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Supplementary Figure 1. Patterns of caste-biased expression in pharaoh ants and honey 
bees. 
Number of differentially expressed genes (FDR < 0.05) between a) queens and workers and b) 
nurses and foragers at each developmental stage or tissue in ants (left) and honey bees (right). 
“Head”, “thorax”, and “abdomen” refer to body segments of adults, while “pupa” and “larva” 
refer to whole bodies. “No ortholog” refers to genes for which no 1:1 ortholog exists (either due 
to apparent duplication or complete lack or orthology), “not shared caste/task bias” refers to 
genes for which 1:1 orthologs can be identified but are only differentially expressed in one 
species, and “shared caste/task” bias refers to genes for which 1:1 orthologs are differentially 
expressed in both species. Insets show the proportion of each category of gene out of all 
differentially expressed genes at that stage or tissue. c) Proportion of abdominal DEGs by 
estimated evolutionary age (shading). “Shared queen/worker” indicates genes upregulated in 
queen or workers of both species. Source data are provided as a Source Data file. 
*: the category “larva” represents differential expression across larvae of all stages for which 
caste can be identified (second to fifth larval stage).  



Supplementary Figure 2. Correlation of gene-wise log2 fold-change between queens and 
workers in ants and honey bees.  
Pearson correlation of log2 fold-change between queens and workers as measured at each stage 
or tissue in M. pharaonis and A. mellifera for each 1:1 ortholog (N = 7640). Error bars indicate 
Pearson correlation 95% confidence intervals. In (a), the category “larva*” represents differential 
expression across larval stages, while in (b) each larval stage (L2-L5) is plotted individually. 
Source data are provided as a Source Data file.



Supplementary Figure 3. Correlation of gene-wise log2 fold-change between nurses and 
foragers in ants and honey bees.  
Pearson correlation of log-fold change between nurses and foragers as measured in each tissue in 
M. pharaonis and A. mellifera for each 1:1 ortholog (N = 7640). Error bars indicate Pearson 
correlation 95% confidence intervals. Source data are provided as a Source Data file.



Supplementary Figure 4. Log2 fold-change between queens and workers across phylostrata. 
Log2 fold-change at each stage/tissue in each phylostrata category. Positive values indicate 
higher expression in queens compared to workers. Log2 fold-change has been adjusted relative to 
the median value at that stage/tissue, in order to compare across tests. “Ancient” genes indicate 
any genes shared beyond insects (i.e. with vertebrates). Log2 fold-change varies according to 
phylostrata for every stage/tissue for each species (LM; LRT; P < 0.001). In each boxplot, the 
middle line represents median values, outer edges of boxplot represent upper and lower quartiles, 
and whiskers represent a deviation of 1.5*(interquartile range) from the upper and lower 
quartiles. Source data are provided as a Source Data file.



Supplementary Figure 5. Overlap of developmentally-biased genes in ants and honey bees. 
Number of developmental differentially expressed genes in ants and in honey bees. “No 
ortholog” refers to genes for which no 1:1 ortholog exists (either due to apparent duplication or 
complete lack or orthology), “not shared developmental” refers to genes for which 1:1 orthologs 
can be identified but are only differentially expressed between developmental stages in one 
species, and “shared developmental” refers to genes for which 1:1 orthologs are differentially 
expressed between embryonic and larval developmental stages in both species. Source data are 
provided as a Source Data file.



Supplementary Figure 6. Genes associated with oogenesisis are more highly connected 
within queen abdominal modules. 
Orthologs of genes associated with oogenesis in D. melanogaster are more highly connected 
within queen abdominal modules in honey bees (*** = P < 0.001; Wilcoxon test) though not in 
ants (P = 0.114). N = 542 (ants), 649 (honey bees). ). In each boxplot, the middle line represents 
median values, outer edges of boxplot represent upper and lower quartiles, and whiskers 
represent a deviation of 1.5*(interquartile range) from the upper and lower quartiles. Source 
data are provided as a Source Data file.



Supplementary Figure 7. Caste-biased expression is correlated to sex-biased expression. 
Pearson correlation of caste (queen/worker) and sex (queen/male) expression bias in ants and 
honey bees. Error bars represent Pearson correlation 95% confidence intervals. Correlations are 
significant in all cases (Pearson correlation; P < 0.001), but abdominal correlations are 
strongest. Source data are provided as a Source Data file.



