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Abstract

Juvenile hormone (JH) has important functions that regulate insect life. In adult individuals, it induces gonadotropic and
behavioral changes. Manipulating JH levels helps to understand how it influences insect physiology. The effects of JH on
Epiponini swarm-founding wasps have shown contrasting results, affecting reproduction, chemical compound expression,
behavior, and age polyethism. In this study, we investigated whether JH affects reproductive physiology and production of
fertility cues in a swarm-founding wasp species Polybia occidentalis in an age-controlled experimental setup. We treated
newly emerged females with methoprene (JH analogue) and precocene-I (JH inhibitor) to determine their effects on ovary
activation and cuticular hydrocarbon (CHC) expression. Furthermore, we compared the chemical profiles of treated workers
with those of queens. Our results show that methoprene and precocene-I affected the CHC production in P. occidentalis.
Additionally, females treated with methoprene were chemically more similar to queens than precocene- and acetone-treated
females. Methoprene affected ovarian status (increasing ovary activation). These results suggest that different levels of JH
reflect changes in chemical and reproductive traits in P. occidentalis females. Furthermore, we point out the existence of
fertility cues in this Epiponini wasp.
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Introduction

Juvenile hormone (JH) is a lipid hormone from the sesquiter-
penoid class of terpenes, found in diverse natural products. It
is synthesized by the Corpora allata, a pair of glands local-
ized in the insect brains (Nijhout 1994; Hartfelder. 2000;
Huang 2020). JH has important functions in the regulation
of adult life in social Hymenoptera (Hartfelder 2000; Huang
2020). In social wasps, there is evidence that JH regulates
age polyethism and acts as a gonadotropic agent, increas-
ing ovarian activation and controlling cuticular hydrocar-
bon (CHCs) expression, which in turn acts as a fertility cue
(O’Donnell and Jeanne 1993; Oi et al. 2015a; Oliveira et al.
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2017; Walton et al. 2020).

Manipulating JH levels (using JH analogue methoprene
and anti-JH precocene) helps to understand how JH influ-
ences insect physiology, especially given the diversifica-
tion of associated functions across different insect lineages
(Slaméa 1971; Robinson 1992; Ramaseshadri et al. 2012;
Kesltrup et al. 2014a, 2014b). Methoprene is a JH analogue
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that triggers similar effects as pure JH in the physiology
and behavior of insects. On the other hand, precocene is a
compound that acts as an anti-JH, destroying the Corpora
allata and consequently inhibiting JH production (Bowers
1976; O'Donnell and Jeanne 1993; Robinson and Vargo
1997; Giray et al. 2005; Burns et al. 2007; Gotoh et al.
2008). Social insect workers treated with methoprene are
known to upregulate the production of queen-like chemical
profiles, and in contrast, precocene-treated workers express
worker-like chemical profiles (Oliveira et al. 2017; Oi et al.
2021a,b). Some specific CHCs act as queen signals in dif-
ferent social insect species and the comparison of their
chemical profiles reveal that specific CHCs are conserved
across different social insect lineages (Van Oystaeyen et al.
2014; Kather and Martin 2015; Holman 2018). Indeed, the
JH has the function of controlling some features of solitary
ancestral species, such as reproduction and the production
of fertility cues (Oi et al. 2015b). In social wasps, JH fur-
thermore displays a gonadotropic role in females by increas-
ing ovary activation and oviposition (Tibbetts and Sheehan
2012—Polistes metricus; Kelstrup et al., 2014b—Synoeca
surinama, Oi et al., 2021a—Vespula vulgaris; Prato et al.
2021—Polybia occidentalis; Ferreira et al. 2022—Mis-
chocyttarus cerberus and Mischocyttarus cassununga),
and is associated with colony ontogeny and pheromone
regulation (Oliveira et al. 2017—YV. vulgaris; Walton et al.
2020—Polistes fuscatus; Oi et al. 2021b—DPolistes dominula
and Polistes satan; reviewed in Tibbetts et al. 2020; Ferreira
et al. 2022—M. cerberus and M. cassununga). Additionally,
JH is a pleiotropic hormone, meaning that the endocrine
system regulates two or more features in the same individual
(Dantzer and Swanson 2017; Oliveira et al. 2017; Oi et al.
2020; Oi et al. 2021a, b).

