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Apis mellifera workers display two stages; short lived summer bees that engage in nursing, hive maintenance and
foraging, and long lived winter bees (diutinus bees) which remain within the hive and are essential for ther-
moregulation and rearing the next generation of bees in spring before dying. Label free quantitative proteomic
analysis was conducted on A. mellifera workers sampled in June and December to compare the proteomes of
summer and winter bees. Proteomic analysis was performed on head, abdominal and venom sac samples and
revealed an elevated level of protein abundance in summer bees. Head and abdominal samples displayed an
increased abundance in cuticular proteins in summer samples whereas an increase in xenobiotic proteins was
observed in winter samples. Several carbohydrate metabolism pathways which have been linked to energy
production and longevity in insects were increased in abundance in winter samples in comparison to summer
samples. Proteomic analysis of the venom sacs of summer samples showed an increased abundance of bee venom
associated proteins in comparison to winter workers. These data provides an insight into the adaptions of
A. mellifera workers in summer and winter and may aid in future treatment and disease studies on honeybee
colonies. Data are available via ProteomeXchange with identifier PXD030483.

1. Introduction

Apis mellifera colonies are composed of three castes; the queen, the
drones which are only retained in the colony during summer months,
and the workers which make up the largest number of bees within the
hive and carry out all house and foraging duties to ensure the survival of
the colony, complete the majority of tasks, from feeding larvae, to
building and foraging for nutrients. In summer a colony can contain over
50,000 bees with individual workers living on average 6-8 weeks. In
winter the population generally reduces to 15,000 to 20,000 bees and is
characterised by long-lived winter bees known as diutinus bees, that can
live for six months (Omholt and Amdam, 2004; Hooper, 2010; Aurori
et al., 2014). In contrast to summer bees diutinus workers do not tran-
sition into foragers, instead they remain in the hive until the following
spring (Omholt and Amdam, 2004). The emergence of the diutinus bee
in the autumn correlates with the onset of unfavourable foraging con-
ditions, reduced temperatures and a reduction in brood rearing (Aurori

et al., 2014).

The role of diutinus bees in the hive is different to that of summer in-
hive workers as there is no brood present during the winter, instead the
main focus of diutinus bees is thermoregulation (Omholt, 1987; Hooper,
2010; Steinmann et al., 2021). Diutinus bees form a cluster between
honey stores and empty brood cells, to generate heat through muscular
action in the thorax and will occupy empty cells to form a solid cluster
(Hooper, 2010). Since honeybees are affected by external temperatures,
the cluster reduces heat loss in the colony as workers circulate to various
levels providing a slow continuous mass movement and consume honey
stores for energy metabolism to fuel muscular action (Omholt, 1987;
Hooper, 2010). During the following spring the diutinus bee population
will decline as their role transitions from thermoregulation to nursing
newly laid summer workers and initiating foraging activities (Steinmann
et al.,, 2021). The emergence of the short-lived summer bee occurs in
time for improved foraging conditions and increased brood production
(Ombholt and Amdam, 2004).

Abbreviations: FDR, False Discovery Rates; GO, gene ontology; SSDA, statistically significant differentially abundant; DEP, differentially expressed proteins; LFQ,
Label free quantitative-proteomic; PCA, Principal Component Analysis; RFC, relative fold change; ROS, reactive oxygen species; OXPHOS, oxidative phosphorylation;

MRJP, Major Royal Jelly Proteins.
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Summer bees have two stages of senescence, a slow in-hive stage
consisting of newly emerged, nurse and guard bees, followed by rapid
senescence when workers transition to foragers. In contrast diutinus
caste workers have negligible senescence enabling them to survive
through the winter (Aurori et al., 2014). Organisms exhibiting long
lifespans commonly have a high abundance of antioxidant proteins,
which reduce oxidative stresses by breaking down reactive oxygen
species (ROS) that can cause oxidative damage to proteins, lipids and
nucleic acids (Kodrik et al., 2015). Studies have shown that in-hive
workers have a higher number of functional hemocytes and a better
ability to deal with ROS presence in comparison to foragers (Miinch and
Amdam, 2019; Cervoni et al., 2017).

During winter hives are extremely vulnerable to failure due to
limited food resources, poor foraging conditions and potential threats of
pests and diseases within the confines of the clusters. Despite the myriad
of stresses that the diutinus bees faces their life span is significantly
longer than short-lived summer bees (Miinch and Amdam, 2019). The
work presented here characterised proteomes of head, abdomen and
venom sacs of late-hive summer bees and diutinus bees and examined
the adaptation that may enable the diutinus bees to survive the stresses
of winter. The head was chosen as it contains hypopharyngeal glands
which play a significant role in the production of major royal jelly and
honey metabolism proteins (Deseyn and Billen, 2005). The abdominal
cavity is where the fat body cells are located which are essential for the
production of vitellogenin and play an important role in the immune
system of workers (Amdam and Omholt, 2002). The venom sac is one of
the honeybee workers defence strategies therefore a proteomic com-
parison between winter and summer workers would be useful to gain an
insight into potential changes in the venom sac’s protein composition.
Previous work has investigated the head and abdominal proteome
changes in an Italian hybrid of the western honeybee in Korea, using
samples collected in January and late February (Lee and Kim, 2017).
This work used two-dimensional gel electrophoresis (2-DE) and QPCR to
detect changes in protein expression between samples. The present
study has employed label free quantitative mass spectrometry tech-
niques to characterise changes in the proteome of A. mellifera workers
sampled in summer (June) and winter (December).

