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ARTICLE INFO ABSTRACT

Keywords: The attrition of telomeres, the ends of eukaryote chromosomes, and activity of telomerase, the enzyme that
Telomerase restores telomere length, play a role in the ageing process and act as indicators of biological age. A notable
Telo.meres feature of advanced eusocial insects is the longevity of reproductive individuals (queens and kings) compared to
Ageing those from non-reproductive castes (workers and soldiers) within a given species, with a proposed link towards
Social insect . A . P . . i1

Bombis upregulation of telomerase activity in the somatic tissues of reproductive individuals. Given this, eusocial insects

provide excellent model systems for research into ageing. We tested telomerase activity and measured telomere
length in Bombus terrestris, which is a primitively eusocial insect species with several distinct features compared
to advanced social insects. In somatic tissues, telomerase activity was upregulated only in the fat bodies of pre-
diapause queens, and this upregulation was linked to heightened DNA synthesis. Telomere length was shorter in
old queens compared to that in younger queens or workers. We speculate that (1) the upregulation of telomerase
activity, together with DNA synthesis, is the essential step for intensifying metabolic activity in the fat body to
build up a sufficient energy reserve prior to diapause, and that (2) the lifespan differences between B. terrestris
workers and queens are related to the long diapause period of the queen. A possible relationship between

telomere length regulation and TOR, FOXO, and InR as cell signaling components, was tested.

1. Introduction

Eusociality is an evolutionarily advanced level of colony organiza-
tion, where some individuals reduce their own reproductive potential to
raise the offspring of others (Nowak, 2010; Szathméary and Smith, 1995;
West et al., 2015). The best-known animal group with eusocial species
is the order Hymenoptera. The advanced eusocial species within Hy-
menoptera, such as bees, ants, and wasps consist of large perennial
colonies formed of semi-autonomous individuals, where females are
morphologically, physiologically, and behaviorally differentiated as
either reproductive queens or non-reproductive workers (Engels, 1990).

A notable feature of advanced eusocial insects is the difference in
lifespan between reproductive and non-reproductive castes within a
given species. Although there are no substantial genetic differences
between the castes, the lifespan of reproductive individuals is up to
100-fold longer than that of non-reproductive individuals, with the
recorded 4-8 year lifespan of bee queens and the 18-30 year lifespan of

ant queens (Carey, 2001). Given this, eusocial insects provide excellent
model systems for research into ageing.

Ageing is characterized by a progressive and time-related accumu-
lation of diverse deleterious changes in cells and tissues with advancing
age that lead to impaired function of the organism and its increased
susceptibility to disease and death. Numerous theories have been pro-
posed as universal clues to the ageing process, but none of the theories
appear to be fully satisfactory (Davidovic et al., 2010; Jin, 2010).

Prolonged lifespan and resistance to age-associated diseases is as-
sociated with telomeres and telomere maintenance mechanisms.
Telomeres, the special nucleoprotein structures at chromosome ends,
are essential to solve the so called chromosome end shortening problem
(Chan and Blackburn, 2002; Denchi, 2009). Cellular processes, such as
incomplete DNA replication or oxidative damage, lead to a gradual loss
of chromosome termini, ultimately resulting in senescence or apoptosis.
The most common mechanism of compensation for telomere shortening
is the activity of telomerase, an enzyme that adds short repetitive DNA
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sequences to the chromosome ends (Mason et al., 2016). Telomerase
activity correlates with cell proliferation, and the highest activity of
telomerase has been found in rapidly dividing embryonic cells, germ
cells, and stem cells (Cong et al., 2002; Wright et al., 1996). Dysfunc-
tion of telomerase is linked to ageing processes and cancer (Aubert and
Lansdorp, 2008), and the length of telomeres might be used as a pre-
dictor of lifespan (Heidinger et al., 2011). Decline of telomerase activity
is a marker of ageing and advancing organismal development, seen not
only in vertebrates, but also in insects (Korandova et al., 2014).
Nevertheless, telomerase activity in the somatic tissues of honeybees
and termites is strongly upregulated compared to that of workers [16,
unpublished data], suggesting that upregulation of telomerase activity
may be linked to the longevity of reproductive individuals of eusocial
insects.

Bombus terrestris (Hymenoptera: Bombini) is a hymenopteran spe-
cies with primitive social organization and, compared to advanced so-
cial insects such as Apis mellifera, have several distinct features. For
instance, colonies of B. terrestris are annual and have smaller population
sizes than those of more advanced social insects. After a relatively long
diapause, their queens undergo both solitary and social phases. In
general, bumble bee queens are only slightly morphologically different
from workers (Bloch, 1999; Bloch and Hefetz, 1999; Goulson, 2010).

The main goal of this study was to map telomerase activity in B.
terrestris to see if this species, despite its primitive social organization,
has the same pattern in telomerase activity as observed in A. mellifera.
Levels of telomerase activity in the gonads and somatic tissues of
workers, young (pre-diapause), and older (reproductive) queens, were
evaluated. As cell signaling is an important player in longevity reg-
ulation, we also investigated this phenomenon in a relationship with
telomere length regulation.

