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Additional File 1: Description of Contents. 
 
Quality control analysis for microarray, HTS and RT-qPCR 
(pages 1-2). 

This section contains information regarding the validation of microarray data and 
high-throughput sequencing data with RT-qPCR 

Additional file 1: Figure S1:Validation of microarrays. (A) Validation of a selection of 
differentially expressed candidate genes identified by microarray analysis and tested with RT-
qPCR. Genes are identified by GB numbers followed by the time-point where expression was 
tested in brackets. Genes for which a significant difference in expression was confirmed are 
marked by asterisks. One asterisk indicates P < 0.05, two indicate P < 0.01 and three indicate 
P < 0.001. (B) Correlation between microarrays and HTS data. (C) Correlation between 
microarrays and RT-qPCR data (D) Correlation between HTS data and RT-qPCR data. 
Normalised expression ratios were used to calculate Spearman’s correlation coefficient (R) and 
associated P-value for each correlation.  

 
RNAi phenotypes (pages 3-7). 

This section contains information and examples of the phenotypes generated in by 
larval RNAi in honeybees. 

Additional file 1: Figure S2: Examples of mandibles from individuals classified as queen-like 
or workers after RNAi.  

Additional file 1: Figure S3: Examples of hind legs from individuals classified as queen-like 
or workers after RNAi. The red circles indicate areas that differ from the expected phenotype. 
The first example shows an individual with worker like bristles on the tarsus but no evidence 
for the corbicula on the tibia. The second individual shows some evidence of corbicula formation 
(the area without hair) but the rest of the tibia is queen-like.  

Additional file 1: Figure S4: Examples of ovaries from individuals classified as queen-like or 
workers after RNAi.  

Additional file 1: Figure S5: Examples of spermathecas from individuals classified as queen-
like after RNAi.  

 
Historical DNA methylation is associated with caste development 
in the honeybee (pages 8-10). 

This section details bioinformatics analyses of historical DNA methylation amongst 
differentially expressed genes. 

Additional file 1: Figure S6: Contrasting patterns of DNA methylation are observed between 
queen and worker larvae as measured by CpG[o/e]. The y-axis depicts the number of genes with 
the specific CpG[o/e] values given on the x-axis. In each case the data can be described as a 
mixture of normal distributions. These distributions are shown for queen in red and worker 
blue. Graphs show the CpG[o/e] distribution for (A) all of the genes represented on the 
microarray, (B) DEGs during early larval development (6–36 hr), (C) DEGs during mid-larval 
development (60 hr), (D) DEGs at 84 hr post-grafting, (E) DEGs during late larval 
development (108-132 hr), (F) all of the genes detected in the HTS analysis, (G) DEGs during 
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mid- larval development (60 hr) as detected by HTS. (H) The graph shows a difference plot 
with a negative number on the y-axis denoting over-representation of ‘low’ CpG[o/e] values in 
the DEGs and a positive number indicating over-representation of ‘high’ CpG[o/e] values in the 
DEGs at time points throughout larval development (red bars = queens, blue bars = workers). 
‡ value could not be determined for DEGs in workers during late development as workers 
display a unimodal distribution of CpG[o/e] values at this time point. Statistical significance was 
determined using a Fisher’s exact test, *** P < 0.0001.  

 
Historical DNA methylation is not associated with alternative 
splicing during caste development in the honeybee (pages 10-11). 

This section explores the relationship between GC content, rate of evolution and 
caste-biased expression of genes. 

Additional file 1: Figure S7: The y-axis depicts the number of genes with the specific 
CpG[o/e] values given on the x-axis. In each case the data can be described as a mixture of 
normal distributions. These distributions are shown for genes that encode a single transcript 
(black lines) and genes that encode multiple transcripts (green lines). Graphs show the CpG[o/e] 

distributions for (A) all genes that are more highly expressed in queens (irrespective of whether 
individual variants are differentially expressed), (B) genes that are more highly expressed in 
queens (considering only differentially expressed variants), (C) all genes that are more highly 
expressed in workers (irrespective of whether individual variants are differentially expressed), 
D) genes that are more highly expressed in workers (considering only differentially expressed 
variants).  

