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Abstract – The influence of long-term storage on the evolution of social insect male ejaculates remains a puzzle.
Here, we studied the influence of sperm storage on male ejaculates in the stingless bee Scaptotrigona aff. depilis , a
species where queens mate with a single male and thus do not trigger sperm competition. We estimated quantitative
genetic parameters by sampling males from six colonies and two consecutive generations (n = 172). Heritability for
sperm length was lower than heritability estimates for other traits. Coefficients of additive genetic variance (CVa)
suggest sperm viability and sperm counts are under directional selection, sperm length under stabilizing selection,
and male size under weak selection. Both genetic and phenotypic correlations were weak and not significant,
indicating independent trait evolution. Overall, our findings provide evidence of selection acting on social insect
ejaculates and bring insights for stingless bee breeding programs.
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1. INTRODUCTION

The evolution of social insect male traits re-
mains poorly understood, as few studies have
assessed how sexual selection operates in this
group (Abell et al. 1999; Boomsma et al. 2005;
Couvillon et al. 2010; Jaffé and Moritz 2010;
Koffler et al. 2016). Earlier attempts have been
made to understand how competition for mating
shapes male morphology (Abell et al. 1999,
Couvillon et al. 2010). However, ejaculate

evolution is expected to be under more specific
selective pressures. Males of the haplodiploid so-
cial Hymenoptera (ants, bees, and wasps) origi-
nate from unfertilized eggs, so to achieve fitness
gains, these haploid males must sire reproductive
females (queens). This implies that most sperm
are used for the production of sterile worker off-
spring until colonies are large enough to start
producing queens (Oster and Wilson 1978). Male
fitness gains can also be realized indirectly
through the production of males by unmated
workers, albeit worker reproduction is rare or
absent in some groups (Wenseleers and Ratnieks
2006). As Hymenoptera queens mate only once in
life and store sperm in a specialized organ (the
spermatheca) for use in egg fertilization through-
out their lives (Al-Lawati et al. 2009), ejaculate
quality is expected to be under strong selection
(Boomsma et al. 2005). Selection is also expected
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to shape more competitive ejaculates in species
where queens mate with multiple males (den Boer
et al. 2010; Fitzpatrick and Baer 2011), although
selective pressures resulting from sperm competi-
tion are likely to differ. Studies aiming at
disentangling these selective pressures and
assessing the effect of long-term limited storage
on male ejaculate should thus focus on singly
mating (monandrous) species (Simmons 2001).

Stingless bees (Meliponini) comprise a diverse
group with more than 500 social species
exhibiting monandrous long-lived queens (Ascher
and Pickering 2019; Carvalho-Zilse and Kerr
2004; Peters et al. 1999). Before mating, males
congregate in large aggregations with hundreds of
males (Engels and Engels 1984), where persis-
tence at the aggregation is suggested to select
more competitive males (Koffler et al. 2016,
Figure. 1). Male traits involved in copula were
positively related to fertilization traits in the sting-
less bee Scaptotrigona aff. depilis (Koffler et al.
2016). Specifically, males that persisted longer at
the aggregations were smaller and showed higher
sperm viability, shorter sperm length, and higher
sperm length variation. However, to investigate
patterns of selection acting on these traits, pheno-
typic and genotypic variation must be assessed,
since only traits exhibiting additive genetic vari-
ance may respond to selection (Houle 1992;
Simmons andKotiaho 2002). Quantitative genetic
studies also allow investigating the genetic archi-
tecture of traits, which is particularly interesting
for S . aff. depilis males, since most studied traits
were not correlated.

Whereas selection acts on traits that exhibit
some degree of additive genetic variance, the ratio
between genetic and environmental variance indi-
cates how selection operates (Lynch and Walsh
1998). Studies using different animal groups re-
vealed that fitness-related traits show lower heri-
tability estimates (rate between additive genetic
variance and total phenotypic variance) (Koffler
et al. 2017; Mousseau and Roff 1987; Postma
2014), which was interpreted as a reduction in
additive genetic variance due to fixation of opti-
mum condition traits. However, when calculating
coefficients of variation (standardizing the vari-
ance by trait mean), fitness-related traits exhibited
high coefficients of additive genetic variance

(CVa) (Houle 1992; Merilä and Sheldon 2000;
Pomiankowski and Møller 1995). Coefficients of
residual variance (CVr), which comprise non-
additive genetic variance and environmental var-
iance, were also high for these traits, thus resulting
in low heritability estimates. The analysis of co-
efficients of variance allows estimating selection
patterns acting on each trait, as traits exhibiting
higher CVa are expected to be under directional
selection, while traits with low CVa are expected
to be under stabilizing selection (Houle 1992). In
addition, when considering multiple traits, the
occurrence of genetic correlations may favor or
constrain trait evolution, requiring thus multivar-
iate analyses.