JH may not have a conserved role in Epiponini swarm-
forming wasps. Previous studies demonstrated that JH regu-
lates reproduction in S. surinama but not in Polybia micans
(Kelstrup et al. 20144, b). In P. occidentalis, it was reported
that JH influences ovarian status, behavior, and chemical
profile (O’Donnell and Jeanne 1993; Prato et al. 2021), and
we confirmed that JH influenced age polyethism (Prato et al.
2021). Additionally, the morphological caste differentiation
evolved several times in the Epiponini to different degrees
(Noll and Wenzel 2008; Noll et al. 2020) and it is likely
to be under JH influence. It is thus not clear how JH acts
on Epiponini wasps. This poorly studied yet species-rich
tribe presents a wide phylogenetic range of biological char-
acteristics. For instance, morphological castes and ovarian
activation in workers are present in some species (Protopo-
lybia and Chartergellus, respectively) but not in others
(Synoeca) (Noll et al. 2020). The nests of swarm-forming
wasps are polygynic and, in some species, queens and work-
ers express morphological and physiological differences
(Noll et al. 2020). For instance, in P. occidentalis, workers
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organize themselves in an age-polyethism system, which
means that newly emerged females perform tasks within
the nest, while older workers perform high-cost tasks, such
as foraging (Jeanne 1991; Jeanne et al. 1992; O’Donnell
and Jeanne 1992). Newly emerged females exhibit ovary
activation which decreases as they age (O’Donnell 2001).
Another group of females, namely the intermediaries, show
ovarian activation, but are not inseminated (Noll and Zucchi
2000). The number of queens varies depending on the size
and stage of the nest, and workers often eliminate queens
during nest development (Forsyth 1978). In summary, these
biological characteristics provide an interesting opportunity
for intra-genus comparative studies and to understand how
the endocrine system can affect the morphological develop-
ment type (post-imaginal and pre-imaginal) (Kelstrup et al.
2014a).

Here, we focus on the effects that JH triggers in Epiponini
wasps: induction of ovarian activation, acceleration of age
polyethism, and cuticular chemical production. We investi-
gate whether JH is responsible for regulating ovary activa-
tion and the production of CHCs in P. occidentalis females
kept under controlled conditions. This contrasts from our
previous study (Prato et al. 2021), which was conducted in
the field and focused on the influence of JH on the division
of tasks, Studies have indeed demonstrated that experiments
conducted under field and laboratory conditions affect dif-
ferently the traits under investigation such as differences in
physiology, behavior, gene expression, and development
time (Calisi and Bentley 2009; Campbell et al. 2009; Jandt
et al. 2015). We thus performed our experiments in the labo-
ratory to control for the influence of age, interaction among
workers, and food intake. Furthermore, we investigated
whether JH is responsible for upregulating the production
of CHCs that may be linked with ovary activation, and thus
might represent key compounds to inform fertility status in
the species. To do this, we compared the chemical profile
of treated workers with those of fertile queens. We hypoth-
esized that reproductive and chemical traits of P. occiden-
talis are directly affected by their circulating levels of JH.
We predicted that females treated with methoprene would
express higher levels of ovary activation and their cuticular
surface would become more queen-like. Conversely, we pre-
dicted the opposite effects for females treated with precocene
that is low levels of ovarian activation and chemical profile
contrasting from queen-like.