2. Materials and methods
2.1. A. mellifera sampling regime

All samples of A. mellifera. were collected from an apiary managed by
a professional beekeeper at Teagasc Oak Park Research Centre (County
Carlow, Ireland, coordinates 52°51'53.3"N 6°54'09.7"W). Three hives
were used and were sampled in June and December. Samples were
stored immediately at —20 °C and transported to be stored at —80 °C
within one hour. Obtaining summer bees of known ages was possible
through caging the queen within the hive on a single frame. The queen
was caged for two days, after which the cage was removed and the queen
was released back into the hive. On the 13th day the frame was removed
and placed in an incubator at 37 °C for 8 days until all the juvenile bees
emerged. Newly emerged bees were marked on the top of the thorax
with a coloured bee marker were released back into their respective
hives. Summer samples the June laying frame and December samples
were taken from the top of the frames.

3. Protein extraction from A. mellifera

Protein extraction was completed on single honeybee workers from
each hive (n = 3), and analysis was completed on the head, abdomen
and venom sac. Workers were decapitated using a sterile disposable
scalpel and the heads were collected in a microcentrifuge tube. Bees
were pinned to a dissection board and the alimentary canal was removed
with care as not to disturb fat body and to keep the venom sac intact.
Proteins were extracted via homogenisation using a hand-held
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motorised pestle and extracted using 300 pl (head), 400 ul (abdomen),
and 200 pl (venom sac) 6 M urea, 2 M thiourea and a protease inhibitor
tablet (PIC: Complete Series Roche) solution. Cellular debris was pel-
leted through centrifugation at 10000xg for 5 min. All supernatant was
precipitated overnight at —20 °C at a ratio of 1:5 with 80% acetone. The
acetone was removed, and proteins were re-suspended in 120 pl (head),
200 ul (abdomen), and 50 ul (venom sac) resuspension buffer (6 M urea,
2 M thiourea, 0.1 M tris-HCL, (pH 8.0) dissolved in deionised water).
The Qubit™ protein quantification system (Invitrogen) was used to
quantify 1 pl aliquots of protein sample. Ammonium bicarbonate
(50 mM) was added to 20 pl of protein sample and proteins were reduced
with 0.5 M dithiothreitol (DTT) (Sigma-Aldrich) at 56 °C for 20 min and
alkylated with 0.5 M iodoacetamide (IAA) (Sigma-Aldrich) in the dark at
room temperature for 15 min. Proteins were digested with Sequence
Grade Trypsin (0.5pug/ml) (Promega) and incubated overnight at 37 °C.
Trifluoroacetic acid (1 ul of 100%) (Sigma-Aldrich) was added to inhibit
tryptic digestion during a 5 min incubation. Samples were centrifuged at
13,000xg for 10 min. Peptides were purified using C-18 spin columns
(Pierce) and dried in a SpeedyVac concentrator (Thermo Scientific
Savant DNA120) at 39 °C for 2 h. Samples were resuspended in 2%
acetonitrile and 0.05% trifluoroacetic acid followed by sonication in a
water bath for 5 min and centrifugation for 5 min at 15,500xg. The
supernatant was extracted and used for mass spectrometric analysis.

3.1. Mass spectrometry

Digested Apis mellifera protein samples (1 pg head, 0.75 ug abdomen,
0.75 ug venom sac) were loaded onto a QExactive Mass Spectrometer
(ThermoFisher Scientific) connected to a Dionex Ultimate™ 3000
(RSLCnano) chromatography system. Separation was determined by an
acetonitrile gradient in a BioBasic™ C18 PicoFrit™ COLUMN (100 mm
in length, 75 mm inner diameter) using a 135 min reverse phase gradient
at a flow rate of 250 nL/min. The mass spectrometer was operating in an
automatic dependent switching mode to acquire all data. A high-
resolution MS scan (300-200 Dalton) was performed using the Orbi-
trap to select the 15 most intense ions prior to MS/MS. Protein identi-
fication and LFQ normalisation of MS/MS data was carried out using the
Andromeda search engine MaxQuant version 1.6.6.0 (https://maxquant
.org/) to correlate the data against the predicted protein set derived
from the A. mellifera genome (Amel 4.5 assembly, Honeybee Genome
Sequence consortium, 2006).

The following search parameters were used: first search peptide
tolerance of 20 ppm, second search peptide tolerance 4.5 ppm, carba-
midomethylation of cysteines of N-terminals were set as variable mod-
ifications and a maximum of 2 missed cleavage sites allowed. False
Discovery Rates (FDR) were set to 1% for both peptides and proteins and
the FDR was estimated following searches against a target-decoy data-
base. Peptides with a minimum length of seven amino acids were
considered for identification and proteins were only considered identi-
fied when more than one unique peptide for each protein was observed.
The MS proteomics data and MaxQuant search output files have been
deposited to the ProteomeXchange Consortium via the PRIDE partner
repository with the dataset identifier PXD030483.