Supplementary Figure 8. Social insect queen-biased genes tend to be female-biased in D. 
melanogaster.   
Shared queen-biased DEGs tend to be female-biased in D. melanogaster while shared worker-
biased DEGs tend to be male-biased in D. melanogaster (likely reflecting down-regulation in 
females) in both a) head and b) thoracic tissues. ). In each boxplot, the middle line represents 
median values, outer edges of boxplot represent upper and lower quartiles, and whiskers 
represent a deviation of 1.5*(interquartile range) from the upper and lower quartiles. Source data 
are provided as a Source Data file.



Supplementary Figure 9. Distribution of the number of times genes exhibit biased 
expression towards each caste. 
Number of times each gene is upregulated in queen and workers across all comparisons (larva, 
pupa, and adult head, thorax, and abdomen). Color brightness is logarithmically proportional to 
the number of genes in each cell. N = 10804 genes for ants, N = 11775 genes for honey bees. 
Source data are provided as a Source Data file.



Supplementary Figure 10. Caste and behavior bias are correlated between species. 
Overall caste bias (a) and overall behavior bias (b) is correlated between ants and honey bees. 
“Overall” bias refers to the Euclidean distance of all log2 fold-change values (queens/worker for 
caste, nurses/foragers for behavior). The red line is the trendline of a linear model; Spearman 
correlation P < 0.001 in all cases. Source data are provided as a Source Data file.



Supplementary Figure 11. Caste bias is correlated to behavior bias. 
Overall caste bias and overall behavior bias were correlated within a) ants and b) honey bees. 
“Overall” bias refers to the Euclidean distance of all log2 fold-change values (queens/worker for 
caste, nurses/foragers for behavior). The red line is the trendline of a linear model; Spearman 
correlation P < 0.001 in all cases. Source data are provided as a Source Data file.



Supplementary Figure 12. Evolutionary and network features of behavior-biased genes. 
Genes that exhibit more behavior bias across tissues have younger estimated evolutionary ages 
(a,b) and tend to be loosely connected (c,d; Spearman correlation; ant: rho = -0.099, P < 0.001; 
honey bee: rho = -0.157, P < 0.001) and rapidly evolving (e,f; Spearman correlation; ant: rho = 
0.079, P < 0.001; honey bee: rho = 0.226, P < 0.001). “Overall behavior bias” combines nurse 
forager log2 fold-change values across all adult body segments. Connectivity is calculated using 
all samples and genes and scaled proportionally to the highest value. ). In each boxplot, the 
middle line represents median values, outer edges of boxplot represent upper and lower quartiles, 
and whiskers represent a deviation of 1.5*(interquartile range) from the upper and lower 
quartiles. Source data are provided as a Source Data file.



Supplementary Figure 13. Caste and behavior bias are correlated to tissue specificity in 
honey bees. 
Genes exhibiting more behavior bias tend to be tissue-specific. There was a positive correlation 
(Spearman correlation, P < 0.001 in each case) between caste/behavior bias and tissue 
specificity, where tissue specificity (t) is estimated using data from 12 honey bee tissues. t = 1 
indicates a genes is expressed in only one tissue, while lower values indicate genes are more 
ubiquitously (i.e. evenly) expressed across tissues. The red line is the trendline of a linear 
model. Source data are provided as a Source Data file.



Supplementary Figure 14. Distributions of the frequencies by which genes were placed in 
biclusters associated with queen abdomens. 
Histogram of the frequency with which genes were placed in the queen abdomen bicluster (out 
of 1000 runs). Plaid biclustering is a non-deterministic process, so different sets of genes can be 
present in each run. In ants (a), 1039 genes were present in >90% of queen abdomen biclusters 
and retained for further analysis. There are two peaks in the frequency distribution for honey 
bees (b). The lower frequency peak is made up of worker-associated genes (downregulated in 
queen abdomens) while the higher frequency peak (~60%) is made up of queen-associated genes. 
We retained genes with >60% frequency for further analysis. Source data are provided as a 
Source Data file.



