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Abstract

Nepotism was initially theoretically predicted and sometimes found to trigger the selection of

specific larvae to be reared as queens in the honeybee Apis mellifera. Although the impor-

tance of selecting the next queen for a colony indicates that it should not occur at random,

nepotism is increasingly considered unlikely in eusocial insect societies. Different prenatal

maternal supplies of embryos have been found to impact fitness in many other species and

therefore could be a possible trigger underlying the likelihood of being raised as a queen.

We offered related or unrelated larvae from six colonies originating from eggs of different

weights for emergency queen rearing in queenless units with worker bees from these six

colonies. We showed that nurses did not significantly prefer related larvae during queen

rearing, which confirms the theory that different relatedness-driven kin preferences within a

colony cannot be converted into a colony-level decision. However, we found that larvae orig-

inating from heavier eggs were significantly preferred for queen breeding. Studies on other

species have shown that superior maternal supply is important for later reproductive suc-

cess. However, we did observe tendencies in the expected direction (e.g., queens that

hatched from heavier eggs had both more ovarioles and a shorter preoviposition period).

Nevertheless, our data do not allow for a significant conclusion that the selection of larvae

from heavy eggs truly offers fitness advantages.

Introduction

Natural selection favors efficient cooperation within eusocial insect colonies; however, queen

rearing may lead to conflicts in polyandrous species [1]. In the honeybee Apis mellifera (L.),

the mating of queens with an average of 12 haploid males [2] produces colonies with high lev-

els of variation in genetic relatedness. On average, subfamilies of workers that originate from

the same drone father (i.e., “supersisters”) share 75% of their alleles, whereas workers of differ-

ent subfamilies share only 25% of their genes (i.e., “half-sisters”). Workers who display nepo-

tism by raising supersisters instead of half-sisters as new queens may benefit from an increase

in their inclusive fitness, at least theoretically [3]. However, studies that provide significant

support for nepotism in social insect societies are rare and co ntroversial [4, 5]. Indeed,
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nepotism is theoretically unlikely because intracolonial nepotism is assumed to decrease the

inclusive fitness of all colony members and natural selection should tend to erode cue diversity

in genetic recognition systems [6–8]. Nonetheless, Page et al. [9] and Arnold et al. [10] showed

that the cuticular hydrocarbon (CHC) profiles of worker honeybees are significantly different

between patrilines, a result that has been confirmed for many other insect species [11]. The

diversity of cuticular hydrocarbon profiles between patrilines provides a potential mechanism

by which workers could act nepotistically. However, most of the data on kin informative odor

profiles are from adult individuals, and Breed et al. [12] suggested that young worker bees lack

a perceptible chemical profile, which is even more likely to be the case during the very early

stage (48 h) when larvae are selected to be reared as queens. Interestingly, several studies [13–

17] have shown that A. mellifera queens are preferentially reared from rare "royal" patrilines.

Consequently, they should be recognized as more valuable for queen rearing at this early stage

of development or the often-observed bias should result from selection at later stages of queen

development (i.e., during the pupal stage after hatching).

Regardless of the mechanisms driving queen rearing, it is extremely unlikely that the larvae

are chosen at random. While relatedness is a possible driver of queen rearing behavior by

nurse bees, environmentally driven larval preference and/or insufficient heritable variation in

recognition cues [18] between the patrilines should also strongly affect the experimental out-

comes. Depending on the experimental design and sampling method, nepotism may be either

masked or incorrectly proven. Consequently, we tried to avoid these experimental pitfalls by

using related vs. nonrelated broods of different genetic origins to provide sufficient heritable

variation in recognition cues and rearing the insects artificially under standard laboratory con-

ditions. However, the many unsuccessful attempts to prove that nepotism exists during queen

rearing indicates that additional factors that may play a role in the selection of larvae for queen

rearing should be investigated.

