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Abstract

Across the animal kingdom, males advertise their quality to potential mates. Males of low reproductive quality, such as those
that are sick, may be excluded from mating. In eusocial species, there is some evidence that reproductive females gauge the
quality of their mates. However, males often spend much more time with non-reproductive females when being raised or when
returning from unsuccessful mating flights. Do non-reproductive workers evaluate the quality of male reproductives? Here
we address this question using male honey bees (Apis mellifera), called drones, as a model. We generated immune-challenged
drones by injecting them with lipopolysaccharide and tested: 1) do workers evict immune-challenged drones from their
colony, 2) do cuticular hydrocarbon (CHC) profiles, body size, or mass change when drones are immune-challenged, and 3)
are these changes used by workers to exclude low quality males from the colony? We found that an immune challenge causes
changes in CHC profiles of drones and reduces their body mass. Workers selectively evict small and immune-challenged
drones who, themselves, do not self-evict. This work demonstrates that some eusocial males undergo an additional layer of
scrutiny prior to mating mediated by the non-reproductive worker caste.

Significance statement

Males of some species must advertise their quality to mates but, in the case of eusocial species, must they also advertise their
quality to nestmates? By manipulating honey bee male quality, we found that small and immune-challenged drones are evicted
from colonies overnight. Workers may not use a drone’s cuticular hydrocarbon profile to make this assessment. This is a new
example of social immunity expressed against adult males and an example of worker involvement in reproductive decisions.
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Introduction may also indicate when an animal is of lower quality. For
instance, male field crickets can develop malformed sound-
producing organs if they experience immune stress during

maturation, leading to a loss in calling ability. If a female

From sage grouse and salamanders to crickets and crus-
taceans, animals have evolved methods to advertise their

reproductive quality to potential mates (Andersson 1982;
Ward 1984; Gibson and Bradbury 1985; Green 1991; John-
stone 1995). These signals may indicate that an animal has
had higher-quality nutrition or can provide a nest. They
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cricket chooses to mate with a male producing more frequent
calls, she is thereby choosing a higher quality male (Jacot
et al. 2005).

In eusocial species, an advertisement of reproductive
quality may not only be received by potential mates, but also
nestmates. Social species regularly interact with related nest-
mates and can glean information about their health statuses.
For example, social insect workers are able to detect when
a nestmate is sick or injured and change how they interact
with that individual (Marikovsky 1962; Oi and Pereira 1993;
Boecking and Spivak 1999; Cremer et al. 2007; Aubert and
Richard 2008). In eusocial species, it is especially important
for non-reproductive workers to be able to assess the quality
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of their reproductive nestmates as their fitness is derived
primarily from the output of the reproductive castes. There
is ample evidence that workers gauge the quality of their
reproductive females (often called queens), and they have
been known to kill and replace queens who are injured, poi-
soned (Sandrock et al. 2014), or of declining fecundity (Pet-
tis et al. 1997). Fire ant workers, for example, kill queens
whose fecundity lessens (Fletcher and Blum 1983) and
harvester ant workers kill queens who have been wounded
(Rissing and Pollock 1987). Even eusocial mammals have
been observed ousting ‘weak’ queens (Faulkes et al. 1991).

Ant workers have been shown to control what males
may access their queens (Sunamura et al. 2011; Helft et al.
2015; Vidal et al. 2021). However, less is known about how
colonies evaluate their own males. This lack of informa-
tion is surprising not only because males are a source of
direct fitness for eusocial workers but also because they are
energetically costly to rear and maintain (Haydak 1970;
Hrassnigg and Crailsheim 2005). In eusocial insects, once
male eggs hatch, workers must provide food and care until
mating occurs (Paxton 2005). The pre-reproductive period
can be exceptionally long: in carpenter ants (Camponotus),
male larvae are cared for throughout winter (Cannon 1990).
In honey bees, males (called drones) are reared for three
days longer than workers and require four times more food
(Winston 1987). In honey bees, the expense does not end
when mating flights begin. Drones die upon successfully
mating, but after unsuccessful flights drones return to their
natal nests to ‘fuel up’ on nectar (Reyes et al. 2019). They
do this for approximately 20-30 days until they mate or die
(Reyes et al. 2019). Males typically do not take part in any
colony function as they lack the behavioral repertoire or
even the anatomy to contribute to most colony functions
(Wilson 1971; Starr 1985), although they may contribute
to thermoregulation (Kovac et al. 2009). Colonies typi-
cally produce drones only when they have sufficient food
resources and a large enough worker population to care for
them (Smith et al. 2014) because of the substantial invest-
ment of resources they require, and the presence adult drones
stifles the production of new drones (Rinderer et al.1985).
The number of drones a colony will support, therefore, is
limited, and workers must determine which drones to keep.
To avoid wasting resources on drones unlikely to success-
fully mate, we hypothesized that workers preferentially
house and care for high-quality drones.