3.2. Data analysis

Results processing, statistical analysis and graphics were generated
using Perseus v. 1.6.15.0. LFQ intensities were logs transformed and
proteins with a non-existent values (indicative of absence or very low
abundance in a sample) were used in statistical analysis following the
imputation of representative numbers based on the lowest value for each
data set, which was calculated as a 1.8 (standard deviation) downshift
from the mean value allowing for 0.3 width in the downshift for the
standard deviation. ANOVA significance was calculated between treated
and control samples was performed using a p-value of 0.05, only ANOVA
significant proteins were used for further analysis. Volcano plots were
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generated in Perseus to visualise differentially abundant proteins be-
tween control and treated groups and principal component analysis
(PCA) was completed on all ANOVA significant proteins. Hierarchical
clustering was performed on Z-score normalised intensity values for all
statistically significant differentially abundant (SSDA) proteins (proteins
with a real fold change > 2) by clustering all samples and proteins using
Euclidean distance and complete linkage. The Search Tool for the
Retrieval of Interacting Genes/Proteins (STRING) v11.0 was used to
map known and predicted protein-protein interactions and used to
identify protein clusters associated with specific pathways and pro-
cesses. Pathways were examined further using BLAST Koala which
preform KO (KEGG Orthology) to characterise gene functions and
construct KEGG pathways (https://www.kegg.jp/blastkoala/).

4. Results

Label-free quantitative (LFQ) proteomics analysis was performed on
head, abdomen and venom sac samples of bees collected from three
hives in June and December. Data analysis was completed on the head,
abdomen and venom sac of each sample and initial data matrices con-
tained 2,609, 1,968, and 1,364 proteins respectively. Post filtration and
ANOVA test (p value = 0.05) were completed resulting in 783, 381, and
275 protein matrices respectively.

4.1. Proteomic analysis of head samples

Analysis of head samples revealed 433 and 66 exclusive proteins in
summer and winter proteomes respectively, 1074 out of 1573 were
common between the samples. Seventeen cuticular and three major
royal jelly proteins were identified as exclusive in the summer samples
whereas, hexamerin 110 and five cytochrome p450 proteins were
identified among the 66 exclusive proteins in the winter samples.

ANOVA (p value = 0.05) significant proteins (7 8 3) were analysed in
a principal component analysis (PCA) graph (Fig. 1). PCA clustered
summer and winter samples separately with a total variance between
samples of 93.7%. This provides an initial insight into the distinct dif-
ferences between winter and summer head proteomes. Volcano plot
analysis was conducted to determine the distribution of proteins be-
tween the summer and winter samples (Supp Fig. 1). From this analysis,
522 proteins in summer samples and 197 proteins in winter samples
were deemed SSDAs with a relative fold change (rfc) of + 2. Summer
samples had a larger rfc range of 2.02-4836.61 in comparison to winter
samples (2.01-203.32) indicating reduced proteome abundance in
winter bees compared to summer bee samples. Cuticular proteins were
increased in abundance in summer samples; cuticle protein 18.7 (rfc
4836), cuticular protein CPF2 isoform 1 precursor (rfc, 733.41),
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cuticular protein 5 (rfc 512.28) and apidermin 2 precursor (rfc, 134.21)
(Table 1). Winter samples had an increased abundance of xenobiotic
proteins; Cyp4gl1 (rfc, 92.35), Cyp9e2 (rfc, 28.27), Cyp6k1 (rfc, 26.42)
and vitellogenin proteins (rfc 17.03, 9.25) (Table 1) (Supp. Fig. 1).

All major royal jelly proteins (MRJP) were significantly increased in
abundance (-Logy) in summer samples in comparison to winter samples
(Tukey pairwise comparison 95% confidence). MRJP 6 was the most
abundant MRJP identified in summer samples with a rfc of 332.03
(Table 1). Vitellogenin proteins (AOAO88ADL8 and AOAOS8SAUT9) were
significantly increased in abundance in winter samples (Tukey pairwise
comparison 95% confidence). Summer samples had an increased
abundance of heat shock and honey production proteins whereas winter
samples had an increased abundance of xenobiotic proteins (Table 1).
All three honey production enzymes (alpha-amylase, alpha-glucosidase
and glucose oxidase (rcf, 1049.77, 340.40, 75.76 respectively)), were
identified as significantly increased in abundance in summer samples,
only two (alpha-glucosidase 2 precursor (rfc, 26.37), alpha-glucosidase
precursor (rfc, 3.02)), were identified in winter samples but at a greatly
reduced protein abundance.