Materials and methods
Study site and experiments

The experiments were conducted in the Laboratério de
Comportamento e Ecologia de Insetos Sociais at the
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Universidade de Sao Paulo (USP), Ribeirdo Preto Campus
(21°09'50.7"S, 47°51'32.1"W) between August and Octo-
ber 2016. Two nests of P. occidentalis were collected in the
field and kept under laboratory conditions to sample newly
emerged females. The newly emerged females were treated
topically on the abdomen with either a single dose of 1
uL of a solution at 5 pg/ul of methoprene (MT) Pestanal®
(SUPELCO, analytical standard) (25 individuals) or a single
dose of 1 pL of a solution at 5 pg/ul of precocene-I (PC)
(SIGMA-ALDRICH) (25 individuals) diluted in acetone.
The solvent group (25 individuals) was treated with acetone
(AC) (2 ul of acetone). The choice of solution concentration
was based on previous toxicity tests (Prato et al. 2021). The
females from each group were paint-marked with non-toxic
ink (Magic®) and kept in a plastic box with sucrose solution,
mealworm larvae, and a piece of the nest for 10 days. We
chose 10 days based on a previously published work, which
reported that at a later age, almost all the females of P. occi-
dentalis have filamentous, not activated ovaries (O’Donnell
2001). After 10 days, the treated females were euthanized in
the temperature freezer for posterior extraction of CHCs, and
dissection to check their ovarian activation. For comparison,
six queens (Q) were collected from a third nest belonging
to the same region to analyze the CHCs, ovarian status, and
insemination.

CHCs analyses

Cuticular hydrocarbons were extracted in hexane solvent
(Macron Fine Chemicals, 95% n-Hexane) by immersing
the body for two minutes. The solvent from the extract
was left to evaporate in a flow chamber for 24 h. The vial
with the extract was resuspended in 50 pL of hexane and 2
pL of this solution was injected (Splitless mode) in a Gas

Fig. 1 Ovarian patterns found
in Polybia occidentalis workers
treated and queens. a Queen
activated ovary, b worker
activated ovary, and ¢ worker
non-activated ovaries

Chromatography—Mass Spectrometer (GC-MS) (Shi-
madzu, model QP2010), using a DB-5MS column (length
30 m), with the injector temperature at 280 °C and the
helium carrier gas flow set at 1 mL/min. The oven tempera-
ture started at 150 °C, rising by 7 °C/min until 260 °C, and
was kept at this temperature for 5 min. After, the temperature
was further increased to 310 °C at a 5 °C/min rate and held
for 10 min. An external alkane standard solution C21-C40
(Fluka analytical) was used to identify the linear hydrocar-
bons. The methylated compounds were identified based
on the mass spectrometric fragmentation patterns (ion and
molecular mass) (Carlson et al. 1998).

Reproductive trait categorization

The ovaries of treated females were dissected in saline
solution and categorized into two types, activated or non-
activated (Noll and Zucchi 2000). The ovary of the queens
were categorized as activated (mature oocytes ready for lay-
ing), shown in Fig. 1a. Treated females were categorized in
the following way: activated ovary of workers (small cells
and oocytes and few mature oocytes) (Fig. 1b), and non-
activated ovary of workers (filamentous ovarioles) (Fig. 1c¢).

Statistical analyses

All statistical analyses were performed using R software
(version 4.0.2, R core team 2018). The area of the peaks in
the chromatograms were transformed in relative amounts.
The CHCs from the different treatments were compared
using the Permanova test (Bray—Curtis distance). For
that, we used the adonis function from the vegan package
(Oksanen et al. 2013). To visually represent our multivari-
ate chemical dataset and check for cluster formation based
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on their CHCs according to different treatments, a principal
component analysis (PCA) was performed with the prcomp
function of the stats package (Team RC et al. 2013). To
identify the compounds that most contributed to the separa-
tion of the groups, a discriminant analysis (SIMPER) was
performed using 999 permutations. We used the simper
function from the vegan package (Oksanen et al. 2013).
Furthermore, the main compounds that were important in
the group separations (results from SIMPER analysis) were
divided into three different chemical classes (linear alkanes,
methyl alkanes, and alkenes). The classes of compounds and
the individual compounds per group were analyzed using a
Mann—Whitney test.

The Generalized Linear Model was done to analyze the
ovarian status of the workers between the treatments. The
ovary was the dependent variable, and the treatment and
origin nest as the explanatory variables. A post hoc Tukey
test was used to compare the treatments. Those statistical
analyses used the Ime4, emmeans, effects, and HH packages
(R Development Core Team 2008; Bates et al. 2020).

