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Abstract

Queen-worker caste dimorphism is a typical trait for honeybees (Apis
mellifera). We previously showed a maternal effect on caste differentiation
and queen development, where queens emerged from queen-cell eggs
(QE) had higher quality than queens developed from worker cell eggs (WE).
In this study, newly-emerged queens were reared from QE, WE, and 2-day
worker larvae (2L). The thorax size and DNA methylation levels of queens
were measured. We found that queens emerging from QE had significantly
larger thorax length and width than WE and 2L. Epigenetic analysis showed
that QE/2L comparison had the most different methylated genes (DMGs,
612) followed by WE/2L (473), and QE/WE (371). Interestingly, a great
number of DMGs (42) were in genes belonging to mTOR, MAPK, Wnt,
Notch, Hedgehog, FoxO, and Hippo signaling pathways that are involved
in regulating caste differentiation, reproduction and longevity. This
study proved that honeybee maternal effect causes epigenetic alteration
regulating caste differentiation and queen development.

Introduction

Maternal effects have been recognized in animals
and plants for a long time (Bernardo 1996; Roach & Wulff,
1987). Maternal effects are that the phenotype of offspring
is influenced by maternal phenotype rather than its own
genotype (Van Dooren et al., 2016; Schwabl & Groothuis,
2019). Vertebrate females can adjust their investment
in eggs to get higher quality offspring (Cunningham &
Russell, 2000). Insects can also adaptively vary investment
in their eggs (Passera, 1980). Honeybees are typical eusocial
insect species, and the queen is the only female individual
amongsterile workers (Winston, 1991). Previous studies
showed that female larvae fed with richer nutritional diet
develop into queens, whereas lower nutritional diet results
in the development of workers (Haydak, 1970). The space in

which larvae develop within the cell also contributes to the
queen-worker differentiation (Shi et al., 2011). However, our
previous study showed a maternal effect on honeybee caste
differentiation, resulting in high quality queens. Queens lay
larger eggs into queen cells compared to worker cells, which
results in queens with heavier body, more ovarioles and
different gene expression patterns (Wei et al., 2019). This
maternal effect likely depends on the nutritional content of
the fertilized queen cell egg, and not on genomic differences
between queen-cell eggs and worker cell eggs. However, the
underlying epigenetic mechanism for this maternal effect
remains unclear.

More importantly, the quality of the queen has strong
effects on the fitness of a colony (Winston, 1991; Gilley
et al., 2003; Amiri et al., 2017). In recent years, honeybee
colony loss has been frequently reported in public media,
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and the farming industry has been significantly impacted
by the death of honeybees (Michael et al., 2009; Steinhauer
et al., 2013; Antinez et al., 2016). For example, scientists
showed a high rate of honeybee winter colony loss over 13
years from 2006-2019 (Milius, 2019). The poor quality of
queens was considered as one of main factors for honeybee
winter loss (vanEngelsdorp et al., 2010; Delaney et al., 2011).
Rudolf Steiner argued in 1923 that honeybees would become
extinct within 100 years due to the weakening of queens
in the commercial queen rearing industry (Thomas, 1998).
Commercial beekeepers rear new queens by transplanting
young worker larvae into queen cells, altering the larva’s diet
and depriving the maternal effect from the queen (Doolittle,
1888; Biichler et al., 2013). There are many concerns about
the adverse consequences of this queen rearing technology for
queen quality and colony health. Woyke (1971) showed that
queens reared from young worker larvae were smaller and
had a smaller spermatheca and fewer ovarioles compared to
queens from worker eggs. Rangel et al. (2013) reported that
queens reared from old worker larvae produced fewer workers
and drone combs and less honey than colonies with queens
reared from young worker larvae. He et al. (2017) and Wei et
al. (2019) found that queens developed from queen cells are
better than queens reared from worker cell eggs and young
larvae. A recent study clearly showed that honeybee queens
have an ability to alter egg size in response to both genetic
and environmental factors (Amiri et al., 2020). Therefore,
honeybee maternal effects may potentially influence the quality
of the queen.

DNA methylation plays an important role in regulating
honeybee queen development (Kucharski et al., 2008; Shi et
al., 2011; Maleszka, 2008). Honeybee queens have lower
genome-wide methylation levels than workers (Shi et al.,
2013). The DNA methyltransferase Dnmt3 profound shifts
honeybee reproductive status (Kucharski et al., 2008). Li-
Byarlay et al. (2013) showed that knocking down DNA
methyltransferase 3 (Dnmt3) changes gene alternative splicing
in honeybees. We previously found that transplanting younger
larvae from worker cells result in better queens with lower
DNA methylation levels (He et al., 2017). Cardoso-Junior
et al. (2018) reported that DNA methylation altered queen
lifespan by regulating the expression of vitellogenin gene.
Therefore, we used honeybee eggs laid in queen cells to rear
queens and compare DNA methylation among queens reared
from queen-cell eggs (QE), worker-cell eggs (WE) and 2-day
worker larvae (2L). Our results showed that maternal effect
caused DNA methylation alternation in honeybee queens.

