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Abstract

Human-induced shifts in species’ ranges can increase contact between closely related species and lead to reproductive
interference. In Australia, climate change and trade in stingless bee colonies is increasing the range overlap of two cryp-
tic species: Tetragonula carbonaria and T. hockingsi. To investigate reproductive interactions between these species, we
validated a diagnostic-PCR test based on the mitochondrial gene COI to ID field specimens to species. We then assessed
the likelihood of reproductive interference in four ways. First, we imaged the male genitalia of each species and found no
evidence of reproductive character displacement. Second, we assessed species composition of mating aggregations in an area
of sympatry (Southeast Queensland) and confirmed that some males join the mating aggregations of interspecific colonies.
Third, we translocated 7. hockingsi colonies into the southern range of T. carbonaria (Sydney) and tracked their ability to
requeen. These translocated colonies attracted mating aggregations comprised almost entirely of interspecific males, but
never formed hybrid colonies; instead, queens either mated with their brothers, or the colony failed to requeen at all. Finally,
we presented 7. carbonaria males with either conspecific or interspecific virgin queens and found that males attempted to
mate only with their own species’ queens. In all, we conclude that reproductive barriers between these species are complete
with respect to “short-range” mating cues, but not for “long-range” mate attraction cues. Our study highlights that hive
movements can increase some forms of pre-mating reproductive interference between managed bee species, even where the
species do not actually mate or hybridize.
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Introduction

Closely related species that previously diverged in allopatry
will sometimes be brought back into contact due to changes
in climate or habitat, or due to anthropogenic dispersal (Mal-
let et al. 2011; Sanchez-Guillen et al. 2013). Reproductive
interference may then occur, with individuals engaging in
interspecific reproductive activities that produce no off-
spring, sterile hybrids, or otherwise incur some fitness cost
(Kyogoku 2020). Such interactions occur where reproductive
barriers between species are incomplete and can be espe-
cially costly for species that mate only once (Groning and
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Hochkirch 2008; Shuker and Burdfield-Steel 2017). With
time, natural selection is expected to reinforce reproductive
isolation between incompatible species, however reproduc-
tive interference can nevertheless cause population declines
in the short-term and may even lead to local extinctions
(Kishi et al. 2009; Kyogoku 2015; Ting and Cutter 2018).
Bees (Anthophila) play a crucial role as primary pollina-
tors of plants in both natural and agricultural ecosystems
(Ollerton et al. 2011). Managed social bees (i.e. those kept in
hives) have a special role in agriculture, as they can be read-
ily moved into and out of flowering crops in large numbers.
This includes the stingless bees (Apidae; Meliponini), a tribe
of highly eusocial bees naive to the subtropical and tropical
regions of the world, including Asia, Africa, Australia and
Central and South America (Gruter 2020). Stingless bees are
not only important wild pollinators of native plants but have
also emerged in recent decades as effective managed polli-
nators of a range of tropical crops (Meléndez Ramirez et al.
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2018). They are further managed for hive products, includ-
ing honey and propolis, and in some parts of the world are
popular as pets (Gruter 2020; Heard 2016). As stingless bees
across the world are increasingly utilized for crop pollination
and other purposes, so too is the chance that their ranges are
changed by anthropomorphic dispersal (Byatt et al. 2015).
In Australia, two closely-related endemic species of sting-
less bees are widely propagated for both crop pollination
and the pet trade: Tetragonula hockingsi and T. carbonaria
(Heard 2016). Individual bees of these species are morpho-
logically cryptic and visual species identification relies upon
the architecture of their brood comb (Dollin et al. 1997,
Franck et al. 2004). They are distributed along the Austral-
ian East Coast; with T. hockingsi occurring from Cape York
to Southeast Queensland, and T. carbonaria occurring from
Southeast Queensland to Sydney (Fig. 1). There are also
some, presumably remnant, isolated populations of 7. car-
bonaria confined to high altitude regions of North Queens-
land (Dollin et al. 1997). The precise natural distributions
of both species are poorly resolved due to their cryptic mor-
phology. It appears, however, that the trade of stingless bee
colonies in recent decades is making 7. hockingsi increasing
prevalent in areas of Southeast Queensland once occupied

