectibr'spm were stained with ferric trioxy-hemateinlgxin-
light green and then observed by light microscoplye precise location of the glandular duct openivas
determined by SEM, which also confirmed the presafglands observed in the dissections.
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2.3. Defensive effectiveness

The defensive effectiveness Af paganaat L3-5 (i.e., the cryptic instars L3, L4 and sobte see Fig. 1) and
L5-6 (brightly coloured instars) was compared tattbf Calliphora sp. used as control. A single larva (10
replications) was placed in an open box (10 x 1D @wntaining 20 ants at= 0. Predator-prey interactions were
noted, and filmed betwedr= 2 and 5 min. From these films lasting 3 min each,rthimber of ants contacting
the larvae with mandibles was counted every 20hereas the number of larvae clearly bitten was tsalin
throughout the 3 min period. With the sawfly-artenactions, behaviours were recorded throughouBthgn
filmed, by counting the number of ants: approachanigrva (beyond approximately 1 cm), contactingith
antennae, and contacting it, moreover, with maedibDn video, it was sometimes difficult to telletier these
mandibular contacts corresponded or not to a hitd,we have therefore not distinguished them. Sulesd to
the three possible events (i.e., approach, confitictantennae, contact with mandibles), the ariteeretreated,
which could be accompanied by an escape/runningJi@lr, or they showed no particular reaction (‘tredu
reaction"), that is, they behaved similarly befaseafter their interaction with the larva. Themgiuencies of
retreats, as compared to neutral reactions, wécelated. After the experiment, alrge and Calliphora larvae
were followed for their possible development uptipation.

Long-term defensive effectiveness was also estila#deaf with a single settlel. pagana.5-6 was placed in
a cylindrical container (diameter: 3.5 cm, heightm, with a moistened plaster bottom) and 10 aete added.
Larva and ants were left together for 24 h. Theisal and health state of the larva was recordéet #tfiese 24 h
and after 3 days. The trial was replicated 12 tjra@gays with new larvae and ants.

2.4. Feeding deterrence of crude hemolymph

A bioassay was set up to measure the deterrert @fferude, larval hemolymph on ants. The integoinoe A.
paganalarvae was pierced to collect hemolymph with a gladcropipette. Twenty ants placed in a Petri dish
(diameter: 9 cm) were simultaneously=(0) presented with two drops spaced 3.5 cm apasd;drop contained

4 ul of hemolymph from a single larva and the ottharl of charcoal-filtered tap water. The santwere
previously starved for 15 h, and then deprivedoafdf and water for an additional 3 h. A&t 3 min, the number
of ants feeding on each droplet was counted. Tlaibwas replicated with 12 larvae, always usinifedéent ants.
Moreover, the crude hemolymph from these larvae paaded, then diluted and tested as well (12 ratibos
per dilution). A deterrence rate (RD) was calcudafieom Boevé and Schaffner, 2003) with the formiR® (%)

= (C - H/I(C + T), where C andT are the total number of ants feeding on the coraral test droplets,
respectively.

2.5. Feeding deterrence and paralysing effect thets from isolated body parts

A similar bioassay was performed with several Iabady parts ofA. paganaandA. pullata. The latter species
was used because it is known to be toxic (see @et)i. Hemolymph was collected as described abeme the
other body parts such as the gut and integumerd algtained by dissecting freeze-killed larvae. Bbody parts
were extracted in pure ethanol, crushed when naogsand then filtered on celite powder. The fikravas
evaporated under a nitrogen flow. The dried materés dissolved in a sucrose solution at 0.1 Mitam 8 mg
DW extract/ml sucrose solution (test solution).rRrA. paganaandA. pullata,34 and 6 larvae yielded 270 and
215 pul of crude hemolymph and 16.6 and 2.7 mg DWesholymph extract, respectively. In the bioass®e (
above) 50 pl of this test solution was comparedb@opul of the sucrose solution (without extract; tcon
solution) on 40 ants per Petri dish, by count®@nd T att = 5 min. Ten-fold dilutions were also tested.
Generally 12 replications were done per body padt @ncentration, less when the amount of matera too
limited.

During these bioassays, we unexpectedly obsenadettiracts from boti. paganaand A. pullataparalysed
the ants. On six of the replicates using extrat®. gpaganawe then counted the number of paralysed ants at
7.5 min. The ants were partly within or close te tést droplet.

