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Abstract

Improving knowledge of virgin queen behaviour and mating biology in stingless bees (Meliponini) is an important step
towards artificial selection programmes for managed colonies. Here we study the Australian stingless bee Tetragonula
carbonaria to (1) describe the behaviour of queens from eclosion until egg-laying, and (2) assess whether young queens
can be reared and mated under constrained conditions. We extracted mature virgin queen cells of T. carbonaria from large
colonies and reared them in queen maturation boxes containing a limited number of workers (“micro-colonies”). Queen
behaviour followed a typical pattern with three phases: a period of high activity and wing-flapping on top of the brood (5 +
2 days of age), attempts to leave the colony for the nuptial flight (12 + 3 days of age), and oviposition (20 + 6 days of age).
In total, 71% (68 of 95) of queen cells hatched in our maturation boxes and 57% (39 of 68) survived to mating age, with
some observed to be actively killed by workers within the first week of life (8 of 68; 11%). For a subset of our queens, we
performed controlled matings (either with or without CO, narcosis) by presenting constrained females to males in mating
aggregations, allowing one male to mate (deposit mating plug) and then returning queens to their box. In the absence of
CO, narcosis, 30% of queens mated this way were subsequently found to have sperm in their spermathecae, indicative of a
successful mating (5 of 17). The remaining 70% however contained no sperm, despite the presence of the male mating plug.
Amongst queens that were CO, narcotized before and during the controlled mating, none had sperm in their spermathecae
(0 of 12), though most went on to activate their ovaries following the mating and lay male (haploid) eggs. Together, these
trials indicate that controlled matings with 7. carbonaria are possible, but suggest that queens may need to actively accept
mating for successful sperm transfer.
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Introduction

Stingless bees (Meliponini) are a group of eusocial insects
found in the tropics and subtropics. They are important pol-
linators of wild plants and some crops, with many stingless
bee species propagated for crop pollination, honey produc-
tion and recreational beekeeping (Griiter, 2020). Although
stingless bees have been kept and propagated for centuries
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in many parts of their range, recent interest in the commer-
cial uses of stingless bees has led to calls for the large-scale
breeding of some stingless bee species (Menezes, Vollet-
Neto, & Imperatriz-Fonseca, 2013).

The ability to rear and mate stingless bee queens under
controlled conditions would help to accelerate the propaga-
tion of managed colonies (Cortopassi-Laurino et al., 2006;
Jaffé et al., 2015; Menezes et al., 2013). This is due to the
low reproductive rate of colonies, both in the wild and in
meliponaries because queen availability can be a limit-
ing factor during colony propagation (Eleutério, Rocha, &
Freitas, 2022; Imperatriz-Fonseca & Zucchi, 1995; Jaffé
et al., 2015; Menezes et al., 2013). Stingless bee queens are
produced throughout the year in most species but, with the
exception of Melipona, new queens are a very small pro-
portion of total brood (1-2%) (de Souza Santos-Filho, de
Araujo Alves, Eterovic, Imperatriz-Fonseca, & Kleinert,
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2006). Furthermore, the ability to perform controlled mat-
ings in stingless bees would open the door to selection pro-
grammes that favour high productivity colonies, similar to
programmes used for honey bees (e.g. (Oxley, Hinhumpatch,
Gloag, & Oldroyd, 2010; Plate, Bernstein, Hoppe, & Bien-
efeld, 2019). The reproductive biology of queens for most of
the world’s 600 or so stingless bee species, however, remains
poorly known (Vollet-Neto et al., 2018). Even for those spe-
cies that are widely propagated, there are often key gaps in
our knowledge of queen behaviour. Thus, a first step towards
controlled queen rearing and mating in stingless bees is a
better understanding of young queen behaviour.

Like many tropical regions around the world, Australia
has a thriving stingless bee keeping industry. The most pop-
ular and commonly kept species is Tetragonula carbonaria,
which is kept in wooden box hives throughout its range in
tropical and subtropical East Coast Australia. This species
can pollinate a range of Australian fruit crops, including
lychee, coconut, carambola, macadamia, blueberry and
mangoes (Heard, 2016; Kendall, Stavert, Gagic, Hall, &
Rader, 2022) and is currently under investigation as a man-
aged pollinator of many more crops, including those grown
in greenhouses and poly-tunnels (Greco, Spooner-Hart,
Beattie, Barchia, & Holford, 2011; Hall, Jones, Rocchetti,
Wright, & Rader, 2020).

