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Abstract

Termite colonies are characterized by a division of labour into reproductive and helper castes
(soldiers and workers). Caste differentiation is associated with differences in gene expression
that reflect developmental and evolutionary origins. I used RNA-seq to investigate genome-
wide expression patterns of reproductive nymph, soldier, and worker castes of Reticulitermes
flavipes from three populations. I found 93 genes differentially expressed as a function of
caste, with the majority of genes being uniquely up-regulated in soldiers. My findings
suggest that soldiers evolved genes that are distinct from nymphs and workers, and are signs
of possible genomic novelty. I also analyzed this transcriptome as a function of population
since R. flavipes is invasive to Canada and display supercolony-like phenotypes such as lack
of kin recognition. I found 302 differentially expressed genes, with 77% of these biased
toward their invasive-native status. These population gene sets indicate molecular level

adaptations to the observed invasive phenotypes.
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Chapter 1

1 General Introduction

1.1 Evolution of eusociality

Eusociality is the highest level of social organization in animals (Wilson, 1971). It has three
defining characteristics: cooperative brood care, overlapping generations, and reproductive
division of labour amongst individuals living within a colony (Bourke, 2014; Crespi &
Yanega, 1995). Though rare throughout animal taxa, it has independently evolved at least 20
times (Bourke, 2011a). The evolution of eusociality presents an interesting paradox to
biologists (Ratnieks et al., 2011). After all, why would individuals forgo their own
reproduction to improve that of others? This wasn’t answered until W. D. Hamilton (1964)
elegantly formulated the concept of kin selection and inclusive fitness theory. The major
breakthrough of this theory is that it partitions fitness itself into direct and indirect
components. Therefore, it allowed for a shift from the classic Darwinian way of thinking, in
which fitness maximizes the direct reproductive success of individuals to a gene-centric way
of thinking, where an individual's genes can be transmitted through descendent or non-
descendent kin. It was the total of these two potential sources of individual fitness that
Hamilton called 'inclusive fitness'. The key implications of this idea is that traits with no
effect on direct fitness can still evolve, provided their positive effect on indirect fitness effect

is sufficiently large, as explained by Hamilton's Rule:
r*b>c

Here, even genes for reproductive altruism can evolve if the direct fitness benefit (b) to a
receiver, multiplied (*) by the degree to which the altruist is related (7) to the receiver, is
greater than the direct fitness cost (¢) to the altruist itself. For altruism to evolve via
Hamilton's rule, the altruism must be directed towards relatives, which requires kin
recognition (Penn & Frommen, 2010). To avoid the cost of indiscriminate altruism, kinship

can be maintained by a closed colony system, in which non-kin are kept out (Breed, 2014).

One of the most popular examples of reproductive altruism is the workers and the queen in

honeybees (4Apis mellifera). The haplodiploid sex determination system of the honeybee and



other hymenopterans creates an unusually higher relatedness between sisters. These
‘supersister’ workers help to satisfy the conditions of Hamilton’s rule for altruism, as the
indirect fitness they gain from raising the queen’s female offspring, or their sisters, is greater
than the direct fitness cost of sterility for each individual (Foster et al., 2006). However, not
all species that satisfy this condition evolve eusociality (Thompson & Oldroyd, 2004). There
are other factors necessary for eusociality to evolve. Under the reproductive ground plan
hypothesis (West-Eberhard, 1996), solitary ancestors of eusocial species possess
reproductive and non-reproductive phases, where through disruptive selection, these phases
eventually decoupled for reproductive division of labour into castes. Therefore, evolution of
caste polyphenism into workers and queens evolved as a specialization of tasks performed by
reproductive and non-reproductive individuals. These conditions are well accepted for the
social hymenopterans such as ants, bees, and wasps, but its applicability is debatable for

termites (Howard & Thorne, 2011).

1.2 Termite eusociality

Termites are a monophyletic group (Blattodea: Isoptera) that evolved eusociality
independently once, and before the evolution of eusocial system of Hymenoptera (Grimaldi
& Engel, 2005). Furthermore, there are several fundamental biological differences between
termite and hymenopteran eusocial systems. All termites are diploid, as opposed to
haplodiploid (Lo & Eggleton, 2011). Termite reproductive division of labour is marked by a
wider degree of caste polyphenism, and there are also males and females for all castes
(Thorne, 1997a). They possess both primary (king, queen) and secondary reproductives
(neotenics), and soldiers as an additional non-reproductive helper caste to workers. Adding to
the complexity of termite caste polyphenism, sterility for workers in some families is
facultative, while obligatory in others families (Bourguignon et al., 2015). Juvenile termites
progress through hemimetabolous development via a series of molts before reaching adult
form. Termite hemimetaboly permits a great degree of developmental flexibility. For
example, termite workers can further differentiate into soldiers or secondary reproductives
depending on socio-environmental cues (Watanabe et al., 2014). Termites feed on wood, and
are able to digest the tough and difficult lignocellulose materials with the assistance of

symbiotic microorganisms such as bacteria, fungi, and protists (Lo & Eggleton, 2011).



Besides using wood as food, termites are also able to use wood as nest sites for their colonies

(Eggleton & Tayasu, 2001).

It is clear the conditions of termite eusociality are very different than the social
hymenopterans, and therefore, the origin of eusociality in termites is unique. Because of their
cryptic nests and high density living, parameters for Hamilton’s rule are likely met through
poor dispersal and the potential for nest inheritance. These conditions favour inbreeding (i.e.,
high ) and the potential for would-be-dispersers to assume the position of the king or queen
(i.e., high b) (Korb & Schneider, 2007). Developmentally, how termite caste polyphenism
evolved is also in debate, as a recent study points out that polyphenism may have first
evolved in a solitary cockroach-like ancestor before reproductive division of labour occurring
between reproductive and non-reproductive individuals (Bourguignon et al., 2016). The
presence of winged primary reproductives and wingless secondary reproductives in termites
imply the observed extant polyphenism evolved from differential success of aerial and
ground dispersal, not early reproductive skew amongst individuals. Over time, the close
proximities of individuals promoted helping behaviour from kin selection, which eventually
lead to a reproductive skew between these winged and wingless individuals that facilitated

the evolution of eusociality.

Subsequently, with winglessness as an ancestral state for termites, it also puts in question the
evolutionary status of worker and soldier castes. Soldiers have been widely accepted as an
ancestral caste that evolved prior to workers (Legendre et al., 2013; Roux & Korb, 2004), but
others have proposed that workers evolved prior to soldiers (Bourguignon et al., 2016;
Thompson et al., 2000). Soldier ancestrality arguments are primarily based upon the fact that
soldiers are ubiquitous throughout the termite lineage (secondarily lost in some species), and
workers being derived because certain families possess ‘true’ (obligatory sterile) or ‘false’
(facultatively sterile) workers. However, soldiers differentiate from workers (Roisin & Korb,
2011) and are nutritionally dependent on workers via trophallaxis (Korb et al., 2012), which
creates a paradox of its ancestral status. To better understand termite social evolution, it is

critical to clarify the relationship and origin of the soldier and worker castes.



1.3 Breakdown of eusocial organizations

Interestingly, the rules of eusociality appear to be broken on occasions, and nowhere is it
more prominent than the supercolonies of invasive termites and ants (Giraud et al., 2002;
Helantera et al., 2009; Husseneder et al., 2011; Leniaud et al., 2009). These breakdowns
challenge the fundamentals of termite eusociality evolution and its maintenance moving
forward. Invasive supercolonies are an extreme form of open social organization that contain
multiple reproductives, consist of many individual colonies, and are often several times
larger compared to the closed colonies in their native range (Evans, 2010). Unlike the closed
structure of native colonies where benefits of altruism are exclusive to close reproducing
relatives and aggressively protected, supercolonies freely exchange helping benefits with
little to no aggression that could lead to degradation of the helper trait (Leniaud et al., 2009;
Perdereau et al., 2010). As a result, mating in invasive populations occurs primarily at their
natal supercolonies and new nests form by budding instead of colony founding by nuptial
flights with winged adults (Thorne et al., 1999). These supercolonies can eventually become

massive expansive entities that have no boundaries (Perdereau et al., 2015).

As mentioned, kin recognition is necessary for the maintenance of reproductive altruism and
boundaries between neighbouring colonies (Penn & Frommen, 2010). Proper kin recognition
is a behaviour that is dependent on both environmental and genetic factors, though its effects
are species dependent (Adams, 1991; Florane et al., 2004; Shelton & Grace, 1997). One
explanation of this observed breakdown of kin recognition in supercolonies stems from the
potential genetic consequences associated with the invasion of social insects. When a species
is introduced to a new environment, it suffers from a bottleneck-like effect, where any
subsequent colonies are founded upon low genetic diversity (Husseneder et al., 2009;
Scaduto et al., 2012). This low variation in genetic diversity can have a serious impact on the
kin recognition abilities of individuals in these new colonies because they lack sufficient
variation in genetic cues to effectively distinguish highly-related individuals from individuals
of low relatedness (Dronnet et al., 2006). However, some argued that supercolonies are
essentially all relatives of each other and kin recognition is not defective, but rather enforced
(Hanna et al., 2013; Tsutsui et al., 2003). Other studies have shown there is actually
sufficient genetic diversity available in invasive colonies, and diversity of recognition cues

that is selected against because of the benefits of being in a supercolony (Giraud et al., 2002;



Perdereau et al., 2015). For example, invasive colonies benefit from higher worker numbers
and greater competitive advantage against aggressive neighbours by having a more common
recognition cue (Grosberg & Quinn, 1989; Rousset & Roze, 2007). In multi-queen colonies
of the fire ant, Solenopsis invicta, workers heterozygous at the general protein-9 (Gp-9) locus
selectively kill homozygous queens based on allele mismatches (Bb against BB). In this case,
a particular allele - the 'little ' allele - encodes an odorant binding protein that is thought to
directly mediate the recognition and preferential treatment of queens sharing the same alleles
(Keller & Ross, 1998). For termites, heritable cues are apparent in Microcerotermes workers
that are consistently more aggressive towards genuine non-kin, regardless of any shared
environment (Adams, 1991). Where it has been examined, other species of termites may also
be selectively aggressive towards less related conspecifics (Adams et al., 2007; Bulmer &
Traniello, 2002; Husseneder et al., 2005). Despite promising behavioural evidence for
genetic kin recognition, there isn’t clear evidence to what cues serve as kinship indicators.
There are several candidates to what these indicators of kinship are, such as the cuticular
hydrocarbons of termite exoskeletons (van Zweden & d’Ettorre, 2010), pheromones (Kettler
& Leuthold, 1994), protein secretions (Hanus et al., 2010), or a combination of these factors.
Currently, there is no consensus on which of these determines kin recognition or how this

process is disrupted in invasive termite populations.

1.4 Sociogenomic approach to understanding eusociality

Over recent years, there is increasing awareness of the importance of genes and their roles in
driving eusocial phenotypes (Kapheim, 2016; Thompson et al., 2013). A field dubbed
‘sociogenomics’ has greatly facilitated this development of understanding genes underlying
social traits (Robinson et al., 2005). By merging the ‘why’ of sociobiology with the ‘how’ of
molecular biology, this new approach helped to overcome some of the mechanistic level
challenges by quantifying and characterizing genes underlying phenotypes (Roux et al.,
2014; Scharf, 2015). Specifically, the sequencing and publication of two termite genomes
(Poulsen et al., 2014; Terrapon et al., 2014) revealed conservation of eusociality regulation
with social hymenopterans involving important juvenile hormone regulators such as
hexamerins and cytochrome P450 genes (Tarver et al., 2012; Zhou et al., 2007), and genes
related to reproduction such as the egg yolk precursor protein, vitellogenin (Scharf et al.,

2003). Despite these similarities, there were also many signs of alternative methods of social



organization with large differences in genome size, gene content, and rapid expansion and
contraction of gene families related to chemoreception, immunity, caste differentiation, and
the added genomes of their gut symbionts (Poulsen et al., 2014; Terrapon et al., 2014). More
importantly, multi-caste transcriptomic level comparisons provided a more comprehensive
view of co-regulatory patterns amongst genes and whole gene sets in termites. These findings
encourage us to re-think the path to eusociality for termites and allow us to test new and
existing hypotheses of termite social evolution with genetic level evidence. Regarding the
evolutionary status of workers and soldiers, transcriptomic comparison of various castes in
the dampwood termite, Zootermopsis nevadensis, showed a greater proportion of gene co-
regulation between workers and nymphs, primary and secondary reproductives, while
soldiers appeared to be uniquely regulated (Terrapon et al., 2014). Though large-scale
transcriptomic studies like these are rare for termite castes (Scharf, 2015), comparisons like
these for ants and bees already provide unprecedented insights into social hymenopteran
evolution (Kapheim, 2016; Mikheyev & Linksvayer, 2015). Specifically, differential gene
expression between queen and worker castes consistently found that the worker caste is a
source of genomic novelty as supported by the up-regulation of primarily taxonomically
restricted genes compared to queens up-regulating more universal and conserved genes
(Feldmeyer et al., 2014; Harpur et al., 2014). The patterns have yet to be determined in
termites, but more large-scale transcriptomic efforts could help clarify the evolutionary

relationships of their caste evolution.

As for testing large-scale genetic differences in phenotypes such as invasive supercolonies,
the application of sociogenomics could be equally as informative. Previous genetic studies of
invasive population have generated foundational knowledge from a genetic diversity
perspective (Evans et al., 2013). Advances in next-generation sequencing and bioinformatic
analysis tools now allow non-model organisms such as invasive species to be sequenced and
quantified without a prerequisite genome (Oppenheim et al., 2015). Utilizing this new
transcriptomic technology, we could finally begin to test for functional genomic components
to supercolony phenotypes such as lack of kin recognition, presence of multiple
reproductives, and large population densities. Just as comparative transcriptomics between
castes revolutionized our understanding of caste polyphenism in social insects (Robinson et

al., 2005), the same application of transcriptomic technology applied to invasive and native



termite populations in a comparative context, could reveal a new level of resolution for
‘invasion genes’ and molecular pathways affected by invasive events (Chown et al., 2015).
Furthermore, we can use these transcriptomic data to detect potential adaptive shifts,
dynamics of termites’ response to new selection pressure, and potential fitness trade-offs in
these invasive supercolonies. Besides addressing fundamental sociobiology questions, these
genetic data will also be extremely valuable from an application perspective, as they can help
to develop more effective management strategies to exploit these genetic changes to prevent

future invasion events.

1.5 Overall thesis objectives, hypotheses, and predictions

My overall goal was to use a comparative transcriptomics approach (RNA-seq) to measure
the changes in gene expression that correlate with differences in castes and populations in the

Eastern subterranean termite, Reticulitermes flavipes. My specific objectives were to:
I. Assemble and annotate a de novo R. flavipes reference transcriptome

Previous R. flavipes transcriptomic work (Scharf, 2015) identified some key genes and
molecular pathways that are involved in the caste differentiation process and provided some
of the first large-scale expression data for multi-caste comparisons. From these results, it
appeared that some castes shared more similarities in gene expression than others, and is
suggestive of underlying development and evolutionary patterns. However, these patterns
were not definitive as there were lack of gene annotations and sequencing power. Since then
two termite genomes (Terrapon et al., 2014; Poulsen et al., 2014) and several other social
hymenopteran genomes (Libbrecht et al., 2013; Kapheim et al., 2015) have been published,
greatly increasing the available gene reference resources. In my thesis, I used both available
termite and hymenopteran gene references to annotate a reference transcriptome for the
nymph, soldier, and worker castes of R. flavipes. Having this reference transcriptome allowed
me to make better gene predictions, stronger biological inferences, and be confident in the

outcomes of comparative analyses for my second and third objectives.

