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Abstract

Background The standard evolutionary theory of ageing proposes that ageing occurs because of a trade-

off between reproduction and longevity. Eusocial insect queens exhibit positive fecundity-longevity asso-

ciations and so have been suggested to be counter-examples through not expressing costs of reproduction

and through remodelling conserved genetic and endocrine networks regulating ageing and reproduction. If so,
eusocial evolution from solitary ancestors with negative fecundity-longevity associations must have involved a stage
at which costs of reproduction were suppressed and fecundity and longevity became positively associated. Using
the bumblebee (Bombus terrestris), we experimentally tested whether queens in annual eusocial insects at an inter-
mediate level of eusocial complexity experience costs of reproduction, and, using mRNA-seq, the extent to which
they exhibit a remodelling of relevant genetic and endocrine networks. Specifically, we tested whether costs of repro-
duction are present but latent, or whether a remodelling of relevant genetic and endocrine networks has already
occurred allowing queens to reproduce without costs.

Results We experimentally increased queens’ costs of reproduction by removing their eggs, which caused queens
to increase their egg-laying rate. Treatment queens had significantly reduced longevity relative to control queens
whose egg-laying rate was not increased. Reduced longevity in treatment queens was not caused by increased
worker-to-queen aggression or by increased overall activity in queens. In addition, treatment and control queens
differed in age-related gene expression based on mRNA-seq in both their overall expression profiles and the expres-
sion of ageing-related genes. Remarkably, these differences appeared to occur principally with respect to relative age,
not chronological age.

Conclusions This study represents the first simultaneously phenotypic and transcriptomic experimental test

for a longevity cost of reproduction in eusocial insect queens. The results support the occurrence of costs of repro-
duction in annual eusocial insects of intermediate social complexity and suggest that reproductive costs are present
but latent in queens of such species, i.e. that these queens exhibit condition-dependent positive fecundity-longevity
associations. They also raise the possibility that a partial remodelling of genetic and endocrine networks underpinning
ageing may have occurred in intermediately eusocial species such that, in unmanipulated conditions, age-related
gene expression depends more on chronological than relative age.
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over survival, and the strength of selection against age-
ing weakens with age [1-5]. Along with declining per-
formance and increasing mortality with age (ageing), an
outcome of these factors is a fecundity-longevity trade-
off. Specifically, reproduction imposes costs by reducing
fecundity and/or longevity later in life, leading to a nega-
tive fecundity-longevity relationship [4].

The generality of this relationship has been chal-
lenged because, in theory, trade-offs between fecundity
and longevity can become uncoupled and because, in
some species, positive fecundity-longevity relationships
occur [6-8]. For example, such relationships might occur
within populations in which individuals vary in overall
resource levels and well-resourced individuals invest in
both high fecundity and high longevity. Nonetheless, in
such populations a fecundity-longevity trade-off might
still occur within individuals because no individual’s
resources are limitless [9, 10].

Another important potential exception is represented
by eusocial insects (those with a worker caste) such as
eusocial Hymenoptera (ants, bees, and wasps) and ter-
mites. In these, reproductive phenotypes (queens or
kings) are highly reproductive and comparatively long-
lived, whereas workers are sterile or less reproductive and
comparatively short-lived [11-14]. Furthermore, there
appears to be a positive fecundity-longevity relation-
ship within each caste, such that the most reproductive
queens and workers (which in many eusocial Hymenop-
tera can reproduce asexually) live longer than the least
reproductive queens and workers, respectively [15-26].
Therefore, it has been suggested that, in eusocial insects,
queens (and reproductive workers) represent an excep-
tion to the usual negative fecundity-longevity relation-
ship seen in other species, through not exhibiting costs of
reproduction [22, 24, 27]. This is supported by studies in
Cardiocondyla ants that showed that (a) queens experi-
mentally induced to increase their costs of reproduction
did not show decreased longevity [24] and (b) queens
exhibit a peak in sexual production in late life [28]. Such
phenomena do not appear to stem entirely from work-
ers bearing the costs of reproduction for queens, because
isolated reproductive Cardiocondyla queens showed
greater longevity than isolated non-reproductive queens
[21]. Moreover, even if workers absorb queens’ costs of
reproduction, queens must still have evolved to repro-
duce without manifesting such costs personally.

The apparent abolition in eusocial insects of the con-
ventional fecundity-longevity trade-off has therefore
been hypothesised to result from a remodelling of the
conserved genetic and endocrine networks that regu-
late ageing and reproduction [13, 29-34]. Recently,
two such networks/gene sets have been proposed. One
(the TOR/IIS-JH-Lifespan and Fecundity or TI-J-LiFe
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network) contains the nutrient-sensitive target of rapa-
mycin (TOR) and insulin/insulin-like signalling (IIS)
pathways, which, in solitary insects, affect (via Juvenile
Hormone signalling) ageing and reproduction through
activation of immune and antioxidant pathways [34,
35]. The other is a related enzymatic antioxidant gene
set [36]. Both these sets of ageing-related genes (i.e.
genes in pathways that directly affect ageing) include
genes that have been found to be age-related (i.e. genes
that change expression with age) in several eusocial
insect species [34, 36].

If eusocial insects have indeed reversed the nega-
tive fecundity-longevity association found in solitary
species via a remodelling of genetic and endocrine net-
works regulating ageing and reproduction, the question
arises as to the stage in eusocial evolution at which this
has occurred [37, 38]. Eusociality has evolved from non-
social, typically annual life cycles, via ‘primitive’ eusocial-
ity with a low degree of reproductive division of labour
between queen and workers, into ‘advanced’ eusociality
with perennial life cycles and a high degree of queen-
worker reproductive division of labour [39, 40]. Within
this scheme, the annual eusocial bumblebees (Bombus
spp.) appear to exhibit a degree of eusocial complexity
intermediate between those of primitively eusocial spe-
cies and advanced ones such as ants or the honeybee Apis
mellifera [39, 41-43]. Therefore, bumblebee species rep-
resent highly suitable systems in which to investigate the
evolution of ageing, longevity, and the fecundity-longev-
ity trade-off over the course of eusocial evolution.

In the bumblebee B. terrestris, queens exhibit a posi-
tive relationship between lifetime reproductive success
and longevity [16]. Moreover, a recent study aimed to test
experimentally for costs of reproduction in reproductive
B. terrestris workers. It found that, as in other species,
workers in unmanipulated colonies exhibited a positive
fecundity-longevity relationship, i.e. workers with more
active ovaries lived longer [23]. However, this positive
relationship was reversed (became negative) when ran-
domly selected workers were experimentally manipu-
lated to activate their ovaries. These results suggested
that workers exhibit costs of reproduction but that work-
ers choosing to reproduce in unmanipulated colonies are
intrinsically high-quality individuals that can overcome
such costs and achieve both high fecundity and high lon-
gevity. In other words, the results suggested that costs of
reproduction might be present but unexpressed (latent)
in such individuals, implying condition dependence of
fecundity-longevity associations [23]. By extension, as
queen-destined larvae receive nutrition of higher qual-
ity and/or in greater quantity [44], such that adult queens
are likely to be intrinsically well-resourced, high-quality
individuals, the results raised the possibility that queens
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in species such as Bombus also exhibit latent costs of
reproduction [23].

In the current study, using B. ferrestris as our model
system, we therefore sought to test whether or not queens
in eusocial insects at an intermediate level of eusocial
complexity experience costs of reproduction, and the
extent to which they exhibit a remodelling of genetic and
endocrine networks regulating ageing and reproduction.
Hence we conducted an experiment that manipulated
queens’ costs of reproduction while profiling age-related
gene expression changes in manipulated and control
queens. Specifically, we aimed to discriminate between
two alternative hypotheses. The first (H1) derives from
ETA and states that a positive fecundity-longevity rela-
tionship in queens of species at the eusocial level of B.
terrestris can arise because the costs of reproduction are
present but latent. The second (H2) posits that queens
in such species already represent a full exception to the
trade-offs predicted by ETA because a remodelling of rel-
evant genetic and endocrine networks has allowed them
to reproduce without costs. Our study represents the first
to test, simultaneously at phenotypic and transcriptomic
levels, for a longevity cost of reproduction in eusocial
insect queens.

We manipulated queens’ costs of reproduction by
experimentally removing eggs, which in B. terrestris, as
in C. obscurior [24], has been shown to increase queens’
fertility (realised fecundity, as measured by egg-laying
rate) [45]. We allocated queens to two treatments. In
Removal (R) queens, all eggs were removed from the col-
ony, therefore inducing queens to increase their fertility
and so experience greater costs of reproduction (if pre-
sent). In Control (C) queens, all eggs were removed from
the colony and then replaced to control for disturbance
(Fig. 1a). We then measured the queen’s longevity in each
colony. To control for potential effects of egg removal
on workers’ aggression to queens [45] and on queens’
overall activity levels, in both R and C colonies we also
replaced egg-laying and aggressive workers with callow
(newly eclosed) workers [46] and periodically measured
queens’ locomotory activity and response to disturbance.
To control for potential effects of colony size, we main-
tained the number of workers within each colony at 20
by removing any excess, newly eclosed workers and/or
adding callow workers. To characterise changes in gene
expression profiles with age brought about by the treat-
ment, we sampled a subset of queens in both treatments
at two time-points, the first when 10% queen mortality
had occurred (time-point 1, TP1) and the second when
60% queen mortality had occurred (time-point 2, TP2)
(Fig. 1b). From each queen, we extracted RNA from
brain, fat body, and ovaries, since these tissues show gene
expression changes with age in eusocial insects including
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B. terrestris [30, 34, 36, 47]. We then used mRNA-seq to
characterise changes in the gene expression profiles over
time in both R and C queens and to compare the result-
ing B. terrestris gene lists with age-related genes from
other non-social and eusocial insects and ageing-related
genes from the GenAge database [48], which catalogues
experimentally validated, ageing-related genes in Dros-
ophila melanogaster, and from the TI-J-LiFe network and
enzymatic antioxidant gene set [34, 36].

H1 predicted that R queens should exhibit reduced
longevity relative to C queens and dissimilar patterns of
change in gene expression profile with age, especially for
known ageing-related genes (as the egg removal treat-
ment should cause R queens to express their latent costs
of reproduction affecting longevity). By contrast, H2 pre-
dicted that R and C queens should exhibit equal longevi-
ties and that their patterns of change in gene expression
profile with age should be similar, again especially for
known ageing-related genes (as costs of reproduction
affecting longevity, latent or otherwise, are absent). Even
under H2, R queens would be expected to differ from C
queens as regards expression differences in genes specifi-
cally associated with R queens’ increased egg-laying rate.
Therefore, as well as testing for overall gene expression
profile differences, we investigated differences between
R and C queens in Gene Ontology of differentially
expressed genes and tested whether patterns of change in
gene expression profiles differed between R and C queens
with respect to known ageing-related genes, i.e. those in
the GenAge database, TI-J-LiFe network and enzymatic
antioxidant gene set.

Results
Queen fertility and colony fertility
There was no significant difference in baseline mean
queen fertility (queen egg production before the treat-
ment started) between R and C colonies (mean [95% CI]
eggs per 48-h period: R, 21.5 [18.8, 24.7]; C, 20.3 [17.7,
23.4]; negative binomial glmm: b=0.057, Seb=0.099,
z=0.578, p=0.563; Fig. 2a). However, there was a signifi-
cant increase in during-treatment mean queen fertility
(queen egg production over days 5-25 inclusive) across
both groups (»=0.893, Seb=0.094, z=9.485, p<0.001).
This increase had a significant interaction with treat-
ment (b=0.650, Seb=0.14, z=4.766, p<0.001), with
R queens producing approximately twice as many eggs
over days 5-25 as C queens (mean [95% CI] eggs per
48-h period: R, 52.5 [46.3, 59.6]; C, 25.9 [22.6, 29.7])
(Fig. 2a, Additional file 1: Fig. S1). This result showed
that, as intended, the R treatment significantly increased
queen egg-laying rate.