Materials and methods
Insects

Three honey bee colonies (4Apis mellifera) were used
throughout this study. Virgin queens were sisters reared from
the same mother queen in order to minimize differences
in genetic background. Each colony had nine frames with

approximately 30,000 workers and a single drone inseminated
queen (SDI). These colonies were kept at the Honeybee
Research Institute, Jiangxi Agricultural University, Nanchang,
China (28.46 uN, 115.49 uE). Queens were collected from the
same colonies as in a previous study (Wei et al., 2019).

Queen rearing

Queens were caged in a plastic queen-cell frame for
6 hrs, and then transferred into a plastic worker-cell frame
to lay worker-cell eggs following methods in Wei et al,
(2019). Plastic queen cells frames were arranged horizontally.
Generally, 20-50 eggs were harvested from queen cells after
6 hrs laying. Some worker-cell eggs were placed into plastic
queen cells by transferring the base of each cell (Pan et al.,
2013). The rest of the worker-cell eggs were kept in their native
colonies until they reached 2d worker larvae stage. These 2d
worker larvae were removed and placed into plastic queen
cells. Cells from QE, WE and 2L were mixed together and
placed into the same colony to rear queens. Newly emerged
queens were harvested immediately for morphological
measurement and DNA methylation sequencing.

Morphological measurements

Thoraxes of queens were collected and placed under
a zoom-stereo microscope system (Panasonic Co., Ltd.,
accuracy: 0.01 mm). The width and length were measured
according to the manufacturer’s instructions. Each queen
group had seven biological replicates, therefore, totally 21
queens were used for morphological measurements.

DNA methylation sequencing

Newly emerged queens were placed into liquid
nitrogen, and heads and thoraxes were collected for total DNA
extraction. Each sample contained tissue from two queens,
and three biological replicates were conducted for each
rearing condition. The QE group had two biological replicates
since the sequencing of the third sample failed. Total DNA
was extracted using Universal Genomic DNA Extraction Kit
(TaKaRa, DV811A) following the manufacturer’s protocol.
Concentrations of all samples were measured and adjusted
to the same level, and DNA samples (300 ng DNA for
each sample) were used for DNA methylation sequencing
by Ilumina HiSeq™ 2500 (Illumina Inc., CA, USA). The
detailed methods are listed in He et al. (2017). Briefly, DNA
was sheared into 200-300 bp insert size targets using Covaris
ultrasonicator (Life Technology) and then purified using
AMPure XP beads and end repaired. A single ‘A’ nucleotide
was added to the 3’ends of the blunt fragments followed
by ligation to methylated adapter with a T overhang. Insert
size targets (200-300 bp) were purified by 2% agarose gel
electrophoresis. A ZYMO EZ DNA Methylation-GoldTM
Kit (ZYMO, Irvine, CA, USA) was used to conduct bisulfite
conversion. Bisulfite libraries were generated by PCR
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amplification and quantified by qPCR (Agilent QPCR NGS
Library Quantification Kit). In total, eight libraries were
prepared and sequenced. These processes were performed in
Beijing Biomarker Technology Co., Ltd (Beijing, China).

Low quality reads (reads containing adapter sequences,
reads containing unknown nucleotide “N” over 10 % and reads
with a quality value lower than 10 occupying more than 50%
of the whole read) from eight bisulfite libraries were filtered.
These filtered genomic fragments were then mapped to the
honeybee genome (A4pis mellifera. Amel 4.5), transformed
into bisulfite-converted versions of the sequences (C-to-T and
G-to-A) and then assigned to a digital index using bowtie2
according to Langmead and Salzberg (2012). Methylation
sites were predicted using a bismark methylation extractor
(Krueger & Andrews, 2011). Only uniquely mapped reads
(clean reads) were retained. The ratio of C to CT was used to
measure methylation levels.

The Bismark package was used to test SmC (same to
Krueger & Andrews, 2011) and different methylation regions
(DMRs) were identified using Bisulfighter (Yutaka et al.,
2014), according to our previous study (He et al., 2017).
DMR related genes (DMGs) were annotated by mapping the
target regions [gene body region (from transcription start sites
to transcription end sites) or promoter region (upstream 2kb
from the transcription start sites)] to the honeybee genome
(Amel 4.5), since DNA methylation data was used to compare
with our previous RNA-Seq data (Wei et al., 2019).
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Data analysis

For queen thorax length and width, data were analyzed
using an analysis of variance (ANOVA) followed by Fisher’s
PLSD test in Statview 5.01 package (SAS, USA), where p <
0.05 was considered as significantly different.

Results
QE were larger than WE and 2L

The thorax length and width of QE were significantly
higher than that of WE and 2L. In addition, the thorax size of
WE was significantly higher than 2L (Fig 1, p <0.05).