I1. Test whether gene expression between castes is associated with development or

evolutionary history



To test for caste-biased gene expression patterns, I applied an in silico differential gene
expression analysis to the RNA-seq data that I obtained from the reproductive nymph caste,
and non-reproductive soldier and worker castes. If gene expression patterns reflect termite
development, then I expect there will be a reproduction bias as the gene expression profiles
of soldiers and workers will be more similar compared to that of the nymphs, in the topology
of [nymph, (soldier, worker)]. In terms of evolutionary history, under single origin of true
worker hypothesis, then I would expect nymphs and workers to share similar gene expression
profiles compared to soldiers [(nymph, worker), soldier]. Under a soldier first hypothesis, I
would expect the gene expression profiles of nymphs and soldiers to be more similar
compared to workers [(nymph, soldier), worker]. If gene expression is neither influenced by
development or evolutionary history, then I expect the gene expression profiles to be caste-

specific [nymph, soldier, worker].

II1. Compare gene expression between invasive and native populations

To test for biases in gene expression associated with different termite populations, I
performed a similar analysis to that outlined above for caste, but in this case I used
‘population' as my predictor variable, while holding caste constant. I used RNA-seq data
from one invasive population (Toronto ON) and two native populations (Boston MA,
Raleigh NC) of R. flavipes. If invasiveness or population has an influence on gene
expression, then I expect that the two native populations will share a more similar gene
expression profile than either will to the single invasive population [T, (B, R)]. Because the
invasive Toronto population is relatively new (Urquhart, 1953), habituated in an urban
environment, and is potentially founded from a single introduction (Scaduto et al., 2012), I
expect the Toronto population gene expression profile to reveal potential adaptive molecular

Processes.
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Chapter 2

2 Caste-biased gene expression in a subterranean termite
reveals distinct functional specialization of the soldier
caste

2.1 Introduction

Termites comprise a monophyletic clade of eusocial cockroaches (Isoptera; Inward et al.,
2007; Lo et al., 2000). As such, termites live in colonies that are characterized by a
pronounced reproductive division of labour. The termite king and queen castes are
specialized for sexual reproduction, whereas the soldier and worker castes are specialized for
non-reproductive roles to support the reproductives in the form of foraging, brood care and
nest defense, among other behaviours that ultimately contribute to their indirect fitness
(Shellman-Reeve, 1997; Thorne, 1997). The indirect selection of genes for reproductive
altruism is predicted from inclusive fitness theory (Bourke, 2011; Hamilton, 1964; Marshall,
2015), but few sociogenomic studies of termites have attempted to relate observed gene
expression patterns with developmental or evolutionary processes that give rise to each caste

(e.g., Corona et al., 2015; Ishikawa et al., 2010; Miura & Scharf, 2010).

One approach towards understanding how genes affect caste differentiation in termites and
other social insects is to first identify genes via their coordinated expression within castes
(Robinson et al. 2005; Scharf 2015). Many termite species have a strong bifurcating caste
developmental program, whereby early-instar larvae begin to differentiate along reproductive
or non-reproductive lines — the former leading to sexual nymphs or imagoes (Figure 2.1). The
non-reproductive line, by contrast, can differentiate into a non-reproductive worker caste,
some proportion of which further differentiate into sterile soldiers (Noirot & Pasteels, 1987).
For termite species that have evolved this distinct bifurcating program (in the families
Termitidae, Rhinotermitidae, Hodotermitidae, Mastotermitidae; Roisin & Korb, 2011), I
expect workers and soldiers to show fewer gene expression differences than either of these
castes shows compared to the reproductive nymphs. After all, soldiers and workers are both
reproductively altruistic castes and share a greater portion of their developmental trajectory

(Korb & Hartfelder, 2008).
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Alternatively, termite soldiers are unique among social insect castes (Roisin, 2000), and by
some accounts, may have evolved earlier in termite social evolution than workers did
(Thorne et al., 2003). The distinct soldier phenotype therefore may be under the regulation of
different or otherwise specialized genes relative to those that distinguish workers from
nymphs (Miura & Scharf, 2011). Early gene expression studies on Reticulitermes appeared to
favour the former scenario, with the majority of genes in targeted screens showing biased
expression between reproductive and non-reproductive castes (Scharf et al., 2005; Mitaka et
al., 2016). However, this correlation between transcription and reproductive function is not
always clear (Steller et al., 2010), and can vary as a function of the genes and samples
screened (Table 2.1). An early 24-gene macroarray found that soldiers were distinct in their
gene expression from workers and nymphs (Scharf et al., 2003). Comparable studies of caste
differences in other termite groups — for example, the dampwood termites, have again found
soldiers to be well-separated from other castes (Terrapon et al., 2014). Therefore, it remains
uncertain whether the gene expression profile of soldiers is distinct from other castes or if

they mostly align with that of workers.

In this study, I used mRNA-Sequencing (RNA-seq) technology and associated
bioinformatics analyses to test the two hypotheses outlined above. Specifically, I compared
transcriptome-wide gene expression profiles for reproductive (nymph) and non-reproductive
(soldier and worker) castes of the Eastern subterranean termite, R. flavipes (Rhinotermitidae).
I predicted either of two outcomes: comparison of gene-expression differences between the
three castes will reveal soldier and worker expression to be more similar than either caste is
to the reproductive nymphs (Korb & Hartfelder, 2008) — or reveal that worker and nymph
gene expression, by default, are more similar to each other compared to a relatively novel
and defensively-specialized soldier caste (Bourguignon et al., 2016). The [worker + soldier]
grouping would suggest that shared development and non-reproductive functions explain the
underlying expression pattern (Korb & Hartfelder, 2008; Legendre et al., 2013; Roux &
Korb, 2004). By contrast, the [worker + nymph] grouping, would suggest that soldiers
potentially accrued a gene regulatory pattern that is unique from both the reproductive and
the prerequisite non-reproductive worker caste (Bourguignon et al., 2016; Thompson et al.,

2004).
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Figure 2.1 Reticulitermes flavipes developmental pathways. The egg matures into an
undifferentiated juvenile (early-instar), which can then differentiate along reproductive
(green) or essentially non-reproductive (red) lines. Nymphs can further differentiate into
primary reproductives (alates, subsequently king and queen) or secondary reproductives
(nymphoid neotenics). Workers, by contrast, can differentiate into a defensive soldier caste,
or rarely, worker-based form of secondary reproductive (ergatoid neotenic). The lifecycle

depicted here is simplified from Lainé & Wright (2003).
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Table 2.1 Summary of transcriptome analysis studies that compare gene expression among
termite castes. The clustering of overall gene expression patterns is shown here in nested
bracket notation [N - nymph, S- soldier, W- worker] as inferred from the studies cited.
Original studies may have included additional castes (e.g., alates (A), pre-soldiers, etc.),
multiple developmental stages (e.g., early vs. late instar), or tissue types (e.g., mandible only,

whole body, etc.). I simplify the relevant comparisons here.

Overall expression

Termite Family Species Type of screen Reference
pattern
Rhinotermitidae Reticulitermes flavipes ~ 24-gene macroarray [(N, W), S] Scharf et al., 2003
34-gene macroarray [N, (S, W)] Scharf et al., 2005
~15K EST library [A, S, W] Steller et al., 2010
R. speratus RNA-Seq of 53 chemoreception-related [A, (S, W)] Mitaka et al., 2016
genes
Archotermopsidae  Hodotermopsis Differential display and qPCR of 12 [S, W] Koshikawa et al.,
sjostedti genes 2005
Zootermopsis Whole transcriptome RNA-Seq [(N, W), S] Terrapon et al.,
nevadensis 2014
2.2 Methods

2.2.1 Termite sample collection

In the fall of 2014, I obtained live Eastern subterranean termite (R. flavipes) samples from
one invasive population in Canada (Toronto, ON) and two native populations in the United
States (Boston, MA; Raleigh, NC). Within each population, I sampled termites from three
geographically separate colonies (> 1 km), providing a measure of biological replication
(Table 2.2). I collected these termites using a live trapping method (see Raffoul et al. 2010
for complete details). I dug holes approximately 40 cm deep in soil near known sites of R.
flavipes infestation and placed a roll of corrugated cardboard (10 x 10 x 12 cm) in the hole
along with a piece of plywood (10 x 10 x 1 cm) as a lid. I returned to the trap sites
approximately seven days later and dug out the now termite-infested cardboard and nearby
soil into a clear plastic container (30 x 15 x 10 cm). The termite samples were then
transported back to the lab at the University of Western Ontario (London, Canada), where I
flash-froze all field-caught termite samples in liquid nitrogen and stored them at -80°C until
RNA extraction. I verified the species identity of termite samples by referencing

mitochondrial DNA barcodes from one individual worker per colony against two R. flavipes
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reference sequences (ISOUS058-12, GBA8807-12) and one outgroup sequence from the
congeneric R. virginicus (GBA8805-12) in the Barcode of Life Database (BOLD v3;
Ratnasingham & Hebert, 2007). For this part of the analysis, I PCR amplified and sequenced
a 658 bp fragment of the cytochrome c oxidase subunit I (COI) gene using primers LCO1490
and HCO2198 previously developed by Folmer et al. (1994). I then used default settings in
GENEIOUS R8 alignment software (Kearse et al., 2012) to estimate the positional homology of
all termite sequences. From this alignment, I used GENEIOUS R8 Tree Builder (Kearse et al.,
2012) under a Tamura-Nei genetic distance model to infer a neighbour-joining tree of the
termite samples. | expected sequences from the same species and population to cluster
together on the tree. Finally, I used Lainé & Wright's (2003) morphological descriptions to
distinguish R. flavipes reproductive (nymph) and non-reproductive (worker and soldier)

castes, as well as males from females.

Table 2.2 Specimen localities for R. flavipes samples used in this study.

Population Colony # Locality Date Collected Latitude Longitude

1 USA: Massachusetts, Newton 1 2014-09-18 42°20'10.59"N 71°1226.01"W*

Boston 2 USA: Massachusetts, Newton 2 2014-09-18 42°20'10.59"N 71°12'26.01"W*
3 USA: Massachusetts, Newton 3 2014-09-18 42°20'10.59"N 71°1226.01"W*
1 USA: North Carolina, Lake Wheeler 2014-09-18 35°41'40.20"N 78°41'58.10"W

Raleigh 2 USA: North Carolina, Schenck Forest 2014-10-14 35°48'59.04"N 78°43'36.54"W
3 USA: North Carolina, Yates Mills 2014-09-18 35°43'17.85"N 78°41'3.77"W
1 CAN: Ontario, Toronto, Danforth 1 2014-09-14 43°39'52.64"N 79°2121.20"W

Toronto 2 CAN: Ontario, Toronto, Danforth 2 2014-09-14 43°41'17.50"N 79°18'6.75"W
3 CAN: Ontario, Toronto, Danforth 3 2014-09-14 43°41'59.75"N 79°15'54.58"W

* approximate coordinate of collection sites.

2.2.2 RNA extractions and mRNA sequencing

I extracted total RNA from six individuals per caste (a male and female pair from each of the
three colonies) within each population. I chose to pool termite samples to give a better
biological representation of what genes and pathways are involved in caste differentiation

into nymphs, soldiers, and workers, regardless of their sexual and population-specific gene
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expression differences. This overall sample size and scheme also allowed for a sufficient
balance between statistical power and the detection of rare genes and transcripts (Hart et al.
2013). Therefore, I performed three pooled extractions for each caste per population for a
total of nine extractions (Table 2.2). Specifically for each extraction, I homogenized whole
body tissue in 500 ul of TRIzol (Life Technologies) and added 100 pl of chloroform, as per
the TRIzol protocol. I then centrifuged the mixture (10,000 x g, 18 mins at 4°C) before
transferring the RN A-containing supernatant (250 pl) with an equal volume of ethanol into
an RNeasy (Qiagen) mini-column. I followed the RNeasy protocol to elute total RNA in 30
ul of RNase-free water. Finally, I treated the total RNA extract with two units of DNase
(Turbo DNA-free kit, Ambion), and equilibrated each sample to ~100 ng/ul. I sent the frozen
termite RNA samples to the Next-Generation Sequencing Services at Genome Québec
(McGill University, Montréal, Québec; MGU-GQ) for 100 bp paired-end mRNA sequencing.
As a measure of quality, the MGU-GQ facility verified that each sample had an RNA
integrity number greater than ‘7’ (Bioanalyzer 2100, Agilent Technologies), which is suitable
for sequencing library preparation. The MGU-GQ facility then purified mRNA from total
RNA, indexed each sample with a unique barcode (Illumina TruSeq mRNA Library Prep Kit
v2), and sequenced all nine-termite mRNA libraries on two lanes of an Illumina HiSeq 2000

flow cell.

2.2.3 De novo transcriptome assembly

I downloaded paired-end read data files for all nine libraries (totaling ~209 Gb) onto
SHARCNET’s (Shared Hierarchical Academic Research Computing Network:
www.sharcnet.ca) iqaluk server (1TB memory and 32-cores), and performed all downstream
analyses via a UNIX command system as follows. From each data file, I trimmed individual
reads of adapter sequence and removed any reads that were shorter than 36 bp or that had
low base quality scores (lower than '30' in the program TRIMMOMATIC v0.32; Bolger et al.,
2014). I then assessed the overall quality of the remaining pair-matched reads with FASTQC’s
quality control modules (v.0.11.5; Andrews, 2010). Once satisfied with all the pre-assembly
criteria in FASTQC, I normalized the dataset to a maximum of 50 reads coverage per gene
using TRINITY (v2.1.1; Grabherr et al., 2011). This in silico normalization step minimized the

overall computational load of the transcriptome assembly process. In total, I assembled a
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remainder of ~91 million trimmed and normalized reads under the default settings in TRINITY

(Grabherr et al., 2011; Haas et al., 2013).

2.2.4  Functional annotations of genes

I assigned functional annotations to my reference transcriptome assembly using the following
strategy. First, [ used TRANSDECODER (v2.0.2; Haas et al., 2013) to translate all genes in my
de novo assembled transcriptome from nucleotide to predicted amino acid sequences. To
verify that the genes in my provisional assembly are of insect origin, I conducted BLASTX (for
nucleotide sequences) and BLASTP (for amino acid sequences) searches against a custom-
made insect-only gene database (Table 2.3). I retained only sequences that shared a minimum
70% amino acid pairwise identity with at least one other insect gene (as in Morandin et al.,
2015). Otherwise, sequences were not considered further. To assign putative functions to my
gene set, [ again used BLASTX and BLASTP, but in this case to identify annotated homologs (e-
value < 1e”) within the Swiss-Prot database (UniProt, 2014). I further used the program
HMMER (v3.1; Eddy, 2011) to infer homology of specific domains against those known from
the Protein Family Database (Pfam v29.0; Finn et al., 2015). For this analysis, I used a
recommended e-value of le™* in the TRINOTATE pipeline (V3.0.1; Haas et al., 2013). Finally,
I combined gene- and domain-level information into a single annotated gene list and assigned
the most likely Gene Ontology (GO) terms using the TRINOTATE program (V3.0.1; Haas et
al., 2013). This new reference transcriptome is significant because it represents a new and

high quality genomic resource for three different castes of R. flavipes.
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Table 2.3 Custom insect-only gene database that I used for BLASTX and BLASTP searches to

verify the insect origin of the gene sequences in my reference transcriptome.