Fig. 1 The approximate distri-
butions of two morphologically
cryptic stingless bees on Aus-
tralia’s East Coast. The species
can be identified via molecular
methods or brood morphology:
T. hockingsi (top, blue; clustered
brood) and T. carbonaria
(bottom, orange; spiral brood).
The southward movement of 7.
hockingsi has created an area of
overlap in Southeast Queens-
land (black box). We simulated
further southward movement

of T. hockingsi by translocating
some colonies to Sydney (star)
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either mostly or only by T. carbonaria (Cunningham et al.
2014). Ongoing modifications to habitat and climate in this
part of Queensland might also be favouring the south-bound
migration of 7. hockingsi, leading to increased range overlap
between the species (Fig. 1).

Current evidence for reproductive interference between
T. carbonaria and T. hockingsi is ambiguous. Some stud-
ies have suggested occasional hybridisation between T.
carbonaria and T. hockingsi in an area of current sympatry
in Southeast Queensland (Brito et al. 2014; Franck et al.
2004). More recently, a study of hived colonies from this
region using a variety of genetic markers found no ongoing
gene flow between the species, suggesting that any hybrid
colonies may be F1 only, and fail to proceed to further gen-
erations (Hereward et al. 2020). Even if hybrids are never
formed (that is, postzygotic barriers are complete), repro-
ductive interference might still occur via interspecific mate
attraction and/or mating (Fig. 2). In stingless bees, colonies
with virgin queens that are ready to mate (requeening colo-
nies) attract aggregations of dozens to hundreds of males
that gather close to the entrance. The virgin queen then flies
into the aggregation, mates with a single male and returns
to the colony to begin egg-laying (Vollet-Neto et al. 2018).
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Fig.2 Possible outcomes of reproductive interactions between sting-
less bee species or populations (depicted by different colours) that
were previously isolated but are now sympatric. If mating barriers
are complete, there will be no reproductive interference. Likewise,
if there are neither mating barriers nor costs to hybridization then

Thus, mate attraction in stingless bees occurs in two stages:
“long-range” (males are attracted to requeening colonies
and join mating aggregations) and “short-range” (males
locate and attempt to mate with the queen once she enters
the aggregation; Fig. 2). T carbonaria males were reported
to join the mating aggregation of an interspecific colony
during a nest usurpation event (when one colony invades
the nest of another; (Cunningham et al. 2014) but whether
such mixed-species swarms occur regularly is unknown.
Tetragonoula mate only once and workers never reproduce,
even when queenless (Bueno et al. 2020; Gloag et al. 2007,
Nunes et al. 2014). If interspecific matings occur but fail to
produce viable offspring, then they may be costly not only
to the individual male and queen, which have wasted their
only mating opportunity, but also lead to colony death if
subsequent virgin queens are not available.

In this study, we assessed whether reproductive inter-
ference occurs between T. carbonaria and T. hockingsi,
with a focus on the consequences of T. hockingsi colo-
nies continuing to move south into regions where only 7.
carbonaria currently occur naturally. Because the males
of both species are morphologically identical, our first
step was to establish a lab protocol for assigning males
to species based on the mitochondrial gene cytochrome
¢ oxidase subunit I (COI). We then assessed the likeli-
hood of reproductive interference between the species in
four ways. First, we compared the male genitalia of both
species. This is because otherwise cryptic insect species
may have diverged genital morphology, and such differ-
ences would suggest prezygotic barriers to mating (Masly
2012). Second, we manipulated colonies of known spe-
cies to induce requeening and attract male congregations.
In Southeast Queensland, where T. hockingsi has recently
become common, we attracted male congregations in this

inviable or unfit

there will be no reproductive interference and then populations will
re-establish gene flow. However, if there is hybrid incompatibility but
pre-mating or mating barriers are incomplete, then reproductive inter-
ference will occur

way to colonies of both species and sampled males from
these congregations to assess their species composition.
Third, we repeated this manipulation with 7. hockingsi
colonies translocated further south into an area of current
allopatry (Sydney) to determine whether these colonies
attracted interspecific males and if hybridization occurs.
Finally, we performed behavioural assays to test the attrac-
tiveness of T. hockingsi virgin queens to T. carbonraia
males.