 
GC content and evolution (page 12) 

This section explores the relationship between GC content, rate of evolution and 
caste-biased expression of genes. 

Additional file 1: Figure S8 Genes expressed differently during queen and worker 
development have different GC content. Over- or under- representation of high GC content 
genes amongst the DEGs (relative to all of the genes found on the microarray or detected by 
high throughput sequencing). * P < 0.05, ** P < 0.01, *** P < 0.001.  

 
Additional file 1: Supplementary methods (pages 13-14) 

This section provides more detailed information regarding the methods used for 
RNAi, statistical analysis and determination of historical DNA methylation status for 
differentially expressed genes. 
 

Additional file 1: Supplementary tables 1 – 6 (pages 15-26) 

Additional file 1: Table S1: Primer sequences and efficiencies for RT-qPCR.  

Additional file 1: Table S2: Number of differentially expressed genes that have orthologs in 
Drosophila melanogaster.  

Additional file 1: Table S3: Families of differentially expressed genes that have a role in 
caste development.  
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Additional file 1: Table S4: Gene ontology terms that are enriched during caste 
development.  

Additional file 1: Table S5: Pathways that are enriched during caste development.  

Additional file 1: Table S6: Expression of the hexamerin genes during larval development 

 
Additional file 1: Supplementary references (pages 27-28) 



Supplementary results and figures

Quality control analysis for microarray, HTS and RT-qPCR

Microarrays are valuable tools for gene expression analysis, generating expression data
for thousands of genes in a single experiment. They do however have some pitfalls. High
levels of background hybridisation can reduce the range over which microarrays can ac-
curately detect changes in gene expression [1]. Furthermore microarray probes can differ
in their hybridisation properties and in some cases cross-hybridisation can occur. Finally
errors can also be introduced during data analysis. This is especially true if a multiple
testing correction is not used. A multiple testing correction was not performed in this
analysis as performing any type of multiple testing correction eliminated all candidate
genes. In this case it was essential to use other methods to validate the genes identified
by the microarrays.

RT-qPCR is considered to be the gold standard for gene expression analysis [2], so it was
used to confirm differential expression of a selection of candidate genes identified by the
microarrays. Supplementary figure S1A. indicates the relative expression values for the
candidate genes. Genes that were significantly differentially expressed between queens
and workers are marked with asterisks. Of a total of 39 genes, 16 were confirmed to be
significantly differentially expressed between queens and workers. A further two genes
were previously published [3] bringing the total to 18 out of 41 genes (44%). This analysis
indicates that less than 50% of the genes identified by the microarrays may actually have
a role in caste development.

A second quality control analysis was performed using the microarray, HTS data and RT-
qPCR data. A correlation analysis was performed by selecting genes that had a two-fold
or greater difference in expression between the two castes. The spearman’s correlation
coefficient (R) was used to determine the strength of the correlation between each of the
data sets. Supplementary figure S1B. shows a correlation coefficient of 0.65 between the
microarray and RT-qPCR data. The HTS and RT-qPCR have the strongest correlation
coefficient of 0.96 (Supplementary figure S1C.) and the HTS and microarray data have a
correlation coefficient of 0.85 (Supplementary figure S1D.)

The low R value between the microarray and RT-qPCR data may be a result of the
reduced dynamic range of microarrays. Microarray platforms have a tendency to under-
estimate fold change compared to RT-qPCR [1, 4]. Our correlation results are similar
to previous findings which obtained R values of 0.71 when comparing microarray and
RT-qPCR data [5] and 0.73 when comparing microarray and HTS data [1].