SSDAs from both samples were further analysed in BlastKOALA to
identify the functional category assignment of proteins. Analysis of
summer head proteome samples returned 391 proteins from 522 SSDAs
and winter samples returned 147 of 197 SSDAs. Genetic information
processing (messenger RNA biosynthesis, chaperones and folding cata-
lysts, and chromosome and associated proteins), Energy metabolism
(oxidative phosphorylation), and Environmental information processing
(MAPK signalling pathway, Hippo signalling pathway) were increased in
abundance in summer samples (Fig. 2). Winter samples had a reduced
abundance of proteins (6 vs 31 involved in OXPHOS, 3 vs 7 in glycolysis
and 0 vs 9 in TCA cycle). Carbohydrate metabolism was the protein
group that had the smallest difference in protein abundance from the
two sample groups (Summer 33: Winter 21), a reduction of proteins
involved in glycolysis and TCA pathways was observed in winter sam-
ples. Three pathways associated with carbohydrate metabolism had a
higher abundance of proteins upregulated in winter samples, galactose,
ascorbate and aldarate metabolism, and pentose and glucuronate
interconversions.

4.2. Proteomic analysis of winter and summer bee abdomen samples

Post filtration analysis of abdominal proteome samples resulted in
1,968 proteins, of which 130 and 27 were identified as exclusive in
summer and winter bee samples respectively. Summer bee proteome
abdominal samples had several cuticular (7) and defensin and alpha
amylase as exclusive proteins. Winter bee proteome samples had four
venom-associated proteins and three xenobiotic proteins identified as
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Fig. 1. Principal component analysis on head samples from winter and summer. ANOVA significant head sample proteins (p value = 0.05) plotted on a PCA. Total

sample variance on the PCA 93.7%.
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Table 1

Statistically significant proteins identified in the head samples of summer and
winter bees. Proteins are categorised into three functional categories and
labelled according to seasons summer (S), winter (W). The real fold change
highlights the variation in protein abundance between the sample sets. Proteins

marked with * were identified as exclusively expressed in summer/winter.

Protein Id Protein Name Functional Sample  Real
Code Category fold
change
AOAO088ABR2 Cuticle protein 18.7* Cuticular S 4836.61
proteins
AOA087ZRG5 Cuticular protein CPF2 S 733.41
isoform 1 precursor*®
AOA087ZNJ5 Cuticular protein 5* S 512.28
AOAO088AND4 Apidermin 2 precursor* S 134.21
AOA088ANC9 Apidermin 3 precursor* S 71.18
AOA088AKR9 Cuticular protein 28 S 67.70
precursor
AOA087ZR0O1 Cuticular protein S 34.11
analogous to
peritrophins 3-C
precursor*
AOA088ABN1 Cuticular protein 4 S 4.86
precursor*
AOA087ZT04 Cuticular protein S 4.37
analogous to
peritrophins 3-D
precursor*
AOA087ZUS7 Cuticular protein S 3.01
precursor*
AOA088AG34 Cuticular protein 27 S 2.52
precursor
AOA088AU21 Major royal jelly 6 Vitellogenin S 332.03
precursor* and MRJP
097432 Major royal jelly 5 S 49.09
precursor
AO0A088AU20 Major royal jelly 4 S 20.73
precursor
018330 Major royal jelly 1 S 7.01
precursor
Q47JX1 Major royal jelly 9 S 7.15
precursor®
AOAO88AVG8 Major royal jelly protein S 3.96
1%
AOAO88ADLS Vitellogenin w 17.03
AOA088AUT9 Vitellogenin w 9.25
P17722 Defensin-1 preprotein* Immune S 183.61
response
AOA088AS56 Apolipophorins w 5.14
AOAO088A3R5 Protein lethal(2) Heat shock S 50.76
essential for life proteins
AOAO088A3R7 Protein lethal(2) S 32.53
essential for life
AOAO088A3R6 Protein lethal(2) S 20.78
essential for life *
AOAO088AGWS8 Heat shock 70 kDa S 3.96
protein
AOAO087ZTY7 Heat shock protein S 3.24
cognate 5
AOA088AGJ8 Heat shock protein S 2.75
70Ab-like
AOA088A2L4 Heat shock protein 83 w 3.31
AOA088AV36 Microsomal glutathione Antioxidant w 17.33
S-transferase 1 Proteins
AOA087ZRK9 Catalase isoform X1 w 2.80
AOA088A226 Glutaredoxin-related S 2.49
protein 5 mitochondrial
AOAO88AGE7 Thioredoxin peroxidase S 2.04
3 isoform 2
AOAO88AIK9 Cytochrome P450 4G11*  Xenobiotic 92.35
Enzymes
AOAQ88A7I0 UDP- 51.75
glucuronosyltransferase
2C1*
AOAO088AVB4 Cytochrome P450 9e2* w 28.27
AO0A088A7G1 Cytochrome P4506k1* w 26.42
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Table 1 (continued)

