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Abstract

In social insects, it has been suggested that reproduction and the production of particular fertility-
linked cuticular hydrocarbons (CHC) may be under shared juvenile hormone (JH) control, and this
could have been key in predisposing such cues to later evolve into full-fledged queen pheromone
signals. However, to date, only few studies have experimentally tested this “hormonal pleiotropy”
hypothesis. Here, we formally test this hypothesis using data from four species of Polistine wasps,
Polistes dominula, Polistes satan, Mischocyttarus metathoracicus, and Mischocyttarus cassu-
nunga, and experimental treatments with JH using the JH analogue methoprene and the anti-JH
precocene. In line with reproduction being under JH control, our results show that across these
four species, precocene significantly decreased ovary development when compared with both the
acetone solvent-only control and the methoprene treatment. Consistent with the hormonal plei-
otropy hypothesis, these effects on reproduction were further matched by subtle shifts in the CHC
profiles, with univariate analyses showing that in P. dominula and P. satan the abundance of par-
ticular linear alkanes and mono-methylated alkanes were affected by ovary development and our
hormonal treatments. The results indicate that in primitively eusocial wasps, and particularly in
Polistes, reproduction and the production of some CHC cues are under joint JH control. We suggest
that pleiotropic links between reproduction and the production of such hydrocarbon cues have
been key enablers for the origin of true fertility and queen signals in more derived, advanced eu-
social insects.
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In several lineages of highly eusocial insects, specific cuticular
hydrocarbons (CHCs) characteristic for queens have been shown to
act as worker-sterility inducing queen pheromones, and therefore
play a key role in the regulation of their reproductive division of
labor (Nunes et al. 2014; Van Oystaeyen et al. 2014; Oi et al. 2015;
Holman 2018). Multiple studies indicated that some of these com-
pounds are conserved across different taxa—even in several

independent origins of eusociality (Van Oystaeyen et al. 2014;
Holman 2018). At present, it is still unclear how these queen signals
originated and how they evolved out of cues or signals present in an-
cestral solitary species (reviewed in Oi et al. 2015). Primitively eu-
social species, which are considered a representation of the
transition group between ancestral solitary species and advanced eu-
social species, provide an interesting opportunity to test hypothesis
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on how queen pheromones may have first evolved. One hypothesis
for why hydrocarbon queen signals are so conserved across different
species and lineages is that ancestrally reproduction and the produc-
tion of particular fertility-linked CHCs was under joint juvenile hor-
mone (JH) control, and that this could have predisposed fertility
cues to evolve into full-fledged queen pheromones as well as help to
maintain queen signal honesty (Oi et al. 2015; Oliveira et al. 2015,
2017).

Indeed, in social wasps there is evidence that JH acts both as a
gonadotropin by increasing ovary activation and that it controls the
production of fertility-linked CHCs (Oi et al. 2015; Oliveira et al.
2017; Table 1). JH is overall known for being tightly connected to
reproduction in females because in many insects it triggers the pro-
duction of vitellogenin (yolk protein precursors) and yolk protein
absorption by oocytes (Roy et al. 2018), and thereby acts as a go-
nadotropin (e.g., in flies, Flatt et al. 2005; Halictid bees, Kapheim
and Johnson 2017; crickets, Koch and Hoffmann 19835; and beetles,
Trumbo 1997). JH, however, is also known to affect several other
functions in insects, JH can regulate metamorphosis or adult behav-
ior (e.g., circadian clock, diapause, sexual behavior, and caste differ-
entiation) (Strambi 1990; Hartfelder and Engels 1998; Nijhout
1998; Hartfelder 2000; Huang 2020; Pandey et al. 2020; Southon
et al. 2020). The role of JH in the regulation of the age-related div-
ision of labor has also been documented in several other groups of
social Hymenoptera, including in the Western honeybee Apis melli-
fera (Hartfelder 2000) and the leaf-cutting ant Acromyrmex octospi-
nosus (Norman and Hughes 2016). This makes it a prime example
of a hormone with multiple, pleiotropic effects (Flatt et al. 2005;
Jindra et al. 2013; Huang 2020). In the Vespine common wasp
Vespula vulgaris as well as the Epiponini warrior wasp Synoeca suri-
nama, such hormonal pleiotropy has also been demonstrated by
experiments that showed that JH regulated both fertility and the
production of particular fertility-linked hydrocarbons (Kelstrup
et al. 2014b; Oliveira et al. 2017; Table 1). The findings that JH
affects fertility and the production of fertility cues, however, are cer-
tainly not universal in social insects (O’Donnell and Jeanne 1993;
Hartfelder 2000; Norman and Hughes 2016). There are many spe-
cies, for example, where JH lost its original gonadotropic function
and instead acquired secondary functions, for example, to help regu-
late the age-related division of labor or other functions (Robinson
1992; O’Donnell and Jeanne 1993; Hartfelder 2000; Norman and
Hughes 2016; Pamminger et al. 2016).

