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Abstract

The emerging field of sociogenomics explores the relations between social behavior and
genome structure and function. An important question is the extent to which associations
between social behavior and gene expression are conserved among the Metazoa. Prior
experimental work in an invertebrate model of social behavior, the honey bee, revealed
distinct brain gene expression patterns in African and European honey bees, and within
European honey bees with different behavioral phenotypes. The present work is a computa-
tional study of these previous findings in which we analyze, by orthology determination, the
extent to which genes that are socially regulated in honey bees are conserved across the
Metazoa. We found that the differentially expressed gene sets associated with alarm phero-
mone response, the difference between old and young bees, and the colony influence on
soldier bees, are enriched in widely conserved genes, indicating that these differences
have genomic bases shared with many other metazoans. By contrast, the sets of differen-
tially expressed genes associated with the differences between African and European for-
ager and guard bees are depleted in widely conserved genes, indicating that the genomic
basis for this social behavior is relatively specific to honey bees. For the alarm pheromone
response gene set, we found a particularly high degree of conservation with mammals,
even though the alarm pheromone itself is bee-specific. Gene Ontology identification of
human orthologs to the strongly conserved honey bee genes associated with the alarm
pheromone response shows overrepresentation of protein metabolism, regulation of protein
complex formation, and protein folding, perhaps associated with remodeling of critical neu-
ral circuits in response to alarm pheromone. We hypothesize that such remodeling may be
an adaptation of social animals to process and respond appropriately to the complex pat-
terns of conspecific communication essential for social organization.
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Author Summary

Sociogenomics explores the relationship between social behavior and the genome. An
important issue is the extent to which results from social insects can be used to understand
social behavior in other animals. We address this question through computational studies
of previously published experimental data on patterns of brain gene expression in honey
bees in response to particular environmental conditions and stimuli. We found that for
one particular stimulus, response to alarm pheromone, the set of honey bee genes differen-
tially expressed in the brain contains disproportionately large numbers of genes also found
in mammals, including humans. This enrichment in orthologous genes suggests surpris-
ingly strong similarities in socially responsive genetic circuits common to honey bees and
mammals. A large number of the human counterparts of these genes are important for
regulating protein folding, protein metabolism, and regulation of protein complex forma-
tion, perhaps reflecting changes in macromolecular complexes involved in remodeling
critical neural circuits in response to the alarm pheromone. Noting that alarm pheromone
is a component of the honey bee’s communication system, we hypothesize that such rapid
remodeling may be an adaptation in the brain cells of social animals to deal with the com-
plex patterns of conspecific signaling essential for social organization.

Introduction

Social behavior, like phenotypes of any level of complexity, is regulated by the activity of geno-
mic networks and resulting gene expression. At the same time that specific examples of genes
influencing behavior were being discovered empirically[1,2], the field of systems biology was
developing[3]. The essence of systems biology is to use computation and genomic technologies
to enable detailed observation at the sequence level of the dynamics of cell, tissue, and organism
responses to specific challenges. The power of systems biology is that it enables comprehensive
dynamic patterns of transcription, translation, post-translational modification, and function-
ing of gene products to be observed and analyzed. These approaches provide fertile ground for
the development of testable hypotheses and ultimately confident inferences about the relation-
ship between the genome and phenome (the sum total of the organism’s phenotypic traits),
even when the phenome is based on complex patterns of gene interactions. The systems
approach has catalyzed the development of the fields of evo-devo[4] and, more recently, socio-
genomics [1]. Sociogenomics focuses on how genes influence social behavior [2] and how envi-
ronmental attributes—especially those related to the social environment—influence genome
activity [5].

Evo-devo has led to new insights into the molecular basis for the evolution of morphological
novelties, molecular mechanisms underlying the development of morphology in the individual,
and how development responds to the environment on a genomic level. Specifically, it has
shown that the major (but not only) driver in evolution of form has been changes in expression
patterns of functionally conserved genes [6] Synergistically, sociogenomics seeks to provide
insights into the evolution of social behavior, the genomic mechanisms underlying social
behavior in an individual and a species, and how social behavior is influenced by the environ-
ment at the genomic level [1]. Similar to the evolution of biological form, the evolution of a ver-
tebrate social decision-making network has been shown to be largely (but again not entirely)
by variations in conserved genes and networks [7].

One approach to sociogenomics is hypothesis-driven. In this approach, researchers begin
with a hypothesis about the role of a gene or a group of genes in social behavior based on prior
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knowledge of the function or activity of those genes. As an example of this approach,
O’Tuathaigh et al [8] observed that the knockout of the mouse ortholog of the human schizo-
phrenia gene neuregulin 1 disrupted social novelty behavior, but left spatial learning and work-
ing memory processes intact. This gene has close homologs throughout the vertebrates,
putative orthologs in arthropods, and significantly similar homologs annotated as coding for
cell wall anchoring proteins in some bacteria.

By contrast, systems biology studies often begin with no hypothesis (except the fundamental
one that social behavior has genomic bases) and scan comprehensively to see what correlations
emerge. As an example of this approach, Cummings et al [9] identified differential gene expres-
sion patterns in the response of female swordtail fish to different classes of conspecifics (attrac-
tive males, unattractive males, other females). This broad systems approach was extended
across multiple species in a study in which molecular orthology and comparative brain mor-
phology were used to identify social behavior networks in vertebrates [10]. This work nicely
illustrates the above-mentioned convergence of sociogenomics and evo-devo.

The studies cited above highlight the fact that understanding the genomic correlates of
human social behavior requires us to use a variety of model organisms, in part because of the
invasive nature of many experimental protocols. Ebstein et al [2] observed that “Human beings
are an incredibly social species and along with eusocial insects engage in the largest cooperative
living groups in the planet’s history.” This leads to the question: to what extent are there rele-
vant genomic correlates between eusocial insects and humans, given that the last common
ancestor of eusocial insects and humans lived approximately 670 million years ago [11] and
almost certainly was very different in appearance from either an insect or a vertebrate. It may
be that both eusocial insect and human social traits are elaborations and modifications of
underlying patterns that were present in a common ancestor, even if the elaborations occurred
independently[12]. As a corollary to this view, some species in the lineages leading to both
insects and chordates would have lost or inhibited expression of these traits, while other species
such as the eusocial insects and humans would have continued to express them and use them
as a set of building blocks for social behavior. To the extent this is true, comparative genomics
of eusocial insect social behavior and human social behavior may yield insights into some of
the most fundamental aspects of the genomics of social behavior. This would be an example of
the general principle that conserved elements between species separated by great evolutionary
distance are likely to be universal building blocks of common aspects of the species’ phenomes
[6].

Among the eusocial insects, the honey bee is a valuable model organism. Many experiments
have linked brain gene expression patterns to social behavioral characteristics and environ-
mental stimuli, and the honey bee genome has been sequenced [13]. In addition, individual
members of a honey bee colony have well-defined social roles. It is known that the division of
labor within the hive is based on both genetic differences between individual honey bees and
also on environmental influences that include visual, tactile, and chemical signals that colony
members send to each other, as well as environmental influences external to the colony [13].
However, the interplay between these factors is poorly defined with respect to variation in par-
ticular genes or regulatory domains in the genome. There are statistically detectable hereditary
tendencies for particular honey bees to play particular social roles, but the individual bee’s
social role is determined by the interactions between both social and environmental factors, as
well as heredity. Understanding this complex interplay of internal and external factors is cen-
tral to sociogenomics.

One way to make a connection between honey bee and human sociogenomics is by infer-
ence of genetic orthology. Unfortunately, orthology is of necessity not verifiable in the same
fashion as other techniques of bioinformatics, since it involves theoretical reconstruction of an
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evolutionary history that cannot be experimentally replicated. Thus, there is no reliable valida-
tion set on which to test a method. Different reasonable ways of creating orthologies may give
significantly different results [14]. Whether one makes a liberal or conservative interpretation
of orthological relationships produced by a particular method depends on the context, in par-
ticular whether one is concerned about contamination by false positive identifications of ortho-
logs, or more concerned about loss of information by false negatives. In the present paper, we
use a new application of orthology to test the hypothesis that the social behavior of honey bees
and other metazoans, including humans, has common fundamental genomic building blocks.

This paper seeks to explore the degree of relevant sequence conservation between honey
bees and humans. Our starting point is the data set from Alaux et al [15], who used microarrays
to analyze differential brain gene expression patterns exhibited by individual honey bees of dif-
ferent genetic backgrounds, engaged in different social roles and in different colony environ-
ments. African and European honey bees are subspecies of the Western honey bee, Apis
mellifera, and they differ from each other in their hive defense behavior in a number of ways
that have been summarized as a social behavioral counterpart to variations of threshold and
intensity of the “flight or fight” response seen in vertebrate organisms; African bees are much
more aggressive than European bees [16]. In general, different phenotypes may arise from
either differences in gene function or from different patterns of gene expression [17]. In the
African and European honey bees it is presumed that the different phenotypes are largely the
result of different patterns of gene expression, and differences in the expression of hundreds of
genes in the brain have been reported [15]. Bees in Alaux et al were raised in a cross-fostered
experimental design to examine the influences of genetic background and social environment
on brain gene expression.