Protein Id Protein Name Functional Sample  Real
Code Category fold
change
AOAO087ZNX2 Beta-ureidopropionase w 23.63
AOAO88A7I2 UDP- w 21.78
glucuronosyltransferase
2A3*
AOAO088AKD5 Cytochrome P4506AQ1 w 11.54
isoform X1*
AOA087ZXV8 Cytochrome P450 9e2 w 9.73
AOAO88AJN6 beta-glucuronidase* w 8.52
AOA087ZXU5 Cytochrome P450 9e2* W 6.65
AOAO88AEG8 Alpha-amylase Other S 1049.77
Q17058 Alpha-glucosidase S 340.40
AOA088A031 Glucose oxidase S 75.76
AOA088A3V5 Yellow-f precursor S 58.66
AOA087ZVX2 Glucose dehydrogenase S 6.35
AOA088A030 Glucose dehydrogenase S 4.45
Q25BT8 Alpha-glucosidase 2 w 26.37
precursor
AOA087ZVX3 Glucose dehydrogenase w 17.70
AO0AOB4J2P5 Alpha-glucosidase w 3.02
precursor
AOA088A4K9 Odorant binding protein Protein w 5.44
14 precursor folding and
molecular
transporters
Q1W633 Odorant binding protein w 2.25

21 precursor

exclusive. ANOVA significant proteins (381) were analysed in a PCA,
which revealed large differences between summer and winter proteomes
due to the degree of separation between the sample clusters (Fig. 3). The
total sample variance in the PCA equals 92.7%, which demonstrates that
the samples do not share a large proportion of their proteome.

ANOVA significant samples were analysed in a volcano plot which
resulted in 197 and 104 SSDAs in summer and winter samples respec-
tively. Cuticle protein 18.7 (rfc, 1385.42) and cuticular protein 5 (rfc,
432.82) were the two most abundant proteins in summer bee samples
and phospholipase A2 precursor (rfc, 1143.65) and allergen Api m 6
precursor (rfc, 270.42) were the most abundant proteins in winter bee
samples (Sup Table 1). Following the same trend as the results from the
head proteome analysis, summer abdomen samples had a large abun-
dance of proteins in several protein pathways (Supp. Fig. 2).

Two pathways were increased in abundance in winter abdomen
samples, metabolism of cofactors and vitamins and carbohydrate
metabolism pathway. As in the head samples three pathways associated
with carbohydrate metabolism were increased in abundance in winter
workers: galactose, ascorbate and aldarate metabolism, and pentose and
glucuronate interconversions. Summer samples had a large abundance
of proteins involved in genetic information processing, specifically in
messenger RNA biogenesis (10), chromosome and associated proteins
(8) and chaperones and folding catalysts (8). Metabolism of cofactors
and vitamins were increased in winter samples in, one carbon pool by
folate (4) and pantothenate and CoA biosynthesis (2) (Fig. 4).

4.3. Analysis of venom sac proteomes from summer and winter bees

Proteomic analysis on winter and summer bee venom sacs samples
revealed significant differences in the proteomic profile of each sample
as observed in the PCA graph (Fig. 5). Analysis revealed 106 and 14
exclusive proteins in summer and winter bee proteomes respectively.
Several proteins associated with bee venom activity were identified as
exclusive in summer samples; major royal jelly proteins (MRJP) 8 and 9,
mast cell degranulating peptide, and allergen Api m 6 precursor. No
insect allergen proteins were identified in winter venom sac samples.

Volcano plot analysis on venom sac protein samples from winter and
summer bees revealed a small cluster of insect allergen related proteins
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Fig. 5. PCA on summer and winter venom sac samples. ANOVA significant venom sac proteins (p value = 0.05) plotted on a PCA. Total sample variance between

samples is 92.2%.

in winter bee samples versus a larger number of insect allergen and
venom proteins in summer workers (Table 2, Fig. 6). Several previously
identified venom proteins (venom serine proteases, dipeptidyl pepti-
dases, carboxylesterases and acid phosphates) were observed in the data
analysis of the samples, although these were not deemed ANOVA sig-
nificant or SSDA. Summer samples had a higher abundance of venom
associated and antioxidant proteins in comparison to winter samples
(Table 2). Some MJRP were identified in the analysis, however, MRJP2
and MRJP3 were identified as SSDA proteins in winter samples, these
MRJPs have not been associated with the venom sac in previous publi-
cations. MRJP9, a known venom sac protein was identified in summer
samples. An increase in proteins involved in energy and carbohydrate
metabolism was observed in summer samples, in comparison to an
abundance of genetic information processing proteins in winter samples
(Supp. Fig. 3).

Of the 91 entries identified in summer bee samples 23 are involved in
oxidative phosphorylation, no proteins associated with OXPHOS were
identified in winter venom sac samples. Both samples had proteins
involved in tricarboxylic acid process, summer samples had 8 proteins
and winter had 2. Winter samples had an increase in ribosomal proteins
(12) in comparison to summer workers (0). Lipid metabolism was the
only other pathway that was more abundant in winter samples versus
summer samples (7 vs 5).

5. Discussion

Honeybee workers have different roles within the hive depending on
the season: brood rearing and honey production in summer and survival
in winter (Miinch and Amdam, 2019). Summer workers undertake a
range of roles as they progress through the hive such as cleaners, nurses,
builders, guards, and foragers, and these roles are usually correlated
with the worker’s age, a process known as age polyethism (Miinch and
Amdam, 2019). Diutinus workers have a much narrow range of roles in
the hive, thermoregulation during the winter and broodless periods, and
nursing duties and foraging activities in the following spring (Miinch
and Amdam, 2019).

