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Lay Summary

All organisms need to regulate their genes correctly and fight off parasites. Argonaute genes play a key

role in these processes in almost all plants, fungi and animals, but are present in varying numbers in

different species. This variation is produced by gene duplication, which can allow new duplicates to

alter their function, changing key aspects of the whole organism. Previous work has identified isolated

examples of Argonaute gene duplication, but most work on Argonaute function has been focused on

a few model species such as the fruit fly. Little attention has been paid to how frequently or rapidly

Argonaute genes duplicate, how they evolve after duplication, and the functional diversity that such

evolution may produce.

In Chapter 2 I measured how often different Argonaute genes duplicate in 86 different fly species, rang-

ing from mosquitoes to hoverflies. I found that the rate of duplication varies between different Argonaute

genes and different fly species, and that Argonaute genes evolve more rapidly at the DNA sequence level

after they duplicate, suggesting that Argonaute genes may be taking on different functions after duplica-

tion. In Chapter 3 I investigated this potential for functional change in three fly species, and found that

in each case Argonaute duplicates have specialized to a function in the testes. In Chapter 4 I measured

how much natural selection is acting on these duplicates, and found that many are evolving very quickly

at the sequence level, and appear to be under strong selection for their testis-specific function. I con-

clude that frequent duplication and rapid evolution are likely to have produced a hitherto unappreciated

diversity of Argonaute functions.
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Abstract

The RNA interference (RNAi) mechanism is a conserved system of nucleic acid manipulation, based on

the interaction between small RNA guide molecules and Argonaute effector proteins. RNAi pathways

are found in the vast majority of eukaryotes, and have diversified into a broad array of functions in-

cluding gene regulation, antiviral immunity and transposable element (TE) suppression. Many of these

functional innovations coincide with duplication of Argonaute genes, suggesting that gene duplication

may be a key driving force in the diversification of RNAi. However, few studies have explicitly investi-

gated Argonaute evolution after duplication. In this thesis, I focused on the impact of gene duplication

on the evolution of Argonaute genes.

Argonaute genes in different species exhibit a broad array of functions; however, most of our knowl-

edge of Argonaute function in the arthropods is based on studies in D. melanogaster. To compare the

rate of duplication and its evolutionary effect between different Argonaute subclades, I quantified gene

turnover rates and evolutionary rate change in Argonaute genes from 86 Dipteran species (Chapter 2).

I find that duplication rate varies widely between subclades and lineages, and that duplication drives

an increase in evolutionary rate, suggesting that functional divergence after Argonaute duplication is

prevalent throughout the Diptera.

In the obscura group of Drosophila I identified a series of recent duplications of Argonaute2 (Ago2),

which has antiviral and anti-TE functions in D. melanogaster. To quantify the extent of functional di-

vergence between these paralogues, I measured the expression of paralogues from three species (D.

subobscura, D. obscura and D. pseudoobscura), in different tissues and under viral challenge (Chapter

3). I find that the majority of Ago2 paralogues have specialised to a derived testis-specific role, poten-

tially to suppress TE activity or meiotic drive. While CRISPR-Cas9 mediated knockout of these genes

ultimately proved unsuccessful (Chapter 5), the selective importance of their derived function is sug-

gested by its multiple independent origins.
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Abstract

Functional novelty, as appears to have evolved in the obscura group Ago2 paralogues, is often driven by

strong selection. To quantify the evolutionary rate and positive selection on these paralogues, I gathered

intraspecies polymorphism data for all paralogues in D. subobscura, D. obscura and D. pseudoobscura,

combining this with publicly-available population genomic data for D. pseudoobscura (Chapter 4). I

find that the majority of paralogues in all species have extremely low diversity, indicative of recent se-

lection, and identify recent selective sweeps on three paralogues in D. pseudoobscura. This suggests

that the majority of Ago2 paralogues in the obscura group are evolving under strong positive selection.

In this thesis I have aimed to quantify the effect of gene duplication on Argonaute evolution. I find that

Argonaute genes duplicate frequently in some lineages, resulting in the evolution of derived functions

that may be driven by positive selection. This suggests that functional diversification is prevalent in

eukaryotic RNAi, and is likely to coincide with expansion of the Argonaute gene family.
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1. General Introduction

RNA interference (RNAi) is an ancient and conserved mechanism of nucleic acid manipulation, in

which small RNA molecules guide Argonaute proteins to cleave, inhibit or regulate nucleic acid targets.