We analyzed the above-cited [15] data sets to explore the following two questions: 1) to
what extent are the differentially expressed genes associated with social behavior in the honey
bee conserved across the Metazoa; and 2) through analysis of the highly conserved genes, is it
possible to infer that there are likely to be gene co-expression patterns associated with social
behavior that are common to a wide range of metazoans, including humans?

Results

We examined eight sets of social behavior-related differentially expressed genes from Alaux
etal [15]. They are described in Table 1 and S3 Table.

For each of the honey bee genes on the microarray, we interrogated the InParanoid database
of orthologous genes [18] to ascertain how many orthologs each gene had within a set of organ-
isms including yeast plus 53 metazoa. The results are plotted in Fig 1 in the form of a histogram
that shows what fraction of the genes had 1, 2, . . .. 54 orthologs. Just under 5% of the genes had
no orthologs in the InParanoid set; within this data set they were unique to the honey bee. Of
the 54 species we compared to the honey bee, 17 were insects. The position of the first peak in
the distribution (at 15 orthologs) is due to genes that were largely conserved in insects and
were uncommon in other metazoan lineages. The position of the second peak (at 50 orthologs)
was due to genes that are broadly conserved across the metazoa. There were 1631 honey bee
genes in the InParanoid database that were not included on the microarray. Approximately
one third of those 1631 genes not included were unique to the honey bee (Fig 2). Over 50% of
the 1631 genes had fewer than four orthologs in the set of 54 species analyzed. This relative
lack of conservation of the excluded genes is largely a function of how the microarray was
designed [15] Since the major conclusions of this paper were based on orthology to other meta-
z0a, and since the genes excluded from the analysis had relatively few such orthologs, the con-
clusions are unlikely to be significantly affected by the exclusion of these genes.
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Table 1. Summary of the sets of differentially expressed genes analyzed in this study.

Set Number and Name Number of Number of genes Set Description
genes mapable
1. Alarm_Pheromone (large behavioral phenotype 344 275 European bees exposed to alarm pheromone vs
difference) European control bees
2. Old_vs_Young (large behavioral phenotype 1125 899 European old bees vs European young bees
difference)
3. Soldier_CG (large behavioral phenotype 664 512 African colony soldier bees vs European colony soldier
difference) bees
4. Soldier_WG (large behavioral phenotype 396 308 Genetically African soldier bees vs genetically European
difference) soldier bees
5. Forager_CG (smaller behavioral phenotype 236 180 African colony forager bees vs European colony forager
difference) bees
6. Forager_WG (smaller behavioral phenotype 41 22 Genetically African forager bees vs genetically
difference) European forager bees
7. Guard_CG (smaller behavioral phenotype 336 248 African colony guard bees vs European colony guard
difference) bees
8. Guard_WG (smaller behavioral phenotype 173 132 Genetically African guard bees vs genetically European
difference) guard bees

“Number of genes mapable” are the number of
this table are from [15]. For each social class o

differentially expressed genes whose |IDs are mapable to InParanoid ortholog database. All eight sets in
f bee (forager, guard, soldier) there are four subpopulations: AE (Genetically African bees in European

colony), AA (Genetically African bees in African colony), EA (Genetically European bees in African colony), EE (Genetically European bees in European

colony). For the sets labeled “WG” (Worker Ge!
comprised of EE and EA. For the sets labeled *

notype) AE and AA are integrated via ANOVA statistics into one set and compared to the integrated set
‘CG” (Colony Genotype) AA and EA are integrated via ANOVA into one set and compared to the integrated

set comprised of AE and EE. Sets 1, 2, 3, 4 are associated with very large behavioral differences in aggression during hive defense. Sets 5, 6, 7, 8 are
sets associated with smaller behavioral differences.

doi:10.1371/journal.pcbi.1004921.t001

Ortholog Distribution across the Metazoa of Honey Bee Genes Related
to Behavioral Phenotypes

Table 2 provides the overall summary of the results. At the 0.05 significance level (based on
Benjamini-corrected p-values), three of the sets were selectively enriched in genes conserved
across the Metazoa: the Alarm_Pheromone set, the Old_vs_Young set, and the Soldier_CG
(colony genotype) set. By the same standard of significance, the Guard_CG, Guard_WG
(worker genotype), and the Forager WG sets were significantly depleted in highly conserved
genes (i.e., the Benjamini-corrected p-value was over 0.95).

We examined the conservation pattern with each of the species used in the analysis, via a
heat map, for the eight data sets (Fig 3). These analyses were based on the InParanoid orthol-
ogy database (Fig 3A) and the OrthoMCL orthology database, which contained a smaller num-
ber of species (Fig 3B). A relatively high degree of conservation was distributed across a wide
range of metazoans for Old_vs_Young, Alarm_Pheromone, and Soldier_CG sets. For Sol-
dier_CG and Old_vs_Young, the most significant conservation was within the insect group.
For the Alarm_Pheromone set, on the other hand, Fig 3A and 3B indicate that the greatest
degree of conservation was in mammals. Another way of visualizing the greater degree of con-
servation in mammals is in Fig 3C, which shows box-and-whisker plots of the distribution of
p-values for orthology enrichment of the honeybee Alarm Pheromone set for the honeybee’s
closest relatives (arthropods) and for human’s closest relatives, the highly social placental
mammals. For both the InParanoid and the OrthoMCL databases, the degree of conservation
clearly tends higher (lower p-value) for the mammals than for the arthropods. To test the sta-
tistical significance of the greater conservation of the Alarm Pheromone set in placental
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Fig 1. Normalized distribution of the number of all of the “Array-Spotted” Honey Bee genes” orthologs in 54 species. “Array-Spotted” means that
these genes are present in the InParanoid database and spotted on the Honey Bee Oligonucleotide Microarray. There are 7462 such honey bee genes. X-
axis is the number of orthologs in 54 species (53 metazoan species+ yeast). Y-axis is the percentage of these 7462 honey bee genes that have the
corresponding number of orthologs. The species are identified in the label of the cladogram at the bottom of Fig 3A. The three relative maxima in the
distribution corresponding to 0, 15, and 50 orthologs correspond respectively to genes unique to honeybees, genes conserved among arthropods, and
genes widely conserved across metazoan.

doi:10.1371/journal.pcbi.1004921.g001

mammals we applied the Kolgomorov-Smirnov (KS) test, which is a standard method for
assessing the significance of the difference between two unbinned distributions [19]. Fig 3D
and 3E show the KS comparison cumulative fraction plots for the arthropod/placental mam-
mal p-value distributions from the Alarm Pheromone gene set using the InParanoid and the
OrthoMCL orthology databases, respectively. In these plots the horizontal axis represents the
range of p-values for orthology enrichment and the vertical axis represents the fraction of spe-
cies in each class whose p-values are below a particular level. The critical features of each graph
are the quantity D, representing the maximum different between the plots for the two distribu-
tions, and a corresponding P (The likelihood that the difference between the distributions
arose by chance, which is a function of D and of the number of values in the two distributions;
see Press et al, 1992 [19], for exact expression for computing P). For the InParanoid set, the
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Fig 2. Normalized distribution of the number of all of the “Array-Unspotted” Honey Bee genes” orthologs in 54 species. “Array-Unspotted” means
that these genes are present in the InParanoid database but not spotted on the Honey Bee Oligonucleotide Microarray. There are 1631 such honey bee
genes. X-axis is the number of orthologs in 54 species (53 metazoan species+ yeast). Y-axis is the percentage of these 1631 honey bee genes that have the
corresponding number of orthologs. (Note vertical scale difference between Figs 1 and 2).

doi:10.1371/journal.pcbi.1004921.9002

value of D is 0.75, meaning that the lowest quartile of the p-values for the arthropods is within
the range of the p-values for the placental mammals, while the upper 75% of the arthropod p-
values is larger than any of the placental mammals. The value of P (the likelihood that this dis-
crepancy between the distributions arose by chance) is .001. In Fig 3E, which shows the com-
parison cumulative fraction plots for the distributions as derived from the OrthoMCL data
base, the value of D is 1, because there is no overlap between the distributions. The largest p-
value of any of the placental mammals is smaller than the smallest p-value for any of the
arthropods. Therefore the value of P is vanishingly small. Based on these statistics, we confi-
dently conclude that the genes differentially expressed in the honey bee in response to the
alarm pheromone are systematically enriched in orthologs to genes in placental mammals.
This finding suggests that, of all the gene sets analyzed, the set differentially expressed in
response to the alarm pheromone stimulus was most likely to include genes from genomic
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Table 2. Statistics of the ortholog count data of sets of differentially expressed honey bee genes.