Advances in whole cell lysate proteomic extraction techniques en-
ables the identification of a large number of proteins, a higher level of
sensitivity and accurate quantification of proteins in a wide range of
biological samples. The results presented here highlight a significant
difference in the proteomes of workers sampled in the summer (June)
and the winter (December). Summer bees have an increased abundance
of cuticular proteins in the head and abdomens and a higher number of
bee toxin proteins in the venom sac. In contrast bees sampled in winter
have a greatly reduced proteome in all three anatomical sites. A

reduction in immune protein abundance in winter honeybee workers
has been observed previously, which suggests that the reduction may be
linked to longevity (Steinmann et al., 2021).

Anatomical components of honeybee workers have been previously
investigated to characterise changes/adaptions workers undergo to
survive in their environment. Alterations in protein secretion within the
hypopharyngeal glands in honeybee worker head samples have been
correlated with age related changes (Brouwers, 1983; Ohashi et al.,
1999; Kubota et al., 2004; Deseyn and Billen, 2005; Qi et al., 2015;
Dobritzsch et al., 2019). Work has also been completed on specific
protein changes that occur in workers during age-related changes or in
comparisons of summer and winter workers (Amdam et al., 2009;
Smedal et al., 2009; Steinmann et al., 2021). A recent study highlighted
physiological and immune parameters that change between winter and
summer bees, identifying an increase in vitellogenin titres, lipid and a
higher level of antibacterial activity in winter bees (Kunc et al., 2019).
Similar protein changes were previously identified between workers
sampled in January and broodless workers sampled in February (Lee and
Kim, 2017). However, the work presented here sought to further explore
the proteomic differences that occur in Apis mellifera workers between
winter (December) and summer (June) using three distinct components
of the workers anatomy.

Analysis of the head samples revealed a total of 6 MRJPs, all are more
abundant in summer bees rather than in winter bees, including two
exclusively expressed MRJPs. This is in contrast to previous findings
which identified MRJP 2 and 3 higher in workers sampled in January in
comparison to February (Lee and Kim, 2017). Higher levels of MRJPs in
summer is expected as the hypopharyngeal glands of winter honeybees
despite being hypertrophied, have no secretory cycle is visible in winter
bees (Brouwers, 1983; Deseyn and Billen, 2005). Summer bees however,
are exposed to brood rearing in the hive and have elevated MRJP levels
to produce bee milk for larvae and royal jelly for the queen (Deseyn and
Billen, 2005; Ramanathan et al., 2018). It has been suggested that
MRJPs that were secreted before workers enter the diutinus phase are
stored within diutinus workers and have the potential to be used in the
following spring, but little to no production of MRJPs occurs during
winter (Deseyn and Billen, 2005). The variation in results between this
work and previous findings could be linked to the samples that were
used. Workers here were selected from a brood period in June and a
broodless period in December, whereas samples in the paper of Lee and
Kim (2017) were taken in January and February, a time usually asso-
ciated with the end of overwintering and the initiation of brood-rearing.

Hexamerin 110 was identified as an exclusively expressed protein in
winter workers in the head analysis, and hexamerin 70a was identified
as significantly expressed previously (Lee and Kim, 2017). This suggests
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Table 2

Statistically significant proteins identified in the venom sac samples of summer
and winter bees. Proteins are categorised into three functional categories and
labelled according to seasons summer (S), winter (W). The real fold change
highlights the variation in protein abundance between the sample sets. Proteins
marked with * were identified as exclusively expressed in summer/winter.

Protein Id Protein Name Functional Sample  Real fold

Code Category change

AOA088A9M1 Serine Protease 53 Bee venom toxins w 4.77

P00630 Phospholipase A2 S 694.82
(Api m1)