Here, we explore whether and how workers evaluate
drone quality with a focus on two potential signals of qual-
ity: size and cuticular hydrocarbon (CHC) profile. Body
mass in honey bee drones is a predictor of reproductive
quality (Metz and Tarpy 2019) and is reduced by immune
response (Jones et al. 2018) and therefore seemed a viable
metric for workers to evaluate. The other potential signal
we investigated was the CHC profile. This layer of waxy
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hydrocarbons on the cuticles of many insects is an important
component of nestmate recognition (Cervo et al. 2002; Dani
et al. 2005; Smith et al. 2009; Cappa et al. 2016) and fertility
signaling in social insects (Steiger et al. 2007; Smith et al.
20009; Liebig et al. 2009). In honey bees, CHC profiles shift
when a worker is infected with a disease (Dani et al. 2005;
Richard et al. 2008; Cappa et al. 2016; Geffre et al. 2020).
When the CHC profile of an immune-challenged worker is
applied to a healthy worker, her nestmates treat her as if
she is sick (Richard et al. 2008; Conroy and Holman 2022).
Honey bee workers use CHC profiles to detect non-nestmate
workers (Dani et al. 2005; Pradella et al. 2015; Cappa et al.
2016) and at least one study has shown that workers are
able to detect non-nestmate drones (Kirchner and Gadagkar
1994), but the role of the CHC profile was not determined.
We investigated whether workers use CHC profile to evalu-
ate the health status of drones as they do with other workers.

Do non-reproductive workers evaluate the quality of male
reproductives? We generated immune-challenged drones
by injecting them with lipopolysaccharide and tested: 1) do
workers evict immune-challenged drones from their colony,
2) does the cuticular hydrocarbon (CHC) profile, body size,
or mass change when drones are immune-challenged, and
3) are these changes used by workers to exclude low quality
males from the colony?

Materials and methods

Drone collection, handling, and lipopolysaccharide
inoculation

All colonies were maintained at Purdue University's
Research Apiary in West Lafayette, IN, USA and experi-
ments were conducted between May and September 2023.
The apiary houses approximately fifty honey bee colonies of
mixed genetic backgrounds sourced from across the United
States. All drones from our experiments were collected from
colonies either from within a colony or as they returned from
mating flights. Drones were collected directly into screen-
topped 1L glass jars. We used glass jars to prevent plastic
contamination when extracting cuticular hydrocarbons (see
Cuticular hydrocarbon profile analysis and transfer below).
Once collected, individual drones were randomly assigned to
a treatment group and painted with a corresponding enamel
paint mark on their thorax.

We immune-challenged drones by pricking them under
an abdominal tergite with a size 0 stainless steel entomo-
logical pin that had been flame-sterilized then dipped in a
0.5 mg/mL solution of lipopolysaccharide (LPS; Escheri-
chia coli serotype O55:B5, Sigma-Aldrich). The 0.5 mg/
mL LPS was made using Ringer’s solution (128 mM NaCl,
18 mM CacCl2, 1.3 mM KCl, 2.3 mM NaHCO3, 1 L dH20)
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(Laughton et al. 2011). Control drones were handled in the
same way as treated drones but left unpricked. After han-
dling and treatment, drones were kept in 1L glass jars with
up to 30 individuals of the same treatment group and fed
diluted Pro-Sweet™ (Mann Lake Ltd., Hackensack, MN,
USA) at a 60% dilution with water ad libitum. All jars were
kept in a Percival I36NL incubator (Percival Scientific,
Perry, IA, USA) set at 34° C for up to 24 h.