R colonies also had significantly higher colony fer-
tility (overall colony egg production over the whole
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Fig. 1 Outline of experimental design to test for costs of reproduction in Bombus terrestris queens. a Experimental treatments: R: Removal queens:
eggs removed and counted; C: Control queens: eggs removed, counted, and replaced. Day 1 was the first day that new egg cells were observed
in all colonies. b RNA sample collection strategy. G1, G2: random subgroups of queens within treatments. TP1, TP2: time-points for sampling

of queens for RNA extraction (R queens: TP1 on day 37, TP2 on day 85; C queens: TP1 on day 89, TP2 on day 134). TP1G, TP2G: subsets of queens
sampled for RNA extraction at TP1 and TP2, respectively. One R queen (Q1) was not assigned to G1 or G2, and was used to provide life-history data
only. One C queen (Q57 in the G1 subgroup) was censored and therefore not included in longevity analyses or sampled for RNA. Final sample
sizes were: RTP1G (N=6), RTP2G (N=6), Rlife-history (N=2+9+12+1=24); CTP1G (N=6), CTP2G (N=6), Clife-history (N=2+9+12—1=22). See

‘Methods'for full details

experimental period, including any worker-laid eggs)
than C colonies (negative binomial glmm: b=1.147,
Seb=0.078, z=14.679, p<0.001; Fig. 2b; Additional file 1:
Figs. S2, S3; Additional file 2: Table S1). Worker egg-lay-
ing was first observed in any colony (out of all R and C
colonies) on day 26, and, over the whole experimental

period, was observed in 24/36 R colonies and 25/35 C
colonies. We therefore (conservatively) took day 26 as the
date beyond which, in all colonies, some differences in
treatment-specific colony fertility could have been due to
worker egg-laying (Fig. 2c, Additional file 1: Fig. S4). Con-
sistent with this, after day 26, compared to C colonies,
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Fig. 2 Fertility measures for R (eggs removed) and C (eggs removed and replaced) Bombus terrestris queens/colonies. a Queen fertility (mean
number of eggs produced per 48-h period) for R (N=36) and C (N=35) queens before treatment started (baseline mean queen fertility: days 1
and 3) and during treatment until the first worker egg-laying was observed (during-treatment mean queen fertility: days 5-25 inclusive). Queen
fertility over days 5-25 represented the fertility response of queens alone to the treatment. NS, not significant; *** p <0.001. Black circles represent
means for individual queens. b Colony fertility over time for R (N=36 on day 1 declining to N=1 on day 134) and C (N=35 on day 1 declining
to N=1 on day 148) colonies until day 147. Red dashed line: day 5, manipulations started; black dashed line: day 26, when worker egg-laying first
observed in any colony. Daily sample sizes are in Additional file 2: Table S23. Outliers not shown. For a and b, black horizontal bars: medians; boxes:
interquartile ranges; whiskers: 1.5 X interquartile range. R colonies had significantly higher colony fertility than C colonies after treatment had started
(see ‘Results’). ¢ Observed worker egg-laying over time, recorded every 4 days during 10-min observations in R (N=36 on day 1 declining to N=1
on day 134) and C (N=35 on day 1 declining to N=1 on day 148) colonies. Black dashed line: day 26, when worker egg-laying first observed in any
colony. Points are offset around each integral value on the Y axis. From day 26, R colonies had significantly more worker egg laying events than C
colonies (see ‘Results’)
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R colonies had significantly higher levels of observed
worker egg-laying (zero-inflated negative binomial glmm:
Treatment: »=2.917, Seb=0.831, z=3.509, p<0.001;
Fig. 2c), significantly earlier onset of worker egg-laying
(median onset of worker egg-laying in days [from day 1
in the experiment]: R, 44; C, 78; Cox’s proportional haz-
ards analysis: hazards ratio=13.32, z=5.661, p<0.001;
Additional file 1: Fig. S5), and significantly higher num-
bers of egg-laying workers removed (mean [SD] workers
per colony: R, 2.3 [2.5]; C, 1.5 [1.2]; negative binomial
glmm: b=-0991, Seb=0.219, z=—-4.531, p<0.001).
However, observed worker egg-laying was significantly
time-dependent, peaking at day 76 and then declining for
the rest of the experiment (Time: »=40.156, Seb=9.133,
z2=4.397, p<0.001; Fig. 2c). As R queens showed signifi-
cantly higher fertility than C queens before day 26, and
as colony fertility peaked on day 35 (Fig. 2b) whereas
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observed worker egg-laying did not peak until day 76,
these results show that the R treatment continued to
increase queen egg-laying rate after the start of worker

egg-laying.

Queen longevity, worker aggression, worker additions

and removals, and queen activity/response to disturbance
R queens had significantly reduced longevity relative to C
queens (median longevity [from day 1 of the experiment]:
R, 73.6 days; C, 105.4 days; Cox’s proportional hazards
analysis: hazards ratio=0.224, z=-4.287, p<0.001;
Fig. 3a, b). There was no significant difference in observed
worker aggression (zero-inflated negative binomial
glmm: 5=0.056, Seb=0.307, z=0.184, p=0.854; Fig. 3c),
filmed worker aggression (binomial glmm: 5=0.453,
Seb=0.912, z=0.497, p=0.619, Additional file 1: Fig. S6),
onset of worker aggression (Cox’s proportional hazards
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Fig. 3 Queen longevity and worker aggression for experimental Bombus terrestris queens/colonies. a Survivorship of R (eggs removed; N=24)
and C (eggs removed and replaced; N=22) queens; b Longevity (days from start of experiment) of R (eggs removed; N=24) and C (eggs removed
and replaced; N=22) queens. Black horizontal bars: medians; boxes: interquartile ranges; whiskers: 1.5 x interquartile range. ** p<0.01.In a and b,
R queens had significantly reduced survivorship/longevity relative to C queens (see ‘Results’); ¢ Observed worker-to-queen aggression over time

(recorded every 4 days during 10-min observations) in R (eggs removed; N=36 on day 1 and N=

1 onday 134) and C (eggs removed and replaced;

N=35onday 1 and N=1 on day 148) colonies. Daily sample sizes are in Additional file 2: Table S23. Points are offset around each integral value
on the Y axis. There was no significant difference in observed worker-to-queen aggression between R and C colonies (see ‘Results’)



Collins et al. BMC Biology (2023) 21:153

analysis: hazards ratio=0.844, z=-0.649, p=0.517;
Additional file 1: Fig. S7), or number of workers removed
due to aggression (mean [SD] workers per colony: R, 1.6
[1.7]; C, 2.1 [2.6]; negative binomial glmm: b= —0.135,
Seb=0.291, z= —0.462, p=0.644) between R and C colo-
nies. In several colonies (8/36 R colonies and 4/35 C colo-
nies), the queen died before any worker aggression was
observed. In addition, observed worker aggression was
significantly time-dependent for both treatments (zero-
inflated negative binomial glmm: 5= —0.057, Seb=0.001,
z=—5.782, p<0.001), peaking at day 18 before declin-
ing throughout the rest of the experiment (Fig. 3c),
whereas mean queen longevity across both treatments
was 89.4 days. There was also no significant difference
in observed queen activity (binomial glmm: b= —0.163,
Seb=0.143, z= —1.143, p=0.253; Additional file 1: Fig.
S8), filmed queen activity (binomial glmm: b= —0.067,
Seb=0.297, z=0.224, p=0.822; Additional file 1: Fig.
S9), or queens’ response to disturbance (binomial glmm:
b=-3.3, Seb=1.97, z=—-1.678, p=0.093; Additional
file 1: Fig. S10) between R and C queens. Therefore, the
reduction in queen longevity in the R treatment was
not caused by greater worker aggression to queens or
by differences in queen activity levels or responsiveness
between treatments.

There were significantly fewer excess workers removed
from R than from C colonies (mean [SD] workers per
colony: R, 39.1 [19.1]; C, 67.9 [30.7]; negative binomial
glmm: b=0.373, Seb=0.126, z=2.971, p=0.003). How-
ever, there was no significant difference between treat-
ments in the numbers of either dead workers removed
(mean [SD] workers per colony: R, 8.5 [7.8]; C, 11.5
[8.4]; negative binomial glmm: b= —0.146, Seb=0.187,
z=—0.780, p=0.435) or callow workers added as replace-
ments for egg-laying, aggressive, or dead workers (mean
[SD] workers per colony: R, 8.8 [7.1]; C, 11.3 [8.2]; nega-
tive binomial glmm: 5= —0.226, Seb=0.200, z= —1.128,
p=0.259). In addition to the independent effect of treat-
ment on queen longevity, excess workers removed was
found to be significantly associated with queen longevity,
with a higher number of excess workers removed being
associated with reduced queen longevity (Cox’s propor-
tional hazards analysis: hazards ratio=1.797, z=4.903,
p<0.001). As fewer excess workers were removed from R
colonies than from C colonies, and the numbers of work-
ers removed due to either egg-laying or aggression were
low compared to the number of excess workers removed,
and R and C colonies did not differ in numbers of dead
workers removed or callow workers added, the reduction
in longevity of R queens was not caused by adding work-
ers to, or removing them from, experimental colonies.

Overall, these results support the prediction of H1 that
queens in the R treatment, which experienced a greater
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cost of reproduction (from their higher egg-laying rates),
should exhibit reduced longevity.

Age-related gene expression

Across the 70 libraries created, mRNA-seq resulted in
a mean of 55,280,953 read pairs per library for brain,
61,864,754 read pairs per library for fat body, and
69,025,352 reads pairs per library for ovaries (Addi-
tional file 2: Table S2). The libraries pseudoaligned to
the B. terrestris transcriptome with a mean percentage
pseudoalignment of 77.3% (range 49.4—88.4%) for brain,
58.7% (5.5-90.0%) for fat body (including the two fat
body libraries that were excluded from further analysis),
and 75.9% (32.7-83.1%) for ovaries (Additional file 2:
Table S3).

In total, between the two time-points (TP1 and TP2),
and pooling across both treatments (R and C), there
were 836 differentially expressed genes (DEGs) in brain,
2572 DEGs in fat body, and 6440 DEGs in ovaries. (All
DEGs were determined using an FDR adjusted p-value
threshold of 0.05.) In brain, in R queens: 30 genes were
more expressed in TP2G than TP1G (i.e. genes which
increased in expression with age; henceforth, ‘upregu-
lated genes’) and 7 genes were more expressed in TP1G
than TP2G (ie. genes which decreased in expres-
sion with age; henceforth, ‘downregulated genes’); in
C queens: 482 genes were upregulated and 317 genes
were downregulated (Fig. 4a; Additional file 1: Fig. S11;
Additional file 2: Table S4). In fat body, in R queens: 430
genes were upregulated and 412 genes were downregu-
lated; in C queens: 923 genes were upregulated and 807
genes were downregulated (Fig. 4b; Additional file 1: Fig.
S12; Additional file 2: Table S5). In ovaries, in R queens:
3 genes were upregulated and O genes were downregu-
lated; in C queens: 3520 genes were upregulated and
2917 genes were downregulated (Fig. 4c; Additional
file 1: Fig. S13; Additional file 2: Table S6).

Based on these findings, the mRNA-seq gene expres-
sion profiles showed that, in each tissue (brain, fat body,
ovaries), R queens exhibited far less differential gene
expression between TP1 and TP2 than C queens (Figs. 5
and 6; Additional file 1: Figs. S11 — S13). To determine
more exactly whether gene expression profile change
with age (from TP1 to TP2) differed between R and
C queens, we compared lists of DEGs across R and C
treatments within each tissue (Additional file 2: Tables
S4 — S6). Overall, 3/6 comparisons of R and C DEGs
showed no significant overlap and 3/6 showed signifi-
cant overlap (Fig. 5; Additional file 2: Tables S7, S8).
The significant overlaps were as follows: (a) in brain,
9/30 of DEGs upregulated in R were also upregulated in
C (Fisher’s exact test, a =0.0167, p=5.33 X 107 Fig. 5a;
Additional file 2: Table S7); (b) in brain, 4/7 of DEGs
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Fig. 4 Comparisons of mMRNA-seq gene expression profiles by chronological age in experimental Bombus terrestris queens. Arrows and associated
numbers denote differentially expressed genes (DEGs) between two conditions (increasing in chronological age from left to right) for a brain; b

fat body; and c ovaries. R conditions, eggs removed; C conditions, eggs removed and replaced. Red numbers, above arrows: numbers of genes
upregulated (more expressed with chronological age) between two conditions linked by an arrow; blue numbers, below arrows: numbers of genes
downregulated (less expressed with chronological age) between two conditions linked by an arrow. d Scale displaying the day of the experiment
on which each condition was sampled. TP1: time-point 1, TP2: time-point 2. Sample sizes: brain: RTP1G (N=6), RTP2G (N=5); CTP1G (N=6), C:TP2G
(N=5); fat body: RTP1G (N=6), RTP2G (N=6); CTP1G (N=6), CTP2G (N=4); ovaries: RTP1G (N=6), RTP2G (N=6); CTP1G (N=6), C:TP2G (N=6)

downregulated in R were also downregulated in C
(Fisher’s exact test, a=0.0167, p=2.72><10_5; Fig. 5b;
Additional file 2: Table S7); and (c) in fat body, 77/412
of DEGs downregulated in R were also downregulated
in C (Fisher’s exact test, ¢=0.0167, p=2.16 X 10713,
Fig. 5d; Additional file 2: Table S7). However, levels of
overlap were relatively low and there were at least dou-
ble the number of DEGs (up- or downregulated) in C
compared to R queens in each tissue (Fig. 5). Hence,
consistent with H1, although some overlap occurred,
R and C queens exhibited dissimilar patterns of change
in their gene expression profiles with relative age (age
measured in terms of percentage mortality). In this
respect, the most informative tissues were brain and fat

body, as, unlike ovaries, these tissues showed moderate
to high age-related gene expression changes in both R
and C queens, while still showing dissimilar patterns of
change for each treatment (Fig. 5).

Gene Ontology

To determine whether the biological functions of DEGs
differed between treatments, we used Gene Ontology
(GO) analysis to identify GO terms. Using OrthoFinder,
we identified 6074 single-copy orthologues between B.
terrestris and D. melanogaster (57.4% of the 10,591 genes
expressed in the B. terrestris mRNA-seq libraries). We
used these to isolate 248 non-redundant enriched GO
terms for the DEGs (Additional file 2: Table S9).
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Fig. 5 Comparison of changes in mRNA-seq gene expression profiles with relative age in Bombus terrestris queens. Euler diagrams of overlaps
between differentially expressed genes (DEGs), i.e. genes differentially expressed between the two time-points TP1 and TP2 within treatments

and shared between R queens (eggs removed) and C queens (eggs removed and replaced) for: a, b brain; ¢, d fat body; and e, f ovaries. (In

panel e, because their low values mean there is a lack of space, numbers of DEGs for R queens and shared between R and C queens are shown
adjacent to the relevant area.) Asterisks (*), significant overlap in DEGs (Fisher's exact test, p < 0.05 after Bonferroni correction). Upregulated DEGs:
DEGs significantly more expressed in TP2G than TP1G, i.e. that increase expression with queen relative age; downregulated DEGs: DEGs significantly
more expressed in TP1G than TP2G, i.e. that decrease expression with queen relative age. Results of statistical tests are in Additional file 2: Table S7
and identities of overlapping genes are in Additional file 2: Table S8. Sample sizes: brain: RTP1G (N=6), RTP2G (N=5); CTP1G (N=6), CTP2G (N=5);
fat body: RTP1G (N=6), RTP2G (N=6); CTP1G (N=6), CTP2G (N=4); ovaries: RTP1G (N=6), RTP2G (N=6); CTP1G (N=6), CTP2G (N=6)

Within each tissue where the comparison could be
made, no enriched GO terms were shared between
R and C queens (Additional file 2: Table S9). In brain,
upregulated DEGs in R queens were not enriched for
GO terms, while upregulated DEGs in C queens were
enriched for GO terms in cytoplasmic translation
(GO:0002181). Downregulated DEGs in R queens were
enriched for GO terms associated with ‘ion transport’
(4/9 terms) and ‘amino acid processes’ (3/9 terms),

while downregulated DEGs in C queens were not
enriched for GO terms (Additional file 2: Table S9).