Although only 44% of the candidate genes confirmed with RT-qPCR the correlation be-
tween data sets was good. This indicates that while single genes may not confirm the
data set as a whole is satisfactory. This justifies the use of data from the microarrays for
large scale analyses such as pathway, GO analysis or CpG o/e analysis. Individual genes
will require confirmation with RT-qPCR to confirm they are differentially expressed be-
fore being investigated in functional studies.
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Figure S1: Validation of microarrays. (A) Validation of a selection of differentially expressed
candidate genes identified by microarray analysis and tested with RT-qPCR. Genes are identified
by GB numbers followed by the time-point where expression was tested in brackets. Genes that
showed a significant difference in expression between queens and workers when tested with
RT-qPCR are marked by asterisks. * P < 0.05, ** P< 0.01 and *** P< 0.001. (B) Correlation
between microarray and RT-qPCR data. (C) Correlation between HTS and RT-qPCR data
(D) Correlation between HTS data and microarray data. Normalised expression ratios were used
to calculate Spearman’s correlation coefficient (R) and associated P-value for each correlation.
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RNAi phenotypes

Individuals that emerged after injection with dsRNA against hexamerin 70b or egfp were
classified as either queen-like or workers based on the presence of absence of a num-
ber of characteristics. Adult queens have claw-like mandibles whereas the mandibles of
adult worker bees are smooth (see Supplementary figure S2). Queen-like individuals had
varying degrees of curvature in their mandibles. This variation correlates well with de-
velopmental time. Individuals that had the shortest developmental time had stronger
queen-like features. The photos are arranged with the most queen-like individuals in the
top row and individuals with less curvature in the last row.

The legs were also used to classify individuals as queens or workers. The tibia and tarsus
on the hind legs are the most phenotypically useful as the tibia of workers contains the
corbicula and the tarsus has thick bristles neither of which are present on the legs of
queens. Supplementary figure S3 shows the legs of queen-like and worker individuals.
Queen-like legs are covered with fine hairs and do not show evidence of the corbicula or
bristles. These photos are arranged in the same way as the mandibles with individuals
with the strongest queen-like phenotype at the start and the last two photos in the bot-
tom row showing features of both queen and worker legs. These features are highlighted
by red circles. The first individual has bristles on one leg but there is no evidence of cor-
bicula formation on the other leg. The last individual shows some evidence of corbicula
formation with the area circled in red lacking hair but the rest of the leg has hair on it
resembling a queen-like leg.

Another key phenotypic marker of queens is their large ovaries. Supplementary figure S4
indicates examples of queen-like ovaries and worker ovaries. As above photos are arranged
to show the individuals with the most queen-like phenotype first. Queen-like individuals
have large ovaries with hundreds of ovarioles. Workers tend to have smaller ovaries with
less than 10 ovarioles. There is some variation in worker ovary size as indicated by the
last two individuals.

The final feature used to classify individuals was the presence or absence of the sper-
matheca. Supplementary figure S5 shows examples of spermathecas found in queen-like
individuals. Workers either did not have spermathecas or they were very small.

To be classified as queen-like individuals were required to resemble queen-like individuals
in three of the four characteristics.
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Queen phenotypes - Mandibles

Worker phenotypes - Mandibles

Figure S2: Examples of mandibles from individuals classified as queen-like or workers
after RNAi.
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Queen phenotypes - Legs

Worker phenotypes - Legs

Figure S3: Examples of hind legs from individuals classified as queen-like or workers
after RNAi. The red circles indicate areas that differ from the expected phenotype. The
first example shows an individual with worker like bristles on the tarsus but no evidence
for the corbicula on the tibia. The second individual shows some evidence of corbicula
formation (the area without hair) but the rest of the tibia is queen-like.
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Queen phenotypes - Ovaries

Worker phenotypes - Ovaries

Figure S4: Examples of ovaries from individuals classified as queen-like or workers after
RNAi.
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Queen phenotype - Spermatheca

Figure S5: Examples of spermatheca from individuals classified as queen-like after RNAi.
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Historical DNA methylation is associated with caste develop-
ment in the honeybee.