Order Species Version Reference
Zootermopsis nevadensis 2.2 Terrapon et al., 2014
Blattodea .
Macrotermes natalensis 1.2 Poulsen et al., 2014
Diptera Drosophila melanogaster  6.09 Attrill et al., 2016
Apis mellifera 3.2 Weinstock et al., 2006
Hymenoptera (bees) Bombus impatiens 1.0 Sadd et al., 2015
Labioglossum albipes 542 Kocher et al., 2013
Nasonia vitripennis 1.2 Werren et al., 2010
Acromyrmex echinator 3.8 Nygaard et al., 2011
Atta cephalotes 1.2 Suen et al., 2011
Camptonus floridanus 33 Bonasio et al., 2010
Hymenoptera (ants) Cardiocondyla obscurior 1.4 Schrader et al., 2014
Harpegnathos saltator 33 Bonasio et al., 2010
Linepithema humile 1.2 Smith et al., 2011a
Pogomyrmex barbatus 1.2 Smith et al., 2011b
Solenopsis invicta 223 Wurm et al., 2011

2.2.5 Differential gene expression and enrichment analysis

To test for caste biased expression patterns, I first used BOWTIE (v1.1.2; Langmead et al.,
2009) to map trimmed paired-end reads from each of the nine libraries to the reference
transcriptome. I then used the program RSEM (v1.2.25; Li & Dewey, 2011) to estimate raw
read counts for each gene for each individual library. I normalized this count data for
differences in gene length and library size by converting raw read counts into common units
of transcripts per million (TPM). To identify genes differentially expressed between castes, I
first grouped the libraries by caste regardless of population — e.g., nymph libraries from
Boston, Raleigh and Toronto, and so forth. I then used DESEQ2 (1.10.1; Love et al., 2014) to
test for gene expression differences between nymph, soldier, and worker castes. Put simply,
DESEQ2 builds a generalized linear model of ‘observed’ counts for each gene based on
dispersion and actual read counts for each sample group. DESEQ2 then performs a Wald test

of the model gene counts against the actual read counts for each sample to determine
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differential gene expression between nymphs, soldiers, and workers. In my analysis, |
specified two additional criteria for individual genes to be considered differentially expressed
- namely, 1) they show a minimum four-fold expression difference between any two caste
groups, and ii) a correction for multiple testing that maintained a false discovery rate (FDR)
of less than 0.001 (as in Haas et al., 2013). To test if samples from different populations
sorted by caste rather than by population, I compared how similar their transcriptome-wide
expression patterns were using pair-wise Pearson’s correlations. Here, I expect within-caste

samples to show the highest pair-wise correlations regardless of population-of-origin.

To assign provisional biological process (BP) terms to each caste-biased gene, I performed a
GO enrichment analysis using GOSEQ (1.22.0; Young et al., 2010). To reduce redundancy
amongst the enriched BP-GO terms and better highlight functional categories, I applied the
web program REVIGO (Supek et al., 2011) under default parameters, and used the associated
SIMREL (Schlicker et al., 2006) to gauge ‘semantic similarity’ among terms. Finally, I plotted
the remaining non-redundant enriched BP-GO terms on a scatterplot (using REVIGO; accessed
July 2016) to visualize relationships among the functional gene categories with similar but

unique terms closer together and dissimilar terms further apart.

2.3 Results

2.3.1 DNA barcoding species verification

My neighbor-joining analysis of the COI barcodes suggests that all field-caught samples sort
according to species and population (Figure 2.2). The R. flavipes in-group sequences are
distinct from the single outgroup sequence of R. virginicus, with an average in-group
distance of 0.03 versus 0.09. This pattern, together with my examination of morphological

characters confirmed to my satisfaction that all field-caught termites used in this study are R.

flavipes.
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Figure 2.2 Neighbour-joining tree of R. flavipes worker mitochondrial COI sequences (n=9)
and two R. flavipes Barcode of Life Database voucher COI barcodes (GBA8807-12,
ISOUSO058-12). The lengths of branches reflect genetic distances under a Tamura-Nei model.
I also included one R. virginicus BOLD voucher barcode (GBA8807-12) as a congeneric
outgroup. The coloured blocks simply show how sample sequences sort according to

population source. Scale bar represents nucleotide substitutions per site.

2.3.2  De novo reference transcriptome assembly

In total, mRNA sequencing of nine R. flavipes libraries yielded 433,854,441 raw reads. The
number of raw reads per library ranged from 39.6 to 51.3 million, with a mean of 48.2
million reads. After trimming, quality control, and normalization, I retained 91,358,892 reads
for use in a de novo reference transcriptome assembly (Table 2.4). This assembly and its
associated sequencing reads can be accessed from the NCBI Sequence Read Archive (SRA)
under the accession numbers SAMNO06579168-SAMNO06579176. Overall, my raw assembly
generated 247,174 Trinity ‘genes’ that represented 301,796 transcripts. The average gene
length was 656 bp and ranged from 201 to 41,323 bp. To minimize the number of spurious
gene predictions or contaminant genes of non-termite origin (i.e., bacterial, protist, fungal, or
other), I cross-referenced the transcriptome against a custom insect-only gene database and

retained only those genes with clear insect homologs (e-value < le”, >70% aa identity;



BLASTX and BLASTP). Therefore, I retained a total of 13,755 genes that represented 29,641

transcripts (Table 2.4). This quality control step seemingly improved the raw assembly, as
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evidenced by a longer average gene length (from 656 to 2,220 bp), a higher N50 score (from

1,099 to 3,087 bp), and a higher number of large transcripts (>1 kb; n= 21,718, 73.2%).

Table 2.4 Summary statistics of sequencing and R. flavipes de novo reference transcriptome

assembly.

Before quality processing

Raw reads 433,854,441
After quality processing
Clean reads 389,173,294
Normalized reads 91,358,892
Trinity assembly statistics
Number of genes 247,174
Number of transcripts 301,796
Average gene lengths (bp) 656
Post cross reference to insect-only gene database (=70% aa identity)
Number of genes 13,755
Number of transcripts 29,641
GC content (%) 41.41
N50 (bp) 3,087
Median gene lengths (bp) 1,774
Average gene lengths (bp) 2,220
Minimum gene lengths (bp) 201
Maximum gene lengths (bp) 41,323

A majority of the 13,755 genes (Table 2.4) had a significant match against the Swiss-Prot
database (Table 2.5). Specifically, a BLASTX query yielded 11,071 genes (80.5%) with
matches, while a BLASTP query yielded 10,945 genes (79.6%) with matches. A
TRANSDECODER scan for putative coding regions within the 13,755 genes also predicted a
total of 51,690 ORFs. These gene predictions are more conservative than the estimate from
Dedeine et al. (2015) for nymphoid neotenics of R. flavipes (19,375 ORFs with annotations
of 64,342 total ORFs). Lastly, these genes returned a total of 15,564 unique GO term

assignments, with the majority of terms (10,870; 69.8%) representing Biological Process

(Table 2.5).
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Table 2.5 Gene annotation summary statistics for the 13,755 genes predicted from

the R. flavipes reference transcriptome.

Annotations Counts (% of total)
Swiss-Prot BLASTX hits 11,071 (80.5%)
Swiss-Prot BLASTP hits 10,945 (79.6%)
BLAST hits with GO terms 10,519 (76.5%)
Unique GO terms 15,564
GO: Biological Process 10,870 (69.8%)
GO: Molecular Function 3,235 (20.7%)
GO: Cellular Component 1,419 (9.1%)
GO: Unidentified by REVIGO 40 (0.3%)

2.3.3 Gene expression patterns as a function of caste

I found only n =93 genes (of 13,755; 0.67%) to be strictly differentially expressed as a
function of caste (Table S1). These genes are conspicuously (minimum four-fold expression
change) and reliably (FDR-corrected P-value < 0.001) associated with caste, at least via
RNA-seq analysis of my study samples. This caste-biased expression is evident on a gross
scale from Figure 2.3, which shows that transcriptome-wide measures of co-expression tend
to cluster termite samples within their respective castes. For these genes, caste therefore
appears to explain a majority of observed expression differences, with a relatively minor

proportion explained by population.

A further gene-level cluster analysis reveals that these caste-informative genes are composed
of three tightly co-regulated gene sets, the largest of which (n = 61 genes, Set I) is uniquely
up-regulated in the soldier caste, while another set (n = 13 genes, Set III) is uniquely down-
regulated in the soldier caste (Figure 2.4). The last set (n = 19 genes, Set II) is uniquely up-
regulated in the reproductive (nymph) caste. There is no major gene set that is uniquely up-
regulated in workers. In total, 78% (73 of 93) of caste-informative genes show a soldier-

biased pattern in gene expression.

I subjected each of the three gene sets - I, II and III - identified from my differential gene
expression analysis to a GO enrichment and subsequent REVIGO analysis. I specifically
focused on the interpretation of GO terms assigned to Biological Process. Each of my three
gene sets generated unique REVIGO scatterplots that varied in number of BP-GO terms and
in the nature of their cluster representatives (Figure 2.5). Gene Set I had 129 BP-GO terms
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that reduced to n = 12 clusters on the scatterplot, and two of the largest clusters are related to
‘muscle structure development’ and ‘fatty-acyl-CoA metabolism’. Meanwhile, Gene Set 11
had 146 terms in n = 7 clusters with ‘regulation of oocyte development’ representing nearly
half of the remaining non-redundant BP-GO terms. Gene Set I1I was enriched for just 20
terms and n = 4 clusters, with ‘beta-glucan metabolism’ and ‘cell wall organization’
accounting of half of the remaining BP-GO terms. Furthermore, Figure 2.5 shows minimal
overlap in function between cluster representative terms of the three different gene sets.
Taken together, these REVIGO scatterplots and enriched GO-terms suggest that each caste-

biased gene set is highly specialized for different biological functions.
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Figure 2.3 A cluster analysis of pairwise Pearson correlation coefficients arrayed in a matrix
showing samples with similar (red) or dissimilar (green) gene expression profiles. Each cell
represents the average coefficient of a set of n = 93 caste-informative genes. As expected,
genes tend to strongly co-vary by caste (soldiers, workers, nymphs) with residual variation
from this analysis explained by sample population (Boston, Toronto, Raleigh). Note from the
clustering of correlation coefficients that nymphs and workers are more similar in their gene
expression than either is to soldiers. Further, the diagram is symmetric across the red-cell

diagonal.
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Figure 2.4 Heatmap of 93 genes differentially expressed between R. flavipes castes (FDR <
0.001, minimum four-fold change, see Methods). The hierarchical clustering of castes (top) is
underpinned by the presence of three gene sets — I, II and III (left). The gene sets correspond to
nymph, soldier, and nymph/worker gene functions, respectively. Gene identifiers are listed on the

far right and can be read by zooming in on the graphic.
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Figure 2.5 Scatterplots displaying the cluster representatives of GO terms in biological
processes (BP) derived from R. flavipes caste-biased genes in two-dimensional space based
on semantic similarity of GO terms. A) Gene Set I — 129 BP terms reduced to 62 non-
redundant terms, which were further reduced to 12 cluster representatives (as shown), B)
Gene Set I — 146 BP terms reduced to 76 non-redundant terms and 7 cluster representatives,
and C) Gene Set III — 20 BP terms reduced to 11 non-redundant terms with 4 cluster
representatives. The blue colored bubbles indicate the most significant log;o P-values
amongst the GO terms. The size of bubbles is scaled to the corresponding term's frequency or
generality in the GO annotation resource (Supek et al., 2011). No gene set has any

significantly higher proportion of redundancy (49.6% vs. 52.1 % vs. 55.0%; Chi-squared
statistic = 0.29, P > 0.05).
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2.4 Discussion

In this study, I sequenced, assembled, and annotated a reference transcriptome for three
castes of the Eastern subterranean termite, R. flavipes. This de novo assembly is complete
with gene expression profiles from one reproductive (nymph) and two non-reproductive
(soldiers, worker) castes. From this annotated assembly, I detected a total of 13,755 genes,
which provides a rich bioinformatics framework for comparative analyses. In this study, I
used this assembly for two purposes. First, I used it as a reference for differential gene
expression analysis to identify a small but highly informative set of termite genes that
differentiate soldier from worker and nymph transcriptional profiles. This analysis is
significant to our understanding of termite caste differentiation because the majority of these
caste-informative genes (73 of 93; 78%) are uniquely regulated in soldiers. This specialized
defensive caste is therefore well differentiated from both the reproductive and the other non-
reproductive caste despite a shared developmental program with workers. Second, I used the
annotated assembly as a basis for inferring biological functions of the caste-informative gene
sets. My gene ontology analysis revealed that nymph-biased (Set 1) and soldier-biased (Sets
I and IIT) gene sets show a high degree of functional specialization, as evidenced by the non-
overlap in the three sets of inferred biological process terms. My work therefore shows that
the soldier caste of R. flavipes has an especially distinct and specialized gene expression
program. Moreover, the high-quality reference transcriptome that I have assembled for this
economically important and invasive species (Rust & Su, 2012; Vargo & Husseneder, 2009)
will facilitate future comparative analyses that probe for other signatures of termite caste or

insect social life.

2.4.1 A de novo transcriptome for Reticulitermes flavipes

This transcriptome is assembled from whole body tissue mRNAs sampled from three
different North American populations. As such, it provides a reasonable estimate of gene
composition and expression for this species that compliments prior transcriptomic studies of
Reticulitermes (Dedeine et al 2015; Hayashi et al 2015; Table 2.1) and other termites (Huang,
et al., 2012; Ishikawa et al., 2010; Wu et al., 2015). Established indicators of transcriptome
quality such as N50 value and average gene length generated for the present assembly (Table

2.4) are consistent with benchmark expectations for non-model organisms (Francis et al.,
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2013). Further, the number of predicted genes (n = 13,755) is lower than the estimate from
Dedeine et al. (2015; n = 18,323), which included data from three Reticulitermes spp. and
have retained gene predictions derived from microorganisms such as bacteria and protists.
Published gene counts from other termite species - e.g., Zootermopsis nevadensis (n =
17,737; Terrapon et al., 2014) and Macrotermes natalensis (n = 16,310; Poulsen et al., 2014)
- are likewise comparable to the present study. This consistency among studies published so
far suggests a fairly uniform gene numbers throughout Isoptera (Korb et al., 2015) despite

large differences in overall genome size (Koshikawa, et al., 2008).