Set Name Total Number of Orthologs P value Set Size Average Number of Orthologs per gene Standard Deviation
'Alarm_Pheromone' 9402 0.011539% 275 34.19 16.99
'Old_vs_Young' 29722 0.011921* 899 33.06 17.61
'Soldier_CG' 17062 0.022775* 512 33.32 16.65
'Soldier WG' 9461 0.86155 308 30.72 18.43
'Forager_CG! 5403 0.91136 180 30.02 17.75
'Forager_ WG' 487 0.99324 22 22.14 18.48
'‘Guard_CG' 7098 0.99716 248 28.62 17.63
'‘Guard_WG' 3529 0.99936 132 26.73 17.67

Names of sets of differentially expressed genes are the same as tabulated in Table 1. The p-values for the mean number of orthologs are calculated by
random sampling, see statistics part of Methods.
The p-values for the three sets selectively enriched in genes conserved across the metazoan are bolded and marked by asterisk.

doi:10.1371/journal.pcbi.1004921.t002

networks common to honey bees and mammals. The analyzed gene expression data and the
results of the orthology searches are provided in spreadsheet form in S3 Table.

In order to be conservative in our assignment of orthologs (minimize false positives, even at
the expense of incurring false negatives) we chose for detailed further analysis the set of 145
genes that were differentially expressed in the alarm pheromone response and conserved in all
the Eutheria (placental mammals) species (altogether 10 species in InParanoid, ranging from
B.taurus to H. sapiens) considered in this study. The p-value for over-representation of ortho-
logs of placental mammals in this set was actually smaller than 1le-6 (see Methods), which con-
stitutes a correlation effectively impossible to have occurred by chance. Similarly, the most
significantly conserved genes for all the insect species in the Old_vs_Young set were identified
by a correlation effectively impossible to have occurred by chance (also with a p-value smaller
than le-6). A larger set of genes (conserved in mouse and human but not necessarily in all 10
eutherian species) was also analyzed, as was a smaller set of genes conserved in all the verte-
brates. Generally, the mouse-and-human set showed very similar GO enrichment patterns to
the eutherian set, while the all-vertebrate set showed far fewer enriched ontology classes.
Results of this analysis are provided in supplementary material.

In each of the three classes of bees (soldier, forager, guard) where we have both a CG gene
set (differential gene expression between bees raised in predominantly African and European
colonies) and a WG gene set (differential gene expression between genetically African and
genetically European honey bee), we compared the degree of enrichment in orthologs with
other metazoans. There was greater enrichment in orthologs in the CG set than in the WG set
(p = .043 for guards, p < .0005 for foragers, p < .0005 for soldiers). The soldier cg-wg orthol-
ogy is especially interesting for two reasons. Firstly the overall degree of orthology is much
greater for the soldiers than for the foragers or guards. Secondly the most dramatic behavioral
difference between the African and European bees is the behavior of the soldiers. The degree of
difference between the soldier cg and wg orthologies is visualized in Fig 3F, which shows the
cumulative fractional difference of the two distributions of p-values for pairwise orthology
enrichment between the honey bee and the other 54 organisms represented in the analysis. It is
important to note that the behavioral phenotype of the soldiers corresponds mainly to the phe-
notype of the colony in which they were raised. The cross-fostered soldiers are phenotypically
much like the other soldiers in their colony, but differ in gene expression patterns. Our finding
speaks to the general issue of the interaction between nature and nurture in defining social
behavior, suggesting that if we wish to draw inferences for other metazoans from the different
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the honey bee based on NCBI taxonomy common tree (http://www.ncbi.nlm.nih.gov/Taxonomy/CommonTree/wwwcmt.cgi). The order is further refined
based on the tree from Flybase (http:/flybase.org/blast/species_tree.png), WormBook [42] and UCSC Genome Browser [43]. The evolutionary
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relationships are illustrated by the cladogram along the base of each heat map. Those species to the left of the honey bee (the white vertical column)
belong to lineages that diverged from the insects earlier than the insects diverged from the lineage leading to the mammals. The species immediately to the
right of the honey bee are insects and other arthropods. The species at the far right are mammals. Between the insects and the mammals are marine
invertebrates, marine chordates, fish, amphibians, and birds. The shading code (vertical bar on the right hand side of the figure) represents the p-value for
statistical significance of enrichment of orthology in each species relative to the degree of orthology of all the genes on the microarray. The numerical data
for these plots are in S1 Table. Panel c represents the enhanced orthology between the honey bee alarm pheromone set and the placental mammals by
means of boxplots. Reading from left to right the boxplots show: i) the distribution of individual species p-values for orthology enhancement between the
honey bees and the placental mammals using the InParanoid database, ii) the distribution of individual species p-values for orthology enhancement
between the honey bees and their fellow arthropods using the InParanoid data base, iii) the same as i) but using the OrthoMCL database, and iv) the same
as i) but using the OrthoMCL database. It is seen that the p-values for orthology enhancement of the honey bee alarm pheromone set are much much
lower (and therefore more favorable) for placental mammals than for arthropods. This is in spite of the fact that overall the honey bee is much more closely
related to the other arthropods than to the mammals, as indicated by cladograms in Fig 3a and 3b. The relative positions of the boxplots in Fig 3c are just
the opposite of what would pertain if the degree of orthology followed the species relationship. Fig 3d shows the Kolmogorov-Smirnov cumulative fraction
difference plot for the distributions of p-values for orthology enrichment of the Alarm Pheromone gene set against the placental mammals (solid trace) and
against the arthropods, using the InParanoid orthology database. The horizontal axis is p-values. Each vertical position on each trace is the fraction of p-
values making up that trace whose p-value is below the indicated value. One important feature of such a plot is the maximum vertical distance between the
two traces, D. In this figure, D is 0.75. P, the likelihood that this difference would be achieved by chance for a distribution with this number of data points, is
0.001 Fig 3e shows the same graph as Fig 3d using the OrthoMCL orthology database. In this graph the value of D is 1.0, since there is no overlap between
the distributions at all. P, the likelihood that this degree of separation would occur by chance among members of the same underlying distribution, is
vanishingly small. Based on the Kolmogorov-Smirnov statistics, depicted in Fig 3d and 3e we can say with confidence that the Alarm Pheromone honey
bee gene set is relatively more enriched in orthologs to placental mammals than in orthologs to other arthropods. Fig 3f shows the Kolmogrov-Smirnov
cumulative fraction plot for the differences between the p-values for orthology enrichment for the soldier cg and soldier wg sets. It is seen that the degree of
conservation is dramatically higher for the cg than the wg set, which can also be inferred qualitatively from the shading in the heat map of Fig 3a. The value
of D, the greatest vertical distance between the two traces shown by the double-headed arrow, is 0.81. P, the probability that the difference between the
two traces is due to chance, is < .0005.

doi:10.1371/journal.pcbi.1004921.g003

behavior of African and European honey bees, we must consider how the colony socializes
individual bees. At the genomic level, this suggests that the overall genetic composition of Afri-
can and European colonies (which would presumably be reflected in the nurturing environ-
ment in the hive, but is beyond the scope of the current study) is perhaps more important than
the genetic differences of individual bees for understanding the broader comparative relevance
of strain differences in behavior. Note also that the pattern of orthology enrichment across the
metazoa is quite different for the soldier cg set than for the alarm pheromone set. Whereas the
alarm pheromone set showed enriched orthology particularly for the highly social placental
mammals, the orthology enrichment for the soldier cg set is higher for closer relatives to the
honey bee, most notably the arthropods—most of whom are not eusocial. To summarize the
orthology results:

o The alarm pheromone set showed a high degree of orthology with other metazoa and most
especially with placental mammals, a higher degree of orthology than with the arthropods
that are the nearer relatives to the honey bees.

o The “cg” sets, consisting of African bees reared in European hives and vice versa, showed a
higher degree of orthology across the metazoan than the “wg” sets, consisting of bees raised
in the hives of their own strain. The absolute degree of orthology was much greater for soldier
sets than for either the forager or the guard sets. Unlike the alarm pheromone set, for the sol-
dier cg set the highest degree of orthology was with the honey bee’s close relatives, the
arthropods.

Gene Ontology Analysis of Placental Mammal-Conserved
Alarm_Pheromone Genes

We used the DAVID suite of programs to identify Gene Ontology (GO) categories that were
over-represented in the 145 alarm pheromone-responsive genes mentioned above, relative to
their overall incidence in the human genome (131 of these 145 genes” human orthologs have
Entrez annotations), at p-values of 0.01 and 0.05 (Benjamini-corrected for multiple hypothesis
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assumption). For better comparison, we performed three separate GO analyses: 1) for all these
131 genes, 2) for the 73 up-regulated genes 3) for the 58 down-regulated genes. The results are
summarized in Figs 4 and 5 and in Tables 3 and 4. Tables 3 and 4 provide the names of the
enriched GO categories, together with the p-value for their enrichment. The GO output analy-
sis output, upon which Figs 4 and 5 and Tables 3 and 4 are based, is shown in spreadsheet form
in S2 Table. The analysis below is based specifically on the gene set that was conserved among
all the Eutheria. We also did the analysis on a larger set of genes conserved in the mouse and
human but not necessarily in all the Eutheria. The results of that analysis was practically identi-
cal to the Eutheria-conserved set, so the verbal analysis below applies to that set as well.