Results
CH differences

The cuticle of P. occidentalis expressed a chemical profile
that included 65 compounds, which ranged from 22 to 40
carbons chain length (Table 1 supplementary material).
The differences between treated workers and queens were
both qualitative and quantitative. The CHCs’ profiles from
workers treated with methoprene and precocene were sig-
nificantly different when compared to the solvent group
(Permanova: Fg; 3: 38.66; p<0.01) (Fig. 2; Table 2 sup-
plementary material). The most important compounds that
contributed to the separation of the treatments were methyl
alkanes (66.7%), linear alkanes (21%), alkenes (8.8%), and
unknown compounds (3.5%). The main compounds respon-
sible for groups’ separation varied mainly between the chain
lengths from n-C,s to n-Csq

The relative abundances of each chemical compound
class varied among the treated workers. The proportion of
linear alkanes differed among all the treatments (p <0.01),
except acetone and precocene (Mann—Whitney—W = 356;
p=0.40) (Fig. 3a; Table 1). In this case, workers from the
methoprene-treated group showed the highest proportion of
linear alkanes (Table 3 supplementary material). The lin-
ear alkanes n-C,;, n-C,g, n-C,g, and n-C;; were higher and
statistically different in the methoprene-treated group when
compared with the precocene and acetone treatment groups
(Fig. 3b; Table 2). The proportion of methylated alkanes
varied among all the treatments (Fig. 3a; Table 1). Consid-
ering methylated compounds only, there were also specific
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Fig.2 Principal components analysis (PCA) based on the relative
abundances of the chemical compounds present in their cuticle of
Polybia occidentalis females”. Red acetone, Blue precocene, Green
methoprene, and Yellow queens. Highlighted compounds: 3MeC,;,
n-Cyy, n-Cyg, MeC,g=15-;13-;11-;9-TMeC,y, MeC;, =15-;13-;11-
;9MeC;; and MeCj9=15-;13MeCjy

methylated compounds that were higher and statistically
different in workers from the methoprene-treated group
when compared with the two others (e.g., 13-;11-;9MeC,;
3MeC,;; 3.13-;3.11diMeC,; and 3.15-;3.13-;3.11diMeC,,)
(Fig. 4; Table 3). Workers from the precocene-treated group
presented a higher proportion of methylated compounds
than the other treatments (Table 3 supplementary material).
Workers from the methoprene-treated group expressed the
highest proportion of alkenes and this class of compound
varied among all the treatments, but it was not different
between workers from the acetone and precocene-treated
groups (W=223.5; p=0.08) (Fig. 3a; Table 1 and Table 3
supplementary material). Interestingly, the alkene z-C,4-1
occurred in a higher proportion in workers from the meth-
oprene-treated group when compared with precocene and
acetone groups. The alkene z-C,y-2 was exclusively present
in workers from the methoprene group. Finally, some com-
pounds remained unidentified due to their low-quality mass
spectra. These compounds were likely methylated hydro-
carbons and were present in workers from the methoprene
and acetone groups (W =515.5; p<0.01) and appeared in a
higher proportion in the acetone group (Fig. 3a; Table 1 and
Table 3 supplementary material).

The chemical profile of queens was statistically differ-
ent to the chemical profile of workers (Permanova: Fog 4:
34.75; p<0.01) (Fig. 2; Table 4 supplementary material).
The classes of compounds varied among the treated work-
ers and queens. The abundance of linear alkanes was sig-
nificantly similar between workers treated with acetone and
precocene, but they differed from methoprene and queens
groups. These compounds were higher in abundance in
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Fig.3 a Relative abundance of different compound classes (linear
alkanes, methyl alkanes, and alkenes) found in Polybia occidenta-
lis according to the group of treated workers (acetone, methoprene,
and precocene) and queen. b Specific compounds of linear alkanes
and methyl-alkane n-C,;, 3MeC,,, n-Cy;, n-C,g, n-C5; found in Poly-
bia occidentalis according to the group of treated workers (acetone,

Table 1 Results from Mann—Whitney test comparising the compound
classes (Linear alkanes, methyl alkanes, alkenes, and unknown)
among the treated females of Polybia occidentalis that were impor-

=

Mean (relative percentage)