In fat body, upregulated DEGs in R queens were
enriched for two GO terms: DNA recombination
(GO:0006310) and cellular response to DNA damage
stimulus (GO:0006974), while upregulated DEGs in C
queens were enriched for a variety of processes with no
obvious similarities between them. Downregulated DEGs
in R queens were enriched for GO terms associated with
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organelle-related processes (10/15 terms), while down-
regulated DEGs in C queens were enriched for GO terms
associated with ‘metabolic’ and ‘biosynthetic’ processes
(7/10 terms) (Additional file 2: Table S9).

In ovaries, in R queens, GO analysis was not conducted
as up- and downregulated genes comprised 3 and 0
DEGs, respectively. Upregulated DEGs in C queens were
enriched for GO terms associated with ‘development’
(19/97 terms). Downregulated DEGs in C queens were
enriched for GO terms associated with regulation of the
‘cell cycle’ including ‘nuclear’ and ‘chromosomal’ changes
(18/45 terms) (Additional file 2: Table S9).

Across all GO enrichment analyses, only 3 of the 248
non-redundant GO terms were specifically related to
reproduction. These were as follows: growth of a ger-
marium-derived egg chamber (GO:0007295; in down-
regulated DEGs in R queen brain); embryo development
ending in birth or egg hatching (G0O:0009792; in upregu-
lated DEGs in C queen ovaries); and eggshell chorion
gene amplification (GO:0007307; in downregulated
DEGs in C queen ovaries) (Additional file 2: Table S9).
Therefore, reproduction-related GO terms were not spe-
cifically enriched in R queens, suggesting that differences
in DEGs between R and C queens were not driven only
by the greater egg-laying rate of R queens. Overall, con-
sistent with H1, the biological functions of age-related
DEGs (in brain and fat body), as reflected by dissimilari-
ties in the associated GO terms, differed between R and
C queens.

Gene expression analysis: comparisons with age-

and ageing-related genes from other species

To compare our data with those from previous studies,
we tested whether B. terrestris R and C queens differed
from one another as regards their expression patterns for
age-related genes identified in previous studies of soli-
tary (D. melanogaster) and eusocial (A. mellifera) insect
species. For D. melanogaster, no comparisons in either R
or C queens showed significant overlap between ortho-
logues of DEGs and comparable tissue-specific mRNA-
seq D. melanogaster studies [49, 50] (0/8 comparisons;
Additional file 2: Tables S10, S11). Therefore, B. terrestris
queens (across both treatments) and D. melanogaster
females did not exhibit a shared set of age-related genes.
For the orthologue of the A. mellifera age-related gene
vitellogenin, R and C queens differed in that R queens
showed no age-related differential expression in any tis-
sue, whereas C queens showed no age-related differential
expression in fat body and ovaries but showed downreg-
ulation with age in brain, which is in the direction oppo-
site to that shown by A. mellifera queens. Hence, for this
specific gene, R and C queens differed in age-related gene
expression.
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To further discriminate between H1 and H2 from the
gene expression data, and to investigate potential remod-
elling of genetic networks regulating ageing, we tested
whether patterns of change in gene expression profiles
differed between R and C queens with respect to known
ageing-related genes. In comparisons with genes from the
D. melanogaster GenAge database [48], no comparisons
of orthologues of DEGs in either R or C queens showed
significant overlap (0/6 comparisons; Additional file 1:
Fig. S14; Additional file 2: Tables S12, S13), rendering the
comparisons uninformative as regards discriminating
H1 and H2. In comparisons of DEGs with the TI-J-LiFe
network [34], R queens did not show significant overlap
in any of the three tissues, whereas C queens showed sig-
nificant overlaps in brain (for 5/6 comparisons) but not
fat body or ovaries (Fig. 6a; Additional file 2: Tables S14,
S15). For specific TI-J-LiFe network genes that changed
expression with age in at least one tissue in either R or C
queens (57 genes), patterns of age-related gene expres-
sion also differed. In brain, in R, 0 genes were upregulated
or downregulated; in C, 8 DEGs were upregulated and 5
DEGs were downregulated (Fig. 6a). In fat body, in R, 1
DEG was upregulated and 3 DEGs were downregulated;
in C, 4 DEGs were upregulated and 7 DEGs were down-
regulated (Fig. 6a). In ovaries, in R, 0 genes were upregu-
lated or downregulated; in C, 25 DEGs were upregulated
and 24 DEGs were downregulated (Fig. 6a). For the enzy-
matic antioxidant gene set [36], R queens showed signifi-
cant overlap in fat body (for one comparison, i.e. when the
top 300 DEGs from each list were compared) but not in
brain or ovaries, whereas C queens showed no significant
overlaps in any of the three tissues (Fig. 6b; Additional
file 2: Tables S16, S17).

Overall, therefore, in comparisons of DEGs in each
queen treatment to ageing-related genes from the TI-J-
LiFe network and enzymatic antioxidant gene set, R and
C queens exhibited, consistent with H1, dissimilar pat-
terns of change in their gene expression profiles with
relative age. Specifically, DEGs in R queens, in contrast
to those in C queens, showed no significant overlap with
the TI-J-LiFe network (Fig. 6a). In addition, for DEGs in
either R or C queens that did overlap with TI-J-LiFe net-
work genes, R and C queens showed dissimilar patterns
of gene expression change with age (i.e. R queens showed
few changes and C queens showed many changes;
Fig. 6a). For the comparison with the enzymatic antioxi-
dant gene set, DEGs in R queens showed significant over-
lap but those in C queens did not (Fig. 6b).

Gene expression analysis: relative versus chronological age
To investigate whether the age-related gene expression
patterns observed between R and C queens were affected
by sampling at time-points reflecting relative rather than
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chronological age (absolute age, measured in days from
day 1) (Fig. 1), we determined the number of genes that
were significantly differentially expressed between R:TP1
(day 37) and C:TP1 (day 89), between R:TP2 (day 85)
and C:TP1 (day 89), and between R:TP2 (day 85) and
C:TP2 (day 134) in each tissue (Fig. 4; Additional file 1:
Fig. S15; Additional file 2: Tables S18—S20). Across the
three tissues, between R:TP1 and C:TP1, there were
moderate numbers of DEGs (15-1077 upregulated,
6-986 downregulated); between R:TP2 and C:TP1, there
were few DEGs (0 upregulated, 2-5 downregulated);
and between R:TP2 and C:TP2, there were large num-
bers of DEGs (728-3433 upregulated, 645-2611 down-
regulated) (Fig. 4; Additional file 1: Fig. S15; Additional
file 2: Tables S18—S20). In addition, there were signifi-
cant and high percentage overlaps in DEGs for which
the time period (the span between two time-points) also
overlapped (i.e. R‘'TP1 to C:TP1 versus R:TP1 to R:TP2;
ranges across the three tissues of 66.7-89.5% for upregu-
lated genes, 42.9-85.7% for downregulated genes; and
R:TP2 to C:TP2 versus C:TP1 to C:TP2, ranges across
the three tissues of 75.1-90.6% for upregulated genes,
75.4-83.3% for downregulated genes; Additional file 2:
Tables S21, S22). As the gene expression differences
between R:TP2 and C:TP1 were overall much smaller
than for the other comparisons, and as queens sampled at
these time-points had similar chronological ages but dif-
ferent treatments and relative ages (R:TP2: 85 days, 60%
mortality; C:TP1: 89 days, 10% mortality), these and the
other results (Fig. 5) imply that age-related changes in
gene expression profile that were caused by the experi-
mental treatment occurred predominantly with respect
to queens’ relative age and not their chronological age. In
turn, this suggests that age-related gene expression in B.
terrestris queens typically shows a degree of invariance
(i.e. relatively fixed pattern of change) with chronologi-
cal age. However, although R:TP2 and C:TP1 exhibited
similar expression profiles and overlapping time peri-
ods showed high percentage overlaps in their DEGs, the
results were inconsistent with there being a common
gene expression trajectory for all queens irrespective of
treatment. This can be concluded because, in brain and
fat body (though not ovaries), there were many more
DEGs isolated between R:TP1 and C:TP1 than between
R:TP1 and R:TP2, and there were many more DEGs iso-
lated between R:TP2 and C:TP2 than between C:TP1 and
C:TP2 (Fig. 4; Additional file 1: Fig. S15).

Discussion

We experimentally manipulated queens of the interme-
diately eusocial bumblebee B. terrestris by removing
their eggs, causing them to double their egg-laying rate
(Fig. 2a). This increase in the costs of reproduction led
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to a significant decrease in queen longevity, which fell
by 30% relative to that of control queens (to 73.6 days
from 105.4 days, as measured from the experiment’s start
day) (Fig. 3a, b). The decreased longevity of treatment
queens was not caused by differences in worker aggres-
sion, queen activity, or queen responsiveness. Our results
therefore support the hypothesis (H1) that a positive
fecundity-longevity relationship in eusocial insect queens
can arise because costs of reproduction are present but
latent, with the high individual quality inherent in the
queen phenotype allowing queens in normal conditions
to overcome such costs and exhibit both high fecundity
and high longevity. This explanation is consistent with
ETA (see ‘Background’), and our results therefore imply
that eusocial insects at stages of eusocial complexity
short of advanced eusociality are not an exception to the
predicted fecundity-longevity trade-off found in most
non-social species. In addition, treatment queens dif-
fered from control queens in patterns of change in their
gene expression profile with relative age by exhibiting:
(i) dissimilar overall profile changes (Fig. 5); (ii) unalike
GO terms not linked to reproduction; (iii) different pat-
terns of expression change in vitellogenin; (iv) differential
overlaps with ageing-related genes from the TI-J-LiFe
network as well as different age-related gene expression
patterns of TI-J-LiFe genes (Fig. 6a); and (v) differential
overlaps with ageing-related genes from the enzymatic
antioxidant gene set (Fig. 6b). These results support H1’s
prediction that treatment and control queens should
exhibit dissimilar patterns of change in gene expression
profile with age, especially for known ageing-related
genes. However, the results suggesting that, in unma-
nipulated queens, age-related changes in gene expres-
sion exhibit a degree of invariance with chronological
age (Fig. 4; Additional file 1: Fig. S15) also raise the pos-
sibility, consistent with H2, that some remodelling of
genetic and endocrine networks underpinning ageing has
occurred in B. terrestris.

The occurrence of a longevity cost of reproduction
in B. terrestris queens contrasts with the findings of
Schrempf et al. [24] in C. obscurior ant queens, which
showed no effect of increased costs of reproduction on
longevity. As hypothesised (see ‘Background’), this differ-
ence is consistent with B. terrestris representing an inter-
mediate stage of eusocial complexity, in contrast to the
advanced eusociality found in ants. In other words, our
results suggest that, in the change from a negative fecun-
dity-longevity association as typically found in solitary
insects to the positive one apparent in advanced euso-
cial insects, B. terrestris represents a stage at which (a) a
condition-dependent positive fecundity-longevity asso-
ciation exists in queens (i.e. costs of reproduction remain
present but are latent) and (b), conceivably, remodelling
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of the genetic and endocrine networks that regulate age-
ing and reproduction has occurred to the extent that age-
related changes in gene expression profiles have become
relatively invariant with chronological age, as we further
discuss below.

In the current study, R colonies had significantly more
egg-laying workers removed than C colonies (due to a
higher rate of observed worker egg-laying), and signifi-
cantly fewer excess workers removed (due to R colonies,
given their eggs were removed, producing fewer work-
ers), which may have affected the within-colony worker
age-structure within each treatment and so have influ-
enced the results. However, colony age-structure and/or
worker removal is unlikely to have accounted for the dif-
ference in longevity between R and C queens for the fol-
lowing reasons. First, the number of egg-laying workers
removed was low (means of 2.3 and 1.5 workers removed,
respectively, from R and C colonies) and therefore
unlikely to have substantially altered worker age-struc-
ture given that each colony was maintained at a size of
20 workers. Accordingly, the number of egg-laying work-
ers removed was not significantly associated with queen
longevity. Second, although there were significantly fewer
excess workers removed from R colonies than C colo-
nies (means of 39.1 and 67.9 workers removed, respec-
tively), all the removed workers were 0—2 days old, and
their removal was therefore unlikely to have affected
worker age-structure differentially in either treatment.
(Similarly, all added workers were callows, which again
would not have altered the worker age-structure differ-
entially.) Moreover, excess workers removed was found
to be significantly negatively associated with queen lon-
gevity; hence, as R colonies had fewer excess workers
removed, the effect of excess workers removed as a fac-
tor was counter to the prediction of H1, and could not
have accounted for the independent effect of treatment in
reducing overall queen longevity in R colonies.

Almond et al. [45] showed that egg removal caused an
increase in worker-to-queen aggression in B. terrestris,
which was interpreted as workers responding in a self-
interested manner to a perceived loss of queen fecun-
dity. Importantly, the experimental design of the current
study differed from that of Almond et al. [45] in two key
respects. First, colony size was maintained throughout at
a constant level (20 workers), which may have affected
workers’ response to a perceived loss of queen fecundity.
Second, we removed all aggressive workers from colo-
nies in both treatments as and when they were detected
(and replaced them with callow workers) (see ‘Methods,
‘Observed worker aggression and observed worker egg-
laying’). This meant that individual workers in the cur-
rent experiment would have been unable to maintain a
sustained response to queen egg removal. Furthermore,
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Almond et al. [45] found that egg removal increased
worker aggression in the pre-competition point period
only, whereas the current experiment extended far into
the post-competition point period (as queens had a mean
longevity of 89.4 days but the first competition point
occurred on day 26). Almond et al. [45] found that egg
removal, though increasing worker aggression in the
pre-competition point period, did not advance the com-
petition point. In the current study, R colonies exhib-
ited an earlier onset of worker egg-laying but not earlier
worker aggression. Therefore, allowing for the differ-
ences between the two experimental designs, the results
of the current study were not inconsistent with those of
Almond et al. [45], and matched them in suggesting, in
the given experimental contexts, a level of dissociation
between the timings of workers’ egg-laying and aggres-
sion. Moreover, since R and C colonies showed no differ-
ence in worker aggression (in either overall level or time
of onset), there is no evidence that differences in longev-
ity of R and C queens were caused by differential worker
treatment of them.