The CpG[o/e] is a measure of the ancestral methylation state of a gene [6] as 5-methylcytosines
become deaminated over evolutionary time to thymines [7], leaving a signature of low
CpG content in methylated gene bodies. The CpG[o/e] ratio does not provide infor-
mation on the current methylation state of a gene, although several studies have found
good correlation between genes with low CpG[o/e] values and high levels of actual DNA
methylation [8–10].

In the genomes of animals with DNA methylation deamination of methylated cytosine
residues over evolutionary time leads to a set of genes that are depleted in the CpG
content - and were historically methylated and a set of genes that are not depleted (not
historically methylated). Plotting a frequency graph for the CpG[o/e] values for every
gene in the genome of an animal with DNA methylation produces a bimodal distribution
(actually a mixture of overlapping normal distributions), while doing the same analysis
for an animal that lacks DNA methylation produces a unimodal distribution [6]. We an-
alyzed differences in the CpG[o/e] frequency distributions of our differentially expressed
genes using mclust model based clustering [11] and statistical significance between the
distributions was assessed using the Fisher’s exact test. A difference plot summarizing
the deviations from the expected distribution for queen and worker larvae at each point
during development is shown in Supplementary figure S6H.

Analysis of the CpG[o/e] ratio for all the genes detected by the microarrays produces
a mixture of two normal distributions with peaks at ratios of 0.5 and 1.09 (high and
low CpG[o/e] respectively, Supplementary figure S6A). During early larval development
(6-36 hr), CpG[o/e] values of genes expressed in workers and queens are different, but
both maintain a bimodal distribution (Supplementary figure S6B). Genes more highly
expressed in queens tend to have lower CpG[o/e] values (means of 0.44 and 0.86) than
those in workers (means of 0.52 and 1.13).

The trend for genes that are more highly expressed in queens to have lower CpG[o/e]
values continues through to 60 hr of development (means of 0.39 and 0.95 in queens, and
0.55 and 1.13 in workers) (Supplementary figure S6C) but by 84 hours this trend switches,
with genes expressed more highly in workers having lower CpG[o/e] values (0.51 and 1.09)
than queens (0.56 and 1.13) implying higher levels of DNA methylation (Supplementary
figure S6D.).

In late development (108-132 hours), genes more highly expressed in queens have lower
CpG[o/e] ratios, but genes more highly expressed in workers fall into a unimodal distri-
bution (means 0.42 and 0.96 for queens, 0.84 for workers, Supplementary figure S6E).
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Figure S6: Queens and workers show contrasting patterns in CpG[o/e] distribution for caste specific
genes. The y-axis depicts the number of genes with the specific CpG[o/e] values given on the x-axis.
In each case the data can be described as a mixture of normal distributions. These distributions are
shown for queen in red and worker blue. Graphs show the CpG[o/e] distribution for (A) all of the
genes represented on the microarray, (B) DEGs during early larval development (6–36 hr), (C) DEGs
during mid-larval development (60 hr), (D) DEGs at 84 hr post-grafting, (E) DEGs during late larval
development (108-132hr), (F) all of the genes detected in the HTS analysis, (G) DEGs during mid- larval
development (60 hr) as detected by HTS. (H) The graph shows a difference plot with a negative number
on the y-axis denoting over-representation of low CpG[o/e] values in the DEGs and a positive number
indicating over-representation of high CpG[o/e] values in the DEGs at time points throughout larval
development (red bars= queens, blue bars = workers). � value could not be determined for DEGs in
workers during late development as workers display a unimodal distribution of CpG[o/e] values at this
time point. Statistical significance was determined using a Fishers exact test, *** P < 0.0001.
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Analysis of our high-throughput sequencing data, from 60 hr of development, yields re-
sults consistent with our array data. All the genes detected give a bimodal distribution
with means at 0.59 and 1.23 (Supplementary figure S6F) and examining differences be-
tween worker and queen transcripts shows is consistent with, but more pronounced than,
our microarray derived data. 50% of queen transcripts fall into the low (mean 0.58) dis-
tribution, and 50% in the high distribution (mean 1.01), while in workers, 17% fall in a
low distribution, but with a higher mean that queens (0.66), and the remainder in a high
distribution with a mean of 1.27 (Supplementary figure S6G).