Verifying LPS inoculation causes an immune
response in drones

The honey bee immune system detects the outer membrane
components of bacteria (e.g. lipopolysaccharide, LPS) and
reacts by expressing immune effector proteins, such as
defensin2 (Yang and Cox-Foster 2005; Evans 2006; Rich-
ard et al. 2008; Laughton et al. 2011; Harpur et al. 2014).
LPS can cause an immune challenge in the absence of a
pathogen. In honey bees, pathogens have been shown to
manipulate honey bee CHC profiles and behavior (Geffre
et al. 2020). To verify that the LPS inoculation causes an
immune response in drones, we measured the expression
of defensin2 in control drones and treatment drones four
and 24-h after being inoculated (N=4/group). All drones
were flash-frozen prior to RNA extraction. We used a Zymo
Direct-zol™ RNA Miniprep kit to extract RNA from their
thoraces. We then performed RT-qPCR using a Luna® Uni-
versal One-Step RT-qPCR kit. We used primers previously
used to measure immune response in honey bees and elF3-
S8 as a control (Richard et al. 2008).

The primers used were as follows: Def2-F: CAGAATTGA
TGGATTCCAACGAS3; Def2-R: CGCACGTTACCCTTC
GATGT; elFS8-F: TGAGTGTCTGCTATGGATTGCAA;
elFS8-R: TCGCGGCTCGTGGTAAA. The relative expres-
sion of defensin2 for each sample was calculated using the
delta-delta Ct method (Livak and Schmittgen 2001) and the
resulting data were log transformed prior to statistical analy-
sis to normalize residuals (see Statistics section below).

Estimating mass and body size

We measured the thorax width of 122 control or immune-
challenged drones after 24 h. Thorax width was measured
at the widest point to the nearest hundredth of a millim-
eter with ToolShop™ electronic digital calipers. We esti-
mated the dry mass to the nearest 0.1 mg of 109 control
or immune-challenged drones 24 h post-injection. We first
freeze-dried all samples using a Harvest Right™ Scientific
In-home Freeze Dryer on the lowest setting for one week,
long enough for mass to stabilize and all moisture to be lost
from the samples.

Drone eviction assays

To test if low-quality (immune-challenged) drones are
evicted from colonies at a higher rate than control drones,
we followed a previously-established eviction assay (Cur-
rie and Jay 1988) modified to fit a three frame nucleus
colony (mini-colony throughout). Drones are less likely
to be accepted when placed into queenright colonies with
fewer resources (Free and Williams 1975; Currie and Jay
1988; Boes 2010). We therefore used queenright mini col-
onies of ~1000 workers that were restricted to a maximum
of two frames of resources (honey and pollen) to increase
the likelihood of eviction.

For eviction assays, treatment and control drones were
kept in the incubator in glass jars for four hours. After
four hours, immobile or dead drones were removed, and
the remaining ones were introduced into one of three mini
colonies. Introductions took place in the evenings between
20:00 and 21:00 local time to reduce the chances of drones
leaving the colony on an additional mating flight (Cur-
rie and Jay 1988). To introduce drones, we removed the
lid of each colony and replaced it with a modified ‘drone
includer’ (Currie and Jay 1988): a wooden box with
1.27 cm hardware cloth attached to the bottom to slow
the drones from entering all at once. Each jar containing
drones was then poured gently into the includer. We placed
the colony lid on top of the includer to allow drones to
enter the colony. After all drones had moved down through
the hardware cloth into the colony, the drone includer was
removed and the colony was closed. Treatment and con-
trol drones were introduced simultaneously in roughly
equal numbers depending on availability, with a total of
68 to 89 drones being introduced each time. In total, 300
control drones and 271 immune challenged drones were
introduced over 7 unique introduction events between June
7 and June 19, 2023. Colonies were revisited in the morn-
ing before drone flights began. We collected and froze all
marked drones. Drones collected from inside the colony
were recorded as “retained”’; drones found outside the hive
were categorized as “evicted”. Drones that were not recov-
ered in the morning were assumed to be evicted. Blinding
of the human collector was not necessary due to the objec-
tive counting of present or absent drones. All drones were
collected and kept frozen at -80° C for later use.