Quality of methylation sequencing

In total, 43.44 G clean bases were detected from eight
libraries. Q30 values of samples were over 85 % and the
average ratio of bisulfite conversion reached to 99 % (Table S1).
These values indicate a considerably high sequencing quality.

DMRs and DMGs contribute to queen development

There were hundreds of DMRs among three queen
types (Fig 2 and S1). DMRs (CG type) were mapped to all 16
chromosomes. Most chromosomes, such as Chr4, Chr5, Chr10
and Chrl4, had more DMRs in QE/2L when comparing to
WE/2L and QE/WE (Fig 2). The DMRs in CHH type were less
than the CG type but showed a similar pattern (Fig S1). There
were no DMRs of CHG type could map to the chromosomes.

(T QE B WE B2

a

Thorax width

Fig 1. Thorax length and width of newly emerged queens from QE, WE and 2L. Each bar shows
mean + SE of thorax length or width. Each group had seven biological replicates. Data were analyzed
by ANOVA test followed by Fisher’s PLSD test. Different characters on the top of bars represent
significant difference (p < 0.05), same character indicates no difference (p > 0.05).
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Fig 2. Distribution of significantly differentially methylated regions (DMRs, mCG) from three comparisons for the 16 honeybee
chromosomes. The DMRs of QE/2L, WE/2L and QE/WE comparisons are presented from outer to inner, respectively. Red plots are
upregulated DMRs and green plots are downregulated ones. Chromosome name and scale are indicated on the outer rim.

QE/2L had more DMGs (612) than WE/2L (473) and
QE/WE (371) comparisons (Fig 3, Table S2-4). These DMGs
were enriched in 72 KEGG pathways which belong to four

KEGG categories including metabolism, gene information
processing, environmental information processing, cellular
processes and organismal systems (Fig 4). Moreover, 42 DMGs

A B
8007 3 Up WE vs 2L QE vs 2L
EE Down
600-

Number of DMGs
B
o
pred

200+

QEvsWE QEvs2L WEwvs2L QE vs WE
Comparsions

Fig 3. A: Significantly differentially methylated genes (DMGs) in three comparisons. White bars represent upregulated DMGs in each

comparison (former compares to latter) and grey bars represent downregulated ones. Detailed information of each DMG refers to Table S2 to
4. B: The venn diagram of DMGs among QE,WE and 2L.
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enriched in environmental information processing were genes
belonging to important signaling pathways, such as mTOR,
MAPK, Notch, and Wnt signaling (Fig 5), which are involved
in regulating queen development and reproduction (Chen et
al., 2012; Chen et al., 2017). Similarly, QE/2L comparison
had more DMGs (21) of these 42 genes than WE/2L (20) and
QE/WE (17) comparisons (Fig 5).

QE vs 2L
Phototransduction-fly
Dorso-ventral axis formation
Regulation of autophagy
Phagosome
Peroxisome
Lysosome
Endocytosis
mRNA surveillance Ealhway
Ribosome biogenesis in eu ryotes

RNA transpori

Aminoacyl-tRNA biosynthesis
Spliceosome

RNA polymerase

Nen-homologous end-joining

Basal transcription factors

Nucleotide excision repair

Mismatch repair

Fanconi anamia pathway

A replication

Base excrsnon repair

SNARE interations in vesicular transport
Ubiquitin mediated proteolysis

RNA degradation

Protein processing in endooplasmic teticulum
Protein export

Proteasome

Pryimidine metabolism

Purine metabolism

Porphyrin and chlorophyll metabolism
Terpenoid backbone biosynthesis
Biotin metabolism

g!pha -Linolenic acnd metabolism

"Gl cerohpld metabohsm
acid degradation
Glycan blosynthesm
Mucin type Oﬁlycan biosynthesis
GPIl-anchor biosynthesis
Glycosaminoglycan degradation
Fatty acid metabolism
Degradation of aromatic compounds
Carbon metabolism
Biosynthesis of amino acids
Oxidative phesphorylation
Propanoate metabolism
Pentose phosphate pathway
Pentose and glucuronate interconversions
Inosnol phpsphate metabolism
Glt

Galactose metabolism
Citrate cycle (TCA cycle)
Fructose and mannose metabolism
Butanoate metabolism
Ascorbate and aldarate metabolism
Valine, leucine and isoleucine degradation
ryptophan metabolism
Phenylalanine metabolism
Lysine degradation
Cysteine and methionine metabolism
CM-receptor interaction
mTOR signaling pathway
Wht signaling pathway
TGF-beta signaling pathway
Notch signaling pathway
A g system
MAPK si nalmﬁ pamway fly
Jak- STA signaling pathway
Hippo signaling pathway
Hedgehog signaling pathway-fly
FoxO s-gB aling pathway
ABC transporters

0 5 10 15 20

DNA methylation had a low relationship with previous RNA-
Seq data

By comparing the DNA methylation data to our previous
RNA-Seq data from Wei et al., (2019), only 2 (GB41428 and
GB46222), 1 (GB41428) and 0 DMGs were mapped to DEGs in
QE/2L, WE/2L and QE/WE comparisons respectively (Fig S2).