RNAi is found in the vast majority of eukaryotes, where it carries out a wide array of functions including

antiviral defence, gene regulation and the suppression of transposable elements (TEs). This diversity

coincides with expansions of the Argonaute gene family, which has undergone ancient and recent gene

duplications in a number of lineages. Gene duplication has underpinned the evolutionary diversification

of many other mechanisms, resulting in the emergence of novel and adaptive traits; however, there are

still large gaps in our knowledge of how gene duplicates (paralogues) in the RNAi pathway evolve. This

thesis therefore focuses on the impact of gene duplication on the evolution of RNAi.

1.1. The role of gene duplication in the evolution of

functional diversity

1.1.1. Evolutionary trajectories of paralogues

Gene duplication is a fundamental force in evolution (Ohno 1970), and occurs at a rate that is orders

of magnitude higher than the base mutation rate (Katju and Bergthorsson 2013), with one mutation ac-

cumulation experiment in D. melanogaster estimating the duplication rate at 1.25 x 10-7 per base per

generation, and the base mutation rate at 5.49 x 10-9 per base per generation (Schrider et al. 2013).

Gene duplication can occur by four main mechanisms: DNA replication error, non-allelic homologous

recombination, transposition and whole-genome duplication (reviewed in Hastings et al. 2009). After

duplication, the resulting paralogues can evolve in ways traditionally classified as pseudogenization,

1



1. General Introduction

conservation, neofunctionalization and subfunctionalization (Figure 1.1).

Firstly, and most commonly (Lynch and Conery 2000; Hughes and Liberles 2007), one paralogue may

retain the ancestral function, while the other paralogue accumulates deleterious substitutions which ab-

late its function (pseudogenization). Secondly, both paralogues may retain the function carried out by

the ancestral gene before duplication (conservation). This may occur to increase the expression level

of the ancestral gene, as illustrated by the extraordinarily high copy number of ribosomal RNA genes

in Saccharomyces cerevisiae (~140 paralogues), Drosophila melanogaster (~200 paralogues) and hu-

mans (~400 paralogues) (reviewed in Eickbush and Eickbush 2007). More rarely (Clark 1994), both

paralogues may retain the ancestral function to provide an essential function with a buffer against dele-

terious mutations (Haldane 1932).

Thirdly, one paralogue may retain the ancestral function while the other paralogue experiences relaxed

selective constraints, resulting in the evolution of an entirely new function or pattern of expression (ne-

ofunctionalization). This is seen for RNase1 & RNase1B in the douc langur: RNase1 displays optimum

activity at pH 7.4, whereas RNase1B has optimum activity at the lower pH of the stomach, enabling

the douc langur to exploit the novel niche of folivory (Zhang et al. 2002). Lastly, the two paralogues

can each specialize to a subset of the original functions (subfunctionalization), either by complementary

degenerative mutations in each paralogue (termed "duplication-degeneration-complementation" (DDC);

Force et al. 1999), or by positive selection driving specialization to complementary functions. This is

demonstrated by paralogues of the engrailed gene in the ray-finned fishes, which have partitioned the

expression patterns of the ancestral gene, with eng1 expressed only in the pectoral appendage bud, and

eng1b expressed solely in the spinal chord and hindbrain (Force et al. 1999).

Despite their differences, these trajectories are not mutually exclusive: rather, subfunctionalization can

lead to neofunctionalization. One consequence of subfunctionalization is to prevent one or both par-

alogues accumulating deleterious mutations and being lost by pseudogenization, increasing both the

retention of paralogues and the frequency of neofunctionalization (Rastogi and Liberles 2005). This

process, termed "subneofunctionalization" (He and Zhang 2005), describes the evolutionary trajectories

of a large proportion of paralogues in yeast (He and Zhang 2005), and may have driven the evolution of

paralogues of the RNA polymerase (Pol) subunit NRPD2/NRPE2 in the genus Viola, which display the

combination of conservation and positive selection characteristic of the subneofunctionalization process

(Marcussen et al. 2010).