T. carbonaria colonies contain an estimated average
of 10,000 workers and a single egg-laying queen (Heard,
2016). Queens in this species lay all the eggs, including all
males, as workers are entirely sterile and never lay repro-
ductive eggs (Garcia Bulle Bueno, Gloag, Latty, & Ronai,
2020; Gloag, Beekman, Heard, & Oldroyd, 2007). Queens
are determined nutritionally (Heard, 2016), since they are
reared in special, larger royal cells (Fig. 1). Thus, a larva in
a royal cell can feed much longer, being larger than workers.
Moreover, T. carbonaria is capable of creating emergency

queen cells by the fusion of two worker cells whenever they
are queenless (Nunes, Heard, Venturieri, & Oldroyd, 2015).
The fate of virgin T. carbonaria queens when they emerge
is unknown, but queenright colonies seemingly retain mul-
tiple virgin queens at all times because virgin queens are
quick to appear once a resident queen has been removed;
sometimes within 30 min (FGBB, pers. obs). These excess
virgin queens presumably act as an insurance against the
death of the mated queen, ensuring rapid queen replacement
(Imperatriz-Fonseca & Zucchi, 1995). They may also facili-
tate active queen replacement, such as regicide by workers
of queens laying diploid males (Conceicao Aparecida de
Camargo, 1979; Vollet-Neto, Imperatriz-Fonseca, & Rat-
nieks, 2019), though the extent to which workers decide
the fate of either virgin or mated queens in 7. carbonaria
remains unknown. Virgin queens also have the opportunity
to inherit a colony during natural colony fission, during
which workers first locate and provision a new nest cavity,
and then escort a virgin queen from the parental nest to the
new site (Heard, 2016).

When T. carbonaria virgin queens are ready to mate,
they fly from their colony to a male aerial aggregation
composed of several hundreds to thousands of males.
These aggregations typically form within a few metres
away from the virgin queen’s colony (Garcia Bulle Bueno
et al., 2022). Queens then mate with a single male before
returning to the colony (Green & Oldroyd, 2002). Dur-
ing the mating, the male loses his genitalia, leaving them
attached to the queen’s genital chamber as a mating plug
(Smith, 2020). Presumably this mating plug reduces the
chance of further matings, as shown to be the case in
other stingless bees (Da Silva, Zucchi, & Kerr, 1972; Con-
ceicdo Aparecida de Camargo, 1972; Green & Oldroyd,
2002; Imperatriz-Fonseca, Matos, Ferreira, & Velthuis,
1998; Kerr, Zucchi, Nakadaira, & Butolo, 1962). Once

Fig. 1 Life stages of a T carbonaria queen. a A queen cell (indicated
by arrow) on the edge of a T. carbonaria brood sprial. Queen cells
are continuously produced throughout the year and always built at
the edge of the comb combs (Photo by Glenbo Craig). b Queen cells
(indicated by arrow) are usually 2-3 times bigger than worker cells.
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¢ A comparison between a virgin queen (indicated by arrow) and a
worker. The virgin queens have a larger abdomen and no curbiculae.
d A laying queen of T. carbonaria. The abdomen enlarges so the ter-
gites separate, giving a typical striped appearance (photo by James B.
Dorey)
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egg-laying, queens never again leave the colony, stor-
ing enough semen in the spermatheca to fertilise eggs
throughout their lifetime (Kerr et al., 1962).

Previous work suggests that the controlled mating of
T. carbonaria queens may be possible; that is, matings
which allow bee breeders to choose the queens and males
that mate. Natural male aggregations are easy to attract,
and mature males can also be sampled directly on their
exit from their colonies (Garcia Bulle Bueno et al., 2022).
Furthermore, males from mating aggregations have been
shown to mate with tethered, recently deceased queens
(Smith et al. 2019).

In this study, we observed T. carbonaria virgin queens
in small observation boxes. We had two aims: (i) to
describe the progression of queen behaviour from emer-
gence until egg-laying, and (ii) to hatch and rear queens
in closed micro-colonies until sexual maturity, and then to
mate them under controlled conditions. We devised a mat-
ing technique in which a constrained queen was presented
to males in a natural male aggregation. After mating, the
male that mated was collected. Because artificial mating
of honey bees regularly narcotizes queens with carbon
dioxide (CO,) before and during insemination (Gillard &
Oldroyd, 2020), we attempted mating of 7. carbonaria
queens both with and without CO, narcosis. Together, our
efforts are a step towards new propagation techniques for
T. carbonaria, and also provide insights into the reproduc-
tive biology of Tetragonula stingless bees.

Methods
Biological material

We carried out this work at The University of Sydney,
Australia, between October 2019 and January 2020 (“batch
1 queens”) and October 2020 and December 2020 (“batch
2 queens”) using colonies from two Sydney meliponaries
(Ku Ring Gai Council and The University of Sydney).
T. carbonaria queen cells are produced continuously
throughout the year (Yamane & Sakagami, 1995) and can
be readily identified in exposed brood because they are
two to three times larger than worker cells and are built at
the edge of brood combs (Fig. 1). We extracted 95 mature
queen cells (60 for batch 1 and 35 for batch 2) from 25
colonies (1-5 per colony). Mature queen cells were visu-
ally estimated to be black/red eyed pupae and recognised
by the lack of wax in the late stage pupa (Heard, 2016).
To provide workers for our observation micro-colonies,
we also collected one comb of mature pupal brood, from a
different set of 20 colonies, and used a further six colonies
to supply adult workers.

