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ABSTRACT 
 
The process of caste differentiation is central to understanding insect sociality because it 

is castes that enable division of labor. Presumably selection favors colonies that can 

divide labor in response to environmental demands, and for many taxa genetic factors 

are an important part of this equation. In my thesis, I first provide a framework for 

understanding genetic and epigenetic effects on caste. From mostly ant, bee and termite 

examples, I make clear that genotype-caste associations can evolve in different and 

sometimes complex ways and can involve additive or non-additive genetic effects that, in 

turn, may arise directly from focal individuals or indirectly via their social partners. I use 

this framework to launch an empirical analysis of my own. In my second chapter, I test 

alternative hypotheses that describe how genes evolve under direct vs. indirect selection. 

I predict that genes associated with reproductive castes will evolve mostly under direct 

selection and show patterns of nucleotide substitution that differ from those associated 

with non-reproductive helper castes and thus evolving under indirect selection. Using an 

RNA-Seq dataset for the Eastern subterranean termite, I found that caste-biased and un-

biased genes evolve at similar rates, most consistent with purifying selection. I therefore 

did not detect an obvious pattern of molecular evolution that is diagnostic of indirect or 

'kin' selection. I did discover other, more subtle patterns of nucleotide substitution that I 

discuss in the context of termite social biology.  
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SUMMARY FOR LAY AUDIENCE 
 
Termites are eusocial insects with reproductive and non-reproductive castes, the latter of 

which can only evolve via indirect selection. In this thesis I first look retrospectively at the 

role for genes and genetic variation on the origin and maintenance of caste differences in 

the social insects. My synthetic review concludes that additive genetic variants must have 

played an essential role in the origin of castes and that gene-by-environment interactions 

continue to govern the conditional development of caste differences for many ant, bee, 

wasp and termite species. From this broader standpoint, I launch my empirical study. 

Here, I test if genes associated with sterile workers and soldiers in a termite have similar 

patterns of molecular evolution to those of reproductive castes. The Eastern 

subterranean termite Reticulitermes flavipes showed patterns of nucleotide substitution 

at most caste-associated loci consistent with purifying selection. Some soldier-associated 

loci did, however, differ from this general pattern and appear to be evolving close to the 

neutral rate. A neutral pattern is rare for highly expressed protein coding genes but is 

consistent with the idea that genes evolving under indirect selection are buffered from 

the full strength of selection and thus may approach neutrality. These two genes, 

encoding a titan and a feruloyl esterase-like protein, together with others identified by 

my analysis suggests that caste can affect the strength of selection and in a manner 

consistent with some prior predictions. I discuss my novel results in the context of 

modern sociogenomic theory and offer my own ideas on ways to further test the 

relationship between caste-biased gene expression and patterns of molecular evolution. 
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GLOSSARY OF TERMS  
 

ADDITIVE GENETIC 

EFFECTS 

A quantitative inheritance mechanism that occurs when the 

combined effects of alleles at two or more loci are equivalent to 

the sum of their individual effects.   

ALATE The sexually mature developmental stage of an insect featuring 

wings or wing-like appendages.  

ALLELE One of the alternative forms of a gene at a chromosomal LOCUS.  

ALLOPARENT The ‘other parent’ or individual that performs parent-like behaviour 

towards other individuals that are not his or her offspring.  

ALTERNATIVE 

SPLICING 

A regulatory mechanism that generates different types of mRNAs 

from the same gene through variable incorporation of exons or 

coding regions. It results in production of related protein variants 

or isoforms.  

ALTRUISM In evolutionary biology, refers to reproductive ALTRUISM, which is a 

type of behaviour that benefits others, at a reproductive fitness 

cost to self, measured in terms of the expected number of 

offspring.  

ASEXUAL QUEEN 

SUCCESSION (AQS) 

SYSTEM 

A system discovered in some termite species, where queens use 

asexual reproduction (PARTHENOGENESIS) for generation of future 

queens, and sexual reproduction to produce other colony 

members.   

AUTOMICTIC 

PARTHENOGENESIS 

A postmeiotic process whereby a haploid cell either duplicates its 

chromosomes or joins with the other haploid cell, in both cases 

generating a diploid zygote.  

AUTOSOMAL LOCUS A LOCUS on any chromosome other than sex chromosome.  

BALANCING 

SELECTION 

Includes a number of selective pressures as a result of which alleles 

are maintained in population gene pool at higher frequencies than 

expected from genetic drift.  
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BLAST Basic Local Alignment Search tool is based on a sequence 

comparison algorithm that is used to search the sequence 

databases for local alignments to a query sequence, or a sequence 

of interest that is being used to conduct the search.  

CASTE Subgroup of individuals within a colony that share a common, 

separate morphogenetic pathway. CASTES have different physical 

forms (i.e., soldier, queen, worker) that are usually associated with 

the social function performed by each individual. 

CASTE 

DIFFERENTIATION 

A biological process, whereby related individuals within a colony 

develop into alternative CASTES or SUB-CASTES. 

CLONAL 

REPRODUCTION 

A form of asexual reproduction that occurs through split of genetic 

material to generate new individuals with identical genotypes.  

CLUSTAL FORMAT A text-based file that has multiple sequences that are, or will be, 

aligned. The format includes information about the degree of 

conservation at each position of the alignment. Among the three 

types of symbols: “*” indicates perfect alignment, “:” a site with 

strong similarity and “.” a site with low similarity. Below is an 

example of a fragment from one protein multiple sequence 

alignment for one NDE gene from this study in CLUSTAL format. The 

number at the end of each line is a total base count for each 

aligned sequence. 
 

DN178023_Rf_1            VSGAVAERCNFVAYITYSAVISGFVYP 27 
XP_033608955.1_Cs_1      VSGAVAERCNFVAYITYSAVISGFVYP 27 
XP_023714905.1_Cs_2      VSGAVAERCNFVAYITYSAVISGFVYP 27 
XP_023714897.1_Cs_3      VSGAVAERCNYIAYITYSFVISGFVYP 27 
XP_021933575.1_Zn_1      VSGAVAERCNFIAYIVYSIGISGIVYP 27 
                         **********::***:**.:***:*** 
 

COBALT The Constraint-based Multiple Alignment Tool performs 

progressive multiple alignment of protein sequences and is offered 

by the NCBI. This tool generates robust alignments using derived 

constraints from protein motif database and conserved domain 
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database, as well as annotated sequence similarity information 

from RPS-BLAST, BLASTP, and PHI-BLAST. 

CODEML A program within PAML that implements codon substitution model 

for DNA sequences and various models for amino acid sequences. 

CODEML program is used to estimate non-synonymous and 

synonymous substitution rates and detect selection in nucleotide 

and corresponding protein sequences.  

CONGENERIC Of species that belong to the same genus.  

DIFFERENTIALLY 

EXPRESSED GENE 

A gene is deemed differentially expressed if the observed change 

or difference in expression levels of normalized read counts is 

statistically significant between two experimental conditions.  

dN/dS Ratio that is used to measure the mode and strength of selection 

via comparison of synonymous substitution rates (dS) per 

synonymous site with non-synonymous substitution rates (dN) per 

non-synonymous site. The dS rate is assumed to be neutral, while 

dN results in a change of gene’s translated amino acid composition. 

DNA METHYLATION A process by which methyl groups are added to the DNA and 

typically repress gene transcription. This process may therefore 

alter the expression or activity of the DNA molecule without 

changing its sequence. Out of four DNA bases, only cytosine and 

adenine can be methylated.  

DNA 

METHYLTRANSFERASE 

A family of enzymes, including DNMT and DNA MTase, that 

catalyzes the transfer of methyl groups to DNA molecules.  

DOMINANCE When one allele on a chromosome copy masks the effect of 

another allele for the same gene on a different chromosome copy 

at the same locus.   

EPIGENETIC FACTORS Factors that are ‘on top of’ or ‘above’ genetics, that modify DNA 

externally (i.e., DNA METHYLATION). These EPIGENETIC modifications do 
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not alter the DNA sequence itself but able to change gene 

expression by turning genes ‘on’ and ‘off’.  

EPISTASIS The interaction between genes that affects phenotype. A gene is 

epistatic if its presence limits the effect of a gene at a different 

locus.  

ERGATOID A type of immature reproductive individuals without wing buds.  

EUSOCIALITY The most complex level of sociality organization, characterized by 

REPRODUCTIVE DIVISION OF LABOUR, overlapping generations, and 

ALLOPARENTAL brood care.  

FASTA A text-based file format used to represent either peptide or 

nucleotide sequences. Each sequence in FASTA format starts with a 

‘>’ symbol followed by the header containing identifying 

information. The header is followed by the sequence data, where 

single-letter codes are used to represent each nucleotide or amino 

acid base pair. Below is an example of one nucleotide sequence 

fragment in a FASTA format from this study: 
 

>TRINITY_DN82301_c1_g3_i2 

CCTGACAGGAGGATACTATGACGGTAAGGCTACTACAAGCACATCATGTATGTCT 

FECUNDITY Physiological reproductive capacity or maximum reproductive 

output of individual over its lifetime.  

GENE FAMILY  A set of genes that arose from duplication and have similar function 

in a species.  

GITHUB A web-based and version-controlled collaboration system, 

equipped with repositories, branches and commits that facilitate 

data transparency. GITHUB is used for storing, tracking, and sharing 

any set of files or projects.  

GYNES  A caste in some eusocial species that is destined to become 

queens. GYNES are different from workers, who are typically STERILE 

and do not become queens.   
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HAMILTON’S RULE Asserts the conditions under which reproductive ALTRUISM evolves 

among relatives. The HAMILTON’S RULE is: 

 r x B > C 

According to the rule, a trait is favoured by natural selection if its 

benefit B to others, when multiplied by relatedness r, exceeds the 

fitness cost C to self.  

HEMIMETABOLOUS Gradual type of insect development characterized by incomplete 

metamorphosis and lack of pupal stage.  

HISTONE 

MODIFICATION   

Post-translational covalent modification to histone proteins (i.e., 

DNA METHYLATION) that may influence gene expression. This occurs 

through modifications to the chromatin structure or via 

recruitment of histone modifiers.  

HOLOMETABOLOUS Type of insect development with complete metamorphosis and 

immature larvae stages that are different from adults. 

Transformation from larva to adult occurs during pupal stage.  

HOMEOSTASIS A self-regulating process that results in maintenance of a relatively 

stable internal state of an organism despite potential changes in 

the environment.  

HYBRIDIZATION The process of breeding with individuals of another species.  

INDEL Insertion-deletion mutation is one of the most common types of 

mutations and refers to insertion or deletion of one or more 

nucleotide bases in DNA/RNA sequences.  

INCLUSIVE FITNESS 

THEORY 

In evolutionary biology, also referred to as ‘kin theory’ or ‘kin 

selection’. The INCLUSIVE FITNESS THEORY was proposed by W.D. 

Hamilton (see HAMILTON’S RULE) and models evolution of social traits 

or behaviours. According to the theory, individual’s inclusive fitness 

is a sum of direct (i.e., the total number of offspring produced), and 

indirect fitness (i.e., the number of produced relatives) multiplied 

by the degree of relatedness (i.e., shared proportion of genes) 
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between related individuals. One of the main tenants of INCLUSIVE 

FITNESS THEORY is that ALTRUISM among related organisms enables 

shared genes to be passed on to future generations.  

INTER-SPECIFIC Between species.  

INTRA-SPECIFIC Within species. 

KIN GROUP A group of genetic relatives that live together.  

LOCUS Genetic ‘street address’ or specific physical position of a gene on a 

chromosome. 

MATRILINEAL 

EFFECTS 

The tracing of kinship and through ‘mother line’ or reproductive 

females.  

MICRO-CLIMATE A local set of conditions or climate of a restricted area that typically 

differs from the surrounding environment.  

NARROW-SENSE 

HERITABILITY 

A proportion of genetic variation for a given trat that is due to 

ADDITIVE GENETIC EFFECTS. It is estimated as a ratio of additive genetic 

variance VA to total phenotypic variance VP.   

h2 = VA/VP 

NCBI The National Center for Biotechnology Information provides access 

to genomic and biomedical information as part of the United States 

National Library of Medicine. The NCBI contains a series of 

databases along with relevant bioinformatic tools and services for 

their analysis.  

NEOTENIC QUEENS Individuals within the colony that supplement egg production and 

eventually replace the primary queen. 

NEPOTISM Favoritism towards relatives.  

NON-ADDITIVE 

GENETIC EFFECTS 

Describes effects that arise from interaction of different alleles at 

the same (i.e., DOMINANCE) or across locus (i.e., EPISTASIS).  

NON-CODING RNAS RNA molecule that does not get translated into a protein. NON-

CODING RNAS may regulate gene expression at both, transcriptional 

and post-transcriptional levels.  
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NON-DIFFERENTIALLY 

EXPRESSED GENE 

A gene is non-differentially expressed if the observed change or 

difference in expression levels of normalized read counts is 

statistically insignificant between experimental conditions.  

NYMPHOID A type of immature reproductive with wing buds.  

ORF-FINDER A bioinformatic tool offered by the NCBI that can be used manually 

online or piped into a script for a command line execution. This tool 

searches nucleotide sequences in forward and reverse directions 

for all six possible reading frames, specifically detecting regions 

flanked by START and STOP codons; then locates and extracts all 

potential open reading frames in a given nucleotide sequence 

along with corresponding amino acid translations.  

ORTHOLOG Gene that is related to another by common ancestor and encodes 

protein with similar functions in different species.  

PAL2NAL A program that converts paired multiple sequence alignments of 

nucleotide and corresponding protein sequences into codon 

alignments. PAL2NAL also implements PAML’s CODEML program to 

generate dN/dS estimates on paired codon-by-codon alignments.  

PAML For Phylogenetic Analysis by Maximum Likelihood. PAML 

implements a series of programs, including CODEML to perform 

phylogenetic analyses of protein and nucleotide sequences using 

maximum likelihood.  

PARTHENOGENESIS A reproductive strategy that involves development from 

unfertilized ovum. 

PATRILINE The ‘father line’ or a descent that is exclusively established through 

males from a founding male ancestor.  

PHEROMONE A chemical substance that is produced and released by the animal 

that elicits one or more behavioural responses from other 

individuals of the same species.  
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PLEIOTROPY When two or more phenotypic traits are influenced by a single 

gene, the gene is said to be pleiotropic.  

PLOIDY The number of chromosomes sets in the cells of an organism. 

DIPLOID organism has two sets of chromosomes and HAPLOID has one 

set.  

POLYANDROUS Relating to the type of mating, where one female mates with 

multiple males, while each male only mates once with a female.  

PYTHON An object-oriented, high-level script language that automates 

execution of tasks and is used to process and connect large data 

components.   

R A programming language and software environment for statistical 

data analyses, computing and graphics. 

RECOMBINATION Rearrangement of genetic material via cross-over in chromosomes.  

REPRODUCTIVE 

DIVISION OF LABOUR 

The defining feature of EUSOCIALITY, where one or a few individuals 

monopolize reproduction, while numerous others perform 

specialized and non-reproductive roles that include defense, 

foraging, and brood care.   

ROYAL JELLY A substance secreted and fed by honey bee workers to larvae 

raised as potential queens.   

SEX-LINKED A gene located on the sex chromosome (x or Y) that may therefore 

be inherited differently between males and females.  

SMARTBLAST NCBI’s program that implements a combination of BLAST searches to 

generate results. This program searches query against the 

landmark database with BLASTP and against the non-redundant (nr) 

protein database with optimized version of BLAST that is specifically 

targeted to closely related sequences. 