5 cc
a a
a i : Ticis
0 I
n-C27 3MeC27 n-C28 n-C29 n-C31
Compounds

methoprene, and precocene) and queen. The compounds represented
in “b” correspond to the ones that were previously demonstrated to
act as queen pheromones in other social wasps (Van Oystaeyen et al.
2014; Oi et al. 2016). Different letters indicate statistical differences
between groups of a given compound

tant in the separation of the treatment groups (AC acetone, MT meth-
oprene, and PC precocene)

Linear alkanes Methyl alkanes

Alkenes Unknown

AC x MT p <0.01/W=5% p <0.01/ W=592%
AC x PC p =0.40/ W =356 p <0.01/ W="175%
MT x PC p <0.01/ W=625% p<0.0l/W=1%

p <0.01/W = 10*
p=0.08/ W=223.5
p <0.01/W =557.5%

p <0.01/ W=515.5%

*Significant p values (p <0.05)

Table 2 Results from Mann-Whitney test comparing the main linear alkanes (n-Cy;. n-C,g; n-Cyg, and n-C;;) among the treated females of Poly-
bia occidentalis that were important in the separation of the treatment groups (AC acetone, MT methoprene, and PC precocene)

n-C27 n-C28 n-C29 n-C31
AC x MT p<0.01 W=3* p <0.01 W=1115¥ p<0.01 W=52.5% p <0.01 W =135%
ACx PC p=053 W =345 p=0.26 W =255 p=0.16 W =385 p=0.01 W = 440*
MT x PC p <0.01 W= 625% p <0.01 W = 488* p <0.01 W = 588%* p <0.01 W = 566*

*Significant p values (p <0.05)

workers treated with methoprene and queens, and they did
not differ statistically from each other (W=64; p=0.59)
(Fig. 3a; Table 4 and Table 5 supplementary material). The
methylated alkanes appeared in a higher proportion in the
workers treated with precocene, and this compound class
varied between all the workers treated groups and queens
(p<£0.01), except in methoprene and queens (W =156;
p=0.35) (Fig. 3a; Table 4 and Table 5 supplementary mate-
rial). Finally, workers treated with methoprene were the ones
who had the higher proportion of alkenes. We found in our

samples CHCs that have already been highlighted in the lit-
erature as queen pheromones in other social wasps (n-C,;,
3MeC,;, n-Cyg, n-Cyg, n-Cy;y (Van Oystaeyen et al. 2014,
Oi et al. 2016). We observed that these linear alkanes and
3-MeC,, appeared in higher proportions in workers treated
with methoprene, which were statistically different when
compared to other treated groups (Fig. 3b; Table 2 and 3, 4).
Also, these compounds in workers treated with methoprene
were statistically different in relation to the queen group,
except the n-C,q (Fig. 3b; Table 5).
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Fig.4 Abundance of different methylated alkanes found in Polybia
occidentalis workers according to the treatment groups. (1- 13-;11-
;9MeC,y; 2- TMeC,;; 3- 5MeC,;; 4- 3MeCyy; 5- 5.13diMeCyy; 6-
3.13-;3.11diMeC,;; 7- 3.7diMe,;; 8- 4MeC,g; 9- 4.14-;4.12diMeC,g;
10- 9.13diMeC,y; 11- 5.15-;5.13-;5.11diMeC,y; 12- 3.15-;3.13-
;3.11diMeC,y) (The data are presented as mean and standard devia-
tions). Different letters indicate statistical differences between treat-
ments of a given compound

Reproductive traits

Workers belonging to different groups expressed different
levels of ovary activation (Treatment—Anova Chisq=22.42,
p <0.001#%**; Nest—Anova Chisq=4.11, p=0.042%).
Workers treated with acetone expressed mostly non-acti-
vated ovaries (76% versus 24% of activated ovaries). The
same trend was detected in workers treated with precocene,

Table3 Results from Mann—Whitney test comparing the

in which 88% of them expressed non-activated ovaries,
while only 12% had activated ovaries. On the other hand,
workers treated with methoprene exhibited a higher rate
of ovary activation (65% of them), whereas only 35% had
non-activated ovaries. The pairwise comparisons among the
treatments were significant between workers treated with
acetone and methoprene (estimate =2.47, z ratio=3.26,
p=0.001*%*) and workers treated with methoprene and pre-
cocene (estimate =— 2.98, z ratio=— 3.73, p=0.0005%*%*)
(Fig. 5). However, workers treated with acetone and pre-
cocene did not differ from each other (estimate=— 0.51, z
ratio=— 0.62, p=0.529) (Fig. 5).

