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Abstract — In cusocial honey bees, Apis mellifera, diet, gut microbiota and nestmates can all contribute to the
health of freshly emerged individual workers, but their relative importance for longevity and body weight is
currently unknown. Here, we show that diet is most relevant, followed by gut microbiota and the presence of
nestmates. Freshly emerged workers were randomly assigned to eight treatments (with or without honey/pollen,
protein-substitute lactalbumin, antibiotic tetracycline and nestmates for 24 h) and maintained under standardised
laboratory conditions. Longevity and food consumption were measured daily and fresh body weight was assessed at
day 7. The data show a significantly better survival and a higher body weight in workers supplied with honey/pollen.
Survival was higher in the lactalbumin treatments compared to the ones restricted to sucrose only, but lower
compared to those with honey/pollen, highlighting the importance of micronutrients. In contrast, antibiotic treatment
had a significant negative effect on longevity and body weight, which may be explained by inactivated gut
microbiota and/or toxicity of the antibiotics. There was no positive effect of nestmates, probably due to the short
exposure period. In contrast, nestmates showed a negative effect on survival in antibiotic-treated workers, possibly
by transmitting pathogens and antibiotic-induced gut dysbiosis. In conclusion, a macro- and micronutrient-rich diet
appears to be the key to individual honey bee worker health. Providing an optimal diet and possibly gut microbiota
appears to be a promising way to promote managed A. mellifera health.

Apis mellifera / nutrition / gut microbiota / longevity / nestmates

1. INTRODUCTION

Diet, gut microbiota and nestmates can all con-
tribute to the health of freshly emerged individuals
(Haydak 1970; Alaux et al. 2010; Brodschneider
and Crailsheim 2010). Adult honey bees eat pollen/
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bee bread and honey supplying them with essential
macro- (i.e. carbohydrates, protein, lipids, water)
and micronutrients (i.e. vitamins, minerals,
secondary plant products, Winston 1991;
Brodschneider and Crailsheim 2010). In particular,
pollen quantity and diversity play a key role for
body weight and longevity (e.g. Haydak 1937;
Schmidt et al. 1987; Di Pasquale et al. 2013).
Especially important for queens and drones, but
also for workers, are nestmates providing
nutrient-rich jelly via trophallaxis (e.g. Haydak
1970; Crailsheim 1991; Camazine et al. 1998).
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Gut microbiota may also play an important role for
nutrition by contributing to fermentation of pollen
to bee bread and by providing micronutrients (e.g.
vitamins, Noda et al. 1994; Vasquez and Olofsson
2009; Martinson et al. 2012) as well as for host
defence by producing bioactive substances against
pathogens (Forsgren et al. 2010; Vasquez et al.
2012; Olofsson et al. 2016). Freshly emerged bees
can acquire their microbiota through contact either
with nurse bees and hive surfaces (e.g. worker
faeces, Powell et al. 2014) or with older nestmates
(Martinson et al. 2012). However, there are no data
yet for the relative importance of diet, gut microbi-
ota and the presence of nestmates for worker lon-
gevity and body weight.

One common approach to compensate inade-
quate pollen supply is protein substitutes, e.g. soy-
bean, brewer’s yeast (De Jong et al. 2009;
Brodschneider and Crailsheim 2010) and skimmed
milk powder (Paray et al. 2021) with lactalbumin
being one main protein component (Biitikofer et al.
2006). The latter is also used in honey bee cell
cultures (Bergem et al. 2006), because it contains
all essential amino acids (De Groot 1953; Brew
et al. 1970). However, at present, there are no data
for comparing lactalbumin as a single substitute to
natural diet (honey/pollen) and lack of proteins.

Here, we conducted a laboratory study to in-
vestigate the relative importance of diet, gut mi-
crobiota and nestmates on longevity and body
weight of workers. These parameters are adequate
tokens of health (De Jong et al. 1982; Farjan et al.
2012; Retschnig et al. 2014; Straub et al. 2019).
We would expect longest survival and highest
body weights in workers that have a nutrient-rich
diet, nestmates present during emergence and an
intact gut microbiota.

