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ARTICLE INFO ABSTRACT

Females of most aculeate Hymenoptera mate only once and males are therefore under a strong competitive
pressure which is expected to favour the evolution of rapid detection of virgin females. In several bee species, the
cuticular hydrocarbon (CHC) profile exhibited by virgin females elicits male copulation attempts. However, it is
still unknown how widespread this type of sexual communication is within Aculeata. Here, we investigated the
use of CHCs as mating cues in the digger wasp Stizus continuus, which belongs to the family (Crabronidae) from
within bees arose. In field experiments, unmanipulated, recently emerged virgin female dummies promptly elicit
male copulation attempts, whereas 1-4 days old mated females dummies were still attractive but to a much
lesser extent. In contrast, old (10-15 days) mated female dummies did not attract males at all. After hexane-
washing, attractiveness almost disappeared but could be achieved by adding CHC extracts from virgin females
even on hexane-washed old mated females. Thus, the chemical base of recognition of females as appropriate
mating partner by males is coded in their CHC profile. Accordingly, differences in CHC profiles can be detected
between sexes, with males having larger amounts of alkenes and exclusive long-chain alkanes, and within fe-
males specially according to their mating status. Shortly after mating, almost all of the major hydrocarbons
found on the cuticle of females undergo significant changes in their abundance, with a clear shift from short-
chain to long-chain linear and methyl-branched alkanes. The timely detection of virgin females by males in S.
continuus could be advantageous within the narrow period of female emergence, when male-male competition is
strongest.
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1. Introduction

Insects heavily rely on chemical cues and signals for sexual com-
munication (Ayasse et al., 2001; Wyatt, 2014). One sex emits species-
and sex-specific chemical substances or complex bouquets to be re-
cognized by the opposite sex as a potential mating partner. Besides
airborne pheromones as long range attractors, cuticular hydrocarbons
(CHC) are known to play an important role in chemically-mediated
sexual communication in close proximity (Ayasse et al., 2001; Wyatt,
2014; Paxton, 2005; Kroiss et al., 2006; Niehuis et al., 2013). CHCs
cover an insect body as a thin layer, and this hydrophobic layer consists
of a complex mixtures of mainly long-chain aliphatic alkanes, alkenes
and methyl-branched alkanes (Blomquist and Bagneres, 2010). Besides

their primary function preventing the bearer from desiccation, abrasion
and microbial infestation (Gibbs, 1998), CHCs have also evolved a
variety of communicative functions and serve e.g. as sex pheromones,
as cues for nestmate recognition, for species and gender recognition as
well as dominance and fertility signals (reviewed in Blomquist and
Bagneres, 2010). It has been shown that CHC profiles are often species
specific and in a number of cases also sex specific (Thomas and
Simmons, 2008; Blomquist and Bagneres, 2010). In the case of sex
specificity, these CHC profiles are likely to be used by one sex to dis-
criminate between males and females and particularly males use cuti-
cular profiles to adjust proper behavior (Peschke, 1987; Ayasse et al.,
2001; Howard and Blomgquist, 2005; Peterson et al., 2007).

In several species, the CHC profile changes with an individual’s
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reproductive status and/or age. This change can be either quantitative
or in some cases even qualitative. This phenomenon has been studied in
some eusocial insects with regard to queen pheromone signaling which
is either coupled with fertilization (Keller and Nonacs, 1993; Van
Oystaeyen et al., 2014) and/or ovarian development (Le Conte and
Hefetz, 2008; Peeters et al., 1999; Bonavita-Cougourdan et al., 1991).
Concerning solitary insects, evidence of reproductive status (virgin vs.
mated) affecting female CHCs is available for some species from at least
four orders (Hymenoptera: Ayasse et al., 2001; Simmons et al., 2003;
Diptera: Artis et al., 2012; Kuo et al., 2012; Coleoptera: Peterson et al.,
2007; Lepidoptera: Andersson et al., 2000).

Within aculeate Hymenoptera (bees, stinging wasps and ants), al-
terations of CHC profiles in females were identified as important source
of information about their receptivity (Ayasse et al., 2001; Paxton,
2005; Kroiss et al., 2006). This includes signals (i.e. traits coevolved
between sender and receiver for communication) as well as cues (i.e.
traits which are provided by senders and used by receivers to acquire
information) (Steiger et al., 2011) used by males while searching for an
appropriate partner. For example, in bees from at least three families,
extracts of CHC profiles from virgin, but not of mated, females, elicit
copulatory behavior in males or trigger neuronal responses in male
antennae (Ayasse et al., 1999; Paulmier et al., 1999; Schiestl and
Ayasse, 2000). This change of CHC profiles can occur as quickly as in
24 h (the bee Osmia rufa (L.), Dutzler and Ayasse, 1996), three hours
(the bee Lasioglossum malachurum (Kirby), Ayasse et al., 1999) or even
in 30 min (the ant Leptothorax gredleri Mayr, Oppelt and Heinze, 2009)
after mating. This seems to impose a strong intra-sexual competition
onto males, since females are receptive only briefly after emergence
(but see Wirtz et al., 1992) and mate only once or few times during
their lifetime (Strassmann, 2001; O’Neill, 2001; Paxton et al., 2002).