Several of the same GO categories appeared in the results of more than one of the three anal-
yses (up-regulated, down-regulated, all differentially expressed). Three GO categories were
enriched in all three of the analyses, all three in the “Cellular Component” category (Table 4).
They are: GO:0005737 (cytoplasm—“All of the contents of a cell excluding the plasma mem-
brane and nucleus, but including other subcellular structures”), GO:0005622 (intracellular
—“The living contents of a cell; the matter contained within (but not including) the plasma
membrane, usually taken to exclude large vacuoles and masses of secretory or ingested mate-
rial. In eukaryotes it includes the nucleus and cytoplasm.”), and GO:0044424 (intracellular part
—essentially the same definition as GO:0005622 and with the same parent term, GO:0044464
(cell part). (Definitions in quotation marks are from EBI QuickGO[20]). The enrichment of
these three terms in all of the three categories of differentially expressed genes means that few
of the differentially expressed gene products reside in the plasma membrane, and both up-reg-
ulated and down-regulated genes were enriched for gene products found in other parts of the
cell. The rest of the Cellular Component categories provided more specificity with respect to
the locations of up-regulated and down-regulated genes.

Examination of enrichment in “Biological Processes” categories revealed several insights
(Fig 4). There was a strongly enriched GO category under “cellular component organization or
biogenesis” [node 54]—“macromolecular complex subunit organization” [node38] (Benjamini
p-value = 0.0096). This enrichment suggests that the human pattern orthologous to the expres-
sion pattern of the honey bee alarm pheromone response involves protein complex organiza-
tion and biogenesis. This GO term was not significantly enriched for down-regulated genes. 2)
“Cellular metabolic process” [nodel0] was also an enriched GO term (Benjamini p-
value = 0.016). This suggests that the human pattern orthologous to the expression pattern of
the honey bee alarm pheromone response involves modulation of metabolism. 3) More special-
ized categories within the “response to stimulus” GO term were “response to stress” [node 31]
and “response to unfolded protein” [node 29]. Taken together, these enrichments suggest that
the human response pattern that is orthologous to the honey bee alarm pheromone response
also involves responses to chemical and possibly other stimuli. It is plausible that the response
to unfolded protein seen in this section of the tree was related to protein metabolism and bio-
genesis, and the protein complex assembly that was simultaneously being up-regulated during
the overall organism response as indicated in other parts of the tree. “Protein folding” [node
15] was also enriched.

Gene Ontology analysis for molecular function revealed that that all the enriched GO terms
fall under one general category—“binding” (22). GO analysis for cellular component (Fig 5 and
Table 4) revealed the enrichment pattern included multiple cell components—cytoplasm,
nucleus, mitochondria (mostly significant for down-regulated genes) and other organelles, pro-
tein, and possibly other macromolecular complexes. This was consistent with the biological
processes and the molecular functions enriched in our analyses, which are localized in in a vari-
ety of cell components.
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Fig 4. GO Biological Process and Molecular Function Trees (Benjamini-corrected p-value

cutoff = 0.05) for the “Eutheria-conserved” Alarm_Pheromone Genes” Human Orthologs. This figure
shows the Biological Process (left) and Molecular Function (right) Trees. “Eutheria-conserved” means that
genes have orthologs in all eutherian species included in InParanoid database. Nodes with red bounds are
GO terms with p-value (Benjamini p-value) < = 0.01. Nodes with various green bounds are nodes with p-
value between 0.01 and 0.05. Nodes with white bounds (or no bounds as it is the same as the background
color) are not themselves enriched but are parents of enriched terms in the GO hierarchy. Enriched nodes are
labeled with the names of the GO term. All nodes are numerically tagged. The correlations between the
numerical tags and the names of the GO categories is given in Table 3. Separate GO analysis are done for all
the up-regulated “Eutheria-conserved” Alarm_Pheromone Genes” Human orthologs (Up”), all the down-
regulated orthologs (“Down”), and all regardless of regulation (“Combined”). The results are indicated by the
colors of the node faces as follows: GO category enriched in the up-regulated subset only is red; GO category
enriched in the down-regulated subset only is green; GO category enriched in the complete set is deep blue;
GO category enriched in the up-regulated subset and the complete set is purple; GO category enriched in the
down-regulated subset and the complete set is light blue; GO category enriched in both subsets and in the
total set is gray. For example, a Biological Process GO term indexed “29” and identified as “response to
unfolded protein” is seen as significant in the analysis for up-regulated and for all genes (Hence itis in purple,
the,”"Down+Combined” color, and bordered in red because the p-value was below 0.01). All the names for the
enriched GO terms and their parents are in Table 3 (The tables and this tree are designed to be
complementary to each other. The trees show the overall architecture of the relationships among GO
categories while the tables provide more detail) and in S2 Table. Corresponding information in spreadsheet
form is provided for the “Mouse-and-human conserved” and “All-Vertebrate-Conserved” sets in S2 Table.

doi:10.1371/journal.pcbi.1004921.9004
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Fig 5. GO Cellular Component Trees (Benjamini-corrected p-value cutoff = 0.05) for the “Eutheria-
conserved” Alarm_Pheromone Genes” Human Orthologs. This figure shows the Cellular Component
tree. “Eutheria-conserved” defined as in Fig 4 legend. Nodes with red bounds are GO terms with p-value
(Benjamini p-value) < = 0.01. Nodes with red bounds are GO terms with p-value < = 0.01. Nodes with various
green bounds are nodes with p-value between 0.01 and 0.05. Nodes with white bounds (or no bounds as it is
the same as the background color) are not themselves enriched but are parents of enriched terms in the GO
hierarchy. Separate GO analysis are done for all the up-regulated “Vertebrate-conserved” Alarm_Pheromone
Genes” Human orthologs (“Up”), all the down-regulated ones (“Down”), and all regardless of regulation
(“Combined”). The results are indicated by the colors of the node faces as follows: GO category enriched in
the up-regulated subset only is red; GO category enriched in the down-regulated subset only is green; GO
category enriched in the complete set is deep blue; GO category enriched in the up-regulated subset and the
complete set is purple; GO category enriched in the down-regulated subset and the complete set is light blue;
GO category enriched in both subsets and in the total set is gray. The exact names for these indexed GO
terms are in Table 4 and in S2 Table. Corresponding information about the “mouse-and-human-conserved”
and “vertebrate-conserved” gene sets is found in S2 Table.

doi:10.1371/journal.pcbi.1004921.9005

Since the members of the gene set from which these inferences are derived were conserved
across the eutherians, it is plausible that the inferences are valid for eutherians in general. How-
ever, it should be reiterated that the results described in this section do not refer to the totality
of either the honey bee alarm pheromone response or of a complete network in humans and
other vertebrates. Rather, they refer to components of the honey bee alarm pheromone
response network that are widely conserved in eutherians and have a well-defined GO classifi-
cation in humans. These components were presumably present and possibly part of an inter-
acting network in the last common ancestor of the human and the honey bee about 670 million
years ago. Both the honey bee alarm pheromone network and networks in eutherians that
share these components will undoubtedly have other different non-shared components partic-
ular to their respective classes of organism.
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Table 3. Exact GO term names for GO Trees for the ‘Eutheria-conserved’ Alarm_Pheromone Genes’ Human Orthologs(Part 1, Biological Process,
Molecular Function).