QE vs WE WE vs 2L

Organismal systems

Cellular processes

Genetic information
processing

Metabolism

Environmental information
processing

25 0
Number of DMGs

5 10

o
»
3

Fig 4. Enrichment of DMGs to KEGG categories and pathways. All DMGs from QE/2L, WE/2L and QE/WE comparisons were mapped to 72
KEGG pathways which belong to four categories (color marked, right side). Bars indicate number of DMGs in each pathway.

We also compared 35 immunity and development DEGs with
our DNA methylation data, and the result (Fig 6) showed that
the differences of gene expression and DNA methylation
of these genes both increased as the age of transplant of
the worker larvae increased. However, there wasn’t a clear
negative correlation between gene expression and DNA
methylation in these genes (Fig 6).

Discussion

Environmental factors, such as larval diet and maternal
effect, contribute towards honeybee caste differentiation and
queen development (Haydak, 1970; Wei et al., 2019). In this
study, queens developed from queen-cells had significantly
larger thorax size than those from worker eggs and young
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Fig 5. DNA methylation of 42 DMGs enriched in 11 caste-
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Blue indicates significant downregulation in each comparison, red
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the gene ID and KEGG pathways. Some genes were involved in two
or more pathways; therefore they were marked with different color lines.

worker larvae (Fig 1). Many studies have shown that queen
weight and body size are strongly correlated with queen
ovariole number which influences queen fecundity and quality
(Borodacheva, 1973; Bilash et al., 1983; Huang & Zhi, 1985;
He et al., 2017; Wei et al., 2019). Consequently, these results
from the present study are consistent with our previous study
(Wei et al., 2019) where we showed that QE had significantly
higher weight and ovariole number than both WE and 2L. We
conclude there is a strong maternal effect on honeybee queen
development and potentially contributes to the queen quality.

Previous studies showed that queens have lower global
DNA methylation level than workers, and DNA methylated
genes such as genes involved in mTOR pathways can control
queen-worker dimorphism (Kucharski et al., 2008; Chen et al.,
2012; Shi et al., 2013). Here, we found that QE/2L had the most
DMRs and DMGs, followed by WE/2L and QE/WE (Fig 2 and 3).
In addition, 42 DMGs were involved in 11 signaling pathways
such as mTOR, MAPK, Wnt and Notch pathways (Fig 4 and 5)
that are known to regulate honeybee caste differentiation and
queen development (Chen et al., 2012; Chen et al., 2017).

These DMGs induced by maternal effect are strongly related
to queen-worker differentiation, reflecting that honeybee
maternal effect could cause various epigenetic alteration in
caste differentiation and queen development.

How is DNA methylation regulated by maternal effects?
Different diet during larval stage alters DNA methylation (Wang
et al., 2006; Kucharski et al., 2008; Shi et al., 2011; Foret et
al., 2012; Maleszka, 2008). We previously showed that queens
deposited larger eggs into queen cells (Wei et al., 2019). During
development, eggs absorb nutrients such as vitellin from the ovary
epidermal cells for 21 days (Torres, 1980; Li & Zhang, 2017).
Larger eggs found in queen cells may contain more nutrients
than eggs in worker cells, therefore, the nutrients available to the
developing embryo may alter DNA methylation and promote
queen development. However, the kind of nutrients in the eggs
and how queens control egg size requires further investigations.

Moreover, DNA methylation plays an important
role in soft inheritance and animal evolution (Bird, 2002;
Dickins & Rahman, 2012; Klironomos, 2013). Maternal
effect also dramatically contributes to the process of animal
evolution (Galloway et al., 2009; Marshall & Uller, 2007).
The commercial queen rearing technology started in the 19
century (Doolittle, 1888) artificially transplants young worker
larvae into queen cells to rear queens rather uses queen cell
eggs. The widely use of commercial queen rearing technology
for over 100 years continuously deprives the investment from
mother queens (namely maternal effect) and may consistently
weakens the queen and honeybee colony via altering DNA
methylation. As a proximal remedy, rearing queens from
queen-cell eggs may be a good strategy to yield high quality
queens and healthy colonies.