With respect to gene expression, R queens showed,
compared to C queens, overall fewer age-related DEGs
(Fig. 5) and their DEGs showed no significant over-
lap with genes in the TI-J-LiFe network (Fig. 6a). These
results might appear inconsistent with the overall find-
ing of support for H1, given the reduced longevity of R
queens and hence the inference, on H1, that R queens
experienced earlier and more rapid ageing than C
queens. However, across organisms and tissues in gen-
eral, it is unknown whether the number of age-related
DEG scales with effects on ageing and longevity mono-
tonically [51, 52]. In the current study system, it is instead
possible that, although the number of age-related DEGs
was smaller in R queens, a few key DEGs had a critical
impact on longevity. For example, the TI-J-LiFe network
gene Kriippel homolog 1 was significantly downregulated
with relative age in fat body in R queens but not C queens
(Fig. 6a), and so represents a candidate for a single gene
from this network potentially having a strong influence
on queen longevity. Moreover, unlike those of C queens,
DEGs in R queens showed significant overlap with the
enzymatic antioxidant gene set. Overall, therefore, the
transcriptomic results of the current study supported H1
and were compatible with genes in the TI-J-LiFe network
and enzymatic antioxidant gene set underpinning ageing
and longevity in eusocial insects as proposed [34, 36].

R and C queens in the current study also differed in
both their fertility and longevity, which suggests that
some of the gene expression differences between the
treatments (with relative age) could have been caused
by fertility differences as well as by R queens’ increased
costs of reproduction affecting longevity [30, 41, 53, 54].
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However, the observed treatment-specific differences in
age-related gene expression, the presence of which sup-
port H1 but not H2, are unlikely to have stemmed only
from the greater fertility of R queens. First, patterns
of change in gene expression profiles differed between
R and C queens with respect to known ageing-related
genes, i.e. those in the TI-J-LiFe network [34] and the
enzymatic antioxidant gene set [36]. Such differences
with respect to ageing-related genes were expected
under H1 but would not be expected under H2 if R and
C queens differed with respect to genes differentially
expressed in response to R queens’ increased egg-laying
rate alone. Second, the Gene Ontology enrichment anal-
ysis showed that DEGs in R queens were not enriched
specifically for processes related to reproduction, again
suggesting that differences in DEGs between R and C
queens were not driven only by R queens’ increased egg-
laying rate. Third, although vitellogenin is an egg storage
protein, a previous study of B. terrestris found that the
gene did not change expression level with age in repro-
ductive queens in brain or ovaries or in reproductive
workers in fat body or ovaries, but it was downregulated
with age in reproductive workers in brain [30]. (Age-
related gene expression of vitellogenin in queen fat body
was not investigated in this previous study [30].) In the
current study, there was no age-related change in vitello-
genin in brain, fat body or ovaries in R or C queens, with
the exception of brain in C queens in which vitellogenin
was downregulated with age. These results showed that R
and C queens differed in age-related gene expression for
this gene (and tissue), but the results were not straight-
forwardly attributable to R queens’ increased egg-laying
rate. This is because the results in R queens for brain and
ovaries and for C queens for ovaries were consistent with
the previous study’s results for unmanipulated reproduc-
tive queens [30], and the results in C queens for brain and
fat body were consistent with the previous study’s results
for unmanipulated reproductive workers [30]. Fourth, as
mentioned, R queens overall showed fewer age-related
gene expression differences than C queens (Fig. 5), which
is unexplained if gene expression changes were driven
primarily by the increased reproduction of R queens.
Lastly, if age-related gene expression changes were driven
primarily by this factor, one might have expected to see
such changes mainly in fat body [30, 55] and ovaries (as
ovaries must be more active if egg-laying rate increases),
but in fact such changes occurred mainly in brain and fat
body, with very few changes occurring in ovaries (Fig. 5).

Intriguingly, there was a close similarity in gene expres-
sion profiles across treatments between queens of differ-
ing relative ages (R:TP2 queens, 60% mortality vs C:TP1
queens, 10% mortality) but similar chronological ages (85
vs 89 days old, respectively). Although there appeared
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not to be a common gene expression trajectory for both
R and C queens, queens of almost identical chronological
age showed similar gene expression profiles (Fig. 4; Addi-
tional file 1: Fig. S15) despite their different longevities
and costs of reproduction. Therefore, it is possible that
age-related changes in gene expression profile caused by
the treatment, which were associated with the marked
reduction in longevity of R queens, occurred predomi-
nantly with respect to queens’ relative age and not their
chronological age. Solitary insect species do not show
such invariance with chronological age [56, 57]. Hence,
these results raise the possibility that B. terrestris queens
may have undergone a partial remodelling of the genetic
and endocrine networks that regulate ageing and repro-
duction such that the overall profile of age-related gene
expression in unmanipulated queens depends more on
chronological age than relative age. As described above,
this conceivably represents a step in the route to the
complete remodelling hypothesised to have occurred in
more advanced eusocial species. However, for this possi-
bility to be confirmed, further studies characterising age-
related gene expression across a wider range of relative
and chronological ages in eusocial and solitary species
would need to be conducted.

Conclusions

Experimental life-history data from B. terrestris support
the occurrence of latent costs of reproduction to longev-
ity in annual eusocial insects of intermediate social com-
plexity and suggest that queens of such species exhibit
condition-dependent positive fecundity-longevity associ-
ations. The accompanying gene expression profiling data
also raise the possibility that some degree of remodel-
ling of the genetic and endocrine networks underpinning
ageing has occurred in intermediately eusocial species.
Therefore, as others have suggested [37, 38], under-
standing costs of reproduction and their genetic under-
pinnings remains central to explaining the evolutionary
trajectory of the effects of eusociality on ageing and life
history.

Methods

Colony maintenance

We obtained 75 young B. . audax colonies (mean [SD]
number of workers=9.1 [3.9]) from Biobest Group
NV (Westerlo, Belgium; supplier product number:
BB121040-CF2) on 28 March 2019. The queens of these
colonies had been placed into hibernation on 22 Octo-
ber 2018 and their hibernation had ended on 18 Febru-
ary 2019 (Annette Van Oystaeyen, Biobest Group NV,
personal communication). On receipt we transferred
all colonies to wooden nest-boxes (17 X27.5X16 cm)
with clear Perspex lids. We kept colonies at 28 °C and
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60% RH under constant red light and provided them
with ad libitum sugar solution and pollen throughout
the experiment. We set aside four colonies as ‘source
colonies’ because either their queen had died on arrival
(two colonies) or they contained more than 20 workers
(two colonies). The remaining 71 ‘experimental colo-
nies’ contained a living queen and 3—-17 workers (mean
8.4 workers per colony) on receipt. We used the source
colonies, supplemented by four additional source colo-
nies obtained on 3 July 2019, to provide callow workers
and brood to the 71 experimental colonies throughout
the experiment. The study’s overall aim and design are
summarised in Fig. 1.

To assign the experimental colonies to each treatment
and to control for the effect of initial colony size (worker
number) on queen fertility and longevity, we paired each
colony with the colony closest to it in size, producing
35 colony pairs, and then randomly selected (using the
RAND() function in Microsoft Excel) one colony from
each pair for each treatment. The single unpaired colony
remaining was randomly assigned to the R treatment.
Hence, this procedure created 36 R (Removal) colonies
and 35 C (Control) colonies. These sample sizes (allowing
for the planned removal of subsets of queens for mRNA-
seq) were in line with a power analysis (for detecting a
difference in queen longevities of at least 10 days at
power>0.8) conducted in advance using known vari-
ances in queen longevity [16].

For the remainder of the experiment, we maintained
the number of workers within each experimental colony
in both R and C treatments at 20 workers, which lies
within the range of sizes found in field B. terrestris colo-
nies (mean [range] number of workers=35.6 [11-75])
[58]. To achieve a constant worker number, we marked
each worker initially present with white Tipp-Ex (Bic, Ile-
de-France, France) applied to its thorax. We then contin-
ued to mark and count workers as they eclosed every day
until the colony acquired 20 workers, removing excess
workers, identified as any workers without marks, after
this point. Most excess workers were callows, identified
from their less pigmented coats (the remainder being
up to 2 days old). We used the excess callow workers
together with callow workers from the source colonies
to bring the number of workers in colonies with fewer
than 20 workers to the required level (B. terrestris colo-
nies will accept non-nestmate callow but not adult work-
ers [59]). Once a colony had 20 workers, we continued
to remove excess workers or to add callow workers to
maintain worker number at 20 per colony. In addition,
we removed all dead workers and, as they eclosed, all
new (virgin) queens and males. In each case, to assess any
effect of worker removals and deaths on queen longev-
ity, we recorded the numbers of excess and dead workers
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removed from each colony and callow workers added to
each colony (see ‘Results’).

Experimental manipulation and colony fertility
To ensure that all experimental colonies could produce
eggs, we defined day 1 of the experiment as the first day
on which new egg cells were present in every colony
across all colonies (1 April 2019). (In B. terrestris, eggs
are laid into waxen egg cells, with several eggs being
laid per cell.) To monitor new egg-cell production, we
used a marker pen to map, on a clear acetate sheet fas-
tened to the Perspex lid of the nest-box, the positions
of all egg cells for each colony daily. To measure colony
fertility (colony egg production including worker-laid
eggs from day 1 until the last queen death on day 158),
we counted the numbers of egg cells and the number of
eggs within them once every 2 days (‘count days’) from
each experimental colony. These included: (1) 2 count
days (days 1 and 3) before the R and C treatments were
started (on day 3); and (2) every count day until each
queen’s death. The day 1 and 3 counts were conducted
to measure queen fertility before treatments were begun.
For these counts, we carefully removed and opened all
new egg cells in each colony, counted the eggs in each
cell, resealed the cells, and placed them back into their
previous positions in each colony. From day 3, we imple-
mented the two treatments as follows: (1) R: we removed
and opened each new egg cell, counted the eggs inside,
removed the eggs, resealed the empty cell, and placed it
back into its previous position in the colony; (2) C: we
removed and opened each new egg cell, counted the eggs
inside, and, leaving the eggs in place, resealed the cell and
placed it back into its previous position in the colony.
This manipulation proved effective in, as intended, caus-
ing R queens to increase their egg-laying rate: from the
data on during-treatment mean queen fertility (Fig. 2a),
estimated egg-laying rates (mean + SD) of R and C queens
were, respectively, 52.5+18.5 eggs and 25.9+9.35 eggs
per 48-h period. Although the manipulation therefore
caused queen egg-laying rate to approximately double
in R queens, it is unlikely that this exceeded the typical
limits of egg production by queens. First, during treat-
ment, over 50% of R queens had egg-laying rates within
the range of egg-laying rates shown by C queens (Fig. 2a).
Second, the mean egg-laying rate of R queens was within
three standard deviations of that of C queens ([52.5—
25.9]/9.35=2.8). Overall, therefore, the elevated egg-
laying rates of R queens did not exceed typical limits of
natural variation as shown by unmanipulated (C) queens.
We used these count data to produce two separate indi-
ces of queen fertility for each colony: (1) baseline mean
queen fertility, i.e. the mean of the egg counts across each
count day before experimental manipulations had begun
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(days 1 and 3); and (2) during-treatment mean queen fer-
tility, i.e. the mean of the egg counts across each count
day after experimental manipulations had begun up
to the point when worker egg-laying was first observed
(days 5-25). Some B. terrestris workers lay unfertilised,
male eggs at a characteristic point in the colony cycle,
the ‘competition point’ [60], and the first of these in
any colony was observed on day 26; hence, measures of
queen/colony fertility were separated into those taken
before and after day 26, as the latter would have included
a mixture of queen- and worker-produced eggs. As we
observed no worker egg-laying in any colony before day
26, we counted all eggs laid before day 26 as queen-laid
eggs (to yield baseline and during-treatment mean queen
fertility). To check that our method of observing colonies
for worker egg-laying at 4-day intervals (see ‘Observed
worker aggression and observed worker egg-laying,
‘Methods’) did not affect our finding that R queens
showed higher egg-laying rates than C queens (see
‘Results’), we repeated our analysis comparing queen fer-
tility in R and C colonies over days 5-21 instead of days
5-25 (there being four full days between day 21 and day
26, the day on which worker egg-laying was first observed
in any colony). This showed there was a significant
increase in during-treatment mean queen fertility (as
measured over days 5-21) across both groups (6=0.787,
Seb=0.098, z=8.008, p<0.001), and that this increase
had a significant interaction with treatment (b=0.568,
Seb=0.142, z=3.997, p<0.001), with R queens produc-
ing approximately twice as many eggs over days 5-21 as
C queens (mean [95% CI] eggs per 48-h period: R, 47.3
[41.4, 54]; C, 25.3 [22, 29.1]). Therefore, we found that
R queens had a significantly higher egg-laying rate than
C queens (approximately double) regardless of whether
queen fertility was measured to day 25 or day 21.

Queen longevity

To measure queen longevity, we checked each queen
daily. Once a queen had died, we recorded her date
of death, removed her, and froze her and her colony
at—20 °C. Therefore, queen longevity was calculated as
the number of days between day 1 and the queen’s date
of death. One C queen (Q57) escaped during the count
process and was therefore excluded from further analysis.