For the transcriptome as a whole, the proportion of unknown but presumably functional
genes 1s ~20% (Table 2.5). This proportion is lower than R. flavipes EST-sequencing (Steller
et al., 2010; Tartar et al., 2009), and is comparable to other termite RNA-seq studies
(Dedeine et al., 2015; Hayashi et al., 2013; Wu et al., 2015). The set of 93 caste-informative
genes presented in Figure 2.4 are well characterized by homology from other organisms in
the Swiss-Prot database: only n = 29 genes (31%) did not have a homolog (Table S2). A
majority (18 of 29) of 'unknown' genes were in the relatively large Set I, but the proportion of
unknown genes did not vary significantly between sets (29.5% vs. 21.1% vs. 38.4%; Chi-
squared statistic = 1.16, P > 0.05). Genes with homology assignment from Swiss-Prot were
best characterized by Biological Process from GO, and thus for molecular pathways and
processes that involve numerous gene products (Ashburner et al., 2000). This may simply
reflect the whole-body comparisons I am making between castes, in which phenotypic
differences likely involve multi-gene pathways more so than specific cellular components or

molecular functions.

It is known that caste differentiation in termites and other social insects typically involves
hundreds to thousands of genes (Corona et al., 2015), depending on how it is measured (Rau
et al., 2013). In my analysis, I elected to use relatively stringent criteria (including
transcriptome filtering, TPM as the standard unit of gene expression measurement, a
minimum four-fold change, and FDR of less than 0.001), with the intent of focusing on the
most informative gene patterns. Accordingly, the number of differentially expressed genes
(DEGs) that I report between castes is relatively small (0.7%) compared to the proportion
reported for other termite (~73% for seven castes; Terrapon et al., 2014) and eusocial taxa

(~25-50%; Feldmeyer, et al., 2014; Harrison, et al., 2015). Applying these criteria, together
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with my sampling of termites from multiple populations, should generate a strong and
consistent set of marker genes that are robust to population sampling (Oppenheim et al.,
2015). I understand through sampling variability and control measures used in the analysis, I
may have eliminated a portion of potentially informative genes (Martin & Wang, 2011).
However, my preference is for a minimum set of maximally informative genes. The soldier-
biased pattern revealed by my conservative analysis is also robust under relaxed statistical
criteria. If I re-test for differential expression at a two-fold level, and hold the FDR to 0.001
or to 0.05, then the number of caste informative genes increases to n = 230 and n = 570,
respectively. The overall pattern of [worker + nymph] reported above does not change
(Figure S1). I have made the raw assembly and sequencing reads available from the NCBI-

SRA database should others wish to analyze them in different ways.

2.4.2 Biological processes associated with termite castes

The large gene Set I had many cluster representative terms (n = 12; Figure 2.5A), which
suggests that soldier up-regulated genes perform a range of specialized functions. These
functions include 'muscle structure development' that is linked to soldier defense via the
muscle force of their enlarged mandibles (Prestwich, 1984; Scharf et al., 2003) and 'wax-' or
'fatty-acyl-CoA -metabolism' that may be involved in caste status signaling via cuticular
hydrocarbon profiling (Liebig et al., 2009). I also retrieved the term ‘oenocyte delamination’,
a process that has previously been implicated in soldier caste differentiation (Corona et al.,
2015; Makki et al., 2014). Other terms like 'growth of symbionts' and 'peptide amidation’ for
example, each suggest how soldiers may function differently to workers and nymphs. The
small gene Set I1I has few cluster representative terms (n = 4; Figure 2.5C) but likewise
reflects differences in soldier function (the genes in this set are uniquely down-regulated in
soldiers, relative to workers and nymphs). These soldier-biased functions include ‘cell-wall
organization’ and ‘beta-glucan metabolism’, which commonly arise in termite gene-function
studies (reviewed in Lo et al., 2011). I speculate that down-regulation of genes involved in
these processes for soldiers are related to their dependency on being fed by workers via
trophallaxis (Korb et al., 2012). Termite workers have enzymes that can digest lignocellulose
(Karl & Scharf, 2015), hyphae (Poulsen et al., 2014), and may otherwise protect against
fungal pathogens (Rosengaus et al., 2014). Set III also includes the gene hexamerin, a

juvenile hormone regulator, which has been singularly implicated in termite caste
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differentiation (Zhou et al., 2006), and its specific down-regulation in soldiers matches
results previously described in R. flavipes (Scharf et al., 2005). Finally, cluster representative
terms in gene Set II include those related to metabolism or catabolism (3 terms), and
'regulation of oocyte development' (Figure 2.5B). This latter term is intriguing given the
reproductive potential of nymphs. Other transcriptome studies of social insects have also
noted this co-regulation between reproduction and metabolism (Corona et al., 2007; Hattori

etal., 2013).

2.4.3 Gene expression of soldiers is unique

Reticulitermes flavipes nymphs, soldiers, and workers showed distinctive gene expression
profiles that reflect caste differentiation and specialization. I found that soldiers have the
most unique expression pattern that is distinct from the other two castes (Figure 2.4). As a
whole, 78% of caste-informative genes (73 of 93 - i.e., Sets I and III) show soldier-specific
regulation. This trend toward soldier-specific regulation is consistent with a pattern first
detected by Scharf et al. (2003) in R. flavipes, and again by Terrapon et al. (2014) for Z.
nevadensis. Therefore, there is precedence for an overall [(nymph, worker), soldier] pattern
of transcriptional differentiation, which is consistent with the evolutionary idea that the
termite soldier caste is a distinct social phenotype (Noirot & Pasteels, 1987; Roux & Korb,
2004; Scholtz et al., 2008; Yamamura, 1993). An alternative pattern: [nymph, (soldier,
worker)], by contrast, in which the two non-reproductive castes are grouped is not supported.
This is intriguing for two reasons. First, soldiers and workers are both non-reproductive and
have most likely been indirectly selected to perform helper roles within the colony (Thorne,
1997). At some level, I expected soldiers and workers to share a common pattern of gene
regulation that is related to their overlapping functional roles, regardless of any shared
development. Second, future soldiers develop as workers for up to nine instars prior to their
terminal differentiation via a pre-soldier stage (Lainé & Wright, 2003; Roisin & Korb, 2011).
I therefore might likewise expect soldiers and workers to share a common pattern of gene
regulation that is related to common development. Regardless, I instead observed that the
most-informative set of caste-biased genes do not cluster soldiers with workers, but rather
workers with nymphs, suggesting that soldiers are a potential source of genetic novelty in

termites.
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There is some uncertainty about the evolutionary status of termite soldiers. First, despite their
clear developmental differentiation from workers, it is not obvious whether soldiers evolved
from, or independently of a worker caste (Legendre et al., 2013), or even if workers
themselves evolved once (Bourguignon et al., 2016; Thompson et al., 2004) or on multiple
occasions (Roisin & Korb, 2011). Regardless of the correct macroevolutionary pattern of
ancestral termite caste evolution, my analyses suggest that extant Reticulitermes soldiers are
not just modified workers, but represent a unique caste with novel gene expression. Whether
the transcriptome-wide pattern for soldier novelty observed here reflects ancient or more
recent bouts of selection should be the focus of a future study. One possibility might be to
test if soldier biased genes are taxonomically rare, suggesting recent gene recruitment during
soldier evolution, as has been reported for helper castes in some social hymenopterans
(Feldmeyer et al., 2014; Jasper et al., 2015; Johnson & Tsutsui, 2011). Alternatively, it
should be possible to test soldier-biased genes for signatures of positive selection. A
disproportionately high rate of non-synonymous substitution would support selection for
genetic novelty during soldier evolution. This latter approach to understand the role of
'novelty' in helper caste evolution (Kapheim, 2016; Sumner, 2014) was likewise informative
for recent studies of some social hymenopterans (Harpur et al., 2014; Roux et al., 2014). For
termites, given that soldiers are strictly sterile and thus have no direct fitness, any evidence
for positive selection would imply that past selection for novelty must have been indirect

(sensu Hamilton 1964).

The pattern for soldier-biased gene expression is strong, but it is not uniform across all 93
caste-informative genes. For example, gene Set I (n = 19) is nymph-biased, and thus
separates reproductive from non-reproductive lines, as might generally have been expected
(see Introduction). Set II in isolation is therefore consistent with a [nymph, (soldier, worker)]
pattern, and more generally is consistent with the separation of reproductive versus non-
reproductive castes. This isolated pattern reinforces our earlier observation - that the
(understandably) limited gene screens of early caste transcription studies can bias our view of
the overall pattern. Nonetheless, this observed correlation between gene expression and
division of reproductive division of labour in Set II is similar to the pattern reported for
chemosensory-related genes in R. speratus (Mitaka et al., 2016) and for a set of 34 genes a

priori known to be nymph-biased in a R. flavipes study (Scharf et al., 2005). Lastly, my
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analysis did not reveal any major gene set uniquely regulated in workers. However, three
genes in Set | are consistently and uniquely up-regulated in workers. These genes are: two
lysosomal alpha-mannosidases and one gene of unknown function. The absence of a clear
worker signal in my gene set is unexpected, but there are several possible explanations. First,
unlike soldiers that are singularly specialized for defense (Noirot & Pasteels, 1987; Scholtz et
al., 2008), workers are relatively generic and perform a wide range of roles (Roisin, 2000).
Furthermore, workers are relatively flexible in their development, both in terms of caste end-
points (Korb & Hartfelder, 2008) and instars (Lainé¢ & Wright, 2003). Thus, while workers
do not appear to show many uniquely regulated genes, they nonetheless show a unique
patchwork of expression that is distinct from reproductive (nymph) and other non-

reproductive (soldier) castes, at least in R. flavipes.

244 Conclusion

Overall, I established a reference transcriptome for nymph, soldier, and worker castes of R.
flavipes. 1 found transcriptional patterns that support a close relationship between nymphs
and workers, with soldiers being the most unique of the three castes examined. Specifically,
the soldiers up-regulated the largest number of genes, and had the most diverse gene
enrichment profile with minimal overlap with nymphs and workers. Moreover, I examined
each caste-biased gene set for biological functions that contribute to the molecular caste
differentiation process, and I found several well-known genes along with a small portion of
unannotated genes. The findings in this study support the notions of nymph-worker first caste
evolution and genetic caste differentiation. Future transcriptomic and genome-level studies
should target the transitional stages of R. flavipes caste prior to complete differentiation, and
expand sampling to include alates, kings and queens, and pre-soldiers to clarify their gene
regulatory relationships and thus development and evolution. From data sets currently
available for the R. flavipes (Dedeine et al., 2015), we have complete transcriptomes for two
reproductive castes (nymph, nymphoid neotenic) and two non-reproductive castes (soldier,
worker). Hence, more expansive studies seem possible, provided the meta-data can be
normalized into a common analytical framework. Future studies may also examine the
taxonomic novelty of caste-specific genes to test whether soldiers, or other castes, are a

genetic - in addition to genomic - source of evolutionary innovation.
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Chapter 3

3 Invasiveness and population specific transcriptomic
correlates in a subterranean termite

3.1 Introduction

Invasive insects threaten native environments if they displace or otherwise out-compete
locally-adapted species (Kenis et al., 2009; PySek & Richardson, 2010). Inadvertently
transported by humans around the world, invasive insects can be introduced into new habitats
quickly (Holmes, et al., 2009; Pejchar & Mooney, 2009), and often with negative ecological
and economic consequences (Lowe et al., 2000). The annual global cost of controlling
invasive insects is estimated to be approximately US$70 billion (Bradshaw et al., 2016).
With continued demand for international commerce and anticipated effects of climate
change, the spread of invasive insect species is expected to increase (Buczkowski &
Bertelsmeier, 2017; Hellmann et al., 2008). Therefore, there is strong global interest and

urgency to understand how successful insect invasions occur.

Several termite species are listed among the most destructive invasive species in terrestrial
ecosystems (Evans, et al., 2013, Lowe et al., 2000). Because of their division of labour into
reproductive and non-reproductive helper castes, the introduction of a few sexual
reproductives can quickly propagate a large number of offspring, which then work to
establish resilient colonies (Grace, 1996a; Thorne & Traniello, 2003; Vargo et al., 2013).
Invasive termite colonies have extremely low genetic diversities as a consequence of the
‘bottleneck’-like effects from having low number of founding individuals during their
introduction. Furthermore, these invasive termites have diffuse colony boundaries where
multiple secondary reproductives and non-reproductives from nearby colonies can
intermingle with each other, and appear to lack the typical intercolony aggression observed in
native populations (Vargo & Husseneder, 2011). It is also likely this intermixing and
exchange of social immunity between colonies helps them delay or overcome any negative
effects associated with their introduction (Ugelvig & Cremer, 2012). As a result, these so-
called ‘supercolonies’ can grow several times larger than their native form and are much

more difficult to eradicate (Evans, 2011). For one special case, two invasive termite species
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in Florida, the Asian subterranean termite (Coptotermes formosanus) and the Formosan
subterranean termite (C. gestroi) were shown to produce viable hybrid colonies in
experimental settings (Chouvenc, et al., 2015). It is evident there are important genetic
changes and consequences associated with invasions as they could be major contributing

factors to successful establishment of invasive termites.

The Eastern subterranean termite, Reticulitermes flavipes, is endemic to the Eastern United
States (Weesner (1970), but has since invaded other parts of North (McKern et al., 2006;
Urquhart, 1953) and South America (Aber & Fontes, 1993), along with multiple cities in
Europe (Becker, 1970; Ghesini & Marini, 2009; Vieau, 2001). In this study, I focus on one
major invasive population of R. flavipes in the city of Toronto, Ontario, Canada. Introduced
in the 1930’s, R. flavipes quickly established itself as a persistent soil-dwelling and wood-
eating pest throughout many parts of the city (Myles, 2004; Urquhart, 1953) and beyond
(Raffoul et al., 2011). Unlike their native counterparts, the invasive colonies appear to
display supercolonial-like characteristics (Scaduto et al., 2012) as noted for other invasive
termite populations (Perdereau et al., 2015) - specifically, their large expansive colonies
intermingle with each other (Grace et al., 1989), have multiple secondary reproductives, and

are resistant to pesticide control (Myles, 2004).

Previous genetic analysis suggests that the Toronto R. flavipes invasion was of single origin,
one of a least three in the province of Ontario (Scaduto et al., 2012). This single founding
event likely ‘bottlenecked’ allelic diversity within the population and may contribute to its
open and diffuse colony structure that is characterized by the lack of intercolony aggression,
as observed with other invasive social insects (Blight et al., 2012; Scaduto et al., 2012;
Simkovic, 2016). In this study, I use RNA-seq analyses to explore additional transcriptomic
correlates to this invasion by comparing the transcriptome of Toronto collected R. flavipes
against that of two native populations from the United States. In doing so, I can identify
genes or patterns of gene expression that are unique to R. flavipes from Toronto and thus

potentially associated with their unique phenotypes and invasive history.
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3.2 Methods
3.2.1  Termite sampling and RNA sequencing

For sequencing and de novo transcriptome assembly, I used the data described in Chapter 2,
with the exception that I specified '‘population' rather than 'caste' as the primary factor in my
discriminant analysis. In brief, I used the previous three colony samples from one invasive
population in Canada (Toronto) and from two native populations in the United States (Figure
3.1A). The Toronto population is distinctly urban, where colonies live in close association
with human constructs (Figure 3.1B). By contrast, the native environments are characterized
by semi-rural deciduous forests (Figure 3.1C). The number of populations is sampled in this
study in lower compared to those in other invasive termite studies (Dedeine et al., 2015;
Scharf, 2015). However, my objective for this chapter is rather qualitative and exploratory in
nature, in an attempt to reveal new insights to gene expression changes associated with
invasiveness. I froze the termites collected from all sites in liquid nitrogen, and extracted
their total RNA following a Trizol-RNeasy protocol. I sent the RNA samples for library
preparation and sequencing on two flow cell lanes of an Illumina HiSeq 2000 at the facilities
of MGU-GQ. To discover gene expression patterns associated with population, I again used

the TRINITY-based protocol (Haas et al., 2013), as previously outlined in Chapter 2.