3. Results

3.1. Body appearance of Arge spp.

The appearance of the studiAdye species is given in Table 1. The spedfesustulata, A. nigripesnd A.

fuscipeshad a cryptic appearance whie pagana, A. pullatand A. ochropuswere brightly coloured during
their last larval instar. Moreover, we made a fatlop of all larval instars in the common sawfy paganaof
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which the anti-predator defensive effectiveness spasifically investigated in this paper (see bisagsesults).

Fig. 1. A. pagana larvae at different instars (L3-L6) orsedeaflets. Note that the body appearance at b ca
differ between male (M) and female (F) and thatindividuals are always females. For more explanmatisee
text.

L3 ! L4

5mm

A. paganahad five or six larval instars. Males (33% of thdividuals) always had five instars, but femaleseve
atypical for sawflies by not systematically havioge instar more than males, but in having five (B&¥bsix
(33%) instars. The mean width = S. IN € 25) of the larval head capsule was, in millime@&2 + 0.03 (for
L1), 0.84 + 0.04 (L2), 1.11 £ 0.03 (L3), 1.44 +6.(L4), 1.65 + 0.09 (L5) and 1.86 + 0.09 (L6). Eanhktar
lasted 2-4 days, leading to an overall larval peabapproximately 13-17 days.

A. paganadisplayed an alternating appearance during laratdgeny (Fig. 1). During the two first instars, the
larva displayed dorsal black spots. This pattesapgieared gradually in succeeding instars, bupesapd in the
last instar. The background colouration of thegnteent varied as well during larval ontogeny, gdimmgn pale
green at LI to bright yellow-green at the last amstMoreover, during this last instar, the lanapgted feeding
and became completely yellow 1 or 2 days beforarépg a cocoon. The head colour changed also during
instars, going from black to bright yellow. Thulsetoverall visual effect is as follows: L3-4 ishret cryptic, L6

is brightly coloured, but L5 is either cryptic (fthose females which will have a supplementaryamsor
brightly coloured (for all males and for those fé@sawhich end their larval development as L5).

3.2. Gregariousness

The distribution of larvae on their host plant isntioned in Lorenz and Kraus (1957) and was comgieed by
our own field observations (see Table A).fuscipess considered as often solitary (Lorenz and Krd@§7)
and no information about the distribution of larwaas available from our single sample of it. Thsaeples of
A. nigripeswere collected on different plants and at differdaites, and they consisted of three L1 with eglis st
visible on one leaflet, and two and six L4 whichrev@ggregated. Generallf, ochropudarvae were found
aggregatedA. paganawas always gregarious: approximately 20 groups wetkected with 5-27 larvae per
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group.A. pullatais also a typical gregarious species, which caol@dé young birch trees. The distribution of
A. ustulatalarvae was not known from the literature; three glasof them were collected: 24 L1 as well as four
and eight aggregated larvae at further instars.

3.3. Body pubescence

The bristles were identified as mechanoreceptoigs . They were of two sizes with lengths rangaither
from 0.1 to 0.4mm, or from 0.04 to 0.08mm. Theinsigy varied from one species to another when battle
sizes were pooled. In increasing order: 59 bristtese counted per abdominal segmenAirpullata,66 in A.
ustulata,132in A. fuscipesl54 inA. nigripes, 162 inA. paganaand 226 inA. ochropus.

3.4. Ventral glands

All species studied possessed non-eversible vegigiatls on the abdomen (Table 2). The glands werated,
one per segment, along a median row. The secreétis/were in a spherical or ellipsoid grape-likester with

a maximum diameter ranging from 0.32 to 0.62 mnpeaeling on the species. The cluster was connectad t
duct that opened on the second annulet of a segiRignt3). The glandular duct was thin; its extémiameter
reaching approximately 20 um & paganaThe secretory cells were either broadly roundedlongated and
expanding in size towards the glandular luminale.sGGland secretions were observed in the lumepeding
on the species, glands were present on abdomigaiesgs 11-VII or 1I-VIII, and their volume varieddm 7 to
49 x 10°mn’ (Table 2).

Fig. 2. Pubescence of A. pagana. (A) Bristles on the dabstominal part of a larva, by SEM; their mode of
insertion and the absence of an aperture on thaifage denote their function as mechanorecept@}xLatero-
abdominal pubescence, viewed from above a larvel é6/a curling its body, after it was suddenlytdibed.