2



1. General Introduction

Figure 1.1.: Evolutionary trajectories of paralogues.
After duplication, paralogues may evolve a new function (neofunctionalization), take on a subset of the
functions of a multifunctional ancestral gene (subfunctionalization), be conserved to carry out their orig-
inal function (gene conservation), or be lost through pseudogenization (not shown) (Figure reproduced
with permission from Hahn 2009, Fig. 1).

1.1.2. Correlates of gene duplication

There are three main factors that affect the frequency of duplication (duplicability) at a particular locus:

essentiality (normally defined by a lethal knockout phenotype), centrality (the number of interactions

with other genes), and specificity of expression. There is a negative relationship between essentiality

and duplicability, with essential genes duplicating less frequently in C. elegans (Woods et al. 2013)

and humans (Nguyen et al. 2008). A similar negative relationship exists between centrality and dupli-

cability, as seen in D. melanogaster (Dopman and Hartl 2007) and yeast (Prachumwat and Li 2006).

This may be linked to the overrepresentation of ohnologues (duplicates arising from a whole-genome

duplication) among copy number variants (CNVs) linked to neurodegenerative disease (McLysaght et

al. 2014): ohnologues are generally retained to maintain dosage balance with interacting genes, which

would be disrupted by a further duplication. In contrast, specificity of expression is positively corre-

lated with duplicability, evidenced by the higher duplication rates of tissue-specific genes compared

with ubiquitously-expressed genes in D. melanogaster (Dopman and Hartl 2007), and more frequent

duplication of genes limited to the cellular periphery of S. cerevisiae (Prachumwat and Li 2006).

After duplication, a common fate for recent duplicates is the evolution of a testis-biased or testis-specific

pattern of expression. Individual examples of this pattern are provided by the paralogue Tre2 in homi-

noids (Paulding et al. 2003), the orphan gene Poldi in the genus Mus (Heinen et al. 2009), and the

3



1. General Introduction

paralogue Sdic in Drosophila (Nurminsky et al. 1998). Multi-locus analyses have confirmed the preva-

lence of this pattern in Drosophila. In D. melanogaster, 50% of paralogues that have retroposed from

the X chromosome are testis-specific (Betrán et al. 2002), and all five of the orphan genes investigated

by Levine et al. 2006 were testis-biased or testis-specific. A similar pattern has been found in the D.

yakuba/D. erecta clade, where 8 orphan genes exhibit testis-specific expression (Begun et al. 2007).

These observations led to the proposal of the "out of the testis" hypothesis (Kaessmann et al. 2009;

Kaessmann 2010), which proposes that novel functions will evolve predominantly in the testis. Mecha-

nistically, the open chromatin structure and high transcription rate of the autosomes in the testes (Kleene

2001) result in a promiscuous expression environment, which can cause otherwise non-functional dupli-

cates to be expressed. This exposes these duplicates to the strong selective pressures of the testis, which

are enriched for rapidly evolving genes in humans (Nielsen 2005) and Drosophila (Haerty et al. 2007),

preventing their loss by pseudogenization and resulting in the evolution of new functions (Kaessmann

et al. 2009; Kaessmann 2010). More recently, genome-wide studies in Drosophila have confirmed the

relevance of the out-of-the-testis hypothesis for both young paralogues (Assis and Bachtrog 2013) and

young orphan genes (Palmieri et al. 2014). Additionally, comparison of the tissue-specificity of young

and old paralogues has shown that testis-specificity is not a fixed pattern; instead, paralogues appear to

go through a period of testis-specificity immediately after duplication, but then evolve expression in a

broader range of tissues and carry out more protein-protein interactions as they age (Assis and Bachtrog

2013).

These studies show that expression patterns can be highly informative regarding the evolution of gene

duplicates. Before duplication, expression pattern is itself predictive of the likelihood of duplication,

as well as being correlated with other predictors of duplication such as connectivity (Prachumwat and

Li 2006; Dopman and Hartl 2007). After duplication, specialisation to different tissues can reflect sub-

functionalization or neofunctionalization (Hahn 2009), lack of expression is sometimes underpinned by

pseudogenization, and testis-specific expression indicates the potential emergence of novel functions

(Kaessmann et al. 2009; Kaessmann 2010).