Aiming to assess the incidence of selection on
male ejaculates in a monandrous social insect,
here we estimated quantitative genetic parameters
(heritability, CVa, CVr, and genetic correlations)
for males of the stingless bee S. aff. depilis .
Mixed models were employed for parameter esti-
mation since they providemore accurate estimates
and do not require fixed breeding designs (Postma
2014; Wilson et al. 2010). This approach facili-
tates the inclusion of individuals scattered across
complex pedigrees, which is especially well suited
for studying social insect males, since they are
haploid and do not produce direct male offspring.
Following Koffler et al. (2016), we analyzed
sperm viability, sperm counts, sperm length, and
male size. Male size was analyzed to assess selec-
tion patterns on a morphological trait and to com-
pare it with selection on ejaculate traits.

2. MATERIAL AND METHODS

2.1. Sampling design and male traits

To obtain a gradient of relatedness coeffi-
cients from individuals sampled from differ-
ent colonies and generations, we gathered six
colonies of Scaptotrigona aff. depilis .
Queens were removed and males were sam-
pled before queen removal (first generation)
and after queen supersedure (second genera-
tion) Fig. 2. Emerging males were collected
and transferred to wooden boxes containing
recently emerged workers from the same col-
ony, pollen, and sugar syrup. These wooden
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boxes were kept inside an incubator at 28 °C
(± 1°C), and food was replaced three times
per week. Male sampling for the first gener-
ation was performed between May and
June 2016, and between August 2016 and
February 2017 for the second generation.
Even though our design does not allow con-
trolling for maternal effects, spermatogenesis
and male size in Hymenoptera are deter-
mined during development (Boomsma et al.
2005), so we do not expect them to be
affected by rearing conditions. Sperm viabil-
ity, however, might be influenced by condi-
tions as age and temperature (Sturup et al.
2013), which were standardized.

Males were dissected 14 to 16 days after
emergence, allowing male maturation. Be-
tween 9 and 20 males were sampled from
each colony in each generation (n = 172, On-
line Resource 1: Table I). To assess the
ejaculate quality, we measured sperm viabil-
ity (relative proportion of live sperm cells),
sperm counts, and sperm length, following
the protocols adapted to stingless bees
(Meneses et al. 2014). Male’s seminal vesi-
cles were dissected with forceps and placed
in 120 μL Hayes solution (pH = 8.7). Sperm
viability was measured staining 5 μL of the
sperm solution with the LIVE DEAD®
Sperm Viability Kit and classifying 400 cells

as live (green), dead (red), or dying (green
and red). Ten microliters of the sperm solu-
tion was spread on a slide, air dried, and
stained with DAPI. Sperm length was mea-
sured using photographs taken at × 20 mag-
nification. Sperm counts were estimated by
diluting the sperm solution 10,000 times in
Hayes solution and samples of 1 μL were
placed on a slide, air dried, and stained with
DAPI. For each male, we measured three
sperm count replicates and five sperm cells,
and mean values were used in the analyses.
When dissection did not allow extracting all
semen effectively (e.g., vesicles ruptured dur-
ing dissection), the sample was not used for
measuring sperm traits. Intertegular distance
(the shortest distance between the bases of
the tegulae) was used as an estimate of male
size (Cane 1987).

2.2. Data analyses

Heritability was estimated using the
REMLF90 software, which relies on restrict-
ed maximum likelihood (REML) (Misztal
et al. 2002). This analysis allows the estima-
tion of the unknown additive genetic vari-
ances and covariances, given the phenotype
and a relationship matrix (see examples of
parameter and input f i l es in Onl ine

Figure. 1 Aggregation of Scaptotrigona aff. depilis males over a colony of the same species (individual male on
detail).
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Resource 3). Even though this approach has
already been used to evaluate colony traits in
social insects (Zakour et al. 2012), this is its
first application in stingless bees or male
characteristics. In our case, phenotype was
set as the response variable and colony was
included as fixed factor. Data were trans-
formed to achieve normality and aid model
convergence (sperm viability: logit + 10,
sperm counts: log/100000). Maximum num-
ber of rounds was fixed at 100. Overfitting
was assessed by systematically excluding part
of the dataset (data from each colony, both
generations, Online Resource 1: Table 1) and
running the analyses to check the variation in
parameter estimation.