2. MATERIAL AND METHODS
2.1. Experimental set-up

The experiments were carried out from June to
August 2017 at the Institute of Bee Health, Bern,
Switzerland, and consisted of eight laboratory
hoarding cage treatment groups (Table I). The
queens of three local, unrelated colonies were
caged on empty worker brood frames for 48 h to
obtain defined age cohorts of freshly emerged
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adult workers. Twenty-four hours before the
workers were expected to emerge (Human et al.
2013), the frames were taken out of the colonies
and all workers on the brood frames were shaken
into an empty Styrofoam box. They were mixed to
randomise for the genetic background, sprayed
with sugar water (15% w/v) and returned onto
the frames (~250 workers per frame). To provide
gut microbiota and essential nutrients to the treat-
ment groups “nestmates”, the frames with the
nestmates were placed in cages and maintained
in an incubator for 24 h at 34.5 °C and > 50%
relative humidity (RH) (Williams et al. 2013).
Then, the freshly emerged workers were visually
separated from their older nestmates (“fluffy” ap-
pearance, low movements and inability to fly,
Winston 1991) and randomly added to 32 plastic
hoarding cages (V=25 each cage; Williams et al.
2013). To obtain the workers for the treatment
groups “without nestmates”, the frames were sim-
ply cleaned of all remaining workers prior to
incubation.

2.2. Antibiotic treatments and feeding
regimes

Tetracycline was used as broad-spectrum anti-
biotic to decrease the abundance of major gut
bacteria such as Lactobacillus spp. and
Bifidobacterium spp. (Raymann et al. 2017), de-
spite its known possible toxic effects (Raymann
and Moran 2018). Tetracycline was applied to the
groups 4, 5, 6 and 7 (Table I) as a 1.5 ml sterile
50% (w/v) sucrose solution containing 450 pg/ml
tetracycline (fetracycline hydrochloride, Sigma-
Aldrich , USA) per cage and day (Raymann et al.
2017). The efficacy of the antibiotic treatment
effect was confirmed by visual screening of a
subsample of antibiotic-treated and control
workers after 7 (N=5-10 each) and 14 days
(N=2-5 each). The guts of these workers were
plated and incubated under aerobic and anaerobic
conditions (adapted from Jorgensen and Turnidge
2015). Then, the bacterial growth was visually
recorded and substantially lower in the treated
workers compared to the controls (~50-90% low-
er; data not shown).

According to the treatment group (Table I),
cages were supplied with one out of three feeding
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Table 1. Treatment groups of the laboratory hoarding-cage experiment. Freshly emerged honey bee workers, Apis
mellifera , received sucrose solution (50% w/v) and were either exposed to adult nestmates for 24 h after emergence
or not (= nestmates), received the antibiotic tetracycline (= antibiotics), honey/pollen (honey/pollen) or lactalbumin
paste (= lactalbumin) or not (N = eight cages with 25 workers each for each treatment)

Group Treatment

Nestmates Antibiotics Honey/pollen Lactalbumin N
1. Nestmates only + - - - 200
2. Nestmates, honey/pollen + - + - 200
3. Nestmates, lactalbumin + — - + 200
4. Antibiotics only - + - - 200
5. Antibiotics, honey/pollen - + + - 200
6. Antibiotics, lactalbumin + - + 200
7. Nestmates, antibiotics + + - - 200
8. Control - - - 200
N total 1600

regimes: All workers received sterile sucrose so-
lution (50% w/v, filtered through 0.45-um pore
(Thermo Scientific™ Nalgene™ Rapid Flow
™ "USA) ad libitum in a 2-ml syringe (Codan ,
Germany) (Williams et al. 2013). Treatment
groups 2 and 5 were additionally fed with an
unpasteurized honey/pollen paste consisting of a
2.33:1 ratio of pollen/honey using local products
(organic multifloral pollen: Swiss Bio Pollen,
Bienen Roth, Switzerland ; honey: Swiss honey ,
IBH). Treatment groups 3 and 6 received a lact-
albumin paste (Standifer et al. 1960) as a protein
substitute. The paste consisted of 20 % (v) lactal-
bumin (Lactalbumin hydrolysate, Sigma-Al-
drich , USA), 69% powdered sugar and 11% wa-
ter. Both pastes were stored at —24 °C until
defrosting shortly before use and were provided
in 1.5 ml microcentrifuge tubes. All devices with
food were replaced every 24 h (Williams et al.
2013). The cages were kept in an incubator at 30
°C and > 50% RH for 21 days (Williams et al.
2013).