Discussion

Our results demonstrate that the JH analogue (methoprene)
and the JH inhibitor (precocene) influenced the chemical
profiles in treated workers of P. occidentalis. However, only
the methoprene treatment influenced ovarian activation.

Table 4 Results from Mann—Whitney test comparing the important
compounds classes (Linear alkanes, methyl alkanes, and alkenes) in
separating treatment groups and queens (AC acetone, MT metho-
prene, PC precocene, and Q queen) of Polybia occidentalis

Linear alkane Methyl alkane Alkene

ACxQ p<001/W=0* p<0.0l/W=129* p=0.88/W=78.5
MTxQ p=059/W=64 p=035/W=56  p<0.01/W=150*
PCxQ p<001/W=0* p<0.01/W=148* p=0.16/W=103.5

*Significant p values (p <0.05)

3,13-; 3,11diMeC,,) among treated females of Polybia occidenta-

methyl alkanes (13-;11-;9MeC,;, 7MeC37, 5MeC,;, 3MeC,;, lis that were important in the separation of the treatment groups (AC
5,13diMeC,;, 3,13-;3,11diMeC,;, 3.7diMeC,,;, 4MeC,, 4,14- acetone, MT methoprene, and PC precocene)
;4,12diMeCyq, 5,15-;5,13-;5,11diMeC,y, 9,13diMeC,y, and 3,15-;
13-;11-;9MeC27 7MeC37 5MeC27 3MeC27
ACXMT p<0.01 W=23* p<0.01 W =96* p=0.01 W=185* p<0.01 W = 34%
ACXPC p=0.13 W=234 p<0.01 W=162.5%* p=0.15 W=2395 p=0.79 W =326.5
MT xPC p<0.01 W=604* p=0.01 W=445%* p=0.18 W =381 p <0.01 W = 586*
5,13diMeC27 3,13-;3,11diMeC27 3.7diMeC27 4MeC28
ACXMT n n p<0.01 W= 0* n n p <0.01 W = 86.5%
ACXPC n n p=0.73 W=2945 n n p=0.22 W =249.5
MT xPC p<0.01 W=624* p<0.01 W=625%* p<0.01 W=579.5% p<0.01 W = 448*
4,14-;4,12diMeC28 5,15-;5,13-;5,11diMeC29 9,13diMeC29 3,15-; 3,13
3,11diMeC29
ACXMT p<0.01 W= 0% p<0.01 wW=55% p<0.01 wW=177* p<0.01 W=11.5%
ACXPC p=0.044 W=416% p<0.01 W=145.5%* p<0.01 W=120%* p=033 W=362.5
MT xPC p<0.01 W=624* p<0.01 W=531.5%* p=0.92 W =307 p <0.01 W =558%

*Significant p values (p <0.05); n compound is not present in these groups
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Table 5 Results from Mann—Whitney test comparing the queens’ chemical compounds reported in the literature among treated workers and collected queens of Polybia occidentalis (Van Qys-

taeyen et al. 2014; Oi et al. 2016)

n-C31

n-C29

n-C28

3MeC27

n-C27

=755

w
w

p
p
p

W=17*

w
w

p <001

w
w
w

p <001
p <001
p<0.01

W = 150*

w
w

p <001
p <001
p <0.01

=74

W
W

0.98
p <001

p

ACxQ

122%*
W =36

0.02
0.05

109
8

p=0.09
p<0.01

=22%
0%

150*
149*

150*
63

MT x Q

W=

0.56

p

PCxQ

*Significant p values (p <0.05)

*ekek
*k

08
06
Treatment
[l Acetone
04

[ Methoprene
|.| Precocene

Ovary activation (Proportion of individuals)

Methoprene Precocene
Treatment

Acetone

Fig.5 The bars correspond to the percentages of females that
expressed ovary activation among different treatments methoprene,
precocene, and acetone group in Polybia occidentalis workers. Sig-
nificance level (**=p<0.01; ***=p <0.001)

These results are in line with previously published data
for other social wasp species (Robinson and Vargo 1997;
Oliveira et al. 2017; Oi et al. 2021a, b; Ferreira et al. 2022).