1.1.3. The adaptive significance of gene duplication

Gene duplication is a key process in the emergence of phenotypic innovations. This is exemplified by

the three paralogues of the knickopf gene in the beetle Tribolium castaneum, all of which function in
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the formation of chitin, but two of which have specialized to different moults in the development of the

cuticle (Chaudhari et al. 2014). Additionally, these three paralogues have been conserved since their

origin in the ancestor of insects, suggesting that their specific roles may have played an important role

in insect evolution (Chaudhari et al. 2014). The diversity of leaf shapes seen in the Brassicaceae has also

been driven by duplication: a duplication of the LMI1 homeobox gene early in Brassicaceae evolution

produced RCO1, the regulatory regions of which evolved to restrict its expression to the base of devel-

oping leaves, transforming leaf serrations into deep lobes and resulting in the evolution of more complex

leaf morphology (Vlad et al. 2014). Other paralogues have contributed to evolutionary change despite

a lack of divergence at the sequence level, as demonstrated by amylase, which aids in the digestion of

starch in humans, and which increases in copy number in populations with a history of high starch diets

(Perry et al. 2007).

Due to the selective advantage conferred by some duplications, a number of paralogues evolve under

strong selection. The strength of selection can be estimated by computing the ratio of non-synonymous

to synonymous polymorphisms (Ka/Ks, or !) for individual sites or whole genes, with !<1 indicating

purifying selection, !=1 suggesting neutrality, and !>1 a sign of positive selection. Using this ap-

proach, strong positive selection was found soon after paralogue fixation in the desaturase gene family,

members of which play key roles in evolutionary divergence and speciation through their contribution to

the formation of cuticular hydrocarbons (Keays et al. 2011). Similar evidence of positive selection was

found for Opn4x, an ancient paralogue of the vertebrate photopigment melanopsin, which also displays

some evidence for functional divergence (Dong et al. 2012). Moreover, positive selection was identified

after each of the duplication events that produced the four paralogues of vitellogenin in Formica ants,

which have also evolved divergent protein structures and caste-specific expression patterns (Morandin

et al. 2014).

It is clear from these studies that gene duplication produces many paralogues that evolve adaptively,

resulting in functional divergence and phenotypic innovation. However, the resulting functional diver-

sity makes it difficult to measure how frequently adaptive functional change occurs. Previous metrics

based on expression patterns (Assis and Bachtrog 2013) or knockout lethality (Woods et al. 2013) have

provided valuable insights, but are too coarse to capture all functional change, meaning that our knowl-

edge of the functional evolution of paralogues is still in large part informed by individual molecular

studies.

5



1. General Introduction

1.1.4. Gene duplication as a solution to fitness trade-offs

Many genes evolve under selective constraint imposed by fitness trade-offs. This constraint is often

imposed by pleiotropy, when one gene influences numerous traits which exert multiple, and sometime

conflicting, selective pressures (reviewed in Stearns 2010). The escape from adaptive conflict model

(EAC) decribes how this constraint can be lifted by gene duplication, which allows the resulting par-

alogues to specialize to one function of the pleiotropic ancestral gene, resulting in a fitness increase due

to the increased efficiency with which each paralogue can carry out its function (Hittinger and Carroll

2007). There are two expectations for paralogues evolving through this process, which differentiate it

from the other trajectories outlined in Section 1.1.1. Firstly, both paralogues will evolve under positive

selection, as both accumulate adaptive substitutions; this is in contrast with neofunctionalization, where

only one paralogue experiences positive selection driven by the novel function, while the other is con-

strained under purifying selection to retain the ancestral function. Secondly, under EAC the efficiency of

both ancestral functions will increase; this contrasts with neofunctionalization, which increases the effi-

ciency of only the novel function, and the DDC model of subfunctionalization, which proceeds through

a neutral process and involves no increase in efficiency (Section 1.1.1; Hittinger and Carroll 2007; Des

Marais and Rausher 2008).

There are a number of examples of paralogues evolving under the EAC model. This model has been

invoked for paralogues of the dihydroflavonol-4-reductase (DFR) gene in morning glory (Ipomoea),

which underwent positive selection soon after duplication, and only one of which has retained the an-

cestral function in the anthocyanin pathway, which it carries out with higher efficiency than the multi-

functional ancestral gene (Des Marais and Rausher 2008). The EAC model has also been invoked to

explain the evolution of the yeast glucosidase enzymes: by inferring and synthesising ancestral proteins

sampled throughout glucosidase evolutionary history, Voordeckers et al. 2012 have shown that ancestral

forms could metabolise a broad range of maltose-like and isomaltose-like sugars, but at a lower rate

than more recent paralogues, which have specialized to either maltose or isomaltose.