3.2.2 Differential gene expression and enrichment analysis

To test for invasive Toronto-biased gene expression patterns, I again used my previous de
novo assembly (n = 13,755 genes) and provisional annotations as a reference to compare
gene expression between populations. I used BOWTIE (Langmead et al., 2009) and RSEM ( Li
& Dewey, 2011) to generate normalized mapped read counts for each gene for each of the
nine libraries. I then used DESEQ2 (Love et al., 2014) to identify genes differentially
expressed between populations. For this comparison, I created mixed-caste samples by
grouping libraries by population regardless of caste — i.e., Boston nymph, soldier, and worker
all grouped together as replicates for 'Boston only', and so forth. I also considered genes
differentially expressed if they: 1) displayed a minimum four-fold expression difference
between any two population groups, and ii) maintained a false discovery rate (FDR) of less
than 0.001. To see if libraries sort according to their source population regardless of caste, |

correlated the average gene-wise expression of all differentially expressed genes (DEGs)
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against each other in a Pearson sample correlation matrix. I also plotted a hierarchical
clustered heatmap of all DEGs individually against the population replicates. For all
differentially expressed gene sets, I further used GOSEQ to perform a GO enrichment analysis
for biological process (Young et al., 2010). I used the 'SIMREL' feature (Pesquita et al., 2009)
of REVIGO to reduce any redundancy based on semantic similarity of the GO terms, and
plotted these terms with their cluster representatives on a scatterplot with REVIGO (Supek et

al.,, 2011).

‘\@

Toronto

; Boston
Raleigh

Figure 3.1 A) Map of Eastern North America showing the three termite sampling locations.
B) Aerial photographs of a typical urban neighborhood in Toronto, and C) a native deciduous

locale in Raleigh, where R. flavipes samples were collected. Images from Google Earth™.
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3.3 Results

3.3.1 Gene expression patterns as a function of population

In general, I found n =302 genes (of 13,755 genes; 2.2%) to be differentially expressed as a
function of population regardless of my mixed-caste sampling (Table S3). The expression
patterns of these genes support the invasive Toronto population being uniquely regulated
compared to the two native populations, Boston and Raleigh (Figure 3.2). Moreover,
hierarchical clustering of these population-biased genes revealed five tightly co-regulated
gene sets (Figure 3.3) with the largest proportion (77.8%; 235 genes) as differences between
invasive and native populations (Set II, III+V). To better facilitate the interpretation for
genetic changes between invasive and native populations, I collapsed Gene Set III (141
genes) and V (18 genes) into one large native population biased gene set (n = 159 genes).
From here, I refer to Gene Set II as the ‘invasive gene set’ and the Gene Set III + V as the
‘native gene set’. A small proportion (22.2% of DEGs; 67 genes) accounted for within native
population differences between the two sampling locales, Raleigh and Boston (I and IV).
Overall, the entire set of DEGs is well represented by homolog annotations (~80%) in the
Swiss-Prot database (Table S3). The proportions of unknown genes between the gene sets

were not significant (Chi-squared statistic = 5.7366; P > 0.05).
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Figure 3.2 Library-by-library comparison of Pearson correlation coefficients based on
average gene expression values of the 302 population-biased DEGs. Cells denote population
and caste libraries that are positively (red) or negatively (green) correlated. All biological
replicates sort according to population regardless of caste. Note: this pairwise diagram is

symmetric along the red diagonal.
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Figure 3.3 Heatmap of 302 DEGs (FDR < 0.001; minimum four-fold change, see Methods),
clustered by gene sets (I - V) and populations of R. flavipes. Set I — 37 genes, Set I -76
genes, Set [1I — 141 genes, Set IV — 30 genes, and Set V — 18 genes. Gene identifiers are

listed on the far right and can be read by zooming in on the graphic.
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3.3.2  Functional analysis of invasive-native gene sets

Despite the invasive gene set having approximately half the number of up-regulated genes
than the native gene set, invasive genes were enriched for more than three times the
biological process (BP) terms and twice the number of cluster representatives (Figure 3.4).
Specifically, three cluster representatives ‘response to insecticide’ (GO:0017085), ‘nerve
maturation’ (GO:0021682), and ‘glycosyl compound catabolism’ (GO:1901658) accounted
for more than half of the non-redundant BP-terms in the invasive gene set. In the native gene
set, ‘microtubule-based process’ (GO:0007017) by itself accounted for more than half of the
BP-terms with ‘aggregation involved in sorocarp development’ (GO:0031152) representing
the majority of the remaining BP-terms. It is not unusual to observe an odd cluster
representative like ‘sorocarp (fruiting body of slime molds) development’. This GO term was
generated from matching annotations in Swiss-Prot database, where the best annotation is
from a phylogenetically distant taxon. It is obvious this specific cluster representative is not
involved in termite biology, but rather its ontology derives from termite gene homologs.

Lastly, there are no duplicates of BP-term cluster representatives between the two gene sets.
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Figure 3.4 Scatterplots displaying outlined cluster representatives of GO terms in biological
processes (BP) derived from R. flavipes genes as a function of invasive-native status in two
dimensional space based on GO terms’ semantic similarities. A) The invasive Gene Set II —
102 BP terms with 10 cluster representative, B) The native Gene Set I11+V — 30 BP terms
with 5 cluster representatives. The colour of bubbles indicates the GO term’s log;¢ P-value.

The size of bubbles represents the frequency of the GO term in the GO annotation database.
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3.3.3  Functional analysis of native population differences

Between the two native population biased gene sets, the Raleigh up-regulated Gene Set I had
more than twice the BP terms compared to the Boston up-regulated Gene Set IV and two
additional cluster representatives (Figure 3.5). In the Raleigh up-regulated Gene Set I,
majority of the BP-terms are represented by the three terms: ‘glucose metabolism’
(GO:0006040), ‘mRNA cleavage involved in gene silencing by miRNA’ (GO:0035279), and
‘pupal chitin-based cuticle development’ (GO:0008364). In the Boston up-regulated Gene
Set IV, ‘histidine biosynthesis’ (GO:0000105) accounts for a large majority of BP-terms in
the gene set. Again, it appears there are no duplicates of BP-term cluster representatives

between the two gene sets.
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Figure 3.5 Scatterplots displaying outlined cluster representatives of GO terms in biological
processes (BP) derived from R. flavipes native population specific genes in two dimensional
space based on GO terms’ semantic similarities. A) Raleigh-biased Gene Set [ — 40 BP terms
with 6 cluster representative, B) Boston-biased Gene Set IV — 27 BP terms with 4 cluster
representatives. The colour of bubbles indicates the GO term’s log;o P-value. The size of

bubbles represents the frequency of the GO term in the GO annotation database.

3.4 Discussion

In this study, I explored the transcriptomic aspect of R. flavipes population associated with
invasive-native status across three North American populations. The three populations
showed distinct gene expression profiles, supported by the presence of five differentially

regulated gene sets. My principal findings include, a large invasive-native bias of gene
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expression in the form of three gene sets (I, [II+V) - which represent approximately 78% of
all DEGs - between invasive (Toronto) and native (Boston, Raleigh) populations. This
overall expression pattern [T, (B, R)] suggests that the Toronto population is unique relative
to Boston and Raleigh populations. Furthermore, the invasive Toronto population gene set is
the second largest with 76 up-regulated genes, containing several potential genetic level
responses related to their invasive phenotypes. The co-up-regulated Boston and Raleigh
native gene set accounted for the largest proportion of total differentially expressed genes
(159/302 DEGs). The co-regulation of these genes suggests there are common genetic
mechanisms as a function of native status, which may alternatively be compromised in the
invasive population. Lastly, my analysis revealed two small gene sets (I and IV, 37 and 30
genes each) that were native population specific to either Raleigh or Boston. Not relative to
the invasive-native scenario, these smaller gene sets may otherwise be informative of
different environmental conditions within the native range. Most importantly, the comparison
and contrast of these transcriptional patterns revealed candidate genes and pathways that
could explain the success of invasive R. flavipes establishment in Canada and additional

population level adaptations.

3.4.1 Gene set differences between invasive-native status

Focusing on the invasive-native R. flavipes comparison, it appears the invasive and native
gene sets are specialized for very different biological processes with minimal overlap. Within
the invasive gene set, ‘nerve maturation’, ‘response to insecticide’, and many enriched
enzyme metabolism related processes are genetic signatures of R. flavipes being exposed to
neurotoxic pesticides that were used in an effort to eradicate R. flavipes in Toronto (Myles,
2004). In particular, this invasive gene set up-regulated genes for five enzymes in the
cytochrome family with cytochrome P450 6a13 and 18 directly linked to the detoxification of
synthetic insecticides (Chung et al., 2005; David et al., 2013). Indirectly, the up-regulation of
these cytochrome genes could also affect the cuticular hydrocarbon (CHC) synthesis of
invasive R. flavipes, as some cytochrome P450s genes are essential for the conversion of
hydrocarbons (Reed et al., 1994). CHCs are major signaling molecules within termite
colonies and a diverse CHC profile is essential to ensure kin recognition in several species of
termites (Florane et al., 2004; Haverty et al., 1996; Kaib et al., 2004; Uva et al., 2004). A

compromised or uniform CHC profile stemming from strong founder effect experienced by
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invasive supercolonies may have lead to the lack of aggression or kin recognition. I found
further support for this explanation as two possible fatty acyl-CoA reductase isoforms
upstream in the CHC synthesis pathway (Chung & Carroll, 2015) were also found up-
regulated in the invasive gene set. The CHC diversity explanation remains promising as a
potential underlying genetic mechanism to invasiveness. Future studies should validate
whether invasive colonies do indeed have lower degrees of CHC diversity compared to

native colonies via techniques like gas chromatography.

As for the presence of multiple secondary neotenic reproductives in invasive supercolonies, I
observed an enrichment of multi-organism reproductive process despite my mixed-sex and
mixed-caste sampling. In particular, I found two homologs of protein yellow and
gametogenetin-binding protein 2-like (GGN2) that are up-regulated in the invasive gene set.
Protein yellow functions both as a pigment protein and a regulator of reproductive maturation
involving major royal jelly protein in social insects (Drapeau et al, 2006). GGN2-like protein
participates in spermatogenesis in the testis of humans (Zhao et al., 2005), though it is not
known if its functions are conserved with termites. These two genes could be directly
responsible for the invasive colonies’ shift of reproductive strategy from king-queen
reproductive monopoly to multiple secondary reproductives, or perhaps they are simply a

resultant downstream effect.

In contrast to the invasive gene set, the native gene set appears to be enriched for
housekeeping-related biological processes. There is an over abundance of potential isoforms
or multi-copies of the same genes in comparison to the other gene sets. For example, tubulin
alpha and beta chain appear several times in the gene list (Table S3). Though I am not ruling
out the possibilities of mis-assemblies, the over representation of these genes in the gene set
nonetheless suggest its ontological term ‘microtubule-based processes’ is an essential
function for native R. flavipes populations. Besides being the structural components to
microtubules, these tubulins varies greatly in their roles from mediating cell division to
reproductive functions in the testis (Nielsen et al., 2010). The enrichment of ‘nitric oxide
biosynthesis’ and ‘regulation of anthocyanin metabolism’ could be connected to native
termites ingesting chemical compounds from a diet of common wood and plant materials in
their native range (Brasseur et al., 2016; Ngugi & Brune, 2012). To further clarify the

presence of ‘aggregation involved in sorocarp development’, this GO term derives from
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genes such as heat shock proteins, which functions in acute stress response by ‘protein
folding’ (Craig et al., 1993). Overall, it is evident from my transcriptomic comparisons that
invasive supercolonies make genetic level tradeoffs to adapt to their new invasive
environment compared to housekeeping functions in their native environment. However,

whether this genetic tradeoff has any fitness consequences remains to be investigated.

3.4.2 Gene set differences within native populations

Lastly, my differential gene expression analysis also revealed two smaller gene sets that are
biased towards either of the two native R. flavipes populations (Gene Set [-Raleigh, 37 genes;
Gene Set IV-Boston, 30 genes). There appears to be minimal overlap in BP-GO terms
between the two gene sets. However, the Gene Set I appears to have a much more diverse
functional profile compared to Gene Set IV. The enrichment of ‘immune system process’,
glucose and amino sugar metabolism in Gene Set I could all be linked to the differences in
environmental conditions of the Southern native range such as parasite exposure (Ugelvig &
Cremer, 2012) and diet (Shi et al., 2013). This is further supported by the over-representation
of ‘histidine biosynthesis’, an essential amino acid, in the Boston biased Gene Set IV. These
two population gene sets also have different gene regulatory mechanisms, where Gene Set [
is enriched for ‘mRNA cleavage involved in gene silencing by miRNA’ and Gene Set IV is
enriched for several processes including ‘regulation of transcription regulatory region DNA
binding’. All of these regulatory processes have been implicated in the caste differentiation
process within termites (Scharf et al., 2003; Terrapon et al., 2014) and other social insects
(Ashby et al., 2016; Li et al., 2010). The variation in the exact regulatory mechanisms could
be attributed to different socioenvironmental factors from their respective locales.
Nonetheless, these results suggest that termite sociality within native environments are
plastic in some ways, and this plasticity may be another contributing factor to how well

invasive R. flavipes have established in new environments such as Toronto.