Index

27
9

44
35
17
29
31
54
;

38
16
12
23
47
4

15
26
10
45
48
34
22
7

49

ID

G0:0008150
G0:0050896
GO:0042221
G0:0010033
G0:0035966
GO:0006986
GO:0006950
GO:0071840
GO:0016043
G0:0043933
G0:0008152
GO:0071704
G0:0043170
G0:0044260
GO:0044267
GO:0006457
GO:0009987
G0:0044237
GO:0051789
G0:0034621
GO:0003674
G0:0005488
GO0:0005515
G0:0051082

Term Pvalue Parent Children Set Desc
biological_process >0.05 9,54,16,26 Parent Node
response to stimulus >0.05 27 44,31 Parent Node
response to chemical stimulus >0.05 9 35 Parent Node
response to organic substance >0.05 44 17 Parent Node
response to topologically incorrect protein >0.05 35 29 Parent Node
response to unfolded protein** 5.63E-04 17 Up+Both
response to stress** 0.00403 9 Up

cellular component organization or biogenesis >0.05 27 1 Parent Node
cellular component organization >0.05 54 38 Parent Node
macromolecular complex subunit organization** 0.00957 1 Up+Both
metabolic process >0.05 27 12 Parent Node
organic substance metabolic process >0.05 16 23 Parent Node
macromolecule metabolic process >0.05 12 47 Parent Node
cellular macromolecule metabolic process >0.05 23 4 Parent Node
cellular protein metabolic process >0.05 47 15 Parent Node
protein folding* 0.0215 4 Up

cellular process >0.05 27 10 Parent Node
cellular metabolic process* 0.0159 26 Both
response to protein stimulus** 0.00315 35 Up+Both
cellular macromolecular complex subunit organization* 0.0221 38 Up+Both
molecular_function >0.05 22 Parent Node
binding* 0.0438 34 7 Up

protein binding** 0.00363 22 49 Up

unfolded protein binding* 0.0151 7 Up

This table corresponds to the tree in Fig 4 and is designed to correspond to the topology of the tree. Thus entries in the table follow the vertical lineages in
the tree starting with the left-most vertical lineage. “Index” column is the index number used in Fig 4. ‘Term’ column is marked according to p-value
(Benjamini p-value, see Methods) significant level: p-values that are < 0.01 are marked “**”, p-values that are between 0.01 and 0.05 are marked “*”.
‘Parent’ and ‘Children’ columns list the indexes of the parent/children node(s) of each node. ‘Set_Desc’ column delineates whether the enrichment is
among the up-regulated, down-regulated, or up- and down-regulated components combined of the differentially regulated set. Terms of “Parent Node” are
terms that are parent node of other enriched GO terms.

doi:10.1371/journal.pcbi.1004921.t003

Genes in the Set Associated with Neural Disease

Tables 5 and 6 show genes in our analysis set annotated with enriched GO biological process
terms that have been implicated in neural and behavioral disorders, and those biological pro-
cess terms with which they are associated that are also included in the list of enriched terms for
the complete alarm pheromone set. This list was constructed by manual inspection of literature
and OMIM databases, so is not comprehensive. The results of a GO analysis for this set of 25
genes is given in S4 Table, showing all biological process terms enriched to a p-value of 0.05 or
better. The overwhelming majority of the enriched biological processes relate to metabolism in
a way that would pertain to many different types of cells in addition to brain cells. Protein fold-
ing and organization of macromolecular complexes also appear as enriched categories. These
genes are selected for both a specific brain response in the honey bee and also for broad conser-
vation in the placental mammals. The interesting feature of this analysis is the convergence of
three factors: 1) implication in human mental disease, 2) differential expression in the honey-
bee in response to a conspecific language element (the alarm pheromone) and 3) broad
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Table 4. Exact GO term names for GO Trees of the ‘Eutheria-conserved’ Alarm_Pheromone Genes’ Human Orthologs(Part 2, Cellular

Component).

Index ID

40 GO:0005575
19 G0:0044464
6 G0:0044424
28 G0:0043229
41 G0:0043231
43 G0:0005634
37 GO0:0005739
3 GO:0005737
53 GO0:0044444
36 GO:0005829
33 G0:0044446
30 G0:0044429
8 G0:0044455
39 GO:0005746
51 G0O:0031966
25 GO:0005743
14 GO0:0005740
32 GO0:0031967
55 GO0:0044428
21 G0:0019866
20 GO0:0005622
46 GO0:0031975
5 G0:0032991
50 G0:0043234
42 G0:0043226
24 G0:0043227
11 G0:0044422
2 G0:0031090
18 GO0:0044425
52 GO:0070469
13 G0:0031974

Term

cellular_component

cell part

intracellular part**
intracellular organelle**

intracellular membrane-bounded organelle**

nucleus*

mitochondrion**

cytoplasm**

cytoplasmic part**

cytosol**

intracellular organelle part**
mitochondrial part**
mitochondrial membrane part**
mitochondrial respiratory chain*
mitochondrial membrane*
mitochondrial inner membrane**
mitochondrial envelope*
organelle envelope*

nuclear part*

organelle inner membrane**
intracellular**

envelope*

macromolecular complex**
protein complex**

organelle**
membrane-bounded organelle**
organelle part**

organelle membrane*
membrane part

respiratory chain*
membrane-enclosed lumen*

Pvalue

>0.05
>0.05
6.36E-06
0.00104
7.47E-04
0.0140
0.00325
4.65E-06
5.28E-04
4.13E-04
0.00726
0.00712
0.00216
0.0111
0.0145
0.00677
0.0179
0.0129
0.0196
0.00727
2.31E-05
0.0122
3.12E-06
2.06E-04
0.00101
6.81E-04
0.00741
0.0177
>0.05
0.0157
0.0458

Parent

40
19
6

28
41
41
6

6

53
6

33
30
8

30
51
30
33
33
6

19
19
40
5

40
42
40
11
40
18
40

Children

19,5,42,11,18,13
6,20,46
28,3,53,33,21

41

43,37

36
30,32,55
8,51,14
39

25

50

24

52

‘Index’ column is the index number used in the Fig 5. ‘Term’, ‘Parent’, ‘Children’ and ‘Set_Desc’ columns are defined as in Table 3.

doi:10.1371/journal.pcbi.1004921.t004

Set Desc

Parent Node
Parent Node
Up+Down+Both
Down+Both
Down+Both
Up+Both
Down
Up+Down+Both
Down+Both
Down+Both
Down+Both
Down
Down+Both
Down

Down
Down+Both
Down
Down+Both
Both
Down+Both
Up+Down+Both
Down+Both
Down+Both
Down+Both
Down+Both
Down+Both
Down+Both
Down
Parent Node
Down

Both

conservation across the placental mammals. It appears at least in part that several varieties of
mental illness are based on issues related to evolutionarily deeply rooted and broadly conserved
genes, as opposed to being solely related to genes specific to human cognition and behavior, or
even specific to brain or neural function.

Discussion

This study was designed to examine the plausibility of the premise that the genomic networks
underlying a response to a stimulus for social behavior (alarm pheromone response in honey
bees) might have counterparts conserved in mammals, even though mammals do not use this
particular alarm pheromone and the last common ancestor between honey bees and mammals
lived approximately 670 million years ago [11]. Based on results from two different orthology
databases, we found that the honey bee genes differentially expressed in response to alarm
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Table 5. Examples of Behavior/neural-related ‘Eutheria-conserved’ Alarm_Pheromone Genes’ Human Orthologs (Part 1).

Entrez
ID
10963

7388

1103

522

4116

3308

4716
9801

4715

6434

8564

1410

2288

Name

STIP1

UQCRH

CHAT

ATP5J

MAGOH

HSPA 4

NDUFBH1
MRPL19

NDUFB9

TRA2B

KMO

CRYAB

FKBP4

GO Terms related

GO0:0006950~response to stress

G0:0043933~macromolecular complex subunit organization,
GO:0044237~cellular metabolic process

GO:0044237~cellular metabolic process

G0:0044237~cellular metabolic process

G0:0044237~cellular metabolic process

GO0:0006950~response to stress,GO:0006986~response to unfolded
protein,GO:0034621~cellular macromolecular complex subunit
organization,GO:0043933~macromolecular complex subunit
organization,GO:0051789~response to protein stimulus

G0:0044237~cellular metabolic process
GO:0044237~cellular metabolic process

G0:0044237~cellular metabolic process

G0:0044237~cellular metabolic process

GO:0006950~response to stress,GO:0044237~cellular metabolic
process

GO0:0006457~protein folding, GO:0006950~response to stress,
G0:0043933~macromolecular complex subunit organization,
G0:0044237~cellular metabolic process

GO0:0006457~protein folding,GO:0034621~cellular macromolecular
complex subunit organization,GO:0043933~macromolecular complex
subunit organization,GO:0044237~cellular metabolic process

Neural Disease/behavior related

Aggressive Behavior(PMID: 21784300,association study)
autism(PMID: 23838888)
Alzheimer's disease(PMID: 14555243, indirectly related)

Alzheimer's disease(PMID: 15364407,PMID: 2166243,
PMID: 16797789,PMID: 2054656)

dementia(PMID: 10443555,PMID: 9143263)
Alzheimer's disease(PMID: 18332434,PMID: 22008262)
autism(PMID: 17322880)

anxiety behavior(PMID: 23638902,indirectly related—
inferred by known dimerization with, and regulatory
influence of, RBM8a)

bipolar disorder(PMID: 19766166)

Spinocerebellar Ataxia Type 7(PMID: 16039988)

neurodegenerative diseases(PMID: 10562718,PMID:
11044589(A general reference to chaperones))

dementia(PMID: 20573273)

dyslexia(PMID: 17309879,PMID: 21165691,PMID:
23209710)

fatal familial insomnia(PMID: 23430483)
autism spectrum disorder(PMID: 24453408)

frontotemporal dementia(PMID: 22456266,PMID:
23818142)

fatal familial insomnia(PMID: 23430483)
Huntington(PMID: 21640374,PMID: 20942784)

leukodystrophy (PMID: 1407707,PMID: 1743282, PMID:
8393618)

Picks disease(PMID: 1382240,PMID: 18091558,PMID:
7575218)

major depressive disorder(PMID: 19199039,PMID:
15565110,PMID: 19545546)

Based on the Gene Ontology result of Eutheria-conserved’ Alarm_Pheromone Genes’ Human Orthologs, genes related to the significant biological
process GO terms(Benjamini p-value < 0.05) are presented here.

doi:10.1371/journal.pcbi.1004921.t005

pheromone were more strongly conserved in orthologs to mammals than in orthologs to other
metazoans, including those more closely related to the honey bee (nonsocial insects). We
hypothesize that these orthologous sets are conserved remnants of a network responding to
conspecific signals that first emerged in a common ancestor of insects and vertebrates and has
been selectively conserved in social metazoa.