These examples illustrate how gene duplication can provide a mechanism for the resolution of antag-

onistic pleiotropy, and underline the significance of this mechanism in facilitating adaptive evolution

that would otherwise be constrained by conflicting selection pressures. These studies also suggest that

while duplication of multifunctional genes with a high degree of connectivity may be rare (see Section

1.1.2), when such duplications do occur they can often lead to functional divergence driven by positive
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selection.

1.2. RNAi-related mechanisms

1.2.1. Basic mechanism

RNAi is an ancient system for processing nucleic acids that is directed by small RNA (sRNA) guides,

which bind Argonaute (Ago) proteins and guide them to nucleic acid targets, which Argonaute then

manipulates by cleavage, translational inhibition or degradation (reviewed in Ding 2010). There are

a number of different pathways, which differ in their targets, sRNAs and Argonautes, but all proceed

through the same basic mechanism (Figure 1.2). All RNAi mechanisms start with the production of a

double-stranded sRNA from a nucleic acid target, which can be exogenous (e.g. a virus) or endogenous

(e.g. a host locus or transposable element) in origin (reviewed in Kim et al. 2009). The production

of sRNAs can be achieved by transcription of a host locus encoding an sRNA, or the "dicing" of a

target nucleic acid by a Dicer protein, which is sometimes first produced from a target RNA by an

RNA-dependent RNA polymerase (RdRP; Wassenegger and Krczal 2006). Each of these sRNAs is then

processed and loaded into an Argonaute protein, at which point one strand of the sRNA (the passenger

strand) is ejected, leaving a single-stranded sRNA bound to the Argonaute. This sRNA then guides the

Argonaute to the target nucleic acid, and binds to it through complementary base pairing. Once the

sRNA has bound, the Argonaute cleaves the target or inhibits its transcription or translation, thereby

preventing the target from acting in the cell.

1.2.2. Argonaute domain architecture and protein structure

All full-length Argonaute proteins have four functional domains (MID, PAZ, PIWI & N) which play

distinct functional roles. The MID domain facilitates sRNA loading by interacting with the 5’ sRNA end,

and can confer sRNA-binding specificity by recognizing particular 5’ bases (Ma et al. 2005; Frank et

al. 2010). The PAZ domain also plays a role in loading sRNA guides, binding the 3’ end and preventing

the sRNA from degradation (Hur et al. 2013). In contrast, the N domain ensures that the passenger

strand is ejected from the sRNA-Argonaute complex, thereby permitting complementary base-pairing
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Figure 1.2.: The Metazoan RNAi pathways.
Each RNAi pathway proceeds through the same basic mechanism. First, a target nucleic acid enters
the cell and is chopped into small RNAs (sRNAs), each of which is loaded into an Argonaute protein.
The sRNA then guides the Argonaute to the target and binds by complementary base pairing, where-
upon the Argonaute cleaves the target or prevents its transcription or translation (Figure reproduced with
permission from Ding 2010, Fig. 1).

between the sRNA guide and the target (Kwak and Tomari 2012). Finally, the PIWI domain functions

in target binding, with the PIWI domain of most Argonautes containing a DDX triad which catalyses

target cleavage (reviewed in Swarts et al. 2014b). However, some Argonautes have an inactive DDX

triad, such as D. melanogaster Ago1 and human Ago1, Ago3 & Ago4 (reviewed in Meister 2013),

resulting in inhibition of the target through means other than cleavage.

As well as this domain architecture, the 3-D protein structure of Argonautes plays a vital role in their

function. All Argonautes have a bilobal structure (Figure 1.3), with the PAZ and N domains on one lobe

and the Piwi domain on the other, forming a channel into which the target nucleic acid slots (Song et al.

