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Effect of honeybee queen
size and HSP90 and HSC70
gene expression on thermal
stress resistance
Alireza Derafsh1, Abdolreza Salehi1*, Esmaeil Amiri2

and Mohammad Reza Bakhtiarizadeh1

1Department of Animal and Poultry Science, Faculty of Agricultural Technology, University of
Tehran, Tehran, Iran, 2Delta Research and Extension Center, Mississippi State University, Stoneville,
MS, United States
Introduction: In beekeeping, queen cell size is a critical factor influencing the

growth and development of queen bees. It was hypothesized that larger queen

cells would produce queens with greater weight, enhanced resilience to heat

stress, and higher expression of heat shock proteins (HSP90 and HSC70), leading

to improved survival under environmental stress.

Materials and methods: This study, conducted in Shiraz Province, Iran, in 2023,

aimed to test this hypothesis. A total of 270 queens were divided into three

groups based on queen cell size: large (10–9.5 mm), medium (9–8.5 mm), and

small (7.5–7 mm). The queens were reared using three different methods: 1)

simultaneous starter_finisher colonies, 2) separate starter_finisher colonies, and

3) rearing in the presence of the queen. Since there were three different cell

types, this resulted in a total of 90 cells for each rearing method. Each group of

90 cells consisted of three subsets of 30 cells: large, small, and medium. From

270 cells, 176 survived and 94 queens died.

Results and discussion: We conducted a stepwise procedure using a logistic

model, and the results indicated that the model, which included cell type, rearing

method, and birth weight, showed the best predictive performance. This was

evidenced by the lowest Akaike information criterion value. Then, from rearing

method 2, we placed 12 queens of each cell type in two groups of six each

subjected to two different stress levels: a low temperature of 4°C and a high

temperature above 40°C. A total of 36 frozen queen samples with six replicates

for each treatment combination were used for molecular testing. Gene

expression analysis was conducted using real-time PCR to evaluate HSP90 and

HSC70 gene expression. Results showed that queens produced in larger cells had

significantly higher weight, enhanced resilience to heat stress, and higher gene

expression of HSP90. These queens demonstrated superior survival rates under

high-temperature conditions compared to queens from smaller cells.
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/frbee.2025.1498092/full
https://www.frontiersin.org/articles/10.3389/frbee.2025.1498092/full
https://www.frontiersin.org/articles/10.3389/frbee.2025.1498092/full
https://www.frontiersin.org/articles/10.3389/frbee.2025.1498092/full
https://www.frontiersin.org/journals/bee-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/frbee.2025.1498092&domain=pdf&date_stamp=2025-03-13
mailto:arsalehi@ut.ac.ir
https://doi.org/10.3389/frbee.2025.1498092
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bee-science#editorial-board
https://www.frontiersin.org/journals/bee-science#editorial-board
https://doi.org/10.3389/frbee.2025.1498092
https://www.frontiersin.org/journals/bee-science


Derafsh et al. 10.3389/frbee.2025.1498092

Frontiers in Bee Science
Conclusions: The findings support the hypothesis that optimizing queen cell size

can enhance queen performance and colony resilience. Our results suggest that

larger cells promote improved development, heat stress resilience, and higher

survival rates, ultimately improving colony health and productivity.
KEYWORDS
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1 Introduction

Iran’s growing population and increasing demand for beekeeping

jobs have driven a significant transformation in industrial beekeeping

practices. Queen bee breeding technology plays a pivotal role in this

transformation, improving beekeeping and achieving optimal

management. However, successful breeding requires specialized skills

to ensure desirable physical traits, such as high egg-laying capacity and

resilient colonies for overall productivity (Amiri et al., 2020). The

breeding of honeybee queens (Apis mellifera) is central to achieving

these improvements. Modern beekeepers prioritize the selection of

queen bees from high-performing breeding lines, with an emphasis on

producing strong colonies with larger populations to maximize honey

production (Morse, 1994). Additionally, the ability of queens to adapt

to diverse climates is crucial for the sustainable production of honey in

various regions, and it is a key consideration in queen selection and

breeding (Cao et al., 2016). The breeding practices used vary depending

on factors like local environmental conditions and specific traits desired

in the colony, such as honey production capacity, disease resistance,

and behavioral traits (Tlak Gajger and Mutinelli, 2024).