Materials and methods
A PCR diagnostic test for species identity

We first assessed the reliability of a diagnostic test that
used differential amplification of the mitochondrial gene
COI to assign samples to species. We extracted DNA
by Chelex extraction (Walsh et al. 2013) from the abdo-
men of 46 workers from colonies of known species. We
then designed sets of primers that targeted a species-spe-
cific ~300 bp region of COI. Each set paired one primer
reported to amplify COI in both species in (Francoso et al.
2019) (Barhock) with one additional primer (Table 1). For
each sample, we then performed two PCRs, visualised
PCR products via gel electrophoresis and assigned species
IDs to each sample based on which primer-set produced a
band of the expected size. All T. carbonaria (N=16) and
most T. hockingsi (N =28) in our reference set amplified
only with the correct species primer pair. The remaining
7% of T. hockingsi (N =2) amplified with both primer sets,
though with a much stronger band for the 7. hockingsi-
specific primers.
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Table 1 Primers and PCR conditions used for species-IDs of T. car-
bonaria and T. hockingsi

Species Primers Annealing

Temp (°C)

Fragment
size (bp)

Barhock_F CTCCAT 60 311
TGTTACTGGGCA
TGC
T _carb_COI_spec_R2
CAATGAAATTYA
GTGACCCT

Barhock_R AAGGCC 55 299
GAATCCTGGAAG
AA
T_hock_COI_spec_F5
GAATTTCATCTA
TTCTTGGA

T. carbonaria

T. hockingsi

Each primer set amplifies one species. PCR amplification was per-
formed using 94 °C for 8 min, followed by 35 cycles of 94 °C, 55 °C
or 60 °C and 72 °C for 30 s each, followed by 72 °C for 9 min. Reac-
tions used 1XPCR buffer, 1.5 mM MgCl,, 0.2 mM dNTPs, 0.4 uM
forward primer, 0.4 pM reverse primer and 1U Tag-Ti polymerase
(Fisher Biotech)

Morphology of male genitalia

To determine whether any morphological differences in male
genitalia exist between 7. carbonaria and T. hockingsi, we
dissected and imaged mature males collected from mating
aggregations that had been stored at minus 20 °C on 100%
ethanol (T. hockingsi N =40 from Brisbane; T. carbonaria,
N =49 (N=25 from Brisbane and N =24 from Sydney).
We first confirmed the species for each male by extract-
ing DNA from the head and thorax (leaving the abdomen
intact) and using the diagnostic COI PCR described above.
We then dissected out the genitalia under a dissecting micro-
scope with the use of Jewellers forceps (Dumont No.5) and
imaged them using a ZEISS Stemi 508 stereomicroscope.
We measured four characteristics from images of each speci-
men using Image J (Schneider et al. 2012): the gonocoxite
width (mm), spathe width (mm), gonostylus length (left;
mm) and penis valve length (left; mm) (Fig. 3A). During
eversion Tetragonula males will open their gonostylus and
penis valve and evert the penis into a queen’s reproductive
tract. However, unlike honeybee males, who can be readily
coerced into everting their endophallus via squeezing of the
abdomen, we were unable to induce live Tetragonula males
to do so prior to preservation. As a result, imaged samples
were found to be at differing stages of eversion, and meas-
urements of the penis itself were not possible. The most
common eversion state across each of the three groups was
“fully everted” and only fully everted samples were used for
comparisons between species (Fig. 3B). We tested for differ-
ences in the morphology of male genitalia between species
in two ways: (i) t-tests for each of the four variables, and (ii)
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Fig.3 A The genitalia of a 7. carbonaria male, imaged using the
ZEISS Stemi 508 stereomicroscope: (a) gonocoxite, (b) spathe, (c)
gonostylus, (d) penis valve and (e) penis B The differing stages of
Tetragonula eversion (left to right): not everted, semi-everted and
fully everted. Only fully everted specimens were included in the anal-
ysis. C A PCA biplot showing the overlapping distributions measures
of male genitalia between 7. hockingsi (Brisbane) and T. carbonaria
(triangles = Sydney, circles = Brisbane)