Incubating boxes

Prior to emergence, the 95 queen cells were placed into an
incubating box. Incubating boxes were industry-standard
wooden boxes (23x15x 11 cm, volume 3.8 L) covered
with transparent acetate sheets, allowing us to observe the
bees’ behaviour and the emergence of virgin queens. These
boxes contained no adult workers, but each was provided
with one comb of brood (approximately 1000 brood cells:
comprising workers and a few males), 3—4 pots of pollen
(with approximately 2-3 gr each), 1 mL of honey, and 2 mL
of water on a piece of cotton placed in a plastic lid (5 cm in
diameter). Queen, worker and drone cells emerged freely
within the incubating boxes and the callows started work-
ing on the brood as soon as they emerged. We also included
a 5 cm diameter block of propolis (building material made
of wax and plant resins (Heard, 2016) fix double brackets.
Pollen, honey and propolis were sourced from 7. carbonaria
colonies. The pollen was stored at —20 °C whilst the prop-
olis was kept under room temperature for future use. The
colonies were checked every day and cotton was replaced
every 2-3 days to avoid any fungal growth. The honey and
the pollen were refilled ad libitum. All the boxes were kept
in darkness and at constant temperature of 28 °C.

Queen maturation boxes

A total of 68 queens emerged (48 of 60 in batch 1 and 20
of 35 in batch 2) with the remainder failing to hatch. Upon
emergence in the incubating boxes, queens were marked for
individual identification with a coloured spot on the tho-
rax using POSCA pens and they were directly placed into
its own ‘maturation box’ (another wooden box with closed
entrance) with the same provisions as the incubating boxes,
a new brood comb with 200-300 workers’ pupae, and fully
pigmented adult workers. Workers were introduced to boxes
24-48 h before the newly eclosed queen was introduced.
Maturation boxes were intended to keep queens alive in
sealed conditions until mating age, that is, to rear them until
an age suitable for controlled mating with the certainty that
they had not left the colony and mated naturally. These boxes
also allowed us to easily observe the behaviour of young
queens, and they were inspected every day for 30 days or
until the queen died. Excreta and dead bees were manually
removed every day, via forceps or an aspirator.

The number and age of workers in maturation boxes could
affect the survivorship of young queens. In an initial trial,
five queens were left in boxes with 50—100 callow workers
only and all these queens died within a few days of hatch-
ing, suggesting that some mature workers must be present
to care for callow queens. For our initial batch of queens
therefore (batch 1), we allocated the young queens to either
“large micro-colonies” (starting population of 800-1000
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mature workers; n=20) or “small micro-colonies” (starting
population of 50-100 mature workers; n=10). To determine
whether keeping the colonies closed affected queen survival,
we also allocated some batch 1 queens to maturation boxes
with 800-1000 workers but open entrances (n=7) such that
both queens and workers were allowed to fly freely. We then
compared the proportion of queens in batch 1 that reached
mating age in different types of maturation boxes (large vs.
small, and large open vs large closed) using Fisher’s Exact
tests for equality of proportions in R v4.0.0 (R Core Team,
2013). The remaining nine batch 1 queens that hatched
were allocated to three “multi-queen” boxes, each of which
received three queens one day apart (and 50-100 work-
ers). Under natural conditions, T. carbonaria colonies may
have more than one virgin queen at a time, and the purpose
of these boxes was to observe interactions between virgin
queens. Finally, for batch 2 queens, which were reared the
following spring/summer, all queens were reared in “large
microcolony” conditions (800—-1000 adult workers; n=17
closed, n=3 open).