However, in many lineages of Aculeata, such phenomenon has not
been studied yet, limiting knowledge on the evolution of this type of
sexual communication. In Apoidea, for example, investigations of this
phenomenon were restricted to a few species of bees (Ayasse et al.,
1999; Paulmier et al., 1999; Schiestl and Ayasse, 2000; Simmons et al.,
2003), but there is a lack of studies on digger wasps, which includes the
family (Crabronidae) from within bees arose (Debevec et al., 2012).

In the present study, we investigated whether female attractiveness
is mediated by the cuticular chemical profile in the solitary and ground-
nesting digger wasp Stizus continuus (Klug) (Crabronidae: Bembicinae).
Therefore, we analyzed and compared CHC profiles of males and fe-
males with different age and mating status, and we conducted beha-
vioral experiments to evaluate how these changes affect female at-
tractiveness to males.

2. Materials and methods
2.1. Study site

Specimen were collected and experiments performed in the area of
“Mallada Llarga” at “Dehesa del Saler”, in the “Parque Natural de
I’Albufera” (Valencia, Spain: 39.20 N-0.40 W). Small, thick bushes of
Salicornia ramosissima (J. Woods) and Sarcocornia fruticosa (L.), large
patches of Juncus maritimus Lam. and Phragmites australis Cav., as well
as groves of Pinus maritimus (Morgan) cover most of the study area
(Polidori et al., 2008). A large nest aggregation of S. continuus (about
200 m? in total extension, see Polidori et al., 2008) was chosen for the
study.

2.2. Study species

Stizus continuus is a Mediterranean digger wasp species belonging to
the family Crabronidae. At the study site the species is bivoltine, with
wasps active from mid of June to end of September (Polidori et al.,
2008, 2010). Each female digs one multicellular nest in an area of bare,
sandy soil with sparse vegetation and hunts for orthopterans to feed
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their offspring (Polidori et al., 2008, 2009; Santoro et al., 2011). Nests
are found in aggregations (Asis et al., 1988; Polidori et al., 2008). Males
and females emerge from underground nests breaking through the soil
surface, creating typical emergence holes. Males emerge earlier than
females both in respect of season and daytime (Polidori et al., 2010).
Emergence holes are monitored frequently by mate-searching males,
some of them eventually establishing territories, of about 200-400 cm?,
in areas with a high density of emergence holes (Asis et al., 2006;
Polidori et al., 2010). Territorial males are constantly engaged in fights
with patrolling males which try to gain territory ownership (Asis et al.,
2006). When a (virgin) female emerges, it is immediately harassed by
both territorial and patrolling males, with the winner (often the terri-
torial and largest one) promptly copulating with the female (Asis et al.,
2006). Once mated, females abandon the nesting site for three to four
days, supposedly to feed on flowers, and then return to establish and
provision their underground nests (Polidori et al., 2010). At that time,
females appear to be no more interested in copulations and their at-
tractiveness to males is strongly reduced or even absent (Asis et al.,
2006).

2.3. Sample collections

Individuals were collected during their emergence and nesting
periods from June to August in the years 2008 to 2015. Virgin females
(n = 32) and virgin males (n = 10) were collected from 8:00 h to
13:00 h, i.e. when emergences are known to be most likely to occur
(Polidori et al., 2010). We captured virgin individuals by placing empty
vials above the typical emergence holes in the ground at the moment of
their creation during emergence. Mated females (n = 32) and mated
males (n = 10) (actually males assumed to be mated since they were
collected while defending territories or patrolling to search mates) were
collected with an entomological net from 10:00 h to 16:00 h, when both
female nesting/foraging activity and male patrolling/territorial activity
are high (Asis et al., 1988, 2006; Polidori et al., 2009). Since females
dig only one nest during their life, any female returning to the nesting
area and starting to dig a new nest was considered a young mated fe-
male, i.e. 1-4 days after emergence (n = 10) (Polidori et al., 2010).
These nests were marked with a stick close to the entrance. For a
number of these nests, the females were allowed to provision for
10-15 days. These females were collected 11-19 days after emergence
and assessed as old mated females (n = 22). Upon collection, in-
dividuals were freeze-killed and stored at —20 °C until chemical ex-
traction and further use.

All collected female individuals were subsequently used as dummies
in behavioral assays, and some of the CHC extracts were also applied to
dummies in behavioral tests. The CHC extracts from 10 individuals of
each category were analyzed in order to detect differences in their
cuticular profiles.