2. Materials and methods
2.1. Bumblebee rearing and sample collection

For experimental purposes, fifty queenright colonies of Bombus ter-
restris (Koppert Biological Systems, Slovakia) were used. Colonies were
kept in plastic hives under environmentally controlled conditions at
28 *+ 2°C and relative humidity of 50-60%. A sugar solution (mixture
of glucose, fructose, and sucrose, 48 °Brix) and fresh, frozen honeybee
corbicular pollen was administered ad libitum during the rearing pro-
cess.

Virgin queens and males were collected from the colonies 24 h post-
eclosion and kept in plastic nest boxes (7.5 X 17.5 x 16 cm) with an ad
libitum supply of sugar solution and bee pollen until tested. Mated
queens were prepared by copulation of 9-11-day-old queens with un-
related males of the same age. To induce diapause, the mated queens
were gradually cooled along a temperature gradient, until transferred
to a cooler (3.5 = 1°C, > 90% relative humidity, 24 h darkness). For
the experiments with diapause queens, copulated individuals kept in
diapause for 8 days, and 12 and 24 weeks, were used. To test copulated
reproducing queens, we used post-diapause 7-month- and 45-48-week-
old (further mentioned as 1-year-old) queens. The 7-month-old queens
were collected from developing colonies during the solitary phase. The
1-year-old queens were collected from colonies in terminal phase, after
the switch and competition points. Workers were collected from co-
lonies either 24h post-eclosion or randomly at 1-3-week-old.
Ovipositing workers were collected during observed oviposition from
11-week-old queenright colonies after the competition point. For telo-
merase activity evaluation, we collected post-eclosion males and kept
them in plastic boxes for 14 days. During the ageing time, sugar solu-
tion and pollen was administered ad libitum.

2.2. Evaluation of telomerase activity

For evaluation of telomerase activity we used 24-h-old virgin
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queens; 10-day-old queens, which were 24 h post copulation, and 10-
day-old virgin queens; 4-week-old queens, which were 3 weeks post
copulation; diapausing queens; 7-month and 1-year-old reproducing
queens; 2-h and 1-3-week-old workers; ovipositing workers; 24-h and
2-week-old males, and embryos. Up to 50 pl of dissected tissue was
homogenized in 200 pl of extraction buffer (10 mM Tris/HCl, pH 7.6;
1 mM MgCl,; 1 mM EGTA; 0.1 mM benzamidine (PMSF); 5 mM 2-mer-
captoethanol; 0.5% (w/v) CHAPS; 10% (v/v) glycerol, and 40 U/ml
RNase inhibitor (Promega). The homogenized samples were incubated
on ice for 30 min, then centrifuged (12,000 g; 20 min; 4 °C), and col-
lected supernatants were stored at —80°C until further use. Total
protein concentration was determined using a BCA protein assay re-
agent kit (Pierce).

Telomerase activity was determined using a Telomerase repeat
amplification protocol (TRAP) assay as described earlier (Korandova
et al., 2014). Briefly, the reaction mixture was first incubated at 30 °C
for 60 min to allow telomerase to extend the TS primer (5- AATCCGT
CGAGCAGAGTT - 3’) by adding a TTAGG repeat. The extension pro-
ducts were amplified by PCR with TS primer and Bm-CXa primer (
5’-GTGTAACCTAACCTAACC-3). Each reaction was performed in 25 pl
total volume and contained 5 ng of protein, 5 pmol of both TS and Bm-
CXa primer, and 12.5 pl Xceed qPCR SG 2 x Mix (Institute of Applied
Biotechnologies). Samples were incubated at 30 °C for 60 min, then PCR
was performed with 30 cycles at 94 °C for 30s and 60 °C for 30s. Tel-
omerase activity quantitation was accomplished using a Light Cycler
CFX96 BioRad Real-time PCR system (BioRad). For each tested extract,
we prepared negative controls for telomerase-specific activity by in-
cubation of protein extracts with 0.5 pl of 1 pg/ul RNase A (Sigma-Al-
drich) for 20 min at 37 °C prior to TS primer elongation.

2.3. Cloning and sequencing of TRAP products

The TRAP products were purified with NucleoSpin Gel and PCR
Clean-up (Macherey-Nagel) and cloned into pGEMS®-T easy vector
(Promega). After isolation of plasmid DNA (Nucleospin Plasmid
Quickpure Kit, Macherey-Nagel), the inserts were sequenced using ABI
PRISM 3.1 (Applied Biosystems) using T7 and SP6 primers.