Behavioural observations

We observed maturation boxes twice a day (once in the
morning and once in the afternoon) and recorded the behav-
iours and interactions of the virgin queens. Observations
lasted three to five minutes each per box. When queens were
present and not hiding under the brood nest, we noted their
behaviour. Any behaviour that was considered interesting
was filmed (IPhone X and Google Pixel 4). We categorised
queen behaviour into ten categories based on virgin queen
behaviour reported for other stingless bees (Kleinert, 2005);
(1) motionless or low activity; (2) trophallaxis, between vir-
gin queen and workers; (3) antennal contact between virgin
queen and workers; (4) walking on the brood, the queen
increases activity and goes on top of the brood, having con-
stant trophallaxis with the workers and wing-flapping behav-
iour; (5) court of workers, the virgin queen is surrounded
by inward-facing workers; (6) worker dominance behaviour,
the worker places her front legs on a queen, or climbs onto
the queen’s thorax; (7) removing mating plug, the workers
remove the mating plug of the queen; (8) aggression, work-
ers push, bite and pull a virgin or newly mated queen; (9)
readiness to mate, because most of our observation colonies
were closed to prevent queens actually leaving to mate, we
determined readiness to mate by putting a small plastic tube
at the entrance to the box and waiting to see the queen enter
the tube. Studies of neotropical stingless bees indicate that
as the day of her nuptial flight approaches, a virgin queen
will linger around the entrance until ready to leave (Da Silva
et al., 1972). To confirm that this behaviour did reflect queen
mating flight age, we took a subset of nesting boxes (n=4
“large micro-colonies’) outside and allowed queens to leave;
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in all cases, presence in the nest tube corresponded to actu-
ally leaving the colony; (10) egg-laying, we confirmed egg-
laying by inspecting the brood and uncapping the cells. For
all behavioural categories, we noted the age of queens since
eclosion and days since mating.

Constrained matings
Batch 1: without CO, narcosis

In our first attempt at controlled matings of 7. carbonaria,
we performed controlled matings of 17 virgin queens that
were constrained from flying. We extracted queens from
their boxes once they were observed to enter the plastic
entrance tube, indicating readiness for a mating flight. We
inserted them head-first into the cut tip of a plastic pipette
(1 mL Livingstone transfer pipette) until their thorax was
sufficiently wedged into the tube that the queens could not
escape. This left their abdomen free in the open air. The
queens were mated in a natural male aggregation that had
established at the University of Sydney meliponary. We took
the queens outside and put them as close as possible to the
male swarm. We then waited until one male landed on top of
the queen and started mating. We considered a mating had
occurred if we observed the detachment of the male genita-
lia. We collected the male and stored him at -20 °C freezer
for genetic analyses. We then checked queens under a dis-
secting microscope to confirm the presence of mating plugs
and check the position of the male genitalia in their genital
chamber. Each mated queen was then transferred back to
their maturation box and observed for the next 1-2 h, and
daily thereafter.

Most queens died within three weeks of mating (either
from unknown causes or worker attack) at which point we
dissected them under 10X magnification to determine if the
spermatheca was filled with sperm, as evidence of a suc-
cessful mating. Any queens still alive at 120 days post mat-
ing were sacrificed and dissected. A full spermathecae can
be readily distinguished from an empty one based on its
colour (Garcia Bulle Bueno et al., 2020; Gerula, Panasiuk,
Wegrzynowicz, & Bierikowska, 2012). Most queens did not
lay eggs in this post-mating period, but in many boxes, this
may have been because the relatively small number of work-
ers present had not built brood cells into which a queen could
lay. For those queens that did begin egg-laying, we collected
brood to check whether it was female (produced from ferti-
lised eggs) or male (produced parthenogenically from un-
fertilized eggs). If possible, brood sex was determined from
visual inspection of pupa. When no pupae were available,
however, we instead deemed brood to be male if they were
haploid at all seven micro-satellite loci. We extracted the
DNA from larva by grinding whole abdomens in 5% Chelex
(Walsh, Metzger, & Higuchi, 1991). We genotyped each bee
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at seven micro-satellite loci (Tc3. 155, Tc4. 63, Tc3. 302,
Tc7. 13, Tc4. 287, Tang60 and Tang70) (Brito et al., 2009;
Green, Franck, & Oldroyd, 2001) and the resulting products
were analysed using a 3130x1 Genetic Analyser and Gen-
emapper (Applied Biosystems, USA).

Batch 2: with CO, narcosis

During controlled matings with batch 1 queens, we noted
that queens often struggled to free themselves from the
constraint. Evidence from honey bees suggests that the
success of controlled mating protocols are improved by
reducing the stress of queens during mating. A common
practice used during artificial insemination of Apis species
is carbon dioxide narcosis of queens (Gillard & Oldroyd,
2020). In our second attempt at controlled matings, we there-
fore CO,-narcotised T. carbonaria virgin queens (n=12).
Queens were exposed to CO, during two sessions of 3 min
each; the first time 24 h before the constrained mating (after
which they were returned to their colony), and the second
time during the mating itself. This schedule of narcosis is
one commonly used for Apis mellifera (Gillard & Oldroyd,
2020). Queens were gassed by sealing them in a screw-cap
tube (20 X 60 mm diameter, 5-mL) attached to a tank of CO.,.
These batch 2 immobilised queens were mated at natural
male aggregations in the same manner as that described
above for batch 1 queens. As for batch 1, the brood of any
queens that began laying was sexed based on either morphol-
ogy or micro-satellite genotype.