2.4. Field bioassays

Behavioral assays using dummies were performed directly at the
nesting site, between 10:00 h and 13:00 h, i.e. the hours of peak male
activity. Experiments consisted in recording the behavior of males to-
wards dead de-frosted females (dummies), either intact (i.e. retaining
their original cuticular profile), after extracting the whole body in n-
hexane for 10 min at room temperature to remove CHCs but not gland
contents (e.g. Schmidt et al., 2010; Ruano et al., 2011) or after adding
the CHC extract of two virgin females to hexane-washed old mated
females dummies.

For each group (virgin females, young and old mated females, plus
washed dummies and old mated females covered with virgin profiles),
an experiment consisted of 10-12 trials, each using a different dummy.
For each trial, three repetitions with the same dummy were performed
at three different spots within the nest aggregation area. Distance be-
tween the three spots in each experiment was about 5-10 m, greater
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than the radius of an average male territory (about 1-2 m, see Polidori
et al., 2010), thus strongly reducing the probability to test the same
males several times. At the end of each trial, the dummy was preserved
again in the freezer. The dummy was positioned on the ground in a
natural body posture at a randomly chosen spot and was initially kept
covered by a vial. Subsequently, the vial was removed and the behavior
of males towards the dummy were recorded for two minutes. We re-
corded 1) the number of male copulation attempts (mounting and
hammering with antennae, attempts to copulate) and 2) the number of
contacts without any copulation attempts (rapid touches, sometimes
with antennation). Mean values across repetitions for each trial were
calculated and values per trial were then used in statistical tests to avoid
pseudoreplication. Thus, the number of independent replicates for each
wasp group was 10-12.

Since normality of distribution of the data were lacking even after
transformation (Jarque-Bera test, JB > 10 (critical value: 5.99)) and
variances among groups (i.e. types of tested individuals) were not
homogeneous (Levene's test, F > 3 (critical value: 2.23)) we did not
use parametric tests. Instead, we compared medians among types of
experiments with the Kruskall-Wallis test (non-parametric analogue to
one-way ANOVA). The tests were followed by multiple pairwise com-
parisons using Dunn's procedure (Dunn, 1964). Linear correlation be-
tween behavioral variables was verified with the Pearson test. Statistics
of behavioral data were performed with XIStat 2012 (Addinsoft).

2.5. Chemical analysis

The CHC profiles of entire individuals were extracted by immersing
them in n-hexane in glass vials for 10 min. The extracts were stored at
—20 °C until further analysis. Before the analysis using gas-chromato-
graphy coupled with mass spectrometry (GC-MS), the volume of the
extracts was reduced to about 200 pl using a gentle stream of nitrogen.
The GC-MS analysis was performed using a HP 6890 gas chromato-
graph (GC) coupled with a HP 5973 Mass Selective Detector (MS)
(Hewlett Packard, Waldbronn, Germany). The GC (split/splitless-in-
jector in splitless mode for 1 min, injected volume: 1 pl at 250 °C) was
equipped with a DB-5 Fused Silica capillary column (30 m X 0.25 mm
ID, df = 0.25 um, J & W Scientific, Folsom, USA). Helium served as a
carrier gas at constant flow of 1 ml per minute. The following tem-
perature program was used: start temperature 60 °C, temperature in-
crease by 5°C per minute up to 300 °C and isotherm at 300 °C for
10 min. The electron ionization mass spectra (EI-MS) were acquired at
an ionization voltage of 70 eV (source temperature: 230 °C). For re-
cording and the analysis of chromatograms and mass spectra, we used
the software HP Enhanced ChemStation G1701AA Version A.03.00.

Once all peaks were quantified, we first eliminated all compounds
representing less than 0.1% of the total abundance across all groups
from the dataset. Then, we further eliminated those peaks occurring in
less than half of the individuals within each group. The final matrix
included 60 peaks (Table 1). Prior to the statistical analysis, we trans-
formed all the variables with the modified Aitchison (1986) method
used by Strohm et al. (2008) to avoid undefined values for missing
peaks which technically have an area of zero (logl0((relative peak
area/geometric mean relative peak area)+1)).

We tested differences in CHC profiles among groups with a
Discriminant Analysis (DA), preceded by a Principal Component
Analysis (PCA). We performed the PCA, in order to reduce the number
of variables (peaks), applying a Varimax rotation to the factor axes
(dimensions) identified in the initial extraction of factors, in order to
obtain simple and interpretable factors (Yaremko et al., 1986). Then,
we used the new factor axes to conduct the DA to test whether the
groups are separated by discriminant functions. To measure the quality
of the DA, Wilk's A and the correct assignments of individuals to their
respective predefined groups were used. All categories of both sexes
were entered in both the cluster analysis and the PCA/DA analysis.