Observed queen activity

As queen longevity was potentially affected by queens’
overall activity level, every 4 days (‘observation days,
which occurred on days without egg counts/manipu-
lations), we recorded whether each queen was active
(walking/running or engaged in egg-laying/aggression
behaviours) or inactive (not engaged in these behaviours)
during a brief (i.e. of a few seconds) observation period.
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These data were used to calculate ‘Observed queen activ-
ity’ (proportion of queens that were classified as active, in
each treatment, per observation day). After the observa-
tion period, we physically carried the nest-box to a moni-
toring station and then recorded the queen’s response
(previously active queen increases her movement
speed and previously inactive queen becomes active, as
defined above) or non-response (none of these events
occurs). These data were used to calculate ‘response to
disturbance’ (proportion of queens that responded to
disturbance relative to those that did not respond to dis-
turbance, in each treatment, per observation day).

Observed worker aggression and observed worker
egg-laying

In B. terrestris, removing queen eggs increases worker-
to-queen aggression [45] and worker egg-laying is asso-
ciated with worker-to-queen and worker-to-worker
aggression [61]. We therefore sought to equalise worker
aggression across R and C treatments by removing egg-
laying and/or aggressive workers from all colonies [46].
For this, every 4 days, following each response to dis-
turbance test (above), we observed the workers in each
colony for 10 min. During this observation period, we
recorded ‘observed worker egg-laying’ (defined as the
number of worker egg-laying events observed in this
period per colony per observation day) and ‘observed
worker aggression’ (defined as the number of aggres-
sive incidents directed by workers [62] towards the
queen observed in this period per colony per observa-
tion day). We also recorded ‘onset of worker egg-lay-
ing’ (defined as the first day that we observed a worker
egg-laying event in each colony), and ‘onset of worker
aggression’ (defined as the first day that we observed a
worker-to-queen aggressive incident in each colony).
(The fact that, when observed, worker egg-laying events
and worker aggression occurred at rates of 1-5 per col-
ony per 10-min observation bout (Figs. 2c and 3c) sug-
gested that our level of observation was enough to detect
the onset and frequency of these behaviours sufficiently
accurately. Consistent with this, these methods yielded
an estimated competition point date of 37 days from
first worker eclosion [26 days to first observed worker
egg-laying+ 11 days from first worker eclosion to day 1
of the experiment, as estimated from mean size of colo-
nies on receipt], which matches estimates of the timing
of the competition point in previous studies [16, 60, 63]).
We recorded worker-to-queen but not worker-to-worker
aggression as only worker-to-queen aggression was
expected to have effects on queen longevity. Queen-to-
worker aggression was not observed at any stage during
the experiment. We also removed any egg-laying worker
or aggressive (towards the queen) worker that was
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observed during the observation period and replaced it
with a marked callow worker from a source colony or
another experimental colony. Time spent removing and
replacing workers was not included in the 10-min obser-
vation period.

Digital filming

To supplement the data on queen and worker behaviour
obtained from the direct observations, we also filmed
each colony using Sony CDR-CX190 digital camcord-
ers (Sony, Tokyo, Japan) under white light for 1 h on 2
days during the experiment. These 2 days (days 48 and
99) were chosen to coincide with TP1 and TP2 in the
C queens (Fig. 1b; see also ‘Collection of queens for
mRNA-seq’ below). The films were viewed during play-
back and the following metrics were quantified using the
behavioural software package BORIS [64]: ‘filmed queen
activity’ (the amount of time a queen was active during
filming, per colony, per film period; activity defined as
for observed queen activity); ‘filmed worker egg-laying’
(the number of worker egg-laying events recorded during
filming, per colony, per film period); and ‘filmed worker
aggression’ (number of worker aggressive incidents that
were caught on film, per colony, per film period; aggres-
sive incidents defined as for observed worker aggression).
All film data were collected blindly with respect to colony
treatment. We filmed all colonies whose queens were still
alive at the time of each film period. These comprised
25 R colonies and 33 C colonies in the first film period
(day 48) and 8 R colonies and 20 C colonies in the second
film period (day 99). We analysed film from all R colo-
nies (N=38) filmed in both periods and a set of C colonies
(N=9) randomly selected from the 20 C colonies filmed
in both film periods.

Brood transfer between colonies

Because R colonies produced no larvae (as all their eggs
were removed), we equalised the number of third/fourth-
instar larvae and pupae across R and C colonies. We did
this every 4 days (on the same days we conducted direct
observations) by first removing some of the larvae and
pupae from the C and source colonies. The number of
these brood items removed was the maximum that could
be removed without disturbing the egg cells, equating
to 10-20 third/fourth-instar larvae or pupae per colony
during each removal. We then divided the removed
brood into two sets of equal size and placed each half
into another randomly selected experimental colony. This
ensured that all R and C colonies contained third/fourth-
instar larvae and pupae and that these brood items had a
common origin (i.e. a different C or source colony).
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Collection of queens for mRNA-seq

To prepare for sampling a subset of queens for RNA
extraction, at the start of the experiment we randomly
assigned each queen to two subgroups within each treat-
ment, G1 (N=20) and G2 (N=15). (The additional R
colony was not assigned to either subgroup or sampled
for RNA.) Within each treatment, at TP1, when 10%
(2/20) of the G1 queens had died, we randomly selected
and removed six queens (termed TP1G queens) from the
remaining G1 queens, flash froze them in liquid nitrogen
and stored them at—80 °C. Similarly, at TP2, when 60%
(9/15) of G2 queens had died, we randomly sampled the
remaining six queens (termed TP2G queens) in G2 in the
same way. The 10% and 60% mortality thresholds were
selected to represent time-points marking the occur-
rence of low and high mortality, respectively, during the
B. terrestris queen lifespan. Patterns of ageing have previ-
ously been detected prior to and spanning these relative
time-points in D. melanogaster [57, 65]. We used relative
time-points [57, 66, 67], not ones based on absolute time,
to account for potentially different ageing rates across the
treatments (caused by differently shaped mortality curves
if H1 is true) and to facilitate comparisons with other
species. Hence, using this approach, we collected queens
for RNA extraction at two time-points within each treat-
ment (corresponding to the points of 10% (TP1) and 60%
(TP2) queen mortality). The non-sampled G1 and G2
queens (termed life-history queens) were used to pro-
vide the queen longevity data, and all queens were used
for egg count and behavioural data until they died or
were sampled (Additional file 2: Table S23). Therefore,
final queen sample sizes were as follows: R'TP1G (N=6),
R:TP2G (N=6), Riife-history (N=24); C:TP1G (N=6),
C:TP2G (N=6), C:life-history (N=22) (Additional file 2:
Table S23).

Tissue dissections, RNA extraction, and mRNA-seq
For each TP1G and TP2G queen, we dissected out the
brain, fat body, and ovaries and flash froze all tissues in
liquid nitrogen, storing each tissue from each queen
individually at—80 °C for later RNA extraction. We also
measured the length of the marginal cell in each fore-
wing (and calculated the mean marginal cell length)
as an index of body size [68] in all queens (except Q57)
using a Zeiss Discovery v12 Stereo microscope (Zeiss,
Oberkochen, Germany) with Axiovision software (Zeiss).
For RNA extraction, we first fragmented the tissue
in liquid nitrogen using a micropestle. We then added
Tri-reagent (Sigma-Aldrich, Gillingham, Dorset, UK)
at the level of 1 ml for each estimated 100 pg of tissue.
We extracted RNA using the Direct-zol" RNA extrac-
tion kit (Zymo Research, Irvine, CA, USA) according to
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the manufacturer’s protocol. We also performed an addi-
tional DNase treatment using the Turbo" DNA-free kit
(Thermo Fisher Scientific, Loughborough, UK) accord-
ing to the manufacturer’s protocol. There was insuffi-
cient RNA for mRNA-seq from one TP2G brain sample
in each treatment, so these two samples were excluded
from further analysis. Using these procedures, we gen-
erated six biological replicates for each of the three tis-
sues, two RNA subgroups (TP1G and TP2G), and two
treatments (R and C), excepting two TP2G brain samples
for which there were 5 biological replicates, leading to
a total of 72 (6X3Xx2x%2) minus 2=70 RNA samples in
total (Additional file 2: Table S23). These were sent to a
sequencing provider (Edinburgh Genomics) for Illumina
100 base pair, paired-end sequencing on two lanes of a
NovaSeq6000 sequencer, creating two technical repli-
cates for each biological replicate.

Statistical analysis of fertility, life history, and behavioural
data

We conducted all statistical analyses with the R (ver-
sion 4.0.1) statistical programming platform in Rstudio
[69], using the ‘stats, ‘lme4; ‘glmmTMB; and ‘survival’
packages. We used generalised linear mixed models
(glmms) to investigate the effects of treatment on queen
and colony fertility, longevity, worker egg-laying, worker
aggression, and queen activity. For the glmms, we created
versions of each model with individual fixed effects (and
random effects where appropriate) included or excluded
and used the Akaike Information Criterion (AIC) to
determine the final model with the best fit to the data.
To determine the significance of the fixed effects of all
glmms, we compared the final model with a null model
(all fixed effects removed) using a likelihood ratio test
(Additional file 2: Table S24). To conduct the glmms
with negative binomial error distribution, we used the
‘nb.glmer’ function in Ime4, and to conduct glmms with
Poisson error distribution for zero-inflated count data,
we used the glmmTMB function in the glmmTMB pack-
age. All other glmms were conducted with the lme4 pack-
age in R. We used Cox’s proportional hazards survival
analysis with the ‘coxph’ and ‘coxme’ functions from the
‘survival’ and ‘coxme’ packages to determine the effect of
treatment on queen longevity for the life-history queens
(i.e. censoring TP1G queens, TP2G queens, and Q57 in
the models) and to investigate the effects of treatment
on the onset of worker egg-laying and worker aggres-
sion. For all Cox’s proportional hazards analyses, we used
graphical (by plotting the Shoenfield residuals against
time) and analytical tests (using the cox.zph() function in
the survival package) to ensure there were no violations
of the proportional hazards assumption. We also tested
for outliers in the Cox’s proportional hazards analysis by
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calculating the deviance residuals for each observation
(using the ggcoxdiagnostics() function in the ‘surv_miner’
package).

We first tested for the effect of treatment on mean
queen fertility. The model consisted of a glmm with nega-
tive binomial error distribution to account for overdis-
persion. Treatment and a binary variable (representing
the periods before and after experimental manipulations
were started) were fitted as fixed effects and ID (the
unique number given to each queen/colony; Additional
file 2: Table S23) was fitted as a random effect. We also
used a glmm with negative binomial error distribution
to test the effect of treatment on colony fertility (i.e. the
egg count for each colony, including worker-laid eggs, on
each count day until the last queen death on day 158) as
a function of time, with treatment and experimental day
(fitted as a quadratic term to account for its non-linear
effect on fertility) as fixed effects in the model. We cre-
ated versions of the model that included random effects
for ID and experimental day. The model with the lowest
AIC included ID and experimental day as random effects
(Additional file 2: Table S24).

To test whether colony fertility was affected by worker
egg-laying, we used zero-inflated glmms with binomial
error distribution to determine whether there were any
differences in the levels of observed worker egg-laying
between R and C colonies. The data were not found
to be overdispersed. We fitted treatment and day as
fixed effects and we created versions of the model that
included random effects for ID and experimental day.
The model was compared with and without these terms
using AIC to determine the best model fit. The model
with the lowest AIC included ID and day as random
effects (Additional file 2: Table S24). We did not statis-
tically analyse the number of filmed worker egg-laying
events, as only nine workers were observed laying eggs
in the total 32 h of analysed digital film. In addition, we
used Cox’s proportional hazards survival analysis to
determine the effect of treatment on the onset of worker
egg-laying. We included all colonies in the model, includ-
ing colonies in which worker egg-laying was not observed
(in each case these were censored on the day the queen
died in each colony). This model showed a decline in
the regression coefficients with time, which indicated a
violation of the non-proportional hazards assumption.
The decline was driven by three censored R queens (Q5,
Q56 and Q70) with large (< —2) residual deviance values.
The proportional hazards assumption was met when we
excluded these individuals (rather than censoring them)
and excluding them did not change the predictions of the
model. Therefore the final Cox’s proportional hazards
model of worker egg-laying that we report excluded these
individuals.
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We used a negative binomial glmm to determine
whether the following variables (all expressed in units of
numbers of workers) were significantly different between
treatments to control for their potential influence on
queen longevity: callow workers added, excess work-
ers removed, dead workers removed, egg-laying work-
ers removed, and aggressive workers removed. For each
of these variables, including age (the number of days
between day 1 and queen death) as a fixed effect sig-
nificantly improved the model fit (lower AIC, likelihood
ratio test p<0.05), so it was included in the final model
(Additional file 2: Table S24).

We used Cox’s proportional hazards survival analysis
to determine the effect of treatment on queen longev-
ity. Life-history queens were included in the model, and
the queens sampled for RNA (TP1G and TP2G queens)
and Q57 were included as censored individuals. As dur-
ing-treatment mean queen fertility (Fig. 2a, b), observed
worker egg-laying (Fig. 2c), excess workers removed and
egg-laying workers removed were significantly differ-
ent between R and C colonies, we included these effects
as additional fixed effects to control for their effect on
queen longevity. Although observed worker aggres-
sion was not significantly different between R and C
colonies (Fig. 3c), we also included this as an additional
fixed effect. To account for larger numbers of observa-
tions for older colonies, each variable was converted into
a per-colony rate. The per-colony rates were calculated
by summing all values for the given variable across the
total number of observation periods and then dividing
by the total number of observation periods for each col-
ony. We then produced one iteration for each variant of
the Cox’s proportional hazards model of queen longev-
ity where each per-colony rate (during-treatment mean
queen fertility, observed worker egg-laying, observed
worker aggression, excess workers removed, and egg-
laying workers removed) was included as an additional
fixed effect to control for its effects on queen longevity.
We also compared the model with a model in which mar-
ginal cell width was included as a fixed effect to control
for the potential effect of body size on queen longevity.
The model was compared with and without these terms
using AIC to determine the best model fit. Indepen-
dently adding excess workers removed as a fixed effect,
but not the other variables (marginal cell width, during-
treatment mean queen fertility, observed worker egg-
laying, observed worker aggression, egg-laying workers
removed), significantly improved the model fit (lower
AIC value, likelihood ratio test p<0.05) compared to
the model with all these variables removed. Therefore,
the final reported Cox’s proportional hazards model of
queen longevity included treatment and excess work-
ers removed as fixed effects and none of the other
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variables were included in the final model (Additional
file 2: Table S24).