Results

Queen survival in maturation boxes until mating
age

Of 68 virgin queens that were reared from emergence in
maturation boxes, 39 survived until mating age (57%). The
proportion of queens that reached mating age was lower in
large maturation boxes than small ones (batch 1: n=10 of
20 and 10 of 10, respectively; Fisher’s Exact Test, df =1,
p=0.01), but did not differ between maturation boxes that
were open or closed (i.e. between queens allowed to leave
freely and those confined to the box (6 of 7 and 32 of 47
respectively; Fisher’s Exact Test, df =1, p=0.4).

Behavioural observations of young queens

Upon emergence, all virgin queens followed a similar tra-
jectory of behaviours during the first two weeks after emer-
gence. 1) Queens emerge from a period of hiding or low
activity to become highly and consistently active on top
of the comb (age: 5 + 2 days old, n=41). Until this time,

callow queens are largely ignored by workers, and activity
on top of the brood corresponds to increased interactions
with workers, such as trophallaxis. Queens constantly rub
their abdomen and flap their wings during this period, and
are frequently on top of the brood comb. 2) Activity in the
entrance tube, indicating a need to go outside and mate (age:
12 + 3 days old, n=33). This usually occurred each day at
early or mid-afternoon. 3) Onset of oviposition (age: 20 +
6 days old, n=17); the queen was not visually physogastric
at the time egg-laying was initiated but became enlarged
over a period of 10-14 additional days (Figs. 2, 3).

We additionally observed three other behaviours of note
amongst workers in response to queens. First, workers often
formed a court around the recently mated queen, engaged in
trophallaxis and constant antennal contact, and did not allow
the queen to move freely (n=19) (Fig. 3, Sup Mat. Fig. 1).
Workers in these courts sometimes engaged in aggression,
walking over the queen and biting her. Second, workers
were observed to remove the mating plug from the queen in
two cases, by pulling it with their mandibles. Mating plug
removal in both cases occurred within 20 min of mating.
Third, workers were observed to actively kill eight queens.
All these killings occurred in the first nine days after emer-
gence, and most before the queens were mated (unmated
queens, n="7; mated, n=1). Workers bit the queen’s anten-
nae and legs, and/or attached resin on the queen’s body
until she was fully immobilised and dead. A further nine
queens were possibly killed by workers via starvation (no

oviposition 1

readiness | o« o g4 s '
to mate .

Queen behaviour

walking | s : 14 % : .

on brood

0 5 10 15 20 25 30
Queen age (days)

Fig.2 Age at which T. carbonaria queens in micro-colonies were
first observed (1) walking on the brood (39 queens), (2) showing
readiness to mate by waiting at hive entrances (33 queens) and (3)
ovipositing once mated (18 queens)
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trophallaxis observed between workers and the queens at
any observation session in the days prior to queen death),
although queen-killing could not be confirmed in these

% n cases.
< o In our “multi-queen” boxes in which three newly emerged
o g queens were introduced one per day for three days, workers
-_g g always engaged most with the queen that was introduced first
T (i.e. the oldest queen; n=3 boxes). That is, worker-queen
trophallaxis and antennal contact was observed only for the
first-to-hatch queen. The two younger queens in each box
did not interact with workers and instead loitered around the
c 'g @ excretes’ area of the box before dying 2-3 days after their
g 8 g introduction. We did not observe aggression between virgin
=T ™ queens in the same box.
“6 o ~—
<2 <
Qa

Natural mating flights

Of four queens that were allowed to embark on natural mat-
ing flights, one left the colony at 1:15 PM, reappeared near
the nest entrance 10 min later and eventually re-entered her
colony at 1:35 PM. The post-mortem dissection revealed
a full spermatheca, indicating her short nuptial flight was
successful. The remaining three queens flew at 1:22 PM,
1:45 PM and 4:24PM respectively. None of these queens
returned to their boxes.

Leaves colony
to mate
5-19 days

Constrained matings
Without CO, narcosis (batch 1)

Despite the presence of a mating plug in all 17 queens mated
under constraint, only five queens (30%) were found to have
full spermathecae following dissection, indicating the suc-
cessful transfer of sperm. The remaining 12 queens had
empty spermathecae. This included two queens that began
egg-laying post mating. Both of these queens laid only male
eggs (n=8 pupae genotyped). After being sacrificed and
dissected at 110-113 days post mating, these two queens
were found to have empty spermatheca (Sup mat. Fig. 2).
Workers showed no aggression towards these two queens,
despite them laying only un-fertilized eggs.