To build the relationship matrix, we in-
cluded the relatedness between all pairs of
sampled males. Males could be produced by
queens or workers, since unmated workers of
S. aff. depilis can also lay reproductive
eggs. Since we could not distinguish between
queen or worker-produced males in each gen-
eration, we calculated weighted coefficients
of relatedness, accounting for the probability
of a male being produced by a queen or a
worker. In each generation, all possible pairs

of males were considered, with the respective
relatedness coefficients: both males being
worker sons (assuming different workers,
r = 0.375), both males being queen’s sons
(r = 0.5), and one being a worker son and
one a queen son (r = 0.25) (Figure. 2). The
same weighting was performed between gen-
erations and possible male pairs were both
males being worker sons (assuming different
workers, r = 0.1875), both males being
queen sons (r = 0.25), queen son in the first
generation and worker son in the second
generation (r = 0.125), and worker son in
the first generation and queen son in the
second generation (r = 0.375) (Fig.2, Online
Resource 1: Table II). Three distinct relation-
ship scenarios were considered, following a
study by Paxton et al. (2003), who studied
male maternity in ten colonies of this spe-
cies: (A) 13% of males produced by workers
(mean proportion), (B) no worker reproduc-
tion (minimum observed), and (C) 51% of
males produced by workers (maximum ob-
served) (Online Resource 1: Table 2).

Heritability estimates were calculated as the
ratio between genetic variance and phenotypic
variance (genetic + residual variance). Additive

Table I. Descriptive statistics (mean and standard deviation) and quantitative genetic parameters (heritability,
additive genetic coefficient of variance, and residual coefficient of variance) for four male traits, in three distinct
relatedness scenarios (A: 13% of males produced byworkers, B: no worker reproduction, C: 51% ofmales produced
by workers). SE, standard errors

Trait Mean SD Relationship scenario h 2 (SE) CVa CVr

Sperm viability (%) 0.56 0.15 A 0.59 (0.003) 4.77 3.89

B 0.60 (0.003) 4.87 4.01

C 0.58 (0.003) 4.46 3.89

Sperm counts 1,372,245 252,905 A 0.67 (0.002) 6.20 4.21

B 0.70 (0.002) 6.55 4.21

C 0.64 (0.003) 5.70 4.21

Sperm length (μm) 87.35 3.76 A 0.22 (0.002) 1.94 3.64

B 0.21 (0.002) 1.87 3.69

C 0.25 (0.003) 2.06 3.55

Male size (mm) 1.92 0.06 A 0.63 (0.002) 2.08 1.56

B 0.66 (0.002) 2.20 1.56

C 0.60 (0.002) 1.87 1.56
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genetic coefficients of variance (CVa) and residual
coefficients of variance (CVr) were calculated fol-
lowing Houle (1992). Additionally, genetic corre-
lations were obtained following the expression

rg ¼ cov12
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

var1 � var2
p

where cov12 is the genetic covariance between traits
1 and 2, and var1 and var2 are the genetic variances

of traits 1 and 2, respectively. Standard errors were
approximated dividing the standard deviation from
different estimates obtained using partial datasets
(see overfitting analysis above) by the square root
of the number of estimates. A likelihood ratio test
was performed to test if genetic correlations were
different from zero, by constraining to zero covari-
ances between each pair of traits (Windig 1997).
Phenotypic correlations were computed, using
Spearman’s correlation.

Figure. 2 Sampling design showing the two generations fromwhichmales were collected. In each generation, males
could have been produced by queens or workers

Table II.Genetic and phenotypic correlations (above and below diagonal, respectively) betweenmale traits. Genetic
correlations and respective standard errors are only reported for the scenario in which 13% of males are produced by
workers (A), since similar results were found for the remaining scenarios (see Online Resource 1: Table 3)

Sperm viability Sperm counts Sperm length Male size

Sperm viability 0.01 (0.01) − 0.02 (0.00) − 0.01 (0.01)
Sperm counts 0.07 0.00 (0.00) 0.09 (0.02)

Sperm length − 0.08 0.03 0.08 (0.00)

Male size − 0.08 − 0.01 0.13
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3. RESULTS