STERILE Individual that is incapable of producing offspring.  

SUB-CASTE A specialized subdivision of a larger CASTE within the colony, with 

characterized morphological differences and functional roles.  
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SUB-FERTILE Describes a form of reduced fertility, where potential for 

reproduction exists, but is minimal or occurs under specific 

conditions.  

SYMPATRY Of speciation that occurs between species that live in the same 

geographical area and overlap in distribution.  

TAXON Refers to any one group within the hierarchical rank of taxonomy, 

or biological classification of organisms from kingdom to 

subspecies.  

THELYTOKY A type of PARTHENOGENESIS that results in production of females only 

from an unfertilized ovum.   

UNIPRO UGENE Software that integrates a variety of widely used bioinformatics 

tools and provides visualization modules for annotation and 

assembly of data into multiple sequence alignments. This 

bioinformatic software also allows for conversion between multiple 

biological data formats from local and remote sources.  

UNIX An operating system with portable, multiuser and time-sharing 

functionality that implements a range of scripting and text-based 

coding. Additionally, this operating system incorporates a graphical 

user interface to support computing environment and file 

navigation.  

ZYGOSITY Characterizes DNA sequence similarity at a specific genetic locus. In 

DIPLOID individuals, where a copy of each allele is inherited 

maternally and paternally, ZYGOSITY describes whether the resulting 

DNA sequence is homozygous (with identical alleles) or 

heterozygous (with different alleles) at a locus.  
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CHAPTER ONE: General introduction 
 

1.1 Goals of the thesis  
 
The evolution of adaptively complex societies from individually selfish life histories has 

long been a topic of theoretical and biological interest (Ratnieks et al. 2011) – one to 

which studies on social insects have contributed a great deal (Williams and Williams 1957; 

Hamilton 1972; Lin and Michener 1972; Alexander 1974; Anderson 1984; Crozier and 

Pamilo 1996; Bourke and Franks 1995; Abbot et al. 2011). Central to this discussion has 

been the seemingly paradoxical evolution of a selfless worker caste that, through 

conventional understanding of how selection works, ought not to evolve at all due to 

seriously compromised sense of personal fitness (Darwin 1859). Thanks to a major effort 

by the British natural historian William D. Hamilton (Herbers 2013), we now know that 

fitness is not only represented through personal reproduction of descendants, but rather 

includes an 'indirect' fitness quotient realised through the assisted production of non-

descendent kin. These direct and indirect components to a worker, queen or any 

individual's fitness sum up to what is now recognized as INCLUSIVE FITNESS (Levin and Grafen 

2019) – the parameter that natural selection tends to maximize (Hamilton 1964).  

 

In the following chapters, I build upon our modern understanding of the inclusive fitness 

theory (West and Gardner 2013; Queller 2016; Bourke 2011b) that has been 

fundamentally established within the field of insect sociobiology (Bourke 2011a; Alcock 

2001; Marshall 2015) and contribute in novel ways by providing a study of my own. In 
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Chapter Two, I develop a synthetic review that describes the genetic and epigenetic 

effects on the evolution and development of caste systems that are found among social 

insects. In Chapter Three, I conduct an empirical study that implements modern 

bioinformatics approaches to help identify patterns of nucleotide substitution that reveal 

historical effects of indirect selection.  

 

1.1.1 Literature review with novel synthesis  
 
By conducting synthetic review in Chapter Two, I utilize the inclusive fitness theory to 

pose and answer outstanding questions on the role that genes, the environment and 

gene-by-environment interactions play in shaping the diversity of caste systems in nature. 

I highlight key reports from the empirical literature that reveal detailed insights into 

surprising, complex and sometimes bizarre biology of insect societies. Reflecting on the 

un-even interest and study effort toward certain eusocial taxa over others, this literature 

synthesis is inadvertently biased towards examples and insights from the eusocial 

Hymenoptera, particularly ants or other most-studied species of bees (i.e., the European 

honey bee Apis mellifera). I position these models against others for less-studied taxa, in 

particular termites, to provide the broadest view possible.  

 

In Chapter Two, I introduce new ways-of-thinking that are conveyed to the reader 

through the use of conceptual figures and diagrams. For instance, where others have 

typically separated the developmental or proximate from evolutionary or ultimate factors 

that explain caste differences, I have joined them into a single conceptual framework 
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(Figure 2.1) that I believe is a unique contribution to my field. I use novel diagrams to 

clarify the relationship between direct and indirect selection (Figure 2.2) and between 

allelic (genic) and genotypic effects (Figure 2.3) – a perennial source of confusion in the 

field of sociobiology. This review chapter provides new approaches towards further 

resolution of complex and quirky breeding arrangements that evolve under a mix of 

sexual vs. asexual reproduction or under direct vs. indirect selection that is acting on 

both, diploid and haploid phases across ecologically diverse and taxonomically unrelated 

taxa. Marshalling this genetic, ecological and taxonomic diversity into a common 

framework and single review is challenging but at the same time, is precisely the point. By 

building upon meticulous summaries of other studies with new ideas, I am confident that 

this work is in itself a novel contribution to the field of sociobiology. Its inclusion as a 

long-form entry into the authoritative Encyclopedia of Social Insects (C. R. Starr, ed. 

Cham, Switzerland: Springer, 2021) shores-up current knowledge and accelerates the 

development of new studies from the framework provided.  

 

1.1.2 An empirical study and test for selection          
 
In my third empirical chapter, I build upon the context established in the synthetic review, 

to propose a novel test for scanning and identifying signatures of caste-mediated 

selection. Using an RNA-sequence dataset from a local species of subterranean termite 

(Reticulitermes flavipes; Rhinotermitidae), I develop a bioinformatics pipeline to compare 

the strength of selection and rates of molecular evolution across caste-biased and un-

biased genes. My study is not yet published, but I believe that my effort is the first of its 
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kind from a social insect species in the order Blattodea. My approach exploits allelic 

diversity captured in the RNA sequences, which were derived from within our laboratory 

at Western (Wu et al. 2018), revealing differences in patterns of nucleotide substitution 

that are associated with functionally sterile worker and soldier castes.  

 

The subterranean termite used in the Wu et al. (2018) study is native to eastern North 

America but has been introduced into other locales outside of this range (reviewed in 

Scaduto et al. 2012). In native range colonies, reproduction is monopolized by the royal 

pair – the queen and king, who are supported by thousands of soldiers and workers 

(Thorne et al. 1999; Lainé and Wright 2003). By contrast, invasive termite populations 

maintain a slightly different social structure, whereby colonies rely on immature 

('neotenic') nymphs for reproduction (Vargo and Husseneder 2009). I reason that genes 

identified by Wu et al. (2018) as associated in their expression with the reproductive 

nymph caste evolve under direct selection, and thus will show patterns of nucleotide 

substitution that are different from those associated with the non-reproductive castes. I 

further reason that genes associated in their expression with the non-reproductive 

worker or soldier caste will show evidence of indirect selection, and thus evolve in a 

pattern opposite to that of nymphs. To determine these differences, I embrace three 

leading hypotheses and test their diagnostic predictions.  

 

The three main hypotheses that are used to predict diagnostic signatures of indirect 

selection and against which I pose my data and analyses, are backed-up by literature and 
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graphically-depicted through the use of novel diagrams in Chapter Three. For example, I 

first paraphrase their predictions in text (Table 3.1) then, for the first time, graphically 

plot them as hypothetical results within the context of neutral theory (Figure 3.1). By 

consolidating these alternative hypotheses from their original, disparate sources into a 

common graphic, I summarize their commonalities and differences for the future 

audience. Moreover, my results from empirical analysis that provides the best test yet, 

reinforce their graphical value in explaining patterns of nucleotide substitution from 

available termite species. My study remains provisional as presented in this Thesis but 

does represent a major step forward towards its eventual completion. It is necessary to 

analyse the data in a manner that progresses theoretical ideas and workload from small 

to large, and to asses the next-steps with emerging findings. By doing so, in my work, it 

has become clear that my initial analysis of a set of ~90 genes from one species lacks 

sufficient statistical power to support or reject any one hypothesis, and that further 

analysis will be required. Thankfully, I do have access to an expanded data set with ~570 

genes that I will incorporate in my extended analysis and future publication.  

 

1.1.3 Towards general conclusion 
 
In my fourth General Conclusions chapter, I summarise my main effort and results, as well 

as suggest a next generation of studies that build upon my work, for other researchers in 

the field. For example, I suggest that my approach to test for evidence of indirect 

selection with the neutral theory is powerful in principle but statistically lacks power, as 

expected, when sequence variation is minor for a relatively small RNA-sequence data set 
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from a sparsely sampled population of inbreed insects that is characterized by a small 

effective population size. In addition to using the standard dN, dS and dN/dS parameters to 

detect and measure variation in the direction and intensity of selection, I propose to 

augment my analysis with other measures for detecting selection, including analysis of 

allele frequency spectra as commonly implemented in the McDonald-Kreitman test 

(McDonald and Kreitman 1991) or its extension proposed by Akashi (Akashi 1999).  

 

Finally, I am excited to introduce one new hypothesis of my own. In my analysis, I 

discovered another pattern in the strength of selection as measured by dN/dS that has 

emerged from my study. This detected pattern shows that the intensity of purifying 

selection (dN/dS < 1) on caste-associated genes co-varies with phylogeny, such that 

species with the most derived eusocial systems display evidence of most intense 

selection. My comparative phylogenetic analysis contains only three species; however, 

my observation is sufficient to propose a novel idea – that as species evolve to be ever-

more social, and that their caste systems ever-more interdependent, selection likewise 

becomes more focussed on the genes involved. If so, elusive signatures of indirect 

selection might be more readily detected in derived as opposed to ancestral species on 

the termite (or other social insect) tree of life.  

 
 
 
 



7 
 

 
 
 

 

CHAPTER TWO: Genetic effects on the evolution and development 
of social insect castes: A synthetic review 
 

2.1. Caste differentiation in eusocial insects 
 

REPRODUCTIVE DIVISION OF LABOUR is a defining feature of EUSOCIALITY. Within any eusocial 

breeding system individuals are not generalists, but rather perform task-specialized 

behaviours as CASTES. The principal division of labour occurs between the royal castes that 

monopolize reproduction (i.e., queens, kings) and their non-reproductive helpers (i.e., 

workers, soldiers). In some societies this division of labor is particularly pronounced and 

sub-specialists within colonies are present in the form of SUB-CASTES. The process whereby 

individuals differentiate into alternative castes or sub-castes is termed CASTE 

DIFFERENTIATION. Caste differentiation can thus be studied for any eusocial TAXON – that is, 

any taxon with castes – of which there are tens of thousands of insect and other-

arthropod examples (Rubenstein and Abbot 2017).  

 

While eusocial breeding systems that feature castes have evolved more than a dozen 

times across the tree of life, they remain concentrated within the Arthropoda (Hölldobler 

and Wilson 2009) and especially in the insect orders Hymenoptera (including many 

species of eusocial ants, bees and wasps) and Blattodea (containing termites, all of which 

are eusocial cockroaches). These two insect lineages are phylogenetically remote from 

one another, yet both presumably evolved their caste systems in a convergent manner. 

As best described under the rubric of INCLUSIVE FITNESS THEORY, this likely occurred in 
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response to similar selection pressures and ecological opportunities that ultimately 

favoured complementary and contrasting behaviors within KIN GROUPS (Bourke 2011). 

Under certain conditions, specified by an evolutionary prophecy known as HAMILTON’S 

RULE, kin-mediated selection can drive the evolution of physical castes and sub-castes 

(Figure 2.1 A). 

 

For any eusocial taxon, it is helpful to envision a set of developmental 'switches' that 

mediate caste differences. The convention of switches is sufficiently general to apply to 

HEMIMETABOLOUS and HOLOMETABOLOUS social insects alike and helps to point-out the single-

most fundamental switch that is shared by all eusocial taxa – that which separates the 

more- from the less-reproductive line (Figure 2.1 B). Depending on the degree of task 

specialization that has evolved for a given taxon, there may be secondary or even tertiary 

downstream switches that mediate differentiation into sub-castes. Not all helper castes 

are fully STERILE, many workers and even (termite) soldiers can occasionally lay eggs. 

 

A hymenopteran society typically consists of one or a few queens that are supported by 

numerous female workers. The haploid-male caste performs a strictly sexual role and is 

usually short-lived. By contrast, in termite societies, all individuals are diploid and can be 

of either sex, depending on the species. Termite colonies are formed by a sexual king and 

queen who reproduce many SUB-FERTILE offspring that develop into workers and soldiers. 

This evolutionary convergence of division of labor between the social Hymenoptera and 

the social Blattodea is independent still from comparable systems that are occasionally  
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Figure 2.1.  Evolution and development of insect castes and sub-castes A) Consider a population 

of individuals that vary in their reproductive disposition from selfish (parental) to selfless 

(alloparental). Any complementarity (*) among selfish with selfless individuals within a colony can 

be magnified (***) under kin-mediated selection for ever-more selfish with ever-more selfless 

behavioral combinations, leading to queen and worker castes, respectively. Further selection for 

caste complementarity can result in the emergence of sub-castes (i.e., major and minor workers). 

B) Castes and sub-castes have evolved independently in orders with gradual (HEMIMETABOLOUS) or 

discrete (HOLOMETABOLOUS) development. For some eusocial taxa, differentiation may involve a 

single switch (1) that mediates the primary division of labor between reproductive and non-

reproductive castes. Caste differentiation in other eusocial taxa may involve a secondary switch 

(2) that mediates further division of labor among the SUB-CASTES. 
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described outside of these orders – for example, some species of aphids (Homoptera) 

and thrips (Thysanoptera) have defensive soldier castes (Costa 2006). 

 

2.2. Genetic factors affecting caste differentiation 

2.2.1. General effects of genotype on caste 
 

There is a deep understanding of how environmental factors can actually or potentially 

influence caste differentiation in social insects (Nijhout 2003; Wheeler 1986). It is 

fundamentally established that differences in diet, temperature or social opportunity 

among other environmental cues can bias developmental switch-points and trigger one 

caste trajectory over another, even without any salient differences in individual genotype. 

This understanding has, however, expanded in recent years to more fully incorporate a 

role for individual genetic differences that might bias caste fate. For example, the honey 

bee Apis mellifera is well-known for its environmentally-mediated caste system: female 

larvae, when fed a ROYAL JELLY diet are predisposed to develop into queens as opposed to 

workers. The queen-worker switch is therefore cued to an environmental difference – 

namely, nutrition. Yet, even here, a role for genetic effects can be measured in at least 

three ways.  

 

First, for this and other species of eusocial Hymenoptera in which sex is determined by 

genotype, only certain individuals – i.e., diploid females – have the genetic capacity to 

develop into a queen or worker at all. Individual differences in PLOIDY, and more 
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specifically heterozygosity at the csd locus (Beye et al. 2003), are therefore important 

genetic effects that fundamentally influence caste differentiation. Second, female larvae 

may be genetically variable at AUTOSOMAL LOCI in their responsiveness to the royal diet or in 

their ability to signal for such a diet from the adult care-giving workers (He et al. 2016; 

Moritz et al. 2005). Given that honey bee queens typically mate with multiple males, we 

can expect developing larvae to vary substantially in their genotype and, as a 

consequence, to compete among each other for limited food and the rare opportunity for 

reproductive differentiation. Finally, genetic variability among the care-giving workers can 

affect their propensity to provision royal jelly in certain amounts or to provision it 

specifically to larvae that carry the same set of paternal genes, as predicted under gene-

mediated NEPOTISM. This brief consideration of genetic contrasts within honey bee 

colonies makes clear that the potential for genetic effects on caste are not zero, even for 

species like Apis mellifera, in which environmental differences are already known to play 

a strong role.  