2.3. Longevity, body weight and food
consumption

Mortality of the experimental workers was
checked every 24 h. Dead workers were recorded,
removed from the cage and stored at —20 °C. To
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measure the fresh body weight, five randomly
selected live workers were carefully removed
from each cage on day 7, weighed (Mettler Toledo
PR5003,d =0.001 g) and subsequently stored at
<—20 °C (N=40 workers per treatment group)
(Human et al. 2013). For food consumption, the
consumed amount of sucrose solution was record-
ed by daily metering of the scale on the syringe.
For the pastes (honey/pollen and lactalbumin),
microcentrifuge tubes were weighed (Mettler To-
ledo PR5003 ,d = 0.001 g) before administration
and after replacement after 24 h.

2.4. Statistical analyses

Data were tested for normality using the
Kolmogorov-Smirnov test, revealing that body
weight, consumption of sucrose solution, honey/
pollen and lactalbumin were not normally distribut-
ed. Body weight and food consumption were com-
pared with Kruskal-Wallis one-way ANOVAs and
Bonferroni multiple comparison tests. Spearman
rank correlations were calculated for body weight
and food consumption (sum of sucrose solution and
paste consumption per bee for the first 7 days of the
trial) as well as fresh body weight and median
worker longevity. Overall and pairwise comparisons
of paste consumption of the groups that were sup-
plied with honey/pollen or lactalbumin were
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conducted with a Kruskal-Wallis ANOVA and
Wilcoxon rank sum tests. Worker mortality was
compared between groups with a Kaplan-Meier
survival statistics using Log rank tests. For all statis-
tical analyses, the NCSS software was used (NCSS
Version 10, NCSS LLD, USA).

3. RESULTS
3.1. Food consumption

Sucrose solutionSucrose solution consumption dif-
fered significantly between treatments (Kruskal-
Wallis one-way ANOVA, P<0.001, Table I, Fig-
ure 1). Between treatments, which were supplied
with both sucrose solution and paste (honey/pollen
or lactalbumin), no significant differences in con-
sumption of sucrose solution were observed
(pairwise comparisons with Bonferroni multiple
comparison test, Ps>0.05). The groups, which have
only received sucrose solution, showed a significant-
ly higher consumption than the ones with antibiotic
treatment in both groups with and without nestmates
(Co vs. Ab; Nm vs. Nm/Ab, pairwise comparisons
with Bonferroni multiple comparison test,

P$<0.05). The groups supplied with honey/pollen
or lactalbumin paste showed no significant differ-
ence in consumption of sucrose solution compared
to those which have not received pastes (Nm/HP vs.
Nm; Nm/LA vs. Nm; Ab/LA vs. Ab, pairwise com-
parisons with Bonferroni multiple comparison test,
Ps>0.05), except for the antibiotic-treated group
with the honey/pollen diet (Ab/HP vs. Ab, pairwise
comparison with Bonferroni multiple comparison
test, P <0.05).

Honey/pollen and lactalbumin consumption
There were no significant differences between
the groups (Kruskal-Wallis ANOVA, P>0.05;
Wilcoxon rank sum tests, all Ps>0.05, Table II).