Similar to our previous study (He et al., 2017), our
DMGs had a low relationship with previous RNA-Seq results
(Wei et al., 2019). Only 3 of 1456 DMGs were mapped to our
previous DEGs data (Fig S2). Evidence showed that honeybee
DNA methylation has an association with alternative
splicing and gene duplication (Elango et al., 2009; Dyson &
Goodisman, 2020), but there isn’t a completely direct link
between DNA methylation and gene expression. The present
study and our previous study showed a same pattern that
QE/2L comparison had more DMGs and DEGs than QE/
WE and WE/2L comparisons (see Fig 3 from this study and
Fig 3 from Wei et al., 2019). Many DMGs and DEGs were
involved in queen-worker differentiation, body development
and immunity etc., however they did not show a clear negative
or positive relationship with our DNA methylation data (Fig 6).
How DNA methylation regulating gene expression remains
essentially unknown in honeybees. DNA methylation has
been shown to associate with chromosome structure and
histone modifications (Hunt et al., 2013; Dmitrijeva et al.,
2018). Perhaps the alternative splicing, chromosome structure,
histone modification and other undiscovered factors jointly
contribute to the regulation on honeybee gene expression by
DNA methylation, which needs further investigations.



Sociobiology 68(1): €5935 (March, 2021)

QE/QE 2L/WE 2L/QE WE/QE

GB48396

iy L GB47805
—  GB4258I
GB52920
GB48860
GB48823
GB48832
GB48833
L GB47906
—  GB51306
GB47546
GB47318
GB51223
GB41428
L GB45771
~  GB55257
GB45748
GB55669
GB40248
L GB49877
~  GB49544
GB52465
GB41540
GB50662
GB44043
GB45696
GB49872
GB33353
GB53589
GB52603
GB49149
GBS2213
GBS3113
GB44996
GB5169

Cutick -

Immunity —

Antimicrobial peptide =

— Cytochrome p450 —

— Hormone

Insulin

Development —
Wht

Notch

Apidermin

=L
L
=L
=l

-
o
-
1-:

.-

U Hexamerin

0.5

QE/QE 2L/WE 2L/QE WE/QE

[
0

1 2

Fig 6. Gene expression and related DNA methylation levels of 35 differentially expressed genes. Gene expression ratios and DNA methylation
ratios (colour coded by scale bars) of selected DEGs with proposed functional roles in immunity and development. The left heat map is gene

expression and the right is DNA methylation.

In conclusion, this study firstly indicates that honeybee
maternal effect causes DNA methylation changes in queen
rearing and potentially contributes to the queen development
and colony health, due to the function of DNA methylation in
soft inheritance and animal evolution. Since the poor quality
has been frequently reported as a main factor for colony losses
(vanEngelsdorp et al., 2010; Delaney et al., 2011), therefore,
the maternal effect should be deeply considered and used in
commercial queen rearing.

Acknowledgments

This work was supported by the National Natural
Science Foundation of China (31702193 and 31960685),
Natural Science Foundation of Jiangxi province (20171BA
B214018), Key Research and Development Project of Jiangxi
province (20181BBF60019) and the Earmarked Fund for
China Agriculture Research System (CARS-44-KXJ15).



8 Xu Jiang He, Hao Wei, Wu Jun Jiang, Yi Bo Liu, Xiao Bo Wu, Zhi Jiang Zeng — DNA methylation and honeybee maternal effect

Author contributions and Declarations

ZJZ: conceptualization, methodology, writing & revision
XJH: conceptualization, methodology, investigation, formal
analysis, writing & revision

WIJ: investigation

HW: investigation

YBL: investigation

XBW: investigation

All authors read and approved the final manuscript.

We have declared that no conflict of interests exists.
Data accessibility

The DNA methylation sequencing data refer to NCBI
database (BioProject: PRINA310321): QE: SAMNO04450251;
WE: SAMNO04450250; 2L:SAMN04450248.

References

Amiri, E., Strand, M., Rueppell, O. & Tarpy, D. (2017).
Queen quality and the impact of honey bee diseases on queen
health: potential for interactions between two major threats to
colony health. Insects, 8, 2: 48. doi: 10.3390/insects8020048

Amiri, E., Le, K., Melendez, C.V., Strand, M.K., Tarpy, D.R.
& Rueppell, O. (2020). Egg-size plasticity in Apis mellifera:
honey bee queens alter egg size in response to both genetic and
environmental factors. Journal of Evolutionary Biology, 33:
534-543. doi: 10.1111/jeb.13589

Anttnez, K., Invernizzi, C.,Mendoza, Y., Vanengelsdorp, D. &
Zunino, P. (2016). Honeybee colony losses in Uruguay during
2013-2014. Apidologie, 48: 1-7. doi: 10.1007/s13592- 016-0482-2

Bernardo, J.(1996). Maternal Effectsin Animal Ecology. Integrative
and Comparative Biology, 36: 83-105. doi: 10.1093/icb/36.2.83

Bird, A. (2002). DNA methylation patterns and epigenetic memory.
Genes and Development, 16: 6-21. doi: 10.1101/gad.947102

Bilash, G.D., Borodacheva, V.T. & Timosinova, A.E. (1983).
Quality of artificially reared queen bees. In Proceedings of
the XXIXth International Congress of Apiculture. (Bucharest:
Apimondia Publishing House), pp. 114-118.