P01501 Melittin (Api m4) S 658.29

P83563 Allergen Api m6 S 64
(Api m 6)*

AOAO88ARZ8 Arginine kinase S 10.96
isoform X2*

Q4zJX1 Major royal jelly S 4.14
protein 9%

061367 Arginine kinase S 2.65

X

AOA088AVB4 Cytochrome P450 Antioxidant w 17.78
9e2* systems

AOAO88AIJN6 Beta w 16.13
glucuronidase*

AOAO088A5Z9 Hydroxyacid W 14.41
oxidase 1*

AOAO088AIK9 Cytochrome P450 w 9.09
4G11

AOAO88AE90 Protein lethal (2) w 3.34
essential for life

AOAO88ACF4 Heat shock protein w 2.51
cognate 3

C3VMNI1 glutathione S- w 2.34
transferase S1
isoform X1

AO0A087ZQD3 Heat shock protein w 2.02
90

AO0A087ZZU9 Cytochrome ¢ S 70.06
oxidase 5A

AOA087ZUE7 Glucose S 37.16
dehydrogenase

AOA087ZUZ0 Cytochrome c S 34.15
oxidase 5b

AOA088A1KO Superoxide S 7.47
dismutase 2

AOAO88AFLS5 Glutathione S- S 5.88
transferase D1
isoform X1

AOA088AQ34 Cytochrome ¢ S 3.93
oxidase 6A1

AOAO088AAY9 Thioredoxin-2 S 2.34

AOA088A4L3 Odorant binding Protein folding w 2.68
protein 18 and molecular

transporters

AOA088A4LO Odorant binding S 15.30
protein 15

AOA088A635 DnalJ protein S 7.28
homolog 1

AOA088A4L4 Odorant binding S 5.82
protein 19*

that hexamerin is utilised during winter and the start of the brood-
rearing period as a storage protein (Doke et al., 2022). However, spe-
cific role(s) of hexamerin with regards to physiology and tissue distri-
bution are yet to be fully characterised. Several heat shock proteins were
identified to be increased in abundance in summer workers in compar-
ison to winter workers. Lee and Kim (2017) also identified this change in
protein expression in their study, with workers sampled in February
having higher levels of heat shock 70 kDa protein in comparison to
workers sampled in January. Heat shock proteins play a role in cell
growth, as molecular chaperones, protein folding and apoptosis (Mayer
and Bukau, 2005). Previous work has identified heat shock 70 as higher
in foragers in comparison to hive workers, and it was suggested that the
increase of heat shock proteins in foragers is attributed to the increase in
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stress (Elekonich, 2009). An increase in heat shock protein expression
has been linked to insects overwintering in harsh environments and
those that enter diapause as well as plants that experience dormancy
(Denlinger, 2002). The increase in heat shock proteins abundance in
workers sampled in December, could give an insight into how workers
cope with the stress of their environment and the adaptions that have
developed to overwinter within the hives while conditions are
unfavourable.

Honeybees lack an adaptive immune system, so rely upon their
innate immune system which is composed of four lines of defence: hy-
gienic behaviour, physical barriers, cellular immune and humoral im-
mune responses (Evans et al., 2006; Grzywnowicz et al., 2009). Analysis
on the head and abdominal samples revealed an overall increase in
cuticular proteins in summer bees in comparison to winter bees, 9 out of
11 and 6 out of 7 cuticular proteins were identified as exclusively
expressed in summer head and abdominal samples respectively. Winter
samples had a greatly reduced abundance of cuticular/chitin proteins in
comparison to summer samples in both the head and abdomen analysis.
Winter workers may have less damage to their exoskeleton compared to
nurse or forager summer bees as there is a reduction in water evapora-
tion due to lower temperatures, little to no transport of external mate-
rials into the hive, no brood and a diminished level of hygienic
behaviour involving “licking” or cleaning (Seehuus et al., 2013;
Pritchard, 2016).

Several xenobiotic metabolism proteins were identified as increased
in abundance in winter worker head and abdomen samples. Several
cytochrome P450s were identified as exclusively expressed in winter
samples whereas no cytochrome P450 proteins were associated with
summer samples. Cytochrome P450s are one of the main enzyme groups
responsible for xenobiotic metabolism and catalysing oxida-
tion-reduction reactions in insects, however the stoichiometry of these
enzymes has not been experimentally confirmed in insects (Feyereisen,
2012; Xu et al., 2013). Cytochrome P450s can produce reactive oxygen
species in their reactions, however, these enzymes are also involved in
the production of hormones, pheromones and other enzymes that break
down ROSs (Xu et al., 2013). Winter bees displayed a small number of
antioxidant proteins upregulated in the head and abdomens - catalase
isoform X1, microsomal glutathione S-transferase 1 and peroxiredoxin-
like protein which break down hydrogen peroxide (Corona and Rob-
inson, 2006). Winter bee head samples also had an abundance of vitel-
logenin and apolipophorin-III, a known antioxidant with metal binding
capacities and a lipid transporter linked with immune activation and
secretion by hemocytes at the site of injury, respectively (Wiesner et al.,
1997; Niere et al., 1999; Whitten et al., 2004; Kim et al., 2004) which
can preferentially oxidise hemolymph protein over other proteins such
as apolipoprotein 1 (Seehuus et al., 2006; Corona and Robinson, 2006).
A depletion in vitellogenin levels and subsequently a rise in juvenile
hormone titres has been directly linked with the depletion of hemocytes
in the hemolymph through nuclear pycnosis (Amdam et al., 2004;
Amdam et al., 2005). This can lead to severe health issues with Varroa
parasitisation as the mites are now known to feed on the fat body of
workers (Ramsey et al., 2019). Hemocytes play an important role in
cellular immunity with immunological functions in phagocytosis,
encapsulation, nodulation, wound repair and production in antibacterial
peptides and prophenoloxidase enzymes (Amdam et al., 2005; Negri
et al., 2014; Yelkovan et al., 2021). Collectively the increased abun-
dance of xenobiotic metabolism proteins — cytochrome P450s, antioxi-
dant proteins and abundance of hemolymph proteins - vitellogenin and
apolipophorins, demonstrate a specialised immune system that aids in
reducing stress in cells and aids in longevity.