3.2. Body weight

The fresh body weights were significantly dif-
ferent between the treatments (Kruskal-Wallis
one-way ANOVA, P<0.001, Figure 2). The
highest body weights were observed in the
groups, which have received honey/pollen, inde-
pendent of nestmates and antibiotics (Bonferroni

Table II. Daily consumption of sucrose solution (ul/worker), honey/pollen and lactalbumin paste consumption (mg/
worker) for the treatment groups. Medians and quartiles are shown

Treatment

Group Lower quartile Median Upper quartile
Sucrose solution [pl/worker]

1. Nestmates 25.42 3333 44

2. Nestmates, honey/pollen 28.72 40 50

3. Nestmates, lactalbumin 21.83 30.77 40

4. Antibiotics 20 27.89 36

5. Antibiotics, honey/pollen 24 33.33 44.44

6. Antibiotics, lactalbumin 22.07 31.58 42.14

7. Nestmates, antibiotics 20 24 32

8. Control 33.33 40 50
Honey/pollen paste [mg/worker]

2. Nestmates, honey/pollen 0 2.63 9.11

5. Antibiotics, honey/pollen 0 3.77 9.06
Lactalbumin paste [mg/worker]

3. Nestmates, lactalbumin 0.29 3.46 7.31

6. Antibiotics, lactalbumin 0.01 3.38 6.55
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Figure 1. Average daily sucrose solution consumption of honey bee, Apis mellifera, workers in the treatments
(nestmates (Nm), antibiotic (Ab), supply with honey/pollen (HP) or lactalbumin (LA) and controls (Co)) for the
whole study duration (in pl/worker/day). Significant differences between the groups (Bonferroni multiple compar-
ison tests, P $<0.05) are indicated with different letters. The boxplots show interquartile ranges (boxes), medians
(black lines within the interquartile range), data range (vertical lines) and outliers (grey dots).

multiple comparison test, all Ps<0.05). Workers
from the groups, which have received honey/
pollen or lactalbumin, showed significantly higher
body weights compared to workers without pro-
tein supply (Bonferroni multiple comparison tests,
Ps<0.05). While there was no significant differ-
ence between workers fed with honey/pollen or
lactalbumin (Bonferroni multiple comparison test,
P s>0.05), protein diet with honey/pollen resulted
in higher body weights compared to lactalbumin
in the groups with antibiotic treatments and with-
out nestmates (groups 5 (Ab, HP) and 6 (Ab, LA),
Bonferroni multiple comparison test, P s<0.05).
Interestingly, antibiotic-treated workers showed
lower body weights compared to workers without
antibiotic treatment, only when nestmates were
present (Bonferroni multiple comparison test,
P<0.05 and Ps>0.05). Otherwise, the presence
of nestmates had no significant effect (Bonferroni
multiple comparison test, P s>0.05).
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3.3. Association of food consumption and
worker body weight

The total consumption of sucrose solution per
worker of the experiment was significantly positive-
ly correlated with the individual body weight for the
groups, which have only received sucrose solution
(data pooled from all groups without paste supply:
Co, Nm, Ab, Nm/Ab, Spearman rank correlation
coefficient 0.3486, P<0.001, N=160, Figure 3a)
and the groups, which have additionally received
honey/pollen or lactalbumin (data pooled from all
groups with paste supply: Nm/HP, Nm/LA, Ab/HP,
ADb/LA, Spearman rank correlation 0.2101, P<0.01,
N=160, Figure 3b). If correlations of total consump-
tion of sucrose solution and individual body weight
were calculated separately for workers treated with
or without antibiotics, significant correlations were
only observed in the antibiotic-treated groups
(groups without paste supply: Spearman rank
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Figure 2. Honey bee, Apis mellifera , worker fresh body weight in the different treatment groups (measured in a
subsample of N =40 workers per group on day 7). Treatments include groups with nestmates (Nm), antibiotic (Ab),
supply with honey/pollen (HP) or lactalbumin (LA) and control (Co). The letters A—D mark significant differences
based on Bonferroni multiple comparison tests, P s<0.05. The boxplots show interquartile range (box), median
(black line within the interquartile range), data range (vertical lines) and outliers (grey dots).

coefficient 0.2712, P<0.05, N=80; groups with
paste supply: Spearman rank coefficient 0.2782,
P <0.05, N=80). Similarly, a significant positive
correlation was detected between the sum of paste
consumption (days 1 to 7) and individual body
weight (data pooled from all groups with paste
supply: Nm/HP, Nm/LA, Ab/HP, Ab/LA, Spear-
man rank correlation coefficient 0.4696, P<0.001,
N=160, Figure 4).