 

But how strong or common are genetic effects on caste in the social insects? One entry 

point to further explore the potential for genetic effects on caste, is to imagine caste-

determining alleles that, if inherited, would predispose individual development towards 

one caste or another, say, an ALLELE for queen-ness or for worker-ness. A hard-wired 

genetic system of this type is intuitively appealing but would seem evolutionarily unstable 

in nature. The unconditional expression of alleles for queen-like selfishness would likely 

fix and, conversely, the unconditional expression of alleles for worker-like ALTRUISM would 
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likely be lost from the population, leaving no further variation for caste (Bourke and 

Franks 1995; Crozier and Pamilo 1996). Despite this reasoning and the associated 

expectation for low or no genetic variance at caste-biasing loci, exceptional cases, where 

individual differences in genotype (∆G) are strong determinants of caste fate, apparently 

do exist.  

 

Where found, genetic variance on caste may persist under a balance of within and 

between-colony selection. For example, within-colony selection could favor an 

environmentally cued system in which genotypes invariant at caste-biasing loci avoided 

competition with each other (for anything) but lacked any individual responsiveness to 

environmental demands. Between-colony selection, by contrast, might compensate for 

within-colony competition if variation at caste-biasing loci somehow helped the colony as 

a whole to fine-tune it's response to those demands – for example, by promoting more 

efficient divisions in colony labor (Oldroyd and Fewell 2007) or by increasing a colony's 

environmental performance (Mattila and Seeley 2007) or its capacity for HOMEOSTASIS 

(Jones et al. 2004) or its social resistance to parasites (Seeley and Tarpy 2006). 

Remarkably, depending on the strength of BALANCING SELECTION, caste-biasing alleles may 

actually be maintained at evolutionarily stable frequencies.  

 

To the extent that any genetic effects on caste are responsive to selection, and thus 

display NARROW-SENSE HERITABILITY, they are likely ADDITIVE (∆GA) effects, whereby the 

combined effect of alleles at one or more loci equals the net sum of their individual 
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effects (Falconer and Mackay 1996). Alternatively, genetic effects that are less responsive 

to selection are more likely NON-ADDITIVE and arise from interactions among alleles, either 

at single loci as in DOMINANCE effects (∆GD) or among different loci as in EPISTASIS (∆GI). Both 

the non-additive ∆GD and ∆GI effects arise from the fortuitous combination of alleles in 

each generation, only to possibly break-up under RECOMBINATION in the next. For complex 

traits, however, heritability is a parameter of multiple loci. Heritability thus involves a 

multitude of genes with varying magnitude of their effects and interactions, which in 

combination may influence a quantitative trait or alter how a given population evolves in 

response to selection. For non-additive effects to respond to selection they would need 

to persist from one generation to the next, the probability of which varies with the 

likelihood that interacting alleles become reconstituted in the next generation (Falconer 

and Mackay 1996). This likelihood is diminished in the order Hymenoptera where 

recombination rates are among the highest reported for animals (Wilfert et al. 2007). 

Hence, non-additive effects on caste are expected to be less predictable, have a lower 

narrow-sense heritability and should ultimately be less responsive to selection.  

 

How might additive or non-additive genetic effects evolve to influence caste differences 

in eusocial taxa? There is a growing interest in this question with the expectation that 

many genetic effects on caste await discovery (Anderson et al. 2008; Keller 2007; Lo et al. 

2009; Schwander et al. 2010). For now, the nature of the genetic effect on caste 

morphology is not always clear, but specific examples I summarize below indicate that 

caste appears to associate with heterozygosity at one or a few loci, suggesting dominance 
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interaction effects, or with hybridization and genome-wide compatibility, indicating 

epistatic effects. Likewise, it is not yet possible to infer precisely how conditional each 

reported genetic effect is upon its environmental context (∆G x ∆E). As data and evidence 

accumulate, it will be prudent to test these hypotheses within a quantitative genetic 

framework (Linksvayer and Wade 2005; Moore and Kukuk 2002), ideally one that assigns 

specific genetic effects to direct and indirect sources (Figure 2.2).  

 

Figure 2.2. Conceptual map of genetic effects on caste differentiation. Each developmental 

switch depicted in Figure 2.1 can potentially be influenced by ∆E, ∆G or the interaction of 

environmental and genetic differences (∆G x ∆E). The quantitative genetics approach can be 

useful for distinguishing additive from non-additive genetic effects, with the latter arising through 

allelic interactions at single loci (DOMINANCE) or between multiple loci (EPISTASIS). Each type of 

effect on caste differentiation may arise directly from focal individuals or indirectly via their social 

partners.  
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2.3. Specific effects of genotype on caste differentiation and morphology 

 

2.3.1. Tests from polyandrous species 
 

Disentangling the effects of genetic signals from those of environmental stimuli on caste 

differentiation requires careful experimentation. In POLYANDROUS species, for example, a 

queen mates with multiple males and, consequently, multiple worker PATRILINES make up 

the colony structure. Polyandrous colonies can therefore be used to measure the effect 

of paternal genotype on caste differentiation while controlling for both environmental 

and MATRILINEAL EFFECTS. Hughes et al. (2003) applied this approach in the polyandrous leaf-

cutting ant Acromyrmex echinatior and found that differences in paternal genotypes of 

female nestmates biased worker differentiation towards either minor or major worker 

sub-castes. One possible explanation for this finding is that in polyandrous species, larvae 

with a higher genetic sensitivity to environmental growth factors such as nutrition or 

PHEROMONES may be genetically predisposed to develop into major as opposed to minor 

workers.  

 

In the harvester ant Pogonomyrmex badius, Rheindt et al. (2005) have likewise 

demonstrated that female nestmates from different patrilines tend to bias their 

development towards a particular caste phenotype. That is, workers from specific 

patrilines tend to differentiate into either minor or major workers, or even into 

reproductive GYNES. The relationship between genotype and production of caste 

alternatives in P. badius, however, is not straightforward. The direction of bias in caste 
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ratios is highly variable between colonies and also appears to be influenced by the food 

supply (Smith et al. 2008), implying that this species may have evolved a genetically-

variable sensitivity to environmental cues. It is therefore apparent that the genetic effect 

on caste and sub-caste ratios detected in this species is dependent upon the broader 

social and environmental context (∆G x ∆E).  

 

The sheer genetic diversity of polyandrous insect colonies, where same-aged workers 

from different patrilines undergo development in a shared environment, provides a 

powerful test for genetic effects on caste differentiation. The polyandrous army ant 

Eciton burchellii shows extreme caste polymorphism in the form of four morphologically 

distinct worker sub-castes. Jaffe et al. (2007) capitalized on this experimental opportunity 

to show that several patrilines were biased towards producing particular morphs, which 

indicates a significant genetic component to caste determination. By analysing the 

composition of worker caste-ratio variation within each patriline, the authors estimate 

that 15% of worker sub-caste variance can be assigned to additive effects (∆GA), with the 

remainder (~85%) being attributed to differences in rearing environment. As for A. 

echinatior and P. badius above, the genetic control of caste in this species is plastic, 

indicating it has a broad reaction norm, and is unlikely to be hardwired.  

 

Empirical tests for genetic effects on caste for any eusocial insect, however, remain rare, 

and, where they have been performed, can yield negative results despite high statistical 

power (Keller et al. 1997; Ujvari et al. 2011). The theoretical expectation for low genetic 
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variance at caste-biasing loci, together with the apparent rarity of caste-biasing genetic 

effects in the field, make discoveries like that of Acromyrmex and Pogonomyrmex systems 

exceptional. Both systems demonstrate how balancing selection can maintain genetic 

variation at both primary and secondary switches (Figure 2.1 B). It is therefore important 

to consider how caste differentiation is influenced by both environmental and genetic 

factors, but also by the effects that arise due to their interaction. In future 

experimentation, it may even be possible to partition variance associated with caste into 

specific ∆E, ∆G and ∆G x ∆E components, such that their sum approaches '1' and account 

for nearly all phenotypic variance in caste. 

 

2.3.2. Tests from hybrids 
 

Dominance or epistasis may likewise affect caste differences. Schwander and Keller 

(2008), for example, suggest that caste morphology in Pogonomyrmex rugosus is 

influenced by genetic compatibility between the polyandrous harvester ant queens and 

her mates. That is, some crosses between males and females appear to produce genetic 

combinations in recombinant offspring that are most compatible with queen 

development, while other combinations lead to differentiation into workers. Cases of 

genetic 'compatibility' are intriguing because they imply a genetic interaction effect. 

Importantly, however, this interaction does not typically follow Mendelian predictions. 

That is, it does not result in offspring genotypes with simple predictable genotypes, as if 

from a Punnet square, but rather from as-yet unpredictable chimeric genotypes of inter-
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specific recombination. The caste phenotypes from such hybrid matings are therefore not 

easily modelled. A reigning queen's ability to produce future queen vs. worker offspring is 

instead in some way dependent on her own genotype and the genotypes of each male 

she mates with. The fitness consequences to new or parental queens, as well as to the 

workers and males, might be complex, but one evolutionary response to increase the 

likelihood of favourable matri- and patri-gene combinations among a queen's progeny is 

for her to mate multiple times.  

 

Other examples of idiosyncratically stable genetic polymorphisms that can bias caste 

development towards alternative routes are found in hybrid zones of harvester ants. In 

areas of the southern United States, where Pogonomyrmex rugosis and Pogonomyrmex 

barbatus overlap, a strong influence of genotype on caste appears to emerge from non-

additive effects associated with HYBRIDIZATION. INTER-SPECIFIC crosses yield worker offspring 

that are all heterozygous at specific marker loci. By contrast, INTRA-SPECIFIC crosses yield 

mostly homozygous offspring that develop into ALATE queens (Helms Cahan et al. 2002; 

Julian et al. 2002; Volny and Gordon 2002). A tight association between ZYGOSITY and caste 

is limited to naturally occurring areas of SYMPATRY, suggesting a ∆G x ∆E effect. In fact, 

additional study on this system has begun to uncover a potentially complex hardwired 

genetic system, where each population consists of two cryptic and genetically-distinct 

lineages, yet queens are able to mate with males from both species (Schwander et al. 

2007). Depending on the mating match, pure-lineage female offspring differentiate into 
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queens, while females derived from the inter-lineage combinations differentiate into 

workers (Helms Cahan and Keller 2003).  

 

In general, inter-specific hybridizations result in the production of inviable or sterile 

offspring. In eusocial insects, however, these sterile worker hybrids may function as 

altruistic helpers. The complexity of the Pogonomyrmex hybrid system may help inform 

researchers of other cryptic cases and alternative mechanisms involved in genetic caste 

determination. In colonies of the southern fire ant Solenopsis xyloni, for example, a 

molecular analysis at marker loci revealed that queens, when mated with conspecific 

males, produced only new queens, whereas females mated with CONGENERIC males in the 

species Solenopsis geminata produced workers instead (Helms Cahan and Vinson 2003). 

The resulting worker offspring showed extremely high levels of heterozygosity consistent 

with them being F1 hybrids. These results suggest that pure-bred S. xyloni queens in 

hybrid zones may have lost their genetic potential for worker production and depend on 

alleles from S. geminata males to generate a (hybrid) worker force. The discovery of the 

Pogonomyrmex and Solenopsis hybrid systems suggests that inter-specific hybridization 

may play an important role in the evolution and maintenance of caste differences.  

 

2.3.3. Tests from single and double locus models 
 

Beyond the remarkability of hybrid systems, simple heterozygosity at intra-specifically 

variable loci can also bias caste fate. This was demonstrated in the European slave-
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making ant Harpagoxenus sublaevis, where Winter and Buschinger (1986) showed that 

genotype at a single locus constrains development of female larvae into either queen or 

worker-like castes. Similarly, a pioneering study by Kerr (1950) showed that queens of the 

stingless bee genus Melipona differentiate from larvae that are heterozygous at as few as 

two unlinked loci. Larvae homozygous at these two loci are, by contrast, constrained to 

differentiate as workers. These findings indicate that heterozygosity at specific loci is an 

important component of caste fate regulation. The single or two-locus models alone, 

however, do not provide a full explanation for the widely-ranging caste ratios found in the 

Melipona system (Ratnieks 2001). Moreover, even heterozygote larvae differentiate into 

workers when deprived of food (Hartfelder et al. 2006), which implies that this genetic 

effect remains dependent upon environmental context (∆G x ∆E).  

 

For one species of subterranean termite, Reticulitermes speratus, crosses between 

different types of immature reproductives – technically, NYMPHOIDS (with wing buds) or 

ERGATOIDS (without wing buds) – produce strongly differentiated caste and sex ratios, 

despite uniform rearing conditions (Hayashi et al. 2007). The observed worker-to-nymph 

ratio is plausibly explained by a genetic model featuring a single X-linked locus (wk) with 

two alleles: A and B. Offspring with genotype wkAB and wkAY develop into female or male 

workers, whereas offspring with genotypes wkAA and wkBY develop into female or male 

nymphs. Remarkably, offspring with genotype wkBB are inviable. The allelic composition at 

specific loci in Reticulitermes speratus thus explains a significant proportion of within-

colony variation in caste ratios. However, even in this case, the genetic effect appears to 
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depend upon a broader social and environmental context, again suggesting the 

importance of ∆G x ∆E interactions (Crozier and Schluns 2008).  

 

The full extent of genetic caste determination in termites remains largely untested, but 

the potential for new discoveries of genetic effects on caste fate from the Blattodea is 

very promising (Lo et al. 2009; Schwander et al. 2010; Vargo 2019). Genetic manipulation 

studies in eusocial insects are already making progress and some genotypic influence of 

genotype on caste has been detected. One such case occurs among the non-reproductive 

worker and soldier castes in colonies of Mastotermes darwiniensis. Within single colonies 

collected from one site in Australia's Northern Territory, workers and soldiers had distinct 

genotype frequencies at specific marker loci (Goodisman and Crozier 2003). The 

association between caste and genotype detected here implies that certain genotypes 

may direct production of distinct castes in these species. Second, a number of termite 

species have same-sex workers or soldiers, either male or female depending on the 

species. The association of caste with sex suggests that some, as yet undiscovered, caste-

biasing genes from termites are SEX-LINKED (Figure 2.3). 

 

2.3.4. Tests from thelytokous parthenogens 

In eusocial species of Hymenoptera and Blattodea, genetic effects can be linked to a form 

of asexual reproduction in which females are produced from unfertilized eggs, a 

reproductive system known as THELYTOKY. In the fire ant Wasmannia auropunctata, sterile 

workers are produced by normal sexual reproduction, while queens originate from CLONAL 
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REPRODUCTION with complete absence of genetic contribution from males (Fournier et al. 

2005). The conditional use of sex for worker but not queen production may represent a 

balance between queens that maximize the direct transmission rate of their genes while 

maintaining a genetically variable worker force. In this system, patri-genes typically 

contribute only to production of the sterile caste and thus have zero fitness. However, 

patri-genes have a secondarily evolved ability to eliminate the maternal genome from the 

fertilized egg and, thus, effectively clone themselves, too. Such a remarkable system, 

where the alternate use of sexual vs. asexual reproduction is utilized to generate queen, 

worker or male castes, has been identified in other species of ants, including Vollenhovia 

emeryi (Ohkawara et al. 2006) and Cataglyphis cursor (Pearcy et al. 2004).  