a Principal Components Analysis (PCA) to identify relation-
ships between the full variable set and species. All statistical
analyses were performed in R 4.2.1 (R Core Team 2022).
To visualise the finer features of Tetragonula genital mor-
phology, we also generated images of one representative speci-
men of T. hockingsi (Brisbane) and T. carbonaria (Sydney)
using scanning electron microscopy (SEM) at the Sydney
Microscopy and Microanalysis Facility, The University of Syd-
ney. Specimens for SEM were snap frozen at -80 °C, dissected
and then placed in 1 ml of 0.1 M phosphate buffer before being
transferred into the primary fixative (2.5% glutaraldehyde in
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0.1 M phosphate buffer) and left to incubate at room tem-
perature for one hour. We rinsed samples for 5 min in 0.1 M
phosphate buffer and repeated this rinse three times in fresh
changes of buffer. Samples were then dehydrated in the fol-
lowing way: 30% ethanol for five minutes repeated twice, 50%
ethanol for five minutes repeated twice, 70% ethanol for five
minutes repeated twice, 90% ethanol for five minutes repeated
three times and 100% ethanol for five minutes repeated three
times. The samples were then dehydrated and mounted onto
an aluminium pin stub using double sided carbon tape, before
being coated in 10 nm of gold using the ccu-010 Safematic
compact coating unit. The samples were then visualised using
a 15 kV accelerating voltage Jeol SEM.

Male attraction to interspecific requeening colonies
in an area of sympatry

To determine if males join mating aggregations at interspe-
cific colonies in an area of current sympatry, we analysed
males sampled from mating aggregations formed in front of
requeening colonies of each species in Southeast Queens-
land (total: N=10T. hockingsi, N=6 T. carbonaria). Ten of
these aggregations (all six 7. carbonaria and N=4T. hock-
ingsi) were collected in 2019 at sites in which no colonies
of the other species were known to occur within close prox-
imity (< 10 m) to our experimental colonies. At each site,
colonies of known species kept in OATH hive boxes were
induced to re-queen via hive splitting (Heard 2016). In this
process, the hive is split in half and each section given an
empty half-box. One half of the original colony is expected
to retain the original queen, whilst the other half is forced to
rear a new queen and thus attracts a male aggregation. For
these aggregations, species IDs were completed using the
PCR test described above. From these aggregations, as with
initial trials with workers, a small number of males produced
a band with both our 7. carbonaria and T. hockingsi primers
(N =20 of 840). These samples were sequenced at a frag-
ment of COI to confirm their identity and were revealed
to be all 7. hockingsi. For this we used PCR primers and
conditions that amplified both species following (Francoso
et al. 2019), with Sanger sequencing performed at Macrogen
Inc., South Korea. The other six 7. hockingsi aggregations
were collected in 2022 by beekeepers in the Brisbane area
and sent to us. These aggregations were active at the front of
known T. hockingsi colonies. Males from these six aggrega-
tions were ID-ed to species directly via sequencing of COI
(N=312 males).

Tetragonula hockingsi colonies translocated south:
Male attraction and requeening success

To simulate the ongoing southward movement of 7. hock-
ingsi into the range of T. carbonaria, we translocated eight

T. hockingsi colonies to Sydney (33.8688° S, 151.2093°E, a
region where currently only 7. carbonaria occur; Fig. 1) and
then monitored whether these colonies: (i) attracted local T.
carbonaria males during requeening, and (ii) successfully
requeened. Where our translocated 7. hockingsi colonies did
succeed in requeening, we then assessed whether queens had
mated with T. carbonaria males to form F1 hybrids.

Translocations occurred in two batches: spring 2020
(N'=4) and spring—summer 2019 (N =4). All colonies were
kept inside of wooden OATH hives (Heard 2016). Colo-
nies of the same batch were maintained at sites in Sydney
at least 5 km from each other. Although Zetragonula males
are capable of dispersing as much as 20 km from their natal
nests to find mating aggregations, average male dispersal
distances have been estimated at 2-3 km (Bueno et al. 2022a,
b; Bueno, et al. 2023) making it unlikely that our test colo-
nies would source mates from each other. We split each of
the hives to stimulate requeening. Both halves of a split col-
ony were then maintained at the same site at 2 m from each
other. We then observed the colonies every second day over
a period of six weeks and sampled any males that aggre-
gated near the colonies. Males of these aggregations were
predicted to comprise largely 7. carbonaria (the only locally
occurring species), however, male species ID was confirmed
via diagnostic PCR assay as outlined above.