Measuring ejaculate and morphological
traits and estimating their quantitative genet-
ics parameters allowed us to infer selection
patterns acting on Scaptotrigona aff. depilis
males. Mean sperm viability was 56% (SD =
0.15), mean sperm counts were 1,372,245
(SD = 252,905), mean sperm length was
87.35 um (SD = 3.76), and mean male size
was 1.92 mm (0.06) (Table 1). The assessed
traits showed high heritability estimates, with
the exception of sperm length which exhibit-
ed lower heritability (Table 1). Even though
standard errors could not be computed due to
low sample sizes, overfitting was not ob-
served. Sperm viability and sperm counts
showed high additive genetics coefficients
of variance (CVa), while sperm length and
male size showed lower CVa. Residual coef-
ficients of variance (CVr) for male size were
low; thus, heritability was high, while sperm
length showed higher CVr and lower herita-
bility. Distinct scenarios of worker reproduc-
tion resulted in similar estimates for all traits
and no significant difference was observed
between scenarios (scenario A (13%) × sce-
nario B (null): LRT = 0, p = 1; scenario A
(13%) × scenario C (51%): LRT = 0.001, p =
1; scenario B (null) × scenario C (51%):
LRT = 0.001, p = 1).

In general, genetic and phenotypic corre-
lations were weak (Table 2). Similar to her-
itability estimates, genetic correlations were
not influenced by the amount of worker re-
production (Online Resource 1: Table 3), so
only the results for the scenario A (13% of
males produced by workers, Online Resource
1: Table 2) are reported. Both genetic and
phenotypic correlations were not significantly
different from zero.

4. DISCUSSION

Our comparative analyses of Scaptotrigona
aff. depilis male traits revealed that sperm
length exhibits lower heritability, while sperm
viability, sperm counts, and male size exhibit

higher heritability estimates. Patterns of coef-
ficients of variance for these traits suggest
directional selection acting on sperm viability
and sperm counts, stabilizing selection on
sperm length, and weak selection on male
size. Additionally, we found weak albeit not
significant genetic correlations among these
four male traits. Even though we did not
assess coefficients of relatedness to estimate
these parameters, employing three plausible
relatedness scenarios did not alter our results,
indicating that our estimates are robust. De-
spite accounting for the large variation in
worker reproduction in this species (0 to
51% of males being worker sons), weighted
coefficients of relatedness were similar among
scenarios, probably due to the overall high
relatedness in social insect colonies. Even
though our dataset was restricted to males
from few colonies, which might overestimate
parameters, we show that REML is a suitable
tool to estimate quantitative genetic parame-
ters in groups that exhibit complex relation-
ship structure. Since BLUPF90 is a family of
programs developed in FORTRAN 90/95 and
requires specific input files, we highlight that
a similar approach can be obtained using the
package ASReml-R on R (Butler et al. 2009).

High heritability estimates may be caused
by a large additive genetic component, as
was found to be the case for sperm viability
and sperm counts. Both high CVa and CVr

indicate sperm viability and sperm counts as
life history traits that contribute to male fit-
ness. High CVr for fitness components might
be explained by the interaction of genetic
and environmental effects during lifetime of
the organism, or by selection favoring or
being neutral on alleles affecting variance of
fitness traits (Houle 1992). In addition, high
CVa suggests these traits are under direction-
al selection (Houle 1992; Pomiankowski and
Møller 1995), confirming previous findings
that sperm viability is under sexual selection
in S. aff. depilis (Koffler et al. 2016). Di-
rectional selection was also suggested for
sperm viability and sperm counts in the
cockroach Nauphoeta cinerea (Moore et al.
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2004) and ejaculate volume in the dung bee-
tle Onthophagus taurus (Simmons and
Kotiaho 2002), which may be related to
sperm competition since these are polyan-
drous species. Likewise, sperm viability was
also related to long-term sperm storage in the
leafcutter ant Atta colombica (Stürup et al.
2011), another polyandrous species (Baer
et al. 2009). In contrast, S . aff. depilis is a
monandrous social bee where no sperm com-
petition occurs; thus, directional selection in
sperm viability and sperm counts is likely
related to long-term storage of live sperm
(Koffler et al. 2016). Similar to our results,
heritability of sperm counts in A. colombica
was high (Stürup et al. 2011).

In contrast, sperm length exhibited lower
heritability, which is typical of fitness-related
traits (Koffler et al. 2017; Mousseau and
Roff 1987; Postma 2014). Most studies, how-
ever, have found high heritability estimates
for sperm length in other species (Baer et al.
2006; Morrow and Gage 2001; Simmons and
Kotiaho 2002; Stürup et al. 2011). Usually,
mean sperm length is used in parameter es-
timation, which may inflate estimates. For
instance, considering within male variance,
which accounted for most of the observed
var iance in sperm length of Bombus
terrestris , resulted in a lower heritability es-
timate (Baer et al. 2006). Thus, the heritabil-
ity estimate reported here could be even low-
er, since within male variance could not be
included in our multi-trait analyses. Sperm
length also showed low CVa, suggesting this
trait is under stabilizing selection (Houle
1992; Pomiankowski and Møller 1995). This
result also confirms previous findings that
sperm length presents low evolvability, even
in polyandrous species where sperm length
could contribute to sperm competition (Baer
et al. 2006; Dobler and Hosken 2010; Pitnick
and Miller 2000; Simmons and Kotiaho
2002). Stabilizing selection on sperm length
may thus be related to a constraint imposed
by the female, since the size of the sperm-
storage organ and sperm length were found
to be correlated in Drosophila (Pitnick et al.
1999). In S . aff. depilis , competitive males