Additionally, because we were particularly interested in CHC shift
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in females after mating and with age, we also compared the abundance
of major peaks (> 1% abundance in at least one of the compared
groups) among virgin, young mated and old mated females with
Kruskall-Wallis test followed by multiple pairwise comparisons using
Dunn's procedure. Statistics of chemical data were performed with
XlStat 2012 (Addinsoft).

3. Results
3.1. Field bioassays

Female dummies often elicit behavioral reaction from males in our
field experiments (Fig. 1A). We found significant differences for each of
the two categorized behavioral responses of males among the seven
types of dummies (Kruskall-Wallis tests; copulation attempts:
H=47.78, n =7, p < 0.0001; contacts: H = 47.005, p < 0.0001)
(Fig. 1B).

Males were promptly attracted to dead, intact virgin female dum-
mies, with up to 16 copulation attempts recorded in one single trial (i.e.
across three subsequent 2-min tests with the same dummy) (median: 4)
(Fig. 1B). Furthermore, 91.6% of the trials with virgin female dummies
were successful in attracting males for copulation attempts. Dead virgin
females even attracted sometimes more than one male simultaneously,
leading to a typical “mating ball” which closely resembled those ob-
served under natural conditions with live virgin females (Asis et al.,
2006). Intact young mated female dummies also attracted males,
though to a lesser extent compared with virgin female dummies
(median: 1.3) (Dunn’s procedure: p = 0.07), with up to 7 copulation
attempts in a single trial and 80% of dummies attracting) (Fig. 1B). On
the other hand, intact old mated females did not elicit copulatory be-
havior in males (only one dummy attracted males and the median value
of copulation attempts per trial was zero) (Fig. 1B). The attractiveness
of virgin female dummies suffered a major reduction when extracted
with n-hexane before presenting them (median: 0.3 and 67% of trials
with at least one copulation attempt recorded), with the Dunn’s pro-
cedure showing this reduction significant (p = 0.003) (Fig. 1B). All
other dummy categories did not elicit copulation attempts after hexane-
washing (all medians = 0) (Fig. 1B). However, applying virgin CHC
extracts on washed old mated females activated attractiveness to males,
with up to 3 copulation attempts in a single trial, a median value of 0.67
per trial and 40% of dummies attracting at least once. This acquired
attractiveness was similar in strength to that shown by intact young
mated females (Dunn’s procedure: p < 0.53) (Fig. 1B).

Contacts of males with all types of dummies with no apparent co-
pulatory intentions were relatively common, being > 30 in some trials
and up to 17 for a single trial repetition (Fig. 1C). High numbers of
contacts were recorded for both recently emerged females and old
mated females (Fig. 1B) and the Dunn’s procedure showed that there is
no difference between these two groups (p = 0.95). All the other
groups showed a much lower contact response by males (Fig. 1C).

3.2. Chemical analysis

The GC-MS analyses of CHC extracts revealed n-alkanes, n-alkenes,
and mono- and dimethyl-branched alkanes with chain lengths ranging
from 23 to 35 carbon atoms on the cuticle of S. continuus (Table 1, Fig.
S1). From 34 to 45 peaks were detected in each of the groups and the
hydrocarbons varied in their proportions (Table 1, Fig. S1).

Males and females presented important differences in CHC compo-
sitions, with males tending to exhibit larger proportions of n-alkenes
than females (Table 1, Fig. S2). Notably only mated males had com-
pounds with chain length > 33 carbon atoms (Table 1).

Females showed also large variation in CHC composition. Virgin
females clearly possessed a lower amount of dimethyl-branched alkanes
compared with mated females (Fig. S2). Important differences between
virgin and mated females appeared also for many individual substances
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Table 1

Mean value + Standard Error of the relative peak area (%) of substances (only those that make up > 0.1% per individual and are present in at least half of the group, see Methods) in the
cuticular hydrocarbon profiles of males and females of different age and mating status. The IDs for the compounds refer to their peaks shown in Fig. S1. The retention index (RI) for each
peak is also shown. Overall differences (Kruskall-Wallist test) among the three female groups are shown for major peaks, i.e. those with at least 1% abundance in at least one. Significant
shifts in the abundance of compounds (P < 0.05 in paired comparisons through Dunn’s procedure) after mating (from virgin to young mated females) and with age (from young to old

mated females) are highlighted in bold. a and b letters represent different double bond positions in alkenes.
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ID Substance Virgin females  Young mated females Old mated females Virgin males Mated males Kruskall-Wallis test (among female
groups)