To determine the requeening success of T. hockingsi
colonies translocated to Sydney, we inspected brood comb
at 6 weeks post-split (16 colonies; 8 pairs). If the colonies
contained no eggs or young larva, we recorded the colony
as having failed to requeen. If eggs and young larva were
present, we collected brood and mature foragers for geno-
typing. Since the life span of Tetragonula from egg to adult
emergence is approximately 50 days (Heard 2016), any
brood in requeened colonies would be the offspring of the
new queen, whilst the foragers would carry the old queen’s
genotype. We genotyped samples at eight microsatellite
loci: Tc3.155, Tc4.302, Tc4.214, Tc4.287, Tc4.63 (Green
etal. 2001), Tc7.13, Tang60 and Tang70 (Brito et al. 2009)
PCR products were analysed on a 3130x1 Genetic Analyser
(Life Technologies, USA). For each colony, we determined
whether genotypes were consistent with a colony having
retained its original queen (predicted for one half of each
split-pair) or requeened (predicted for one half of each split-
pair) and in the latter case, whether the inferred genotype of
the queen’s mate carried local Sydney T. carbonaria alleles
(i.e. whether the colony was a putative hybrid).

Behavioural assays of T. carbonaria males
To further determine whether T. carbonaria males attempt
to mate with 7. hockingsi queens (i.e. short-range mate

attraction), we performed behavioural assays in which vir-
gin queens were presented to mature 7. carbonaria males.
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To acquire sexually mature virgin queens, we collected 18
queen cells from 7. hockingsi colonies of Brisbane origin
(1-2 cells per colony, N=13 colonies) and 42 queen cells
from T. carbonaria colonies of Sydney origin (1-2 cells per
colony, 35 colonies; summers 2020 and 2021). We collected
fewer T. hockingsi than T. carbonaria queen cells due to
the greater challenge of extracting undamaged cells from
the clumped brood comb of T. hockingsi (relative to the
spiral brood of T. carbonaria; Fig. 1). From each colony,
we also collected worker brood cells (between 30-50 cells)
and 20 mature adult workers. We placed the queen cell,
brood and adults into 10X 10 cm petri dishes along with an
Eppendorf-cap filled with pollen, and approximately 1 ml of
Tetragonula honey. We then monitored these colonies daily
for queen hatchings. In total, eight 7. hockingsi queens and
14 T. carbonaria queens hatched and survived until sexual
maturity (8—20 days old; Bueno et al. 2022a, b).

We first used a petri dish assay for all mature queens,
whereby we placed the queen into a clean petri dish
(10x 10 cm) together with 10 mature 7. carbonaria males
collected from local Sydney male aggregations and recorded
the number of times males attempted to mount the queen’s
abdomen during a 10 min observation period. Each set of 10
males was used for one assay only. We then compared the
number of attempted mounts made by 7. carbonaria males
during these assays for conspecific (T. carbonaria, N=14)
versus interspecific (T. hockingsi, N=8) virgin queens.
Because Tetragonula naturally mate during flight in mating
aggregations, we also validated our petri dish assays for a
subset of mature queens with an in-swarm assay (N=11 T.
carbonaria and N =3 T. hockingsi; summer 2021). For this
assay, we inserted queens’ head and thorax into the tips of
3 mL plastic pipettes, such that they were restrained but their
abdomens were exposed, and then presented them to aerial
male aggregations. We then recorded the number of males
that landed on and attempted to mount the queen during a
30 s interval.

Results
Morphology of male genitalia

Neither light microscopy nor SEM imagery revealed differ-
ences in male genitalia between Tetragonula species that
would be likely to prevent interspecific mating (Figs. 3, 4).
We cannot rule out interspecific differences in the morphol-
ogy of the penis itself, as this could not be well character-
ized in our preserved specimens, though it appeared to be
simple in shape in both species (Figs. 3, 4). Length of the
gonostylus and width of the gonocoxite (mm) were greater
on average in T. hockingsi than T. carbonaria (gonostylus:
0.44 mm and 0.41 mm respectively, t=4.3, df =76, p <0.05;
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gonocoxite: 0.45 mm and 0.41 mm respectively, t=15.3,
df=76, p<0.05) but the size distributions of all measured
genitalia components overlapped for each species (Supple-
mentary Figure S1). Likewise, a PCA identified three prin-
cipal components accounting for 90% of the total variance
between species, with a biplot of PC1 (47% variance) and
PC2 (23% variance) showing that samples cluster broadly by
species but that species overlap in variable space (Fig. 3C).