 

The subterranean termite genus Reticulitermes contains few species that deviate from 

strictly sexual reproduction. Nevertheless, in R. speratus, R. virginicus and R. lucifugus, 

queens can be occasionally replaced by means of PARTHENOGENESIS, which is a form of 

asexual reproduction. Queens in these three species have evolved an ASEXUAL QUEEN 

SUCCESSION (AQS) SYSTEM, whereby primary queens are replaced by numerous 

parthenogenetically produced female nymphoids (Vargo 2019). The females are 

produced from unfertilized eggs via thelytoky and are clonal offspring to the queen. The 

production of female clones is extraordinary and rendered operational through a 

variation on meiosis (called AUTOMICTIC PARTHENOGENESIS with terminal fusion) that yields 

replacement queens that are almost completely homozygous. This distinct genetic profile 

seems to preferentially bias the differentiation of the asexually produced nymphs as 
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Figure 2.3. Decision tree for evidence of genetic caste determination (GCD) in termites. If 

variation in caste ratios is explained, in part, by variation in genotype then we expect that single 

alleles or whole multi-allele genotypes at marker loci will correlate with caste. Following these 

interpretations of genotypic data, it may be possible to distinguish additive from non-additive 

effects and further test if either type of effect is sex-linked. 

 

replacements over their sexually produced counterparts. For R. speratus, the genetic bias 

was found to be specifically associated with two marker loci that correlate strongly in 

zygosity with future-queen status. This pattern suggests a multi-locus genetic effect on 

caste that is somehow linked to reproductive priority, ovary development and FECUNDITY in 

termites (Yamamoto and Matsuura 2012).   
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AQS has likewise been observed among higher termites (Termitidae). Emiratermes 

neotenicus seems to generate replacement queens using a similar variation of meiosis 

such that, in this case, females have nearly identical genotypes to their mother 

(Fougeyrollas et al. 2015). Other termite species have evolved yet different mechanisms 

for ploidy restoration under AQS that, in one way or another, canalize asexually-produced 

genotypes into NEOTENIC QUEENS (Vargo 2019). This disparate phylogenetic pattern for AQS 

among unrelated termite species suggests that selection can repeatedly favour breeding 

systems with strong genetic effects on caste, despite pronounced differences in ecology 

between the lower (Rhinotermitidae) and higher termite species studied so far. An order-

wide pattern for genetic effects on caste in termites under sexual and asexual 

reproduction has yet to emerge but further cases will continue to upset the notion for 

strictly environmental caste determination in social cockroaches (Lo et al. 2009). 

 

2.4. Indirect genetic effects on caste 
 

For social insects, the physical and social environments are conflated because nestmates 

share and shape each other's living space. Even classic environmental factors that 

potentially affect caste differentiation, including differences in nutrition, pheromones and 

MICRO-CLIMATE, can have a socio-genetic component if these differences are explained by 

the genotype of queens and nestmates. Such indirect genetic effects (Cheverud 2003) 

can significantly complexify the quantitative genetic approach to studying caste 

differences (Figure 2.2). Indirect genetic effects – expressed, typically in eusocial colonies, 
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from parent or sib-social partner towards developing brood – can likewise be additive 

(∆GA) or non-additive (∆GD, ∆GI) in nature, and conditional upon environmental context 

(∆G x ∆E). Indirect genetic effects arising from the action of parents to influence 

differentiation of their own offspring are presumably due to expression of parental care 

genes. Indirect genetic effects that arise from care-giving workers, by contrast, are also 

likely due to 'parental care' genes but in this case are not literally parental, but rather are 

expressed in pre- or non-reproductive ALLOPARENTS (Linksvayer and Wade 2005).  

 

In principle, indirect effects must exist; inclusive fitness theory depends on them. 

However, empirical studies that distinguish direct from indirect effects in social insects 

remain a few (Linksvayer and Wade 2005; Moore and Kukuk 2002). In the polyandrous 

European honey bee, care-giving nurse workers are occasionally found to preferentially 

feed and rear new queens from larvae of their own patriline (Osborne and Oldroyd 1999). 

To the extent that workers of a patriline preferentially rear reproductives that are most 

related to themselves, such nepotism accelerates development of new queens and we 

can infer an indirect genetic effect arising from kin competition among workers. In this 

case, even though the cue (diet) that triggers caste fate is 'environmental', it is the 

natural genetic variation among nurse-age workers that likely determines which larvae 

receive that cue and ultimately differentiate into queens. Further evidence for indirect 

effects on caste from honey bees can be found in a heritable component (∆GA) to the 

production of male (drone) vs. worker comb (Page et al. 1993), a worker-controlled trait 

that affects the caste-fate of others.  
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The application of quantitative genetic thinking to fully decompose direct and indirect 

sources of variance on caste differences into its additive and non-additive components 

has not been widely attempted. One approach to isolating direct from indirect effects is 

to use a factorial design, such that single queens are set-up to rear related and unrelated 

brood within a common environment (i.e., cross-fostering), replicated across queens and 

environments. In this manner, it may be possible to partition variance in caste or sub-

caste into direct (larvae), indirect (maternal, sib-social), and environmental genetic 

components. Using an indirect genetic effects approach, Linksvayer (2006) found 

heritable variation for queen and worker effects on developing caste size and ratio in the 

acorn ant Temnothorax curvispinosus, indicating that queen and worker influences on 

larval caste determination – both indirect effects – may have an additive genetic basis 

(∆GA) and can evolve. For any eusocial species in which workers actively rear developing 

brood, it is the worker-expressed genes that are well-suited for biasing caste 

differentiation.  

 

2.5. Epigenetics of caste differentiation 
 

I have discussed how environmental and genetic factors can trigger caste switching at 

developmental inflection points (Figure 2.1), and how these can affect focal individuals 

directly or indirectly via their social partners (Figure 2.2). EPIGENETIC FACTORS that are 

'above the genome' complement this understanding of caste differences; they provide a 

mechanical interface between environmental experience and gene regulation, and 
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function to coax environmentally plastic responses from even a fixed genome (Dupont et 

al. 2009). The epigenomic regulation of gene expression, which can involve DNA 

METHYLATION, HISTONE MODIFICATION or changes to NON-CODING RNAS, among other 

mechanisms, is based on biochemical modifications that alter accessibility of DNA for 

transcription or otherwise affect gene expression. Epigenetic effects, however realized, 

help to record environmental experience across the genome and have been implicated as 

a mechanism for caste or sub-caste differentiation in a range of eusocial insects (Li-

Byarlay 2016; Welch and Lister 2014; Yan et al. 2015). 

 

DNA methylation of cytosine bases in particular has been the focus of epigenetic effects 

on caste differences. In mammalian genomes, the DNA METHYLTRANSFERASE-assisted addition 

of a methyl group to the cytosine-pyrimidine ring results in 5-methylcytosine, which is a 

biochemical modification typically associated with transcriptional repression. It is unclear 

if this epigenetic effect operates similarly in social insects, but methyl 'marks' do appear 

to be associated with caste-biased genes, particularly at cytosine-guanine (CpG) 

dinucleotides within gene bodies (introns and exons) and, in some cases, specifically at 

alternative splicing sites (Bonasio et al. 2012; Li-Byarlay et al. 2013; Maleszka 2016). DNA 

methylation may therefore represent an important epigenetic mechanism of phenotypic 

plasticity that co-evolved with some eusocial breeding systems (Moczek and Snell‐Rood 

2008), although there is as yet no strong phylogenetic support for a general evolutionary 

association between sociality and DNA methylation (Bewick et al. 2016). 
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The honey bee Apis mellifera has a full mammal-like complement of DNA 

methyltransferase genes (DNMT1, DNMT2 and DNMT3) and provides a leading example 

of epigenetic effects on caste differentiation. Female larvae fed a diet of royal jelly are 

predisposed to develop into queens as opposed to workers, but a pioneering study by 

Kucharski et al (2008) showed that queen phenotype can be induced without nutritional 

signals from a larval worker's diet. Instead, by silencing a key gene involved in de novo DNA 

methylation (DNMT3) the authors of this study bypassed the normal nutritional cue to 

experimentally induce newly hatched larvae to emerge from the pupal stage with queen-

like qualities, suggesting that differential methylation of cytosines is involved in the 

epigenetic control of caste determination. Later studies appeared to bolster this 

hypothesis by suggesting that nutrient-responsive pathways in the honey bee are 

enriched for methylated genes, and that hive-reared queen and worker larvae differed 

strongly in their proportion of genes methylated (Forêt et al. 2012). Caste-biased genes 

may also have distinct CpG profiles (Elango et al. 2009). If so, then the well-known 

environmental effect of diet on honey bee caste differentiation seems also to involve 

epigenomic modifications by DNA methyltransferases.  

 

While the honey bee Apis mellifera is an emerging epigenetic model, evidence for CpG 

methylation appears common yet variable across the social Hymenoptera and social 

Blattodea (Yan et al. 2015). For example, there is little evidence for DNA methylation in the 

paper wasp Polistes dominula (Standage et al. 2016) but its congener P. canadensis has 

plenty of CpG methylated sites. Paper wasps seem also to lack the key de novo DNA 
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methylation gene DNMT3 that is present in most other social insect genomes so far 

examined (Li-Byarlay 2016; Standage et al. 2016). DNA methylation is more clearly 

functional and associated with caste in several genera of ants. Both Harpegnathos 

saltator and Camponotus floridanus show evidence of differential methylation associated 

with caste or sub-caste differentiation (Bonasio et al. 2012). Likewise, in Pogonomyrmex 

overall methylation is lower in hybrid lines whose caste fate is genetically determined 

than in the respective parental lines that display environmental caste determination 

(Smith et al. 2012). In each case, differentially methylated genes appear to modulate 

environmental information when it is relevant to caste differentiation.  

 

Epigenetic analysis of the clonal raider ant Cerapchys biroi revealed a robust CpG 

methylation system across its genome, but the methylation status of individual cytosines 

was not clearly associated with parental (queen-like) or alloparental (worker-like) 

behaviour. It is worth noting that this species has no distinct queen and worker castes, 

but colonies do show queen-like and worker-like phases whereby females first reproduce 

by parthenogenesis then shift their behaviour to care for these offspring. Libbrecht et al. 

(2016) showed that analysis of single samples from each phase produced only spurious 

correlations between methyl status and caste-like behavior and, despite careful design 

and replication, did not yield a consistent pattern across multiple samples. The clonal 

raider ant study therefore highlights the need for careful interpretation of epigenetic data 

as they emerge from the field of social insects.  
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A signature of CpG methylation is found in the termite Coptotermes lacteus (Lo et al. 

2012) as it is for other related (Rhinotermitidae) species, including Reticulitermes flavipes 

in which differentially methylated sites are associated with caste-biased expression 

between reproductive alates and non-reproductive workers and soldiers (Glastad et al. 

2016). The genomic sequence of Zootermopsis nevadensis (Termopsidae) adds further 

detail to these screens. First, fully ~12 % of CpG sites are methylated, compared to 

estimates of less than 1% of CpG sites methylated in the honey bee Apis mellifera. 

Second, a comparison of whole bodies from workers with those from reproductives 

revealed a large number of genes as differentially methylated, with higher levels of 

methylation found in the reproductive caste (Terrapon et al. 2014). These same genes 

were likewise associated with ALTERNATIVE SPLICING and were enriched for processes 

associated with development, which further implicates epigenetic effects via DNA 

methylation on termite caste plasticity and differentiation.  

 

It is clear that the process of caste differentiation in any eusocial species is accompanied 

by massive changes in gene expression, even with no underlying genetic differences. For 

some species this social plasticity may well be mediated by epigenetic mechanisms that 

respond to environmental cues that function to coax caste-specific information out of a 

common genetic background. Despite the apparent adaptive suitability of epigenetic 

factors to the regulation of social phenotypes, the function of specific mechanisms 

related to methylation, histone modification, nucleosome stability or alternative splicing 



31 
 

 
 
 

 

are only beginning to be understood. New discoveries and analytical approaches (i.e., 

Morandin et al. 2019) are rapidly forthcoming.
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CHAPTER THREE:  A molecular evolutionary analysis of caste-
associated genes in the Eastern subterranean termite 
 
 

3.1. Introduction 
 
Eusociality is a rare example of a so-called 'major evolutionary transition' whereby one 

level of biological organization is predicated upon another, leading to notable increases in 

adaptive complexity (Queller 2000). In this case, eusocial breeding systems are markedly 

more complex than the subsocial life histories from which they presumably evolved 

(Bourke 2011). Despite the rarity of these transitions, however, eusociality has evolved 

independently more than a dozen times in insects (Crespi and Choe 1997; Rubenstein and 

Abbot 2017). It is most commonly found among ants, bees and wasps (Hymenoptera), as 

well as termites (Blattodea). Termites represent an origin of eusociality separate from 

that of social Hymenoptera and can be exploited to test general ideas on how insect 

societies evolved via kin selection (Howard and Thorne 2011).  

 

Termites are a type of social cockroach that evolved in the mid-to-late Jurassic era 

(Bourguignon et al. 2014) from an ancestry shared with the extant subsocial genus 

Cryptocercus (Inward et al. 2007; Klass and Meier 2006). This relatively small clade of 

eusocial insects (~2500 spp.) was long known as the 'Isoptera' but is now classified at a 

sub-ordinal rank within the roaches (Termitoidae; Eggleton et al. 2007). Unlike other 

roaches, however, termites have distinct castes and extraordinary social structures 

(Roisin and Korb 2011), build conspicuous nests with complex architectures and some 
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species are agriculturalists (Nobre et al. 2011). Termites likewise have a rich gut 

microbiome that facilitates their pivotal role as biodecomposers of cellulose and lignin 

(Brune and Ohkuma 2011), especially within tropical forest ecosystems. These and other 

conspicuous features of termite biology are associated with their wood-feeding 

adaptation and subsequent transition to eusociality (Korb 2007; Wu et al. 2015). 

 

Within the eusocial theme, termite breeding systems do vary but are essentially extended 

families (Vargo 2019). Parental kings and queens are specialized for reproduction while 

their offspring have reduced or no reproductive potential and perform other roles 

typically associated with colony growth, maintenance and defence (Noirot 1989; 

Shellman-Reeve 1997). Workers and soldiers are therefore reproductively altruistic 

because they help their reproductive relatives to generate large numbers of non-

descendent kin (i.e., siblings, half-siblings, etc.) at the expense of their own direct fitness 

(Higashi et al. 2000; West et al. 2007). The evolution of altruism, for any specific taxon, is 

intriguing because it requires 'genes for altruism' to evolve indirectly, via selection on 

reproducing relatives who carry copies but do not generally express these focal genes 

(Charlesworth 1978; Parker 1989; Thompson et al. 2013). The notion of indirect selection 

at the gene level is widely discussed in the literature and extensively modelled via 

population genetic equations (Franks et al. 2009; Gardner et al. 2011; Hamilton 1972); 

yet how real genes are shaped or transformed in response to this type of selection at the 

molecular level remains unknown.  
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One proposed idea is that indirectly transmitted genes for altruism that are expressed in 

sterile castes but inherited through reproductive individuals are buffered from the full 

strength of selection. This is, the gene’s proximate effect is on the worker that expresses 

it, but the ultimate effect is on the queen, who does not express these worker-specific 

genes, nor is herself exposed to the environment due to the presence of many nestmates 

around her. Accordingly, genes associated in their expression with reproductively 

altruistic castes will effectively experience relaxed molecular evolution relative to genes 

directly selected for selfish reproduction (Hall and Goodisman 2012; Linksvayer and Wade 

2009). If this 'relaxed worker' hypothesis is validated (Table 3.1), I expect that the 

intensity of selection, as measured here by the ratio of non-synonymous to synonymous 

substitutions, or dN/dS (Kimura 1983), will be diminished for genes associated with the 

helper castes and not significantly different from a neutral value of one, in contrast to the 

reproductively-selfish caste genes for which this ratio will deviate from neutrality in either 

positive dN/dS > 1  or purifying dN/dS < 1 direction (Figure 3.1 A).  