2.4. Evaluation of telomere length: DNA isolation and Southern
hybridization

Telomere length was tested in 24-h- and 1-year-old queens, and in
ovipositing and 1-3-week-old workers. Genomic DNAs from the tested
samples were isolated by the standard procedure of phenol:-
chloroform:isoamyl alcohol extraction. DNA samples (1 pg) were di-
gested with the restriction enzymes Rsal and Hinf I (New England
Biolabs) to produce terminal restriction fragments. Following DNA di-
gestion, the DNA fragments were separated on 1% agarose gel using a
pulsed-field gel electrophoresis systems (Bio-Rad), examined by ethi-
dium bromide staining to check for the absence of unspecific de-
gradation and complete digestion, and transferred to a positively
charged nylon membrane (Hybond-N*; GE Healthcare) by Southern
blotting. The (TTAGG),, hybridization probes were prepared by the non-
template polymerase chain reaction (PCR) method using (5-TTAGG-
3’)s and (5-CCTAA-3")5 primers. PCR was performed in 100 pl total
volume and contained 0.5 uM of each primer, 0.8 mM dNTP, and 5U of
Taq polymerase (Takara). Thermal cycling conditions consisted of
90sat 95 °C, followed by 30 cycles of 45sat 94°C, 30sat 52°C and
60sat 72°C. A final, 10 min elongation step was performed at 72 °C.
PCR products were purified using ethanol precipitation and labeled by
Nick-translation with 32P-dCTP using Nick translation system
(ThermoFisher Scientific). Experiments were conducted with three
different DNA samples of each tested tissue or stage.

To confirm telomeric positions of (TTAGG)n sequences, the genomic
DNA was digested with BAL 31 nuclease, which progressively degrades
linear DNA from both the 5’ and 3’ ends. Genomic DNA (15 pg) was
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treated with 0.03 U BAL 31 nuclease (New England Biolabs) in a total
volume of 180pulat 30°C. The BAL 31 digestion was monitored by
taking a 60 pl aliquot before addition of BAL 31, and again after 30 and
60 min of treatment. Digestion was stopped by incubation at 65 °C for
10 min in the presence of EGTA. Samples were purified using phenol:-
chloroform:isoamyl alcohol extraction, then 1pug of DNA from each
tested sample was digested with the restriction enzymes Rsal and Hinf I
(New England Biolabs) and subjected to Southern hybridization.

2.5. Gene expression analysis

Gene expression analysis was done in 24-h-old virgin queens, 10-
day-old mated queens, reproducing 1-year-old queens, ovipositing
workers, and 1-3-week-old workers. Total RNA from the samples were
prepared using Hybrid-R (GeneAll), and cDNA synthesis was performed
using 1pug of total RNA primed with oligo(dT) and 2 X HyperScript
Master mix (GeneAll). To evaluate relative transcript levels of tested
genes, we performed qRT-PCR as described previously (Jedlicka et al.,
2016; Korandova et al., 2018). We used a Light Cycler CFX96 Bio-Rad
Real-time PCR system and Xceed (IAB). To obtain relative expression
values for each target gene, generated Ct values were calibrated against
the geometrical mean of phospholipase A2 and elongation factor EF-1.
The reference genes were selected based on a previous study (Jedlicka
et al., 2016), and the Comparative CT Method, with correction for
amplification efficiency, was used to calculate levels of the targets.
Sequences of primers are shown in Table S1.

2.6. Detection of DNA replication in the fat bodies

The Click-iT EdU Alexa Fluor 488 Imaging Kit (Invitrogen by
Thermo Fisher Scientific) was used for detection of S-phase nuclei in the
fat bodies. The analysis was performed in 10-day-old and 18-day-old
virgin queens, in 10-day-old and 18-day-old mated pre-diapause
queens, in 1-year-old reproductive queens, in workers, and in ovipo-
siting workers. The fat bodies were dissected in M3 Insect Medium
(Sigma-Aldrich), then cultivated for 24h in the same media supple-
mented with fetal bovine serum (12%), insulin (0. 1%), penicillin/
streptomycin solution (1%), and 0.4 mM EdU (5-ethynyl-2’deoxyur-
idine). Samples were fixed in 3.7% formaldehyde in phosphate-buffered
saline (PBS) for 2 h, washed in PBS three times (for 15 min each), and
finally washed in PBS, 0.5% v/v Triton X-100 for 15 min. Samples were
incubated with 3% w/v bovine serum albumin in PBS for 30 min and
then in Click-iT reaction cocktail for 12 h at 4 °C. After washing in PBS
(three times for 15 min), the samples were incubated in a solution of 4’-
6-diamidino-2-phenylindole (DAPI, 1 ug DAPI in 1ml distilled H,0).
Samples were then dehydrated in ethanol (50, 70, 90, and 100%),
mounted in methyl-salicylate (Sigma-Aldrich), and inspected under a
confocal microscope (Olympus FV-1000).

2.7. Spectrophotometric determination of nutrients

Nutrient levels were determined in virgin and mated pre-diapause
queens, which were both 10 days and 18 days old, in 1-year-old re-
productive queens, in workers, and ovipositing workers. The fat body of
each experimental bumblebee was dissected in Ringer's saline using a
dissecting microscope, weighted, and stored at —20 °C until used.

For protein determination, the fat bodies were homogenized in
0.2 M Tris-HCl buffer, pH 7.8, and after centrifugation the supernatants
were used for protein quantitation using the Bicinchoninic Acid Protein
Assay Kit (Sigma Aldrich) (Stoscheck, 1990). The optical densities of
tested samples were measured at 562 nm and, using the bovine serum
albumin standard curve, converted to pg of proteins.