All social insect societies should be highly invested in female reproductive animals due to

their limited number (compared to males) and because the queens typically have long lifespans

[19]. Therefore, investigations should focus on the queen’s phenotype and genotype as well as

environmental impacts that are likely to affect reproductive success [20]. Maternal investment

in the development of offspring has a profound impact on the survival and future reproductive

success of the young [21]. For example, Wei et al. [22] found that eggs were heavier in queen

cells than in worker cells and that this different maternal investment influences gene expres-

sion and adult queen morphology. Many other studies have also found that prenatal care has a

significant impact on the fitness of offspring [23]. Not all eggs laid by the queen in queen cells

are used by worker bees for queen rearing, and although these eggs are heavier on average,

they vary in weight [24]. Moreover, emergency queen rearing, which occurs after the sudden

death of the queen and involves the worker bees immediately selecting young larvae to rear as

a new queen, is likely to offer even greater prenatal maternal variation. We were interested in

whether different prenatal maternal supplies also influence the decision of worker bees to

accept larvae for queen rearing.

Materials and methods

Observations of preference based on relatedness and maternal investment

in honeybee larvae

Honeybee colonies. This study was conducted at the apiary of the Institute for Bee

Research, Hohen Neuendorf (Germany). Institutional ethics committee of Institute for Bee

Research Hohen Neuendorf & Humboldt University Berlin, Hohen Neuendorf, Germany

approved this study. To generate sufficient genetic diversity within our samples, we sampled
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queens from various regions in Germany and Austria and inseminated them with semen from

ten drones, each of which had different unrelated origins. Altogether, six honeybee colonies

were each divided into a queenless rearing unit (i.e., the larvae-receiving colony, or LRC) and

a queenright unit to produce eggs (i.e., the egg-producing colony, or EPC) to be transferred

into the LRC for possible queen rearing.

Rearing of eggs and larvae

Because the egg weight changes during development until the larvae hatch approximately

three days after being laid by a queen [25], eggs of known age were obtained by confining each

queen for 6 h on a comb with empty brood cells. The newly laid eggs were transferred to an

incubator (35 ± 1˚C, 85% relative humidity), and at a standard age of 48 ± 3 h after egg laying,

all of the eggs were weighed (Sartorius M5P) to the nearest microgram. To avoid possible arti-

facts related to different non-genetic colony odors (e.g., a different nectar and/or pollen supply

of the colonies), the larvae were artificially reared until an age of 48 h [25]. At this age, 450 lar-

vae, with 30 from each EPC, were transferred into artificial queen cups and distributed equally

in the corresponding LRCs. In each of the experiments, each LRC received 10 (related) larvae

from its related EPC and 10 larvae from each of the two unrelated EPCs (Fig 1, Table 1). This

design was repeated twice using the same EPC × LRC combinations in the first year. In the sec-

ond year, the experiments were repeated three times (see Table 1 for details). The larvae that

were not accepted for queen rearing were removed by the worker bees. The acceptance of lar-

vae for queen rearing could be clearly observed based on the capping of the corresponding

queen cells.

Fig 1. Illustration of experimental design used in the study.

https://doi.org/10.1371/journal.pone.0255151.g001

Table 1. Distribution of larvae from the Egg Producing Colonies (EPC) between the Larvae Receiving Colonies (LRC).

Year Number of Repetitions EPC LRC Total

A B C D E F

1 2 A 20 20 20 60

1 2 B 20 20 20 60

1 2 C 20 20 20 60

2 3 D 30 30 30 90

2 3 E 30 30 30 90

2 3 F 30 30 30 90

Total 60 60 60 90 90 90 450

https://doi.org/10.1371/journal.pone.0255151.t001
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Quantification of queen traits

Once the queen cell cups were capped, the queen cells were placed in individual plastic vials

and stored in an incubator (33 ± 1˚C and 60–65% relative humidity) until emergence. The 248

newly emerged queens were weighed (Sartorius M5P) to the nearest microgram and placed in

mating nuclei [26]. The virgin queens were allowed to mate naturally. After mating, the preovi-

position period (time between emerging and starting egg laying) (n = 190) was recorded. A

total of 147 queens were dissected 60 days after oviposition, and the number of ovarioles in the

left and right ovaries was counted [27].