Examining the difference between the CpG[o/e] ratios in queen and worker derived tran-
scripts over larval development shows that queens consistently up-regulate transcripts
with low CpG[o/e] ratios, implying that they activate more historically methylated genes
than workers. Workers have more dynamic patterns of methylation, with a switch in mid
development to transcripts with lower CpG[o/e].

Historical DNA methylation is not associated with alternative
splicing during caste development in the honeybee.

To determine if patterns of alternative transcription are related to historical DNA methy-
lation, we examined the CpG[o/e] ratios of all DEGs stratified by whether these DEGs
encode a single or multiple transcripts (Supplementary figure S7A,C). In both queens and
workers genes that encode multiple transcripts in larvae have higher CpG[o/e] ratios than
those that encode a single transcript; queen means 0.55 and 0.98 for single transcripts
and 0.62 and 1.11 for multiple transcripts, worker mean 1.17 for single transcripts and
0.63 and 1.36 for multiple transcripts. If splice variants that are not differentially regu-
lated are excluded from this analysis we see the same trend; genes that encode a single
differentially regulated splice variant have lower mean CpG[o/e] ratios (means 0.59 and
1.02) than those that express multiple differentially regulated transcripts (means 0.74
and 1.34). This analysis is only statistically significant in queens likely due to the small
sample sizes in workers (Supplementary figure S7B,D).

These analyses indicate that while both queens and workers both up-regulate genes that
have the capacity to encode multiple splice variants usually the transcription of only a
single variant is affected. In cases where multiple transcripts are coordinately regulated
these genes have a high CpG[o/e] distribution (and by inference, low levels of historical
DNA methylation). This indicates that historical DNA methylation is not associated
with alternative splicing during larval development in the honeybee.
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Figure S7: The y-axis depicts the number of genes with the specific CpG[o/e] values
given on the x-axis. In each case the data can be described as a mixture of normal
distributions. These distributions are shown for genes that encode a single transcript
(black lines) and genes that encode multiple transcripts (green lines). Graphs show
the CpG[o/e] distributions for (A) all genes that are more highly expressed in queens
(irrespective of whether individual variants are differentially expressed), (B) genes that
are more highly expressed in queens (considering only differentially expressed variants),
(C) all genes that are more highly expressed in workers (irrespective of whether individual
variants are differentially expressed), D) genes that are more highly expressed in workers
(considering only differentially expressed variants).

11



Workers

Queens

Re
la

tiv
e 

G
C 

co
nt

en
t o

f  
D

G
Es

6 hours

***

*

**

***

***
***

***

**
**

***

***
***

12 hours

36 hours

60 hours

60 hours

(H
TS)

84 hours

108 hours

132 hours

Figure S8: Genes expressed differently during queen and worker development have differ-
ent GC content. Over- or under- representation of high GC content genes amongst the
DEGs (relative to all of the genes found on the microarray or detected by high throughput
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GC content and evolution

Genes with high GC content can occur due to biased gene conversion owing to recombi-
nation [12] and previous studies have shown that such genes have high rates of molecular
evolution and are associated with worker-biased gene expression [13,14]. Analysis of the
GC content of genes differentially expressed between castes during larval development
(Supplementary figure S8) reveals that at the majority of time points both castes are
biased towards differential expression of genes with a low GC content, and lower rates
of sequence evolution [13]. At 12 hours and 84 hours of queen larval development, genes
that are more highly expressed have a higher than expected GC content (Supplementary
figure S8). In contrast genes that more highly expressed at 60 hours (as detected by HTS)
have a higher than expected GC content in worker-destined larvae. This may indicate
that at these specific time-points, genes that are expressed in a caste specific manner
are faster-evolving, and may be important for the evolution of new traits associated with
caste development.
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Supplementary methods