In other primitively eusocial wasps, where queens and workers
are not strongly morphologically differentiated, there is scattered
and sometimes conflicting evidence on the role of JH in influencing
reproduction, dominance, behavior, and the expression of chemical
fertility cues (Table 1). The dominance hierarchy and ovary activa-
tion are often correlated in Polistes (Pardi 1948). Quite a few studies
in Polistes wasps have provided either experimental or correlational
evidence for JH acting as a gonadotropic hormone, influencing the
reproduction of foundresses, workers, or gynes (Table 1). In Polistes
paper wasps there is also good correlational evidence for JH influ-
encing dominance behavior in foundresses, which is typically highly
correlated with reproduction, as well as experimental evidence for
an involvement in regulating worker aggression, sexual receptivity,
or worker age polyethism (Table 1). Finally, there is correlational
evidence for fertility or ovary activation being linked with the pro-
duction of particular hydrocarbons in some wasp’ species from
Vespini, Polistini, and Epiponini tribes (Table 1), which is common
also in other groups of social Hymenoptera and even some solitary
insects (Holman et al. 2013; Van Oystaeyen et al. 2014; Oi et al.

2015; Holman 2018). Whether these hydrocarbon cues are actually
used as fertility or dominance signals in primitively social wasps is
still being investigated or debated (Sledge et al. 2001, 2004;
Dapporto et al. 2007, 2010a, 2010b; Izzo et al. 2010; Oi et al.
2019; da Silva et al. 2020), even though fertility-linked CHCs have
been shown to act as queen signals in the common wasp V. vulgaris
(Oliveira et al. 2017). While several studies showed the correlational
evidence of chemical differentiation in caste of Polistine wasps,
fewer studies conducted experimental manipulation by measuring
physiological, behavioral, and chemical expression characteristics
simultaneously (Table 1). In particular, the gonadotropic effect of
JH was experimentally investigated only for some species of
Polistine and studies that check the presence of fertility cues is
shown in Table 1.

This study aimed to test consistently the hormonal pleiotropy hy-
pothesis across primitively eusocial wasps, if reproduction and fertil-
ity-linked CHCs were under hormonal control in four species of
Polistine wasps, Polistes dominula, Polistes satan, Mischocyttarus
metathoracicus, and Mischocyttarus cassununga. To do that, we
compare the species and experimentally treated newly emerged
females with JH using the JH analog methoprene and the anti-JH
precocene 1. Then, we assessed the ovary activation levels and CHC
profiles. Looking at primitively eusocial species may shed a light on
the evolution of the chemical communication and evolution of fertil-
ity signaling.

Material and Methods

Experimental setup and study species

The joint effect of JH on fertility (ovary activation) and CHC pro-
files was investigated in four primitively eusocial Polistine paper
wasps: P. dominula, P. satan, M. metathoracicus, and M. cassu-
nunga. The methodology was adapted as required per species.

Polistes dominula

Nineteen post-emergence nests were collected in the vicinity of
Leuven (Belgium, 50°53’ N, 4°42" E) between the end of June and
the end of August 2018. Subsequently, all adult individuals were
removed, and the nests were glued into wooden boxes (20 x 20 x
13 cm), of which one side was made of Perspex. The nests were kept
inside the laboratory under a controlled temperature of 28°C and a
12:12 day/night cycle. Every other day the box was checked for
newly emerged individuals. Any newly emerged individuals were
treated once with either 2 uLL of a methoprene solution (20 pg/uL in
acetone, Sigma—Aldrich), 2 pL of a precocene solution (20 pg/pL in
acetone, Sigma—Aldrich) or acetone solvent (control group, VWR
chemicals), applied topically onto the abdomen. The doses of
methoprene and precocene chosen were based on comparable
experiments carried out in related species (Izzo et al. 2010; Oliveira
et al. 2017). After treatment, the individuals were paint marked
according to their treatment using acrylic paint and placed in the
nest where they were originated from. Hence, each nest contained
individuals of the three groups: treated once with either methoprene,
precocene, or acetone sham-treated control. The maximum number
of individuals allowed in one box was 20 adults. Whenever this limit
was reached, a new box without comb was set up for the remaining
individuals. The wasps were fed using mealworms (Tenebrio moli-
tor) and sugar water ad libitum. Ten to 12 days after their initial
treatment, the individuals were frozen at —20°C to be dissected, in
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Figure 1. Representative pictures of the three categories of ovary activation found per species. (A) Not activated. (B) Half activated. (C) Fully activated. 1, Polistes
dominula; 2, Polistes satan; 3, Mischocyttarus metathoracicus; and 4, Mischocyttarus cassununga.