 

Although this hypothesis is logical, other scenarios describing caste-mediated selection 

are possible. Harpur et al. (2014), for example, suggests that in honey bee workers, genes 

associated with altruistic castes can evolve rapidly under selection, as might be expected 

if workers effectively buffer queens from environmental selection within a homeostatic 

colony. This ‘adapted worker’ hypothesis is essentially opposite to the nearly neutral or 

‘relaxed worker’ idea, as depicted in Figure 3.1 B. Yet more scenarios are possible, 

including for genes uniquely associated with any one specific caste, altruistic or 
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otherwise, to evolve rapidly via drift or selection following their release from multi-caste 

PLEIOTROPY (Figure 3.1 C). If so, caste-associated genes may drift towards neutrality or 

suddenly respond more readily to directional selection than caste un-biased genes, at 

least for rapid bursts until a new functional equilibrium is reached (Gadagkar 1997; Hunt 

et al. 2011). Despite several alternative hypotheses for caste-mediated selection, none 

have been widely tested and, consequently, a general signature of indirect or caste-

mediated selection, if there is one (Harrison et al. 2020; Helanterä and Uller 2014), 

remains unknown.  

 

In my study, I propose to test for molecular signatures of kin selection using a novel 

approach − namely, by comparing the strength and direction of gene-level selection 

across caste-biased and un-biased genes from a social population genomics dataset from 

the insect order Blattodea. Specifically, I will exploit allelic diversity captured in a newly 

available RNA sequence dataset derived from within my own laboratory at Western 

University (Wu et al. 2018) to reveal any differences in patterns of nucleotide substitution 

associated with the functionally sterile worker and soldier castes. The species R. flavipes 

in the Wu et al. (2018) study is native to eastern North America, but has also been found 

outside of these areas (Eyer et al. 2020; Scaduto et al. 2012). In native termite colonies, 

reproduction is monopolized by the royal pair – the queen and king that are supported by 

thousands of soldiers and workers (Lainé and Wright 2003; Thorne et al. 1999). By 

contrast, invasive populations are characterized by the absence of a royal pair and 

instead maintain a slightly different social structure, whereby reproductive roles are 



36 
 

 

performed by immature ('neotenic') nymphs (Raffoul et al. 2011; Vargo and Husseneder 

2009). I reason that genes identified by Wu et al. (2018) as associated in their expression 

with the reproductive nymph caste will evolve under direct selection, similar to the 

expectation for kings and queens, and therefore will show evidence of strong or weak 

selection, depending on which hypothesis (Figure 3.2) is supported. Conversely, I reason 

that genes associated in their expression with the non-reproductive worker or soldier  

caste will show evidence of indirect selection, and thus evolve in a pattern distinct from 

that of nymphs. The precise pattern will, again, depend on which hypothesis is supported. 

 

Finally, I will compare the broadest results from my analysis of the R. flavipes 

transcriptome to what has been observed in two other termite species for which 

comparable data are available. Transcriptomic data from the drywood termite 

Cryptotermes secundus (Kalotermitidae; Harrison et al. 2018) and the dampwood termite 

Zootermopsis nevadensis (Archotermopsidae; Terrapon et al. 2014)  provide a point of  

comparison against the subterranean R. flavipes (Rhinotermitidae) and allow me to 

expand my evolutionary analysis beyond a single species, to include representatives from 

three different termite families. 

 

Reticulitermes spp. tend to have very large colonies (>100K individuals) that can extend to 

multiple sites ('multi-site nesters'; Abe 1991) within soil and have a relatively rigid caste 

system with sterile, or true, workers. By contrast, Zootermopsis and Cryptotermes spp. 

tend to have smaller colonies (100 -1000s) that consume solely the wood in which they 
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nest ('single-site nesters') and have a relatively flexible caste system with sub-fertile, or 

false, workers (Noirot and Pasteels 1987; Shellman-Reeve 1997; Thompson et al. 2000). 

By including this diversity of species in my extended analysis, I may be able to correlate 

detected patterns of nucleotide substitution with broad differences in termite social 

biology and ecology.   

 

Table 3.1. Contrasting predictions from three hypotheses that describe evolved patterns of 

nucleotide substitution at caste-associated loci in eusocial insects. The terms 'nearly neutral’ and 

'genetic release' hypothesis are as used by Linksvayer and Wade (2009) and by Gadagkar (1997), 

respectively. The other terms are my own, as are the descriptions based on my interpretation of 

the listed references. More detailed explanations are available in the text.  

 

Hypothesis General prediction 
 

References 

Relaxed worker hypothesis 
 

Also known as the 'Nearly neutral' 
hypothesis, selection acts less 
effectively on loci with indirect 
social effects than on loci with 
direct effects. 
 

 
 
Relaxed selection on genes 
associated with worker traits 
such that they more closely 
approach the neutral rate than 
genes associated with 
reproductive castes. 
 

 
 
Linksvayer & Wade 2009  
Linsvayer et al. 2016  
Mikheyev & Linksvayer 2015  
Hall & Goodisman 2012  
Warner et al. 2017 
Helantera & Uller 2014 
 

Adapted worker hypothesis 
 

Environmental selection is strongest 
on loci associated with helper 
castes than it is on queens that are 
buffered from the outside 
environment by her workers. 

 

 
 

Strong selection on genes 
associated with worker traits 
such that they depart more 
from the neutral rate than 
genes associated with 
reproductive castes. 

 
 
Harpur et al 2014 
Helantera & Uller 2014 
Vojvodic et al 2015 
 
 
 
 

Genetic release hypothesis  
 

Strength and possibly direction of 
selection on loci associated with 
caste can change once genes are 
released from the constraints of 
multi-caste pleiotropy.  

 
 

Strong or relaxed selection on 
genes associated with any 
caste, and the precise pattern 
depends on which gene is 
'released' from pleiotropy to 
take-on a caste-specific role.  

 
 
Gadagkar 1997 
Hunt et al. 2011 
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Figure 3.1. Schematic diagram displaying essential differences between three competing 

hypotheses that describe how caste-associated genes might evolve in social Hymenoptera. These 

boxplots are hypothetical and represent my interpretation of ideas stemming principally from 

Linksvayer and Wade (2009 - Plot A), Harpur et al. (2014 - Plot B) and Gadagkar 1997 (Plot C), and 

others (Table 3.1). 
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Figure 3.2. Schematic diagram showing the essential differences between three competing 

hypotheses that describe how caste-associated genes might evolve in the social Blattodea 

(termites). The box plots are hypothetical and show how the strength and direction of selection 

might vary as a function of direct vs. indirect selection. A) According to the relaxed worker 

hypothesis, genes associated with strongly altruistic castes (i.e., soldiers) ought to experience the 

weakest selection and thus evolve closest to the neutral rate (dN/dS ~1), whereas castes with 

increasingly selfish reproduction epitomized by the king and queen ought to experience the 

strongest selection and deviate from the neutral rate in either the positive (dN/dS >1) or purifying 

(dN/dS <1) direction, depending on the gene. B) The adapted worker hypothesis predicts an 

essentially opposite pattern, and C) the genetic release hypothesis predicts an altogether 

different pattern (see text for explanation). Finally, in all cases my null hypothesis is for no 

association between strength of selection and caste.     
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3.2. Methods 

3.2.1. Code and Data Manipulations  

For my analysis below, I used a combination of UNIX, PYTHON and R scripts that I developed 

myself or modified from others, as described in the Appendix. To start, I used the UNIX file 

system to set-up a directory on the Compute Canada Cedar server:  

www.computecanada.ca. Next, I uploaded a raw (dis-assembled) text version of the 

Eastern subterranean termite transcriptome and converted it to FASTA format. The 

resulting text file is massive, containing a total of n = 29, 641 transcripts that correspond 

to n = 13, 755 predicted genes. The transcripts were initially compiled by Wu et al. (2018) 

from a total of ~91M raw reads, generated via 100 bp paired-end Illumina Hi-Seq 2000 

mRNA sequencing runs. This RNA-Seq dataset is organized into n = 9 libraries that 

correspond to three morphological castes (nymph, soldier and worker) sampled from 

three separate North American populations (Boston, Raleigh, Toronto). For each 

population, Wu et al. (2018) pooled whole-body tissue samples from one male and one 

female termite per caste from each of three geographically separate colonies. The entire 

RNA-Seq dataset captures sequence variation from a grand total of n=54 individuals, as 

described in Table 3.2. To enable broader use of the R. flavipes transcriptome, I have up-

loaded all nine library files to my laboratory’s public GITHUB repository: 

https://github.com/SocialBiologyGroupWesternU/R.flavipes_Transcriptome.  

 

http://www.computecanada.ca/
https://github.com/SocialBiologyGroupWesternU/R.flavipes_Transcriptome
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3.2.2. Differentially Expressed Genes 

Wu et al. (2018) identified n = 93 genes with strong (FDR‐corrected P‐value < 0.001, 

expression fold-change ≥ 4) caste-biased expression. These DIFFERENTIALLY EXPRESSED (DE) 

GENES were tightly co-regulated within three distinct sets (Figure 3). Gene Sets I and III 

were uniquely up- and down-regulated in the soldier caste, respectively, whereas gene 

Set II was uniquely up-regulated in nymphs. The worker caste did have a unique gene 

expression profile, but no distinct set of genes was uniquely dysregulated in that caste. 

Wu et al. (2018) worked with invasive populations and thus did not sample kings and 

queens. For these reasons, my tests will focus on one reproductive (nymph) and one 

sterile (soldier) caste.  

 

3.2.3. Molecular Dataset Assembly  

Using a custom PYTHON V.3.9.0 script (Appendix, Script 1), I first grouped all n = 29, 641 

transcripts in the FASTA file according to their gene-identifying accession numbers. I then 

split the gene-wise information into two FASTA files corresponding to genes differentially 

expressed by caste (n = 93) and genes NON-DIFFERENTIALLY EXPRESSED (NDE; n = 13, 185). Next, 

from the list of NDE genes, I randomly selected (Appendix, Script 2) an equivalent number 

(i.e., n = 93; corresponding to n = 465 transcripts) of genes to serve as a comparative 

reference against the DE Set. I then manually filtered the same-sized DE and NDE Sets to 

remove sequence duplicates, individual sequences that were less than 100 nucleotides, 

as well as transcripts that were characterized by low (< 100 nucleotide base pairs) or no 

overlap with the rest of the sequences in each alignment. This filtering step removed six  
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genes and associated transcripts from the DE list, resulting in a final quality-controlled 

total of n = 87 genes (n = 236 transcripts). Similarly, this filtering removed two genes from 

the NDE list, resulting in the final quality controlled NDE dataset with n = 91 genes (n = 432 

associated transcripts). 

 

3.2.4. Raw Gene Alignments  

Prior to performing downstream tests of selection (Yang et al. 2000), it was first 

necessary to align transcripts for each DE and NDE gene at the codon level. To this end, I 

used the ORF-FINDER (Rombel et al. 2002) program in combination with the 

'get_orfs_or_cdss.py' script (Appendix, Script 3; Cock et al. 2009) to identify the longest 

frame (in 5’ to 3’ orientation) of each transcript. I then utilized a set of UNIX commands 

(Appendix, Script 4) to cluster all the nucleotide and corresponding amino acid transcripts 

into functionally related GENE FAMILIES. This step yielded two paired sets of n= 87 and n= 91 

nucleotide and protein FASTA files, with each file containing only R. flavipes sequences 

specific to each gene. Next, I aligned all n = 178 paired sequence sets at the nucleotide 

and amino acid levels using CLUSTAL OMEGA (Sievers et al. 2011) with default parameters 

(gap extension penalty = 0.05, gap opening penalty = 10, and using the BLOSUM amino acid 

substitution matrix), as implemented in UNIPRO UGENE v.35 (Okonechnikov et al. 2012). By 

toggling back-and-forth between the nucleotide and protein levels, I was able to manually 

adjust the nucleotide sequences to generate raw codon-by-codon alignments for each DE 

and NDE R. flavipes gene.    
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Table 3.2.  Summary of termite sampling used to generate my RNA-Seq data set, along with 

information on the NCBI Library name and Sequence Read Archive accession numbers. 

 

Population Caste Colony Sex of sampled 
individuals 
 

Total No.  

samples 

NCBI Library 
 

SRA Accession 

Boston worker A M F 

6 Boston-worker SAMN06579174 B M F 

C M F 

 soldier A M F 

6 Boston-soldier SAMN06579171  B M F 

 C M F 

 nymph A M F 

6 Boston-nymph SAMN06579168  B M F 

 C M F 

Raleigh worker A M F 

6 Raleigh -worker SAMN06579175  B M F 

 C M F 

 soldier A M F 

6 Raleigh -soldier SAMN06579172  B M F 

 C M F 

 nymph A M F 

6 Raleigh -nymph SAMN06579169  B M F 

 C M F 

Toronto worker A M F 

6 Toronto -worker SAMN06579176  B M F 

 C M F 

 soldier A M F 

6 Toronto -soldier SAMN06579173  B M F 

 C M F 

 nymph A M F 

6 Toronto -nymph SAMN06579170  B M F 

 C M F 

Total      54   
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Figure 3.3. Heatmap of genes differentially expressed by caste. Adapted from Wu et al. (2018), 

this heatmap shows n = 93 genes (right-most panel) that are co-expressed by caste (top panel) in 

three distinct sets (left-most panel). Gene Sets I and III are uniquely up- and down-regulated in 

soldiers, respectively. Set II is, by contrast, uniquely up-regulated in the nymph caste.  

 
 

3.2.5. Adding Outgroups to Gene Family Alignments  

To extend my analysis beyond one species, I amplified R. flavipes alignments for each 

gene to include homologs of two annotated and published termite genomes 

corresponding to Cryptotermes secundus (Csec_1.0; NCBI Assembly Accession no. = 

GCF_002891405.1) and Zootermopsis nevadensis (ZooNev1.0; NCBI Assembly Accession 

GCF_000696155.1). To achieve this for each gene, I used the longest (aa) transcript 
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available from R. flavipes to query both genomes and retrieve the top SMARTBLAST hits. 

Generally, I was able to match each query to a 1:1 ORTHOLOG (e-value ≤ 1e −6 and 

minimum 60 % sequence identity) for both outgroups simultaneously. For some genes, 

however, I retrieved only one or no outgroup sequences, in which case I simply selected 

any that were available. I therefore generated a total of three robust and complementary 

gene sets, with a comparable number of nucleotide and protein sequences for each of 

the three termite species. For reference, the phylogenetic relationship between these 

three species is shown in Figure 3.4. 

 

Next, I imported each set of retrieved outgroup sequences per gene into NCBI’s multiple 

sequence alignment program COBALT (Papadopoulos and Agarwala 2007) to produce a 

codon-by-codon alignment of the outgroups via detection and matching of conserved 

sequence motifs and domains. The resulting position-fixed alignment with optimized 

placement of INDELS between the outgroup sequences was exported in CLUSTAL format and 

up-loaded into UNIPRO UGENE, to serve as reference against the corresponding R. flavipes 

nucleotide and peptide FASTA files for each individual DE and NDE gene. 