1 C23 3.56 = 0.60 0.33 = 0.05 0.38 = 0.12 0.51 + 0.22 0.11 = 0.05 X2 = 17.10, P = 0.0002
2 5-MeC23 0.09 + 0.02 0.00 0.00 0.00 0.00
3 3-MeC23 0.18 = 0.03 0.00 0.00 0.00 0.00
4 C24 0.49 = 0.06 0.09 = 0.03 0.00 0.00 0.00
5  3-MeC24/ C25en 0.26 = 0.05 0.00 0.69 *+ 0.36 0.00 0.00
6 C25 5.90 + 0.81 1.39 * 0.31 217 = 0.33 171 = 0.14 1.83 = 0.35 x> =15.93, P = 0.0003
7  13-/11-/9-MeC25 2.87 =+ 0.38 0.40 * 0.11 0.98 = 0.45 0.56 * 0.22 0.65 = 0.28 x> = 16.02, P = 0.0003
8 7-MeC25 0.19 = 0.02 0.00 0.50 = 0.18 0.00 0.15 = 0.04
9  5-MeC25 0.37 = 0.05 0.10 + 0.03 0.30 = 0.07 0.12 + 0.04 0.09 * 0.03
10 3-MeC25 2.17 = 0.25 0.65 * 0.09 1.71 £ 0.53 1.27 + 018 1.08 = 0.15 ?=13.78, P = 0.010
11 5,9-/5,11- / 5,13- / 5,15- 0.21 += 0.04 0.00 0.30 = 0.09 0.00 0.19 = 0.07

diMeC25
12 C26 1.20 £ 0.05 0.63 = 0.06 0.67 = 0.07 0.70 = 0.05 0.59 + 0.03 x> = 19.56, P = 0.0001
13 3,11-diMeC25 0.36 = 0.15 0.00 0.00 0.00 0.00
14 3,7-diMeC25 0.00 0.00 0.40 = 0.09 0.10 + 0.05 0.18 = 0.07
15 13-/12-/11-/10-/9-MeC26 1.23 + 0.08 0.42 = 0.06 0.49 * 0.10 0.65 + 0.08 0.64 + 0.08 x> = 17.55, P = 0.0002
16  8,10-diMeC26 0.00 0.00 0.23 = 0.07 0.00 0.00
17 4-MeC26 0.19 = 0.03 0.00 0.00 0.00 0.00
18 3-MeC26 / C27en* 2.79 = 0.80 1.79 + 0.37 3.75 = 0.82 542 *+ 0.39 4.51 = 0.69 x> =2.88,P=0.23
19 C27en® 0.00 0.00 0.33 = 0.10 0.28 + 0.04  0.00
20 C27 17.23 = 090 13.13 = 1.48 12.76 + 1.67 14.64 = 1.10 12.68 + 1.21 X2 = 5.49, P = 0.06
21 13- /11-/ 9-MeC27 2295 + 1.21 11.42 = 1.34 9.47 + 1.21 20.34 =+ 1.73 18.28 = 1.63 X2 = 19.17, P = 0.0001
22 7-MeC27 1.23 = 0.09 1.89 = 0.19 1.59 * 0.25 161 + 0.14 1.67 = 0.12 x*>=3.93,P =014
23 5-MeC27 2.01 = 0.24 2.58 = 0.39 2.48 = 0.36 218 + 0.20 210 = 0.23 x> =2.07,P =0.35
24 9,13- / 9,15- / 9,17-diMeC27 1.34 + 0.83 0.00 0.14 += 0.05 0.36 + 0.10 0.44 + 0.04 X2 = 18.62, P = 0.0001
25 3-MeC27 10.56 = 1.10 11.58 + 0.71 9.22 = 1.14 11.42 + 0.39 9.94 = 031 x>=1.83,P=0.39
26 5,15-diMeC27 0.00 2.84 = 0.64 3.04 = 0.53 242 + 047 235 * 047 x®=13.79, P = 0.001
27 C28 2.23 £ 0.21 1.77 = 0.13 1.52 = 0.24 1.51 = 0.11 1.32 = 0.11 X2 = 4.68, P = 0.09
28 3,15-diMeC27 0.00 0.73 + 0.22 0.71 = 0.21 0.00 0.00
29 3,7-diMeC27 0.00 1.54 = 0.41 0.82 = 0.26 0.86 + 0.09 076 = 0.18 x> =12.65, P = 0.0018
30 14-/13-/11- / 9-MeC28 1.19 = 0.11 1.24 = 0.17 0.71 = 0.17 1.10 = 0.09 1.16 = 0.11 Xz = 9.87, P = 0.0072
31 8,12-/8,14- / 8,16-diMeC28 0.00 0.67 = 0.20 0.59 *= 0.18 0.37 + 0.08 0.54 * 0.12
32 6-MeC28 0.00 0.20 + 0.02 0.08 = 0.03 0.00 0.00
33 5-MeC28 0.00 0.17 + 0.03 0.09 = 0.03 0.00 0.00
34 4-MeC28 0.17 + 0.02 0.36 + 0.04 0.20 = 0.05 0.07 + 0.02 0.11 * 0.02
35 3-MeC28 / C29en 1.70 = 0.47 3.42 = 0.75 1.98 + 0.34 536 = 0.62 6.03 = 0.36 x> =4.98, P =0.08
36 (C29n 0.00 0.00 0.00 0.66 = 0.23  0.00
37 C29 7.63 = 0.69 11.65 = 0.86 10.52 + 1.46 7.74 £ 0.79 8.02 = 0.62 Xz = 8.83, P = 0.012
38 13- /11- / 9-MeC29 4.99 = 0.58 10.17 * 2.00 6.41 = 2.03 9.01 + 0.40 991 + 0.65 x*=10.33, P = 0.0057
39 7-MeC29 0.26 = 0.05 1.38 + 0.11 0.74 = 0.18 0.67 * 0.15 078 = 0.06 x> = 17.39, P = 0.0002
40 5-MeC29 0.73 = 0.08 2.41 += 0.38 1.89 = 0.32 1.13 = 0.19 1.30 = 0.17 Xz = 13.06, P = 0.0015
41  9,13-diMeC29 0.00 0.00 0.00 0.00 0.13 + 0.04
42 7,11- / 7,15- / 7,17-diMeC29 0.13 = 0.06 0.94 + 0.21 0.46 = 0.15 0.34 £ 0.06 0.52 + 0.11
43 3-MeC29 1.16 £ 0.12 4.34 + 0.91 294 = 1.13 2.04 + 023 201 = 0.31 = 9.06, P = 0.0108
44 5,13- / 5,15- / 5,17-diMeC29 0.00 2.78 = 0.69 1.57 = 0.52 1.01 = 0.40 1.65 = 0.43 Xz = 11.07, P = 0.004
45 C30 0.50 = 0.04 1.41 * 0.25 0.81 = 0.15 0.69 + 0.10 1.05 + 0.12 x*=10.11, P = 0.006
46 3,7-diMeC29 0.00 0.26 + 0.10 0.00 0.00 0.00
47 15- / 14- /13-MeC30 0.00 0.43 = 0.10 0.10 = 0.03 0.21 * 0.05 0.36 = 0.07
48 8,12- / 8,14- / 8,16-diMeC30 0.00 0.18 = 0.07 0.00 0.00 0.00
49 C3len 0.00 0.48 + 0.11 0.26 = 0.13 0.36 = 0.03 0.56 + 0.10
50 C31 0.80 = 0.10 1.49 = 0.15 1.55 = 0.28 1.16 = 0.15 2.08 = 0.30 Xz = 8.87, P = 0.012
51 15-/13-/11- / 9-MeC31 1.12 = 0.29 1.42 = 0.32 1.28 = 0.46 0.94 + 0.17 1.89 = 0.30 X2 = 0.70, P = 0.70
52 7-MeC31 0.00 0.15 + 0.04 0.10 = 0.03 0.07 + 0.02 0.31 + 0.08
53 5-MeC31 0.00 0.25 + 0.06 0.22 = 0.05 0.00 0.27 = 0.07
54 711-/7,15-/7,17-/7,19- 0.00 0.09 = 0.04 0.00 0.00 0.00