10-30 days

With CO, narcosis (batch 2)

Post-mating acceptance by workers
and onset of oviposition

Of 12 queens narcotized with CO, and mated under con-
strained conditions, eleven were found to have empty sper-
matheca following dissection, with the spermatheca of one
queen damaged during dissection and thus inconclusive.
Nine of these queens nevertheless laid eggs and became phy-
sogastric. We were able to confirm only-male eggs for seven
queens via viewing pupal brood (4 queens) and/or genotyp-
ing larva (3 queens; 4-8 larvae genotyped per queen).

physogastric

Fig.3 Life of a young T. carbonaria queen in a queen-less colony. In the days after eclosion, the young queen hides under the brood. At 1-13 days days old, the queen becomes very active,

walking quickly across the brood, rubbing her abdomen with her hind legs and fanning her wings. She shows a readiness to leave the colony to mate at 5-19 days of age (inset: mating plug
attached to queen’s abdomen). On her return to the nest post mating, she interacts with workers. If accepted by workers, they form a retinue around the queen making antennal contact; if not

accepted, worker interactions may be aggressive. Onset of oviposition is 10-30 days. Finally, queens become visibly physogastric 10-14 days after egg-laying begins
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Discussion

In this study, we harvested pupal-stage queen cells of 7. car-
bonaria, allowed them to eclose in closed micro-colonies
of <1000 workers where we could observe their behaviour
and prevent natural mating, and then mated them under
constraint. These efforts reveal that queen behaviour from
emergence until mating age follows a predictable timeline,
with queens showing readiness to mate 10—14 days old and
egg-laying around 20 days post eclosion. They also reveal
that constrained matings are possible, with a subset of our
queens having filled spermatheacea following matings,
though further efforts will be needed to improve queen
insemination rates and maintain mated queens through
to egg-laying. Finally, we find that CO, narcosis did not
improve rates of sperm transfer for constrained matings,
though CO, exposure before and during mating did reliably
stimulate the oviposition of un-fertilized (male) eggs. We
expand on each of these points below, in the context of the
broader aim of developing controlled queen rearing and mat-
ing in T. carbonaria.

Virgin queen behaviour

The behaviour of young T. carbonaria queens in the absence
of a resident queen is similar to that described for other
stingless bee species investigated to date. Upon emergence,
T. carbonaria callow queens have less activity and attract
little attention from workers until close to one week of age.
They are born unattractive to workers, with little pigmen-
tation, and remain stationary below the comb, similar to
the queens of Neotropical species, such as Scaptotrigona,
Paratrigona, Schwarziana and Nannotrigona) (Imperatriz-
Fonseca & Zucchi, 1995; Nogueira-Ferreira, Silva-Matos, &
Zucchi, 2009). A few days after emergence (5-9 days old),
T. carbonaria queens start to be noticed by the workers,
become active on the brood comb, running excitedly, rub-
bing their abdomen with their legs and vibrating their wings
intensively in search of trophallaxis with the workers (de
Souza, Trigo, Santos, Vieira, & Serrdo, 2017; Van Veen,
Sommeijer, & Monge, 1999). At this point, it is likely that
stingless bee queens begin to produce volatiles which sig-
nal their queen status to both nest-mate workers and males
(potential mates) outside the colony (Engels, Engels, Liibke,
Schroder, & Francke, 1993; Fierro, Cruz-Lopez, Sanchez,
Villanueva-Gutiérrez, & Vandame, 2011; Imperatriz-Fon-
seca & Zucchi, 1995; Verdugo-Dardon, Cruz-Lopez, Malo,
Rojas, & Guzman-Diaz, 2011) and these pheromones may
play an critical role in the acceptance of the virgin queen
by workers (Imperatriz-Fonseca & Zucchi, 1995; Van Veen
et al., 1999). Indeed, in queen-less colonies of 7. carbonaria,
if the advancing front of the brood comb is visible, it is easy

to observe virgin queens at this stage of their life cycle after
just a few minutes of observation (Garcia Bulle Bueno et al.,
2022). Under queenright conditions, however, virgin queens
presumably continue hiding until the egg-laying queen dies,
the colony reproduces, or until they are killed or evicted by
workers (Imperatriz-Fonseca & Zucchi, 1995).

Mating flights in 7. carbonaria occur around 10-14 days.
All four queens that we observed to leave the colony for
mating flights did so during early or mid-afternoon. This
is when male aggregations typically peak in size (Garcia
Bulle Bueno et al., 2022). This timing is also consistent with
two personal observations of FGBB: a queen was netted in
a male swarm at 15:30 PM and another one was observed
outside of a colony surrounded by males at 14:40 p.m. (Sun-
shine Coast, Queensland, September 2017). Whether T. car-
bonaria queens sometimes make orientation flights on the
day or days prior to mating flights is unknown but the one
T. carbonaria queen we observed to make a natural mating
flight did so on her first flight outside the nest. In any case,
both types of queen flights indicate preparation to mate, as
virgin queens are mature and capable of mating at the time
orientation flights begin (Van Veen & Sommeijer, 2000).