Statistical analysis. A generalized linear mixed model (GLMM) with a binary distribution

and a logit link function was used to test for possible differences in the probability that a larvae

was accepted (1) or not accepted (0) fur queen rearing. The factors LRC (larvae-receiving col-

ony), EPC (egg-producing colony) and relatedness (yes or no) were considered fixed effects.

Egg weight was considered a continuous variable. The repetitions of the experiments were set

as a random effect. The weights (at 48 h) of eggs that developed into the larvae that were ulti-

mately selected for queen rearing as well as the weight of eggs that did not produce larvae

selected for queen rearing were subjected to an ANOVA. To investigate whether larvae of indi-

vidual EPCs were selected disproportionately for the rearing of queens, regardless of the rela-

tionship between EPCs and LRCs, we also evaluated the influence of maternal ancestry (Chi2

test) and whether possible differences were associated with the average egg weight of the

queens of the EPCs. For this, we used a correlation analysis between the acceptance of larvae of

EPCs for queen rearing and the respective average weight of the eggs at the time of the respec-

tive experiments. To determine the impact of egg weight on queen weight, the ovariole num-

ber and preoviposition period were estimated by regression, while the queen traits were

adjusted for the effects of the experiment number and the LRC nested within the experiment

number.

Results

Observations of preference based on relatedness and maternal investment

in honeybee (Apis m. carnica) larvae

We compared the proportions of related (same colony) and unrelated (alien colony) reared

larvae (48 h) that were selected for queen rearing across six queenless colonies. No significant

preference for rearing-related larvae, such as queens, was found (F1,435 = 0.51, P> 0.48). The

factor EPC (egg producing colony) did not significantly affect queen rearing (F4,435 = 0.40,

P = 0.81), but the nursing colony (LRC) (F4,435 = 3.30, P = 0.01) did significantly impact the

amount of queen rearing. The factor that was most important for preferential royal treatment

was the weight of the egg from which the larvae emerged (F1,435 = 13.3, P = 0.0003).

The average weight of the eggs (from which the larvae originated) was significantly heavier

(ANOVA, n = 450, F1-448 = 22.23, P = 0.0001) of the larvae that were successfully accepted for

queen rearing (0.163 ± 0.23 mg, n = 248) than the average egg weight of larvae not accepted for

queen rearing (0.153 ± 0.22 mg, n = 202).

We found no significant difference in the preference of larvae of individual mothers for the

rearing of queens (Table 2), and the average weight was not significantly different between the

queens (F = 1.00, p = 0.44); however, we found significant differences between the experiments

regarding the average egg weight of queens. (F = 5.04, p = 0.0006). Consequently, we compared

the results of the average acceptance of larvae of the individual EPCs with the average egg

weight of these queens at the time of each experiment (SI 1). The significant correlation

(r = 0.55, p = 0.032, N = 15) between the two parameters indicates that queens with a higher
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average egg weight have a greater chance that their larvae will receive royal treatment com-

pared to queens with a lower average egg weight.

To determine whether stronger prenatal provision has a positive impact on the later pheno-

type of the developed queens, we correlated egg weight with various queen characteristics that

supposedly influence reproduction. A significant relationship was not observed between better

prenatal provisions (represented by egg weight) and any of the adult queens’ three recorded

characteristics: body weight (coefficient of regression: b = 45.59 ± 86.78, P = 0.59, n = 248),

number of ovarioles (b = 115.77 ± 195.28, P = 0.55, n = 147), and length of the preoviposition

period (b = –11.40 ± 17.30, P = 0.51, n = 190).

Discussion

What influences the acceptance of larvae for queen rearing in a colony?

