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It has been recently suggested that female mate choice, based on sexually selected ornaments, is an important
component of social wasps’ reproductive biology. The correlates of male ornaments that could be of a female’s
interest, however, remain to be investigated. Males of the Neotropical paper wasp Polistes simillimus have
sexually dimorphic melanin-based black spots on their faces. In this species, male spots work like sexual or-
naments, as it has been experimentally demonstrated that females prefer sexual partners with a higher pro-
portion of black pigment on their faces. We have shown that, under laboratory conditions, male sexual orna-

mentation positively predicts the strength of the melanization immune response and longevity. Therefore, in P.
simillimus, melanin-based facial patterns (ornaments) seem to be honest indicators of male quality.

1. Introduction

Across the animal taxa, expression of the secondary sexual traits of
males often provides females with information about the strength of
their immune defense (birds: Gonzalez et al., 1999; Saks et al., 2003;
Bonato et al., 2009; lizards: Martin et al., 2007; mice: Penn and Potts
1998, 1999; insects and arachnids: reviewed in Lawniczak et al., 2007)
and longevity (Birds, fishes, spiders, and insects: reviewed in Jennions
et al., 2001). In such cases, the female sexual preference for ornamented
males may be adaptive (Andersson, 1994). Specifically, if males with
preferred ornaments have a stronger immune defense and/or higher
expected longevity (positive associations), then choosy females may
potentially avoid copulation with sick males (Hurst et al., 1995; Able,
1996). Additionally, if these fitness-related components are heritable,
then females may increase the viability of their offspring (Hamilton and
Zuk, 1982; Mgller, 1990; Kurtz and Sauer, 1999; Johnsen et al., 2000).

Social insects have become important model organisms for ecolo-
gical immunology. These insects are particularly vulnerable to patho-
gens (Schmid-Hempel, 1998; Cavalleri et al., 2013; Kappeler et al.,
2015). The spatial proximity and frequent interactions between many
closely related individuals, which are typical aspects of eusocial life, are

supposed to facilitate the spread of diseases (Schmid-Hempel, 1998;
Hughes and Boomsma, 2004; Baer et al., 2005). Not surprisingly, they
have evolved in a number of ways to suppress parasites (Schmid-
Hempel, 1998). In addition to behavioral adaptations, physiological
adaptations are common, such as, the use of self-produced anti-
microbial chemicals from the metapleural glands, feces or venom, as
well as vertical (parent to offspring) and horizontal (among individuals
from the same generation) transference of immunity (reviewed in
Cremer et al., 2007). Social insects are also important model organisms
for studying longevity. In most organisms, high reproductive output is
associated with reduced longevity, as it results from the energetic costs
of reproduction and mating (Williams, 1957; Monroy and Korb, 2016),
but social insects seem to have avoided this tradeoff (Rueppell, 2009;
Loof, 2011). Indeed, queens among honey bees, leaf-cutting ants, and
termites are among the most long-lived insects and these queens also
have one of the highest known reproductive rates (Jemielity et al.,
2005). Additionally, females of Polistes dominula paper wasps seem to
mate mainly with mature experienced males — the males that have
defended mating territories for a relatively longer time, suggesting that
longevity may be related to male reproductive success in paper wasps
(“The marathoner hypothesis”, Beani, 1996). To our knowledge, the
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relationship between male immunology, longevity, and sexual orna-
mentation has not been investigated in eusocial species so far. Sexual
ornamentation in male social insects was first reported more than two
decades ago (Stenogastrine wasps: Beani and Turillazzi, 1999), but it
was only recently that this topic received considerable attention (Izzo
and Tibbetts, 2012; De Souza et al., 2014, 2016; reviewed in Baer 2014,
2015; Beani et al., 2014).

Polistes paper wasps have a “lek-like” mating system, ranging from
species where non-aggressive males perform collective patrol (i.e.
swarms) in places where sexually receptive females are likely to be
found (i.e. different branches in a tree) to species where aggressive
males defend the exclusive mating territories that females visit to
choose a mate (Beani and Turillazzi, 1988). Common to all those cases,
copulations occur mainly out of the nest and females seem to be single
mated (Strassmann, 2001; but see Seppa et al., 2011). At least in some
species, the female’s choice of a sexual partner may depend on male
visual ornaments, for example, color spots on male’s head (Polistes si-
millimus, De Souza et al., 2014) and abdomen (P. dominula, 1zzo and
Tibbetts, 2012). This gives an opportunity to investigate the relation-
ship between ornamentation, male quality, and mate choice.