Three of the four queens in our observations failed to
return to the nest. This suggests that mating flights represent
the most dangerous period of a queen’s life, as is also the
case for honey bee queens (Koeniger & Koeniger, 2007).
Whether return rates were affected by the small size of our
experimental colonies however is unclear. An alternative
reason for the low return rate may be that queens instead
try to infiltrate other colonies as reproductive parasites. In
at least one South American stingless bee (Melipona scutel-
laris), newly mated queens actively seek out and parasitize
other colonies (Kircher et al., 2013; Van Oystaeyen et al.,
2013; Wenseleers, Alves, Francoy, Billen, & Imperatriz-
Fonseca, 2011). Such behaviour in T. carbonaria queens
remains unconfirmed, but dead virgin queens have been
collected outside hives to which they are not related, which
could be consistent with attempted parasitism of this kind
(Bueno, 2021, pp. 134; Lau, Hereward, Smith, Heard, &
Walter, 2022).

Workers play an important role in the survival of young
queens amongst the stingless bees (de Souza et al., 2017;
Jarau, Van Veen, Aguilar, & Ayasse, 2009; Kircher et al.,
2013; Sommeijer, Koedam, & Monge, 1994; Van Veen et al.,
1999; Veiga, Menezes, & Contrera, 2017; Wenseleers, Hart,
Ratnieks, & Quezada-Euén, 2004). We report here for the
first time that 7. carbonaria workers do actively kill virgin
queens, a common practice amongst the Neotropical sting-
less bee species (Kerr et al., 1962; Sommeijer et al., 1994).
In other cases, callow queens seemed to be ignored and may
have died from starvation. Death by neglect is difficult to
confirm without constant observation, but we noted that vir-
gin queens that were accepted by workers enjoyed almost
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constant trophallaxis with workers. We also observed work-
ers remove the mating plug from queens in some cases, but
the importance of this for queen survival is unclear (Melo,
Buschini, & Campos, 2001) In some other stingless bee spe-
cies, the queen removes the male genitalia herself (Da Silva
et al., 1972; Concei¢do Aparecida de Camargo, 1972; Engels
et al., 1993), or the male genital capsule remains attached
to the queen for several days and detaches on its own (Melo
et al., 2001).

The extent to which our micro-colonies reflect typical
worker—queen interactions, however, is unclear. Natural
colonies are far larger, workers and queens are free to fly,
and they are typically full sisters (whilst queens and workers
in our study were not kin). Furthermore, under natural con-
ditions, colonies of T. carbonaria and most other stingless
bees will usually have more than one virgin queen (Imper-
atriz-Fonseca & Zucchi, 1995; Silva, 1972). Not much is
known about the interactions between virgin queens in full
size Tetragonula colonies. However, we have observed two
virgin queens in a full-sized queen-less hive interacting with
the workers on top of the brood at the same time (pers obs
FGBB). One queen chased the other one and briefly attacked
her. On another occasion, we recorded four virgin queens
on top of the brood at the same time, with no evidence of
any interactions between them. Likewise, in the three micro-
colonies in this study that received multiple virgin queens,
the queens did not interact directly.

In honeybees, queens have a functional stinger that can be
used multiple times, and when new queens eclose in queen-
less colonies they will typically kill all the rival queens in
the nest (Butz & Dietz, 1994; Gilley, 2001). Contrastingly,
in stingless bees, the constant supply of new queens may
give more power to the workers. They rear the brood, having
control over queen production and choosing the best one by
killing the rest (Jarau et al., 2009; Sommeijer et al., 1994;
Wenseleers et al., 2004). This strategy comes with the obvi-
ous risk that all queens fail, leaving the colony without a
queen to produce new brood (Beekman & Ratnieks, 2003).
Further work is needed to understand the role of T. carbon-
aria workers in choosing new queens for the colony.

Controlled mating techniques for T. carbonaria

To rear and mate queens under controlled conditions, it is
necessary to ensure that queens have not had the opportu-
nity to mate naturally. In this study, we prevented natural
mating by keeping queens in small, closed micro-colonies
with limited numbers of workers and provisioned them with
food. We were able to rear 61% of emerged queens to mating
age in this way. Some pre-mating queens were confirmed as
killed by workers, but most died soon after emergence from
unknown causes. In contrast, four queens reared in open
micro-colonies all survived (i.e. colonies in which workers
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were free to forage). One possible explanation for this dif-
ference in queen mortality is that the provisions available to
our closed colonies did not fully replicate those provided by
foraging workers in open colonies, reducing young queen
survival. Future efforts might therefore consider alternative
ways to prevent queens mating naturally whilst still keep-
ing colonies free to forage, such as leaving the colony open
whilst queens are young and closing it only once queens
approach mating age. Mesh queen excluders at the hive
entrance, like those used in honey bees, may also be possi-
ble. Notably though, low survivorship of queens is reported
for other stingless bee species, and might simply reflect a
high natural mortality rate for young queens (Da Silva et al.,
1972; Kerr et al., 1962; Sommeijer et al., 1994).