This study was designed to prevent false indications of nepotism by using standardized artifi-

cially reared larvae and to enable possible nepotism indications by ensuring genetic diversity

among the patrilines available. We found no significant preference for the rearing of related

larvae. If kinship does truly play a role in the selection of larvae for queen rearing, it should

have been clearly indicated using the traditional experimental approach applied here. Com-

pared with the natural conditions under which worker bees must differentiate between the

more closely or distantly related offspring larvae of a single mother, only the differentiation

between related and unrelated larvae is necessary for this study design. The fact that this essen-

tial difference with not observed in this study or in many others involving both honey bees

and other social insects contradicts the hypothesis that kinship plays a central role in the selec-

tion of larvae for queen breeding in eusocial societies [3–5].

Sagili et al. [28] showed that nutritional status has an impact on the likelihood of young lar-

vae being selected for queen rearing. Our data showed that even at an earlier stage in larval

development, superior prenatal provisioning (egg weight) significantly increased this probabil-

ity, with larvae from heavier eggs significantly more likely to be reared as queens. The size of

the embryo shortly before hatching is strongly correlated (r> 0.9) with egg size [29]; thus, this

parameter should be used for estimating the impact of the prenatal environment on larval

development. However, the average differences in egg weight between the two groups

(accepted for queen rearing or not) was significant but small. We speculate that this small pre-

natal benefit initiates better postnatal care from nurse bees and/or epigenetic effects, which

then (> 24 h after hatching) result in a higher probability of royal treatment. Insufficient pre-

natal nutrition has been found to have lasting reproductive constraints throughout the repro-

ductive lives of many species [30].

Table 2. Mean and standard deviation of egg weight per EPC (egg producing queen) and acceptance of the larvae

of these EPQ for queen rearing.

EPC Egg weight % of accepted larvae

N X Std

A 60 162.7 22.2 60.0

B 60 157.7 23.6 50.0

C 60 154.9 25.1 48.3

D 90 155.8 20.2 53.3

E 90 161.2 22.8 58.9

F 90 157.6 21.5 57.8

Total 450 158.3 22.8 55.1

Significance Level F = 1.25, p = 0.28 Chi2 = 3.22, p = 0.67

https://doi.org/10.1371/journal.pone.0255151.t002
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If prenatal provisions have the same positive effect on the fitness of honeybees as demonstrated

for reproducing females of other species, then this selection criterion will have a decisive advan-

tage because it is patriline neutral and therefore independent of the genetic composition of the

colony, which serves the fitness of all colony members. The extremely high weight variability

among simultaneously laid eggs [26] provides a good basis for offering some individual larvae

exceptionally good starting conditions. Different pre- and postnatal effects may affect the size and

other morphometric criteria of the larvae, which could then influence the chances that the larvae

will be selected as queens. Differential postnatal feeding of newly hatched honeybee larvae was

found to modify DNA methylation patterns, which had significant implications for the adult phe-

notype [31]. While prenatal maternal effects have been found to significantly affect the epigenetic

regulation of genes in other species [32], limited evidence supports the epigenetic effects of prena-

tal maternal investment on honeybee larval phenotype (e.g., CHC profile) in terms of its attrac-

tiveness for queen rearing. However, variations in CHC profiles and different sexual

attractiveness due to dietary changes have been reported for males of Drosophila simulant [33].

Is there a similar “silver spoon effect” [34] among honeybees, in which above-average pre-

natal provisions lead to better reproductive phenotypes in adult queens? Borodacheva [35]

observed a significant positive correlation between the size of the egg from which the queen

originated and the queen’s number of ovarioles. Additionally, Wei et al. [22] showed that

heavier eggs selectively laid by queens in queen cells resulted in significantly heavier queen off-

spring. In contrast, significant individual relationships were not observed between egg weight

and any of the traits used to describe reproductive potential (e.g., body size, number of ovari-

oles, and pre-oviposition period of queens).