RNAi and larval rearing

Larval injections were performed with a needle created from borosilicate capillary glass
tubes (Warner Instruments). Needles were placed in a Singer MK1 Micromanipulator
(Singer Instruments) and a PLI-100 Pico Injector (Harvard Apparatus) was used to de-
liver the injections at a pressure of 60 kPa. All larval manipulations were performed
in a heated and humidified chamber. L2-L3 larvae were removed from the comb and
injected with 25 ng of dsRNA. Larvae were then placed in 24 well cell culture plates
(Griener), each well containing 200 µl of larval diet (18% fructose (D(-) Sigma-Aldrich),
18% glucose(D(+) Sigma-Aldrich), 3% granulated yeast (Sigma-Aldrich) solution (60%)
and royal jelly (Exportim, Australia) (40%). The cell culture plates were stored in an
incubator at 34 °C with a saturated solution of potassium sulphate. Larvae were fed daily
with 50 -100 µl of larval diet and dead larvae were removed. When larvae stopped feeding
they were transferred to 60 x 15 mm Petri dishes lined with nylon mesh. On emergence
the phenotype of each individual was characterised as queen-like or worker based on the
shape of the mandibles, presence of hair on the legs, number of ovarioles and the presence
of a spermetheca.

RT-qPCR

1 µg of RNA from the 12 hr, 60 hr, 84 hr and 108 hr time-points was used to make
cDNA using Superscript VILOTM according to manufacturer’s instructions. Oligonu-
cleotide primers were designed using Primer3 [15] and Amplify [16] to span introns (where
possible). The primer set and amplification efficiency for each gene is supplied in supple-
mentary table 1. Quantitative RT-PCR, normalization and data analysis was performed
as described in Cameron et al. 2013 [3].

Statistical analyses

Fisher’s exact and χ2 tests were performed using R, which is a statistical analysis and
graphics software environment (R Development Core Team 2008). P values < 0.05 were
considered to be significant.

R was also used to determine the Spearman’s correlation coefficients for the quality con-
trol analysis (Supplementary figure S1B-D). Log expression ratios were obtained for genes
that showed a two-fold change in expression between the castes in both the microarray
and HTS data sets. Normalised expression ratios were calculated for the RT-qPCR data
using the Pfaffl method as mentioned previously.

The expression ratios from each data set were graphed as linear regression plots using
Matlab ( [17]). As very few genes were tested with RT-qPCR at the 60 hr time-point,
genes from the surrounding time-points (84 hr and 108 hr) were compared to the 60
hr HTS data in the correlation analysis. The technologies were compared in pairwise
analyses in R to determine the Spearman’s correlation coefficient and P value.
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CpG[o/e] and GC content analysis

CpG[o/e] values for the microarray data were calculated using the sequence data file
(Official GeneSet Array.txt) [18]. The CpG[o/e] values for the HTS data were calculated
using sequence data from the coding regions from A. mellifera genes (Amel 4.5, NCBI).
Sequence statistics were generated using the Geomatrix software suite [19]. CpG[o/e]
values were calculated from these statistics using the calculation described by Elango et
al. (2009) [6]. The distributions of CpG[o/e] within honeybee genes can be described
as a mixture of overlapping normal distributions [6]. The number of components in
these distributions was estimated in R (www.r-project.org) using mclust [11] model-based
clustering. The best fitting model was identified among several non-nested models us-
ing Bayesian information criteria (BIC). The Fishers exact test was used to determine
whether there were differences between samples in the numbers of genes classified under
each of the distributions identified in mclust. GC content was calculated from the nu-
cleotide composition of honeybee coding genes. Genes with a GC content of > 38% were
classified as GC rich and genes with a GC content of< 38% were classified as GC poor [13].
The occurrence of GC rich and GC poor genes within our differentially expressed gene
lists was compared with the expected occurrence based on GC content of all the genes
on the microarray or detected as expressed by high throughput sequencing using a χ2 test.
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Supplementary tables
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