2003; Song et al. 2004; Schirle and Macrae 2012). These two lobes are connected by the MID domain,

which forms the binding pocket for the sRNA guide (Song et al. 2004; Elkayam et al. 2012; Schirle and

Macrae 2012). This structure displays a remarkable degree of evolutionary conservation, being found

in bacteria (Song et al. 2004), fungi (Nakanishi et al. 2012) and animals (Schirle and Macrae 2012),

reinforcing its essential role in Argonaute function (Swarts et al. 2014b).
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Figure 1.3.: The domain architecture and crystal structure of human Argonaute2.
Human Argonaute2 illustrates the conserved Argonaute protein structure: the PAZ and MID domains
form a binding pocket for the sRNA guide, while the N and PIWI domains form a catalytic core for
target binding and cleavage (Figure reproduced with permission from Schirle and Macrae 2012, Fig. 1).

1.2.3. Canonical sRNA classes, characteristics and targets

All RNAi pathways are guided by sRNAs, which fall into three main classes: microRNAs (miRNAs),

short interfering RNAs (siRNAs) and Piwi-interacting RNAs (piRNAs). These classes differ in their

biogenesis, their length and base frequency biases, the Argonautes to which they bind, and the type of

nucleic acid that they target. There are several key differences in these characteristics between plant and

animal sRNAs, but here I focus on sRNAs from animals.

In animals, miRNA loci are found in exons, introns and intergenic regions, and are frequently located in

clusters which may be transcribed in a single polycistronic unit (reviewed in Axtell et al. 2011). Most

miRNAs are transcribed from host-encoded loci by RNA polymerase II (Lee et al. 2004a), producing a

primary miRNA (pri-miRNA) which has a hairpin-loop structure. This pri-miRNA is truncated in the

nucleus by Drosha, producing a ~70nt precursor miRNA (Lee et al. 2003), which is then cleaved by

Dicer in the cytoplasm, producing a mature miRNA (Hutvágner et al. 2001; Lee et al. 2004b). miR-

NAs are ~22nt long, have 5’ monophosphate and 3’ hydroxl termini (Ding 2010), and bind members of

the Ago subfamily of Argonautes. Once bound, miRNAs mediate gene regulation by binding to host

transcripts, inhibiting their translation or inducing mRNA degradation (reviewed in Huntzinger and Iza-

urralde 2011). The specificity of target binding is achieved despite incomplete base complementarity

between the miRNA and the target mRNA: instead, target specificity is largely determined by the "seed"
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region at nucleotide positions 2-7, and to a lesser extent by positions 13-16 (Ha and Kim 2014). This

lack of specificity makes it difficult to cluster miRNAs into discrete groups based on target; however, an

miRNA family is generally defined as a group of miRNAs that share the same seed region (Ha and Kim

2014). Under this classification scheme, it appears that gene duplication has played a major role in the

expansion of some miRNA families, such as the let-7 family that has 14 members in humans (Roush

and Slack 2008).

In contrast, siRNAs are produced through the "dicing" of dsRNA by Dicer. This produces 19-23nt sR-

NAs that have 5’ monophosphate and 3’ hydroxl termini (Ding 2010), as well as characteristic 2nt 3’

overhangs due to the dual RNaseIII domains of Dicer, each of which catalyzes cleavage of one strand

of the dsRNA at sites 2nt apart (Zhang et al. 2004). All siRNAs bind members of the Ago subfamily

of Argonautes, which cleave the target nucleic acid once the siRNA has bound. There are two sub-

classes of siRNAs, which share the common siRNA characteristics mentioned above, but are derived

from different sources. Firstly, virally-derived siRNAs (vsiRNAs) are viral in origin, and are derived

either from the genomes of dsRNA viruses (reviewed in Bronkhorst and Rij 2014), or from overlapping

viral transcripts (Bronkhorst et al. 2012). Secondly, endogenous siRNAs (endo-siRNAs) originate from

the host genome, either from host transcripts or TE-derived transcripts in the soma (Czech et al. 2008),

with the latter having a 5’ U bias (Chung et al. 2008).

Finally, piRNAs are produced from TEs and some host genes through two pathways (primary and sec-

ondary), which have mainly been characterised in D. melanogaster (Li et al. 2009; Mohn et al. 2015;

Han et al. 2015) but are also conserved in Mus musculus (Mohn et al. 2015; Han et al. 2015). In the

primary piRNA pathway (Figure 1.4, left), D. melanogaster Piwi or Aub binds to a TE-derived antisense

transcript, triggering its cleavage and the formation of a piRNA (Mohn et al. 2015; Han et al. 2015).