order to assess their ovary activation and to determine their CHC
profiles.

Polistes satan

Sixteen nests in post-emergence from P. satan were collected in
Pedregulho (Brazil, 20°15’S, 47°27'W) at the end of February 2018.
Adult individuals were removed, and the nests were kept in plastic
nest box (18 x 26 x 14 c¢cm). Newly emerged adults were treated
once with either 2 uL of a methoprene solution (20 pg/pL in acetone,
Sigma-Aldrich), 2L of a precocene solution (20 pg/uL, Sigma-—
Aldrich) or acetone solvent (control group, VWR Chemicals),
applied topically onto the abdomen. After treat and paint marking
individuals, they were placed back in plastic nest boxes. The nests
were kept at similar conditions as P. dominula and after 10-12 days
the individuals were frozen at —20°C to assess their ovary activation
via dissection and determine their CHC profiles.

Mischocyttarus metathoracicus and Mischocyttarus cassununga

A total of 25 nests of M. metathoracicus and 8 nests of M. cassu-
nunga in post-emergence were collected in Ribeirao Preto (Brazil,
21°10'S 47°48'W) in January 2018. Adult individuals were removed
and the nest was added into a round plastic container with a diam-
eter of 10cm. Because of the smaller size of these two species

compared with Polistes sp. and based on preliminary toxicity assays
(results not shown), newly emerged females were treated once with
a lower concentration of either methoprene (2 pL of 5 pg/uL in acet-
one, Sigma-Aldrich), precocene (2 pL of 5 pg/uL in acetone, Sigma—
Aldrich) or acetone (2 uL, VWR Chemicals), applied topically onto
the abdomen. After 10 days, the individuals were frozen at —20°C
to assess their ovary activation via dissection and determine their
CHC profiles.

Ovary activation

All treated females were dissected under a Leica MZ125 stereo-
microscope to assess the ovary activation level. Ovaries were
removed from the body and the activation level was visually scored
on a three-level ordinal scale, ranging from not activated to half acti-
vated or fully activated (Figure 1). Ovaries were considered “not
activated” when no activation was observed, meaning that the ova-
ries were filamentous. The “half activated” ovaries ranged from
ovaries that showed little activation, recognized by the presence of
thickening oocytes and trophocytes, to ovaries that contained almost
fully mature oocytes. The “fully activated” ovaries were those where
at least one fully mature, clearly delineated oocyte with a milky
white color was present. The difference in ovary activation between
treatments was analyzed for all species together using a cumulative
link mixed model (CLMM) using the package “ordinal.” The model
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included treatment and species with interaction as fixed main effects
while “nest box” was included as random factor. The model fitted
included the data from all four species, in which treatment and spe-
cies acted additively (on the cumulative logit link scale), that is, with
the effect of treatment being identical across species. The model was
most parsimonious based on the Akaike Information Criterion value
than a model in which the treatment effect was allowed to be differ-
ent for the different species. ANOVA was performed using the pack-
age RVAideMemoire. Tukey’s post hoc comparisons were
performed using Ismeans (“emmeans” package) to determine signifi-
cant effects of treatment on ovary scores. No corrections for mul-
tiple testing were applied here since the comparisons and predictions
were planned a priori. Extra models were conducted for the species
separately, including some other covariates that could influence our
results (Supplementary Table S1). All statistical analyses were car-
ried in R version 4.0.2.