 

Here, I manually calibrated multi-species gene alignments, re-positioning any INDELS to fall 

between and not within triplet codons, as defined by the genetic code. Ultimately, I cut 

over-hanging (non-aligned) transcript fragments, as well as highly variable and ambiguous 

multi-species gene alignment regions. The resulting gene-wise alignments for DE and NDE 

datasets contained R. flavipes transcripts together with the sequences from one or both 

C. secundus and Z. nevadensis outgroups, where available (Figure 3.5).  
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Figure 3.4. Phylogenetic relationship between the three termite species in this study, as inferred 

from Bourguignon et al. (2014) by taxonomic family.  

 

3.2.6. Assessing Allelic Richness and dN/dS 

To estimate the average dN/dS value for each gene, I first visually examined each codon-

by-codon alignment for nucleotide and amino acid sequence diversity. Next, using UNIPRO 

UGENE I measured allelic richness across DE and NDE genes in all three termite species by 

sequentially setting any sequence variant or ALLELE present among my ingroup sequences 

as reference against which all intra-specific polymorphisms or inter-specific differences at 

both nucleotide and amino acid base levels get highlighted (Figure 3.5). This method 

allowed me to determine the total number of allelic variants present in both ingroup and 

outgroup sequences for each gene. Next, for each pair of alleles, where present, I split 

the multiple sequence file into sets of paired FASTA files corresponding to sequences that 

are to be compared at both intra- and inter-specific variation. For each gene family, a 

maximum of six paired FASTA files were possible. These are: R. flavipes vs. R. flavipes, C. 

secundus vs. C. secundus, Z. nevadensis vs. Z. nevadensis and R. flavipes vs. C. secundus, R. 
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flavipes vs. Z. nevadensis, and C. secundus vs. Z. nevadensis. I then imported pairs of FASTA 

sequences into the PAL2NAL program (Suyama et al. 2006), which implements CODEML 

within PAML (Yang 1997) to perform tests for selection in a pairwise manner. The dN/dS 

estimates generated from each pairwise comparison along with allele counts and gene 

descriptions for R. flavipes are listed in (Table 3.3). Further, they are uploaded as 

caste_clusters_gene_data.xlsx on our laboratory’s GITHUB server accessible from the 

following link:  

https://github.com/SocialBiologyGroupWesternU/R_flavipes_variation_estimates/tree/m

ain 

 

3.3. Results 

3.3.1. Intra-specific analyses 

My intra-specific alignment of R. flavipes transcripts identified 68 (of 87) genes that were 

invariant within the DE dataset and 56 (of 91) genes that were invariant within the NDE set. 

As expected, my intra-specific data set is not highly variable or saturated with 

substitutions but rather is typical of a sparsely sampled inbred population. The remaining 

19 (DE) and 37 (NDE) genes were, however, variable as represented by nucleotide 

polymorphisms across two or more conspecific transcripts (Figure 3.5). The total of 19 

variable genes in my DE gene set are represented by between two and seven alleles (Table 

3.3) and are suitable for my proposed analysis of sequence variance. Gene Sets I and III 

are defined as up- and down-regulated in soldiers, respectively (Figure 3.3), and together 

these two sets contain the vast majority of variable genes (17 of 19). These genes include 

https://github.com/SocialBiologyGroupWesternU/R_flavipes_variation_estimates/tree/main
https://github.com/SocialBiologyGroupWesternU/R_flavipes_variation_estimates/tree/main
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those that encode general odorant-binding proteins, hexamerin II, junctophilin, three 

versions of troponin and a twitchin, among others. When aligned to each other, and to 

available homologs in GenBank, the high-quality alignment length ranges from 69 

(junctophimin) to 3252 (obscurin) codons, with a majority (12 of 19) showing variation at 

both synonymous and non-synonymous sites (Table 3.3). These 12 genes – six genes in 

Set I, two genes in Set II and four genes in Set III – are therefore the focus of my proposed 

hypothesis testing, as first described in Figure 3.2. 

 

My estimates of dN/dS range in value to suggest that 12 variable genes evolve in a manner 

consistent with strong purifying selection (dN/dS = 0.05, tropinin I) to slightly positive 

directional selection (i.e., dN/dS = 1.04, feruloyl esterase-like protein; dN/dS = 1.079, titin) 

with other values falling in between, depending on the gene and gene set (Table 3.3). 

Overall, there is not an obvious difference between strength or direction of selection 

affecting caste-associated genes. Figure 3.6 A (see 'R. flavipes') shows that genes 

associated with reproductive (Set II) and non-reproductive (Sets I and III) castes evolve at 

similar rates, approximating a grand average dN/dS value of ~ 0.46 (SD = 0.334).  

 

The relatively few genes from the initial set of n = 93 genes identified by Wu et al. (2018) 

that are suited to this analysis render my main statistical analysis lacking in power: genes 

in Set II only have n=2 dN/dS datapoints. However, Sets I and III appear to evolve at similar 

rates (Wilcoxon rank sum test W = 10, df = 1; P = 0.428). Moreover, the two values 

associated with reproductive nymphs (Set II) are quite different from each other (0.266  
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Figure 3.5. Section of a multiple sequence alignment with 90 nucleotide bases displayed in panel 

A) and corresponding translation of 30 amino acid bases shown in B) for a beta-1,3-glucan binding 

protein (GBP) gene (R. flavipes gene ID number: DN83427). The differences between base 

positions among all sequences are highlighted in white at both nucleotide and protein alignments. 

The ingroup set of n=14 sequences correspond to R. flavipes with some unique sequences or 

‘alleles’ visible (blue arrows). For this gene, a total of three from C. secundus and two from Z. 

nevadensis outgroup sequences were retrieved from GenBank. Here, both C. secundus and Z. 

nevadensis have two alleles (pink arrows). The black circle shows an example of how some 

nucleotide substitutions are non-synonymous and thus lead to a difference in amino acid 

sequence. The red circle displays one non-synonymous substitution, which is visible at the 

nucleotide sequence alignment but results in no amino acid change.   
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Table 3.3.  Summary of molecular sequence diversity for caste-biased genes in R. flavipes. This 

table includes only those n= 19 genes that have with at least one polymorphism at a synonymous 

(S) or non-synonymous (N) site. The number of variants ('alleles') and number of codons is 

estimated from my ingroup-only gene-wise alignments. My estimate of the synonymous (dS) and 

non-synonymous (dN) rate is derived from a single pairwise sequence comparisons between the 

two (or, most divergent two) alleles. For genes with non-zero dS and dN, I estimated the average 

dN/dS ratio for each gene. Other transcripts that make-up the remainder of the DE set are invariant 

for in-group transcripts and not shown. Full details for every gene as well as information on their 

homologs in C. secundus and Z. nevadensis is available on the Social Biology Group’s GITHUB 

server1.   

 
Gene ID Gene Annotation 

 
Alleles Codons S N dN dS dN/dS 

         
Gene Set III 
 

       

DN61229 general odorant-binding protein 56d 2 99 54 243 0 0.021 - 
         
DN82301 beta-1,4-endoglucanase 3 441 321 996 0.083 0.243 0.343 
         
DN83277 beta-1,3-glucan-binding protein 2 160 94 509 0.008 0.020 0.408 
         
DN82714 beta-glucosidase 5 467 379 1020 0.065 0.132 0.492 
         
DN83427 gram-negative bacteria binding protein 7 172 129 387 0.214 1.96 0.109 
         
DN81204 hexamerin II 2 124 31 341 0.012 0 - 

         
Gene Set II 
 

       

DN75166 P protein 
 

2 567 428 1268 0.002 0.007 0.266 

DN79180 hexamerin 2 481 228 1212 0.006 0.009 0.638 

         
Gene Set I 
 

       

DN83140 
 

GPI-anchored adhesin-like protein 
 

2 142 153 272 0.004 0 - 

DN70903 
 

junctophilin 
 

2 69 54 153 0.013 0 - 

DN83123 hypothetical protein B7P43 
 

2 218 161 460 0.016 0.038 0.413 

DN75717 troponin C-like 
 

2 146 88 350 0.022 0 - 

DN83345 obscurin 
 

2 3252 2154 7602 0 0.001 - 

DN82278 titin isoform X1 
 

2 818 604 1835 0.002 0.002 1.079 

DN81478 ras-related growth inhibitor 
 

2 213 130 509 0 0.008 - 
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DN77755 hypothetical protein B7P43 
 

2 162 144 339 0.009 0 - 

DN69320 troponin C 
 

2 141 91 326 0.006 0.053 0.115 

DN82279 troponin I  
 

2 85 38 217 0.009 0.185 0.053 

DN83701 twitchin 
 

2 1730 1168 4022 0.004 0.007 0.552 

DN69767 feruloyl esterase-like protein 2 163 146 343 0.030 0.029 1.040 

         
1 https://github.com/SocialBiologyGroupWesternU/R_flavipes_variation_estimates/tree/main 
 

vs. 0.638) and are not clearly drawn from a different sampling population than are the 

ten genes associated with non-reproductive soldiers (Sets I and III). It is therefore not 

easy to statistically evaluate my data against the three alternative hypotheses outlined in 

the Introduction. 

 

A comparison of evolutionary rates between all caste-associated DE genes (Sets I, II, III 

combined) and the caste-unassociated NDE set reveals a non-significant difference 

(Wilcoxon rank sum test W = 112, df = 1; P = 0.226), suggesting that caste may not affect 

the rate of molecular evolution and that signatures of indirect selection, if they exist, may 

be subtle or complex to detect. Nonetheless, it is apparent that the DE set in its entirety is 

evolving on average more slowly than the NDE set (Figure 3.6 A), indicative of slightly 

more intense purifying selection of DE relative to NDE genes.  

 

My intra-specific analysis of Cryptotermes (Figure 3.6 B) and Zootermopsis (Figure 3.6 C) 

species yielded a consistent pattern – namely, caste-associated genes appear to be 

evolving under strong purifying selection relative to caste-unassociated genes (C. 

secundus, Wilcoxon rank sum test W = 32, df = 1, P = 0.0013; Z. nevadensis; Wilcoxon 

https://github.com/SocialBiologyGroupWesternU/R_flavipes_variation_estimates/tree/main
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rank sum test W = 0, df = 1, P < 0.0001). In these latter two comparisons, the genes are 

not strictly known to be caste-associated but inferred as such via homology to genes in 

the DE (and NDE) sets derived from R. flavipes.  

 

Finally, Figure 3.7 shows how the variation in my sequence alignments is partitioned 

among gene sets. For example, the proportion of genes for which dN/dS estimates were 

unknown (red) represent genes not found in one or more termite species. Conserved 

genes are characterized by complete absence of variation (green), genes with a positive  

(non-zero) value for either dS or dN, but not both (aqua), and variable (purple) represent 

proportions of genes for which I was able to confidently able to estimate dN/dS. Inter-

specific alignments are predictably more variable. A broad comparison of variation 

between DE and NDE sets shows that they are quite similar, which suggests differences in 

dN/dS ratio between these two sets (Figure 3.6) is genuinely due to different selection 

pressures and not simply an artifact of allelic sampling. 

 

3.3.2 Inter-specific analysis 

Overall, my inter-specific analyses showed that genes in all datasets evolve at a neutral 

rate (i.e., dN/dS ~ 1). The inter-specific dN/dS comparison between three termite species 

suggests that gene Set III has a unique profile, at least in comparisons involving R. flavipes 

(R. flavipes vs. C. secundus and R. flavipes vs. Z. nevadensis). Genes associated with the 

soldier caste of R. flavipes may therefore evolve under a different selective regime or may 

in some way be more unique than genes in other datasets. Given that the largest  
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Figure 3.6. Violin plots showing average dN/dS ratios. Intra- A) - C) and inter- D) - F) specific values 

genes that are DE or NDE by caste. DE genes are associated in their up- (Set I) or down-ward (Set III) 

expression with the sterile soldier caste or in up-ward expression with the reproductive nymph 

caste (Set II). The red lines indicate cut-off values (placed at 95% confidence interval of dN/dS=1) 

for positive (>1.05) or purifying (<0.05) selection. Note: Gene Set II in Panel A has only two points 

so it is displayed as a box-plot).  
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Figure 3.7. Patterns of nucleotide diversity. The circular stacked bar plots are showing the 

proportion of variable genes in intra-specific (R vs. R; C vs C; Z vs. Z) and inter-specific (C vs. Z; r vs 

Z; R vs. C) pairwise alignments for A) gene Sets I, II and III and B) DE vs. NDE sets. For intra-specific 

alignments the proportion of truly variable genes (purple) for which a dN/dS ratio can be inferred 

is small relative to genes invariant among ingroup transcripts. Proportion of genes for which dN/dS 

estimates were unknown (red) represent genes not found in one or more termite species. 

Conserved genes (green) are characterized by complete absence of variation (green), semi-

variable (aqua) are genes with either dS or dN, but not both, and variable (purple) represent 

proportions of genes for which dN/dS estimates were made. Inter-specific alignments are 

predictably more variable. Proportional scale from 0.00-1.00 on the left of the plot.  
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differences in dN/dS distributions were determined for gene Set III, and that only Set I had 

n = 10 genes under purifying selection, suggests that genes associated with soldier caste 

in R. flavipes are again in some way more unique than the rest of the genes. 

 

3.4. Discussion 

In this study I employed a bioinformatics approach to test alternative hypotheses 

describing the molecular evolution of genes purportedly under direct vs. indirect 

selection. Specifically, I took advantage of several genomics datasets that have recently 

(within five years) become available for several species of termite. Termites are eusocial 

insects that live in kin-based societies with a pronounced division of labour between 

reproductively selfish and reproductively altruistic castes. I found that for one species of 

subterranean termite (Reticulitermes flavipes) the intensity of molecular evolution was 

not different between genes biased in their expression towards reproductive (nymphs) or 

non-reproductive castes (soldiers). This relatively uniform pattern of nucleotide 

substitution between nymph- and soldier-associated genes suggests that direct and 

indirect selection affect genes similarly and apparently do not leave diagnostic signatures 

detectable through analysis of dN/dS ratios, at least not in an obvious manner with the 

data and analyses performed here.  

 

I did, however, detect other patterns of nucleotide substitution that suggest caste can 

affect the intensity and rate of molecular evolution. First, four DE genes (of 12) from 

soldier-biased Gene Set I appear to experience the most intense selection in both positive 
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and purifying directions.  These four genes are uniquely up-regulated in sterile soldiers 

and thus presumably evolve via indirect genetic effects that increase the fitness of others 

who carry but do not express these genes. This association between the level of gene 

expression and strength of selection is highly relevant to several sociogenomic 

hypotheses that are discussed below. Moreover, the rate of molecular evolution across 

some eukaryotic genomes (Pal et al., 2001; Krylov et al., 2003) and in mammals 

(Subramanian and Kumar 2004) has been reported to have an inverse relationship with 

the amount or intensity of gene expression. That is, the most expressed genes actually 

tend to show the least number of substitutions or mutations and evolve more slowly, 

which is consistent with the observed cumulative effects of purifying selection on caste-

associated genes in this study. Second, through comparisons of genes in two other 

termite species C. secundus and Z. nevadensis, I discovered that in general, genes 

associated with caste do appear to evolve more slowly than those unassociated with 

caste. This implies that caste-biased expression can mediate the strength of selection and 

potentially, the mode of genetic transmission either from some mix of direct vs. indirect 

effects or by constraints imposed via multi-caste pleiotropy in caste sets. By extending my 

analysis to other species, I showed that overall patterns are similar with most genes 

evolving at the nearly-neutral rate, despite the large differences in species breeding 

biology, ecology and phylogenetic position.  
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3.4.2. Termite genes have low levels of genetic diversity 

The relatively homogenous genotypes I observed in this study is not unexpected. The 

social biology of termites in which just one or a few pairs of sexuals monopolize 

reproduction within a colony of thousands or millions renders their effective population 

sizes (Ne) very small (Wright 1978). A low Ne should reduce standing genetic variance due 

to the fixation (or loss) of alleles in populations under drift. Second, termites tend to 

inbreed (Shellman-Reeve 1997), either at the point of colony foundation among weekly 

dispersing sexuals or from within-colony matings among blatant close relatives (Vargo 

2019), which is typical for invasive populations of R. flavipes that rely on neotenic 

supplemental or replacement reproductives recruited from within their kin-based 

colonies (Eyer et al. 2020; Scaduto et al. 2012). My observed measures of dN/dS diversity – 

for example, allele counts (Table 3.3) – are therefore not surprisingly well-below a 

theoretical maximum. If each colony sampled is independently founded and has an 

effective population size of two (a male and a female reproductive) then a grand 

maximum of 108 alleles per locus is technically possible from my multi-population data 

set (54 heterozygotes). Given that termites tend to have low Ne and inbreed and thus are 

very unlikely to be heterozygous at more than a few loci, the actual diversity in my data 

set confirms this maximum.  