34.3 Conclusion

To my knowledge, this is first study to investigate termite invasiveness using a comparative
transcriptomics approach with multiple colonies from native and invasive populations.
Results from this study identified candidate genes and biological processes that underlie the

success of invasive Toronto R. flavipes supercolony along with transcriptomic information on
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native colonies from its Northern and Southern range. Specifically, I found the invasive R.
flavipes population to be enriched for several insecticide response and chemical metabolic
processes suggesting a molecular level adaptation to the current control measures. Moreover,
I found reproductive and chemical communication-related processes to be enriched in the
invasive population, matching previously described supercolonial phenotypes of neotenic
reproductive development and lack of kin recognition in a diffuse open colony structure.
However, it is unclear whether these genetic changes in the Toronto population are the result
of founder effect from being an invasive population, or it is rather these termites adapted on a
molecular level to the novel conditions presented by a metropolitan environment. Future
studies should focus on testing and comparing transcriptomic data from multiple invasive R.
flavipes populations to see if they share common changes in gene regulation. Besides the
invasive-native population genetic differences, I also found two other gene sets reflective of
differences between populations within the native range. Overall, this study presents
foundational transcriptomic knowledge to termite supercolonies, and future studies should
focus on testing the identified gene candidates to develop novel control and management

strategies.
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Chapter 4

4  General Discussion

The Eastern subterranean termite, Reticulitermes flavipes, is an emerging model organism for
molecular caste differentiation (Vargo & Husseneder, 2009), and a species of great economic
concern around the world (Buczkowski & Bertelsmeier, 2017). The goal of this thesis was to
use next-generation sequencing in a comparative transcriptomics approach to explore the
genetic basis of termite caste differentiation and invasiveness phenotypes. In Chapter 2, |
established a de novo reference transcriptome for the nymph, soldier, and worker castes of R.
flavipes complete with gene annotations from Swiss-Prot. This new termite transcriptomic
resource allowed me to identify three unique gene sets (total of 93 genes) in my comparative
analyses with biased up-regulation for nymph/worker, nymphs only, and soldier only.
Moreover, I found the transcriptional patterns of these three gene sets supported the
relationship of soldiers being a novel caste in comparison to nymphs and worker [(nymph,
worker), soldier]. In Chapter 3, I took advantage of the same reference transcriptome and
identified five gene sets (302 genes) as functions of invasive-native status (Toronto vs.
Boston and Raleigh), and Northern-Southern native populations. The expression patterns of
these gene sets reflected a strong distinction between invasive and native populations [T, (B,
R)] and further revealed many underlying genes and pathways potentially responsible for
supercolony behaviours and potential environmental adaptations. In this final discussion
chapter, I address some of the future outlooks, challenges, and limitations associated with my

findings from these two chapters for a better understanding of termite social evolution.

4.1 Advancing the understanding of termite molecular caste
differentiation

In terms of caste-biased gene expression, R. flavipes soldiers had the highest number of up-
regulated genes and had the most unique gene expression profile with minimal overlap
against nymphs and workers. This gene expression pattern matched the prediction from
evolutionary history of termite castes that soldiers are relatively novel in comparison to
nymphs and workers. To further validate this provisional result, future studies should focus

on testing for genetic novelty associated with the identified caste-biased genes. Previous
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transcriptomic and genomic studies on the social hymenopterans such as ants and bees
already highlighted a trend of worker genes being more derived in origin or genetically novel
compared to the queen genes (Feldmeyer et al., 2014; Harpur et al., 2014; Kapheim et al.,
2016). If indeed the termite soldier caste is also more derived and more evolutionarily recent,
then I expect soldier-biased genes, or a great proportion of these genes, to be more
taxonomically restricted in terms of homology, and experience a more rapid rate of evolution
compared to non-soldier-biased genes. For example, termite soldier-biased genes should be
restricted within termites (Isoptera) versus nymph or worker genes that may match to a more
phylogenetically distant or broadly inclusive taxa like all of Animalia or at least Arthropoda.
It is very possible the evolution of termite soldier caste and hymenopterans workers converge

on similar molecular mechanisms.

This thesis was limited to the comparisons of one reproductive (nymph) and two non-
reproductive (soldier, worker) castes. To gain a more comprehensive understanding on
termite molecular caste differentiation, future studies can also expand caste sampling by
including other castes such as alates, primary reproductives (king, queen), and secondary
neotenic reproductives (nymphoid, ergatoid). I expect the inclusion of these additional castes
will show expression patterns that can further clarify the relationship between nymphs,
soldiers, and workers, or reveal unexpected associations and evolutionary patterns. For
example, if castes from the reproductive line share more co-regulated genes with nymphs and
workers, then it would further support the notion of termite soldier evolution as a genetic
novelty. One interesting aspect of this future study is the placement of nymphoid and
ergatoid neotenic reproductives in terms of their gene expression profiles. Will these two
castes group closer together with their pre-cursor castes (i.e. nymphs and workers), with
primary reproductives, or with each other? Under the predictions outlined by winglessness
theory, where secondary reproduction and polyphenism evolved prior to reproductive skew
and workers (Bourguignon et al., 2016), the neotenic reproductives should group together
with primary reproductives despite the large developmental difference. Previous comparative
transcriptome analyses of these castes in Z. nevadensis (Archotermopsidae, non-bifurcate
development) show support to the outlined predictions (Terrapon et al., 2014). Therefore, it
would be interesting to see if R. flavipes (Rhinotermitidae, bifurcate development) also

uphold the same regulatory pattern.
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This annotated R. flavipes transcriptome greatly advances the field of termite sociogenomics,
and social insect genomics in general. Sequencing reads from this R. flavipes reference
transcriptome containing the nymph, soldier, and worker castes are deposited in NCBI
Sequence Read Archive (NCBI-SRA) and are freely accessible to the wider community. This
data should facilitate future comparative transcriptome analysis against other social or non-
social insects. For example, results from two recently published Z. nevadensis and M.
natalensis genomes revealed large genetic differences between these two termites of with
contrasting social complexities and developmental programs (Korb et al., 2015) (Figure 4.1).
Comparative insights from the R. flavipes transcriptome can shed light on how the transition
in social complexities occurred between these species because R. flavipes belongs to the
sister family of M. natalensis, and displays intermediary social traits (strictly wood diet,
single and multi piece wood nesting, and facultative sterility) (Evans et al., 2013). On a
broader scale for testing molecular conservation or convergent evolution of termite social
traits, this transcriptomic data could also be used to compare the gene expression profiles
with reproductive division of labour in other social insects like ants and bees (Korb, 2016;
Oppenheim, et al., 2015). Through these multi-taxa comparisons, we should gain new
perspectives to how termite social evolution occurred and whether reproductive division of
labour and polyphenism are a product of conserved genes or genes with novel social

functions.
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Figure 4.1 A) Simplified phylogeny of Isoptera displaying all termite families. B) Contrasts
between diet, nesting habit, and sterility characteristics of termites from three families. Note:

the topology of the phylogeny does not reflect evolutionary time.

4.2 Developing novel and target specific termite control
strategies

As previously mentioned, the frequencies of biological invasions are expected to
significantly increase in combination with the effects of climate change (Hellmann et al.,
2008). Climate modeling of R. flavipes and other invasive termite species’ ranges, predicted
all but one species to rapidly expand their current global distribution (Buczkowski &
Bertelsmeier, 2017). It is critical we understand the fundamental mechanisms of termite

invasion success and their ability to adapt to new conditions outside of their native range.

My transcriptome analysis of R. flavipes provides fresh insight to termite invasion biology
and environmental adaptations in two significant ways. First, I successfully sequenced three
R. flavipes castes (nymph, soldier, worker) from one invasive population in Toronto and two

native populations in Boston and Raleigh. The reference transcriptome assembly from the
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previous caste analysis now serves as a major resource for R. flavipes gene annotations. To
my knowledge, this is the first study to compare invasive and native termites from a
transcriptomic aspect to try and understand the genetic basis of invasive phenotypes such as
multiple reproductives and lack of kin recognition. Second, from my differential gene
expression analysis, I found 302 genes differentially expressed as a function of populations,
with 235 genes with invasive-native status biases, and 67 genes with Northern-Southern
range biases. When I subjected these genes to an enrichment analysis, I found several key
molecular pathways such as insecticide response, multi-organism reproduction, and fatty acid
and CHC metabolism that may be linked to the invasive success of the Toronto supercolony.
I also identified different diet, immune, and gene regulatory processes within native
populations. I expected to see some level of genetic responses to climate conditions
corresponding to Northern-Southern range, but observed none. Perhaps, my termite sampling
time and the absence of environmental extremes had a large part in not being able to elicit the
genetic changes in thermoregulatory responses. In the future as more termite genes become
characterized, maybe some of these climate adaptive molecular processes will become more

apparent in my data.

More often than not, transcriptomic studies on invasive termites focus more on termites from
their native range (Scharf, 2015a). Transcriptomic sequencing studies done on termites from
their invasive range are rare. There was a recent RNA-Seq study of invasive R. flavipes
populations and two native congeneric species from France describing the transcriptomic
profiles of secondary reproductives (Dedeine et al., 2015). I think it would be beneficial for
future comparative studies to include various invasive populations and castes such as those in

France to deduce common genetic mechanisms for termite invasion and adaptation success.

Candidate genes identified in this study are ideal targets for the development of novel pest
control strategies. First, it appears the lack of conventional termiticide success in
metropolitan Toronto is directly related to adaptive responses observed in the gene
expression profile, such as insecticide response and the specific up-regulation of several
cytochrome genes (David et al., 2013). Second, gene-level technology has been shown as a
compelling concept to address some of these shortcomings of conventional toxic termiticides
(Scharf, 2015b). For example, RNA interference (RNA1) is gaining strong interests from the

control application perspective through its functional genomic results (Huvenne & Smagghe,
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2010). RNA1 has successfully knock down over 15 different genes in five species of termites,
including R. flavipes, and can be delivered through feeding (Scharf, 2015b). Specifically,
candidate genes identified from Chapter 3 can be made into dsSRNA or siRNA solutions,
which will be taken up and spread throughout the colony via trophallaxis. Currently, the
stability of these RNA molecules needs to be improved to maximize its effectiveness in
disrupting target genes, but nonetheless remains a promising new alternative (Huvenne &
Smagghe, 2010). Besides RN A, alternative control strategies such as caste or pheromone
disruption can have profound effects as well. Previous laboratory studies already
demonstrated juvenile hormone and soldier head extracts to have termiticidal potential in
over-promoting sterile soldier development in a colony (Tarver et al., 2009). One
hypothetical example is to design chemicals that simulate existing pheromones or interrupt
signaling pathways for pheromone production such as acetyl-CoA and CHC catalysis
identified in the invasive population. The results of these disruptions could collapse the
existing termite supercolony structure through disproportionate caste composition, premature

caste differentiation, or potential loss of the reproductive division of labour.

4.3 Technical challenges with mRNA-Seq

Next generation sequencing, such as RNA-Seq, has made significant advances in
sociogenomic research by allowing for a comprehensive characterization and quantification
of the transcriptome for various phenotypes. Specifically, we are able to quantify gene
expression of transcripts with nucleotide level resolutions. This technology is a tremendous
improvement compared to previous array-based technologies with limitations like probe
selection biases, prerequisite sequence knowledge, and saturation induced by dynamic range
limits (Wang et al., 2009). However, RNA-seq does have its own technological and
experimental limitations that need to overcome (Oppenheim et al., 2015). I will address some

of these problems and propose solutions below.

Reticulitermes flavipes is not a model organism and does not have its genome sequenced and
annotated. Therefore, I took a de novo approach to assemble the transcriptome for three R.
flavipes castes from three populations. More often than not, de novo assembled
transcriptomes be riddled with mis-assemblies, fragmented transcripts, or difficulties with the

majority of genes being unannotated (Martin & Wang, 2011). Understanding these
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challenges, I was cautious in filtering gene content and using stringent parameters for
differential gene expression analysis. The application of these techniques likely contributed
to the small number of DEGs identified as a function of caste or invasiveness compared to
other studies. Alternatively, the whole body RNA extraction method may have
underestimated differences in gene expression between samples, as expression levels can
vary greatly between tissues within a single individual (i.e. fat bodies vs. muscle) (Johnson et
al., 2013). Regardless of these technical differences, I was still able interpret these gene sets
in a biologically meaningful way. To gain a comprehensive understanding of the overall
transcriptome and its regulation, future studies will need to focus on sequencing the genome,
providing in depth curated annotations, and performing tissue specific RNA-seq for R.
flavipes and other termite species. Projects like 15K (http://iSk.github.io/) and 1KITE
(http://www.1kite.org/) already have plans to sequence and annotate the genome of over 20
termite species including R. flavipes, in the near future. Incorporating new genomic and
tissue-specific transcriptomic information will clarify the portion of genes eliminated from
my analyses, and discover other genes that play a role in caste differentiation and

invasiveness.

Although I found promising gene candidates and molecular pathways that are potentially
involved in both caste differentiation and invasiveness, further work needs to be done to
confirm whether the transcript abundance reflects protein levels and in vivo functions in R.
flavipes. Changes in transcript levels do not always correspond with the same changes in
protein level (Vogel & Marcotte, 2012). Therefore, there are several approaches to validate
these candidate genes for their gene functions and their roles. From a broad genomic level,
proteomics through mass spectrophotometry of various castes and population samples can
confirm whether the observed transcripts were actually translated into proteins (Wolschin &
Amdam, 2007). On an in vivo level, functional experiments using RNAi allow us to target
specific gene candidates in R. flavipes for knock-down experiments to observe subsequent
changes in caste phenotypes (Zhou et al., 2008). For invasive phenotypes such as poor kin
recognition, verifying the CHC profile with gas chromatography will confirm whether all
invasive individuals share similar recognition cues (Haverty et al., 1996; Howard et al.,

1977). Overall, I believe a combination of these experimental approaches will help us
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reconnect genes with behavioural and physiological phenotypes for a comprehensive

understanding of termite sociality.

4.4 Conclusion

This thesis was the first study to examine transcriptomic correlates for both caste
differentiation and invasiveness for the Eastern subterranean termite, R. flavipes. Despite the
species not having a genome assembly, | established a de novo reference transcriptome that
contains gene expression information for three castes (nymph, soldier, worker) from three
populations (Toronto, Boston, Raleigh). Differential gene expression and functional
enrichment analysis revealed two datasets (93 and 302 genes) and several biological
processes as functions of caste and invasiveness. Together with future advances in genomic
and bioinformatic knowledge, studies can expand on the genes candidates identified in this
thesis for a more complete understanding of termite social evolution from genes to

phenotypes.
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Supplemental Materials

Table S1. Swiss-Prot annotations of R. flavipes caste-biased genes.