To further test whether queen longevity was affected
by worker aggression, we used zero-inflated glmms with
Poisson error distribution to determine whether there
were any differences in the levels of observed worker
aggression between R and C colonies. As with observed
worker egg-laying, we fitted treatment and day as fixed
effects and we created versions of the model that included
random effects for ID, experimental day, and treatment.
The model was compared with and without these terms
using AIC to determine the best model fit. The model
with the lowest AIC included ID and day as random
effects. We also tested whether there were any differences
in the levels of filmed worker aggression between the
R and C colonies for which we had film data. As filmed
aggression rates were low (0.5 incidences per colony per
hour of digital film), we analysed filmed worker aggres-
sion as a binary index indicating whether aggression was
observed/not observed during each film period in each
colony. We then used a glmm with binomial error distri-
bution to test whether treatment and film period affected
the filmed worker aggression index within colonies. In
this model, colony ID was fitted as a random effect; how-
ever, this model fitted the data less well (higher AIC) than
the null model (the intercept-only model with all fixed
effects removed; Additional file 2: Table S24). We used
Cox’s proportional hazards survival analysis to determine
the effect of treatment on the onset of worker aggression.
We included all colonies in the model, including colonies
where worker aggression was not observed (these colo-
nies were censored on the day the queen died in each
colony).

We used glmms with binomial error distributions
to determine whether there were any differences in
observed queen activity, which was fitted as a binary
response variable. We fitted treatment and day as
fixed effects and we created versions of the model that
included random effects for ID and experimental day.
Each model was compared with and without these terms
using AIC to determine the best model fit. The model
with the lowest AIC that still included treatment also
included ID and day as random effects; however, this
model fitted the data less well (higher AIC) than the null
model (Additional file 2: Table S24). We also used glmms
with binomial error distributions to determine whether
there were any differences in queen response to distur-
bance, which was fitted as a binary response variable.
We fitted treatment and day as fixed effects and we cre-
ated versions of the model that included random effects
for ID and experimental day. Each model was compared
with and without these terms using AIC to determine the
best model fit. The model with the lowest AIC included
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ID and day as random effects. To test whether there
were any differences in filmed queen activity, we used a
glmm with binomial error distribution with the number
of seconds a queen spent active, relative to total number
of seconds she was filmed during each film period, fitted
as the response variable, and treatment and film period
fitted as fixed effects. We created versions of each model
that included random effects for ID and film period. The
model with the lowest AIC included ID as a random
effect (Additional file 2: Table S24).

Lastly, to test whether there was significant rela-
tionship between queen fertility and queen longevity
within each treatment (Additional file 1: Fig. S1), we
used an ANCOVA to determine the combined effects
of treatment and longevity on during-treatment mean
queen fertility. We used graphical and analytical tests
to ensure that there were no violations of the ANCOVA
assumptions of homogeneity of variance (Levene’s test,
p=0.115) and normality of residuals (Shapiro—Wilk
test, p=0.410).

Bioinformatic analysis

Quality assessment of mRNA-seq reads

We used several complementary approaches to assess the
quality of the mRNA-seq reads. First, we used FastQC
v0.11.9 [70] to examine a range of quality measures
including base quality and potential adapter contami-
nation in each sample, with the results for each sample
combined into a report for each tissue (brain, fat body,
and ovaries) using the MultiQC v1.9 python library [71]
with Python v3.7 [72] (Additional files 3, 4 and 5). Sub-
sequently, we aligned reads against the Bombus terrestris
genome (Bombus_terrestris.Bter_1.0.dna.toplevel.fa) [73]
using HISAT2 v2.1.0 [74] and recorded mapping statis-
tics (Additional file 2: Table S25). We used the HISAT2
alignment files to assess gene body coverage and junction
saturation using the RSeQC v3.0.1 Python library [75]
with Python v3.7. These approaches showed that some
samples in each tissue had large numbers of overrepre-
sented sequences and atypical per-sequence GC con-
tent (as assessed with FastQC), and low read alignment
(6.4—-69.5%) (as assessed with HISAT2). We examined
several of the overrepresented sequences with BLAST
(https://blast.ncbi.nlm.nih.gov/Blast.cgi)  [76], using
blastn against the nr/nt database, which suggested that
the sequences originated from bee viruses.

To further investigate the identity of reads not mapping
to the B. terrestris genome, we pseudoaligned reads to the
Holobee database (HB_Bar v2016.1) (https://data.nal.usda.
gov/dataset/holobee-database-v20161) with Kallisto v0.46.1
[77]. This is a curated database of publicly accessioned
nucleotide sequences from honeybee (A. mellifera) holo-
bionts (no similar resource exists for bumblebees, which
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belong to the same family, the Apidae, as Apis). Examining
the normalised read counts revealed 10 sequences, from 8
different holobionts, that had >500 total counts in at least
2 out of the 3 tissues (Additional file 2: Tables S26—S28).
Plotting the normalised counts against the percentage of
reads aligned to the B. ferrestris genome with HISAT?2 for
each sample in fat body revealed a negative relationship in
two holobiont sequences, both from slow bee paralysis virus
(SBPV) (Additional file 1: Fig. S16). These results imply that,
in these libraries, large numbers of SBPV reads were present
that caused low percentages of reads to align to the B. ter-
restris genome. The same trend was seen in brain and to a
lesser extent in ovaries (Additional file 1: Fig. S17). Over-
all, SBPV viral RNA was observed in 11/23 brain samples,
12/24 fat body samples, and 12/24 ovaries samples. In each
case, if a given queen showed SBPV viral RNA sequences to
be present in one tissue, these sequences were also present
in the other two tissues sampled, suggesting that 12 queens
in total were infected with SBPV (with one such queen not
yielding a brain sample that underwent mRNA-seq). Of the
12 infected queens, 4 were R queens and 8 were C queens.
SBPV is found in wild B. terrestris [78], and, in conditions
of normal feeding (as in the current study), B. ferrestris
workers experimentally infected or not infected with SBPV
showed no differences in longevity [79]. The latter finding
suggests that SBPV does not affect the expression of age-
ing-related genes in B. terrestris. Nonetheless, we assessed
whether the presence of SBPV was likely to significantly
alter gene expression in the samples by examining sample
clustering, based on gene expression, using a principal com-
ponent analysis (PCA). We pseudoaligned reads to the B.
terrestris transcriptome (Bombus_terrestris.Bter_1.0.cdna.
all.fa) with Kallisto v0.46.1 [77], with estimated transcript
counts being summarised per gene with tximport v1.22.1
[80], followed by differential expression analysis and data
visualisation using DESeq2 v1.34.0 [81]. We first assessed
the variation in gene expression between technical repli-
cates of the same biological replicate and found that tech-
nical replicates were extremely similar (data not shown).
Therefore, in all subsequent analyses, we collapsed technical
replicates using the collapseReplicates() function in DESeq?2.
The subsequent PCA plot revealed that samples in each tis-
sue clustered by treatment and/or time-point, rather than
by presence of SBPV (Additional file 1: Fig. S18), suggesting
that the presence of SBPV was unlikely to significantly alter
gene expression in the samples.

To further assess whether the presence of SBPV was
likely to significantly alter the number and identity of
DEGs, we performed differential expression analysis
using DESeq2 with an FDR adjusted p-value threshold
of 0.05 and the model ~ condition, in which condition
was a categorical factor denoting the combined treat-
ment and time-point of a sample, for two subsets of
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samples: these were samples that had very large num-
bers (85,665-22,546,361 aligned reads) of SBPV reads
(termed ‘with virus’ samples), and samples that had
very low numbers (3—-6718 aligned reads) of SBPV reads
(termed ‘no virus’ samples as very low number of virus
reads were present and there was no evidence that they
affected numbers of other reads aligning to the B. ter-
restris genome; Additional file 1: Fig. S17) (Additional
file 2: Tables S26—S28). Differential expression analysis
was conducted only when a minimum of two biological
replicates for each treatment/time-point could be com-
pared, resulting in six analyses being conducted for ‘no
virus’ samples (two treatment/time-point combinations
(R:TP1G vs. R:TP2G and R:TP2G vs. C:TP2Q) in three
tissues (brain, fat body and ovaries)) and two analyses
being conducted for ‘with virus’ samples (one treatment/
time-point combination (R:TP2G vs. C:TP2G) for two
tissues (brain and ovaries)). The identities of the DEGs
were then compared to genes differentially expressed
when all the samples (‘all samples’) were analysed. Over-
all, numbers of DEGs were smaller in ‘no virus’ and ‘with
virus’ (Additional file 1: Fig. S19), as expected when
using relatively few biological replicates [82, 83]. We
found a large degree of overlap between DEGs returned
by ‘all samples’ and those returned by either ‘no virus’
or ‘with virus’ samples (Additional file 1: Fig. S19). Spe-
cifically, across comparisons with >50 DEGs, ‘with virus’
samples returned a mean (range) of 7.86% (2.45-12.7%)
of DEGs not returned by ‘all samples; and ‘no virus’ sam-
ples returned a mean (range) of 3.41% (0.24—8.23%) of
DEGs not returned by ‘all samples’ (Additional file 1: Fig.
$19). Since these values are low, it again appeared that
the presence of some queens with virus did not affect the
conclusions of the mRNA-seq analysis. In addition, to
address potential effects on comparisons with <50 DEGs
in this reanalysis, and to further test for any influence
of virus presence, we repeated our analysis testing for
overlaps in age-related DEGs between R and C queens
(Fig. 5) using ‘no virus’ R samples alone. This reanalysis
returned no significant overlaps in 3/6 comparisons and
significant overlaps in 3/6 comparisons. (The significant
overlaps were as follows: (a) in brain, 11/23 of the DEGs
upregulated in R were also upregulated in C (Fisher’s
exact test, #=0.0167, p=1.49x107°); (b) in brain, 2/4
of the DEGs downregulated in R were also downregu-
lated in C (Fisher’s exact test, a=0.0167, p=>5.3x 107%);
and (c) in ovaries, 6/7 of the DEGs upregulated in R were
also upregulated in C (Fisher’s exact test, =0.0167,
p=7.38x1072).) Between the original analysis and this
reanalysis, 4/6 comparisons returned the same pattern
(the 2/6 differences were that, in fat body, downregulated
DEGs changed from significantly overlapping to not
significantly overlapping, and, in ovaries, upregulated
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DEGs changed from not significantly overlapping to
significantly overlapping). Overall, the finding of no
significant overlaps in 3/6 comparisons and significant
overlaps in 3/6 comparisons was the same as that of the
analysis using all samples (see ‘Age-related gene expres-
sion, ‘Results’).

Accordingly, we did not exclude any samples from the
analysis on the basis of SBPV presence. However, we
included in the gene expression analyses only samples
exceeding a minimum threshold of 12 million pseudoa-
ligned read pairs per sample (from the two technical
replicates combined), so prioritising biological repli-
cation over sequencing depth as being more informa-
tive in such analyses [82, 83]. Two fat body samples (C
TP2G biological replicates 4 and 6) did not meet this
threshold and so we excluded them from the subse-
quent analysis.

Overall, a total of 68 samples met the quality threshold
and were analysed, yielding final queen sample sizes for
the mRNA-seq differential gene expression analysis as
follows: brain: R:TP1G (N=6), R:TP2G (N=5); C:TP1G
(N=6), C:TP2G (N=5); fat body: RTPIG (N=6),
R:TP2G (N=6); C:TP1G (N=6), C:TP2G (N=4); ova-
ries: R'TP1G (N=6), R:'TP2G (N=6); C:TP1G (N=6),
C.TP2G (N=6).

Differential gene expression between time-points

within treatments

We performed differential expression analysis using
DESeq2 (FDR adjusted p-value threshold of 0.05) and the
model ~ virus + condition, in which virus was a categori-
cal factor denoting the presence of many SBPV-aligning
reads in a sample and condition was a categorical factor
denoting the combined treatment and time-point of a
sample. We produced boxplots of the normalised count
data and principal component analysis from DESeq2 for
each tissue to check normalisation and library cluster-
ing, respectively (Additional file 1: Figs. S20 — S22). This
procedure generated four lists of DEGs from the differen-
tial expression analysis for each tissue: genes more highly
expressed in TP2 than TP1 (upregulated genes) and
genes more highly expressed in TP1 than TP2 (down-
regulated genes) for both R and C treatments (Additional
file 2: Tables S4—S6).

Gene Ontology (GO) enrichment analysis

To perform GO enrichment analysis, and compara-
tive analyses with other gene lists, we used Orthofinder
v2.5.2 [84] to identify orthologues between B. terrestris,
D. melanogaster, and A. mellifera. D. melanogaster sin-
gle-copy orthologues for B. terrestris DEGs were used
for GO enrichment analysis, as GO annotations for D.
melanogaster are much more complete. GO enrichment
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analysis was then performed in R (v4.1.3) [69] via the
clusterProfiler package (v3.16.1) [85] using biological
processes GO annotations from the org.Dm.eg.db pack-
age (v3.11.4) [86]. We used an over-representation test
[87] to identify GO terms that were significantly over-
represented (p<0.05 after adjustment for multiple test-
ing with Benjamini-Hochberg) in a set of DEGs against a
background consisting of all genes that were expressed in
the relevant tissue. Redundancy in the resulting enriched
GO terms was reduced using the GoSemSim package
(v2.14.2) [88, 89]. In ‘Results, we report as ‘enriched’ only
the significantly overrepresented non-redundant GO
terms.