Chemical analysis

CHC profiles were determined via GC/MS analysis. Chemical ex-
traction of the cuticular wax layer was performed by immersing
whole-body individuals in 3mL for Polistes and 1mL for
Mischocyttarus of pentane (ACROS organics) in, respectively, 4 and
1.5mL GC vials (Agilent) for 1 min. Subsequently, the individuals
were removed from the glass vials and the vials were evaporated to
near-dryness at room temperature. Subsequently, 150 pL of hexane
was added to the vial and the samples were analyzed using coupled
gas chromatography/mass spectrometry (Thermo Fisher Trace 1300
ISQ). In the gas chromatograph, 1 pL of sample was injected using
splitless injection and separated onto a Restek MXT-5 column
(30m, 0.25 mm of diameter, and 0.25 um thickness) with helium as
carrier gas (constant flow of 0.9 mL min™"). The injection tempera-
ture was 320°C. Initially, the temperature was held at 40°C for
2 min, then increased to 120°C with a rate of 20°C/min. This was
followed by an increase in rate of 10°C/min until 200°C, then
7°C/min to reach 250°C and a last increase of 5°C/min to reach
350°C, which was held for 4 min. Electron impact ionization at
70eV was used during mass spectrometry at a temperature of
300°C. Linear alkane ladders (Supelco) from C7 to C40 were used
as a reference to be able to calculate cubic spline interpolated re-
tention indexes (Messadi et al. 1990). Hydrocarbon peaks were
identified on the basis of expected mass spectrometric fragmenta-
tion patterns (Carlson et al. 1998) and retention indices by the
NIST 2014 retention index database (available online in the NIST
Chemistry Webbook—Linstrom and Mallard 2016 or Pherobase
El-Sayed 2016). Total ion chromatogram peaks were integrated
using R version 4.0.2 using a custom script (available from the
authors on request).

To test for the presence of hormonally regulated fertility cues,
we compared the log2-transformed relative peak areas of each of the
cuticular compounds across the different treatment groups and
classes of individuals with a particular level of ovary activation
using two-way ANOVAs and LSD post hoc tests with FDR correc-
tion (using the aov and Ismeans functions in the “base” and
“emmeans” packages of R version 4.0.2). A heatmap (prepared
using R’s “pheatmap” package) of the different hydrocarbon com-
pounds was made to compare the mean relative abundance of every
compound between the different treatments, using row z-scores cal-
culated from the per-treatment class average log2 transformed rela-
tive peak areas. Clustering was based on a UPGMA hierarchical
clustering using Euclidean distance as the distance metric. The cu-
ticular compounds across the different treatment groups were

compared per species using multivariate analyses to highlight pos-
sible variations between the groups (treatments and ovary activa-
tion). For that, we did a distance matrix using the function vegdist
and we assessed the similarities of the groups by ANOSIM (distance
measure: Bray—Curtis, permutations equal to 999) and
PERMANOVA with the adonis function in vegan package.

Results

Gonadotropic effect of JH

Based on a CLMM with species and treatment included as main
effects and nest box coded as a random factor (variance = 0.55,
standard deviation = 0.73), methoprene did not have a significative
effect on ovary activation (z-value = 0.65, P=0.51) and neither pre-
cocene (z-value = —0.54, P =0.59) (Figure 2 and Table 2A). Species
was not significative (Table 2B). Specifically, post hoc tests show
that overall, across the four species, precocene have a significant ef-
fect decreasing ovary development when compared with both the
acetone solvent-only control (z-ratio = 2.35, P=0.02*) and the
methoprene treatment (z-ratio = 2.96, P=0.003**). The pairwise
between acetone and methoprene was not different (z-ratio =
—0.75, P=0.45) (Table 2C).

Hormonally regulated fertility cues

A total of 69 compounds were identified on the cuticle of P. domi-
nula (Supplementary Table S2). The chain length of the hydrocar-
bons ranged from 21 to 37 carbon atoms. This comprised mainly
monomethyl, dimethyl, and linear alkanes as well as one trimethyl