However, we did observe tendencies in the expected direction (e.g., queens that hatched

from heavier eggs had both more ovarioles and a shorter pre-oviposition period). Nevertheless,

our data do not provide strong support for the conclusion that the selection of larvae from

heavy eggs truly offers fitness advantages. It should be emphasized, however, that the static

proof in this case causes methodological difficulties. Due to the preferential raising of larvae

from heavier eggs, hardly any data were obtained for larvae from light eggs, thereby resulting

in a biased sample. These non-representative available data may have led to an underestima-

tion of the actual relationship between these characteristics.

Do bees react to genetic differences when selecting larvae for queen rearing?

Analyses based on allozymes or DNA markers [13–17] have identified a bias toward selecting

individuals for queen rearing from particular patrilines compared to the relative occurrence of

these individuals in the analyzed worker samples. All these studies present similar conclusions

that a significant preference occurs for individuals from particular “royal” patrilines. In our

study, we could not confirm that larvae from different queens with genetic differences (which

likely had greater genetic differences than that between patrilines within a colony) received sig-

nificantly different non-nepotism-based preferences for queen rearing. However, we found

that an environmental influence on the average weight of the eggs of queens can affect the

chance of producing more or less royal offspring. The correlation between the two measure-

ments was significant at r = 0.55.

Our results can explain why the above-average prenatal supply among a queen’s offspring

simulates higher genetic attractiveness of the larvae for queen production, and consequently

that environmental driven advantages are then be interpreted as more genetically attractive.

However, this interpretation does not apply to the observed [13–17] disproportionate

occurrence of individual patrilines in queen production within a colony. In this case, it is unre-

alistic to assume that the different attractiveness of individual patrilines (rare royal patrilines)
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is caused by targeting a better prenatal supply for representatives of individual patrilines within

a queen. Consequently, in this case, the significant preference of individuals from particular

patrilines is likely to be caused by their different genotypes. It should be mentioned that the

proof for this preference was shown in the bias toward selecting individuals from particular

patrilines compared to their relative occurrence in the analyzed worker samples of colonies.

This approach is extremely prone to experimental flaws in the sampling of workers and

queens, especially if the number of patrilines per colony is high. However, if genetic differences

between patrilinies lead to different preferences for queen breeding, then the influence of the

genotype on the cuticular hydrocarbon (CHC) profiles could be a possible explanation. CHCs

are involved in various recognition functions in social insects [36]. Page et al. [9] and Arnold

et al. [10] showed that adult worker bees of different patrilines have different CHC profiles,

and evidence has shown that CHC profiles also differ in honey bee larvae [37] and are not only

used for recognition in certain species but can also convey information about individual fertil-

ity [38–41]. Whether different patrilineal preferences are caused by different CHC profiles and

whether "more attractive" CHCs are truly associated with fitness advantages have not been

determined. If these characteristics do not offer any selection advantages for the emerging

queens, then they are only used for cheating [42] and do not provide sustainable advantages

for the selection unit, i.e., the colony. Although the case is not directly comparable Jordan et al.

[43] showed that a high percentage of new queens of the thelytokous South African honeybee

subspecies Apis mellifera capensis originated from thelytokously reproducing parasitic A. m.

capensis worker bees from other colonies. Moreover, the effect of the genotype of the larvae on

the attractiveness for queen breeding is supported by Beekman et al. [44], who found that lar-

vae from A. m. capensis received preferential royal treatment from European honeybee work-

ers. Both are examples of the combination of A. m. capensis and cheating. To the best of our

knowledge, no corresponding evidence could be found in the other arrhenotokous subspecies

of A. mellifera. In eusocial polyandrous species, where all colony members are more or less

related, the costs of kin differentiation are likely to exceed the benefits if it has any benefit at

all; however, this situation is very different when the attractiveness for queen breeding is

caused by a better prenatal supply. As shown in many studies in other animal species, favorable

conditions in the early stages of development influence later fitness [29]. The increased envi-

ronmental fitness of the new queen is an advantage for all members of the bee colony. A

within-colony selection advantage caused by genetic differences (e.g., CHC profiles) without

between-colony fitness advantages is likely to be disadvantageous for the colony as a whole.