 

The allelic variation summarized in Table 3.3 is derived from manually curated pairwise 

alignments, constructed from initially disassembled RNA-Seq reads. Figure 3.5 shows one 

such example corresponding to a beta-1,3-glucan binding protein (GBP) gene (R. flavipes 
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gene ID number: DN83427) with the highest number of alleles in my dataset. While only a 

portion of the gene is visible and hence only three alleles could be displayed on a page 

(blue arrows; Figure 3.5), the entire alignment has a total of n = 7 alleles (Table 3.3). 

Another example (not shown) is from beta-glucosidase with n = 5 allelic variants. Both of 

these genes are from Set III and are thus uniquely downregulated in soldiers. My 

observation for high allele counts in this one data set suggests that caste may influence 

rate of evolution and, specifically, that genes in the soldier-specific caste in R. flavipes do 

differ from other sets. That said, my estimates of allelic variation are conservative: First, I 

removed all regions of uncertainty that tend to occur at the beginning and end of each 

alignment. I therefore only scored variants if they were present within (or ‘inside’) the 

coding region of the gene and thus preceded by corresponding aligned amino acids. The 

alignments are therefore thorough but for some genes the sequence is understandably 

incomplete. For this reason, not all of my codon alignments represent the complete 

length of a gene. Nonetheless, I did have some power to measure and compare rates of 

nucleotide substitution between caste-biased vs. un-biased genes. In the future, I would 

like to extend my analysis to a larger data set that contains more genes. Under less 

stringent criteria (FDR-corrected p-value < 0.05, Expression fold-change ≥ 2), the number 

of caste-associated genes identified by Wu et al. (2018) increases to n = 570 genes and 

does include a worker-specific set. In the present analysis, I chose to study the most 

stringent gene list to test caste patterns of nucleotide substitution, but this expanded set 

is available to me for future analysis. 
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3.4.1 Molecular signatures of kin selection: are caste-associated genes nearly neutral?  

To test my predictions outlined in Table 3.1, I used the standard metric for estimating the 

strength and direction of selection, the dN/dS ratio. I expected this metric to vary among 

sets of genes associated with reproductive (nymph) or sterile (soldier) termite castes 

(Figure 3.3). So far support for either set of predictions outlined in the Introduction has 

been limited almost entirely to the Hymenoptera (Table 3.1). Termites provide a powerful 

model for studying molecular evolution of caste-biased and un-biased genes. My study is 

the first to use termites as a model and provides a starting point towards a better 

understanding of selective forces and functionality of genes that drive social evolution. 

 

Under the relaxed worker hypothesis, I predicted that genes associated in their 

expression with reproductively altruistic castes would be partially buffered from the full 

strength of selection and thus more closely approach the neutral rate than genes 

associated with selfishly reproducing castes that presumably evolve under the full 

strength of direct selection. I found support for this hypothesis. The prevailing theme of 

my intra-specific evolutionary analysis was purifying selection, which is indeed typical of 

protein coding genes with conserved domains and functionality, but only a few genes 

were evolving under strong purifying selection, with majority evolving neutrally. I did 

detect few other exceptions. Two genes from the solider up-regulated sets (Gene Set I) 

evolved above the neutral rate (Figure 3.6). Given that all other genes in my DE set have 

dN/dS values well below '1', I infer them to evolve under purifying selection (despite very 

broad confidence intervals and my lack of statistical power to reject a neutral null).  
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The alternative ‘adapted worker’ hypothesis (Table 3.1) is generally not supported. Due to 

lack of statistical power, it was not possible to infer rates of reproductive caste-associated 

genes (Gene Set II), though the four genes did have dN/dS values below and above one. 

Only five genes in the NDE dataset were shown to evolve at adaptive rate, with the 

majority of genes evolving at nearly neutral or weakly-purifying rates. Importantly, my 

results for randomly selected non-differentially expressed genes are quite sensitive 

because ideally, robust analysis would involve generation of many (i.e., hundreds) 

pseudo-distributed data sets rather than one that may be biased or contain outliers. 

Despite knowing this, I still only generated one null dataset because the workload of 

aligning all the genes is very slow. To do hundreds of data sets would have been 

prohibitive. Nevertheless, if we use the NDE set as a proxy for multi-caste associated genes 

– that is, if we assume their non-biased expression in any one caste is because they are 

expressed in all castes – then my data are not consistent with the relaxed worker 

hypothesis, either. In no case did the NDE show evidence of evolving in a more 

constrained manner, as if under intense purifying selection. Rather, genes in the NDE set 

are, if anything, under more relaxed purifying selection. For two of the three species 

examined (Cryptotermes and Zootermopsis), this relaxation was significant (Figure 3.6). 

This is similar to a recent finding by Harrison et al. (2020), where using four termite 

species, the authors show purifying signature on caste-associated genes with low 

evidence for distinct signatures on genes under direct vs. indirect selection.   
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Problematically, the dN/dS values can only be estimated from variable genes, thus limiting 

the sample size and potential information that could be inferred from the gene sets. We 

thus need other methods of scanning for signatures of caste-mediated selection 

(Helanterä and Uller 2014). One way to search for the patterns of direct vs. indirect 

selection is to expand our test to include more information. For instance, including 

estimates of the degree of gene conservation in each dataset, or genes that either have 

dN or dS but not both. Here, even though such genes are not normally picked up by dN/dS, 

measures or computer algorithms, such genes and their proportions could be visually 

detected and are potentially informative. The emerging patterns provide a birds-eye view 

of the datasets (Figure 3.7), and thus offer a new way of scanning for signatures of kin 

selection. I believe this and other ways are necessary and should be included in the 

detection of selection signatures.  

 

3.4.2. Expanded evolutionary analysis  

My expanded analysis against two other termite species yielded additional insights into 

the molecular evolutionary patterns associated with caste. The C. secundus genome is 

1.30 Gb in size (Harrison et al., 2018), contains a total of n = 29, 593 transcripts that 

correspond to n = 14, 313 genes, and was assembled from degutted body samples of 

male and female primary and worker castes. Comparatively, the genome of Z. nevadensis 

is composed of n = 15, 103 genes and n= 35, 617 transcripts, and is 652 Mb in size 

(Terrapon et al. 2014). The sampling procedure of Z. nevadensis was similar to R. flavipes 
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(Wu et al., 2018) and genome was assembled from samples that included whole-body 

tissues of male and female alate, soldier, primary and secondary reproductive castes.  

 

The opportunistic inclusion of these species into my analysis takes advantage of two large 

published genomic datasets with relatively well curated gene annotations that aided my 

analysis. The Wu et al. (2018) study provided an essential transcriptomic background that 

enabled my own analysis but note that no annotated version of the R. flavipes genome 

has ever been generated or published. This lack of detailed gene-level knowledge meant 

that I did not have a verified reference genome against which to align my disassembled 

reads. It was still possible for me to generate gene-wise alignments more-or-less 

manually as described in the Methods section, but it was painstaking and did slow my 

analysis. Thankfully, my focal species is one of widespread interest due to its status as an 

invasive pest (Chouvenc et al. 2011; Evans et al. 2013), so my bioinformatics pipeline and 

analysis of genes underlying its social biology is informative. This species is 

phylogenetically well-suited for comparative sequence analysis against C. secundus and Z. 

nevadensis because all three species are roughly equally separated on the termite tree of 

life (Figure 3.4). The phylogenetic proximity of my outgroups is therefore important, 

because known functional domains in annotated C. secundus and Z. nevadensis 

sequences are more likely to match those in R. flavipes sequences and can be used to 

guide alignment of non-annotated transcripts.  
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CHAPTER FOUR: General conclusion  
 
The gene's-eye-view of evolution, which is central to the works of John Maynard-Smith, 

George C Williams, Ernst Mayr and other proponents of the Modern Synthesis (Pigliucci 

and Muller 2010), holds that genes are central replicators in the struggle for life and the 

ultimate target of natural selection, regardless of the vehicles (i.e., organisms) in which 

they are found (Dawkins 1982). As such, the conserved, yet variable nucleotide 

composition of individual genes can serve as a portal into their evolutionary past to reveal 

'signatures' of historical selection pressures that have shaped the evolved aspects of 

existent phenotypes (Nielsen 2005). In my thesis, I adopt this gene's-eye-view of 

evolution and use the idea of molecular signatures of selection to, first, discuss how 

selection acts on genes to generate diversity of caste systems in eusocial insects (Chapter 

Two) and, to test how patterns of nucleotide substitution vary as a function of their 

expression-bias toward reproductively selfish or reproductively altruistic castes (Chapter 

Three). In summary, my Thesis moves from theory to discovery, from general to specific, 

and from classic to cutting-edge, generating a novel production that will at once serve to 

demonstrate my skill and launch my future studies and career as a research and teaching 

scientist.     

 

Throughout my Thesis, I argue that through a far-reaching review of key papers and 

theory, selection is most effective when additive genetic variance is high within 

effectively large populations characterizing eusocial insects. I indicate that there must 

have been additive genetic variants within social environments, that were selected for 
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and are driving the evolution of caste differences across ant, wasp, bee, termite and 

other social insect lineages. Alas the evolutionary perspective that I adopt is essential to 

the completeness of our understanding of castes, and by extension, to the full 

understanding of division of labour and origin of eusociality. The main conclusion of my 

chapters was not just an academic tabulation of acquired knowledge, but rather a unique 

synthesis and interpretation of knowledge of yet-imperfect understanding of social insect 

biology and evolution.  

 

One key insight that emerged from my Thesis review was to realise that the treatment of 

caste differences has largely proceeded along two separate research fronts, either 

following early ideas on the evolution of caste differences (Oster and Wilson 1978) or 

following early leads on the development of caste differences (Watson et al. 1985; Brian 

1983). Both avenues are interesting and important but, in my view, there had previously 

been very little synthesis of the two perspectives, which is surprising because they ought 

to be highly complementary and mutually informing. My attempt at casting (pun 

intended) these two processes as interdependent within a single 'evo-devo' framework is 

highly germane to the study of social insects (Toth and Robinson 2007; Ramsay et al. 

2020) and is most visible in Figure 2.1. There I characterise caste differentiation in any 

social insect as a function of 'switch points' that respond to environmental and genetic 

cues in developmental time. Rather than separating the developmental from the 

evolutionary process, I show that the responsive switches have themselves evolved under 

selection over much longer periods of time. This evo-meets-devo realization is not novel 
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but is, apparently, still widely underappreciated, except by a few leading researchers in 

this field who are even better positioned than me to make this point. My thesis serves to 

highlight how the 'evo' and 'devo' components to caste variation can hardly be 

understood one without the other, and my conceptual framework and diagrams are a 

unique contribution to this understanding. 

 

A second insight of my review was to reveal how little attention had previously been 

given to the notion of genetic effects on caste. It has been emphasised, perhaps to a 

fault, that environmental effects are important for understanding the phenotypic 

plasticity and developmental trajectories of insect caste systems (West-Eberhard 1987; 

Revely et al. 2021). My review shows that the emphasis on environmental factors is not 

wrong, but incomplete and stands to obscure the true diversity of caste systems. 

Emphasizing environmental plasticity, as if it precluded any involvement of genetic 

effects, likewise stands to obscure the fascinating ways in which caste and subcastes 

evolve in response to selection on gene variants or, in some cases, as by-products of gene 

interactions and hybridization events.  

 

I acknowledge that genetic effects on caste are sometimes subtle and might initially be 

difficult to detect. In other cases, however, these effects are strong and obvious. Many 

examples that I cite are discovered serendipitously and appear to be unique to particular 

species or even populations. I agree with Keller (Keller 2007) who states that social insect 

biologists should not overlook breeding system diversity that is unexpected or goes 
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against accepted wisdom or that otherwise appears as an unexpected aberration. 

Instead, we should look deeply into these findings to characterise the conditions under 

which it occurs. Many of the highly cited examples of genetic effects on caste that I cite in 

my review chapter are associated with complex and sometimes unbelievable breeding 

systems that confound gender, ploidy and sex vs. asexual reproduction. Social insects 

therefore offer a deep well for discovery but likewise demand a high level of natural 

history expertise and a savvy understanding of socio-genetic theory. 

 

Finally, my review chapter serves to bridge the gulf between environmental vs. genetics 

perspectives on caste through summary of the fast-advancing field of epigenetics. For 

example, the first draft genome of the European honey bee in 2006, demonstrated that 

Apis mellifera has a functional CpG methylation system that is linked to queen-worker 

differentiation. In particular the pioneering work of Ryszard Maleszka and colleagues 

(Australian National University, Canberra) has established that queen and workers 

differed heavily with respect to methylated sites, and that these sites were biased 

towards nutrient signaling pathways. This insight is intuitive, at least within the context of 

nutrient-cued caste differentiation in this and other social insect species.  Other studies 

quickly followed from the social Hymenoptera and from termites that too, helped reveal 

the potential for epigenetic effects on caste. One realization from my review is that many 

of these studies are not highly replicated, which leads one to cast doubt on the apparent 

association of methyl marks with caste. I argue, instead that many examples published so 

far may more readily be explained by spurious inter-sample marks which, on occasion, 
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can be correlated with caste. To me, who had seen an explosion of epigenetic studies on 

social insects emerge over a decade, this was surprising, and I now realize that much 

work remains to be done in order to fundamentally establish the role of methylation and 

other environmentally acquired gene-expression markers in caste differentiation.  

 

My implicit adoption the gene's-eye-view in Chapter Two does not typically reveal the 

genes involved, except in a few cases where they had been identified by specific studies. 

In general, my review above takes the 'phenotypic gambit' that is typical in behaviour 

ecology to assume genetic effects without actually knowing the genes involved (Grafen 

1991). In doing so, I revealed that selection has plenty of scope to shape the highly plastic 

development of castes as they differentiate into reproductively-selfish vs. reproductively-

altruistic forms. In Chapter Three, I move beyond this gambit to analyze specific sets of 

genes associated with caste differences in a species of subterranean termite. Here, I use 

the idea of 'molecular signatures' introduced above to not only infer evidence of past 

selection but to infer evidence of kin selection in the termite gene sequences. In this 

Chapter, I first outline the promise and potential of identifying molecular signatures of kin 

- i.e., indirect - selection, then offer to test three uniquely sociobiological hypotheses that 

describe how that signature appears.   

 

My study is unique in that I am the first to attempt it on any one species of termite. 