3.5. Defensive effectiveness

Ants surrounded alh. paganaand Calliphora larvae. However, fewer ants contacted the sawfntthe fly
larvae. The mean number of ants contacting withdiid@s anA. pagandarva was 0.6 at L3-5 and 0.1 at L5-6,
but 7.5 forCalliphora sp. H = 23.27,P < 0.001, d.f. = 2Kruskal-Wallis one-way analysis of variande;<
0.001, Dunn post hoc test). The numbeAofpaganal 3-5, L5-6 andCalliphora larvae unambiguously bitten
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was 6, 1 and 10, respectively. Alalliphora larvae were violently attacked and subsequentlgdilwhereas all
A. pagandarvae survived.

The A. pagandarvae raised their abdomen when ants contacted theseveral seconds, especially when head
or thorax of the larva was contacted. They diredtesir abdomen towards the aggressor(s). When jasts
approached a larva, 1 and 16 retreats were cowvitad_3-5 and L5-6, respectively. After antennalvesll as
mandibular contacts, relatively more retreats efdhts were counted with L5-6 than with L3-5 (4. Thus,
especially the L5-6 proved to be defended, evatistance. These larvae, compared to L3-5, inducaiek mnts

to retreat subsequent to an antennal congdet 26.74,P < 0.001, d.f. =1, Chi-square test for two independent
samples; L3-5 vs. L5-6) as well as a mandibulataxirf® = 6.34,P < 0.02).

Table 2 Characteristics of ventro-abdominal glands in Atgevae

Species (HCW)  Gland on Gland volume Glandular  Index
abdominal segment (10°mn?) (109
A. fuscipegl.6) -V 7+1 1.7
A. nigripes(1.6) H-vi 27+7 6.6
A. ochropug1.9) 1I-VIII 21+4 3.1
A. pagang1.8) -V 27 +8 4.6
A. pullata(2.4) -V 49 + 29 3.5
A. ustulata(1.5) 1-VII 7+1 2.1

Species name with the head capsule width (HCW,ilimretre). Gland volume by mean + S.D.

Fig. 3. Non-eversible ventral glands in A. pagana. (A) SEdv of the opening (arrow) of glandular duct, @er
between visible pseudopodes. (B) Lateral view dissected gland, showing, from left to right, tsemblage
of secretory cells, the glandular duct, the integuimand several bristles. (C) Transversal section,light
microscopy, through the assemblage of secretofg,ashich are of two types. Secretion occurs inltieina,
GL. (D) Longitudinal section, by light microscoplgrough the glandular duct, GD, linking the glar@l,., itself
to exterior, OUT.

After biting A. paganal3-5, four of six ants showed an uncoordinated walkd this symptom lasted 5-47 s
(within the timeframe of the experiment). Such dkwaas not observed with L5-6. The interactionswesn
ants andCalliphora larvae were more difficult to analyse, due to tighimumbers of attacking ants (see above).
However, 37 ants were identified as having bittdaraa and none showed an uncoordinated walk. Tiis,
symptom is closely associated with the fact thatahts previously bit aA. pagandarva P < 0.001, Fisher's
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exact probability test).

In the bioassay on the long-term defensive effeckss, all 12-tested larvae/fpaganawere still alive after a
24 h confrontation with ants. Nevertheless, sewewae were wounded and died within 3 days; therdthe
completed their development normally.

3.6. Feeding deterrence of crude hemolymph

The crude hemolymph @&. paganashowed strong feeding deterrence activity. Therdeee rate was 95%
with the undiluted hemolymph (total number of afgsding on the test and control droplets: 75), 94ith a
1:10 dilution (68), 33% with a 1:100 dilution (98nd 9% with a 1:333 dilution (104). These ratesewer
significant T = O three timesP < 0.01,Wilcoxon matched-pairs signed-ranks test), exchetlatter oneT =
14.5,P > 0.05). Many ants that started to feed on thelutedi crude hemolymph then walked backwards while
keeping their antennae and mouthparts on the stibs8ubsequently, they cleaned their antennaedntinued
their uncoordinated walk, sometimes for severalut@s. This behaviour was observed with the 10-iilation

of the hemolymph, but not with subsequent dilutions

3.7. Feeding deterrence and paralysing effect trhets from isolated body parts

Ethanolic extracts from hemolymph, integument aotaf A. paganaand A. pullatadeterred ants at the start
concentration of 8 mg DW extract/millilitre solutioln both sawfly species, the hemolymph extraowad the
strongest activity, followed by the gut and thee thtegument extract (Table 3). The hemolymph resdhi
active at 0.8 mg/ml, and no body part was stillvecat 0.08 mg/ml. The extract from salivary glamdiss fat
bodies ofA. pullatawas never deterrent.