Morphologically, queen bees are distinguished by their size and

physical characteristics, including body weight, head size, chest

muscle development, and reproductive organs, particularly the

ovaries and spermatheca (Facchini et al., 2021). Queen quality is

heavily influenced by these physical traits, which are important

indicators of reproductive success (Ozbakir, 2021; Büchler et al.,

2013). For instance, larger queens often have better egg-laying

capacity, and their development is influenced by factors such as

age, genetics, breeding season, and nutrition. Furthermore, the

number of transplants, which refers to the process of moving

queen bees from one colony to another, can also influence queen

development and overall colony health (Ozbakir, 2021).

Gene expression plays a crucial role in the physiology and

development of queen bees, especially under environmental

stressors. For example, the HSP90 and HSC70 genes are involved

in the molecular response to temperature stress, and their

expression can vary significantly depending on the queen’s size

and resilience (Alqarni et al., 2019; Abou-Shaara, 2024). Heat stress,

in particular, can negatively impact sperm viability within the

queen’s spermatheca, leading to reduced fertility and reproductive
02
success (Abou-Shaara, 2014). The relationship between queen cell

size and queen development has been a subject of recent research,

with studies by Wu et al. (2018) and Shi et al. (2011) suggesting that

queen cell size plays a critical role in the development of queen

morphometric characteristics, influencing overall reproductive

success and fitness. Wu et al. (2018) specifically highlighted how

queen cell size impacts the development of young queens, and Shi

et al. (2011) demonstrated that diet and cell size influence queen–

worker differentiation through DNA methylation. These studies

emphasize the significant impact of queen cell size on queen quality

and adaptability.

Mattiello et al. (2022) also observed that larger queen cells result in

queens with greater body mass and enhanced reproductive organs.

This is consistent with the findings of Adgaba et al. (2019), who studied

various artificial queen-rearing techniques and noted that queen cell

size significantly affects the resulting queen’s development and

performance within the colony. In terms of environmental stress,

Bordier et al. (2017) explored how stress responses in honeybees are

linked to changes in task-related physiology and energetic metabolism,

showing that colonies under stress exhibit altered metabolic activity,

which affects both the bees and colony health. Furthermore, McKinstry

et al. (2017) highlighted the interaction between the heat shock

response and immune responses, noting their antagonistic effects

under extreme heat stress.

These findings underline the importance of queen cell size in

enhancing queen development and resilience to environmental

stressors. Abou-Shaara (2024) further explored the response of

heat shock proteins in honeybees to various abiotic and biotic

stressors, such as temperature changes. The expression of heat

shock proteins like HSP90 and HSC70 is vital for maintaining

colony stability and individual resilience under stress conditions,

thereby directly impacting queen survival, reproductive success, and

overall colony health (Stillman, 2019).

This study aims to assess how queen size—specifically large,

medium, and small queen cells—affects queen weight, gene

expression, and resilience to heat stress while exploring the

molecular responses of the HSP90 and HSC70 genes under stress

conditions. By investigating these factors, we can better understand the

complex relationship between queen quality, environmental stress, and

the ability of bees to adapt and thrive in different conditions.
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2 Materials and methods

This study was conducted in Shiraz Province, Iran (29.6°N,

52.5°E), in May 2023, during the initial phases of queen breeding.

Shiraz has a semiarid climate characterized by hot summers, mild

winters, and an annual average temperature of 18.5°C. Most of

the 300-mm annual rainfall occurs between November and

April, while summers remain mostly dry. The region also

experiences moderate humidity (average 38%) and over 3,000 h

of sunshine annually.

Following the completion of the first phase of queen rearing and

one cycle of queen spawning, the queens were transferred for

monitoring to the University of Tehran’s Central Laboratory of

the Faculty of Agricultural Technology, Iran, on 29 October 2023.
2.1 Farm operations

Prior to the experiment, colonies were checked for varroa

mite infestation level, and colonies that had mites below

threshold level were selected for this experiment. Colonies

were also determined free of symptomatic diseases (European

foulbrood, American foulbrood, and chalkbrood) based on

thorough visual inspection.

