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The study of mechanisms and pathways enable the evolution of social living is important step for a
broader understanding of evolution of life.

In eusocial animals, pheromones control two distinct aspects of the division

of labour: reproduction and division of tasks amongst workers. It has been suggested that
eusociality arose on multiple events from pheromone-mediated co-option of pathways present in
solitary insects. Using a solitary insect model, I sought to determine if these similar
transcriptomic signals resulted from the co-option of similar pathways or varying pathways subject
to convergent evolution. 1 measured the transcriptomic and physiological response of Drosophila
melanogaster to pheromones from bumblebees, honey bees, and termites. In each case | observed a
strong physiological response - the reduction of ovary size. However, | could not detect any
conserved pathway or genes acting as a primer for eusociality. This strongly suggests that
pheromone-mediated eusociality is the result of convergent evolution.
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When studying the evolution of life on earth, it is possible to observe the presence of a
few drastic changes in the complexity on which organisms are organised, termed
"Major Evolutionary Transitions". Each evolutionary transition transformed the
evolutionary process as evolutive pressure was vastly different between ancestral and
derived states. They also required considerable innovation and changes in physiology,
gene regulation and activation. Such as the transition from Prokaryotic cells to
eukaryotic cells, unicellular to multicellular organisms and from solitary to group living.
As such, the investigation of the mechanisms that enable these transitions (i.e.
physiological, genetic, ecological, transcriptional) has held a prominent status amongst
scientists.

The evolution of social living, sociality, is perhaps one of the most studied
transitions, especially in cases where animals display extreme forms of altruistic
behaviour, such as forfeiting personal reproduction, as observed in eusocial animals.
Eusociality if considered the highest form of organisation of sociality and is defined by
cooperative brood care, overlapping generations within a colony, and a division of
labour into reproductive and non-reproductive groups. Division of labour is one the
most studied traits in eusocial insects, as it is highly dependent on reproductive
altruism when most of the group members trade their reproduction to increase (i.e.
workers) the reproductive success of another individual (i.e. queens). The control of
such reproductive state varies, determined by nutrition or chemical control. Higher
eusocial insects, such as wasps, ants, honeybees and termites, evolved independently
of the type of chemical control, the use of pheromones, that can control behaviour (e.g.
cooperative brood care) and physiology (e.g. ovary development) of workers.

Complex traits, rarely (if ever) appear from nothing. They evolve from the co-
option of preexisting genes and gene networks. As a result, if a complex trait evolves
from the co-option of existing genes, the modification of upstream factors within the
network in an ancestral organism could generate modifications comparable to the
derived structure. This seems to be the case of eusocial animals. Comparative
analyses of gene expression between different eusocial species indicate that eusocial
traits evolved from the co-option of pathways present in solitary ancestors. However,
cross-species transcriptomic comparisons are complicated due to the evolutionary
distances between eusocial insect species as inter-species gene orthologs may have
vastly different functions. Therefore, differences or similarities in expression patterns
between two highly divergent species can be highly misleading. Thus, pheromone-
induced transcriptomic changes reflect extensive evolutionary optimisation of affected
networks. One approach to overcome this problem is to investigate transcriptomic
changes induced by varying pheromones in a single species. This permits the study of
conserved and co-opted transcriptomic changes and identifies molecular signatures of
these rare evolutionary events.



In this research, | investigated how pheromones alter physiology and gene expression
in solitary individuals. Using Drosophila melanogaster, | examined if pheromones
regulating eusociality evolved from the co-option of similar pathways present in solitary
ancestors. Specifically, | investigated whether distinct pheromones have a similar
profile, genetic and physiological, across multiple instances in which it evolved, as
previously suggested. | present a comprehensive transcriptome dataset set
investigating gene expression associated with the reproductive division of labour.
Specifically, | focus on expression changes induced by queen pheromone produced by
termites (Reticulitermes speratus), bumblebees (Bombus terrestris) and honey bees
(Apis mellifera) and brood pheromone produced by honey bee larvae. | leveraged this
data set to perform, to my knowledge, the most up to date comparison of differentially
vs distinct (i.e. non-homologous) expressed genes associated with the maintenance of
eusociality. These results were further developed into an online application that aims to
facilitate further exploration of results and can be readly accessible - https://bxuom8-
mariana-velasque.shinyapps.io/Eusocial_pheromone/.

| used the fruit fly, D. melanogaster, to investigate the hypothesis that eusociality
evolved multiple times by co-opting existing regulatory pathways present in a solitary
ancestor. | achieved this by studying the pheromone genetic signature of fruit fly
exposed to pheromones from three different eusocial species: honey bee queen
mandibular pheromone (QMP), bumblebee queen pheromone (Bu), termite queen
pheromone (T) and a pheromone produced by honey bee larvae, the brood pheromone
(Br). To simulate conditions present in eusocial colonies, when they are exposed to
both brood and queen pheromone, | also added a group with a mix of queen and brood
pheromone (QMP + Br).