The reader will have noted that the experimental context of this paper was done on material

from whole brains. For processing of conspecific signals such as spoken or written language in
humans, many imaging studies show that several different regions of the brain are simulta-
neously activated. We therefore believe that whole brain studies such as ours are useful in
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Table 6. Examples of behavior/neural-related ‘Eutheria-conserved’ Alarm_Pheromone Genes’ Human Orthologs(Part 2).

Entrez

ID
3312

84246
8879
645
9374
5683
478

1460

4709

3301

7334

11080

Name

HSPA8

MED10
SGPL1
BLVRB
PPT2
PSMA2*
ATP1A3

CSNK2B

NDUFB3

DNAJA1

UBE2N

DNAJB4

GO Terms related

G0:0006457~protein folding,GO:0006950~response to stress,
G0:0006986~response to unfolded protein,GO:0044237~cellular
metabolic process,GO:0051789~response to protein stimulus

G0:0044237~cellular metabolic process
G0:0044237~cellular metabolic process
G0:0044237~cellular metabolic process
G0:0044237~cellular metabolic process
G0:0044237~cellular metabolic process
G0:0044237~cellular metabolic process

G0:0006950~response to stress,GO:0006986~response to unfolded
protein,GO:0051789~response to protein stimulus

G0:0044237~cellular metabolic process

G0:0006457~protein folding, GO:0006950~response to stress,
G0:0006986~response to unfolded protein,GO:0044237~cellular
metabolic process,GO:0051789~response to protein stimulus
GO0:0006950~response to stress,G0:0044237~cellular metabolic
process

G0:0006457 ~protein folding, GO:0006950~response to stress,
G0:0006986~response to unfolded protein,GO:0044237~cellular
metabolic process,GO:0051789~response to protein stimulus

Neural Disease/behavior related

neurocognitive and behavioral defects(PMID: 18855024,
PMID: 21056629 (behavioral study in mice, not directly

causative))

neurodegeneration(PMID: 18929508, indirectly related)

neurodegeneration(PMID: 21331079)

neurodegeneration(PMID: 7682296,PMID: 8845972)

neuronal ceroid lipofuscinosis(PMID: 10051407)
Parkinson(PMID: 21069393,PMID: 15455214)
parkinsonism(PMID: 17282997)

Alzheimer's disease(PMID: 2035524)
Depression(PMID: 18068248)

Parkinson's disease(GeneCard Inferred)

Parkinson's disease(PMID: 17211632)
Parkinson's disease(PMID: 22343013)
schizophrenia(PMID: 12363385,PMID: 20109112)

stress-related(PMID: 24511526)

Based on the Gene Ontology result of Eutheria-conserved’ Alarm_Pheromone Genes’ Human Orthologs, genes related to the significant biological
process GO terms(Benjamini p-value < 0.05) are presented here.

doi:10.1371/journal.pcbi.1004921.t006

revealing underlying commonalities of mechanism, but should be complemented by region-

specific analyses.

It should be noted that this particular study deals only with those parts of the putative con-
served network that are differentially expressed in response to the external signal. There may

be other genes that are part of the network, but are present at relatively steady levels. This may
be the reason for the conspicuous lack of genes for plasma membrane proteins in the “cellular
component” category of enriched GO classes found in this study (Table 4). Plasma membrane
proteins must be involved in any response to external signals, but their role in mediating
between extracellular stimuli and intracellular response does not necessarily require either up-
or down-regulation in immediate response to the alarm pheromone stimulus.

By contrast, genes in our study whose products reside in the nucleus were upregulated,
genes in the mitochondria and other organelles were downregulated, and significant numbers
of genes in the remainder of the cell were differentially regulated in both directions. Our results
indicate that alarm pheromone exposure triggers significant physical remodeling of intracellu-
lar molecular signaling machinery. At the core of sociality is the ability to transmit and respond
to complicated signals from conspecifics [21]. This is widely thought to involve the ability of
nervous systems to rapidly increase the activity of some cellular networks and reduce the activ-
ity of others in response to these signals [22]. Our results suggest that there is another level of
complexity enabled by the ability to remodel macromolecular interaction networks within cells
in response to a transient signal from conspecifics, such as alarm pheromone. This remodeling
would allow for changes in responses to subsequent signals, i.e., for stimuli experienced pres-
ently to enable individuals to “predict” the future. Since our results are based on enrichment of
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orthologous genes between honey bees and mammals, this hypothesis implies the original devel-
opment of this remodeling ability in an ancient common ancestor of mammals and insects.

Based on these results we offer the following speculation about possible mechanisms for mac-
romolecular remodeling within brain cells and organismic sociality. The time scales for protein
folding, for binding reactions, and for assembly of macromolecular complexes from pre-existing
elements, can be fractions of a second, so these processes can take place rapidly enough to be con-
sistent with the time scale of the alarm pheromone response. However, transcription and transla-
tion of genes will take many seconds or minutes [23]. The necessarily faster time scale for the
alarm pheromone response suggests involvement of a more rapid remodeling process, perhaps
involving microRNAs, which have for several years been postulated to play a role in synaptic
plasticity [24]. The recently developed CLIP-seq technology [25] permits comprehensive identifi-
cation of microRNA binding sites in a variety of tissues, including the brain [26]. Thus it should
be possible in the future to explore this speculation and experimentally characterize the roles of
specific microRNA in brain remodeling in response to conspecific signals.

Perhaps one aspect of the dichotomy between highly social and solitary animals is in the
ability of the individual brain cells in social animals to remodel their interaction networks in
response to signals from conspecifics. This ability would not come without a tradeoff, since
maximal speed of response would be achieved by activating existing hard-wired networks.
Thus evolutionary niches have persisted for both highly social and less social animals, with less
social animals optimized for speed of response to all stimuli by activating hard-wired circuits,
while highly social animals have developed the ability to remodel molecular circuits in response
to signals from conspecifics—a process which results in necessarily slower response. This may
also apply to the evolution of the most complex form of conspecific communication-human
language. In this view the corresponding circuits underlying honey bee chemical language and
human auditory language would be “phenologs”; that is, varying phenomes based on ortholo-
gous genes [27].

Methods
Statistical Analyses of Ortholog Gene Counts

The p-values in Table 2 for the average number of metazoan orthologs for each data set were
computed as follows: For each experimental data set, random sets of matching size were sam-
pled from the 7462 honey bee genes that were present in InParanoid database [18] and spotted
on the array, and the average number of orthologs per gene was calculated for each random
set. This random sampling was repeated one million times and the number of random sets
with average ortholog number equal to or larger than the experimental set was counted. The
count divided by 10° gave us the p-value for the average ortholog number of the test set. S1 and
S2 Figs show how the p-values of the average ortholog number of Forager_CG and Alarm_-
Pheromone sets were calculated. The p-values for the total number of orthologs of each set for
each species (Fig 3) were computed similarly.

For calculating the p-value for the CG-WG difference, the KS-test p-values for the CG-WG
difference for Soldier, Forager and Guard (0.026, .122, and .612 respectively) were combined
using Fisher’s method [28].

For calculating the p-value for over-representation of orthologs of placental mammals in the
Alarm_Pheromone set and over-representation of orthologs of insects in the Old_vs_Young set,
p-values in each species (S1 Table) were also combined using Fisher’s method.

In presenting and discussing the results, we use the term “conserved” to be measured by the
number of orthologs that a particular sequence has; i.e., the more orthologs a gene or protein
has in other species, the more “conserved” the gene is.
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Gene Ontology Analysis

Enrichment of the conserved gene sets in particular Gene Ontology categories was determined
using the functional annotation tool in the Database for Annotation, Visualization, and Inte-
grated Discovery (DAVID)[29]. All parameters are default except that we use
GO_TERM_*_ALL instead of GO_*_FAT. Extra functional analyses (of various qualities) were
also included: OMIM_Disease [30], COG_Ontology [31], SP_PIR_Keywords [32], Up_Seq_-
Feature [33], BBID [34], BioCarta [35], Kegg_Pathway [36], Interpro Domains [37], Pir_Su-
perfamily [38], and Smart [39].

The raw Gene Ontology results of “Eutheria-conserved”,Alarm_Pheromone genes are listed
in S2 Table. Figures of Gene Ontology trees (Figs 4 and 5) were generated by Python scripts
and Cytoscape [40]. Benjamini-Hochberg corrected p-values provided by DAVID are used for
indication of significance [29].