For lipid determination, the fat bodies were homogenized in a
chloroform:methanol (2:1) mixture (Folch et al., 1957; Kostal and
Simek, 1998). After evaporation in a SpeedVac centrifuge (Jouan RC
10.22), the residues were used for total lipid determination using the
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sulfo-phospho-vanillin method (Goldsworthy et al., 2002; Zollner and
Kirsch, 1962). The optical densities at 546 nm were measured spec-
trophotometrically and were converted to ug of lipids using a calibra-
tion curve with specified doses of oleic acid.

For glycogen determination, the fat bodies were homogenized in
70% ethanol, and glycogen levels were determined as described pre-
viously (Socha et al., 2004).

2.8. Statistical analysis

Statistical analyses were performed using GraphPad Prism 6.0
(GraphPad Software, San Diego, CA, USA) by one-way ANOVA followed
by Tukey's multiple comparison test. The number of replicates is spe-
cified in the figure legends, and the bars in graphs represent the
mean * SD.

3. Results
3.1. Telomerase activity

The first series of experiments were focused on telomerase activity,
and its relative levels were analyzed in the gonads and somatic tissues
of adult queens, males, workers, and in embryos. Ovaries generally had
the highest level of telomerase activity, but this was influenced by the
postmating time interval, diapause, age, and ovarian regions (Fig. 1).
The highest telomerase activity in ovaries was observed in germarium
of reproducing queens (7-month- and 1-year-old queens) and ovipo-
siting workers, which were a nearly 500-fold higher (P < 0.01) in
telomerase activity, compared to that in virgin queens, or 100-fold
higher compared to that in embryos. A comparison of telomerase ac-
tivities between embryos and testes revealed statistically comparable
levels (Figure S1). We found no telomerase activity in hemolymph (not
shown) and low levels without significant differences between the
heads and leg muscles in experimental bumblebees. Telomerase activity
in the heads and leg muscles was nearly 4-fold lower to that in embryos
(Fig. 2A and B). In contrast, a high level of telomerase activity was
detected in the fat bodies of pre-diapause queens (Fig. 2C), where 1-
day-old and 10-day-old virgin representatives showed a nearly 10-fold
higher activity (P < 0.01) compared to that in embryos. Interestingly,
only a 3-fold higher telomerase activity was found in 10-day-old mated
queens (24 h after copulation), perhaps indicating that telomerase ac-
tivity is influenced by the reproduction process.

Specificity of the TRAP reaction for (TTAGG), repeats was con-
firmed by cloning and sequencing of TRAP products.

3.2. DNA synthesis in the fat body is strongly upregulated during early age
of pre-diapause queens

Our next goal was to determine whether the upregulation of telo-
merase activity observed in the fat bodies of pre-diapause queens is
associated with increment of DNA replication. Presence of DNA re-
plication, and its intensity, was visualized using EdU (5-ethynyl-
2’deoxyuridine), and the assay was performed in workers, pre-diapause,
and 1-year old reproductive queens. To evaluate whether DNA synth-
esis varies depending on mating status, virgin and mated pre-diapause
queens of the same age (10-day-old and 18-day-old) were assessed.

The fat body tissues consisted of two cell types, adipocytes and
oenocytes (Fig. 3). Oenocytes surrounded adipocytes, their nuclei were
roundish and compact (Fig. 3A). However, nuclei of adipocytes were of
irregular shape, as they were compressed by numerous vacuoles, and
showed dispersed chromatin (Fig. 3B). The size of adipocytes varied in
a caste- and age-dependent manner; larger adipocytes were found in
pre-diapause queens than in post-diapause queens or workers (Fig. 4,
S2). There were considerable differences in the presence and localiza-
tion of DNA replication between tested representatives in both adipo-
cytes and oenocytes (Fig. 4). Strong EdU staining was observed as a
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Fig. 1. Levels of telomerase activity in ovaries. Relative telomerase activity was
quantified using TRAP assay in workers, ovipositing workers, and in queens of
different ages and status in terminal filament with distal part of germarium (A),
middle and proximal parts of germarium (B) and vitellarium (C). Embryo
samples were included in each experiment as references, and each embryo
sample was prepared from five embryos. Q1d (virgin) — 1-day-old virgin
queens; Q 10d (24 h mated) — 10-day-old queens that were 24 h after mating; Q
3wks (2wks mated) — 3-week-old queens that were two weeks after mating; Q
8d diap. — queens that were in diapause for eight days; Q 7months — 7-month-
old queens; Q lyear — 1-year-old queens; W ovip. — ovipositing workers; W —
workers. Statistical significance was determined using One-way ANOVA and
Tukey's post-hoc tests (p < 5%, indicated by different letters above columns);
n = 5. The bars in graphs represent the mean + SD.