We also tested if immune-challenged drones would be
more likely to self-evict. Honey bee workers have been
shown to altruistically self-evict when ill to prevent dis-
ease spread (Rueppell et al. 2010), so to see if drones dis-
play the same behavior, we introduced control (n=46) and
immune-challenged (n =48) drones following the same
procedure, above, to a colony with two frames of food,
one empty frame of wax, and no workers.
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Cuticular hydrocarbon profile analysis and transfer

Cuticular chemicals were extracted from a drone by immers-
ing it in 500 uL of HPLC-grade hexane contained in a glass
vial with a TFE cap and gently agitating the vial by hand
for two minutes at which time the drone was removed. Vials
were labeled and stored at 4° C until analyzed. We analyzed
15 control drones and 23 immune-challenged drones.

Extracts were analyzed by coupled gas chromatography-
mass spectrometry (GC-MS) with electron impact ionization
(70 eV) using an Agilent 6890N gas chromatograph (Agi-
lent Technologies, Santa Clara, CA, USA) equipped with a
DB-5MS capillary column (30 m % 0.25 mm X 0.25 um film,
Agilent 19091 J-433) in splitless mode with helium as the
carrier gas and interfaced to an Agilent 5975 mass selective
detector. We followed the protocols set forth in Vernier et al.
2019 with minor changes. 1 uL of extract was injected into
the heated GC injection port (250 °C). After a 1-min hold
at 60 °C, the oven temperature was ramped at 5 °C/minute
with a 10-min hold. Linear and branched chain hydrocar-
bons were identified by comparing their retention times and
mass spectra with those of standards, or by interpretation
of the mass spectra in combination with Kovats retention
indices (El-Sayed 2023). The abundance of each compound
was calculated as a percentage of the total corrected peak
area of all hydrocarbons that were consistently present in the
total ion chromatograms (ChemStation, Version B.03.01;
Hewlett-Packard Corp.). We removed any peak not found in
at least 20% of our samples, leaving 18 total peaks which we
focused on across all samples for analyses below.

To determine if workers use CHC profiles to assess
immune status of a drone, we used the same methods
described above to extract CHCs from untreated (control)
and LPS-treated drones 24 h post-injection. Following, the
vials containing the extract were left uncapped in the fume
hood until the solvent evaporated off, leaving the concen-
trated CHCs behind. Previous studies in honey bee workers
transferred the CHC profile of immune-challenged workers to
control workers and observed differences in nestmate interac-
tions (Richard et al. 2008). We attempted to transfer the CHC
profile of immune-challenged drones to control drones first
by applying it with hexane (Richard et al. 2008; Del Piccolo
et al. 2010). We discovered that drones could not tolerate
any amount of hexane applied to their cuticles: application
resulted in ejaculation and death. We instead opted to add
20 uL of ddH2O to the concentrated hexane, mix by vor-
texing, and then introduce individual marked control drones
into single vials for 10 min. Variations of this method have
been used successfully in several insect species (Dani et al.
2005; Roux et al. 2009; Conroy and Holman 2022) to trans-
fer hydrocarbons between individuals. We coated 62 control
drones in the cuticular extract of immune-challenged drones
and 60 in the cuticular extract of control drones. After ten
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minutes, all 122 drones were removed and introduced to a
host colony, described above, to quantify eviction rates. We
also collected the extract from one control drone coated in
immune-challenged-drone extract and subjected it to GCMS
as described above to confirm successful transfer.

Statistics

For all analysis, we used R version 4.1.2 (R Core Team
2020). We tested differences in means among groups using
one- or multi-way ANOVA after testing data for underly-
ing assumptions of normality and equality of variance. We
used two-tailed tests except where stated in results (e.g. we
predicted lower mass for immune-challenged drones; other
specific hypotheses listed in results). We kept experimen-
tal colonies homogenized: they were maintained with the
same number of frames, approximately the same number
of workers, and were queenright throughout. They were
also kept near each other to reduce variability in removal
rates that might arise as a result of colony location. Still,
we tested for colony effects in initial ANOVA models for
eviction and found none (F, ;,=1.3; P=0.31). We there-
fore included colony only as a random effect throughout. To
test for differences in weight and treatment status between
evicted and retained drones, we used a mixed effect gener-
alized linear model with trials as random factor and evic-
tion status treated as a binomial (glmer; family =binomial;
link =logit). We found no evidence of overdispersion in the
resulting model: the ratio of the Pearson residuals and the
residual degrees of freedom (0.64) was not greater than one
(X2=66; P=0.99). To test for differences in CHC profile
components, we ran individual t-tests across each of the 19
peaks between immune-challenged and control drones. We
then corrected for multiple tests using Storey’s Q (Storey
2003) at a threshold of q <0.05.