3.4. Longevity

The workers, which received honey/pollen
paste and were exposed to nestmates, showed a
significantly better survival compared to all other
groups (Kaplan-Meier, Log rank test, all P s<0.05,

Figure 5, Table III), followed by workers, which
received lactalbumin and were exposed to
nestmates, significantly living longer than all
groups (Kaplan-Meier, Log rank test, P<0.05,
Figure 5, Table III) except the former group, the
one with antibiotics and honey/pollen and the
controls (Kaplan Meier, Log rank test, P s>0.05,
Figure 5, Table III). The highest mortality oc-
curred in bees exposed to nestmates and fed with
antibiotics followed by the one exposed to antibi-
otics only (Kaplan-Meier, Log rank test, P s<0.05,
Figure 5, Table III). The comparisons of the
groups with different diets showed that workers,
which received honey/pollen, survived signifi-
cantly longer compared to those which received
only sucrose solution or sucrose solution and lact-
albumin in the groups with and without antibiotics
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Figure 3. Significant positive correlation between the sum of sucrose consumption (days 1-7) and individual honey
bee, Apis mellifera, body weight in workers that have received a sucrose solution only (N=160, Spearman rank
correlation coefficient 0.3486, P<0.001, level of significance *** = P<0.001) or b additionally honey/pollen or
lactalbumin paste (N =160, Spearman rank correlation 0.2101, P <0.01, level of significance ** = P< 0.01). Each dot

represents one experimental worker.

(Nm/HP vs. Nm; Nm/HP vs. Nm/LA; Ab/HP vs.
Ab; Ab/HP vs. Ab/LA, Kaplan-Meier, Log rank
test, Ps<0.05, Table III). Similarly, workers from
the groups without antibiotic treatment showed
significantly higher longevity than groups with
antibiotic treatment (Co vs. Ab; Nm vs. Nm/Ab;
Kaplan-Meier, Log rank test, all Ps<0.05,
Figure 5, Table III). The presence of nestmates
either had no significant impact on survival com-
pared to the control group (Nm vs. Co, Kaplan-
Meier, Log rank test, P>0.05) or resulted in a
higher mortality, when the antibiotic was supplied
(Nm/Ab vs. Ab, Kaplan-Meier, Log rank test,
P <0.05, Figure 5, Table III).

3.5. Body weight as predictive marker for
longevity

Body weight that was measured on day 7 in 40
workers per treatment showed a significant positive
correlation with the median longevity during the
whole duration of the study (V=320, Spearman rank
correlation coefficient 0.2393, P<0.001,
Figure 6).
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4. DISCUSSION

The data show that diet was the most important
aspect for honey bee worker body weight and
longevity, followed by gut microbiota and the
presence of nestmates. Both significantly higher
body weights and enhanced survival of workers
were obtained with a honey/pollen or lactalbumin
diet confirming earlier reports (e.g. Haydak 1970;
Brodschneider and Crailsheim 2010; Wright et al.
2018). The honey/pollen diet led to better survival
than the lactalbumin diet, while both of these diets
were clearly superior to the one restricted to su-
crose solution in terms of survival and body
weight. Antibiotic-treated workers with an
inactivated gut microbiota showed significantly
higher mortality, unless they were supplied with
a honey/pollen diet. The presence of nestmates
during emergence of adult workers did increase
neither body weights nor survival, but decreased
survival in the antibiotic-treated workers.