This process also triggers the formation of further piRNAs in a phased pattern across the transcript by

Zucchini and Armitage, which cleave only at uridine (Mohn et al. 2015; Han et al. 2015). Primary

piRNAs can then feed into the secondary piRNA pathway (Figure 1.4, right), also termed the Ping-

Pong amplification loop, where D. melanogaster Ago3 and Aub produce further antisense and sense

piRNAs respectively from target transcripts (Li et al. 2009). Some of these secondary piRNAs can also

leave the Ping-Pong cycle and feed back into the primary piRNA pathway, triggering further phased

production of piRNAs by Zucchini and Armitage (Mohn et al. 2015; Han et al. 2015). Through these

two processes, the piRNA pool can be both diversified (by the primary pathway) and amplified (by the

secondary pathway) (Han et al. 2015). piRNAs are primarily ~25-30nt long, are methylated at the 3’

end, and have a 5’U bias, and those that are produced by the Ping-Pong pathway also have a bias for A
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at the 10th position (reviewed in Luteijn and Ketting 2013). All piRNAs are defined by their binding to

Piwi subfamily Argonaute proteins, and direct the silencing of TEs (Kalmykova et al. 2005) through the

formation of heterochromatin (Sienski et al. 2012).

Figure 1.4.: A recently revised model for piRNA biogenesis.
In the primary pathway, binding of an antisense transcript by Piwi or Aub triggers phased piRNA produc-
tion along the length of the transcript by Zucchini or Armitage. In the secondary pathway, Ago3 and Aub
amplify the piRNA signal by producing antisense and sense piRNAs respectively (Figure reproduced
with permission from Han et al. 2015, Fig. S8).
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1.3. Comparative RNAi

1.3.1. Phylogenetic distribution of Argonaute genes

The tight functional link between Argonautes and sRNAs is reflected by the ancient origin of Argonaute

genes, which have been found in prokaryotes and eukaryotes, and are therefore likely to have originated

in an early prokaryote (Cerutti and Casas-Mollano 2006; Mukherjee et al. 2013; Swarts et al. 2014b).

Argonautes function in a variety of prokaryotic silencing mechanisms that are analogous to RNAi, but

are guided by DNA instead of or in addition to RNA (Olovnikov et al. 2013; Swarts et al. 2014a; Swarts

et al. 2015). These mechanisms inhibit the invasion and uptake of foreign DNA, and hence have been

speculated to be an ancient defence against invading plasmids and bacteriophages (Olovnikov et al.

2013; Swarts et al. 2014a; Swarts et al. 2015). Argonaute genes are widely distributed throughout the

prokaryotes; however, prevalent horizontal gene transfer (HGT) precludes estimation of the rates of Arg-

onaute duplication and loss (Makarova et al. 2009). While the domain architecture and protein structure

of some of these Argonautes is similar to eukaryotic Argonautes, others are quite divergent: in partic-

ular, a truncated form of Argonaute (short pAgo) appears to have arisen early in bacterial evolution,

which lacks the PAZ and MID domains (Makarova et al. 2009). Additionally, pPiwi-RE, a divergent

Argonaute which encodes a PIWI domain but no PAZ or MID domain (Burroughs et al. 2013), is scat-

tered across the prokaryotic phylogeny (Swarts et al. 2014b), although HGT again makes it difficult to

trace the origin of this clade. In many species, short pAgo and pPiwi-RE proteins have inactivated PIWI

domains, but the genes encoding them are located near predicted nucleases. If the Argonaute and the

neighbouring nuclease are coexpressed in a single operon, as is the case for many other bacterial genes

in close proximity (Aravind 2000), these Argonaute proteins could participate in an RNAi-like process

despite their divergent structure (Makarova et al. 2009; Burroughs et al. 2013).

Argonaute genes are also distributed throughout the eukaryotes, and have undergone numerous ancient

duplications early in eukaryotic evolution (Figure 1.5). However, sparse taxon sampling and evolu-

tionary rate heterogeneity make these gene trees difficult to infer, introducing uncertainty around the

precise dates of early duplication events. For example, Piwi is present in animals and some Protozoa

(Swarts et al. 2014b), but completely absent from plants (Cerutti and Casas-Mollano 2006; Swarts et al.