diMeC31
55 3-MeC31 0.00 0.52 + 0.09 0.29 = 0.10 0.39 + 0.04 091 + 0.18
56 (C32 0.00 0.11 + 0.04 0.00 0.00 0.22 = 0.06
57 17-/15-/13-/11-/9-/7- 0.00 0.12 = 0.04 0.00 0.00 0.34 = 0.09

MeC33
58 3-MeC33 0.00 0.00 0.00 0.00 0.17 = 0.06
59 13- /11-MeC35 0.00 0.00 0.00 0.00 0.07 + 0.03
60 13,23-diMeC35 0.00 0.00 0.00 0.00 0.09 = 0.03

(Table 1). In particular, peaks with carbon chain lengths between 23
and 26 were exclusive or much more abundant in virgin females
(Table 1). After mating, the CHC profile becomes more complex
(Table 1).
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When considering only major peaks (those with at least 1% abun-
dance in at least one group under comparison), significant differences
(P < 0.05 in Kruskall-Wallist test, see Table 1) occurred for 19 peaks.
The paired Dunn’s comparisons showed important changes for almost
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Fig. 1. A, a copulation attempt by a male S. continuus on a virgin
female dummy. B-C, box-and-whisker plots showing medians (hor-
izontal lines within boxes), 1° and 3° quartile (horizontal lines closing
the boxes), and maximum and minimum values (QO) for the two types
of male behavioral interactions (B: copulation attempts; C, contacts)
towards dead intact recently emerged virgin females, dead intact
young mated females, dead intact old mated females, dead washed
recently emerged virgin females, dead washed young mated females,
6 . ¢ dead washed old mated females and dead washed young mated fe-
B CHC intact E CHC removed E CHC males with 2 virgin female profiles added. Ends of the whiskers re-
5 T ] ' removed present the lowest datum still within 1.5 X interquartile range of the
% c ! : +2 virgin lower quartile, and the highest datum still within 1.5 X interquartile
=] 0 ] E CHC range of the upper quartile. Different letters above the bars were used
Q 4 \ E ! to show the results of the multiple pairwise comparisons using Dunn's
® ! : added procedure. The boxes of dummies with intact CHC profiles are con-
S 3+ ", be E b i nected by a dashed grey line in order to evidence trends of behavioral
'g 1 ! o ! responses in relation to increasing age (expressed as grey numbers;
S 2 + T H : b note (") that for young mated females the age is expressed as the range
8‘ ~ E E (@) including most of cases recorded previously on an independent set of
O 11 =T a ' -|- ' data (see text for details and Polidori et al. (2010)).
0 o é o201 g 8 — &
14 o o ' '
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all of them (18) after mating (from virgin females to young mated fe-
males), i.e. for about one third of the total number of peaks detected in
females (Table 1, Fig. 2A). Overall, a clear shift towards long-chain
CHGCs occurred shortly (within four days) after mating (Fig. 2A).