We began by preparing 90 large (10–9.5 mm), medium (9–8.5

mm), and small cells (7.5–7 mm), resulting in 270 cells. Next, we

arranged the nurse colonies in three different ways: 1) starter_finisher

colonies simultaneously, 2) separate starter_finisher colonies, and 3)

rearing in the presence of the queen. Then, we placed 30 cells of each

type of transplanted cell into each of the colonies. Since there were

three different types of cells, this resulted in a total of 90 cells for each

rearing method. Each group of 90 cells consisted of three subsets of 30

cells: large, small, and medium. In the starting and ending colonies

method, queen cells were present in the colonies from the beginning

until the end of the closing period. This approach was used for limited

queen production. For large-scale queen production, it is important

to separate the starter and finisher colonies. The difference was that in

the latest method, we moved the transplanted young larvae after

being accepted in the hive, and when they gradually became older, we

moved them to the side parts of the hive. Then from the method of

separate starter_finisher colonies, which was the best type of

breeding, we placed 12 queens of each cell type in two groups

of six each subjected to two different stress levels: a low

temperature of 4°C and a high temperature above 40°C. Therefore,

six groups of six queens, totaling 36, were used for molecular testing.

A completely randomized design was implemented, considering

queen size, breeding method, and stress level, with each factor

replicated six times.

Virgin queen honeybees (Apis mellifera) were divided into

various postnatal treatment groups and subsequent temperature

stress exposures to investigate the link between pre-existing

morphological variations and environmental stress tolerance. The

starter and termination phases of these treatments occurred within

large double-transplant cells.
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2.2 Laboratory operations

To investigate the effect of queen size and environmental stress

on the expression of genes related to morphological traits (HSC70

and HSP90 activity), real-time PCR was conducted.

2.2.1 Sample collection
We started our phenotypical data collection with 270 queens,

and among them, 176 queens survived to collect more phenotypical

analysis. The queens were then divided into two groups of six and

then subjected to heat stress. The instrument was stabilized with

physiological serum with 7% formalin and for morphological study

in liquid nitrogen at −70°C.

2.2.2 RNA extraction
Molecular analysis to measure the gene expression was performed

for six queens/treatment. A total of 36 frozen queens’ samples were

used from six treatments with two replications and three queens per

replication. Samples were cooled with liquid nitrogen in an autoclaved

paw. Then, the samples were quickly crushed and transferred to

precooled 2 ml microtubes using a sterile spatula. Total RNA

extraction was performed using Biozol from Bioflux (Japan).

2.2.3 Evaluation of the quality and quantity of
extracted RNA

At this stage, the electrophoresis process was applied by using a

1% agarose gel in TBE buffer. Next, we mixed 5 ml of RNA with 2 ml
of DYE and injected the solution into the wells of gel (see

Supplementary File in Supplementary Material). Finally, we

connected the electrophoresis equipment to a power supply set at

100 V for 30 min. The extracted RNAs were quantified by

NanoDrop, and the results of optical density were recorded (see

Supplementary File in Supplementary Material).

2.2.4 Primer design
We designed forward and reverse primers for the ACT, CAT,

HSP90, andHSC70 genes by using the Primer3 software (Untergasser

et al., 2012) (see Supplementary File in Supplementary Material).

Then, the designed primers were blasted to align with the reference

gene in NCBI to investigate a 100% match. The OligoAnalyzer

software was used to identify the characteristics of the

designed primers.