The observed higher fresh body weights in the
workers fed with a honey/pollen or lactalbumin
diet compared to one restricted to sucrose are in
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Figure 4. Significant positive correlation between the sum of paste consumption (days 1-7) and individual honey
bee, Apis mellifera , fresh worker body weight (V=160 on day 7, Spearman rank correlation coefficient 0.4696,
P <0.001, level of significance ***=P <(0.001). Each dot represents one worker. The figure includes only workers
from the treatments that have received honey/pollen (HP) or lactalbumin (LA) paste.

line with previous reports and are likely due to
protein supply (e.g. Haydak 1937). The supply
with protein has likely led to a better development
of body tissues (e.g. fat body, muscle tissue),
thereby resulting into higher body weights
(Haydak 1970). The higher body weight of
honey/pollen vs. lactalbumin fed workers may
be explained by the presence of proteases, a better
assimilation and additional nutrients in the honey/
pollen diet (i.e. organic acids, lipids, minerals,
polyphenols, trace elements, vitamins and aroma
compounds, Keller et al. 2005, Bogdanov et al.
2008, Campos et al. 2008). Surprisingly, workers
that have received honey/pollen or lactalbumin
paste consumed similar amounts of sucrose solu-
tion compared to workers that were restricted to

sucrose only. This may be due to the ability of
caged workers to self-regulate their intake at a rate
of ~10% of proteins and ~90% of carbohydrates
(Altaye et al. 2010), following the principle of
nutritional self-selection (Waldbauer and
Friedman 1991).

The importance of protein supply was further
confirmed by our survival data. Indeed, survival
was highest in the groups that have received hon-
ey/pollen, followed by lactalbumin and sucrose
solution only. This is in line with previous reports
of higher worker longevity when fed with protein-
rich diets compared to low- or no-protein diets
(Schmidt et al. 1987; Malone et al. 1999; Di
Pasquale et al. 2013; Tritschler et al. 2017). How-
ever, the higher mortality in the workers fed with
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Figure 5. Honey bee, Apis mellifera, worker longevity

in the eight treatment groups (N =200 workers/group) with

nestmates (Nm), antibiotic (Ab), supply with honey/pollen (HP) or lactalbumin (LA) and control (Co). Kaplan-
Meier survival curves are shown. The digits next to the curves indicate the treatment groups and different letters

mark significant differences between the groups based

lactalbumin compared to the ones fed with honey/
pollen reveals that lactalbumin alone is not an
adequate replacement. This is in line with earlier
findings (Standifer et al. 1960) and may be due to
the lack of additional nutrients (see above), a
lower protein variation (Brew et al. 1970;
Cremonz et al. 1998; Di Pasquale et al. 2013)
and/or bio-availability (Standifer et al. 1960). In
any case, the superior survival of the honey/pollen
groups compared to the lactalbumin ones, despite
the presence of all essential amino acids in both
groups, supports the so far neglected importance
of micronutrients for bee health (e.g. vitamins,
minerals). It therefore appears as if these
micronutrients deserve more attention if the aim
is to provide managed bee health with an optimal
diet, especially when routinely replacing diverse
honey stores with sugar solutions (Neumann and
Blacquiére 2017).

Antibiotic treatment showed negative effects
on both worker body weight and longevity. In
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on Log rank tests (P s<0.05).

the groups with nestmates being present,
antibiotic-treated workers had lower body weights
than the ones without antibiotic treatment, which
is likely a consequence of the reduced food con-
sumption. This is in line with negative effects of
antibiotics on feeding in Daphnia magna
(Gorokhova et al. 2015) and may be a result of
lower hunger levels due to decreased activity and
energy demand (Olaerts 1956; Winston 1991).
Alternatively, but not mutually exclusive, the
disrupted gut microbiota may be involved, be-
cause intact gut microbiota can promote weight
gain in young workers (Zheng et al. 2017).