general feature of both cell types in 10-day-old pre-diapause queens and
no difference in intensity or localization of Edu signal was found be-
tween mating statuses (data for virgin queens are presented in Fig. 4A
and B; data for mated queens are not shown). Adipocytes showed sig-
nals formed by numerous points scattered along the chromatin,
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whereas oenocytes revealed dense EdU signals covering the whole area
of the nuclei. Nevertheless, when we inspected the character of EAU
signals in oenocytes using less intense confocal microscopy laser, the
EAU signal in oenocyte nuclei was formed by numerous strong dots (the
detailed section in Fig. 4B). In contrast, in 18-day-old pre-diapause
queens, EdU staining was absent or in some cases, very faint (Fig. 4D,
where the fat body of a virgin queen is presented). In 1-year-old queens,
EdU staining was generally hardly observed and only as minute dots in
oenocytes. However, we occasionally found spots with intense staining
in both cell types (Fig. 3F). No EdU signal was detected in workers or
ovipositing workers (data not shown).

3.3. Telomere length in the fat body is shortened in 1-year-old queens

In the next step, we evaluated whether DNA replication in the fat
bodies of 1-year-old queens, although observed at some level, but
without upregulated telomerase activity, could be reflected by short-
ening of telomere length in aged queens. To measure telomere length,
we used Southern hybridization of terminal restriction fragments, and
evaluated the position and intensity of hybridization signals. The hy-
bridization signals were revealed as faint smears with numerous dis-
crete bands ranging from approximately 3kb to more than 48kb
(Fig. 5), and the telomeric origin of hybridization bands was confirmed
by Ball digestion (Figure S3). There were no obvious differences in
overall size and intensity in hybridization bands between virgin queens
and workers, but hybridization bands in 1-year old queens were
weaker, blurrier, and showed lower molecular weight (Fig. 5).

3.4. The fat body mass and energy reserves are elevated in pre-diapause
queens

To answer the question whether upregulation of telomerase activity
and DNA synthesis in the fat bodies of young pre-diapause queens is
followed by increased metabolic activity, we evaluated the total mass,
lipid, glycogen, and protein levels in the fat bodies of queens and
workers. To detect possible effects of mating status on the tested
characteristics, we compared virgin and mated queens of the same age
(10-day-old and 3-week-old). The fat body mass was the largest in pre-
diapause queens. Compared to workers, 5-fold (P < 0.001) differences
were observed in 10-day-old and 3-week-old queens, and 3-fold
(P < 0.001) differences were found in 1-day-old virgin queens. In
contrast, in 1-year-old reproducing queens the fat body mass was lower
and comparable to that of workers (Fig. 6A). The greatest lipid content,
both lipid amounts and concentrations (per unit of fat body mass), was
found in pre-diapause queens (Fig. 6B and C), and the values in pre-
diapause queens were age-dependent. While in 1-day-old queens, both
the lipid characteristics were statistically comparable to those in
workers or post-diapause queens, 3-week-old queens had a nearly 10-
fold higher level of lipids (P < 0.001) than that of workers. A similar
trend was observed in total glycogen amounts as they showed com-
parable levels between 1-day-old queens and post-diapause queens or
workers, and higher amounts in older pre-diapause queens (Fig. 6D).
The amount of glycogen in 3-week-old queens was 5-fold higher
(P < 0.001) than in workers. However, this pattern was lost when
glycogen concentrations in the fat bodies were evaluated. Here, a sig-
nificantly lower level was found in 1-day-old queens compared to those
in workers or older queens. Analysis of protein levels showed no clear
pattern(Figure S4). Interestingly, the Student's t-test showed that lipid
and glycogen concentrations were significantly lower in mated queens
than in 3-week-old virgin queens (1.5-fold, P < 0.04 for lipids, and
1.4-fold, P < 0.03 for glycogen) (Fig. 6C, E).

3.5. Alteration in the cell signaling in queens due to changes in telomere
length regulation and metabolic activity in their fat bodies

Finally, we evaluated whether changes observed between the fat
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Fig. 2. Levels of telomerase activity in the somatic tissues. Relative telomerase activity was quantified using TRAP assay in queens of different ages and status, in
workers and ovipositing workers in heads (A), leg muscles (B) and the fat bodies (C). Embryo samples were included in each experiment as references (A-C), and
each embryo sample was prepared from five embryos. Q1d (virgin) — 1-day-old virgin queens; Q 10d (virgin) — 10-day-old virgin queens; Q 10d (24 h mated) — 10-
day-old queens that were 24 h after mating; Q 4wks (3wks mated) — 4-week-old queens that were three weeks after mating; Q (8d diap.) — queens that were in
diapause for eight days; Q (12wks diap.) — queens that were in diapause for 12 weeks; Q (24wks diap.) — queens that were in diapause for 24 weeks; Q 7months — 7-
month-old queens; Q lyear — 1-year-old queens; W ovip. — ovipositing workers; W — workers. Statistical significance was determined using One-way ANOVA and
Tukey's post-hoc tests (p < 5%, indicated by different letters above columns); n = 5. The bars in graphs represent the mean + SD.