Results

LPS injection in drones causes an immune
response. Inmune-challenged drones lose mass
and experience a shift in CHC profile

We tested if LPS elicited an immune response by quantify-
ing the expression of defensin2, an immune effector, in con-
trol and LPS-injected drones at four- and 24-h post-injection.
We found that LPS causes a significant immune response
in drones over the course of 24 h; (ANOVA F2’7 =25;
P=0.0006; Fig. 1A). LPS inoculation also causes early mor-
tality in drones: we found significantly more drones dead in
jars (13.9%) at 24 h post-injection than control drones (1.7%;
F)14=11.2; P=0.0048).
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Fig. 1 Lipopolysaccharide (LPS) injection causes an immune chal-
lenge in drones. A LPS injection increases the expression of the
immune effector gene defensin2. Drones were collected from the field
and pricked with an LPS-contaminated, sterile, insect pin under their
abdominal tergite (Immune Challenged) or handled and not pricked
(Control). All drones were placed in 1L glass mason jars containing
sugar syrup and left for 24 h (Control and 24 h Immune Challenge) or
four hours. We found significant differences in the expression (delta-
delta CT) of defensin2 across conditions with expression being signif-

We also tested if an immune challenge affected the dry
mass and size (thorax width) of drones by assessing freeze-
dried control and LPS-injected drones. We found that dry
mass was significantly lower in immune-challenged drones
when compared to control drones (F; ;o;=35.5; P=0.02;
Fig. 1B). Thorax width did not vary significantly between
immune-challenged and control drones (F; 5,=0.31;
P=0.58; Fig. 1B). When immune-challenged, worker
honey bees experience a shift in their CHC profiles such
that there are significant differences in specific CHC com-
pounds between ‘sick’ and healthy workers (Richard et al.
2008). We quantified the CHC profile of control drones and
LPS-injected drones and robustly identified 18 peaks in both
immune-challenged and control drones across samples, of
which 11 varied significantly between treatments (Fig. 1C,

0.20 9 10 P 11
" PC1(59.0%) 0.15
50 0.10
0.05 * *
0.001 e - ==

icantly highest at 24 h (ANOVA). B After 24 h, control and immune-
challenged drones were flash frozen to estimate dry body mass (left:
ANOVA F, ;7=5.5; P=0.02) and thorax width (right: ANOVA;
P>0.2). C Two representative chromatograms showing the peaks
identified in control (top; blue) and immune-challenged (bottom;
orange) drones. Insert is PCA showing separation of CHC profiles
across a panel of drones. D The eleven numbered peaks in C were
found to be significantly different between immune-challenged and
control drones

D). Retention times and proposed identities of the peaks
that change with immune challenge are presented in Table 1.

Immune-challenged and small drones are evicted
at a higher rate than healthy drones

Having demonstrated that LPS causes an immune response
in drones, we next wanted to test if workers are able to detect
and evict immune-challenged drones. We allowed colonies
to evaluate both LPS-injected and control drones overnight
and collected the retained and evicted drones in the morn-
ing. We predicted that colonies would evict a higher propor-
tion of low-quality (immune-challenged) drones compared
to controls across colonies. Across trials, we found signifi-
cantly more immune-challenged drones were evicted than
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Table 1 Peak number, retention time, hydrocarbon identified, and
diagnostic ions used to identify each of the 11 chromatogram peaks
that vary significantly between control and immune-challenged
drones

Peak number Retention time Hydrocarbon Diagnostic ions

control drones (ANOVA; F, |, =35.3; one-tailed P=0.019;
Fig. 2A).

We predicted that evicted drones, irrespective of immune
status, would be smaller in body weight than drones allowed
to remain in the colony. We found that immune challenge

1 3271 Cas, 322 (M*), 83, 97, 111 resulted in smaller drones overall (F; j,5=38.3; P=0.004;

2 35.59 C25Adiene 348 (M) Fig. 2B). We also find that evicted drones, regardless of

3 35.94 Cos.y 350 (M) immune status, were significantly smaller than drones

4 42.48 9ME—C29 407 (M* —15), 1961252 allowed to remain in the colony (GLM; P=0.00000161;

5 44.33 Cyia 434 (M) Fig. 2B).