Borodacheva, V.T. (1973). Weight of eggs and quality of
queens and bees (in Russian). Pchelovodstvo, 93: 12-13.

Biichler, R., Andonov, S., Bienefeld, K., Costa, C., Hatjina,
F., Kezic, N., Kryger, P., Spivak, M., Uzunov, A., &Wilde,
J. (2013). Standard methods for rearing and selection of Apis
mellifera queens. Journal of Apicultural Research, 52: 1-30.
doi: 10.3896/IBRA.1.52.1.07.

Cardoso-Junior, C.A.M., Guidugli-Lazzarini, K.R. & Hartfelder,
K. (2018). DNA methylation affects the lifespan of honey bee
( Apis mellifera L.) workers-evidence for a regulatory module

that involves vitellogenin expression but is independent of
juvenile hormone function. Insect Biochemistry and Molecular
Biology, 92: 21-29. doi: 10.1016/j.ibmb.2017.11.005

Chen, X., Hu, Y., Zheng, H.Q., Cao, L.F., Niu, D.F., Yu,
D.L., Sun, Y.Q., Hu, S.N. & Hu, F.L. (2012). Transcriptome
comparison between honey bee queen- and worker-destined
larvae. Insect Biochemistry and Molecular Biology, 42: 665-
673. doi: 10.1016/j.ibmb.2012.05.004

Chen, X., Ma, C., Chen, C., Lu, Q., Shi, W., Liu, Z.G., Wang,
H.H. & Guo, H.K. (2017). Integration of IncRNA-miRNA—
mRNA reveals novel insights into oviposition regulation in
honey bees. Peer J, 5: e3881. doi: 10.7717/peerj.3881

Cunningham, E.J.A. & Russell, A.F. (2000) Egg investment
is influenced by male attractiveness in the mallard. Nature,
404: 74-77. doi: 10.1038/35003565

Delaney, D.A., Keller, J.J., Caren, J.R. & Tarpy, D.R. (2011).
The physical, insemination, and reproductive quality of honey
bee queens (Apis mellifera L.). Apidologie, 42: 1-13. doi:
10.1051/apido/2010027

Dmitrijeva, M., Ossowski, S., Serrano, L. & Schaefer, M.H.
(2018). Tissue-specific DNA methylation loss during ageing
and carcinogenesis is linked to chromosome structure,
replication timing and cell division rates. Nucleic Acids
Research, 46: 7022-7039. doi: 10.1093/nar/gky498

Doolittle, G.M. (1888). Scientific queen-rearing. Am. Bee J. USA.

Dickins , T.E. & Rahman, Q. (2012). The extended evolutionary
synthesis and the role of soft inheritance in evolution.
Proceedings of the Royal Society, B-Biol. Sci. 279: 2913-2921.
doi: 10.1098/rspb.2012.0273

Dyson, C.J. & Goodisman, M.A.D. (2020). Gene duplication
in the honeybee: patterns of DNA methylation, gene
expression, and genomic environment. Molecular Biology
and Evolution, 37: 2322-2331. doi: 10.1093/molbev/msaa088

Elango, N., Hunt, B.G., Goodisman, M.A.D. & Yi, S.V.
(2009). DNA methylation is widespread and associated with
differential gene expression in castes of the honeybee, Apis
mellifera. Proceedings of the National Academy of Sciences,
USA. 106: 11206-11211. doi: 10.1073/pnas.0900301106

Foret, S., Kucharski, R., Pellegrini, M., Feng, S., Jacobsen, S.E.,
Robinson, G.E. & Maleszka, R. (2012). DNA methylation
dynamics, metabolic fluxes, gene splicing, and alternative
phenotypes in honey bees. Proceedings of the National
Academy of Sciences, USA. 109: 4968-4973. doi: 10.1073/
pnas.1202392109

Galloway, L.F., Etterson, J.R. & Mcglothlin, J.W. (2009).
Contribution of direct and maternal genetic effects to life-
history evolution. New Phytologist, 183: 826-838. doi: 10.11
11/5.1469-8137.2009.02939.x

Gilley, D.C., Tarpy, D.R. & Land, B.B. (2003). Effect of queen


https://doi.org/10.1016/j.ibmb.2017.11.005

Sociobiology 68(1): €5935 (March, 2021)

9

quality on interactions between workers and dueling queens in
honeybee (Apis mellifera L.) colonies. Behavioral Ecology and
Sociobiology, 55: 190-196. doi: 10.1007/s00265-003-0708-y

Haydak, M.H. (1970). Honey bee nutrition. Annual Review of
Entomology, 15: 143-156. doi: 10.1146/annurev.en.15.010170.
001043

He, X.J., Zhou, L.B., Pan, Q.Z., Barron, A.B., Yan, W.Y. &
Zeng, Z.J. (2017). Making a queen: an epigenetic analysis
of the robustness of the honey bee (A4pis mellifera) queen
developmental pathway. Molecular Ecology, 26: 1598-1607.
doi: 10.1111/mec.13990

Huang, W.C. & Zhi, C.Y. (1985). The relationship between
the weight of the queen honeybee at various stages and the
number of ovarioles eggs laid and sealed brood produced (in
Japanese). Honey Bee Science, 6: 113-116.