When testing the extracts of body parts, we werprsed to observe that a majority of ants startméeed on
the test droplet were rapidly paralysed. Immobiiea could occur within only a few seconds. Thisnggom
was never observed with a control droplet. WAithpagandarvae, it was strongest when the ants fed on tite g
extract (Table 4).

Table 3 Deterrence rate (%) and paralysing effect of etHanextracts fromseveral body parts of Arge larvae

Body part Concentration (mg/ml)
8 0.8 0.08
A. pagana
Integument 23" (196) PE  -2"(159)
Hemolymph 83" (140) PE 13 (217) PE 1" (249)
Gut (including its contents) 347 (168) PE  11"(165)PE
A. pullata
Integument 47" (132) PE 9 (167) -11™ (122)
Hemolymph 98 (89)'" 17" (197) 3" (199)
Gut wall 80 (51)' PE 10" (207)
Gut content 68 (63) PE 40" (63)'""PE 1" (182)

Fat bodies and salivary glands -5 (126)""PE

Values between parentheses are the total numtmntsffeeding on the test and control droplets. FRitalysing effect observed at least in
several ants that previously fed or were feedinghentest droplet. P < 0.05; **P < 0.01;" not significant withP > 0.05, Wilcoxon
matched-pairs signed-ranks test.

'6 replications performed (instead of 12).

™7 replications performed (instead of 12).

18 replications performed (instead of 12).

Table 4 Percentage of paralysed ants around or in test iiojpom A. pagan&xtracts

Concentration Integument Hemolymph Gut
(mg/ml) PE TD PE TD PE TD
8 8 18 1 3 10 8
0.8 0 19 2 19 10 14

Percentages of ants showing a paralysing effect #R#& of those that fed on the test droplet (TB)c@mpared to the total number of ants
involved in the bioassay.
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Fig. 4. Frequency of retreats by Myrmica rubra ants aftentacting with antennae or mandibles an Arge
pagana L3-5 or L5-6. Total number of retreats andtitral" reactions are given above each bar.
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4. Discussion

Bright colouration and gregariousness are genelialtgd traits in insects (Fisher, 1930; Guilfol®90; Ruxton
and Sherratt, 2006), which is observed as a trerrge species. Two of the three brightly coloured species
were truly gregarious, whereas the cryptic spewie® generally aggregated or encountered in groopgposed

of a few individuals only. IPA. paganaappearance at L5 is sex biased (Fig. 1) which nmagheory, cause a
correspondingly biased predation pressure by nairds on a group of larvae coming from one egg'hattale
larvae would suffer from a higher predation thamdée larvae.

Pubescence linked to a defensive behaviour is krtovatt against attacks by predators such as i&tdslings
avoid preying orA. pagandarvae (Boevé and Miiller, 2005). Full-grown langfethis species were also tested
on three young, naive blackbirdsyrdus merulaThe larvae were seized but not swallowed by thaésbiand all
tested larvae that were touched, curled their lsomlienediately (see Fig. 2C) and survived the bmag¢Petre,
personal observation). Thu8, paganacan be considered as an aposematic species thgeded by avian
predators. We believe that tAegelarvae are protected by their pubescence that appephysically irritate the
gustatory sense of a bird and impede further hagdifhe fact thaf\. pagandarvae curl their body reinforces
the effectiveness of the pubescence by producirigedgehog effect". It is not known whether the body
colouration ofArge larvae has a defensive function also towards iebeate predators. A couple of studies
suggest that ants can learn by visual cues to abdghtly coloured caterpillars (Dejean, 1988; Deanld
Dettner, 2004).

The body pubescence of sawfly larvae can also geosi barrier against invertebrate attacks suchmabites
(Boevé et al., 2000). Furthermore, some argid kwih a poorly developed pubescence present aparty
tough integument (Maxwell, 1955; Verhaagh, 1988). S®uth American sawfly species feeds on a
myrmecophyte plant (a larval specimen received f\denhaagh was determined Argidae by Boevé). These
argid larvae are apparently the only animals sumgito the presence of the very aggressive plambiting ants
(Pseudomyrmex tachigalipegOnce disturbed, the larvae raise their abdomen withl,the tip of the abdomen,
crush and kill any ant worker that bites their @ioteregion (Verhaagh, 1988). The defensive behavio raise

the abdomen is common among nematine sawfly lamtdieh can, also by waving the abdomen, dislodge a
biting ant (Boevé and Pasteels, 1985).