Males of the Neotropical paper wasps, Polistes simillimus, have a
variable proportion of the face black pigmented, presumably melanin-
based (Fig. 1). We already know that this sexually dimorphic trait af-
fects male reproductive success, as females prefer sexual partners with a
large proportion of black pigment on the face (De Souza et al., 2014).
Although ornament manipulation clearly points out that females eval-
uate male facial black spots (De Souza et al., 2014), we know nothing
about the potential information that females obtain from male signals.
In this study, we ask whether male ornamentation conveys information
about its ability to exhibit a melanization immune response. This occurs
when a foreign object that is too large to be phagocytized penetrates the
insect body. The cellular and humoral process lead to the aggregation of
hemocytes around the object as well as deposition of melanin, often
resulting in a dark capsule around it (Salt, 1970). This process of
melanotic encapsulation is a way by which arthropods neutralize,
particularly endoparasitoid wasps and flies (Salt, 1970; Kraaijeveld
et al., 2001a,b), and also virus-infected cells (Washburn et al., 1996).
The easiest and probably the most informative way to assess the
strength of immune defense in insects is to insert a nylon monofilament
implant into the body cavity, to measure the melanization score of the
implant. It has been shown that the ability to better melanize a nylon
monofilament is strongly related to a lower likelihood of being suc-
cessfully parasitized (Doums and Schmid-Hempel, 2000) as well as a
higher ability to encapsulate a real pathogen (Paskewitz and Riehle,
1994; Gorman et al., 1996; Rantala and Roff, 2007), real parasitoid
(Smilanich et al., 2009), or real parasite (Nagel et al., 2011). Also, we
ask whether male ornamentation conveys information about its ex-
pected longevity. At least in social insects, living longer is associated
with higher reproductive output (Rueppell, 2009; Loof, 2011), so that
longevity could also be considered as an indicator of male quality. If
male ornamentation advertises its quality to females, we predict a po-
sitive association between the proportion of the black pigmentation on
the face and the melanization score of the nylon implant and/or long-
evity.
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2. Material and methods
2.1. Study organism, study place, male collection, and maintenance

New colonies of P. simillimus are started by one or a few inseminated
females (Prezoto, 2001). In Brazil, most of the new colonies are founded
during the hot/humid season, from August to December, although it is
possible for these wasps to start colonies during any period of the year
(Prezoto, 2001). During the colony cycle, wasps produce many gen-
erations of workers followed by the reproductives (males and future
foundresses), so that around February and April, which is the end of the
hot/humid period, giant colonies, with around 1000-4000 nest cells,
and hundreds of adults (including reproductive forms) and immature
individuals are observed (Gobbi et al., 1993). Reproductive wasps leave
the colony to copulate (the mating places are not known), but even as
males assume a solitary life out of the nest, reproductive females ag-
gregate over the old natal nest or around its surroundings till the next
founding season (Prezoto, 2001). These aggregations, comprised of
78-500 females, are observed during the cold/dry period, between
March and July (Prezoto, 2001). As soon as the next warm/humid
period approaches, females leave the aggregates to start new colonies
(Gobbi et al., 1993).

On 25 April 2015 and on 20 April 2016, male-producing nests of P.
simillimus (a total of 180 males from 11 nests) were collected in Vicosa,
Minas Gerais state, Southeast of Brazil (20° 48’S, 42° 51’W, elevation
800 m). In the laboratory, the nests (without adult wasps) were in-
dividually kept in plastic containers of 5 L. Subsequently, we inspected
the nests daily to check for the presence of adult wasps. Newly emerged
males were individualized in plastic containers of 0.5L and provided
with water and food (sucrose solution 50%). Males collected in 2015
(87 from three nests) were submitted to an immunological assay after
24 h of emergence. Males collected in 2016 (93 from eight nests) were
kept in plastic containers to verify their longevity (the containers were
checked daily). The laboratory conditions during the assays were
around 28 °C, 70% relative humidity, and a light cycle of 12h light
(12 h dark).

2.2. Immunological assay

To begin with, we anesthetized the males by putting them in a
freezer for two minutes. Subsequently, to elicit a melanization response,
we inserted a piece of a nylon filament (2 mm length and 0.2 mm @) in
the ventral intersegmental membrane, between each male’s third and
fourth abdominal sternite (Doums and Schmid-Hempel, 2000). We put
the males back into their individual plastic containers for 24 h. Fol-
lowing that, we dissected the nylon filament out and mounted it on a
microscope slide. All the materials used during this procedure were
previously sterilized with ethanol.