Supplementary Table 1. Full listing of 
sample types and number of each sample 
collected. “L1” and “L2” refers to larvae of 
the first and second stage, etc. We began 
caste-specific sampling at stage two because 
caste is determined and regulated in M. 
pharaonis by the end of the first larval instar 
1. After the first larval instar in M. pharaonis, 
worker-destined larvae can be distinguished 
from reproductive-destined larvae, which 
include male-destined and queen-destined 
larvae 2. As such, our “queen-destined” ant 
larvae samples likely contain some male-
destined larvae, but the proportion  is 
expected to be low, as the sex ratio is known 
to be heavily queen-biased 3. Sex and caste 
are both known in A. mellifera larvae, as 
individuals are reared in separate cells 4.



Supplementary Table 2. Number of differentially expressed genes (DEGs) between queens 
and workers for each comparison (FDR < 0.1). “L2”, “L3”, etc refer to the 2nd and 3rd larval 
stage, respectively, while “larva_overall” is the result of differential expression with caste as 
main effect across all larval samples. Differentially expressed genes are divided into “queen 
associated”, which exhibited higher expression in queens, and “worker associated”, which 
exhibited higher expression in workers. Differential expression analysis performed with N = 
10804 (ant) and 11775 (honey bee) genes. 



Supplementary Table 3. Enriched gene ontology terms based on Gene Set Enrichment 
Analysis (GSEA) of differential expression between queens and workers in ants. P-value derived 
from Kolmogorov-Smirnov tests. 



Supplementary Table 4. Enriched gene ontology terms based on Gene Set Enrichment 
Analysis (GSEA) of differential expression between queens and workers in honey bees. P-value 
derived from Kolmogorov-Smirnov tests. 



Supplementary Table 5. Number of differentially expressed genes (DEGs) between nurses and 
foragers for each comparison (FDR < 0.1). Differentially expressed genes are divided into 
“nurse associated”, which exhibited higher expression in nurses, and “forager associated”, which 
exhibited higher expression in foragers. Differential expression analysis performed with N = 
10804 (ant) and 11775 (honey bee) genes. 



Supplementary Table 6. Enriched gene ontology terms based on Gene Set Enrichment 
Analysis (GSEA) of differential expression between nurses and foragers in ants. P-value derived 
from Kolmogorov-Smirnov tests. 



Supplementary Table 7. Enriched gene ontology terms based on Gene Set Enrichment 
Analysis (GSEA) of differential expression between nurses and foragers in honey bees. P-value 
derived from Kolmogorov-Smirnov tests. 



Supplementary Table 8. Hub genes of the queen abdominal module in ants. Hub genes were 
defined as genes with intra-modular connectivity in at least the 90th percentile, and log2 fold-
change (queen/worker) greater than 2.  



Supplementary Table 9. Hub genes of the queen abdominal module in honey bees. Hub genes 
were defined as genes with intra-modular connectivity in at least the 90th percentile, and log2

fold-change (queen/worker) greater than 2.  



Supplementary Table 10. Enriched gene ontology terms based on overall caste or behavior 
bias in ants and honey bees. GO terms are derived from D. melanogaster orthologs. P-value is 
from gene set enrichment analysis (Kolmogorov–Smirnov test) 



Supplementary Table 11. Partial correlation between connectivity, evolutionary rate (dN/dS), 
evolutionary age (phylostrata), and tissue-specificity (tau) and caste or behavior bias while 
accounting for expression. Analysis was performed separately for each species and comparison 
(i.e. separately for caste bias and behavior bias), as well as while including or excluding 
abdomen in calculations of caste bias and expression. Connectivity is total connectivity 
measured across all samples and genes. Phylostrata is a measure of estimated evolutionary age, 
with higher values indicating younger genes. Tau is the degree to which genes exhibit tissue-
specific expression across 12 honey bee tissues (results presented only for honey bees). N = 
10520 genes (ants), 10011 genes (honey bees). To estimate a measure of expression analogous to 
overall bias, we calculated the Euclidean distance of log10 counts-per-million at each stage/tissue 
tested.  



Supplementary Table 12. List of species used 
for phylostratigraphy analysis, with the NCBI 
Taxonomy ID.  
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