Queen age-related gene expression between treatments

We performed Fisher’s exact tests to detect significant
overlaps between each pair of lists from R and C colo-
nies for each tissue (brain, fat body, and ovaries) and each
direction of differential expression with respect to age
(up- and downregulated with age), resulting in six com-
parisons in total. The tests were performed using custom
R (v4.1.3) scripts [69] adjusted for multiple testing using
Bonferroni correction.

Comparisons with age- and ageing-related genes from other
species

We compared lists of age-related genes in B. terrestris
queens from the analysis of differential gene expression
between time-points within treatments (current study)
with lists of age- or ageing-related genes reported from
other studies. For comparison with age-related genes,
we used gene lists from two D. melanogaster mRNA-
seq studies in which relative mortalities at sampling
were comparable to those in the current study and two
of the same tissues were studied, i.e. brain [50] and fat
body [49]. We downloaded the total gene list and the list
of genes that were differentially expressed (as defined by
each study) between the appropriate time-points. Pacif-
ico et al. [50] sampled at four time-points, so we used for
the comparisons genes differentially expressed between
5-day-old and 30-day-old adults, as relative mortalities at
these ages (5 days:~30% mortality, 30 days:~55% mor-
tality) were very broadly similar to those in the current
study. Chen et al. [49] sampled at two time-points, so we
used genes differentially expressed between these points
(5 days post eclosion, 50 days post eclosion). We also
compared our data with results of a study showing that
expression of vitellogenin increases with age in the head
of A. mellifera queens [90]. For comparisons with ageing-
related genes, we compared the DEGs from the current
study to the D. melanogaster genes in the GenAge data-
base [48], which catalogues experimentally validated,
ageing-related genes. In addition, we compared them
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with gene lists from the two recent studies hypothesis-
ing that genes from the TI-J-LiFe network [34] and enzy-
matic antioxidant gene set [36] play a role in ageing in
eusocial insects (see ‘Background’).

For all gene-list comparisons in these analyses, we
identified single-copy orthologues of the relevant genes
between B. terrestris and the comparison insect species
using the OrthoFinder results (see ‘Gene Ontology (GO)
enrichment analysis, ‘Methods’). We then performed
Fisher’s exact tests to detect significant overlaps between
lists of DEGs from B. terrestris R or C queens (current
study) and the lists of genes from the comparison spe-
cies/studies. We compared the DEGs from Pacifico et al.
[50] and Chen et al. [49] to the DEGs from B. terrestris R
and C queens in brain and fat body (respectively), com-
paring between lists of genes differentially expressed in
the same direction with respect to time (2 treatments X 2
tissues X 2 directions of differential expression=total of 8
comparisons). We compared the GenAge database gene
list to the combined up- and downregulated genes within
each treatment and tissue in the current study, as there
was no expectation as to whether the GenAge database
genes would be up- or downregulated with age (total 6
comparisons). We modified the approach taken by Korb
et al. [34] to compare the DEGs from B. terrestris (cur-
rent study) to the D. melanogaster orthologues in the
TI-J-LiFe network and the enzymatic antioxidant gene
set. For this, we combined up- and downregulated DEGs
within each treatment and tissue in the current study and
ranked them by log fold change in expression with time.
We then picked out the 50 genes with the most positive
log fold change and the 50 genes with the most negative
log fold change within each treatment/tissue (hereafter,
‘top+ 50 genes’). Likewise, where the number of DEGs
in a treatment/tissue allowed, we extracted the top + 100
genes, top +200 genes, top+300 genes, top+500 genes,
and all genes. We then compared the gene lists from the
TI-J-LiFe network and the enzymatic antioxidant gene set
to the available ‘top +” genes lists for each treatment/tis-
sue combination (total of 24 comparisons for each of the
TI-J-LiFe network and the enzymatic antioxidant gene
set gene lists). As before, we performed Fisher’s exact
tests using custom R (v4.1.3) scripts [69] and adjusted for
multiple testing using Bonferroni correction.

Differential gene expression comparison

between time-points across treatments (i.e. comparison
between relative and chronological age)

As R:'TP2 and C:TP1 queens were sampled at similar
chronological ages, we also compared gene expression
profiles between R and C queens. We conducted differ-
ential gene expression analyses in DESeq2 using an FDR
adjusted p-value threshold of 0.05. For the analysis of
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R:TP2 and C:TP1, this procedure generated two lists of
DEGs within each tissue: genes more highly expressed
in C:TP1 than R:TP2 (upregulated genes, i.e. increas-
ing expression with chronological age) and genes more
highly expressed in R:'TP2 than C:TP1 (downregulated
genes, i.e. decreasing expression with chronological age).
We then repeated this procedure to compare R:TP1 with
C:TP1, and R:TP2 with C:TP2. Overall, these analyses
resulted in 18 gene lists (3 comparisonsXx3 tissuesx2
upregulated/downregulated gene lists) (Additional file 2:
Tables S18—S520). We performed Fisher’s exact tests to
detect significant overlaps between each pair of gene lists
that overlapped in time period. We adjusted for multiple
testing using Bonferroni correction. The results showed
that only 7 genes were differentially expressed between
R:TP2 and C:TP1 (Fig. 4). We therefore sought to deter-
mine if these 7 DEGs were ageing-related by investigating
if they occurred in the Gen Age database, TI-J-LiFe net-
work or enzymatic antioxidant gene set genes. However,
this was not possible, as these 7 DEGs proved to have no
single-copy orthologues in D. melanogaster.

Abbreviations

C Control treatment
CTP1 Control treatment at time-point 1
CTP1G Individual queens in the control treatment that were sampled at

time-point 1 for mRNA-seq analysis
CTP2 Control treatment at time-point 2

CTP2G Individual queens in the control treatment that were sampled at
time-point 2 for mRNA-seq analysis

DEGs Differentially expressed genes

ETA Evolutionary theory of ageing

G1 Random subgroup of queens used for sampling TP1G within each
treatment

G2 Random subgroup of queens used for sampling TP2G within each
treatment

H1 Hypothesis 1

H2 Hypothesis 2

1S Insulin-insulin signalling

JH Juvenile hormone

R Egg removal treatment

RTP1 Egg removal treatment at time-point 1

RTP1G Individual queens in the egg removal treatment that were sam-

pled at time-point 1 for mRNA-seq analysis
RTP2 Egg removal treatment at time-point 2

RTP2G Individual queens in the egg removal treatment that were sam-
pled at time-point 2 for MRNA-seq analysis

SBPV Slow bee paralysis virus

TOR Target of rapamycin

Tl-)-LiFe  TOR/IIS-JH-Lifespan and Fecundity

TP1 Time-point 1

TP2 Time-point 2
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ovaries libraries.

Acknowledgements

We thank Ryan Brock, Liam Crowther, and Jenny Livesey for helpful comments
on the experimental design and statistical analysis and/or for assistance with
maintaining bee colonies; Annette Van Oystaeyen (Biobest Group NV) for
comments on the manuscript and for invaluable help in supplying young B.
terrestris colonies; and the editor and reviewers for comments improving the
final manuscript. The gene expression analysis was carried out on the High
Performance Computing Cluster supported by the Research and Specialist
Computing Support service at the University of East Anglia. Laboratory work
(library preparation and sequencing) was supported and performed by the
NERC Biomolecular Analysis Facility (NBAF) at the University of Edinburgh
(Edinburgh Genomics).

Authors’' Twitter handles
David Prince twitter handle: @davidprince84

Authors’ contributions

DH.C,D.CP,TC, and AFG.B. designed the study. D.H.C. and J.L.D. performed
the experimental manipulations, extracted the RNA samples, and recorded
the life-history data. D.H.C. analysed the life-history data and D.C.P. analysed
the mRNA-seq data. DH.C, D.C.P, and A.FG.B. wrote the manuscript and all
authors commented on drafts. T.C. and A.FG.B raised funding. All authors read
and approved the final manuscript.

Funding

This work was funded by the UK's Natural Environment Research Council
(NERC research grant reference number NE/RO00875/1). Edinburgh Genomics
is partly supported through core grants from BBSRC (BB/T017864/1) and NERC
(UKSBS PR18037).

Availability of data and materials

All data generated or analysed during this study are included in this published
article, its supplementary information files and publicly available reposito-
ries. Data on life history, behaviour, morphometrics, etc,, from this study are
available in Collins et al. [91]. The raw mRNA-seq sequencing data have been
deposited in the National Center for Biotechnology Information’s (NCBI's)
Gene Expression Omnibus (GEO) at https://www.ncbi.nlm.nih.gov/geo/ and
are available under series accession number GSE172422. The code used for the
analyses is available at https://zenodo.org/record/8014039 (https://doi.org/10.
5281/zen0do.8014039).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 25 August 2022 Accepted: 12 June 2023
Published online: 10 July 2023

References

1. Williams GC. Pleiotropy, natural selection, and the evolution of senes-
cence. Evolution (NY). 1957;11:398-411.

2. Hamilton WD. The moulding of senescence by natural selection. J Theor
Biol. 1966;12:12-45.

w

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Page 24 of 26

Kirkwood TBL. Evolution of ageing. Nature. 1977,270:301-4.

Stearns SC. The evolution of life histories. Oxford: Oxford University Press;
1992.

Wensink MJ, Caswell H, Baudisch A. The rarity of survival to old age does
not drive the evolution of senescence. Evol Biol. 2017;44:5-10.
Maklakov AA, Immler S. The expensive germline and the evolution of
ageing. Curr Biol. 2016;26:R577-86.

Maklakov AA, Chapman T. Evolution of ageing as a tangle of trade-offs:
energy versus function. Proc R Soc B Biol Sci. 2019;286:20191604.
Cohen AA, Coste CFD, Li XY, Bourg S, Pavard S. Are trade-offs really the
key drivers of ageing and life span? Funct Ecol. 2020;34:153-66.

van Noordwijk AJ, de Jong G. Acquisition and allocation of

resources: their influence on variation in life history tactics. Am Nat.
1986;128:137-42.

. Reznick D, Nunney L, Tessier A. Big houses, big cars, superfleas and the

costs of reproduction. Trends Ecol Evol. 2000;15:421-5.

. Keller L, Genoud M. Extraordinary lifespans in ants: a test of evolutionary

theories of ageing. Nature. 1997,389:958-60.

. Bourke AFG. Kin selection and the evolutionary theory of aging. Annu

Rev Ecol Evol Syst. 2007,38:103-28.

. Rodrigues MA, Flatt T. Endocrine uncoupling of the trade-off between

reproduction and somatic maintenance in eusocial insects. Curr Opin
Insect Sci. 2016;16:1-8.

. Lucas ER, Keller L. The co-evolution of longevity and social life. Funct Ecol.

2020;34:76-87.

. Hartmann A, Heinze J. Lay eggs, live longer: division of labor and life span

in a clonal ant species. Evolution (N'Y). 2003;57:2424-9.

. Lopez-Vaamonde C, Raine N, Koning J, Brown R, Pereboom J, Ings T, et al.

Lifetime reproductive success and longevity of queens in an annual
social insect. J Evol Biol. 2009;22:983-96.

. Heinze J, Schrempf A. Terminal investment: individual reproduction of ant

queens increases with age. PLoS One. 2012;7:35201.

. Tsuji K, Kikuta N, Kikuchi T. Determination of the cost of worker reproduc-

tion via diminished life span in the ant Diacamma sp. Evolution (N'Y).
2012,66:1322-31.

. Heinze J, Frohschammer S, Bernadou A. Queen life-span and total

reproductive success are positively associated in the ant Cardiocondyla cf.
kagutsuchi. Behav Ecol Sociobiol. 2013;67:1555-62.

Kramer BH, Schrempf A, Scheuerlein A, Heinze J. Ant colonies do not
trade-off reproduction against maintenance. PLoS One. 2015;10:e0137969.
Rueppell O, Kénigseder F, Heinze J, Schrempf A. Intrinsic survival advan-
tage of social insect queens depends on reproductive activation. J Evol
Biol. 2015;28:2349-54.

Kuhn JMM, Korb J. Editorial overview: social insects: aging and the
re-shaping of the fecundity/longevity trade-off with sociality. Curr Opin
Insect Sci. 2016;16:vii—x.

Blacher P, Huggins TJ, Bourke AFG. Evolution of ageing, costs of reproduc-
tion and the fecundity-longevity trade-off in eusocial insects. Proc R Soc
B Biol Sci. 2017,284:20170380.

Schrempf A, Giehr J, Rohrl R, Steigleder S, Heinze J. Royal Darwinian
demons: enforced changes in reproductive efforts do not affect the life
expectancy of ant queens. Am Nat. 2017;189:436-42.

Kennedy A, Herman J, Rueppell O. Reproductive activation in honeybee
(Apis mellifera) workers protects against abiotic and biotic stress. Philos
Trans R Soc B Biol Sci. 2021;376:20190737.

Negroni MA, Macit MN, Stoldt M, Feldmeyer B, Foitzik S. Molecular regula-
tion of lifespan extension in fertile ant workers. Philos Trans R Soc B Biol
Sci. 2021;376:20190736.

Korb J, Heinze J. Ageing and sociality: why, when and how does sociality
change ageing patterns? Philos Trans R Soc B Biol Sci. 2021,376:20190727.
Jaimes-Nifo LM, Heinze J, Oettler J. Late-life fitness gains and reproduc-
tive death in Cardiocondyla obscurior ants. elife. 2022;11:e74695.

von Wyschetzki K, Rueppell O, Oettler J, Heinze J. Transcriptomic signa-
tures mirror the lack of the fecundity/longevity trade-off in ant queens.
Mol Biol Evol. 2015;32:3173-85.

Lockett GA, Alimond EJ, Huggins TJ, Parker JD, Bourke AFG. Gene expres-
sion differences in relation to age and social environment in queen and
worker bumble bees. Exp Gerontol. 2016;77:52-61.