Conclusion

Honeybee larvae are not selected at random for gyne production, and although genetic related-

ness has no effect, prenatal environmental exposure does impact the likelihood that a larva will

be reared as a queen. Although evidence from other studies has supported the influence of dif-

ferent larval genetics on a preference for queen breeding, such an influence was not observed

here. However, we do not want to rule out this option in principle. Further research is required

to determine the factors that trigger the royal succession decision by worker bees in colonies

and identify how the possible drivers (prenatal environment and genetic makeup of the larvae)

interact to maximize fitness advantages.
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15. Châline N, Ratnieks FLW, Arnold G, Papin C. Patriline differences in emergency queen rearing in the

honey bee, Apis mellifera. Insectes Soc. 2003; 50: 234–236.

16. Moritz RF, Lattorff HM, Neumann P, Kraus FB, Radloff SE, Hepburn HR. Rare royal families in honey-

bees, Apis mellifera. Naturwissenschaften. 2005; 92: 488–491. https://doi.org/10.1007/s00114-005-

0025-6 PMID: 16151795

PLOS ONE Selection of larvae for emergency queen rearing

PLOS ONE | https://doi.org/10.1371/journal.pone.0255151 August 5, 2021 8 / 10

https://doi.org/10.1016/s0169-5347%2896%2910065-3
http://www.ncbi.nlm.nih.gov/pubmed/21237992
https://doi.org/10.1073/pnas.1430283100
https://doi.org/10.1073/pnas.1430283100
http://www.ncbi.nlm.nih.gov/pubmed/12837935
https://doi.org/10.1146/annurev.ento.51.110104.151003
http://www.ncbi.nlm.nih.gov/pubmed/16332224
https://doi.org/10.1007/BF00994197
https://doi.org/10.1007/BF00994197
http://www.ncbi.nlm.nih.gov/pubmed/24258919
https://doi.org/10.1146/annurev.ento.49.061802.123155
https://doi.org/10.1146/annurev.ento.49.061802.123155
http://www.ncbi.nlm.nih.gov/pubmed/14651465
https://doi.org/10.1006/anbe.1997.0546
http://www.ncbi.nlm.nih.gov/pubmed/9521799
https://doi.org/10.1006/anbe.1999.1139
http://www.ncbi.nlm.nih.gov/pubmed/10458877
https://doi.org/10.1007/s00114-005-0025-6
https://doi.org/10.1007/s00114-005-0025-6
http://www.ncbi.nlm.nih.gov/pubmed/16151795
https://doi.org/10.1371/journal.pone.0255151


17. Tarpy DR, Simone-Finstrom M, Linksvayer TA. Honey bee colonies regulate queen reproductive traits

by controlling which queens survive to adulthood. Insectes Soc. 2016; 63: 169–174.

18. Lattorff HMG, Moritz RFA. Context dependent bias in honeybee queen selection: swarm versus emer-

gency queens. Behav Ecol Sociobiol. 2016; 70: 1411–1417.

19. Withrow JM, Tarpy DR. Cryptic "royal" subfamilies in honey bee (Apis mellifera) colonies. PLoS One.

2018; 13: e0199124. https://doi.org/10.1371/journal.pone.0199124 PMID: 29995879

20. Carlin NF, Frumhoff PC. Nepotism in the honey bee. Nature, UK. 1990; 346: 706–707.

21. van Zweden JS, Brask JB, Christensen JH, Boomsma JJ, Linksvayer TA, d’Ettorre P. Blending of heri-

table recognition cues among ant nestmates creates distinct colony gestalt odours but prevents within-

colony nepotism. J Evol Biol. 2010; 23: 1498–1508. https://doi.org/10.1111/j.1420-9101.2010.02020.x

PMID: 20492083

22. Wei et al. A Maternal Effect on Queen Production in Honeybees. Current Biology 2019; 29: 2208–

2213. https://doi.org/10.1016/j.cub.2019.05.059 PMID: 31231048

23. Remolina SC, Hughes KA. Evolution and mechanisms of long life and high fertility in queen honey bees.

Age (Dordr). 2008; 30: 177–185. https://doi.org/10.1007/s11357-008-9061-4 PMID: 19424867

24. Amiri E, Le K, Melendez CV, Strand MK, Tarpy DR, Rueppell O. Egg-size plasticity in Apis mellifera:

honey bee queens alter egg size in response to both genetic and environmental factors. J Evol Biol.