Cluster Trinity Gene ID Lal:ﬁ)t h Gene Annotation
TRINITY DNI12772 ¢c0 gl 1080 Protein giant-lens
TRINITY DN29811 c0 gl 584 Ankyrin-3
TRINITY_DN44020_c0_gl 3132 Cytochrome P450 6j1
TRINITY DN44279 c0 gl 1534 Adenylate kinase isoenzyme 1
TRINITY_DN56937 c0_gl 1394 SET and MYND domain-containing protein 4
TRINITY DN62625 c0 gl 1904 Cytosolic carboxypeptidase 1
TRINITY DN62834 c0 gl 2552 Growth arrest-specific protein 2
TRINITY_DN69320_c0_g2 775 Troponin C, isoform 1
TRINITY DN70903 c0 gl 2642 Junctophilin-1
TRINITY_DN75717 ¢2_gl 767 Troponin C, isoform 2
TRINITY DN77710 c0 gl 2449 Arginine kinase
TRINITY DN78786 cl gl 1218 Protein msta, isoform B
TRINITY DN79460 c3 gl 2594 Alpha-actinin, sarcomeric
Calcium-transporting ATPase sarcoplasmic/endoplasmic reticulum

TRINITY_DN79959 c4 gl 1514 type
TRINITY DN79994 c2 g2 1685 Elongation of very long chain fatty acids protein 7
TRINITY DN80657 c2 gl 974 Muscle-specific protein 20
TRINITY DN80831 c0 gl 1284 Gastric triacylglycerol lipase
TRINITY DN81370 c¢5 gl 368 N-acetylmuramoyl-L-alanine amidase
TRINITY_DN81478 cl_g6 2317 Ras-related and estrogen-regulated growth inhibitor
TRINITY DN81811 ¢6 gl 2035 Paramyosin, long form

I-Soldier TRINITY DN82275 c¢5 g2 3411 Muscle LIM protein MIp84B
TRINITY DN82279 ¢7 g5 614 Troponin I
TRINITY DN83037 ¢7 gl 4768 Sarcalumenin
TRINITY_DN83341 cl_gl 3241 Protein disulfide-isomerase AS
TRINITY DN83546 cl g6 1291 Protein anoxia up-regulated
TRINITY_DN83701 c0 gl 7430 Twitchin
TRINITY DN98549 c0 gl 343 Acyl-CoA Delta(11) desaturase
TRINITY DN174858 c0 gl 536 Tubulointerstitial nephritis antigen-like
TRINITY_DN20304_c0_gl 665 Lysosomal alpha-mannosidase*
TRINITY DN177615 c0 gl 397 Lysosomal alpha-mannosidase*
TRINITY_DNS55879 _c0_g2 842 Nose resistant to fluoxetine protein 6*
TRINITY DN80641 c4 g3 1210 Nose resistant to fluoxetine protein 6*
TRINITY DN69617 c0 gl 2168 Protein msta, isoform A*
TRINITY DN77195 ¢c0 gl 2330 Protein msta, isoform A*
TRINITY DN78360 c5 g2 2481 Protein msta, isoform A*
TRINITY_DN71080_c0_gl 1594 Muscle M-line assembly protein unc-89*
TRINITY DN83345 cl gl 13232 Muscle M-line assembly protein unc-89*
TRINITY_DN74909 c0_g2 914 Putative fatty acyl-CoA reductase CG5065*
TRINITY DN82942 c2 g2 1470 Putative fatty acyl-CoA reductase CG5065*
TRINITY DN82278 c0 gl 3124 Titin*
TRINITY_DN82571 ¢l gl 2515 Titin*
TRINITY DN83307 c0 g3 990 Titin*
TRINITY_DN83857 cl_g24 1242 ATP-dependent 6-phosphofructokinase®*
TRINITY DN62427 c0 gl 1590 Neither inactivation nor afterpotential protein C
TRINITY_DN66987 cl_g2 1236 Aromatic-L-amino-acid decarboxylase
TRINITY DN67705 c0 gl 1953 Serine proteinase stubble
TRINITY DN75166 c0 gl 2763 P protein
TRINITY_DN75750_c0_gl 2991 G2/mitotic-specific cyclin-B
TRINITY DN77896 c0 gl 3286 Protein aubergine
TRINITY DN78265 c0 gl 674 Histone H1.3

II-Nymph TRINITY_DN78435 c0_gl 910 Dehydrogenase/reductase SDR family member 11
TRINITY DN78537 c0 gl 3360 Aurora kinase A
TRINITY DN78663 c0 gl 2259 A disintegrin and metalloproteinase with thrombospondin motifs 17
TRINITY_DN79180_c4 gl 3665 Allergen Cr-PI
TRINITY DN80624 cl g4 1282 Ecdysteroid UDP-glucosyltransferase
TRINITY DN81899 c4 g2 2610 Peroxidasin homolog
TRINITY_DN82142 c0_g2 5971 Vitellogenin receptor
TRINITY DN83857 cl g9 1238 ATP-dependent 6-phosphofructokinase**



TRINITY_DN764 c0_gl 1109 Pro-resilin

TRINITY DN61229 c0 gl 868 General odorant-binding protein 56d
TRINITY DN77183 c0 gl 2674 PI-PLC X domain-containing protein 1
111- TRINITY_DN81204 cl gl 1462 Hexamerin
Nymph/Worker TRINITY DN82301 cl g3 616 Endoglucanase
TRINITY_DN82714 cl_gl 926 Myrosinase 1
TRINITY DN83277 ¢8 gl 1755 Beta-1,3-glucan-binding protein*
TRINITY DN83427 cl gl 1327 Beta-1,3-glucan-binding protein*

* Duplicate in another gene set

** Duplicate within the same gene set

Table S2. Reticulitermes flavipes caste-biased genes without Swiss-Prot annotations.

Gene Set Trinity Gene ID Length (bp)
I- Soldier TRINITY_DN19741 _c0_gl 426
TRINITY_DN65201 _c0_gl 1070
TRINITY_DN66234 _c0_g2 756
TRINITY_DN69767_c0_gl 740
TRINITY_DN70271 _c0_gl 1521
TRINITY_DN75772_c0_gl 1713
TRINITY_DN77755_¢c0_gl 5029
TRINITY_DN78418 c2 gl 1420
TRINITY_DN&81585_c2 gl 1294
TRINITY_DN82731 _c2 gl 926
TRINITY_DN83123_¢c0_gl 6787
TRINITY_DN83131_c0_gl 1577
TRINITY_DN83140 c0_gl 2123
TRINITY_DN83245 c2 g2 1274
TRINITY_DN86760 c0_gl 737
TRINITY_DN113175_c0_gl 304
TRINITY_DN176468 c0_gl 1101
TRINITY_DN194034_c0_gl 317
1I-Nymph TRINITY_DN76318_c0_gl 2172
TRINITY_DN77339 _¢c0_gl 2542
TRINITY_DN81628 c2 g2 353
TRINITY_DN82301 _c0_gl 1022
III-Nymph/Worker  TRINITY DN27215 c0 gl 761
TRINITY_DN72364 c0_gl 488
TRINITY_DN73718_c0_gl 1851
TRINITY_DN74646_c0_gl 2502

TRINITY DN80216 c0 gl 2806
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Table S3. Swiss-Prot annotations of R. flavipes population-biased genes.

Cluster Trinity Gene ID Length (bp) Gene Annotation

TRINITY DNS563 c0 gl il 873 C-type lectin mannose-binding isoform
TRINITY DN13702 c0 gl il 460 Urokinase-type plasminogen activator
TRINITY_DN17659 _c0_gl il 758 Epoxide hydrolase 3
TRINITY DN45947 c0 g2 il 1624 Putative helicase MOV-10
TRINITY DNS52905 c0 gl il 926 Putative defense protein 3
TRINITY_DN60659 c0_gl il 892 Cuticle protein 7
TRINITY DN67994 c0 g3 il 4168 Hormone receptor 4
TRINITY DN70343 cl gl il 1564 L-lactate dehydrogenase
TRINITY_DN71526_c0_gl il 3228 Chaoptin
TRINITY DN74100 cl g2 il 3813 Transmembrane cell adhesion receptor mua-3
TRINITY DN78022 c0 gl i3 1594 Mediator of RNA polymerase II transcription subunit 27
TRINITY_DN78272 ¢c0_gl i2 1163 Peritrophin-1
TRINITY DN79063 c0 gl il 651 Non-specific lipid-transfer protein
TRINITY DN79812 c0 gl i9 1302 Apolipoprotein D
TRINITY_DN80560_c0_gl_i2 2241 Endocuticle structural glycoprotein SgAbd-2
TRINITY DNO98114 c0 gl il 508 Ejaculatory bulb-specific protein 3
TRINITY DNI131626 c0 gl il 697 Multidrug resistance protein 1B
TRINITY_DN149047 c0 gl il 303 Endocuticle structural glycoprotein SgAbd-8

I-Raleigh TRINITY DNI191852 c0 gl il 783 Adult-specific cuticular protein ACP-20
TRINITY DN198787 c0 gl il 636 Chymotrypsin BI
TRINITY_DN202050 c0 g1 il 618 Acidic mammalian chitinase
TRINITY DN48495 c0 g3 il 862 Endochitinase*
TRINITY DNS52447 c0 gl il 747 Hormone receptor 4*
TRINITY_DNS51590 _cl1_gl il 997 Glucose dehydrogenase [FAD, quinone]**
TRINITY DN65977 c0 gl i2 803 Glucose dehydrogenase [FAD, quinone]**
TRINITY DN2275 ¢c0 gl il 952
TRINITY_DNS5339 ¢c0 gl il 433
TRINITY DN45745 ¢c0 gl il 575
TRINITY DN57917 ¢c0 gl il 1612
TRINITY_DN63202 c0 gl i3 1547
TRINITY DN77165 ¢c0 gl i2 383
TRINITY DN78347 c0 g3 il 921
TRINITY_DN80222 ¢c0 gl il 2698
TRINITY DN82969 c0 gl il 1144
TRINITY DN132304 c0 gl il 355
TRINITY_DN156068 c0 gl il 516
TRINITY DN179830 c0 gl il 330
TRINITY_DNO925 c0 g2 il 757 Retrovirus-related Pol polyprotein from transposon 412
TRINITY DN32296 c0 gl il 670 Scavenger receptor class B member 1
TRINITY DN33652 c0 gl il 498 Leucine-rich repeats and immunoglobulin-like domains protein 2
TRINITY_DN34571_c0_gl il 506 Tissue alpha-L-fucosidase
TRINITY DN34658 c0 gl il 345 Radical S-adenosyl methionine domain-containing protein 2
TRINITY DN36401 c0 g2 il 3009 TP-binding cassette sub-family G member 1
TRINITY_DN42672 c0_gl il 571 Fumarylacetoacetase
TRINITY DN44651 c0 g2 il 1203 Glucose dehydrogenase
TRINITY DN47133 c0 gl il 1075 Voltage-gated potassium channel subunit beta-2
TRINITY_DNS53629 c0 gl il 720 ATP-binding cassette sub-family G member 4
TRINITY DN54435 c0 gl il 1685 Neuroglian
TRINITY DN58290 c0 gl i2 1647 Protein N-terminal asparagine amidohydrolase
TRINITY_DN62320_c0 g2 il 770 GPI ethanolamine phosphate transferase 1
TRINITY DN62955 c0 gl i2 632 Cytochrome b5-related protein

II-Invasive TRINITY DN64408 c0 g2 il 2656 FYVE, RhoGEF and PH domain-containing protein 4

(Toronto) TRINITY_DN65384 c0_gl_i2 1991 Putative tricarboxylate transport protein, mitochondrial
TRINITY DN66539 c0 gl il 3234 Apolipophorins
TRINITY DN67874 c0 gl i2 1108 MFS-type transporter SLC18B1
TRINITY_DN67948 cl1_gl il 1101 Dystroglycan
TRINITY DN68530 c0 gl il 3109 Cystatin
TRINITY DN69394 c0 g2 i2 1616 Proton-coupled amino acid transporter 1
TRINITY_DN70144 c0 g4 i3 504 Cytochrome P450 6B1
TRINITY DN72907 c0 gl il 1154 Ubiquitin-protein ligase E3A
TRINITY DN73053 cl gl il 442 Retrovirus-related Pol polyprotein from transposon 17.6
TRINITY_DN73433 ¢c0 g2 il 1108 Frizzled-7
TRINITY DN73651 c¢2 gl il 1552 Follistatin-related protein 5
TRINITY DN73842 c0 g2 il 861 Haloacid dehalogenase-like hydrolase domain-containing protein 2
TRINITY_DN75040_c3_gl il 1175 RNA-binding protein fusilli
TRINITY DN75843 c0 gl il 800 Eukaryotic translation initiation factor 4H
TRINITY DN76661 c0 g3 il 642 Protein unc-50 homolog



III-Native
(Boston &
Raleigh)

TRINITY DN79493 c0 gl il
TRINITY_DNB80023 c0_gl_il
TRINITY DNB80526 c0 gl il
TRINITY DNB80640 c4 g2 i2
TRINITY_DNB80673_c0_g3 il
TRINITY DNB81509 ¢3 g2 il
TRINITY DNB81779 c0 g4 il
TRINITY_DNB82072_c0_gl_il
TRINITY DN82377 cl1 gl il
TRINITY DNB82787 cl g3 i2
TRINITY DNB83158 ¢2_g4 i3
TRINITY DNB83529 c0 gl il
TRINITY DNB84053 ¢l g9 i5
TRINITY _DN105667 c0 gl il
TRINITY DN110565 c0 gl il
TRINITY DN129754 0 gl il
TRINITY _DN130818 c0 gl il
TRINITY DN138840 c0 gl il
TRINITY DN139615 c0 gl il
TRINITY DN152334 c0 gl il
TRINITY DN152670 c0 gl il
TRINITY DN170714 c0 gl il
TRINITY _DN171921 ¢0 gl il
TRINITY DN11684 c0 gl il
TRINITY DN39350 c0 gl il
TRINITY_DN48642 c0_g3 il
TRINITY DN64992 c0 gl il
TRINITY DN77138 cl g2 il
TRINITY _DN79394 ¢7 g2 il
TRINITY DNB80139 c0 gl il
TRINITY DNB81255 ¢2 g5 il
TRINITY_DN95926_c0_gl_il
TRINITY DN160441 c0 gl il
TRINITY DN185680 c0 gl il
TRINITY _DN192088 c0 gl il
TRINITY DNI8898 c0 gl il
TRINITY DN31253 c0 gl il
TRINITY DN33873 c0_gl il
TRINITY DN43995 c0 gl il
TRINITY DN64801 c0 gl i2
TRINITY_DNB82560 c0_gl_il
TRINITY DNB84013 ¢2 g6 il
TRINITY DN100010 c0 gl il
TRINITY _DN105688 c0 gl il
TRINITY DN107688 c0 gl il
TRINITY DN148965 c0 gl il

TRINITY DN1012 c0 g2 il

TRINITY DNI5625 c0 g2 il
TRINITY_DN20472_c0_gl_il
TRINITY DN21918 c0 g2 il
TRINITY DN22476 c0 g2 il
TRINITY DN22919 c0 gl il
TRINITY DN31249 c0 g2 il
TRINITY DN31877 c0 g2 il
TRINITY DN32884 c0 g4 il
TRINITY_DN44620 c0_g2 il
TRINITY DN45311 c0 g2 il
TRINITY DN45965 c0 gl il
TRINITY DN52132_c0_gl_il
TRINITY DN54956 c0 gl il
TRINITY DN56439 c0 gl il
TRINITY_DN56737 c0_gl_il
TRINITY DN57660 c0 gl il
TRINITY DNG60557 c0 g2 il
TRINITY DN63111_c0_gl il
TRINITY DN64992 c0 g3 il
TRINITY DNG65230 c0 g3 il
TRINITY_DNG66397 c0_gl_il
TRINITY DN66673 cl gl il
TRINITY DNG66853 c0 g2 il

1102
1576
1334
2041
1086
682
748
855
440
303
750
857
563
543
486
443
527
824
526
571
846
502
1405
668
1121
310
1169
534
695
781
601
345
465
448
811
500
339
613
1601
515
924
426
314
625
497
483

812
1236
1990
1109
935
531
815
3380
1826
1015
2399
563
1600
478
364
501
2047
569
1511
1169
1181
578
1440
868

Golgi pH regulator

Gametogenetin-binding protein 2-like

Inter-alpha-trypsin inhibitor heavy chain H4

Purine nucleoside phosphorylase

Heterogeneous nuclear ribonucleoprotein A1, A2/B1 homolog
Zinc finger CCCH domain-containing protein 11A
Casein kinase I isoform alpha