Male attraction to interspecific requeening colonies
in Southeast Queensland

Mixed species male aggregations were identified at requeen-
ing colonies of both 7. hockingsi and T. carbonaria in South-
East Queensland, though the majority of males in all cases
were conspecifics. Of 11 male aggregations that formed at
T. hockingsi colonies, six contained a small proportion of
interspecific males (2-9% of T. carbonaria males per aggre-
gation; N =16 of 581 males total); while one of six male
aggregations that formed at 7. carbonaria colonies con-
tained interspecific males (12% T. hockingsi; N=11 of 576
males total; Fig. 5).

Transplanted T. hockingsi colonies: male attraction
and requeening success

Of the eight T. hockingsi colonies which were translocated
from Southeast Queensland to Sydney and forced to requeen,
five did not attract male aggregations large enough to sample
during the six-week post-hive-split observation period. The
remaining three attracted male aggregations within one week
of the hive split, and one of these (Colony 8a) subsequently
attracted a second male aggregation four months later. All
four aggregations were comprised predominantly of 7. car-
bonaria males (85-100%), with the remaining males being
T. hockingsi (0-15%; Fig. 5). In each case where T. hockingsi
males were present in the aggregations, they had genotypes
consistent with being from the colony hosting the aggrega-
tion; that is, they were aggregating in front of their own
natal colony.

Brood inspections of translocated T. hockingsi colonies at
8-weeks post-hive-split indicated that one half of each split
retained the original queen in all cases. For the other halves
of each colony-pair, five had successfully requeened in Syd-
ney, while three had failed to requeen and were hopelessly
queenless (no eggs, larva or queen cells). For all five of the
colonies that successfully requeened, brood were consistent
with the new T. hockingsi queen having mated with a brother
(Supplementary Table S1). The genotype of brood from
Colony 8a, which attracted two male aggregations several
months apart, did not change following the second aggrega-
tion. However, we by chance sampled a T. hockingsi virgin
queen flying in the second aggregation so we conclude that
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Fig.4 The common structural
features of the reproductive
anatomy of 7. carbonaria (left:
A, C,E) and T. hockingsi (right:
B, D, F). Images A +B depict
the overall endophallus of each
species. Images C+ D show the
distortion of the penis as a result
of the dehydration process.
Images E +F show the curved
penis valve and gonostylus with
hairs

200 pym

the colony did requeen at this time and that the new queen
and her brother-mate’s genotypes matched those of the pre-
vious queen.

Behavioural assays of T. carbonaria males

T. carbonaria males presented with 7. hockingsi virgin
queens in petri dishes never attempted to mount queens in
the mating position during the assay period (N=28 queens
assays, 10 males per assay). In contrast, T. carbonaria
males attempted to mount 7. carbonaria virgin queens one
or more times in all assays (N=14 assays; average =8.6,
S.E.M.=2.6 and range = 1-21 mating attempts per assay);
thus T. carbonaria males were significantly more likely to
attempt mating with conspecific than heterospecific queens
(Fishers Exact Test: p<0.001). These assay results were
consistent with those in which queens were presented to
natural 7. carbonaria male swarms, with all 7. carbonaria
queens attracting > 10 males within 30 s, mostly with doz-
ens of males piling rapidly onto the queen (N=11 queens).

N

)

Yol "
L\

e 200 M

In contrast, T hockingsi queens presented to real aggrega-
tions in this way failed to attract a single T. carbonaria male
(N'=3 queens). Indeed, even when T. carbonaria males from
these swarms were caught in the hand and placed directly
onto the abdomen of a constrained 7. hockingsi queen, they
flew off again, sometimes after a few seconds of antennal
contact with the queen’s body.