2020; 33: 534–543. https://doi.org/10.1111/jeb.13589 PMID: 31961025

25. Wegener J, Al-Kahtani S, Bienefeld K. Collection of viable honey bee (Apis mellifera) larvae after hatch-

ing in vitro. J Apic Res. 2009; 48: 115–120.

26. Al-Kahtani S, Wegener J, Bienefeld K. Variability of prenatal maternal investment in the honey bee

(Apis mellifera). J Entomol. 2013; 10: 35–42.

27. Eckert JE. Studies in the number of ovarioles in queen honeybees in relation to body size. J Econ Ento-

mol. 1934; 27: 629–635.

28. Sagili RR, Metz BN, Lucas HM, Chakrabarti P, Breece CR. Honey bees consider larval nutritional status

rather than genetic relatedness when selecting larvae for emergency queen rearing. Sci Rep. 2018; 8:

7679. https://doi.org/10.1038/s41598-018-25976-7 PMID: 29769574

29. Al-Lawati H, Bienefeld K. Maternal age effects on embryo mortality and juvenile development of off-

spring in the honey bee (Hymenoptera: Apidae). Ann Entomol Soc Am. 2009; 102: 881–888.

30. Harrison XA, Blount JD, Inger R, Norris DR, Bearhop S. Carry-over effects as drivers of fitness differ-

ences in animals. J Anim Ecol. 2011; 80: 4–18. https://doi.org/10.1111/j.1365-2656.2010.01740.x

PMID: 20726924

31. Kucharski R, Maleszka J, Foret S, Maleszka R. Nutritional control of reproductive status in honeybees

via DNA methylation. Science. 2008; 319: 1827–1830. https://doi.org/10.1126/science.1153069 PMID:

18339900

32. Cong R, Jia Y, Li R, Ni Y, Yang X, Sun Q, et al. Maternal low-protein diet causes epigenetic deregulation

of HMGCR and CYP7α1 in the liver of weaning piglets. J Nutr Biochem. 2012; 23: 1647–1654. https://

doi.org/10.1016/j.jnutbio.2011.11.007 PMID: 22444501

33. Ingleby FC, Hosken DJ, Flowers K, Hawkes MF, Lane SM, Rapkin J, et al. Environmental heterogene-

ity, multivariate sexual selection and genetic constraints on cuticular hydrocarbons in Drosophila simu-

lans. J Evol Biol. 2014; 27: 700–713. https://doi.org/10.1111/jeb.12338 PMID: 24779049

34. Grafen A. On the uses of data on lifetime reproductive success. In: Clutton-Brock T, editor. Reproduc-

tive success. Chicago: Chicago University Press; 1988. pp. 454–471. https://doi.org/10.1016/s0022-

5193(88)80233-9 PMID: 3404998

35. Borodacheva VT. Weight of eggs and quality of queens and bees. Pchelovodstvo. 1973; 93: 12–13.

36. Richard FJ, Hunt JH. Intracolony chemical communication in social insects. Insectes Soc. 2013; 60:

275–291.

37. Traynor KS, Le Conte Y, Page RE. Age matters: pheromone profiles of larvae differentially influence for-

aging behaviour in the honeybee, Apis mellifera. Anim Behav. 2015; 99: 1–8. https://doi.org/10.1016/j.

anbehav.2014.10.018 PMID: 25580017

38. Monnin T. Chemical recognition of reproductive status in social insects. Ann Zool Fenn. 2006; 43: 515–

530.