bodies of young and old queens might be associated with alterations in determinant of lifespan extension in honeybee queens (Corona et al.,
cell signaling. First, we tested transcript levels of vitellogenin (Vg). Vg is 2007). Consistent with the role of Vg in reproduction, we found its
the protein synthesized at high levels in the fat body during vitello- highest levels in ovipositing workers (up to 300-fold higher than that in
genesis of reproducing females, but it has also been proposed as a workers, P < 0.001) and 1-year-old queens (100-fold higher than that

Fig. 3. The fat body of B. terrestris is composed of
adipocytes and oenocytes. A. Oenocytes (indicated
by arrows) surround adipocytes (indicated by
double-arrows). B. Nuclei of oenocytes are roundish
and compact (indicated by arrows), adipocytes pos-
sess nuclei of irregular shape (indicated by single-
stars). Area of adipocyte cytoplasm is indicated by
double-stars. The presented nuclei represent nuclei
of 10-day-old queens.

50 um
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in workers, P < 0.001), and no significant differences were seen in Vg
transcript levels between workers and young queens (Fig. 7A).

Next, we tested transcript levels of FOXO, TOR, and InR, the factors
involved in cell cycle growth regulation, and lifespan extension
(Blagosklonny, 2010; Hay, 2011). The fat bodies of 1-year-old queens
showed the highest level of TOR compared to that of young queens or
workers (nearly 25-fold higher, P < 0.05) and the lowest level of
FOXO (without statistical significance) (Fig. 7B and C). When compared
young and old queens, FOXO and TOR levels reveal a positive and
negative correlation to telomerase activity, respectively. We then tested
whether the same trend between telomerase activity and the FOXO/
TOR transcripts might be observed in ovaries, and found that 1-year-old
queens manifested the highest levels of FOXO (around 10-fold higher
than in virgin queens, P < 0.05) and lowest levels of TOR (around 20-
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Fig. 4. S-phase nuclei in the fat bodies of queens and
workers. S-phase nuclei were visualized using thy-
midine analogue EdU incorporated into newly syn-
thesized DNA and fluorescently labeled with Alexa
488 (green signals). DNA was labeled with DAPI
(blue signals). The assay was performed in 10-day-
old virgin queens (A, B), in 18-day-old virgin queens
(C, D) and 1-year-old queens (E, F). Arrows, oeno-
cytes; double-arrows, adipocytes; stars, lipid dro-
plets; double-stars, adipocyte nuclei; arrowheads,
area of the fat body without S-phase nuclei; double-
arrowheads, area of the fat body with S-phase nuclei.
Sections in B, E, F show character of DAPI or EAU
signals in more detail.

fold lower than in virgin queens, P < 0.01) (Fig. 8). When we tested
transcript levels of InR in both the fat body and ovaries, the data were
inconclusive and not included in further consideration (data not
shown).

4. Discussion

To explain biological ageing, a number of theories have been pro-
posed, explaining ageing as a gradual process of damage to cellular
functions or as a genetically programmed and necessary biological
function (Sergiev et al., 2015). According to the programmed theory,
ageing is controlled by a complex regulation system involving, for in-
stance, changes in gene expression and cell signaling, or a decline in
telomerase activity and immune response (Jin, 2010; Sergiev et al.,
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Q1d (virgin) W W ovip Q 1y kb
. — 48
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- — 23
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Fig. 5. Telomere length in the fat body. The (TTAGG)n sequences were visua-
lized using Southern hybridization with a probe labeled with 2P-dCTP. W,
workers; W ovip, ovipositing workers; Q1d (virgin), 1-day-old virgin queens; Q
ly, 1-year-old queens.

2015). Based on the disposable soma theory of ageing (Kirkwood and
Holliday, 1979), the organism's lifetime is inversely correlated with
reproduction rate/potential of the individual in relation to differential
allocation of resources between somatic maintenance and the re-
productive process. Although this phenomenon is generally valid, it is
not universal, as shown in eusocial insects or mammals, such as naked
mole rats (Bens et al., 2018; Jemielity et al., 2005; Lucas and Keller,
2014).

The differences in life expectancy in relation to the social/re-
productive status of the individual, and contradiction of the disposable
soma theory, make eusocial insects an excellent model system to study
the regulation of ageing. The exact mechanisms determining lifespan
differences in social organisms are unknown, but some changes have
been found at the expression level of ageing-related genes associated
with lipid metabolism, oxidative phosphorylation (Bens et al., 2018),
antioxidant protection (Corona et al., 2005), and mitochondrial main-
tenance (Aamodt, 2009), directed by reprogramming of the genome by
epigenetic modifications (Chittka and Chittka, 2010; He et al., 2017;
Herb et al., 2012; Kucharski et al., 2013). Telomere attrition, together
with low telomerase activity may contribute to organismal ageing by
limiting stem cell division potential, leading to a progressive loss of
tissue and organ regeneration capacity, which in turn limits organismal
longevity (Flores and Blasco, 2010; Milewski, 2010; Rodier et al.,
2007).