In addition to a physical protection, insects oftese chemicals to defend against predation. Daferesiocrine
glands are described from several insect groupsttigh et al., 1990), and, more specifically, froemmatine
sawfly larvae (Boevé and Pasteels, 1985). Ventdwatinal glands occurred in alrge species studied (Table
2), but some other species possess either no oo@)yoone of these glands (Maxwell, 1955). Glatids were
too minute may have been overlooked by this auftj@ands not mentioned fé. ochropu¥and by us for gland
VIIl in A. nigripes.The ventral glands oA. pullatacontain volatiles, since they emit a perceptiblewdvhen
crushed (Boevé, personal observation), and gasmaiography-mass spectrometry analyses of glandastr
from this species revealed the presence of arognatitong the most volatile compounds (Boevé, F. éfidhd
M. Hilker, unpublished results). We suppose vatatifrom ventral glands ohrge larvae to be involved in
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defence since larvae raised their abdomen whenrbed, and since ants could retreat just by appingca
larva without contacting it. Volatiles such as aatits are often used by insects as repellents €t al.,
2005).

Ants retreated more often from L5-6 than L3-5f0fpaganaThis may indicate that, in the frame of bioassays,
relatively large amounts of volatiles are necessarglearly detect their repellent effect. In thenmatine sawfly
Hoplocampa testudineas well, ants are repelled only when confrontefilifegrown larvae, which compared to
younger instars, possess especially large glandev@et al., 1997). It is likely that if large anmtsiof volatiles
are produced by. pagana 5-6, which display aposematic body colours, theytmay function more easily as
a defence, not only towards invertebrates suchnés hut also towards predatory birds, as chemieahing
signal. Such a function is known for odours emitbgdcaterpillars (Guilford et al., 1987). Besidelaysical
protection (see above), the L5-6Afpaganavould combine visual and chemical warning signals.

The crude hemolymph &. paganaproved a deterrent for ants. This sawfly feedsases, but we believe it is
unlikely that sawflies sequester plant chemicalsabse roses are not known to contain harmful comg®u
(Buckingam, 1994). Thus, de novo production of saompounds is more plausible. Feeding deterrence wa
evidenced not only from the crude hemolymph, bsb #fom extracts of several body parts (Table 8).dodies
plus salivary glands were not active and thus destl an internal control for the other body paested. A
large majority of tenthredinid species possessnaohgmph deterrence that is in the same order ofnitade as
those in the testedrge species (Boevé and Schaffner, 2003, Table 3). éntéhthredinids, this bioactivity is
probably due to the co-occurrence of micromolec(ies, secondary plant metabolites) and macronutdsc
(e.g., proteins, with some entangling properties).

The paralysing effect of extracts from seveékapaganabody parts was an unexpected bioactivity. Thisdioxi
was not observed with crude hemolymph, probablgestoo few ant individuals fed on it (two ants, gared to
12 ants on the hemolymph extract) to have a chahabserving the symptom. The total amount of detar
compounds would be expected to be higher in théechemolymph than in the hemolymph extracts. Tluald/
be especially the case for possibly deterrent nmagtecules which are removed from the ethanolicaextby
filtration. It is likely that the strong deterreaffect of crude hemolymph prevented its ingestiwhereas the
dissolution of tested extracts in sugared water dtesulated ants to feed, and thus, to ingest thiens. The
precise origin and ecological relevance of suclictyxis subject to ongoing research. Farpaganathe highest
toxicity was obtained with the extract of the ditjes tract (Table 4), which may indicate that tbin(s) is/are
produced by this body part. k. pullata,extracts from fat bodies plus salivary glands wade® toxic, but not
deterrent (Table 3), which remains an unexplairesuilt. The reverse was true with its hemolymphaettr
which was probably too much of a deterrent to bdctgsee above). We suspect a peptidic toxin sieh a
lophyrotomin (see Section 1) to be presenfirpaganaThis toxin was detected iA. pullata(Kannan et al.,
1988) from which total extracts proved to be deterrtowards ants. Since extracts from these twaispe
provoked similar deterrence levels (Table 3), itlikely that the toxin occurs in both species, anthre
generally, in otheArge species.
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