Differences can be detected also, to a smaller extent, between young
and old mated females, but significant differences (paired Dunn’s
comparisons) between young and old mated females were detected only
for four major peaks (Table 1, Fig. 2B).

The PCA based on the transformed area of the CHC peaks identified
five principal factors accounting on the whole for 73.3% of the total
variance. The greatest contributions (> 5%) of the principal factor 1
came from six internally mono- or dimethyl-branched alkanes with a
carbon chain length between 27 and 29. The principal factor 2 is best
determined by internally mono- and dimethyl-branched alkanes, and
one linear alkane, with a carbon chain length between 31 and 35. The
third factor was mostly correlated with mono- or dimethyl-branched
alkanes with a carbon chain length of 25, the fourth with linear alkanes
and monomethyl-branched alkanes with a carbon chain length between
23 and 26, and the fifth factor particularly with 4-monomethyl-C28-
alkane and 3-monomethyl-C29-alkane.

The subsequent discriminant analysis, based on the five PCA prin-
cipal factors, calculated five discriminant functions that resulted in a
significant separation of all five groups (Wilk's A = 0.01, F = 20.3,
df = 20, 137, p < 0.0001; Fig. 3A), with 78% of individuals correctly
assigned to their groups. Discriminant function 1 represented 58.4% of
the variance and mostly separated virgin females from mated females.
Discriminant function 2 represented 35.5% of the variance and sepa-
rated females from males (Fig. 3A). When the discriminant factor 2 is
plotted against the discriminant factor 3 (Fig. 3B), virgin females
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remained between young mated and old mated females along the dis-
criminant factor 3 (Fig. 3B). The Fisher distances among group cen-
troids were all significantly different (Fisher’s distance between 5.3
(mated males vs. virgin males) and 46.2 (virgin females vs. old mated
females), all p < 0.001).

4. Discussion

There is increasing evidence that females in some taxa of aculeate
Hymenoptera loose attractiveness once mated in correspondence with
some changes in their CHC profile. In representatives from five different
apoid families (Apidae, Colletidae, Megachilidae, Andrenidae,
Halictidae), males were found to be attracted by the CHC profiles of
virgin females. Changes in their CHC profiles after mating were asso-
ciated with a loss of attractiveness to mate seeking males (Ayasse et al.,
1999; Paulmier et al., 1999; Schiestl and Ayasse, 2000; Simmons et al.,
2003; Mant and Brandli, 2005). The results of these studies are in ac-
cordance with the alteration of CHC profiles in females of the digger
wasp S. continuus and the loss of attractiveness after mating. Males
copulation attempts were drastically reduced towards mated females,
although recently mated females elicit more copulation attempts than
old mated females. This might be explained by the duration of CHC
changes after mating. The lack of attractiveness of nesting females
observed in other digger wasp species (e.g. Tsuneki, 1956; Lomholdt,
1975) suggests that changes in female CHC profiles affecting male be-
havior could be widespread in this group. Most of ground-nesting bees
and wasps are monandrous (Ayasse et al., 2001), so on one hand mated
females benefit from decreased harassment by males during nest ex-
cavation and provisioning (Smith and Ayasse, 1987; Wcislo, 1987). On
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» 100 Fig. 2. Standardized differences of the% abundance of major peaks
9 (> 1% in at least one group) between virgin and young mated females
g 80 (A) and between young mated and old mated females (B) of S. con-
“q_) tinuus ((% in group 1 -% in group 2)/(% in group 1 + % in group
o) 60 2)*100)). In A, positive bars indicate higher% in virgin females and
Q 40 negative bars indicate higher% in young mated females, while in B,
g positive bars indicate higher% in young mated females and negative
20 bars indicate higher% in old mated females. Peaks are ordered by the
g’ Retention index (RI). Ranges of carbon chain lengths for the peaks are
8 0 also shown. The symbol " highlights a significant difference detected
> by a Dunn’s procedure after a Kruskall-Wallist test (see Table 1 for
'8 -20 - overall statistical differences among the three female groups).
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the other hand, a rapid discrimination of a proper mating partner is
advantageous for males within the narrow time period of female
emergence, when male-male competition is highest (Asis et al., 2006).