Scientific references about the relationship between behavior/neural functions and genes
associated with significant GO terms were identified with GeneCard and manual search with

» »

Google Scholar, using keywords “behavior”,”disease”,”neural”, and”aggression”.

Identifying Metazoan Orthologs of Honey Bee Genes

First, honey bee genes that showed up on the microarray studied in Alaux et al [15] were selected.
This was done based on the annotation file of the Honey Bee Oligonucleotide Microarray [15].
Out of many available methods [14] of defining orthologs, two were chosen, InParanoid [18] and
OrthoMCL [41]. InParanoid has the most extensive coverage of the honey bee proteome and
other proteomes of completed genomes in searchable ortholog databases. Out of all these “micro-
array-present” honey bee genes, we identified those that are also present in InParanoid. This was
done by mapping the BeeBase IDs (which are the IDs used in the data set from Alaux et al [15])
to NCBI Refseq IDs (which are the IDs used in InParanoid for honey bee). 7462 of these “micro-
array-present” honey bee genes are present in InParanoid. At the time of the analysis, there were
100 eukaryotic species in InParanoid with 54 of them (including Apis mellifera) being metazoan
species. With S. cerevisiae added as a control, the data set used for our analysis had 55 species,
which we interrogated for orthology with the 7462 InParanoid honey bee proteins.

Supporting Information

S1 Narrative. S1 and S2 Figs illustrate the computational method for computing the p-
value for enrichment of individual datasets of honey bee genes in orthologs contained in
other metazoan. Randomly selected sets of honey bee genes of the same size as the experimen-
tal set were repeatedly examined for orthologs in the other species. The distribution is shown
as a normal distribution peaking at approximately 32. The different distribution widths in S1
and S2 arise from the different numbers of genes in the corresponding experimental sets. S1
Fig illustrates the results for a particular experimental set that not enriched, and indeed proba-
bly relatively depleted in orthologs, since the genes in the set average only about 30 orthologs.
The p-value (probability of achieving the experimental ortholog number by chance) is given by
dividing the area contained in the red part of the distribution by the total area under the distri-
bution (red plus green). S2 Fig is the corresponding figure for the alarm pheromone set that is
analyzed intensively in this paper, which is seen to be strongly enriched in orthologs to other
species. S1 Table is the spreadsheet providing the raw numbers underlying Fig 3A and 3B. S2
Table is the spreadsheet providing the raw numbers underlying Figs 4 and 5, and also corre-
sponding numbers for two other data sets. One is the alarm pheromone set with orthologs in
mouse and human, but not necessarily in all the placental mammals. This is a larger set of
genes than the one described in more detail in the main body of the paper. The patterns of
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gene ontology enrichment are almost identical to those of the data set described in the main
body of this paper. The other additional set is the alarm pheromone set with orthologs in all
the vertebrate species. This is a smaller set of genes, and contains very few enriched gene ontol-
ogy categories. S3 Table provides in spreadsheet form a comprehensive tabulation of the indi-
vidual honey bee gene and orthology identifications used in this study. S4 Table shows the gene
ontology enrichment categories of the set of genes identified in Tables 5 and 6 of the main text.
(DOCX)

S1 Fig. Distribution of average ortholog number for Forager CG set. This distribution was
generated by random sampling, one million times. Each time, a random set of the same size of
Forager_CG set was retrieved from InParanoid’s whole honey bee gene population (those that
were on the microarray, as defined in Methods). The Average Ortholog Number of the random
set was then calculated as follows: [total number of orthologs of all genes within the set]/[num-
ber of genes within the set].

(TIF)

S2 Fig. Distribution of average ortholog number for Alarm_Pheromone set. This distribu-
tion was generated in the same was as in S1 Fig, using the Alarm Pheromone set.
(TTF)

S1 Table. Table S1. P-values for the number of total orthologs in each species for each set.
Raw data for Fig 3; p-values were calculated by random sampling, from one million sets of ran-
domly chosen genes, each set having the same number of genes as the corresponding experi-
mental set.

(XLSX)

S2 Table. Spreadsheet showing all computed Gene Ontology enrichment results summa-
rized in Figs 3 and 4 and Tables 4 and 5 and also corresponding results for the mouse-and-
human set and the all-vertebrate set.

(XLSX)

$3 Table. Spreadsheet showing differential expression and orthology patterns that pro-
vided the basis for this study.
(XLSX)

S4 Table. Gene Ontology analysis of the 25 human orthologs to Alarm Pheromone genes
identified as associated with mental illness.
(PNG)

Acknowledgments

Thanks are due for useful discussion with members of the Carl R. Woese Institute for Genomic
Biology research theme, “Gene Networks in Neural & Developmental Plasticity,” and C.C. Lutz
for editing the manuscript.

Author Contributions

Conceived and designed the experiments: HL GER EJ. Performed the experiments: HL. Ana-
lyzed the data: HL GER EJ. Wrote the paper: HL GER EJ.

References

1. Robinson GE, Fernald RD, Clayton DF (2008) Genes and social behavior. Science 322: 896-900. doi:
10.1126/science.1159277 PMID: 18988841

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004921 June 30,2016 20/22


http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1004921.s002
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1004921.s003
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1004921.s004
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1004921.s005
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1004921.s006
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1004921.s007
http://dx.doi.org/10.1126/science.1159277
http://www.ncbi.nlm.nih.gov/pubmed/18988841

O PLOS | saipapmonat

Conservation of Aggression-Related Genes

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

Ebstein RP, Israel S, Chew SH, Zhong S, Knafo A (2010) Genetics of human social behavior. Neuron
65: 831-844. doi: 10.1016/j.neuron.2010.02.020 PMID: 20346758

Kitano H (2002) Systems biology: a brief overview. Science 295: 1662—-1664. PMID: 11872829

Toth AL, Robinson GE (2007) Evo-devo and the evolution of social behavior. Trends Genet 23: 334—
341. PMID: 17509723

Belsky J, Jonassaint C, Pluess M, Stanton M, Brummett B, et al. (2009) Vulnerability genes or plasticity
genes? Mol Psychiatry 14: 746-754. doi: 10.1038/mp.2009.44 PMID: 19455150

Carroll SB (2008) Evo-devo and an expanding evolutionary synthesis: a genetic theory of morphologi-
cal evolution. Cell 134: 25-36. doi: 10.1016/j.cell.2008.06.030 PMID: 18614008

O’Connell LA, Hofmann HA (2012) Evolution of a vertebrate social decision-making network. Science
(80-) 336:1154-1157.

O'Tuathaigh CMP, Babovic D, O’Sullivan GJ, Clifford JJ, Tighe O, et al. (2007) Phenotypic characteri-
zation of spatial cognition and social behavior in mice with “knockout” of the schizophrenia risk gene
neuregulin 1. Neuroscience 147:18-27. PMID: 17512671

Cummings ME, Larkins-Ford J, Reilly CRL, Wong RY, Ramsey M, et al. (2008) Sexual and social sti-
muli elicit rapid and contrasting genomic responses. Proc R Soc London, Ser B 275: 393-402.

O’Connell LA, Hofmann HA (2011) The Vertebrate mesolimbic reward system and social behavior net-
work: A comparative synthesis. J Comp Neurol 519: 3599-3639. doi: 10.1002/cne.22735 PMID:
21800319

Ayala F. J., Rzhetsky A., & Ayala F. J. (1998). Origin of the metazoan phyla: molecular clocks confirm
paleontological estimates. Proceedings of the National Academy of Sciences, 95(2) 606-611.

Rittschof CC, Bukhari SA, Sloofman LG, Troy JM, Caetano-Anollés D, et al. (2014) Neuromolecular
responses to social challenge: Common mechanisms across mouse, stickleback fish, and honey bee.
Proc Natl Acad SciU S A 111:17929-17934. doi: 10.1073/pnas.1420369111 PMID: 25453090

Weinstock GM, Robinson GE, Gibbs RA, Worley KC, Evans JD, et al. (2006) Insights into social insects
from the genome of the honeybee Apis mellifera. Nature 443: 931-949. PMID: 17073008

Fang G, Bhardwaj N, Robilotto R, Gerstein MB (2010) Getting started in gene orthology and functional
analysis. PLoS Comput Biol 6: €1000703. doi: 10.1371/journal.pcbi.1000703 PMID: 20361041

Alaux C, Sinha S, Hasadsri L, Hunt GJ, Guzman-Novoa E, et al. (2009) Honey bee aggression supports
a link between gene regulation and behavioral evolution. Proc Natl Acad Sci 106: 15400—15405. doi:
10.1073/pnas.0907043106 PMID: 19706434

Hunt GJ (2007) Flight and fight: a comparative view of the neurophysiology and genetics of honey bee
defensive behavior. J Insect Physiol 53: 399-410. PMID: 17379239

Ben-Shahar Y, Robichon A, Sokolowski MB, Robinson GE (2002) Influence of gene action across dif-
ferent time scales on behavior. Science (80-) 296: 741-744.