2.3. Measuring the melanization score of the nylon filament

We quantified the darkness of each filament (Doums and Schmid-
Hempel, 2000) — the darker the filament the higher the melanization
score. Thus, we estimated how dark each filament was by using stan-
dard digital photography, a quantitative and objective way to measure
color variation (Stevens et al., 2007). Thus, we examined one side of

Fig. 1. Portraits of P. simillimus male faces showing
variation in the black pigmentation (arrow). From
the left to the right, there is an increase in the pro-
portion of vertex black pigmented (sexual orna-
mentation).
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Table 1
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Diagnostic parameters of models tested to explain the relationship between P. simillimus male sexual ornamentation (proportion of vertex black pigmented), mel-
anization immune response (darkness of the nylon filament implanted on wasp body), longevity (days of life since adult emergence), and body size (maximum head
width). RV = response variable; EVs = explanatory variables; RE = Random Effects; s = smoothing terms in GAMM; te = tensor product smooths in GAMM;

ti = tensor product interaction in GAMM. Asterisks indicate the best fit models.

RV ~ EVs Adj. R>  Estimate P RE AIC
Intercept
(Residual)
ornamentation = melanization immune response + body 0.076 Intercept: 0.358 Intercept: < 0.001 9.4 x 10-3 —128.597
size + melanization immune response, body size s(melanization immune s(melanization immune response):  (0.087)

response): 1.000 0.011
te(body size): 1.000 te(body size): 0.094
ti(melanization immune ti(melanization immune response,
response, body size): 1.000 body size): 0.634

ornamentation = melanization immune response + body size 0.077 Intercept: 0.360 Intercept: < 0.001 7.9 x 10-5 —134.294
s(melanization immune s(melanization immune response):  (0.088)
response): 1.000 0.014
te(body size): 1.000 te(body size): 0.113

*ornamentation = melanization immune response 0.057 Intercept: 0.360 Intercept: < 0.001 5.2 x 10-3 —135.734
s(melanization immune s(melanization immune response):  (0.089)
response): 1.000 0.021

ornamentation = te(body size) 0.010 Intercept: 0.361 Intercept: < 0.001 9.5 x 10-7 -132.169
te(body size): 1.000 te(body size): 0.188 (0.091)

*ornamentation = longevity + body size + longevity, body size 0.171 Intercept: 0.263 Intercept: < 0.001 4.4 x 10-2 —193.598
s(longevity): 1.000 s(longevity): < 0.001 (0.071)
te(body size): 1.000 te(body size): < 0.001
ti(longevity, body size): ti(longevity, body size): 0.015
2.251

ornamentation = longevity + body size 0.085 Intercept: 0.256 Intercept: < 0.001 5.1 x 10-2 —192.451
s(longevity): 1.000 s(longevity): < 0.001 (0.075)
te(body size): 1.000 te(body size): < 0.001

ornamentation = longevity 0.106 Intercept: 0.269 Intercept: < 0.001 4.8 x 10-2 —177.838
s(longevity): 1.000 s(longevity): 0.001 (0.083)

ornamentation = body size —0.012 Intercept: 0.257 Intercept: < 0.001 5.5 x 10-2 —182.738
te(body size): 1.000 te(body size): < 0.001 (0.080)

longevity = body size —0.024 Intercept: 3.667 Intercept: < 0.001 0.363 (1.000) _
s(body size): 8.466 s(body size): < 0.001

melanization immune response = body size 0.001 Intercept: 5.077 Intercept: < 0.001 0.048 (1.000) _

s(body size): 2.683

s(body size): 0.056

each filament, by taking a single 8-bit RAW digital picture with a Pa-
nasonic Cybershot camera connected to a stereomicroscope with a
constant light source and a constant white background. The white
balance was calibrated with a Kodak 18% gray card. We used the Adobe
Photoshop Light room software (version 4.1) to convert the pictures to
JPEG. The JPEG pictures were transferred to the Image J application
(available online at http://rsbweb.nih.gov/ij/), to estimate the relative
melanization score, defined as the mean relative darkness of each fi-
lament, which ranged between 0 (totally white) and 255 (totally black).
Of note, not all males were included in the analysis, as some of them
died before the end of the immunological test (N = 10) or groomed the
filament out (N = 2). As a result, 75 out of 87 males were included in
the analysis. Additionally, the melanization score was measured by a
researcher who only had access to the pictures of the nylon filaments,
while male sexual ornamentation was measured by another researcher,
who only had access to the pictures of male faces (described below).
These researchers were not involved in the immunological assay. This
procedure avoided researcher bias.