Hunt, B.G., Glastad, K.M., Yi,S.V. & Goodisman, M.A.D. (2013).
Patterning and regulatory associations of DNA methylation are
mirrored by histone modifications in insects. Genome Biology
and Evolution, 5: 591-598. doi: 10.1093/gbe/evt030

Klironomos, F.D., Berg, J. & Collins, S. (2013). How epigenetic
mutations can affect genetic evolution: Model and mechanism.
Bioessays, 35: 571-578. doi: 10.1002/bies.201200169

Krueger, F. & Andrews, S.R. (2011). Bismark: a flexible
aligner and methylation caller for Bisulfite-Seq applications.
Bioinformatics, 27: 1571-1572. doi: 10.1093/bioinformatics/
btr167

Kucharski, R., Maleszka, J., Foret, S. & Maleszka, R. (2008).
Nutritional control of reproductive status in honeybees via
DNA methylation. Science, 319: 1827-1830. doi: 10.1126/
science.1153069

Li-Byarlay, H., Li, Y., Stroud, H., Feng, S. & Robinson,
G.E. (2013). RNA interference knockdown of DNA methyl-
transferase 3 affects gene alternative splicing in the honey
bee. Proceedings of the National Academy of Sciences,
USA. 110: 12750-12755. doi: 10.1073/pnas.1310735110

Li, H. & Zhang, S. (2017). Functions of vitellogenin in eggs.
In Oocytes; Springer: Cham, Switzerland, pp. 389—401. doi:
10.1007/978-3-319-60855-6 17

Langmead, B. & Salzberg, S.L. (2012). Fast gapped-read
alignment with Bowtie 2. Nature Methods, 9: 357-359. doi:
10.1038/nmeth.1923

Marshall, D. & Uller, T. (2007). When is a maternal effect
adaptive?. Oikos, 116: 1957-1963. doi: 10.1111/5.2007. 0030-
1299.16203.x

Maleszka, R. (2008). Epigenetic integration of environmental
and genomic signals in honey bees: the critical interplay of
nutritional, brain and reproductive networks. Epigenetics, 3:
188-192. doi: 10.4161/epi.3.4.6697

Michael, B., Randal, R. & Walter, T. (2009). Honey bee

colony mortality in the pacific northwest (USA) winter
2007/2008, American Bee Journal, 149: 573-575. doi:
10.1111/.1365-3113.2009.00474.x

Milius, S. (2019). U.S. honeybees had the worst winter die-
off in more than a decade.[online].https://www.sciencenews.
org/article/us-honeybees-had-worst-winter-die-more-decade
(accessed on 20 June 19).

Pan, Q.Z., Wu, X.B., Guan, C. & Zeng, Z.J. (2013). A new
method of queen rearing without grafting larvae. American
Bee Journal, 153: 1279-1280.

Rangel, J., Keller, J.J. & Tarpy, D.R. (2013). The effects of
honey bee (4pis mellifera L.) queen reproductive potential
on colony growth. Insectes Sociaux, 60: 65-73. doi: 10.1007/
s00040-012-0267-1

Passera, L. (1980). The laying of biased eggs by the ant
Pheidole pallidula  (Nyl,) (Hymenoptera, Formicidae).
Insectes Sociaux, 27: 79-95. doi: 10.1007/BF02224522

Roach, D.A. & Wulff, R.D. (1987). Maternal effects in
plants. Annual Review of Ecology, Evolution and Sistematics,
18, 1: 209-235. doi: 10.1146/annurev.es.18.110187.001233

Schwabl, H. & Groothuis, T.G.G. (2019). Maternal Effects
on Behavior. In Choe, J. C. (ed). Encyclopedia of Animal
Behavior (Second Edition). Academic Press, pp 483-494.

Shi, Y.Y., Huang, Z.Y., Zeng, Z.J., Wang, Z.L., Wu, X.B. &
Yan, W.Y. (2011). Diet and cell size both affect queen-worker
differentiation through DNA methylation in honey bees
(Apis mellifera, Apidae). PloS One, 6: ¢18808. doi: 10.1371/
journal.pone.0018808

Shi, Y.Y., Yan, W.Y., Huang, Z.Y., Wang, Z.L., Wu, X.B. &
Zeng, Z.J. (2013). Genomewide analysis indicates that queen
larvae have lower methylation levels in the honey bee (4pis
mellifera). Naturwissenschaften, 100: 193-197. doi: 10.1007/
s00114-012-1004-3

Steinhauer, N., Rennich, K., Wilson, M.E., Caron, D.,
Lengerich, E.J., Pettis, J.S., Rose, R., Skinner, J.A., Tarpy,
D.R., Wilkes, J.T. & vanEngelsdorp, D. (2014). A national
survey of managed honey bee 2012-2013 annual colony losses
in the USA: results from the bee informed partnership. Journal
of Apicultural Research, 53: 1-18. doi: 10.3896/ibra.1.53.1.01

Thomas, B. (1998). Bees-lecturers by Rudolf Steiner,
Anthroposophic Press, pp 222.