exhibit shorter sperm which would allow the
storage of higher amounts of sperm by the
queen (Koffler et al. 2016), since the sper-
matheca presents a thick cuticle and thus has
a limited volume (da Cruz-Landim et al.
2003). On the other hand, production con-
straints may also affect sperm length. In
fungus-growing ants, most variance on sperm
length was explained by sexual dimorphism
instead of storage constraints, and in species
with small males relative to queens, sperm
was shorter (Baer et al. 2009). Since sperm
production is restricted in small males by
size or resources, to produce a certain
amount of sperm, sperm cells must be shorter
(Baer et al. 2009), a process that is also
compatible with stabilizing selection on
sperm length. This pattern may also hold
for stingless bees, which also exhibit sexual
dimorphism with males small relative to
queens, even though not so extreme as in
ants.

Even though male size showed high heritabil-
ity, CVa was low. Morphological traits, opposite
to life history traits, tend to exhibit high heritabil-
ity estimates (Koffler et al. 2017; Mousseau and
Roff 1987; Postma 2014). For instance, high her-
itability estimates for male body size were also
found for other social insects and solitary bees
(Koffler et al. 2017). Both low CVa and CVr

suggest male size is under weak selection, with
CVa magnitude similar to other studies (Moore
et al. 2004; Simmons and Kotiaho 2002). In addi-
tion, low CVa would confer lower evolvability to
this trait (Houle 1992). We nevertheless expected
that male size would show patters of strong selec-
tion in our study species, because body size was
related to competitive ability in male aggregations
(Koffler et al. 2016). This result highlights the
importance of combining the analyses of pheno-
typic and genotypic variance and estimating levels
of additive genetic variance in traits suspected to
be under selection (Houle 1992; Simmons and
Kotiaho 2002).

Although associations between traits are usu-
ally assessed by phenotypic correlations, these es-
timates may not represent evolutionary trait inte-
gration, since phenotypic and genetic correlations
may differ (Moore et al. 2004). However, the four
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analyzed male traits in our study were neither phe-
notypically nor genetically correlated. Even though
we found evidence that sperm traits are under
selection in S . aff. depilis , absence of genetic
correlations between traits suggests independence
in trait evolution. This result contrasted to general
predictions for ejaculate evolution, since ejaculate
traits are expected to function as an integrated unit
to assure fitness (Moore et al. 2004). However,
other studies also did not observe genetic correla-
tions between ejaculate traits (Simmons and
Kotiaho 2002; Stürup et al. 2011), and negative
genetic correlations were only found when there
was a clear trade-off between traits related to fe-
male manipulation and sperm competition (Moore
et al. 2004). Body size was not genetically corre-
lated to ejaculate traits also in N. cinerea and
O. taurus (Moore et al. 2004; Simmons and
Kotiaho 2002); however, genetic correlations
between male condition and ejaculate traits
suggest condition dependence on ejaculate
evolution (Simmons and Kotiaho 2002). In
other social insects, phenotypic correlations
were found between male size and sperm
length; however, correlations were either
weak or showed variation among related spe-
cies (Baer et al. 2003; Stürup et al. 2011).

Our study revealed selective forces related to
long-term sperm storage acting on ejaculate traits
in a monandrous social bee. Given the scarcity of
studies assessing quantitative genetic estimates of
male traits in social insects, we cannot extrapolate
our findings to the entire group. Stabilizing selec-
tion inferred for sperm length may not only reflect
storage constraints but also physiological trade-
offs. Our work also provides important insights
for stingless bee breeding programs, as males
could be selected on the basis of ejaculate traits
to enhance queen fecundity and speed up genetic
improvement programs, since sperm quality is
related to colony performance (Pettis et al.
2016). Specifically, sperm viability and sperm
counts, which we found to be under directional
selection, are good candidates for breeding. On
the other hand, sperm length would not be sus-
ceptible to selection, since this trait exhibits low
levels of additive genetic variance and thus low
evolvability.
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