Male non-copulatory contacts towards the different female cate-
gories also varied in frequency. Contacts were frequent towards virgin
females (in accordance with their sexual attractiveness), as well as to-
wards old mated females, whereas contacts towards young mated fe-
males were less frequent. This variation in contacts is difficult to ex-
plain as we were not able to identify specific compounds as
pheromones. Potential candidates for eliciting the contacts could be
compounds as 3-methyl-branched hydrocarbons which are drastically
decreased in young mated females compared to virgin females, but
increased again in old mated females (see Table 1). Further experiments
are required to fully understand the obtained results on this variation in
male behavior.

Females of S. continuus usually mate only once in their life. In fact,

3-MeC29
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C30
C31

15-/ 13- /11-/ 9-MeC31

5,18-/5,15-/5,17-diMeC29

females generally abandon the emergence/nesting site (where most
males occur) after the first copula to avoid harassment by males and
return only after 3-4 days to start nesting (Polidori et al., 2010). We
found that a shift in the CHC profile of virgin females in their early life
as imagos, leads to the loss of their attractiveness. Within the first four
days after mating, there is a decrease or even disappearance of certain
compounds, particularly alkanes and monomethyl-branched alkanes
with shorter chain-length (C23-C26), together with the increase of
mostly alkanes with longer chain-length (C28-C33) leading to a reduced
attractiveness to males. Thus, males are under a strong competition to
find a receptive partner within this short temporal window.

Previous studies on bees as well as on other aculeate hymenopterans
showed that changes in female attractiveness via CHC changes could be
either due to an endogenous shift in their cuticular chemistry (Engels
and Engels, 1988; Ayasse et al., 1999; Engels et al., 1997; Hora et al.,
2008) or because of an anti-aphrodisiac being applied on the female by
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data not shown).

to sexual selection (Thomas and Simmons, 2008), and it is widespread
Short-chain alkanes and mono methyl-branched alkanes (C23 to

in aculeate Hymenoptera (e.g. Layton et al., 1994; Cuvillier-Hot et al.,
aphrodisiac to females as we did not find any additional exclusive polar

2001). It is also unlikely that males transfer gland contents as anti-
or non-polar compound in male gland extracts (dichloromethane ex-

transferred to females during mating and act as anti-aphrodisiac. It has
been suggested that CHC dimorphism in insects may have evolved due

traction of entire specimens for 2 h
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C26) were found in higher proportion in virgin than in mated females of
S. continuus, suggesting that the cue or signal for their receptivity may
be within this chain length range. After mating, a shift towards longer-
chain alkanes and mono methyl-branched alkanes occurred. A similar
shift after mating towards longer-chain alkanes was observed in a so-
litary anthophorine bee (Simmons et al., 2003). However, literature
survey did not support the hypothesis that only short-chain alkanes and
methyl-branched alkanes are generally responsible for virgin female
attractiveness in Apoidea (Table 2). In a megachilid bee, an andrenid
bee, a colletid bee and a bumblebee, either short- or long-chain alkenes
are much more abundant in virgin than in mated females (Paulmier
et al., 1999; Schiestl and Ayasse, 2000; Simmons et al., 2003; Mant and
Brandli, 2005; Jansen et al., 2015) suggesting that alkene-rich profile
are responsible in eliciting male copulation in these species (Table 2).
However, alkenes were unlikely to play an important role in S. continuus
female attractiveness, since they are not very abundant on the female
cuticle.

Despite the recorded CHC shift after mating, young mated females
are still, though very poorly, attractive to males. Rare copulatory at-
tempts towards young mated females was also recorded for another
wasp species in the subfamily Bembicinae, Bembix rostrata (Fabr.)
(Schone and Tengo, 1981) and in the bee Amegilla dawsoni Rayment
(Simmons et al., 2003). In S. continuus the disappearance of the female
attractiveness seems to be related with a further, though smaller, CHC
shift from young to old mated females. Age-dependent changes in CHC

Appendix A. Supplementary data
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profiles are not surprising per se since they normally occur due to
physiological ageing processes (metabolism and gland development)
and ovarian development (Jansen et al., 2015). For future studies, it
would be interesting to examine if the CHC profile of S. continuus virgin
females also shift with age independently of mating, as it was observed
in few bees (Megachile rotundata Fabricius, Paulmier et al. (1999); La-
sioglossum zephyrum (Smith), Barrows (1975); Apis mellifera L., Babis
et al. (2014)) and few ants (Linepithema humile Mayr, de Biseau et al.
(2004); Ectatomma tuberculatum (Olivier), Hora et al. (2008)).
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