Torres, J. (1980). A stereological analysis of developing egg
chambers in the honeybee queen, Apis mellifera. Cell Tissue
Research, 208: 29-33. doi: 10.1007/BF00234170

VanEngelsdorp, D., Hayes Jr, J., Underwood, R.M. & Pettis,
J.S. (2010). A survey of honey bee colony losses in the
United States, fall 2008 to spring 2009. Journal of Apicultural
Research, 49: 7-14. doi: 10.3896/IBRA.1.49.1.03

Van Dooren, T.J.M., Hoyle, R.B. & Plaistow, S.J. (2016).


https://www.sciencenews.org/author/susan-milius
https://www.sciencenews.org/article/us-honeybees-had-worst-winter-die-more-decade
https://www.sciencenews.org/article/us-honeybees-had-worst-winter-die-more-decade

10 Xu Jiang He, Hao Wei, Wu Jun Jiang, Yi Bo Liu, Xiao Bo Wu, Zhi Jiang Zeng — DNA methylation and honeybee maternal effect

Maternal Effects. In Kliman,R. M. (ed) Encyclopedia of
Evolutionary Biology. Academic Press, pp 446-452.

Wei, H., He, X.J., Liao, C.H., Wu, X.B., Jiang, W.J., Zhang,
B.,Zhou, L.B., Zhang, L.Z., Barron, A.B., Zeng, Z.J. (2019). A
maternal effect on queen production in the honey bee. Current
Biology, 29: 2208-2213. doi: 10.1016/j.cub.2019.05.059

Winston, M. (1991) The Biology of the Honey Bee. Harvard
University Press, Cambridge, MA, USA.

Woyke, J. (1971). Correlations between the age at which
honeybee brood was grafted, characteristics of the resultant

queens, and results of insemination. Journal of Apicultural
Research, 10: 45-55. doi: 10.1080/00218839.1971.11099669

Wang, Y., Jorda, M., Jones, P.L., Maleszka, R., Ling, X.,
Robertson, H.M., Mizzen, C.A., Peinado, M.A. & Robinson,
G.E. (2006). Functional CpG methylation system in a social
insect. Science, 314: 645-647. doi: 10.1126/science.1135213

Yutaka, S., Junko, T. & Toutai, M. (2014). Bisulfighter:
accurate detection of methylated cytosines and differentially
methylated regions. Nucleic Acids Research, 42: e45. doi:
10.1093/nar/gkt1373



https://doi.org/10.1093/nar/gkt1373

Sociobiology 68(1): €5935 (March, 2021) 11

Supplementary Material

Chr16

o® | Chrog

o - S
& 2
¢ /
o Quter: QE vs 2L
o Q
£ =
o Middle: WE vs 2L 'é
‘ Inner: QE vs WE —
2 g
= Down — Up 5
N S

\
\ o
(@
6,09 .

Q©
_—

o
I—
Chr07

5M Chrog -

Figure S1. Distribution of significantly differentially methylated regions (DMRs, mCHH) from three comparisons for the 16 honeybee
chromosomes. The DMRs of QE/2L, WE/2L and QE/WE comparisons are presented from outer to inner, respectively. Red plots are upregulated
DMRs and green plots are downregulated ones. Chromosome name and scale are indicated on the outer rim.
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Figure S2. The venn diagram of DMGs and DEGs from Wei et al., 2019.

Table S1. Summary of sequencing data.

Samples Clean reads Clean bases Unique mapped GC (%) Q20 (%) Q30 (%) C:;\;e(l:];i](;n
QE-Replicate 1 20,822,309 5,244,037,368 12,707,931 15.76 91.70 86.16 99.77
QE-Replicate 2 21,869,019 5,509,562,460 14,424,345 14.99 96.95 91.40 99.44
WE-Replicate 1 21,190,334 5,338,626,350 12,532,053 14.60 90.80 85.30 99.66
WE-Replicate 2 20,298,721 5,113,801,644 13,916,498 16.39 96.95 91.34 99.47
WE-Replicate 3 20,104,750 5,063,976,252 11,664,300 17.65 90.70 85.05 99.75
2L-Replicate 1 25,195,534 6,347,643,620 14,766,653 15.27 90.65 85.00 99.76
2L-Replicate 2 21,978,784 5,537,649,298 14,005,146 20.60 95.87 88.84 99.42

2L-Replicate 3 21,023,761 5,296,681,454 12,266,636 16.56 91.09 85.40 99.77