¥
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4

N=8 ! '
N=25
2
14 n=24 n=41

Polistes dominula

i N=16
2] N=19 ‘
14 - n=49 i n=47

methcprene acelone precocene methoprene acetone precocens
Treatment

Polistes satan

Mean ovary activation

Figure 2. JH has a gonadotropic effect across four primitively eusocial paper
wasps. Mean worker ovary activation observed 10-12days following treat-
ment with the JH analog methoprene and the anti-JH precocene compared
with in the acetone solvent control condition in the four paper wasp study
species (Polistes dominula, Polistes satan, Mischocyttarus metathoracicus,
and Mischocyttarus cassununga). Ovaries were scored on a three-level ordin-
al scale, ranging from not activated (1) to half activated (2) or fully activated
(3). Fitted values of a main effects CLMM with nest coded as a random factor
with 95% confidence intervals, N = number of nests, n = total number of indi-
viduals treated. Across the four species, precocene significantly decreased
ovary development when compared with both the acetone solvent-only con-
trol (zratio = 2.35, P=0.02%) and the methoprene treatment (zratio = 2.96,
**P=0.003). The pairwise between acetone and methoprene was not differ-
ent (zratio = —0.75, P=0.45) (Table 2C).
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Table 2. (A) Levels of ovary activation across treatments in
Polistine wasps were compared using a CLMM with species and
treatment included as main effects and nest box coded as a ran-
dom factor; the model coded arbitrary M. cassununga as the refer-
ence level in this analysis; (B) ANOVA; and (C) Tukey’'s post hoc
comparisons were performed to determine significant effects of
treatment on ovary scores

(A) Random effects

Groups names Variance SE

Nest (intercept) 0.55 0.73
Number of groups 68
Coefficients
Estimate SE z-value  Pr(>|z])
Treatment methoprene 0.36 0.56 0.65 0.51
Treatment precocene —0.30 0.54 —0.54 0.59
Species Mischocyttarus 1.61 0.64 2.52 0.01
metathoracicus
Species Polistes dominula -1.73 0.61 —2.84 0.00
Species Polistes satan —0.81 0.58 —1.41 0.16
Treatmentmethoprene: —0.49 0.81 —0.60 0.55
species Mischocyttarus
metathoracicus
Treatmentprecocene: -0.76 0.78 —0.98 0.33
species Mischocyttarus
metathoracicus
Treatmentmethoprene: 0.05 0.70 0.07 0.94
species Polistes dominula
Treatmentprecocene: -0.12 0.72 -0.17 0.86
species Polistes dominula
Treatmentmethoprene: -0.33 0.71 —0.47 0.64
species Polistes satan
Treatmentprecocene: —-0.45 0.70 —0.64 0.52
species Polistes satan
Threshold coefficients
Estimate SE z-value
Not activated|half -0.34 0.16 -2.12
activated
Half activated|activated 0.68 0.17 3.98
(B) Term LR Chisq df P-value
Treatment 0.00 2 1
Species 0.00 3 1
Treatment: species 1.34 6 0.96
(C) Contrast estimate SE df z-ratio P-value
Acetone—methoprene -0.07  0.09 Inf -0.75 0.45

Acetone—precocene 0.22 0.09 Inf 2.35  0.027
Methoprene—precocene 0.29  0.10 Inf 2.96 0.003"

Coefficients, standard errors (SE), z values, P-values, and degrees of freedom
(df) of the random effect intercepts are shown. Significance codes:,
#++P £0.001,, **P < 0.01,, *P < 0.05.

alkane. In P. satan, 41 CHCs were identified, with chain lengths
ranging from 23 to 35 carbon atoms (Supplementary Table S3).
Here, likewise, compounds comprised mainly monomethyl, di-
methyl, and linear alkanes, as well as one trimethyl alkane and two
alkenes. In M. metathoracicus, a total of 41 compounds were identi-
fied (Supplementary Table S4), with chain lengths ranging from 22
to 35 carbon atoms. Here, mainly monomethyl alkanes and linear
alkanes occurred with five alkenes and dimethyl alkanes present as
well as one trimethyl alkane. Finally, in M. cassununga 47 com-
pounds were identified (Supplementary Table S5), with chain

lengths ranging from 21 to 33 carbon atoms, composed by linear
alkanes, methyl branched alkanes, and dimethyl alkanes present as
well as one trimethyl alkane. The difference of chemical compounds
between treatment and ovary activation levels was more apparent in
Polistes than Michocyttarus wasps from the multivariate analyses
(P. dominula—Anosim treatment R=0.15, P=0.001; ovary score
R=0.05, P=0.178; Permanova treatment R2=0.13, P=0.001;
ovary score R2=0.06, P=0.0001; P. satan—Anosim treatment
R=0.05, P=0.001; ovary score R=0.00001, P=0.503;
Permanova treatment R2 =0.05, P =0.004; ovary score R2=0.03,
P=0.02; M. cassununga—Anosim treatment R =0.009, P =0.274;
ovary score R=0.06, P=0.036; Permanova treatment R2=0.03,
P=0.372; ovary score R2=0.06, P=0.051 and M. metathoraci-
cus—Anosim treatment R=0.01, P=0.167; ovary score R =
—0.02, P=0.618; Permanova treatment R2=0.03, P=0.146;
ovary score R2=0.02, P=0.269).