We demonstrated that constrained live virgin queens
will attract 7. carbonaria males, and that these males can
mate and fill the spermatheca. This represents an exciting
step towards controlled mating techniques for this species,
which would benefit both bee breeding programmes and
research. Importantly, however, neither the presence of
the mating plug nor egg-laying after mating were reliable
evidence of a successful mating via our technique. Only
one third of our queens mated under constraint (without
CO,) carried sperm in their spermathecae, and none of
those narcotized with CO, during mating did so, despite
the presence in all cases of a mating plug.

T. carbonaria queens may need to actively accept mat-
ing for sperm transfer to be successful. Smith et al. (2019)
proposed that T. carbonaria queens exercise control over
mating based on observations that males left mating
plugs in two dead or dying young queens exposed to male
swarms, whilst no mating plugs were found in two healthy
tethered queens similarly exposed to males. Indeed, the
live queens appeared to repel males from their abdomens
using their legs (Smith, 2020). In our study, constrained
queens never prevented a male depositing a mating plug,
but they did regularly wriggle their abdomens and legs
in ways that might have made mating difficult for males.
Most tellingly, CO,-narcotised queens never had filled
spermathecae, suggesting that some action by queens is
needed, and thus that queens could exercise choice when
mating. An alternative explanation, however, is that sta-
tionary constrained queens do not sufficiently mimic the
body position of queens during natural mid-flight mat-
ings; that is, males may have had low insemination suc-
cess for reasons unrelated to female choice. Whichever
the case, other protocols for controlled mating in this spe-
cies are worth exploring. For example, attempts to mate
constrained queens might have more success if queens’
antennae are exposed, allowing her to better sense her
environment (in our experiments, the entire head of the
queen was covered). Alternatively, virgin queens could be
released into flight cages or glasshouses containing males
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to allow on-the-wing mating. Artificial insemination like
that performed in honey bees (in which sperm is harvested
and inserted directly into the oviduct of a restrained queen
(Gillard & Oldroyd 2020), is another possible route to
selective breeding programmes in Tetragonula, though
the small size of the bees present significant challenges
for that approach.

Aside from advancing the goal of controlled mating, the
methods we describe for establishing 7. carbonaria colonies
from harvested queen cells represent a step towards pro-
tocols for producing new colonies from the excess virgin
queens produced by mother colonies. Such protocols have
the potential to produce a large number of new colonies
descending from virgin queens that are normally elimi-
nated, with modest resources and in a short period of time,
as recently proposed for some Melipona (Eleutério et al.,
2022; Veiga et al., 2017).

Triggers of ovary activation in queens

Following controlled matings, the 7. carbonaria queens
from our experiment, were immediately surrounded by a
court of workers and became greatly attractive, inflated their
abdomens, walked excitedly through the hive, vibrating
their wings, and had more trophallactic and antennal con-
tact with courting workers. Days later, some queens in our
study became physogatric and laid eggs but were later found
to have an empty spermatheca and be laying only haploid
eggs. This included two queens not treated with CO, and
all twelve queens that were CO,-narcotized during mating.
Thus, ovary activation and the onset of oviposition in 7. car-
bonaria is not directly linked to successful mating. Rather,
the key trigger may be the mechanical stimulation of mating
and the mating plug, as has been proposed for Melipona
quadrifasciata (Melo et al., 2001).

Exposure to CO, triggers the onset of oviposition in
honey bees (Mackensen, 2014), where it is used to stimu-
late egg-laying following artificial insemination, and bum-
ble bees (Roseler, 1985), where it is used to bypass sea-
sonal queen diapause. Indeed, honey bee queens artificially
injected with semen will typically fail to activate ovaries and
begin egg-laying in the absence of CO, treatment (Gillard &
Oldroyd 2020). Furthermore, CO, will trigger oviposition
in unmated virgin queens of both honey bees (Engels et al.,
1976) and bumble bees (Amsalem & Grozinger, 2017).
In stingless bees, CO, effects on ovaries remain largely
untested, although CO, reportedly failed to trigger oviposi-
tion in Melipona quadrifasciata queens (unpublished data
cited in Melo et al., 2001). Our results show that CO, expo-
sure consistently leads to ovary activation in 7. carbonaria
queens when combined with mating. Further work on T.

carbonaria is needed to determine the relative importance
of CO, and mating as triggers of oviposition.
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