2.2.5 cDNA construction and PCR
Initially, the base solution was prepared according to the number

of reactions desired. The cDNA synthesis reaction was performed

using a Pars Toos kit (see Supplementary File in Supplementary

Material). For each reaction, 2 ml of enzyme and 10 ml of buffer
mixture were added to the base solution. Then, 12 ml of the origin

solution was poured into each tube. Then, the appropriate amount of

RNA was calculated based on the initial RNA concentration. At the

end, nuclease-free water was added to adjust the final volume of the

reaction to 20 ml. The samples were then placed in a thermocycler

device and incubated at 25°C for 10 min, followed by 47°C for
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60 min, to allow cDNA formation. Enzyme inactivation was

performed at 85°C for 5 min and finally cooled to 4°C (see

Supplementary File in Supplementary Material). The composition

of the real-time PCR reaction mixture is shown in the Supplementary

File in Supplementary Material. To correct for differences in the

amount of DNA/RNA added for each sample and to reduce

variations due to the PCR setup and cycling process, internal

control (NTC) and reference genes (ACT and CAT housekeeping

genes) were used to normalize the PCRs (Vandesompele et al., 2002).

Housekeeping genes are commonly used as reference genes because

their expression levels remain relatively constant in response to each

treatment (Jeon et al., 2020). Real-time PCR results showed that actin

and CAT genes did not exhibit significant differences in expression

under heat and cold stress conditions, indicating that the use of these

two genes as reference genes for normalization of the expression data

of other genes is valid.

The relative mRNA expression was determined using the DDCT
method (Pfaffl, 2001). For the 2−DDCT method, the first DCT in the

2−DDCT method is the difference in the threshold cycle between the

target gene and the reference gene.
2.3 Statistical analysis

We carefully measured and recorded body weight, head

dimensions (including width and depth if applicable), chest

dimensions (including width and depth if applicable), and body

length to assess morphological differences. To examine the

relationship between queen cell size and rearing method on queen

survival, a logistic regression analysis was performed using the R (R

4.3.0) program. Unlike a linear relationship between dependent and

independent variables, logistic regression employs a function that

constrains predicted values between 0 and 1, making it suitable for

modeling probabilities. The logit transformation method was applied

to enable accurate parameter estimation during the subsequent

statistical analysis. This approach leverages the concept of odds

ratios, providing a robust framework for interpreting the

relationship between predictors and the likelihood of queen survival.

ln (odds(Yi = survivejXi))

= b0 + b1cell   sizei + b2   rearing   typei

+ b3  Birth  weighti

where b0, b1, b2, and b3 are model parameters.
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We conducted a stepwise procedure using a logistic model, and

the results indicated that the model, which included cell type,

rearing method, and birth weight, showed the best predictive

performance. This was evidenced by its lowest Akaike

information criterion (AIC) value, which was 317.66, indicating

that it provided the best balance between predictive accuracy and

model complexity (Aho et al., 2014). AIC assesses models by

determining how well they explain the data while penalizing the

inclusion of unnecessary parameters.

This criterion is widely used in statistical modeling to identify

the most efficient model that avoids overfitting, making it ideal for

selecting the best-fit model in this study. The inclusion of critical

variables such as cell type, rearing method, and birth weight was

essential for capturing the factors influencing survival outcomes,

and the model’s low AIC suggests that it achieved an optimal

balance between explaining the data and maintaining simplicity

(Symonds and Moussalli, 2011).

To determine differences in gene expression levels between

small and medium queens, ‘statistical analysis was performed using

the Student’s t-test in GraphPad Prism software (GraphPad

Software, 2020).
3 Results

3.1 The relationship between the queen’s
body and its quality

Table 1 shows that the survival rate for the entire dataset is

divided into two outcomes: 94 samples did not survive (death),

while 176 samples survived (live). Those 94 queens died after

emergence. A queen emergence rate of 65% for queens is

acceptable. This distribution reflects the overall survival trends

without distinguishing survival rates within individual groups.

The data indicate that most of the samples survived, suggesting

favorable conditions for survival across all groups.

We conducted a stepwise procedure using a logistic model, and

the results indicated that the model, which included cell type,

rearing method, and birth weight, showed the best predictive

performance (Table 2). This was evidenced by its lowest AIC

value, which was 317.66.

Table 3 shows the odds ratios pairwise comparison for rearing

type and cell type, where the reference (death) is set to 0. The odds

ratios in Table 3 help us understand how different factors influence

the chance of survival. The intercept, which represents the basic

chance of survival, is not statistically significant (P > 0.05),
TABLE 1 Survival rates by cell type and rearing method.