Though the rationale is reasonably adept, I found that the power to detect any signature 

of kin selection was low, at least with the few variable genes that I was able to manually 
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align from RNA-Sequence data at hand. Going forward, I have determined new ways to 

increase analytical power, either by i - including a larger number of genes (i.e, from the 

expanded dataset containing ~570 genes) to generate gene alignments and ii - employ 

tests other than those involving dN/dS ratios in favour of population genomic tests that 

might be suited to my data, including tests that make use of the observed allele 

frequency spectra of my population, such as the McDonald-Kreitman test, the 

Neutrality Index measure, SNP counts, transition/transversion ratios and epigenetic 

modifications that have recently been shown to influence gene activity and alter protein 

functionality. Tests for indirect vs. direct selection in termites or other eusocial taxa are 

not yet widespread but I argue that such tests are informative, stand to reveal interesting 

and highly sought-after patterns of social evolution, and hold key to explaining the origin, 

evolution, and maintenance of eusociality. 
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APPENDIX 
 

5. 1. Scripts for Data Manipulation and Analyses  
 

Script 1 

This PYTHON script splits all R. flavipes transcripts into differentially expressed (DE) and non-

differentially expressed (NDE) datasets using a list of required Gene IDs stored in another file. This 

script was applied twice, to generate two FASTA files containing DE and NDE genes.   

 
import os     

import sys 

from Bio import SeqIO    # import required modules  

 

unfiltered_fasta = sys.argv[1]    # input unfiltered multi-FASTA or .txt file 

 

# input a second file which contains a list of gene IDs to be filtered out 

remove_file = sys.argv[2]     

filtered_fasta = sys.argv[3]    # output FASTA file with only DEs or NDEs 

 

 

remove = set() 

with open(remove_file) as f: 

    for line in f: 

        line = line.strip() 

        if line != "": 

            remove.add(line) 

 

 

# specify the FASTA format 

fasta_sequences = SeqIO.parse(open(unfiltered_fasta),'fasta')     

 

with open(filtered_fasta, "w") as f: 

    for seq in fasta_sequences: 

        name = seq.id 

        nuc = str(seq.seq) 

        if name not in remove and len(nuc) > 0: 

            SeqIO.write([seq], f, "fasta") 
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Script 2 

These UNIX commands were applied to NDE dataset only, to randomly select n=93 genes that 

serve as a comparative reference against an equivalent-sized DE set. 

 
# create a list of all NDE headers and write to file  

grep '>' NDE_Rflav_transcriptome_sequences.fasta > NDE_headers.txt 

 

# randomly sort and select specified n=93 NDE genes from the list of headers  

CONTIGS = sort -R NDE_headers.txt| head -n 93 |tr "\n" " " 

 

Script 3 

The 'get_orfs_or_cdss.py' PYTHON script was applied to both DE and NDE datasets to identify the 

longest open reading frame (in 5’ to 3’ orientation) of each transcript. This script has been 

published and is freely available from: 

https://github.com/peterjc/pico_galaxy/blob/master/tools/get_orfs_or_cdss/get_orfs_or_cdss.py 

 
#!/usr/bin/env python 

"""Find ORFs in a nucleotide sequence file. 

  

For more details, see the help text and argument descriptions in the 

accompanying get_orfs_or_cdss.xml file which defines a Galaxy interface. 

 

This tool is a short Python script which requires Biopython. If you use 

this tool in scientific work leading to a publication, please cite the 

Biopython application note: 

 

Cock et al 2009. Biopython: freely available Python tools for computational 

molecular biology and bioinformatics. Bioinformatics 25(11) 1422-3. 

https://doi.org/10.1093/bioinformatics/btp163 pmid:19304878. 

 

This script is copyright 2011-2013 by Peter Cock, The James Hutton Institute 

(formerly SCRI), Dundee, UK. All rights reserved. 

 

See accompanying text file for licence details (MIT licence). 

""" 

 

from __future__ import print_function 

 

import re 

import sys 

 

from optparse import OptionParser 

https://github.com/peterjc/pico_galaxy/blob/master/tools/get_orfs_or_cdss/get_orfs_or_cdss.py
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usage = r"""Use as follows: 

 

$ python get_orfs_or_cdss.py -i genome.fa -f fasta --table 11 \ 

-t CDS -e open -m all -s both --on cds.nuc.fa --op cds.protein.fa \ 

--ob cds.bed --og cds.gff3 

""" 

 

try: 

    from Bio.Seq import Seq, reverse_complement, translate 

    from Bio.SeqRecord import SeqRecord 

    from Bio import SeqIO 

    from Bio.Data import CodonTable 

except ImportError: 

    sys.exit("Missing Biopython library") 

 

 

parser = OptionParser(usage=usage) 

parser.add_option( 

    "-i", 

    "--input", 

    dest="input_file", 

    default=None, 

    help="Input fasta file", 

    metavar="FILE", 

) 

parser.add_option( 

    "-f", 

    "--format", 

    dest="seq_format", 

    default="fasta", 

    help="Sequence format (e.g. fasta, fastq, sff)", 

) 

parser.add_option( 

    "--table", dest="table", default=1, help="NCBI Translation table", 

type="int" 

) 

parser.add_option( 

    "-t", 

    "--ftype", 

    dest="ftype", 

    type="choice", 

    choices=["CDS", "ORF"], 

    default="ORF", 

    help="Find ORF or CDSs", 

) 

parser.add_option( 

    "-e", 

    "--ends", 

    dest="ends", 

    type="choice", 

    choices=["open", "closed"], 

    default="closed", 

    help="Open or closed. Closed ensures start/stop codons are present", 

) 

parser.add_option( 

    "-m", 
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    "--mode", 

    dest="mode", 

    type="choice", 

    choices=["all", "top", "one"], 

    default="all", 

    help="Output all ORFs/CDSs from sequence, all ORFs/CDSs " 

    "with max length, or first with maximum length", 

) 

parser.add_option( 

    "--min_len", dest="min_len", default=10, help="Minimum ORF/CDS length", 

type="int" 

) 

parser.add_option( 

    "-s", 

    "--strand", 

    dest="strand", 

    type="choice", 

    choices=["forward", "reverse", "both"], 

    default="both", 

    help="Strand to search for features on", 

) 

parser.add_option( 

    "--on", 

    dest="out_nuc_file", 

    default=None, 

    help="Output nucleotide sequences, or - for STDOUT", 

    metavar="FILE", 

) 

parser.add_option( 

    "--op", 

    dest="out_prot_file", 

    default=None, 

    help="Output protein sequences, or - for STDOUT", 

    metavar="FILE", 

) 

parser.add_option( 

    "--ob", 

    dest="out_bed_file", 

    default=None, 

    help="Output BED file, or - for STDOUT", 

    metavar="FILE", 

) 

parser.add_option( 

    "--og", 

    dest="out_gff3_file", 

    default=None, 

    help="Output GFF3 file, or - for STDOUT", 

    metavar="FILE", 

) 

parser.add_option( 

    "-v", 

    "--version", 

    dest="version", 

    default=False, 

    action="store_true", 

    help="Show version and quit", 

) 
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options, args = parser.parse_args() 

 

if options.version: 

    print("v0.2.3") 

    sys.exit(0) 

 

if not options.input_file: 

    sys.exit("Input file is required") 

 

if not any( 

    ( 

        options.out_nuc_file, 

        options.out_prot_file, 

        options.out_bed_file, 

        options.out_gff3_file, 

    ) 

): 

    sys.exit("At least one output file is required") 

 

try: 

    table_obj = CodonTable.ambiguous_generic_by_id[options.table] 

except KeyError: 

    sys.exit("Unknown codon table %i" % options.table) 

 

if options.seq_format.lower() == "sff": 

    seq_format = "sff-trim" 

elif options.seq_format.lower() == "fasta": 

    seq_format = "fasta" 

elif options.seq_format.lower().startswith("fastq"): 

    seq_format = "fastq" 

else: 

    sys.exit("Unsupported file type %r" % options.seq_format) 

 

print("Genetic code table %i" % options.table) 

print("Minimum length %i aa" % options.min_len) 

# print "Taking %s ORF(s) from %s strand(s)" % (mode, strand) 

 

starts = sorted(table_obj.start_codons) 

assert "NNN" not in starts 

re_starts = re.compile("|".join(starts)) 

 

stops = sorted(table_obj.stop_codons) 

assert "NNN" not in stops 

re_stops = re.compile("|".join(stops)) 

 

 

def start_chop_and_trans(s, strict=True): 

    """Return offset, trimmed nuc, protein.""" 

    if strict: 

        assert s[-3:] in stops, s 

    assert len(s) % 3 == 0 

    for match in re_starts.finditer(s): 

        # Must check the start is in frame 

        start = match.start() 

        if start % 3 == 0: 

            n = s[start:] 
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            assert len(n) % 3 == 0, "%s is len %i" % (n, len(n)) 

            if strict: 

                t = translate(n, options.table, cds=True) 

            else: 

                # Use when missing stop codon, 

                t = "M" + translate(n[3:], options.table, to_stop=True) 

            return start, n, t 

    return None, None, None 

 

 

def break_up_frame(s): 

    """Return offset, nuc, protein.""" 

    start = 0 

    for match in re_stops.finditer(s): 

        index = match.start() + 3 

        if index % 3 != 0: 

            continue 

        n = s[start:index] 

        if options.ftype == "CDS": 

            offset, n, t = start_chop_and_trans(n) 

        else: 

            offset = 0 

            t = translate(n, options.table, to_stop=True) 

        if n and len(t) >= options.min_len: 

            yield start + offset, n, t 

        start = index 

    if options.ends == "open": 

        # No stop codon, Biopython's strict CDS translate will fail 

        n = s[start:] 

        # Ensure we have whole codons 

        # TODO – Try appending N instead?  

        # TODO – Do the next four line more elegantly 

        if len(n) % 3: 

            n = n[:-1] 

        if len(n) % 3: 

            n = n[:-1] 

        if options.ftype == "CDS": 

            offset, n, t = start_chop_and_trans(n, strict=False) 

        else: 

            offset = 0 

            t = translate(n, options.table, to_stop=True) 

        if n and len(t) >= options.min_len: 

            yield start + offset, n, t 

 

 

def get_all_peptides(nuc_seq): 

    """Return start, end, strand, nucleotides, protein. 

 

    Co-ordinates are Python style zero-based. 

    """ 

    # TODO – Refactor to use a generator function (in start order) 

    # rather than making a list and sorting? 

    answer = [] 

    full_len = len(nuc_seq) 

    if options.strand != "reverse": 

        for frame in range(0, 3): 

            for offset, n, t in break_up_frame(nuc_seq[frame:]): 
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                start = frame + offset  # zero based 

                answer.append((start, start + len(n), +1, n, t)) 

    if options.strand != "forward": 

        rc = reverse_complement(nuc_seq) 

        for frame in range(0, 3): 

            for offset, n, t in break_up_frame(rc[frame:]): 

                start = full_len - frame - offset  # zero based 

                answer.append((start - len(n), start, -1, n, t)) 

    answer.sort() 

    return answer 

 

 

def get_top_peptides(nuc_seq): 

    """Return all peptides of max length.""" 

    values = list(get_all_peptides(nuc_seq)) 

    if not values: 

        raise StopIteration 

    max_len = max(len(x[-1]) for x in values) 

    for x in values: 

        if len(x[-1]) == max_len: 

            yield x 

 

 

def get_one_peptide(nuc_seq): 

    """Return first (left most) peptide with max length.""" 

    values = list(get_top_peptides(nuc_seq)) 

    if not values: 

        raise StopIteration 

    yield values[0] 

 

 

if options.mode == "all": 

    get_peptides = get_all_peptides 

elif options.mode == "top": 

    get_peptides = get_top_peptides 

elif options.mode == "one": 

    get_peptides = get_one_peptide 

 

in_count = 0 

out_count = 0 

if options.out_nuc_file == "-": 

    out_nuc = sys.stdout 

elif options.out_nuc_file: 

    out_nuc = open(options.out_nuc_file, "w") 

else: 

    out_nuc = None 

 

if options.out_prot_file == "-": 

    out_prot = sys.stdout 

elif options.out_prot_file: 

    out_prot = open(options.out_prot_file, "w") 

else: 

    out_prot = None 

 

if options.out_bed_file == "-": 

    out_bed = sys.stdout 

elif options.out_bed_file: 
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    out_bed = open(options.out_bed_file, "w") 

else: 

    out_bed = None 

 

if options.out_gff3_file == "-": 

    out_gff3 = sys.stdout 

elif options.out_gff3_file: 

    out_gff3 = open(options.out_gff3_file, "w") 

else: 

    out_gff3 = None 

 

if out_gff3: 

    out_gff3.write("##gff-version 3\n") 

 

for record in SeqIO.parse(options.input_file, seq_format): 

    for i, (f_start, f_end, f_strand, n, t) in enumerate( 

        get_peptides(str(record.seq).upper()) 

    ): 

        out_count += 1 

        if f_strand == +1: 

            loc = "%i..%i" % (f_start + 1, f_end) 

        else: 

            loc = "complement(%i..%i)" % (f_start + 1, f_end) 

        descr = "length %i aa, %i bp, from %s of %s" % ( 

            len(t), 

            len(n), 

            loc, 

            record.description, 

        ) 

        fid = record.id + "|%s%i" % (options.ftype, i + 1) 

        r = SeqRecord(Seq(n), id=fid, name="", description=descr) 

        t = SeqRecord(Seq(t), id=fid, name="", description=descr) 

        if out_nuc: 

            SeqIO.write(r, out_nuc, "fasta") 

        if out_prot: 

            SeqIO.write(t, out_prot, "fasta") 

        nice_strand = "+" if f_strand == +1 else "-" 

        if out_bed: 

            out_bed.write( 

                "\t".join(map(str, [record.id, f_start, f_end, fid, 0, 

nice_strand])) 

                + "\n" 

            ) 

        if out_gff3: 

            out_gff3.write( 

                "\t".join( 

                    map( 

                        str, 

                        [ 

                            record.id, 

                            "getOrfsOrCds", 

                            "CDS", 

                            f_start + 1, 

                            f_end, 

                            ".", 

                            nice_strand, 

                            0, 
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                            "ID=%s%s" % (options.ftype, i + 1), 

                        ], 

                    ) 

                ) 

                + "\n" 

            ) 

    in_count += 1 

if out_nuc and out_nuc is not sys.stdout: 

    out_nuc.close() 

if out_prot and out_prot is not sys.stdout: 

    out_prot.close() 

if out_bed and out_bed is not sys.stdout: 

    out_bed.close() 

 

print("Found %i %ss in %i sequences" % (out_count, options.ftype, in_count)) 

 
 

Script 4 

I used the following set of UNIX commands to cluster all the nucleotide and corresponding amino 

acid transcripts for both DE and NDE datasets into functionally related gene families using gene 

IDs as tags. These commands were applied a total of two times on each nucleotide and protein 

sequence FASTA files for DE (shown below) and NDE datasets: 

 
# split all DE transcripts in a nucleotide sequences FASTA file into gene 

families based on gene IDs  

awk '{if(substr($0,1,1) == 

">"){split(substr($0,2,length($0)),a,/_/);filename=a[2]};print $0 > filename 

}' all_DE_nucleotide.fasta 

 

# split all DE transcripts in a corresponding protein sequences FASTA file 

into gene families based on gene IDs 

awk '{if(substr($0,1,1) == 

">"){split(substr($0,2,length($0)),a,/_/);filename=a[2]};print $0 > filename 

}' all_DE_protein.fasta   
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