Discussion

Human activities can lead to secondary contact zones for
related species, increasing the opportunity for reproduc-
tive interference between them (Kyogoku 2020). Across
the tropics and subtropics, the increasing use of stingless
bees in agriculture has made them more likely to be sub-
ject to regular movements and thus artificial range shifts
(Jaffe et al. 2016). Here we confirm that males of the Aus-
tralian stingless bees T. carbonaria and T. hockingsi can
be attracted to requeening colonies of the other species,
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Fig.5 The proportion of con-

specific (light grey) and hetero-
specific (dark grey) Tetragonula
males in mating aggregations at

O conspecific males
E heterospecific males

requeening colonies of 7. car-

bonaria (n=06) and T. hockingsi
(n=10) in Southeast Queens-
land, and T. hockingsi translo- .
cated south to Sydney (n=4). T. carbonaria
Number of males identified to S.E.QLb
species per mating aggregation
(N) are given beside bars
T hockingsi
S.E.QLD
T. hockingsi
translocated
N.S.W.

o -

indicating incomplete divergence in the long-range male
attraction signals (or cues) of each species. We find no evi-
dence, however, that the continued movement south of 7.
hockingsi into regions where currently only 7. carbonaria
occurs will result in interspecific hybrids. Rather, we show
that colonies of T. hockingsi translocated south of their
current range either requeened via inbreeding, or failed to
requeen at all, despite some attracting large mating aggre-
gations of interspecific (T. carbonaria) males. Consistent
with this, 7. carbonaria males presented with virgin queens
of both species attempted to mate only with conspecific
queens and ignored potential heterospecific mates. In these
bees, therefore, reproductive interference appears to occur
at pre-mating stages, via long-range attraction of males to
interspecific colonies, while actual mating or hybridization
between the species occurs either rarely (Brito et al. 2014)
or not at all.

How might long-range male attraction cues in stingless
bees differ from those used in short-range mate recognition?
At short-range, males are responding solely to the odours of
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the queen herself (Verdugo-Dardon et al. 2011). The bouquet
of chemicals which attract male stingless bees to mating
aggregations, however, is unknown. It is assumed to include
pheromones produced by a virgin queen, but it might also
comprise odours of the nest itself (e.g. propolis and resins),
or the odours and scent markings left by other males (Bueno
et al. 2023; Fierro et al. 2011). Given that virgin queens
produce complex mixtures of volatiles, it is also possible
that some have functions for long-range male attraction and
others for short range mate recognition (Engels et al. 1997).
In our assays, we observed 7. carbonaria males from Sydney
(a population naive to contact with 7. hockingsi) aggregate
at translocated colonies of T. hockingsi yet show no interest
in T. hockingsi virgin queens at close range. This supports
the idea that the virgin queen pheromones used by males
to locate queens within a mating swarm are not the only
component of long-range mate attraction cues in these bees,
and that other attractants are also involved. The presence
of occasional interspecific males in mating aggregations
has been reported in several stingless bees, usually where
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species are kept together in bee yards (meliponaries) (Bén-
ziger and Khamyotchai 2014; Dos Santos et al. 2015; Kerr
et al. 1962; Santos et al. 2014). Further knowledge of the
composition of long-range odour cues in stingless bees are
needed to understand how and when they overlap between
species.

Male Tetragonula that aggregate at interspecific colonies
waste their opportunity to reproduce. This is because males
typically travel many kilometres in search of a mating aggre-
gation and are unlikely to encounter more than one in their
lifetime (Bédnziger and Khamyotchai 2014; Bueno, Bueno,
et al. 2022a, b; dos Santos et al. 2016). We therefore expect
strong selection against males that join interspecific aggre-
gations, such that populations will have lower rates of this
“aggregation error” the longer they have co-occurred with
related species (Kyogoku 2020). While we observed large
male aggregations form at interspecific colonies in Sydney
(where T. carbonaria currently occur and 7. hockingsi had
been experimentally translocated) only a small minority of
males made aggregation errors in Southeast Queensland
where they are now sympatric (around half of all aggrega-
tions contained 2—15% heterospecific males). Thus differ-
ences in the rate of male long-range error between Sydney
and Southeast Queensland are consistent with the expec-
tations of natural selection driving increasing reproductive
isolation under sympatry (Kyogoku 2020).