In our previous studies, we tested telomerase activity in several
species of eusocial insects, such as honeybees and several termite spe-
cies, to determine whether caste-related lifespan differences correlate
with levels of telomerase activity, and indeed, in all of the species, we
consistently found elevated telomerase activity in the somatic tissues of
reproductive individuals ((Korandova and Frydrychova, 2016); data on
termite species in unpublished studies).

In B. terrestris the caste-related lifespan differences are less pro-
nounced than in advanced eusocial species (Lin and Michener, 1972).
Although B. terrestris workers live for 2-3 months and queens can live
up to 1 year, it needs to be considered that queens spend most of their
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life (6-9 months) in diapause (Alford, 1969a; Lopez-Vaamonde et al.,
2009; Smeets and Duchateau, 2003). A key requirement to survive
diapause is a sufficient energy reserve, which is built up and stored in
the fat body during a limited time prior to diapause (Holm, 1972). The
insect fat body is a major energy storage organ with a high metabolic
activity, and in B. terrestris queens it changes significantly in structure
and function over the course of their lifetime (Votavova et al., 2015).
After emergence from the pupa, the queen's fat body develops (Alford,
1969b), and considerable energy reserves are synthesized and stored in
adipocytes, most of which are utilized during diapause (Alford, 1969b).
In young, pre-diapause queens, we found up-regulated telomerase ac-
tivity with DNA replication, while the highest levels of fat body mass
and lipid reserves in queens were found at the end of the pre-diapause
period. In contrast, the fat body mass, lipid reserves, and adipocyte size
were low in post-diapause queens and in workers, which is consistent
with previous observation (Votavova et al.,, 2015). Regarding the
polyploid character of the fat body cells, DNA synthesis signals ob-
served in our experiments come from DNA endoreduplication cycles
rather than from cell proliferation. DNA endoreduplication is a cellular
mechanism employed to maximize energy production and storage away
from costly processes such as mitosis or cytokinesis (Lee et al., 2009). In
view of the crucial role of adipocytes and oenocytes in lipid processing
(Martins and Ramalho-Ortigao, 2012), we can speculate that upregu-
lation of telomerase activity and increased DNA replication are pre-
requisites for the high metabolic activity needed in these tissues for
upcoming diapause. Interestingly, telomerase activity in bumblebee
queens, like lipid and glycogen levels, seems to decrease after mating;
however, to get complete clarification of this finding, more detailed
studies should be conducted.

Among tested somatic tissues of B. terrestris, the upregulation of
telomerase activity found only in the fat body and only in young pre-
diapause queens contrasts substantially with that of species of advanced
eusocial insects, as these species show elevated levels of telomerase
activity in various somatic tissues, independently of age (Korandova
and Frydrychova, 2016). In contrast to our observation of telomere
shortage in 1-year-old queens, previous studies did not find any dif-
ferences in average telomere length between somatic tissues of re-
productive and sterile female castes in ants and honeybees (Jemielity
et al., 2007; Korandova and Frydrychova, 2016). However, it must be
pointed out that both studies used for the telomere length assessments
relatively young queens with the high potential to live much longer,
and telomere length in senescent queens of the tested species remains
elusive. Nevertheless, our data on telomerase activity in somatic tissues
of B. terrestris are in agreement with our original hypothesis that life-
span in B. terrestris is regulated in a different way than in advanced
social insects, and lifespan differences between B. terrestris workers and
queens are rather enabled by the long diapause period.

According to the antagonistic pleiotropy theory of ageing, natural
selection favors the genes that are beneficial early in life, such as genes
of nutrient-sensing pathways, even though they are detrimental at later
life stages and promote ageing (Blagosklonny, 2010; Williams, 1957).
One such pathway is the gero-promoting TOR pathway (Antikainen
et al., 2017; Hay, 2011; Stanfel et al., 2009; Tia et al., 2018), a con-
served kinase, regulating cell growth and metabolism. The TOR
pathway is activated by growth factors, nutrients, and insulin or other
hormones, and antagonized by gero-suppressing factors, such as the
FOXO transcription factor (Blagosklonny, 2010; Hay, 2011). Suppres-
sion of the TOR pathway or dietary restriction in adult age results in
lifespan extension across vertebrate and invertebrate species
(Blagosklonny, 2010). One of the well-known functions of TOR is its
role in regulation of protein synthesis, where TOR activates two key
targets, the ribosomal subunit SK6 and the eukaryotic initiation factor
4E-binding protein (4EBP). Upon its activation, 4EBP releases the eu-
karyotic translation initiation factor 4E, which is a key regulator of
mRNA translation initiation (reviewed in Markaki and Tavernakakis,
2013). Protein intake has been shown as a crucial trigger for the
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Fig. 6. The fat body mass and energy reserves in the fat body. The fat body mass (A), total lipid amounts (B), lipid concentrations (C), total glycogen amounts (D),
and glycogen concentrations (E) were quantified in Q1d (virgin) — 1-day-old virgin queens; Q 10d (virgin) — 10-day-old virgin queens; Q 10d (24 h mated) — 10-day-
old queens that were 24 h after mating; Q 3wks (2wks mated) — 3-week-old queens that were two weeks after mating; Q 7m — 7-month-old queens; Q 1year — 1-year-
old queens; W ovip. — ovipositing workers; W — workers. Statistical significance was determined using One-way ANOVA and Tukey's post-hoc tests (p < 5%,
indicated by different letters above columns); n = 5. The bars in graphs represent the mean + SD.