Pamminger T, Buttstedt A, Norman V, Schierhorn A, Botfas C, Jones JC,

et al. The effects of juvenile hormone on Lasius niger reproduction. J
Insect Physiol. 2016;95:1-7.


https://www.ncbi.nlm.nih.gov/geo/
https://zenodo.org/record/8014039
https://doi.org/10.5281/zenodo.8014039
https://doi.org/10.5281/zenodo.8014039

Collins et al. BMC Biology

32.

33.

34

35.

36.

37.

38.
39.
40.

41.

42.

43.

44,

45.

46.

47.

48

49.

50.

51

52.

53.

54.

55.

(2023) 21:153

Rueppell O, Aumer D, Moritz RF. Ties between aging plasticity and repro-
ductive physiology in honey bees (Apis mellifera) reveal a positive relation
between fecundity and longevity as consequence of advanced social
evolution. Curr Opin Insect Sci. 2016;16:64-8.

Harrison MC, Jaimes-Nifio LM, Rodrigues MA, Ryll J, Flatt T, Oettler J, et al.
Gene coexpression network reveals highly conserved, well-regulated anti-
ageing mechanisms in old ant queens. Genome Biol Evol. 2021;13:1-13.
Korb J, Meusemann K, Aumer D, Bernadou A, Elsner D, Feldmeyer B,

et al. Comparative transcriptomic analysis of the mechanisms underpin-
ning ageing and longevity in social insects. Philos Trans R Soc B Biol Sci.
2021,376:20190728.

Lin S, Werle J, Korb J. Transcriptomic analyses of the termite, Cryptotermes
secundus, reveal a gene network underlying a long lifespan and high
fecundity. Commun Biol. 2021;4:384.

Kramer BH, Nehring V, Buttstedt A, Heinze J, Korb J, Libbrecht R, et al.
Oxidative stress and senescence in social insects: a significant but incon-
sistent link? Philos Trans R Soc B Biol Sci. 2021,376:20190732.

Séguret A, Bernadou A, Paxton RJ. Facultative social insects can provide
insights into the reversal of the longevity/fecundity trade-off across the
eusocial insects. Curr Opin Insect Sci. 2016;16:95-103.

Toth AL, Sumner S, Jeanne RL. Patterns of longevity across a sociality
gradient in vespid wasps. Curr Opin Insect Sci. 2016;16:28-35.

Wilson EO. The Insect Societies. Cambridge, MA: Harvard University Press;
1971.

Rubenstein DR, Abbot P. Comparative social evolution. Cambridge: Cam-
bridge University Press; 2017.

Harrison MC, Hammond RL, Mallon EB. Reproductive workers show
queenlike gene expression in an intermediately eusocial insect, the buff-
tailed bumble bee Bombus terrestris. Mol Ecol. 2015;24:3043-63.

Holland JG, Bloch G.The complexity of social complexity: a quantitative
multidimensional approach for studies of social organization. Am Nat.
2020;196:525-40.

Collins DH, Wirén A, Labédan M, Smith M, Prince DC, Mohorianu |, et al.
Gene expression during larval caste determination and differentiation

in intermediately eusocial bumblebees, and a comparative analysis with
advanced eusocial honeybees. Mol Ecol. 2021;30:718-35.

Wheeler DE. Developmental and physiological determinants of caste in
social Hymenoptera: evolutionary implications. Am Nat. 1986;128:13-34.
Almond EJ, Huggins TJ, Crowther LP, Parker JD, Bourke AFG. Queen
longevity and fecundity affect conflict with workers over resource inherit-
ance in a social insect. Am Nat. 2019;193:256-66.

Lopez-Vaamonde C, Koning JW, Jordan WC, Bourke AFG. No evidence
that reproductive bumblebee workers reduce the production of new
queens. Anim Behav. 2003;66:577-84.

Costa CP, Duennes MA, Fisher K, Der JP, Watrous KM, Okamoto N, et al.
Transcriptome analysis reveals nutrition- and age-related patterns of
gene expression in the fat body of pre-overwintering bumble bee
queens. Mol Ecol. 2020;29:720-37.

Tacutu R, Thornton D, Johnson E, Budovsky A, Barardo DI, Craig T, et al.
Human ageing genomic resources: new and updated databases. Nucleic
Acids Res. 2018;46:D1083-90.

Chen H, Zheng X, Zheng Y. Age-associated loss of lamin-B leads to
systemic inflammation and gut hyperplasia. Cell. 2014;159:829-43.
Pacifico R, MacMullen CM, Walkinshaw E, Zhang X, Davis RL. Brain
transcriptome changes in the aging Drosophila melanogaster accompany
olfactory memory performance deficits. PLoS One. 2018;13:€0209405.
Zhan M, Yamaza H, Sun'Y, Sinclair J, Li H, Zou S. Temporal and spatial
transcriptional profiles of aging in Drosophila melanogaster. Genome Res.
2007;17:1236-43.

Stegeman R, Weake VM. Transcriptional signatures of aging. J Mol Biol.
2017;429:2427-37.

Pereboom JJM, Jordan WC, Sumner S, Hammond RL, Bourke AFG. Differ-
ential gene expression in queen-worker caste determination in bumble-
bees. Proc R Soc B Biol Sci. 2005;272:1145-52.

Grozinger CM, Fan Y, Hoover SER, Winston ML. Genome-wide analysis
reveals differences in brain gene expression patterns associated with
caste and reproductive status in honey bees (Apis mellifera). Mol Ecol.
2007;16:4837-48.

Amsalem E, Malka O, Grozinger C, Hefetz A. Exploring the role of juvenile
hormone and vitellogenin in reproduction and social behavior in bumble
bees. BMC Evol Biol. 2014;14:1-13.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66

67.

68.

69.

70.

71.

72

73.

74.

75.

76.

77.

78.

79.

80

81.

82.

Page 25 of 26

Sarup P, Serensen P, Loeschcke V. Flies selected for longevity retain a
young gene expression profile. Age (Omaha). 2011;33:69-80.

Favrin G, Bean DM, Bilsland E, Boyer H, Fischer BE, Russell S, et al. Identifi-
cation of novel modifiers of AR toxicity by transcriptomic analysis in the
fruitfly. Sci Rep. 2013;3:1-10.

Zanette LR, Miller SD, Faria CM, Lopez-Vaamonde C, Bourke AFG. Bumble
bee workers drift to conspecific nests at field scales. Ecol Entomol.
2014;39:347-54.

Dronnet S, Simon X, Verhaeghe JC, Rasmont P, Errard C. Bumblebee
inquilinism in Bombus (Fernaldaepsithyrus) sylvestris (Hymenoptera,
Apidae): behavioural and chemical analyses of host-parasite interactions.
Apidologie. 2005;36:59-70.

Duchateau MJ, Velthuis HHW. Development and reproductive strategies
in Bombus terrestris colonies. Behaviour. 1988;107:186-207.

Bloch G, Hefetz A. Regulation of reproduction by dominant workers in
bumblebee (Bombus terrestris) queenright colonies. Behav Ecol Sociobiol.
1999;45:125-35.

Duchateau MJ, Velthuis HHW. Ovarian development and egg laying in
workers of Bombus terrestris. Entomol Exp Appl. 1989;51:199-213.

Bloch G. Regulation of queen-worker conflict in bumble-bee (Bombus
terrestris) colonies. Proc R Soc B Biol Sci. 1999,266:2465-9.

Friard O, Gamba M. BORIS: a free, versatile open-source event-logging
software for video/audio coding and live observations. Methods Ecol
Evol. 2016;7:1325-30.

Gerrard DT, Fricke C, Edward DA, Edwards DR, Chapman T. Genome-wide
responses of female fruit flies subjected to divergent mating regimes.
PLoS One. 2013;8:1-15.

Doroszuk A, Jonker MJ, Pul N, Breit TM, Zwaan BJ. Transcriptome
analysis of a long-lived natural Drosophila variant: a prominent role of
stress- and reproduction-genes in lifespan extension. BMC Genomics.
2012;13:167.

May CM, Zwaan BJ. Relating past and present diet to phenotypic and
transcriptomic variation in the fruit fly. BMC Genomics. 2017;18:1-17.
Owen RE. Differential size variation of male and female bumblebees. J
Hered. 1989;80:39-43.

R core team. A language and environment for statistical computing.
Vienna: R Foundation for Statistical Computing; 2020. https://www.R-
project.org/.

Andrews S. FastQC: a quality control tool for high throughput sequence
data. 2010. Available online at: http://www.bioinformatics.babraham.ac.
uk/projects/fastqc.

Ewels P, Magnusson M, Lundin S, Kaller M. MultiQC: summarize analysis
results for multiple tools and samples in a single report. Bioinformatics.
2016;32:3047-8.

van Rossum G, Drake F. Python 3 reference manual. Scotts Valley: CreateS-
pace; 2009.

Sadd BM, Barribeau SM, Bloch G, de Graaf DC, Dearden P, Elsik CG, et al.
The genomes of two key bumblebee species with primitive eusocial
organization. Genome Biol. 2015;16:76.

Kim D, Langmead B, Salzberg S. HISAT: a fast spliced aligner with low
memory requirements. Nat Methods. 2015;12:357-60.

Wang L, Wang S, Li W. RSeQC: quality control of RNA-seq experiments.
Bioinformatics. 2012;28:2184-5.

Altschul S, Madden T, Schéffer A, Zhang J, Zhang Z, Miller W, et al. Gapped
BLAST and PSI-BLAST: a new generation of protein database search
programs. Nucleic Acids Res. 1997,25:3389-402.

Bray NL, Pimentel H, Melsted P, Pachter L. Near-optimal probabilistic RNA-
seq quantification. Nat Biotechnol. 2016;34:525-7.

McMahon DP, First MA, Caspar J, Theodorou P, Brown MJF, Paxton RJ.

A sting in the spit: widespread cross-infection of multiple RNA viruses
across wild and managed bees. J Anim Ecol. 2015;84:615-24.

Manley R, Boots M, Wilfert L. Condition-dependent virulence of slow bee
paralysis virus in Bombus terrestris: are the impacts of honeybee viruses in
wild pollinators underestimated? Oecologia. 2017;184:305-15.

Soneson C, Love MI, Robinson MD. Differential analyses for RNA-seq:
transcript-level estimates improve gene-level inferences. F1000Res.
2016;4:1-23.

Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15:1-21.
LiuY, Zhou J, White KP. RNA-seq differential expression studies: more
sequence or more replication? Bioinformatics. 2014;30:301-4.


https://www.R-project.org/
https://www.R-project.org/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc

Collins et al. BMC Biology

83.

84.

85.

86.

87.

88.

89.

90.

(2023) 21:153

Baccarella A, Williams CR, Parrish JZ, Kim CC. Empirical assessment of the
impact of sample number and read depth on RNA-Seq analysis workflow
performance. BMC Bioinformatics. 2018;19:1-12.

Emms DM, Kelly S. OrthoFinder: phylogenetic orthology inference for
comparative genomics. Genome Biol. 2019;20:1-14.

Yu G, Wang LG, Han Y, He QY. ClusterProfiler: an R package for comparing
biological themes among gene clusters. OMICS. 2012;16:284-7.

Carlson M. org.Dm.eg.db: Genome wide annotation for Fly. R package
version 3.11.4. 2020.

Boyle EI, Weng S, Gollub J, Jin H, Botstein D, Cherry JM, et al.
GO:TermFinder - Open source software for accessing Gene Ontology
information and finding significantly enriched Gene Ontology terms
associated with a list of genes. Bioinformatics. 2004;20:3710-5.

Yu G, Li F,QinY, Bo X, WuY, Wang S. GOSemSim: an R package for measur-
ing semantic similarity among GO terms and gene products. Bioinformat-
ics. 2010;26:976-8.

Yu G. Gene Ontology Semantic Similarity Analysis Using GOSemSim. In:
Kidder B, editor. Methods in Molecular Biology. Humana Press, New York;
2020. p. 207-15.

Corona M, Velarde RA, Remolina S, Moran-Lauter A, Wang Y, Hughes KA,
et al. Vitellogenin, juvenile hormone, insulin signaling, and queen honey
bee longevity. Proc Natl Acad Sci USA. 2007;104:7128-33.

. Collins DH, Prince DC, Donelan JL, Chapman T, Bourke AFG. Life history,

behavioural and morphometric data for queens and workers from an
experiment manipulating costs of reproduction in bumble bee queens
(Bombus terrestris). NERC EDS Environ Inform Data Centre. 2021. https://
doi.org/10.5285/8efcd65a-afd7-4857-a107-9820c732b62a.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 26 of 26

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.5285/8efcd65a-afd7-4857-a107-9820c732b62a
https://doi.org/10.5285/8efcd65a-afd7-4857-a107-9820c732b62a

	Costs of reproduction are present but latent in eusocial bumblebee queens
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	Queen fertility and colony fertility
	Queen longevity, worker aggression, worker additions and removals, and queen activityresponse to disturbance
	Age-related gene expression
	Gene Ontology
	Gene expression analysis: comparisons with age- and ageing-related genes from other species
	Gene expression analysis: relative versus chronological age

	Discussion
	Conclusions
	Methods
	Colony maintenance
	Experimental manipulation and colony fertility
	Queen longevity
	Observed queen activity
	Observed worker aggression and observed worker egg-laying
	Digital filming
	Brood transfer between colonies
	Collection of queens for mRNA-seq
	Tissue dissections, RNA extraction, and mRNA-seq
	Statistical analysis of fertility, life history, and behavioural data
	Bioinformatic analysis
	Quality assessment of mRNA-seq reads
	Differential gene expression between time-points within treatments
	Gene Ontology (GO) enrichment analysis
	Queen age-related gene expression between treatments
	Comparisons with age- and ageing-related genes from other species
	Differential gene expression comparison between time-points across treatments (i.e. comparison between relative and chronological age)


	Anchor 34
	Acknowledgements
	References