Carbohydrate metabolism proteins were increased in abundance in
the abdomens of winter bees in comparison to summer samples.
Galactose, ascorbate and aldarate, along with pentose and glucuronate
interconversions all had an increased protein abundance in winter head
and abdomen samples. Galactose metabolism is closely linked with en-
ergy metabolism (Coelho et al., 2015). Ascorbate and aldarate
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Fig. 6. Volcano plot derived from pairwise comparison between summer and winter venom sac samples. Proteins are distributed according to p-value (-log10 p-
value) and fold change (Log, difference). Proteins outside the vertical blue lines are considered statistically significant differentially abundant (SSDA).

metabolism forms UDP-glucose which is oxidised to UDP-glucuronic
acid and is mainly used for detoxification of toxic compounds through
conjugation (Chen et al., 2019; Jiang et al., 2019; Malka et al., 2020).
Ascorbate has also been observed to protect cells and organelles from
oxidative damage by scavenging ROSs and aids in accumulating energy
reserves in the hemolymph (Goggin et al., 2010). Ascorbate can decrease
the activity of respiratory enzymes and works to modulate humoral and
cellular immune responses (Pristavko and Dovzhenok, 1974; Garg and
Mahajan, 1994; Goggin et al., 2010). In blood feeding insects (Anopheles
gambiae) ascorbate was observed to lower the induction of superoxide
radicals in the hemolymph in response to ingestion of iron-rich blood
meals (Kumar et al., 2003). Pentose and glucuronate metabolism
generate NADPH and pentoses which are mainly used for maintaining/
regenerating the cellular detoxifying and antioxidative defence systems,
they also function in the synthesis of nucleotides and nucleic acids
(Ceddia et al., 2003; Agledal et al., 2010; Malka et al., 2020). An
increased protein abundance in the three aforementioned pathways
provides an insight into how the winter bees minimise the protein
production in cells whilst reserving essential proteins with dual function
such as energy metabolism and immune response.

Proteomic analysis on the venom sac samples revealed a significant
difference between summer and winter bee samples. Volcano plot
analysis highlighted the abundance of bee venom associated proteins
expressed in summer samples with a rfc range of 2.65-694.82. The three
most abundant proteins associated with summer samples: Api m6, Api
ml and Api m4 may initiate an allergic response in humans, with Api m6
and Api m4 being the two most predominant proteins making up
10-12% and 50% of the dry weight of bee venom respectively (Hider,
1988; Peiren et al., 2005). Several non-toxin proteins; antioxidant, en-
ergy metabolism, protein folding and molecular transporter proteins
were also identified in high abundance in summer samples in contrast to
winter samples. It is hypothesised that proteins involved in these

pathways are necessary to protect the secretory cells from the damaging
bee venom (Peiren et al., 2008; Li et al., 2013). The high abundance of
bee venom proteins in summer bees in contrast has been observed pre-
viously (Danneels et al., 2015; Hossen et al., 2017; Scaccabarozzi et al.,
2021).

Winter bee samples did not have any bee venom associated proteins
identified in the venom sac analysis. Instead, winter bees had a higher
abundance of genetic information processing proteins and a relatively
high number of proteins involved in carbohydrate metabolism. Inter-
estingly, there were two proteins identified in high abundance in winter
samples that have not previously been identified in the venom sac: MRJP
2 (rfc 12.84) and MRJP 1 (rfc 7.17). MRJP9 was identified as SSDA in the
summer samples and has been previously identified in bee venom
analysis (Blank et al., 2012; Danneels et al., 2015; Ramanathan et al.,
2018). Allergen investigations on honey have identified major IgE-
binding proteins that correspond to MRJP1 and MRJP2 (Rosmilah
et al., 2008). This could suggest that MRJP1 and MRJP2 could have an
allergen role in the bee venom of winter workers, however further work
would be needed to confirm the role of MRJ1 and 2 in bee venom.
Winter and summer bees have different levels of activity within the hive,
with winter workers rarely leaving the hive in contrast to summer
workers who frequently leave the hive to forage. The different envi-
ronments also contribute to a change in the type of predator/pests
encountered which could lead to the different levels of bee venom
associated proteins in the summer and winter workers (Danneels et al.,
2015).

6. Conclusion
This study provides an insight into the proteomic composition of

honeybee workers in summer and winter. Winter bee samples had a
reduced number of proteins identified as SSDAs in comparison to
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summer bee samples. This suggests that winter bees have a reduction in
the number of proteins synthesised and stored as a means to increase
longevity. In all three anatomical components that were analysed,
summer bees had higher abundance and number of SSDAs. Summer
workers have a wide range of roles to complete within the hive, a varied
and plentiful diet, and a constantly changing external environment.
Adaption to these changes could be a possible explanation as to why
summer workers have a wider range of proteins expressed. In contrast
winter bees experience a harsh environment, reduced nutrient avail-
ability and their main role is in thermoregulation. This study indicates
that the winter bees display reduced protein abundance and expression
possibly as a means to limit energy consumption to aid in longevity
while ensuring the hives survival until the following spring.
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