If T. hockingsi queens cannot produce hybrid offspring
with T. carbonaria males, then the fate of lone T. hockingsi
colonies brought outside of their natural range is to either
fail or inbreed. In this study, all T. hockingsi colonies which
successfully requeened in Sydney (N =5), were determined
to have mated with their brother. Inbreeding is particularly
detrimental for Hymenoptera as a consequence of their sex
determination system (van Wilgenburg et al. 2006). Hyme-
nopteran females are diploid while males are haploid. Sex
in diploid embryos is ultimately determined however by
zygosity at a ‘sex locus’ (or sex loci), whereby heterozygous
individuals develop as females but homozygous individu-
als develop as diploid males that are typically inviable or
sterile (Cook and Crozier 1995). Homozygosity increases
when closely related individuals mate, thus increasing the
chance of diploid males. Stingless bees rely on behavioural
mechanisms to avoid inbreeding. For example, males will
tend to avoid joining mating aggregations adjacent to their
parent colony (Bueno et al. 2022a, b; Cameron et al. 2004).
This decreases the probability of virgin queens meeting
brothers during mating flights. Nevertheless, the incidence
of inbreeding by T. hockingsi brought to Sydney shows that
inbreeding can occur when other mate options are unavail-
able. Interestingly, we observed no excess of males among
the brood of our five inbred 7. hockingsi, indicating none
were producing diploid males. Assuming a single locus con-
trolling sex, Tetragonula queens should have a 50% chance

of sharing a sex allele with their brother. One explanation for
the absence of diploid-male in these inbred colonies is that
Tetragonula workers kill queens producing diploid males, as
occurs in some other stingless bees (Vollet-Neto et al. 2017);
that is, only the 50% of brother-matings that produce healthy
female brood may be tolerated by workers.

Male genitalia can be among the first things to diverge in
otherwise cryptic species (Masly 2012). Sympatric honey
bees (Apis sp) in Asia have evolved famously divergent mor-
phologies of the male endophallus (Koeniger and Koeniger
2000). Here however, we observed no differences in the
male genitalia of T. carbonaria and T. hockingsi that would
suggest reproductive character displacement, aligning with
Dollin’s (1997) species description. Mean sizes of some
genitalia measures were marginally greater in 7. hockingsi
than 7. carbonaria, consistent with differences in mean male
body length between the species at our sample locations (7.
carbonaria: 3.8-4.2 mm, T. hockingsi: 4.0-4.4 mm; Dollin
et al. 1997). Reproductive interference is proposed to drive
body size divergence in some insects, because males and
females that differ greatly in size can less readily mate (Oku-
zaki et al. 2010), but the size discrepancies in Tetragonula
are presumably too marginal to affect mating. We conclude
therefore that either the male genitalia played no role in the
evolution of reproductive barriers in these Tetragonula, or
subtle differences exist between species in the morphol-
ogy of the penis soft tissue that were not detectable in our
preserved specimens. SEM images did highlight aspects of
Tetragonula male genitalia that likely contribute to single
mating by queens in these species (Smith 2019). In particu-
lar, the penis valve and gonostylus of the male are curved
in the everted state, and the gonostylus is tipped with hairs,
which may delay removal by other males and/or the queen.

Range shifts have occurred in various managed social
bees in the past century as a result of their use in agricul-
ture. Most of these involve invasive bee populations estab-
lished outside of their natural range (e.g. Bombus terrestris,
Velthuis and van Doorn 2006; Apis mellifera, Carpenter and
Harpur 2021; Apis cerana, Sun et al. 2022). Interspecific
mating leading to inviable brood has been reported for A.
mellifera and A. cerana in artificial sympatry in China and
Australia (Remnant et al. 2014), but the risk of reproductive
interference is poorly known in most cases of range shifts
(Byatt et al. 2015). Our study is a reminder that reproduc-
tive interactions in social bees can occur at multiple stages,
and that the absence of mating or hybrids may not equate to
a lack of reproductive interaction. Misdirected long-range
male attraction is the mildest form of interference with
respect to population stability because it affects only males
and not the fitness or survival of queens on which the colony
relies. Nevertheless, even mild forms of interference high-
light that human-induced range shifts can shape the evo-
lution of reproductive characters in managed species as a
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result of secondary contact with congeners. We propose that
knowledge of the reproductive interactions between species
and populations is key to ensuring that trade practices for
stingless bees can best balance economic benefit with any
potential ecological costs.
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