Cell type Rearing method Survival rate
(n = 270)

Small (n = 90) 1a (n = 90) 94 (death)

Moderate (n = 90) 2b (n = 90) 176 (live)

Large (n = 90) 3c (n = 90)
aSimultaneous starter and finisher colonies.
bSeparate starter and finisher colonies.
cRearing in the presence of the queen.
TABLE 2 Results from the logistic analysis for the best model (type
II tests).

Predictors Chi-square P-value

Rearing method 7.554 0.02289

Cell type 36.715 1.065e−08

Birth weight 6.630 0.01003
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suggesting that other factors might play a more significant role in

affecting survival rates.

The lower AIC value indicates that this model provides the best

balance between goodness-of-fit and model complexity compared

to alternative models. Rearing method 2 has an odds ratio of 1.77,

indicating a tendency for a higher chance of survival compared to

the reference category.

After modifying our reference treatment to include rearing method

2 and cell type 2, our analysis revealed significant disparities between

rearing method 3 and rearing method 2 (P < 0.02).

The results depicted in Figure 1 highlight the significant

influence of rearing method, cell type, birth weight, and mating

weight on survival residuals, demonstrating that these factors

collectively contribute to variations in survival outcomes.
Frontiers in Bee Science 05
3.2 HSP90 and HSC70 gene expression

The expression of the HSP90 gene demonstrated a direct link to

the queen’s size, with large queens showing higher expression

intensity when exposed to heat stress (Figures 2A, B S2 in

Supplementary Material). No significant differences in gene

expression levels were found between small and medium queens.

Under cold stress, no significant differences in HSP90 expression

were observed between large (S2) and small (control) queens

(Figures 2A, B). However, medium queens (S1) exhibited

significant differences compared to small queens (P < 0.05).

Interestingly, small queens exhibited a higher rate of HSC70

expression than large and medium queens under heat stress

(Figures 2C, D). These results support the view that larger queens

generally exhibit better functioning.
4 Discussion

The findings of this study highlight the intricate relationships

among queen body size, survival rates, and genetic factors such as

HSP90 and HSC70 gene expressions. Larger queens consistently

exhibited superior survival outcomes and enhanced heat tolerance,

likely due to their greater physiological capacities. This aligns with

established biological principles correlating larger body size with

higher fecundity, longevity, and fitness. Honěk (1993) and Wilson

(1985) have shown that larger queens in bigger colonies tended to

exhibit greater productivity and enhanced colony performance
FIGURE 1

The figure illustrates the impact of rearing type, cell type, birth weight, and mating weight on the survival of honeybee queens. Box plots (A, B) and scatter
plots with linear regression lines (C, D) visualize the distribution and relationships between these variables and survival. The data were analyzed using a linear
mixed model, and the results indicated that rearing type and birth weight had a significant impact on queen survival (P < 0.05). These findings suggest that
optimizing rearing conditions and selecting queens with higher birth weights can improve colony health and productivity.
TABLE 3 Pairwise comparison for rearing type and cell type.

ODR P-value

Rearing method (2)–rearing method (1) 1.77 0.10

Rearing method (3)–rearing method (1) 0.76 0.41

Rearing method (3)–rearing method (2) 0.43 0.02

Type cell (2)–type cell (1) 0.8 0.72

Type cell (3)–type cell (1) 0.05 0.002

Type cell (2)–type cell (3) 13.68 0.00
Rearing type: (1) simultaneous starter and finisher colonies; (2) separate starter and finisher
colonies; and (3) rearing in the presence of the queen.
Cell type: (1) large cell type; (2) medium cell type; and (3) small cell type.
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due to superior reproductive capacity, energy reserves, and

thermoregulation capabilities.