2.4. Measuring male ornaments

After the immunological assay or after male death, we froze the
wasps to measure the ornaments. The black pigmentation on the male
face is concentrated in the upper portion of the head, around the ocelli,
an area known as the vertex (Fig. 1). By using the same equipment for
image acquisition and the analysis described above, we took a picture
of each male’s head to calculate the proportion of black pigmentation in
this region, excluding the area of the ocelli and antennal sockets (for
additional details, see De Souza et al., 2014). The proportion of the
vertex black pigmented seems to be the active visual component that

females look for during their mate choice (De Souza et al., 2014). We
also measured the maximum head width of each male, which is a good
correlate of male body size (Eickwort, 1969).

2.5. Statistical analysis

To examine how male ornamentation is associated with im-
munocompetence, we ran General Additive Mixed Models (GAMM),
which was preferred, because it allows the inclusion of non-linear re-
lationships, non-parametric approaches, and interaction, between cov-
ariates. In these models, the proportion of the vertex black pigmented
was entered as the dependent variable, while the melanization score of
the nylon filament and male head width (a proxy for male body size)
were entered as covariates. We used these variables (as well as their
interactions) to fit simple and multiple models. We also used the GAMM
to examine how male ornamentation is associated with longevity. Thus,
the proportion of vertex black pigmented was entered as the dependent
variable, while longevity (quantified as days since adult emergence)
and male head width were entered as covariates. Again, we used these
variables (as well as their interactions) to fit simple and multiple
models. Finally, we modeled longevity (dependent variable) with body
size (covariate), also using GAMM. The nest origin was used as a
random factor in all models. The best-fitted model was selected based
on the Akaike information criterion (AIC). Before fitting all models, the
Grubbs test was applied to detect the presence of outliers, which were
excluded from the dataset. All statistical analyses were performed with
the program R version 3.2.2 (R Development Core Team 2015), using
functions of the package mgcv version 1.8-8. The level of significance
was set at 5%. The raw data table used for statistical analysis is avail-
able as a supplementary electronic material (S1).
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Fig. 2. Relationship between the proportion of vertex black pigmented (sexual
ornamentation) and the darkness of the nylon filament (melanization immune
response) in males of P. simillimus. Each circle represents a male. Solid line
represents the smoothing fitted model, while dotted lines indicate the 95%
confidence band. Males with a higher proportion of vertex black pigmented also
exhibit a higher melanization score.

3. Results

3.1. Variability in male ornamentation, melanization immune response,
longevity, and body size

The proportion of the vertex black pigmented ranged from 7% to
57%, thus resulting in different male facial patterns (Fig. 1). Similarly,
the melanization score of the nylon filament ranged between 81 and
205 arbitrary units. Male longevity was variable, ranging between 1
and 123 days. Finally, the male body size, inferred from the maximum
head width, ranged from 2.9 to 3.55 mm.

3.2. Male ornamentation is associated with melanization immune response

In the best fitted model, the proportion of face black pigmented was
positively associated with the melanization score of the nylon filament
(Table 1). This shows that males with relatively bigger black spots on
the face had a higher melanization score (Fig. 2).

3.3. Male ornamentation is positively associated with longevity and
negatively associated with body size

In the best fitted model, the proportion of face black pigmented was
associated with longevity, body size, and their interaction (Table 1).
Thus, overall, males with relatively bigger black spots on the face lived
longer and they had smaller bodies (Fig. 3). Males with large body size,
despite overall less ornamented, could still live longer, if they had re-
latively more ornamentation (Fig. 3). Male longevity was not related to
the body size (Table 1).

4. Discussion

The high variability in the strength of melanization immune re-
sponse and longevity reported here for P. simillimus suggests that males
are not equally fit. Thus, from the female’s perspective, some sexual
partners are likely to be fitter than others. More importantly, these
differences seem to be revealed by the male facial pattern (sexual or-
namentation), providing a basis for the female’s choice of potential
sexual partners.
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Fig. 3. Relationship between the proportion of vertex black pigmented (sexual
ornamentation), days of life since adult emergence (longevity), and the head
width (body size) in males of P. simillimus.