The comparison between treatments resulted in subtle shifts in
the CHC profiles for P. dominula, but not for the other species. The
univariate analyses showed that the abundance of particular linear
alkanes and mono-methylated alkanes were affected by methoprene
treatment. In P. dominula, the CHC profiles of methoprene- and
acetone-treated individuals differentiate from each other in relative
abundance of compounds. The compounds in the lower level of the
heatmap are expected to be most linked with an increase of JH since
they have a higher relative abundance in the methoprene treatment
(Figure 3). Based on the post hoc tests that were performed using the
log transformed of the relative area, most of the compounds appear
to have a difference in abundance in the methoprene treatment com-
pared with the control, but not for the precocene-treated females.
The compounds are most likely to be linked with an increased
amount of JH, while they have a low abundance in precocene-
treated individuals. The compound differences between acetone and
precocene was seen for 7-MeC30, and differences between acetone-
and methoprene-treated groups were found for nine linear (C23,
C25, C26, C27, C29, C31, C33, C35, and C36), 16 mono-methy-
lated alkanes (4-MeC24, 13-; 11-MeC25, 3-MeC25, 4-MeC26, 3-
MeC27, 14- 13-MeC28, 4-; 2-MeC28, 15-; 13-; 11-MeC29, 15
14-MeC30, 7-MeC31, 17-; 15-MeC33, 7-MeC33, 17-; 16-; 15-
MeC34, 17-; 15-MeC35, 16-MeC36, and 19-; 17-MeC37), ten
(di)methylated alkanes (9,13-diMeC27, 7,17-; 7,15-diMeC29, 7,25-
diMeC31, 5,9+ 5,17-diMeC31, 2,14-; 2,16-; 2,30-diMeC32, 6,16-
diMeC34, 3,15-diMeC35, 3,17-diMeC35, 2,16-; 2,20-diMeC36,
and 13,17-diMeC37), and one (tri)methylated alkane (7,11,15-
triMeC31).

In P. satan, the comparison of CHC profiles between treatments
shows that treatment influences the abundance of only a few hydrocar-
bons. CHCs that are most correlated with the methoprene treatment
are shown in the heatmap (Figure 4), significative differences were
found for the acetone and methoprene groups for one linear
alkane (C31), four mono-methylated alkanes (13-MeC27, 3-MeC28,
15-; 13-MeC29, and 3-MeC29), and four (di)methylated alkanes
(12,16-diMeC32, 13,17-diMeC33, 13,17-diMeC34, and 13,17-
diMeC35).

In M. metathoracicus, all the individuals across the three treat-
ments (methoprene, acetone, and precocene) appear to have similar
CHC profiles. Compounds that are highly correlated with the
change in CHC profile in the methoprene treatment are indicated in
the heatmap (Figure 5SA); however, there was no single compound
that differed in the pairwise comparison of methoprene and acetone
neither between precocene and acetone. Many of the mean relative
hydrocarbon abundances appear to be low in M. metathoracicus,
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Figure 3. Heatmap showing differences in relative abundance of compounds (log-transformed) in the chemical profiles of Polistes dominula females from the
three treatments—methoprene, acetone, and precocene. Colors indicate the mean fold difference in relative abundance of each hydrocarbon on the cuticular
body surface of treated females. Compounds were clustered based on a UPGMA hierarchical clustering using Euclidean distance as the distance metric.
Asterisks indicate the FDR-corrected significances of groups’ contrasts (***P< 0.001, **P < 0.01, *P< 0.05).
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Figure 4. Heatmap showing differences in relative abundance of compounds (log-transformed) in the chemical profiles of Polistes satan females from the three
treatments—methoprene, acetone, and precocene. Colors indicate the mean fold difference in relative abundance of each hydrocarbon on the cuticular body sur-
face of treated females. Compounds were clustered based on a UPGMA hierarchical clustering using Euclidean distance as the distance metric. Asterisks indicate
the FDR-corrected significances of groups’ contrasts (***P < 0.001, ¥**P<0.01, *P< 0.05).
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Figure 5. (A) Heatmap showing differences in relative abundance of compounds (log-transformed) in the chemical profiles of Mischocyttarus metathoracicus
females from the three treatments—Methoprene, acetone, and precocene. (B) Heatmap showing differences in relative abundance of compounds (log-trans-
formed) in the chemical profiles of Mischocyttarus cassununga females. Colors indicate the mean fold difference in relative abundance of each hydrocarbon on
the cuticular body surface of treated females. Compounds were clustered based on a UPGMA hierarchical clustering using Euclidean distance as the distance
metric. Asterisks indicate the FDR-corrected significances of individual contrasts (***P< 0.001, **P< 0.01, *P< 0.05).