Workers of P. occidentalis treated with methoprene
chemically resembled queens, but were consistently differ-
ent to other two groups of workers. The most evident sign
of chemical modulation in workers treated with methoprene
is the increased proportion of some linear alkanes. In con-
trast, workers treated with precocene suffered a decrease in
their proportion of linear alkanes and increased the level of
methyl-alkane compounds when compared with the queen
and other treated workers. The variation that we detected in
the chemical profile of workers treated with methoprene and
precocene probably occurred due to the treatments affecting
their JH titers. Previous studies have shown that the topical
administration of JH analogue is linked directly with the
production of some long-chain hydrocarbons in social wasps
(Oliveira et al. 2017; Oi et al. 2020, 2021b). Our results show
an increase in this type of hydrocarbon. The linear alkanes
(between C27 and C31) were the most important compounds
responsible to separate workers treated with methoprene
and queens from the acetone group. The four linear alkanes
(n-Cyq, n-Cyg, n-Cyy, and n-Cs;) and one alkene (z-C,q)
in higher quantity may indicate putative fertility cue in P.
occidentalis wasps and could potentially be candidates for
queen pheromones in this species. Those compounds were
previously reported for other wasps’ species (Sledge et al.
2004—P. dominulus; van Zweden et al. 2013—Dolicho-
vespula saxonica; Van Oystaeyen et al. 2014—V. vulgaris;
Oi et al. 2015a—V. vulgaris). Altogether, our results support

@ Springer



178

A.Prato et al.

the idea that queens and fertile females overproduce specific
saturated hydrocarbons, which is shown in several lineages
of Hymenoptera (Van Oystaeyen et al. 2014; Kather and
Martin 2015). However, the difference in the chemical pro-
files encountered among the workers and queens can also
be related to their different colonies of origin, since the
CHC:s have been reported to vary in individuals of the same
species belonging to different nests (Dapporto et al. 2006;
Tannure-Nascimento et al. 2007; Martin et al. 2008; Lorenzi
and d’Ettorre 2020). On the other hand, queens and meth-
oprene-treated workers had differences only in the alkenes
class, which suggests that they are more chemically similar
to each other. Nevertheless, our results need to be interpreted
carefully as only two nests were used in the experiments,
meaning that larger sample size may be more representative
of the species.

Workers treated with methoprene increased ovarian acti-
vation when compared to precocene and acetone treatments;
this result is not surprising as JH has been shown to have a
gonadotropic effect in other social insects (Bloch et al. 2000;
Shorter and Tibbetts 2009; Tibbetts et al. 2013; Kelstrup
et al. 2014b; Amsalem et al. 2014a; Oliveira et al. 2017;
Walton et al. 2020; Oi et al. 2020; Oi et al. 2021a, b; Prato
et al. 2021; Ferreira et al. 2022). However, in the species
A. mellifera and P. micans, JH does not influence ovarian
activation but does control the chemical signaling and age
polyethism (Fluri et al. 1981; Robinson 1992; Hartfelder
2000; Kelstrup et al. 2014a). It is possible that the JH acts as
a pleiotropic hormone in P. occidentalis affecting multiple
traits, such as behavioral maturation, fertility, and chemical
signaling. However, we cannot discard the hypothesis that
in our study, the CHCs changed as a by-product of ovary
activation that was caused by hormonal treatments.

In summary, our results provide experimental evidence
that the reproduction and the CHCs’ production are under
JH hormonal control in P. occidentalis. These changes in
CHCs may act not only in the chemical communication
among workers linked to age polyethism (Prato et al. 2021)
but also in the communication between queens and work-
ers. This study helps to unveil functions associated with
JH in the evolution of the Polybia lineage. The presence
of some queen-characteristic linear alkanes, that were also
detected to be upregulated by reproductive workers (treated
with methoprene) indicate the existence of fertility cues in
this species. Future studies conducting bioassays with the
queen-characteristic compounds are necessary to test their
role in the division of reproductive labor in colonies of P.
occidentalis.
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