The clear negative impact of the antibiotic
treatment on worker survival is also in line with
previous reports (Raymann et al. 2017). This may
be due to toxic effects of tetracycline (Ballard and
Melvin 2007; Raymann and Moran 2018), inacti-
vation of the gut microbiota (Vasquez and
Olofsson 2009; Raymann et al. 2017), or further
systemic reactions of the individuals, i.e. reduced
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Figure 6. Significant positive correlation between honey bee, Apis mellifera , worker body weight measured on day
7 (all treatment groups combined, N =40 per treatment, total N=320) and median longevity (median value for each
treatment, data from all experimental workers) during the whole duration of the cage study (22 days, Spearman rank
correlation coefficient 0.2393, P <0.001, level of significance *** = P<0.001).

hunger levels. Interestingly, the antibiotic treat-
ment did not decrease longevity when workers
were supplied with the honey/pollen diet. Given
that the tetracycline has a toxic effect, honey/
pollen may support detoxification by supplying
proteins and phytochemical substances (e.g. p-
coumaric acid; Mao et al. 2013; Schmehl et al.
2014; Berenbaum and Johnson 2015). In case the
reduced survival partly results from the
tetracycline-induced inactivation of the gut micro-
biota, the honey/pollen diet may compensate for
certain beneficial effects of an intact gut microbi-
ota, e.g. by supporting the immune system (Alaux
et al. 2010) or providing essential nutrients such
as b-vitamins (Noda et al. 1994; Vasquez and
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Olofsson 2009). Alternatively, the negative effect
of the antibiotic treatment may be stronger in
pollen-deprived and therefore short-lived workers
compared to longer-lived workers that obtained
pollen in their diet. One important aspect that has
not been addressed here is that access to pollen
can considerably increase bacterial abundance in
the gut, particularly in the ileum and rectum of
honey bee workers (Ricigliano et al. 2017;
Ricigliano and Simone-Finstrom 2020). In light
of the numerous factors that influence abundance
and diversity of the microbiota as well as the
substantial effects the microbiota displays on var-
ious physiological processes in honey bees, more
research is required.
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Overall, the presence of nestmates showed no
positive effects on body weight and longevity. This
is surprising, because the establishment of the gut
microbiota requires the presence of nestmates or at
least faecal material of workers with an established
bacterial gut community (Powell et al. 2014;
Hroncova et al. 2015). It has further been reported
that workers that were isolated in laboratory cages
show better physical development, when nestmates
are present (Naiem et al. 1999). The positive effects
of the nestmates may not suffice to alter the mea-
sured parameters. Alternatively, the limited time
window of 24 h may not have been sufficient to
provide the full potential benefit from exposed
nestmates. Furthermore, emerging workers without
nestmates may have obtained the required bacteria
to establish their gut microbiota from alternative
sources such as pollen from the brood frame shortly
after emergence (Dietz 1969). However, the worst
survival was observed in workers that were exposed
to both antibiotics and nestmates. One potential
explanation could be that the gut dysbiosis due to
the antibiotic treatment facilitated the growth of
opportunistic pathogens (Raymann et al. 2017),
which could have been transmitted by the nestmates
(e.g. Moeckel et al. 2011). Moreover, the workers
may have been weakened already by tetracycline
(see above). In general, the apparent lack of data on
the role of nestmates in honey bee nutrition calls for
more investigations.

Body weight has repeatedly been measured as
an indicator for health in various studies on honey
bees (e.g. Bowen-Walker and Gunn 2001;
Retschnig et al. 2014), bumble bees (Holm
1972) and solitary bees (Tepedino and Torchio
1982). Obviously, food consumption is closely
associated with body weight and likely plays an
important role for worker longevity. However, in
sharp contrast to food consumption, fresh body
weight can be easily determined and therefore
appears to constitute a simple token of health.
Indeed, the data confirm the positive association
of higher fresh body weight and longevity in
honey bee workers, which underlines the suitabil-
ity of this parameter as a valid predictive marker
of honey bee health.

In conclusion, our data confirm that diet plays
the key role for body weight and longevity. This is
of high practical relevance, as providing sufficient
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and nutrient-rich food is one of the crucial ele-
ments of modern beekeeping management
(Dolezal and Toth 2018; Sperandio et al. 2019).
In light of unsustainable high colony losses
(Neumann and Carreck 2010), adequate full nu-
tritional supply, incl. micronutrients, therefore
constitutes a key element for improving managed
honey bee health.
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