Protein Gawky

Phosphoenolpyruvate carboxykinase [GTP]

Probable cytochrome P450 6al3

Putative cysteine proteinase CG12163

Putative 1-acyl-sn-glycerol-3-phosphate acyltransferase acl-2
Probable cytochrome P450 6a18

Otoferlin

2-amino-3-ketobutyrate coenzyme A ligase, mitochondrial
Excitatory amino acid transporter 2

Leucine-rich repeat-containing protein 4C

Protein yellow

Facilitated trehalose transporter Tretl1-2 homolog

Proton myo-inositol cotransporter

Synaptotagmin-4

Cholinesterase

Nuclear protein localization protein 4

Retrovirus-related Pol polyprotein from transposon 17.6*
Apolipophorins*

Tubulin alpha chain*

SH3 domain-binding protein 5 homolog*
Alpha-endosulfine*

Cytochrome P450 6j1*

Putative fatty acyl-CoA reductase**

Putative fatty acyl-CoA reductase**

Glucose dehydrogenase [FAD, quinone]**

Glucose dehydrogenase [FAD, quinone]**

Probable G-protein coupled receptor Mth-like 1

Zinc finger protein OZF

Probable palmitoyltransferase ZDHHC14

Regulator of telomere elongation helicase 1 homolog
Transforming growth factor-beta-induced protein ig-h3
268 protease regulatory subunit 6A

Protein tramtrack, beta isoform

Hexosaminidase D

Golgi to ER traffic protein 4 homolog

Guanine nucleotide-binding protein G(o0) subunit alpha
Glycoprotein 3-alpha-L-fucosyltransferase A

Cilia- and flagella-associated protein 20
Phospholipid-transporting ATPase ID

Opsin-1

V-type proton ATPase subunit B 1

V-type proton ATPase subunit B 2

Protein prickle

Endochitinase

Eukaryotic peptide chain release factor subunit 1

SH3 domain-binding protein 5 homolog

28S ribosomal protein S31, mitochondrial
Peptidyl-prolyl cis-trans isomerase 6

Cytochrome b-c1 complex subunit Rieske, mitochondrial
268 protease regulatory subunit 4
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TRINITY DN68257 c0 gl i3
TRINITY_DN69134_c0_gl_il
TRINITY DN69264 c0 g2 i2
TRINITY DN71367 cl gl il
TRINITY_DN72032_c0_g3_il
TRINITY DN72415 c0 g3 i2
TRINITY DN73493 c0 gl il
TRINITY_DN74508_cl_gl_il
TRINITY DN74531 c0 g2 il
TRINITY DN75025 c0 gl il
TRINITY_DN75055_c0_g2_il
TRINITY DN75133 ¢0 gl i2
TRINITY DN75133 ¢l g2 i2
TRINITY_DN75212_c0_g2 il
TRINITY DN76143 c0 gl il
TRINITY DN76616 c0 g2 il
TRINITY_DN76837 c0_gl_i2
TRINITY DN77258 c0 gl i2
TRINITY DN77293 c0 gl i4
TRINITY_DN77969 ¢l g2 i2
TRINITY DN78094 c3 g2 il
TRINITY DN78108 ¢l g6 i3
TRINITY_DN78310_c4_g4 i7
TRINITY DN78864 c0 g2 il
TRINITY DN79069 c0 g3 il
TRINITY_DN79412_c3_g5_il
TRINITY DN79534 c0 g2 i2
TRINITY DN79845 ¢3 g3 i2
TRINITY_DN79964 c1_g3_i2
TRINITY DN80219 cl gl il
TRINITY DN80444 c0 gl il
TRINITY_DNB80550 c2_g6_il
TRINITY DNB80554 c0 gl i3
TRINITY DN80605 c4 gl il
TRINITY_DNB81518_¢c0_g4 i3
TRINITY DN82158 c0 g6 il
TRINITY DN82231 ¢3 g3 i4
TRINITY_DNB82246_c3_gl_i6
TRINITY DN82270 c3 g3 i4
TRINITY DN82283 c0 g2 il
TRINITY_DN82350 cl_g3_il
TRINITY DNB82586 c9 g2 i3
TRINITY DN82796 c2 gl il
TRINITY_DNB82954 ¢2_ g2 i2
TRINITY DN83114 ¢0 gl i2
TRINITY DNB83447 c4 g3 i3
TRINITY_DNB83462 c0_gl_i5
TRINITY DN83740 c2 g2 il
TRINITY DN83754 ¢2 g5 il
TRINITY_DN114829 c0_gl il
TRINITY DN41546 c0 gl il
TRINITY DN42976 c0 gl il
TRINITY DN82098 c4 gl il
TRINITY_DNB83960 _c5_g4 il
TRINITY DN75754 c0 g5 i4
TRINITY DN83414 cl gl2 i2
TRINITY_DN441 c0 gl il
TRINITY DN78182 c0 g2 il
TRINITY DN78182 c0 g3 i3
TRINITY_DN71662_c0_gl_il
TRINITY DN48642 c0 g4 il
TRINITY DN80543 c0 gl il
TRINITY_DN81551 cl_g2 i4
TRINITY DNB83165 ¢2 g3 i3
TRINITY DN82444 cl g3 i4
TRINITY_DN55283_c0_gl_il
TRINITY DN77394 c0 g3 il
TRINITY DN77454 c0 gl i4
TRINITY_DN80732_c0_g6_i2
TRINITY DN80732 ¢0 g7 i3
TRINITY DN74172 ¢l g2 i4

353
1200
564
321
556
311
675
618
881
3157
369
405
321
528
540
2102
3092
342
357
394
626
325
512
1504
396
437
1128
318
339
359
1727
1015
2629
405
326
424
425
2276
3828
1014
336
397
429
1380
841
646
4167
1800
352
491
1102
570
305
312
309
405
505
561
545
472
310
325
483
411
324
308
522
312
302
324
309
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Uncharacterized protein YxjG

Zinc finger protein 32

Putative uncharacterized oxidoreductase C513.07
Zinc finger protein 271

Histone H2A.V

Actin-1

40S ribosomal protein S5

Caltractin

Cell division cycle protein 48 homolog
Nitric oxide synthase, salivary gland
Pathogenesis-related protein 5

14-3-3-like protein GF14-F

14-3-3 protein homolog

V-type proton ATPase subunit B
Ubiquitin-conjugating enzyme E2-16 kDa
Polycomb protein Sfmbt

Neurotrimin

Putative actin-22

Transient receptor potential cation channel protein painless
ATP-binding cassette sub-family C member 9
Serine protease 52

Histone-lysine N-methyltransferase PRDM9
Calmodulin

GPI ethanolamine phosphate transferase 2
40S ribosomal protein S23

Ras-related protein Rab-7A

Protein takeout

Zinc finger and SCAN domain-containing protein 12
60S ribosomal protein L8

GTP-binding protein YPTC1

Adhesion G protein coupled receptor
14-3-3-like protein

Thymidine phosphorylase

Polyubiquitin-B

Polyubiquitin

40S ribosomal protein S14

60S ribosomal protein L10

60S ribosomal protein L10a-2
Cytochrome P450 61

Endoplasmic reticulum aminopeptidase 1
Histone H2A.J

Zinc finger and SCAN domain-containing protein 22
78 kDa glucose-regulated protein
NADH-ubiquinone oxidoreductase chain 5
Cytochrome b

Myosin regulatory light chain 2

Ras guanyl-releasing protein 3

Probable cytochrome P450 49al

Late histone H2A.1

Enolase

Protein scabrous*®

Ubiquitin-conjugating enzyme E2-16 kDa*
Ubiquitin*

Actin*

Actin-10**

Actin-10**

408 ribosomal protein S13**

40S ribosomal protein S13**

40S ribosomal protein S13**

408 ribosomal protein S15a*

Tubulin alpha chain**

Tubulin alpha chain**

Tubulin alpha chain**

Tubulin alpha chain**

Tubulin alpha-1 chain*

Tubulin beta chain**

Tubulin beta chain**

Tubulin beta chain**

Tubulin beta chain**

Tubulin beta chain**

Tubulin beta-1 chain**



IV-Boston

TRINITY DN57317 ¢0 g2 il
TRINITY_DN68789 c0 gl _il
TRINITY DN80108 cl g3 il
TRINITY DN82350 cl g5 il
TRINITY_DN71370_c0_gl_il
TRINITY DN82567 ¢3 gl il
TRINITY DN79666 c0 g3 il
TRINITY_DN143291 ¢0_gl il
TRINITY DN67357 c0 g2 i2
TRINITY DNB82567 ¢3 g5 i3
TRINITY_DNB80692 ¢0_gl_i3
TRINITY DNB82545 c0 g2 i7
TRINITY DN79898 cl g2 il
TRINITY_DNS82105_c0_g7_il
TRINITY DN82105 c0 g8 il
TRINITY DN83052 c0 gl il
TRINITY_DNB83052_c2_gl2 il
TRINITY DN80273 c0 g3 i4
TRINITY DN83593 c0 gl il
TRINITY_DN172989 c0_gl il
TRINITY DN7166 ¢0 g2 il
TRINITY DN18469 c0 g2 il
TRINITY_DN34667 c0_gl_il
TRINITY DN43995 c0 g2 il
TRINITY DN45292 c0 g4 il
TRINITY_DN47084 c0_g2 il
TRINITY DN58163 c0 g2 il
TRINITY DN58331 c0 g2 il
TRINITY_DN59347 c0_gl_il
TRINITY DN61377 c0 gl il
TRINITY DN61848 c0 gl i4
TRINITY_DN64971 _c0_gl_il
TRINITY DN67211 cl g3 il
TRINITY DN67560 c0 gl il
TRINITY_DN72768_cl_g2 il
TRINITY DN72901 ¢0 gl il
TRINITY DN75584 c0 g2 il
TRINITY_DN77598_¢c0_g2_i5
TRINITY DN78482 ¢2 gl i2
TRINITY DN78686 c0 gl i2
TRINITY_DN79039 c0_gl_i8
TRINITY DN81398 ¢2 gl i2
TRINITY DNB81553 c0 gl il
TRINITY_DNB81825 c0_gl_i4
TRINITY DN83108 ¢3 gl il
TRINITY DNB83687 cl g4 i7

TRINITY DN22636 c0 g2 il
TRINITY DN36003 c0 gl il
TRINITY_DN41546_c0_g2 il
TRINITY DN48317 c0 gl il
TRINITY DN50229 c0 gl il
TRINITY DN63750 c0 gl il
TRINITY_DN67085_c0_gl_il
TRINITY DN68938 c0 g2 il
TRINITY DN77138 cl g5 il
TRINITY_DN78825 c2_gl_i8
TRINITY DN80543 cl gl i2
TRINITY DN81570 c0 g3 i2
TRINITY_DNB82487 ¢2_gl_i5
TRINITY DN82582 c0 g2 i9
TRINITY DN83225 c0 gl il
TRINITY_DNB83754_c2_g6_i8
TRINITY DN172214 ¢0 gl il
TRINITY DN74365 c2 g3 il
TRINITY_DN171545 c0_gl il
TRINITY DNB82590 c0 g3 i3
TRINITY DN82590 c0 g9 il
TRINITY_DN77454_c0_g8 i2
TRINITY DN7588 ¢0 gl il
TRINITY DN11457 c0 gl il

456
544
440
305
595
443
490
460
592
558
486
394
311
596
455
456
369
302
469
563
467
711
813
1601
1223
1573
760
959
1224
1561
797
1094
1947
534
542
1988
2605
455
385
2386
845
829
4403
3470
308
589

732
1611
1102
662
1115
614
1451
2061
534
3558
314
297
4249
4422
1077
501
922
371
636
436
436
380
1512
635
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14-3-3-like protein GF14 iota**
14-3-3-like protein GF14 iota**
Histone H2A**

Histone H2A**

Histone H3**

Histone H3**

Histone H3**

Histone H3.2**

Histone H3.2**

Histone H3.2**

Histone H3.2**

Histone H4**

Histone H4**

Heat shock protein 83**

Heat shock protein 83**
Elongation factor 1-alpha**
Elongation factor 1-alpha**
Heat shock 70 kDa protein**
Heat shock 70 kDa protein**

Probable palmitoyltransferase ZDHHC16

U3 small nucleolar RNA-interacting protein 2
Protein scabrous

Elongation of very long chain fatty acids protein 4
Transmembrane protein 177

Piezo-type mechanosensitive ion channel component 2
Snl-specific diacylglycerol lipase beta
Coiled-coil domain-containing protein 6
Alpha-endosulfine

C-1-tetrahydrofolate synthase, cytoplasmic
Tubulin alpha-1/alpha-2 chain

Peptidyl-prolyl cis-trans isomerase

Histone-lysine N-methyltransferase, H3 lysine-79 specific
Protein PTHB1

Mitochondrial intermediate peptidase

Histone H2A.1

Polyubiquitin 12

Histone H3.2*

Ubiquitin*

Tubulin alpha chain**

Tubulin alpha chain**

Tubulin beta-1 chain*



TRINITY DN25997 ¢0 gl il 1129

TRINITY_DN42510 c0 gl il 806
TRINITY DN43995 ¢c0 g3 il 1601
TRINITY DN80332 cl g2 il 1432
TRINITY_DN81138 c4 g5 il 552
TRINITY DN83535 ¢c0 gl i2 858
TRINITY_DN77963 ¢c0_g2 i2 377 Dynein light chain LC6, flagellar outer arm
TRINITY DN78768 c0 g3 i7 320 Heat shock protein 90
TRINITY DN81661 c0 g5 il 377 Heat shock cognate 70 kDa protein 1
TRINITY DN82983 c0 g3 i2 760 Heat shock protein 81-1
TRINITY DN83414 c0 g2 il 382 Actin-2
TRINITY_DN81515 c4 gl i3 401 Actin
TRINITY DN63138 c0 gl il 498 40S ribosomal protein S15a
. TRINITY_DN82495 c0_g2 i2 578 Tubulin alpha chain**
(;;1:2:1"2 TRINITY DN83165 ¢2_ gl i2 326 Tubulin alpha chain**
Raleigh) TRINITY DN83165 c2 g6 il 409 Tubulin alpha chain**
TRINITY_DN77157_c0_gl il 459 Tubulin alpha-1 chain**
TRINITY DN79020 c0 g6 il 425 Tubulin alpha-1 chain**
TRINITY_DN78081_cl_g2 il 492 Tubulin beta chain**
TRINITY DN78081 cl g4 il 401 Tubulin beta chain**
TRINITY DN77454 c0 g7 il 431 Tubulin beta-1 chain*
TRINITY DN72599 c0 gl il 482 Elongation factor 1-alpha**
TRINITY DNB83052 c2 g8 i2 300 Elongation factor 1-alpha**
TRINITY DN83638 c2 g3 i2 360 Elongation factor 1-alpha**

* Duplicate in another gene set

** Duplicate within the same gene set



Color Key

Figure S1. Alternative heatmaps of DEGs between R. flavipes castes supporting the
relationship of soldiers being uniquely regulated relative to nymphs and workers. DEG

criteria of A) FDR < 0.001 and 2-fold change, and B) FDR < 0.05 and 2-fold change.
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