6 44.42 Cyry 434 (M) ) o

7 44.64 Cpdiene 446 (M*) Workers are required for the eviction

] 45.01 Cyydiene 446 (M*) of immune-challenged drones,

9 46.55 Cyidiene 460 (M*) or immune-challenged drones may not self-evict

10 46.80 Ciz 462 (M"), 83,97, 111

11 4741 Me-Ci; 463 (M*) The experiments above demonstrated that immune-chal-
lenged drones are more likely to be found outside the colony
entrance than healthy drones. This finding could be the result

Fig.2 Low-quality drones are A B

evicted from colonies more fre-

quently. A Over one week, 300 LPS > Control; P = 0.019 P = 161:10°

control (blue) and 271 immune- s

challenged (orange) drones OControl

were introduced at sunset into A A Oimmune Challenged 801 i e

one of three mini-colonies (see
methods), represented here as a
circle, triangle, or square. White
and gray background stripes
indicate separate introduction
events. Across all trials, we
found that significantly more
immune-challenged drones were
evicted than control drones
(Fisher Exact; P=0.019). B

We found that both immune-
challenged and evicted drones
(regardless of immune status)
were significantly smaller

than control drones or retained A
drones. C Immune-challenged A

drones and control drones self-

evict from worker-less colonies

at the same rate (Fisher Exact; D
P>0.12). Ratio in each bar ]

Trials across each colony (0o<)

O

D 70

Dry Weight (mg)

go| e

50

indicates number evicted over
the total introduced and one
subtracted from this value is
plotted
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15/48

ins
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of either worker-led eviction or drones altruistically self-
evicting. We tested this by introducing control and immune-
challenged drones to a colony without workers present (see
methods). We found no significant differences in the propor-
tion of control and LPS-injected drones remaining inside the
colony (or found outside the colony) overnight (Fisher Exact
Test; P> 0.05; Fig. 2C).

Workers may not use CHCs to identify
immune-challenged, low-quality, drones

After transferring the CHC extract from an immune-chal-
lenged drone to a control drone, we extracted this chimeric
CHC profile and ran the sample through the GCMS to con-
firm that our treatment was effective enough to alter the
overall CHC profile of treated drones. We observed a shift
in CHC profile in the CHC-transferred samples such that
CHC-transferred drones were intermediate to immune-chal-
lenged and control drones (Fig. 3A). We found no signifi-
cant difference in eviction rates between drones coated in
cuticular extract from control or immune-challenged drones
(Fisher Exact Test; P=0.81; Fig. 3B).

Discussion

Generally, male animals advertise their quality to conspecif-
ics (Johnstone 1995). It can be obvious to those being pre-
sented to when a male is sick and should be avoided, leading
to unsuccessful mating attempts and reduced fitness (Jacot
et al. 2004, 2005). We have found that, in honey bees, drones
are evaluated by non-reproductive workers and, if expressing
symptoms of an illness or reduced quality, are evicted. Our
findings demonstrate an additional layer of social immunity
in honey bees and an additional layer of assessment that
eusocial species may apply to their reproductive castes. On
the former, honey bees and other eusocial species modulate
interactions among themselves based on their immune status
(Richard et al. 2008; Baracchi et al. 2012; Cappa et al. 2016;
Jones et al. 2018). This has been termed ‘social immunity’
(Cremer et al. 2007) and can be an effective form of reducing
the spread of disease in a colony (Stroeymeyt et al. 2018).
Worker honey bees will evict their sick female nestmates,
and sick workers will also altruistically self-evict (Rueppell
et al. 2010; Conroy and Holman 2022).