initiation of egg development in numerous insects requiring protein-
rich diet, and TOR pathway serves as a nutritional control in female
reproduction of such insects. SK6 activation mediated by TOR is in-
volved in the regulation of the Vg production, and RNAi-mediated TOR
silencing results in decreased Vg expression or severely affects egg
production. Additionally, control of insect reproduction via TOR
pathway is mediated by involvement of TOR in regulation of synthesis
and secretion of JH and ecdysone (reviewed in Smykal and Raikhel,
2015). The TOR/FOXO transcript reversal we observed for 1-day-old

and 1-year-old queens in their fat bodies indicates a high rate of me-
tabolic stress in 1-year-old queens, which might be simply linked to
reproductive status of the queens. In such case, however, it remains to
be explained why similarly elevated levels of TOR transcripts were not
observed in ovipositing workers. On the other hand, it needs to be also
pointed out that a high metabolic rate is a feature of senescent cells
(Nacarelli and Sell, 2017), and therefore, we can still ask whether the
TOR/FOXO switch might be the senescence-related change. Never-
theless, lack of more detailed data makes it difficult to solve.
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In the fission yeast Schizosaccharomyces pombe, the loss of TOR1
leads to over-elongation of telomeres and chromatin changes, sug-
gesting a possible link between nutrient sensing and cellular mechan-
isms that regulate chromatin structure and telomere maintenance
(Schonbrun et al., 2009). Data about the role of the TOR pathway in
telomere length maintenance in higher Eukaryotes are not available. In
queens we found a negative correlation between telomerase activity/
telomere length and transcript levels of TOR, complemented by a po-
sitive correlation between telomerase activity/telomere length and
transcript levels of FOXO. However, to draw a conclusion that telo-
merase regulation is closely related to the TOR and FOXO pathways, or
vice versa, or to explain the TOR/FOXO expression switch, more de-
tailed experiments, such as RNA interference assays, need to be con-
ducted. One of the TOR knock-down effects is reduced transcript levels
of Vg, which plays a role not only in reproduction as a yolk precursor,
but also with caste-dependent lifespan differences in honeybees, in anti-
oxidant and anti-stress defense, and immune reactions (Guidugli et al.,
2005; Havukainen et al., 2013; Kodrik et al., 2019; Miinch et al., 2015).
In honeybees, levels of Vg are elevated by protein-rich diets, and
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b Fig. 7. Transcript levels of Vg, TOR, and
FOXO in the fat bodies. Transcript levels of
vitellogenin (A), TOR (B) and FOXO (C)
were evaluated relative to transcript levels
of elongation factor-1. Q1d (virgin) — 1-day-
old virgin queens; Q 10d (24 h mated) - 10-
day-old queens that were 24 h after mating;
Q lyear — 1-year-old queens; W ovip. —

a a ovipositing workers; W -  workers.

e s R Statistical significance was determined
,@,& N R using One-way ANOVA and Tukey's post-
@’b AN hoc tests (p < 5%, indicated by different
letters above columns); n = 5. The bars in

graphs represent the mean + SD.

Fig. 8. Transcript levels of TOR and
FOXO in ovaries. Transcript levels of
TOR (A) and FOXO (B) were evaluated
relative to transcript levels of elongation
factor-1. Q1d (virgin) — 1-day-old virgin
queens; Q 10d (24 h mated) - 10-day-
old queens that were 24 h after mating;
Q lyear — 1-year-old queens; W ovip. —
ovipositing workers; W - workers.

a Statistical significance was determined
N using One-way ANOVA and Tukey's
RS OA\Q' post-hoc tests (p < 5%, indicated by

A different letters above columns); n = 5.
The bars in graphs represent the
mean * SD.

importantly, a knock-down of Vg has no effect on TOR transcript levels
or queen development (Patel et al., 2007). In contrast to TOR and
FOXO, we found no apparent correlation between changes in Vg tran-
script levels and telomerase activity/telomere length.

To conclude, apart from the upregulation of telomerase activity in
embryos and gonads, which was expected, telomerase activity was
enhanced in the fat bodies of young pre-diapause queens, and asso-
ciated with increased DNA synthesis. We speculate that the upregula-
tion of telomerase activity and DNA synthesis in the queens are es-
sential for rapid intensification of metabolic activity in the fat body to
build up a sufficient energy reserve prior to diapause. Data support our
hypothesis that the lifespan differences between B. terrestris workers
and queens are simply related to the long diapause period. Telomerase
activity might be in a direct correlation with the mating process as well
as with nutrient-sensing pathways; however, more detailed studies
must be conducted to verify these relationships or uncover more hidden
insights.
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