while some alkenes, such as C29:1 and C27:1, show a higher abun-
dance. Specifically, the compounds, 3-MeC29, C29, and C29:1
showed an increase of relative abundance in methoprene, that is pos-
sibly linked with the amount of JH, even though there is no signifi-
cant difference in mean abundance between treatments.

Finally, in M. cassununga, again, females from the three treat-
ments expressed a high chemical similarity. Compounds that are
highly correlated with the change in CHC profile in the

methoprene treatment are indicated in the heatmap (Figure 5B),
but no single compound was different in pairwise comparison of
methoprene and acetone neither precocene nor acetone. Many of
the mean relative hydrocarbon abundances appear to be low in M.
cassununga, while some compounds such as 3-MeC29, C29, and
11,15-diMeC31 show an increase of relative abundance in the
methoprene, although not significative, which is possibly linked
with the amount of JH.
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Discussion

Our experimental treatments with the JH analogue methoprene and
the anti-JH precocene indicate that across our four primitively eu-
social paper wasp study species JH indeed acts as a gonadotropin,
with the precocene treatment significantly reducing ovary activation
levels, there being a trend toward increased ovary activation levels
in the methoprene-treated females and there being no evidence for
the four study species responding differently to these hormone treat-
ments. This is consistent with earlier correlational and experimental
evidence for JH acting as a gonadotropin in social wasps (Table 1).
In line with the hormonal pleiotropy hypothesis, our experimental
treatments also induced subtle shifts in the CHC profiles, particular-
ly in Polistes, with univariate analyses showing that in P. dominula
and P. satan, the abundance of particular linear alkanes and mono-
methylated alkanes were affected by our hormonal treatments,
particularly by the methoprene application, and that some of these
compounds were also markers of ovary activation, that is, fertility
cues. In our two Mischocyttarus study species, however, we only
found evidence for the presence of fertility-linked hydrocarbon cues
in one of the two study species, in M. cassununga, and no evidence
for either these CHC compounds or any others to be influenced by
our hormone treatments. Hence, overall, we found clear evidence in
Polistes for the hormonal pleiotropy hypothesis and for ovary acti-
vation and the production of CHC fertility cues to be under joint
hormonal control, but not in Mischocyttarus.

The specific CHCs that we found to be fertility-linked and whose
production we found to be regulated by the JH-analog methoprene
were the long-chain linear alkanes C29 and C31 and the methyl-
branched alkane 7-MeC33 in P. dominula and the 3-methyl-branched
alkane 3-MeC28 in P. satan. A number of studies previously identified
a larger set of fertility-linked compounds in P. dominula and P. satan,
and several of those compounds also overlap with the compounds we
find to be overproduced following methoprene-treatment (in P. domi-
nula: C33, 7+ 15+ 17-MeC33, which are more abundant on the cu-
ticle of foundresses compared with workers, Bonavita-Cougourdan
et al. 1991, and the alkenes C29:1 and C31:1, which were previously
more abundant on the cuticle and eggs of reproductively dominant
foundresses, Kelstrup et al. 2015; in P. satan: C31 and 3-MeC29,
which were both more abundant on the cuticle of reproductively dom-
inant foundresses, Tannure-Nascimento et al. 2008; Oi et al. 2019;
Table 1). In our two Mischocyttarus study species, both C29 and
3-MeC29 also showed a trend to be overproduced following metho-
prene treatment, though neither of these reached statistical signifi-
cance, and we also found no evidence for these CHCs to be linked
with ovary activation in these cases (in Mischocyttarus, typically most
females in the nest have active ovaries, making it hard to find a signifi-
cant association with the production of particular CHC cues, da Silva
et al. 2020). Also, in M. metathoracicus, the alkene C29:1 was over-
produced in the methoprene-treated wasps, but again no significance
was reached. Overall, for all the studied species, the occurrence of
C29 and 3-MeC29 as JH-regulated fertility cues is interesting from the
fact that in the eusocial wasp V. vulgaris, the hydrocarbons C29 and
3-MeC29 were also among the bioactive worker sterility-inducing
queen pheromones (Van Oystaeyen et al. 2014). This adds credence to
the hypothesis that queen pheromones in advanced eusocial species
evolved from fertility cues in primitively eusocial ones (Van Oystaeyen
etal. 2014; Oi et al. 2015, 2019). In addition, the hormonal pleiotropy
that we document, and which causes reproduction and the production
of particular fertility-linked CHCs to be under joint JH control, would
also be expected to be a key enabler for fertility cues to evolve into