To our knowledge, ours is the first report of workers
expressing any form of social immunity towards adult
drones. Drones are cited as a source of disease and pests

Fig. 3 Workers may not use a A
drone’s CHC profile to assess its
quality. A Three representative Control
chromatograms showing the 3
peaks identified in control (top; 20
blue) and immune-challenged 10
(middle; orange) and CHC- 0
transferred drones (bottom; 3 Immune Challenged
purple). B We transferred the g 30
CHC profile of immune-chal- 3 20
lenged drones to control drones s
(N=62; purple) and intro- g 10
duced these and control drones 20
(N=60; blue) to micro-colonies 2 Control + LPS CHC Extract
at sunset (see methods). We
found no significant differences 20
in eviction rates between each 10
group (Fisher Exact; P> 0.8) 0
30
B
Control

+ LPS CHC Extract 9/62

Contol
+ Control CHC Extract |141/60

35 .40 . 45 50
Retention Time (mins)

0.00

0.05 0.10 0.15
Proportion Evicted
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entering colonies, especially in commercial settings where
they can drift (Currie 1987; Traver and Fell 2011; Yafez
et al. 2012; Peck and Seeley 2019). We found that eviction
requires the presence of workers, suggesting that drones
do not self-evict when immune-challenged. This contrasts
with evidence that workers will abandon their colony if sick
and that doing so quantifiably reduces disease load (Ruep-
pell et al. 2010). Altruism in male honey bees may not be
expected. Relatedness between drones and their female
nestmates is lower, on average, than relatedness among
workers, and drones are short-lived so perhaps there is lit-
tle pressure for altruistic self-eviction to evolve. Looking
more broadly across social Hymenoptera, altruism in males
is rare (Beani et al. 2014). Alternatively, the presence of
nestmates is required to trigger an altruistic response from
drones, or comb without workers does not register to drones
as a colony. Perhaps even the risk of drones spreading dis-
ease is lower than that of workers, or drones use workers to
prevent spread. When in a colony, drones are typically found
on honey sources and do not interact with the queen (Free
1957; Ohtani 1974; Neubauer et al. 2023); they may use
older foragers as a buffer against spreading disease within
a colony. More work could explore interactions between
immune-challenged drones and workers in a smaller, obser-
vational study (e.g. Conroy and Holman 2022) to addition-
ally explore how (and if) immune-challenged drones change
their behavior and/or if workers interact with them differ-
ently. This finding may have relevance to other eusocial
species. Certainly, we predict similar behavior across the
genus Apis where all males are reared en masse and return to
their natal colony after unsuccessful mating attempts (Hagan
et al. 2023), but we also may expect similar behavior to have
evolved independently across other eusocial species with
long pre-reproductive and reproductive periods in males.

Immune challenge causes a CHC profile shift
in drones, but is it used as a signal by workers?

Social immunity and reproductive quality assessments
depend on workers being able to interpret an honest sig-
nal of immunity or quality in drones. Many insects use the
CHC profile as a source of information about other insects
they may interact with (Dani et al. 2005; Steiger et al. 2007;
Smith et al. 2009; Liebig et al. 2009; Cappa et al. 2016). In
eusocial insects, the CHC profile broadcasts information that
workers use. As just a few examples, the CHC profile is used
to discriminate nestmates from non-nestmates (Cervo et al.
2002; Dani et al. 2005), signal larval sex (Sasaki et al. 2004),
identify the social role of nestmates (Smith et al. 2009; Del
Piccolo et al. 2010), and identify dead or infected larvae
or adults for eviction (Spivak and Reuter 1998). When a
honey bee worker is immune challenged, her CHC profile
shifts (Cappa et al. 2016). Workers respond to LPS-injected
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nestmates by increasing aggression and evictions (Richard
et al. 2008). In at least one case, the viral pathogen Israeli
Acute Paralysis Virus (IAPV), immune-related CHC shifts
increase colony acceptance of infected workers and may
contribute to disease spread (Geffre et al. 2020). We found
that drones, like workers, have a significant shift in their
CHC profile when immune-challenged.

Following previous works in bees (Dani et al. 2005; Con-
roy and Holman 2022) and other social insects (Roux et al.
2009), we transferred CHC profiles of immune-challenged
individuals to untreated controls. We found drones to be
intolerant of hexane applied in any amount to their body and
therefore could not wipe off their CHC profile prior to CHC
transfer. To our knowledge, removing the CHC profile prior
to transfer is not done in honey bees and the resulting CHC
profile after transfer is therefore chimeric in ours and previ-
ous studies (Dani et al. 2005; Richard et al. 2008; Conroy
and Holman 2022). Therefore, the interpretation from pre-
vious studies could be that workers do not tolerate aberrant
CHC profiles on other workers. We only applied CHCs to
control drones; it is possible that adding CHCs from healthy
drones could “rescue” immune-challenged drones from evic-
tion. However, applying the CHCs from an immune-chal-
lenged worker to a healthy one is sufficient to trigger evic-
tion in workers (Richard et al. 2008; Conroy and Holman
2022) and our experiment shows the same does not follow
for drones. Following this logic, we suggest that workers are
indifferent to the CHC profile of drones. This seems appar-
ent from the natural history of honey bees: workers strongly
prevent entry from unrelated workers (Cappa et al. 2016)
while as many as 50% of drones in a colony may be foreign
(Currie and Jay 1988; Reyes et al. 2019). Previous work has
demonstrated that workers can detect foreign drones (Kirch-
ner and Gadagkar 1994) but did not ascertain eviction. For
drones, the CHC profile may not be a signal used by workers
and/or may not affect eviction decisions.