39. Peeters C, Liebig J. Fertility signaling as a general mechanism of regulating reproductive division of

labor in ants. In: Gadau J, Fewell J, editors. Organization of insect societies: from genome to sociocom-

plexity. Cambridge: Harvard University Press; 2009. pp. 220–243.

40. Liebig J. Hydrocarbon profiles indicate fertility and dominance status in ant, bee and wasp colonies. In:

Blomquist GJ, Bagnères AG, editors. Insect hydrocarbons: biology, biochemistry, and chemical ecol-

ogy. Cambridge: Cambridge University Press; 2010. pp. 254–281.

PLOS ONE Selection of larvae for emergency queen rearing

PLOS ONE | https://doi.org/10.1371/journal.pone.0255151 August 5, 2021 9 / 10

https://doi.org/10.1371/journal.pone.0199124
http://www.ncbi.nlm.nih.gov/pubmed/29995879
https://doi.org/10.1111/j.1420-9101.2010.02020.x
http://www.ncbi.nlm.nih.gov/pubmed/20492083
https://doi.org/10.1016/j.cub.2019.05.059
http://www.ncbi.nlm.nih.gov/pubmed/31231048
https://doi.org/10.1007/s11357-008-9061-4
http://www.ncbi.nlm.nih.gov/pubmed/19424867
https://doi.org/10.1111/jeb.13589
http://www.ncbi.nlm.nih.gov/pubmed/31961025
https://doi.org/10.1038/s41598-018-25976-7
http://www.ncbi.nlm.nih.gov/pubmed/29769574
https://doi.org/10.1111/j.1365-2656.2010.01740.x
http://www.ncbi.nlm.nih.gov/pubmed/20726924
https://doi.org/10.1126/science.1153069
http://www.ncbi.nlm.nih.gov/pubmed/18339900
https://doi.org/10.1016/j.jnutbio.2011.11.007
https://doi.org/10.1016/j.jnutbio.2011.11.007
http://www.ncbi.nlm.nih.gov/pubmed/22444501
https://doi.org/10.1111/jeb.12338
http://www.ncbi.nlm.nih.gov/pubmed/24779049
https://doi.org/10.1016/s0022-5193%2888%2980233-9
https://doi.org/10.1016/s0022-5193%2888%2980233-9
http://www.ncbi.nlm.nih.gov/pubmed/3404998
https://doi.org/10.1016/j.anbehav.2014.10.018
https://doi.org/10.1016/j.anbehav.2014.10.018
http://www.ncbi.nlm.nih.gov/pubmed/25580017
https://doi.org/10.1371/journal.pone.0255151


41. Izzo A, Wells M, Huang Z, Tibbetts E. Cuticular hydrocarbons correlate with fertility, not dominance, in a

paper wasp, Polistes dominulus. Behav Ecol Sociobiol. 2010; 64: 857–864.

42. Ferriere R., Bronstein JL, Rinaldi S, Law R, Gauduchon M. Cheating and the evolutionary stability of

mutualisms. Proc. R. Soc. Lond. 2002; 269:773–780. https://doi.org/10.1098/rspb.2001.1900 PMID:

11958708

43. Jordan LA, Allsopp MH, Oldroyd BP, Wossler TC, Beekman M. Cheating honeybee workers produce

royal offspring. Proc R Soc B: Biol Sci. 2008; 275: 345–351.

44. Beekman M, Calis JNM, Boot WJ. Parasitic honeybees get royal treatment. Nature. 2000; 404: 723–

723. https://doi.org/10.1038/35008148 PMID: 10783876

PLOS ONE Selection of larvae for emergency queen rearing

PLOS ONE | https://doi.org/10.1371/journal.pone.0255151 August 5, 2021 10 / 10

https://doi.org/10.1098/rspb.2001.1900
http://www.ncbi.nlm.nih.gov/pubmed/11958708
https://doi.org/10.1038/35008148
http://www.ncbi.nlm.nih.gov/pubmed/10783876
https://doi.org/10.1371/journal.pone.0255151