Flies were raised on standard Bloomington media at 24 °C under a 16h light /
8h dark cycle in 50 mL vials. The D. melanogaster strain Canton-S, a generous gift
from the Van Vactor Unit, was used in all experiments. Each experimental vial
contained 10 each of male and female approximately 5 day old flies and each
treatment consisted of 10 vial replicates. Bloomington fly food was made and allowed
to cool to >60°C before mixing in each of the phenomenon treatments ata 1 in 150 ml
concentration. Ten millilitres of supplemented food was added to each vial and left to
dry for 24 hours. Vials were kept at 25°C and under a powerful extractor to prevent
cross-contamination due to pheromone volatility. Adult flies were left on the vial for four
days to lay eggs and then removed and discarded. Virgin females were collected and
allowed to mature for 5 days in vials containing the aforementioned food with the
corresponding treatment pheromone.

Ovary collection for measurement was performed in triplicate and on the same
day to prevent temporal changes in physiological measurements of ovaries. Ovary



image identities were encoded such that they could be measured blind to reduce bias.
Measurements were performed using ImageJ2.

For RNA sequencing, | randomly selected 4 vials and pulled 5 ovaries per vial.
RNA extraction was performed with an in-house modified protocol. Libraries were
prepared using NEBNext® Ultra™ || Directional RNA Library Prep Kit (E7760L) for
lllumina as instructed by the manufacturer.

The complete analysis pipeline and associated results are publicly available at
https://github.com/marivelasque/eusociality evolution. This also includes code for the

Shiny application that can be assessed at https://bxuom8-mariana-

velasque.shinyapps.io/Eusocial pheromone/. RNA data as assessed using FASTQC

and trimmed with Trimmomatic 0.38. Transcript abundance was calculated with
RSEM/bowtie2. Mapping and abundance calculations were performed against the D.
melanogaster genome assembly BDGP6 (release 89). Differential expression analysis
was performed using edgeR, limma-voom and DEseq?2. All p-values were adjusted to
control the false discovery rate using the Benjamini-Hochberg method. Threshold of
significance was defined by P<0.05. In addition to the differential gene expression
analysis, | also used two complementary approaches to investigate changes in gene
network mediated by eusocial pheromones, eighted Gene Co-Expression Network
Analysis WGCNA and dcanr. Threshold of significance was defined by P<0.05. Gene
Ontology and KEGG (Kyoto Encyclopedia of Genes and Genomes) were estimated
using topGO and clusterProfiler respectively to identify enriched terms.

To ensure pheromonal induced changes in the fruit fly transcriptome is
comparable to eusocial insects, | also compared the network conservation of eusocial
insects, Apis mellifera and Bombus terrestris, and fruit flies exposed to pheromone.
This comparison was made using preservation statistics in a WGCNA integrated
function (modulePreservation). Threshold of significance was defined by P<0.05. No
publically available pheromone termite treatment data were identified.

| identified a significant change in ovary size across all pheromone treated D.
melanogaster relative to solvent only controls (Repeated measures ANOVA F 6,180, p
< 0.0001; Figure 1; Tables S1 — S3). | did not find significant differences in ovary size
between the two controls (p = 1.0; Figure 1). Although pheromone treatment strongly
inhibited ovary size, their effects varied in strength. Bumblebee and Termite
pheromone had similar (p = 1) severe pheromone-mediated ovary reductions of 0.32
mm2 and 0.35 mm2 (mean; n=10) respectively. Pheromone treatments from A.
mellifera queen mandibular pheromone (QMP), Brood and the QMP and Brood mix
pheromone induced similar reductions on ovary size (QMP and Brood vs QMP p =1;
QMP and Brood vs Brood p =1; QMP vs Brood p = 0.064) of 0.51 mm2, 0.65 mm2 and
0.59 mm2 (mean; n=10) respectively.



Using conventional differential gene expression analysis, edgeR, | identified no
overlap between pheromone treatment groups. Within each treatment, | identified
similar numbers of differentially expressed genes with brood pheromone treatment
being elevated compared to other treatments. There was no shared core of pheromone
response genes and negligible inter-treatment overlap (Figure 2B). As | was unable to
identify a core of differentially expressed genes, | investigated if pheromone-mediated
changes in gene expression affected reproductive physiology through similar cellular
processes. | compared gene enrichment of pheromone induced changes in the
transcriptome using GO (gene ontology) and KEGG (Kyoto Encyclopedia of Genes and
Genomes) annotations. Although I identified some inter-treatment pathway enrichment,
again | failed to identify a core pathway/pathways.

Eusocial pheromones originated at least 100 Mya and evolved independently in
multiple species. Their evolution and signal can be well traced across three groups:
Blatoidea, Hymenoptera and Coleoptera, causing virtually a similar phenotype in all
groups. The independent evolution of pheromones, the high conservation with their
eusocial counterpart, combined with these results (i.e. pheromone treatment causing
the similar ovary reaction in flies with no overlapping gene network and pathways)
suggests pheromones are not a product of gene co-option, but the result of convergent
phenotypic evolution. Producing a similar phenotype (inhibition of ovary development)
through a different pathway in the species on which it evolved.
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Figure 1 — (A) Pheromone treatment resulted in reduced Drosophila melanogaster
ovary size and (B) D. melanogaster gene expression.
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