Morphologically, queen bees’ size and physical characteristics,

including body weight and reproductive organs, are critical

determinants of reproductive success and colony health. Larger

queens not only possess enhanced egg-laying capacity but are also

more resilient to environmental stressors. This is consistent with the

studies by Mattiello et al. (2022) and Adgaba et al. (2019), who

demonstrated that larger queen cells result in queens with greater

body mass and superior reproductive organ development. Similarly,

Wu et al. (2018) and Shi et al. (2011) emphasized the influence of

cell size on queen–worker differentiation and morphometric

characteristics, driven by DNA methylation and nutritional factors.
Frontiers in Bee Science 06
In our study, rearing method 2 showed a tendency toward

higher survival odds. This highlights the nuanced role of breeding

strategies in queen survival and productivity. Queen bee breeding

technology plays a pivotal role in improving beekeeping practices,

particularly in regions like Iran, where a growing demand has

driven a transformation in industrial beekeeping (Amiri et al.,

2020). Selection of queens from high-performing breeding lines

with traits such as egg-laying capacity, disease resistance, and

climate adaptability is critical for optimizing colony health and

productivity (Morse, 1994; Cao et al., 2016).

Additionally, our results confirmed the significant impact of cell

type on larval production, with larger cell types yielding more larvae,

corroborating findings by Tarpy et al. (2011) and Ozbakir (2021).
FIGURE 2

Relative variations in HSP90 and HSC70 gene expression for three queens with large (S2), medium (s1), and small (control) queens. HSP90: (A) under
heat stress at 40°C and (B) cold stress at 4°C. HSC70: (C) under heat stress at 40°C and (D) cold stress at 4°C.
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Moreover, the advanced logistic models employed in our

analysis revealed critical disparities between rearing methods and

cell types, with rearing method 3 showing slightly lower odds of

survival. These insights underscore the need for targeted

interventions in breeding practices to enhance queen quality,

colony health, and adaptation to diverse environmental conditions.

Queens are naturally shielded from temperature stress through the

thermoregulation of the hive; however, queens remain at risk of

extreme temperature exposure, as the ambient temperature still

influences internal hive temperatures (Fahrenholz et al., 1989;

Bordier et al., 2017; McAfee et al., 2020). During extreme heat waves,

queens could become exposed to hot temperatures within small

colonies (such as mating nucs) which have poor thermoregulatory

capacity, or queen banks, in which queens are immobile and cannot

relocate away from hot parts of the colony (e.g., near the top of the

hive). Moreover, queens in queen banks may become abandoned by

workers during heat-induced reorganization, in which workers tend to

move away from brood frames and toward peripheral areas (Jhawar

et al., 2023). We expect that the risk of heat stress will increase in the

future as heat waves become more intense and more common.

Beekeepers, especially queen producers, may need to breed heat-

resistant queens and adopt heat management strategies (e.g., shade

nets, insulation, ventilation) even in historically cooler regions. Queens,

often shipped long distances in small cages or packages, face

temperature stress during transport, which can harm their fertility

(Strange et al., 2008; Pettis et al., 2016).

Gene expression analysis further revealed critical insights into

physiological resilience under stress. Larger queens exhibited

upregulation of HSP90 under heat stress, highlighting their

superior adaptability, while smaller queens relied on compensatory

mechanisms through HSC70 expression. This aligns with the studies

by Bordier et al. (2017) and Abou-Shaara (2024), who emphasized

the vital role of heat shock proteins in maintaining colony stability

under abiotic stressors. Heat stress, in particular, negatively impacts

queen fertility by reducing sperm viability in the spermatheca,

underscoring the importance of thermal tolerance for reproductive

success (Abou-Shaara, 2014).

Our findings challenge the conventional belief that birth weight

and weaning weight are significant predictors of queen survival.

Instead, it seems that genetic and environmental factors play a more

crucial role. This perspective aligns with the research of Wu et al.

(2018) and Büchler et al. (2013).

Integrating molecular markers such as HSP90 and HSC70 into

breeding strategies could significantly enhance colony resilience and

productivity in the face of climate change.
5 Conclusion

This study highlights the importance of breeding methods and

queen bee characteristics in optimizing queen quality. We found that

rearing and mating queens in separate colonies led to higher-quality

queens, with queen cell size being a key factor influencing queen size

and health. Queen size positively correlated with heat tolerance, though

it had minimal impact on cold tolerance. These findings emphasize the

need to consider breeding methods and queen traits to improve colony
Frontiers in Bee Science 07
resilience, particularly in response to environmental stressors. Future

research should focus on understanding the genetic mechanisms

behind queen size and its role in stress adaptation.
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