Ostlund G, Schmitt T, Forslund K, Késtler T, Messina DN, et al. (2010) InParanoid 7: new algorithms
and tools for eukaryotic orthology analysis. Nucleic Acids Res 38: D196—D203. doi: 10.1093/nar/
gkp931 PMID: 19892828

Press WH, Teukolsky SA, Vetterling WT, Flannery BP (1992) Numerical Recipes in C: The Art of Scien-
tific Computing ( New York. Cambridge Univ Press: 620—-628.

Binns D, Dimmer E, Huntley R, Barrell D, O’Donovan C, et al. (2009) QuickGO: A web-based tool for
Gene Ontology searching. Bioinformatics 25: 3045—-3046. doi: 10.1093/bioinformatics/btp536 PMID:
19744993

Wilson EO (2000) Sociobiology. Harvard University Press.

Insel TR, Fernald RD (2004) How the brain processes social information: searching for the social brain.
Annu Rev Neurosci 27: 697-722. PMID: 15217348

Coulon A, Chow CC, Singer RH, Larson DR (2013) Eukaryotic transcriptional dynamics: from single
molecules to cell populations. Nat Rev Genet 14: 572-584. doi: 10.1038/nrg3484 PMID: 23835438

Serafini G, Pompili M, Innamorati M, Giordano G, Montebovi F, et al. (2012) The role of microRNAs in
synaptic plasticity, major affective disorders and suicidal behavior. Neurosci Res 73: 179-190. doi: 10.
1016/j.neures.2012.04.001 PMID: 22521503

Murigneux V, Sauliére J, Roest Crollius H, Le Hir H (2013) Transcriptome-wide identification of RNA
binding sites by CLIP-seq. Methods 63: 32—40. doi: 10.1016/j.ymeth.2013.03.022 PMID: 23545196

Boudreau RL, Jiang P, Gilmore BL, Spengler RM, Tirabassi R, et al. (2014) Transcriptome-wide discov-
ery of microRNA binding sites in Human Brain. Neuron 81: 294-305. doi: 10.1016/j.neuron.2013.10.
062 PMID: 24389009

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004921 June 30,2016 21/22


http://dx.doi.org/10.1016/j.neuron.2010.02.020
http://www.ncbi.nlm.nih.gov/pubmed/20346758
http://www.ncbi.nlm.nih.gov/pubmed/11872829
http://www.ncbi.nlm.nih.gov/pubmed/17509723
http://dx.doi.org/10.1038/mp.2009.44
http://www.ncbi.nlm.nih.gov/pubmed/19455150
http://dx.doi.org/10.1016/j.cell.2008.06.030
http://www.ncbi.nlm.nih.gov/pubmed/18614008
http://www.ncbi.nlm.nih.gov/pubmed/17512671
http://dx.doi.org/10.1002/cne.22735
http://www.ncbi.nlm.nih.gov/pubmed/21800319
http://dx.doi.org/10.1073/pnas.1420369111
http://www.ncbi.nlm.nih.gov/pubmed/25453090
http://www.ncbi.nlm.nih.gov/pubmed/17073008
http://dx.doi.org/10.1371/journal.pcbi.1000703
http://www.ncbi.nlm.nih.gov/pubmed/20361041
http://dx.doi.org/10.1073/pnas.0907043106
http://www.ncbi.nlm.nih.gov/pubmed/19706434
http://www.ncbi.nlm.nih.gov/pubmed/17379239
http://dx.doi.org/10.1093/nar/gkp931
http://dx.doi.org/10.1093/nar/gkp931
http://www.ncbi.nlm.nih.gov/pubmed/19892828
http://dx.doi.org/10.1093/bioinformatics/btp536
http://www.ncbi.nlm.nih.gov/pubmed/19744993
http://www.ncbi.nlm.nih.gov/pubmed/15217348
http://dx.doi.org/10.1038/nrg3484
http://www.ncbi.nlm.nih.gov/pubmed/23835438
http://dx.doi.org/10.1016/j.neures.2012.04.001
http://dx.doi.org/10.1016/j.neures.2012.04.001
http://www.ncbi.nlm.nih.gov/pubmed/22521503
http://dx.doi.org/10.1016/j.ymeth.2013.03.022
http://www.ncbi.nlm.nih.gov/pubmed/23545196
http://dx.doi.org/10.1016/j.neuron.2013.10.062
http://dx.doi.org/10.1016/j.neuron.2013.10.062
http://www.ncbi.nlm.nih.gov/pubmed/24389009

B PLOS | Suryanonat

Conservation of Aggression-Related Genes

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

4.

42,
43.

McGary KL, Park TJ, Woods JO, Cha HJ, Wallingford JB, et al. (2010) Systematic discovery of nonobvi-
ous human disease models through orthologous phenotypes. Proc Natl Acad Sci U S A 107: 6544—
6549. doi: 10.1073/pnas.0910200107 PMID: 20308572

Fisher SRA, Genetiker S, Fisher RA, Genetician S, Britain G, et al. (1970) Statistical methods for
research workers. Oliver and Boyd Edinburgh.

Da Wei Huang BTS, Lempicki RA, others, Huang DW, Sherman BT (2008) Systematic and integrative
analysis of large gene lists using DAVID bioinformatics resources. Nat Protoc 4: 44-57.

Hamosh A, Scott AF, Amberger JS, Bocchini CA, McKusick VA (2005) Online Mendelian Inheritance in
Man (OMIM), a knowledgebase of human genes and genetic disorders. Nucleic Acids Res 33: D514—
D517. PMID: 15608251

Tatusov RL, Koonin E V, Lipman DJ (1997) A genomic perspective on protein families. Science 278:
631-637. PMID: 9381173

Wu CH, Huang H, Nikolskaya A, Hu Z, Barker WC (2004) The iProClass integrated database for protein
functional analysis. Comput Biol Chem 28: 87-96. PMID: 15022647

Bairoch A, Bougueleret L, Altairac S, Amendolia V, Auchincloss A, et al. (2008) The universal protein
resource (UniProt). Nucleic Acids Res 36: D190-D195. PMID: 18045787

Becker KG, White SL, Muller J, Engel J (2000) BBID: the biological biochemical image database. Bioin-
formatics 16: 745-746. PMID: 11099263

Nishimura D (2001) BioCarta. Biotech Softw Internet Rep Comput Softw J Sci 2: 117—-120.

Kanehisa M, Goto S (2000) KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res 28:
27-30. PMID: 10592173

Apweiler R, Attwood TK, Bairoch A, Bateman A, Birney E, et al. (2001) The InterPro database, an inte-
grated documentation resource for protein families, domains and functional sites. Nucleic Acids Res
29: 37-40. PMID: 11125043

Wu CH, Nikolskaya A, Huang H, Yeh L-SL, Natale DA, et al. (2004) PIRSF: family classification system
at the Protein Information Resource. Nucleic Acids Res 32: D112-D114. PMID: 14681371

Schultz J, Copley RR, Doerks T, Ponting CP, Bork P (2000) SMART: a web-based tool for the study of
genetically mobile domains. Nucleic Acids Res 28:231-234. PMID: 10592234

Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, et al. (2003) Cytoscape: a software environment
for integrated models of biomolecular interaction networks. Genome Res 13: 2498-2504. PMID:
14597658

Li L, Stoeckert CJ, Roos DS (2003) OrthoMCL: identification of ortholog groups for eukaryotic
genomes. Genome Res 13:2178-2189. PMID: 12952885

Kiontke K, Fitch DHA (2005) The phylogenetic relationships of Caenorhabditis and other rhabditids.

Miller W, Rosenbloom K, Hardison RC, Hou M, Taylor J, et al. (2007) 28-way vertebrate alignment and
conservation track in the UCSC Genome Browser. Genome Res 17: 1797-1808. PMID: 17984227

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004921 June 30,2016 22/22


http://dx.doi.org/10.1073/pnas.0910200107
http://www.ncbi.nlm.nih.gov/pubmed/20308572
http://www.ncbi.nlm.nih.gov/pubmed/15608251
http://www.ncbi.nlm.nih.gov/pubmed/9381173
http://www.ncbi.nlm.nih.gov/pubmed/15022647
http://www.ncbi.nlm.nih.gov/pubmed/18045787
http://www.ncbi.nlm.nih.gov/pubmed/11099263
http://www.ncbi.nlm.nih.gov/pubmed/10592173
http://www.ncbi.nlm.nih.gov/pubmed/11125043
http://www.ncbi.nlm.nih.gov/pubmed/14681371
http://www.ncbi.nlm.nih.gov/pubmed/10592234
http://www.ncbi.nlm.nih.gov/pubmed/14597658
http://www.ncbi.nlm.nih.gov/pubmed/12952885
http://www.ncbi.nlm.nih.gov/pubmed/17984227