full-fledged queen pheromones and should also help to maintain queen
signal honesty (Oi et al. 2015; Oliveira et al. 2015, 2017).

Although our results show that JH acts as a gonadotropin in our
primitively eusocial wasp study species, we cannot exclude that JH
could also exert other effects in other contexts, as posited by the so-
called split-function hypothesis (Turillazzi and West-Eberhard
1996). This hypothesis states that the effect of JH could depend on
the social context and nutritional state (Turillazzi and West-
Eberhard 1996). Indeed, in several primitively eusocial wasps, such
context-dependent effects of JH have been well documented. In the
Epiponini swarm-founding wasp Polybia occidentalis, for example,
treatment of female workers with the JH-analog methoprene accel-
erated the workers’ age polyethism in the presence of queens, while
it led to increased reproduction in their absence (O’Donnell and
Jeanne 1993). Likewise, in P. dominula foundresses, JH had a com-
paratively bigger effect on dominance and fertility in larger females
(Shorter and Tibbetts 2009; Tibbetts and Izzo 2009), while in P. can-
adensis, JH only affected reproduction in gynes, due to their greater
nutritional reserves, but not in workers, where it instead resulted in
a faster transition of behaviors from nursing to guarding and forag-
ing (Giray et al. 2005). Such context-dependent endocrine effects
may be an adaptive strategy that enable females to allocate more en-
ergy toward dominance and fertility if they have a greater likelihood
to become future reproductives (Tibbetts and 1zzo 2009).

One of the caveat of our study is that we did not differentiate the
newly emerged females, being gynes or workers, this could have
influenced our results due to the nutritional differences of the adults
and the susceptibility of the JH treatments. Furthermore, another
methodological restriction could be the quantification of metho-
prene and precocene used to treat the species, it may not be ideal
due to the fact that little is known about the circulating levels of JH.
Another caveat was comparing primitively eusocial species from
temperate and tropical areas, because the environment biological
conditions in which species occur affect their colonial cycle. Females
of P. dominula exhibit a strong overwintering behavior (West-
Eberhard 1969), while females of P. satan express a mild overwinter
aggregation behavior (Tannure-Nascimento et al. 2005). The over-
wintering behavior seems to be absent in tropical Mischocyttarus
species (Torres et al. 2011; Biagiotto and Shima 2017). In
Mischocyttarus, there is a high frequency of females with activated
ovaries from pre-worker emergence to post-worker emergence nests
(Murakami et al. 2009; da Silva et al. 2020), and relatively small
number of females in later stage compared with Polistes. The differ-
ences between the four studied species could be explained by context
dependency—species that still retain a strong overwintering behav-
ior or seasonality, such as Polistes are different from asynchronous
colonial cycles such as Mischocyttarus, although this is rather
speculative.

In conclusion, we demonstrated that JH has a conserved gonado-
tropic effect in four unrelated species of primitively eusocial wasps.
In addition, we are able to demonstrate that JH is also responsible
for regulating the production of fertility chemical cues. The fact that
hormonal manipulations have a significant effect on ovary activa-
tion support the hormonal pleiotropy hypothesis, although changes
in chemical composition were more pronounced in Polistes rather
than Mischocyttarus species. Future behavioral experiments investi-
gating the effects of JH and interactions between individuals should
be considered, especially for Mischocyttarus species, for instance
performing observation in situ natural conditions, it would be im-
portant to check whether behavioral interactions in the colonial con-
text trigger physiological responses (increasing levels of JH or ovary
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activation), how the circulating levels of JH of different females
change depending on the stage of the nest (first or last workers to
emerge), how important individual condition (fat body) is and play
a role on individual sensibility to JH treatments and how JH influ-
ence behavioral changes (from aggressive acts related to their social
dominance to age-related task progression).
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