In P. simillimus, females prefer more ornamented males, that is, the
individuals with a larger proportion of vertex black pigmented (De
Souza et al., 2014). We found this trait to be positively related to the
male melanization immune response. As a result, by choosing males
based on these sexually selected visual signals, females are more likely
to assure high-quality and potentially, better disease-resistant sexual
partners. When sexual ornamentation reveals the male’s ability to cope
with pathogens, the choosy females may benefit from heritable parasite
resistance in the brood. According to the parasite-mediated sexual se-
lection hypothesis, this benefit is supposed to drive the evolution of
female mate choice for ornamented males, especially under significant
prevalence of parasites at the population level (Hamilton and Zuk,
1982). Both temperate and Neotropical Polistes paper wasps are
common hosts of strepsipteran abdominal endoparasites (Beani, 2006;
Kudb et al., 2014), although, to date, we do not have a formal sense of
its prevalence in our studied population (as well as the prevalence of
other organisms that could be neutralized by melanization). Ad-
ditionally, no parasitism or outward sign of disease was found in any
wasp included in this study, as well as in a previous study with the same
population (De Souza et al., 2014). Therefore, more focused research is
necessary before drawing conclusive statements about whether para-
site-mediated sexual selection plays a role in the evolution of female
mate choice in P. simillimus.

The positive relationship between the proportion of vertex black
pigmented and male ability to melanize a nylon filament reported here
can occur when the “size” of a sexual trait and the immune function are
both condition-dependent (Van Noordwijk and de Jong, 1986; Mgller
and Saino, 1994; Mgller et al., 1999). There is evidence that in insects,
both melanin-based sexual ornaments and melanin-based immunity
may be condition-dependent (Siva-Jothy and Thompson, 2002; Cotton
et al., 2004; Schmid-Hempel, 2005; Izzo and Tibbetts, 2015; Stgehr,
2006). In this sense, males in a poor condition would have both smaller
sexual traits and immune functions than do males in a good condition.
A mechanistic link between black spots on a male’s face and melani-
zation score could arise if the same pigment, the melanin, is used in
both male ornaments and immune defense, as it seems to be the case in
calopterygidae damsel flies (Rantala et al., 2000; Siva-Jothy, 2000).
Moreover, male ornaments and immune defense may compete for tyr-
osin (a precursor of melanin, Stgehr, 2006), which is specially limited
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in a species with an insect-based diet, such as wasps. These explanations
agree with the immunocompetence handicap hypothesis, which posits
that elaborate sexual ornaments impose immunological costs
(Wedekind and Folstad, 1994). This provides a likely mechanical ex-
planation for the honesty of male P. simillimus visual signals. In support,
black pigmentation is not spread over the male body, as it would be
expected for a less costly pigmentation. Instead, black pigmentation is
restricted to the male vertex.

Of note, when plotting the melanization immune response against
sexual ornamentation (Fig. 2), it is clear that most individuals fall into
the bottom-right of the graph. This kind of distribution suggests that (i)
having a strong immune response might be more important than having
better ornamentation or (ii) that the immune systems of many in-
dividuals have been activated at an immature stage, hence they have
invested more in the immune system than in ornamentation.

Male ornamentation is not only associated with immune response, it
also predicts male longevity. This association, also found in many other
animals (meta-analysis by Jennions et al., 2001), further suggests that
males with relatively bigger black spots on the face are high-quality
sexual partners. In most social insects, the majority of sexual offsprings
can only be reared after the production of many sterile workers, which
might take many months (Holldobler and Wilson, 1990). Thus, re-
production in social insects takes a relatively long time. As a result,
higher longevity would potentially increase the probability that a queen
will live long enough to produce males and gynes. If social insect
longevity has a genetic basis (e.g., honey bees: Rinderer et al., 1983),
then female choice for ornamented males may result in the production
of longer-lived female offsprings, as daughters inherit the entire male
genome.

The more ornamented males of P. simillimus tend to have small
bodies (De Souza et al., 2014, this study). In other wasps, male body
size is often related to its quality. For example, during the breeding
season, males of P. dominula compete aggressively for small territories
in the leks, as those are the place where females visit to mate — larger
males are more likely to have a territory (Beani and Turillazzi, 1988). In
P. simillimus, however, male body size does not predict male-male
dominance or female mate choice, when wasps interact in a small arena
under laboratory conditions (De Souza et al., 2014). In the future, field
observation of the P. simillimus mating system, which is currently
missing, will be essential, to understand the importance of this trade-off
between sexual advertisement and body size.

In conclusion, males of the P. simillimus paper wasps present striking
inter-individual differences in fitness-related components, such as the
strength of the immune response towards a nylon filament and long-
evity (physiological life span) under laboratory conditions. Sexual or-
namentation (facial pattern) seems to honestly reveal these traits.
Therefore, by preferring more ornamented males (De Souza et al.,
2014), P. simillimus females are more likely to pick a high-quality sexual
partner.
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Supplementary data associated with this article can be found, in the
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