What is the signal workers use to detect and evict low-
quality drones? We propose that it may be mass. Body mass
is predictive of drone reproductive quality: heavier drones
have more and healthier sperm (Schliins et al. 2003, 2004;
Yaniz et al. 2020; Quartuccio et al. 2020). Previous work has
demonstrated that workers alter their behavior towards smaller
drones (Slone et al. 2012; Goins and Schneider 2013) com-
pared worker-drone interactions for drones reared in worker
comb (thus, significantly smaller in size and mass) to ‘normal’
drones. They found that workers engaged in trophallaxis and
shook drones equally regardless of size, but smaller drones
received more grooming, more aggressive interactions, and
more eviction attempts. The authors noted they could not
observe evictions as drones could not leave the colony they
were placed in. Our results show that, regardless of immune
status, smaller drones are more likely to be evicted. We also
show that in addition to size reduction due to experimental
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rearing conditions that restrict growth, naturally occurring
size variation is sufficient to trigger eviction. As noted above,
workers ‘vibrate’ drones in the colony, a signal thought to
encourage drones to beg for food and move more (Boucher
and Schneider 2009). Vibration may also be a means to assess
a drone’s mass and therefore reproductive quality. The present
study was not designed to explicitly test this hypothesis. It
could be empirically tested by adding weights to drones, as
has been done to other bees (Hayworth et al. 2009), and quan-
tifying eviction rates and aggressive worker behaviors toward
heavy and light drones. It is also possible that smaller drones
are easier to evict, and future behavioral studies will be neces-
sary to determine whether size affects the amount of aggres-
sion received or the ability to resist aggression.

On variation in colony choosiness

Drone eviction by workers varies with environmental con-
ditions inside and outside of the colony (Free and Wil-
liams 1975; Currie and Jay 1988; Boes 2010). Drones are
resource-intensive to rear and maintain for a colony (Win-
ston 1987) so when colony resources are low, eviction
becomes more likely. As an example, in autumn, drones are
evicted during periods of poor food availability (Free and
Williams 1975), and by winter all drones are evicted as the
colony enters a state of dormancy (Morse et al. 1967). Drone
production depends on the climate but typically occurs when
colonies are bringing in resources (Free and Williams 1975;
Boes 2010). Colony size also contributes to drone eviction
rates: large colonies can host more drones than smaller ones
(Free and Williams 1975). Queenlessness is an additional
contributor to drone acceptance: queenless colonies accept
more drones than queenright colonies (Currie and Jay 1988).

In our study, we maintained colonies that would be more
likely to evict drones. We maintained small, queen-right
colonies that were allowed to produce brood with only a
few food frames available. Therefore, our findings are likely
to be limited to times when colonies must be more discrimi-
nating about which drones enter. A large, healthy colony in
peak season may accept any drone regardless of quality or
immune status. Similarly, such a colony may only be choosy
when it has reached its drone caring capacity. While we have
demonstrated that workers are choosy of the drones they
allow to enter, additional work is needed to understand how
variation in colony and worker choosiness arises.

Conclusions

We found that an immune challenge causes changes in CHC
profiles of drones and reduces body mass. Workers selec-
tively evict small and immune-challenged drones who, them-
selves, do not self-evict. While CHC profiles are relevant

to worker-worker communication, they may not indicate a
male’s quality to his female nestmates. This work demon-
strates that eusocial males undergo an additional layer of
scrutiny prior to mating, one mediated by the non-reproduc-
tive worker caste. The discriminated signal remains elusive,
but we hypothesize it may be mass.
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