2014b): this suggests that plants diverged from other eukaryotes first, followed by the duplication that

produced Piwi, after which Protozoa diverged, some of which lost Piwi (Mueller et al. 2014). However,

the unresolved root of this tree means that the alternative scenario is also possible: a duplication in the
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eukaryotic ancestor could have produced Piwi, followed by the divergence of Protozoa (some of which

lost Piwi), after which animals diverged from plants, all of which lost Piwi.

Denser taxon sampling and a shorter timescale mean that the order of events within separate eukaryotic

lineages can be inferred with more certainty. In plants, there were at least three duplication events after

the divergence of green unicellular algae, establishing four main Argonaute families (clades I-IV) before

the evolution of multicellularity in plants (Singh et al. 2015). In the Metazoa, Ago duplicated early to

form Ago1 and Ago2, the latter of which appears to have been subsequently lost from deuterostomes

and nematodes (Mukherjee et al. 2013). There were also duplications in the Piwi subfamily early in

Metazoan evolution, either one duplication event in the ancestor of the protostomes and deuterostomes,

or two duplication events separately in these two lineages, which produced Hili and Hiwi (and their

homologues) in deuterostomes, and Ago3 and Piwi/Aub (and their homologues) in protostomes (Swarts

et al. 2014b).

These early duplication events have resulted in most eukaryotic species having at least one Argonaute;

however, on rare occasions Argonaute subclades have been lost. This is demonstrated by multiple inde-

pendent losses of the Piwi subfamily genes during nematode evolution (Sarkies et al. 2015), as well as

the loss of other piRNA pathway genes such as Hen1 (Sarkies et al. 2015), which methylates the 3’ end

of piRNAs (Horwich et al. 2007). A more dramatic example of Argonaute loss is provided by the bud-

ding yeasts, in which Argonaute has been lost entirely on several independent occasions (Drinnenberg

et al. 2009; Drinnenberg et al. 2011). This has been linked to symbiosis with the killer virus, which

confers a selective advantage on RNAi-deficient species by inhibiting the growth of other fungi that do

not carry killer, and the presence of which is broadly correlated with the absence of RNAi across the

fungi (Drinnenberg et al. 2011).

1.3.2. Phylogenetic distribution of other RNAi genes

In keeping with the wide distribution of Argonaute genes, most other RNAi pathway components ap-

pear to have an ancient origin; however, these other components appear to have evolved later than the

Argonaute genes, in the most recent common ancestor (MRCA) of eukaryotes. The Dicers are assumed

to have arisen early in the course of eukaryotic evolution, as they are found in the majority of eukaryotes

but are absent from prokaryotes (Cerutti and Casas-Mollano 2006; Mukherjee et al. 2013). However,
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Figure 1.5.: A possible model for early events in eukaryotic Argonaute evolution.
There have been numerous expansions and contractions of the Argonaute family in different eukaryotic
lineages, which are tentatively placed on this phylogeny; however, due to sparse taxon sampling and evo-
lutionary rate heterogeneity, many of these dates remain uncertain (based on Cerutti and Casas-Mollano
2006 Fig. 2, Mukherjee et al. 2013 Fig. S12, Swarts et al. 2014b Supp. data 4, Sarkies et al. 2015 Fig.
7E, & Singh et al. 2015 Fig. 2).
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some prokaryotes encode proteins with the RNaseIII (Cerutti and Casas-Mollano 2006) and RNA he-

licase (Shabalina and Koonin 2008) domains that are also found in the Dicer protein, suggesting that

Dicer may have arisen by the fusion of existing genes (Shabalina and Koonin 2008). Dicer appears to

have expanded in plants just before or very soon after the divergence of the mosses, giving rise to four

paralogues which underwent lineage-specific loss (Mukherjee et al. 2013). Dicer also duplicated once

early in the evolution of animals, after which both paralogues were retained in arthropods and some

basal taxa, whereas one was lost from deuterostomes and nematodes (Mukherjee et al. 2013). Further

lineage-specific expansions and losses have occurred in isolated animal lineages, including a paralogue

of Dicer1 (involved in gene regulation) in ticks that has evolved a derived antiviral role (Schnettler et

al. 2014).

Similarly to Dicer, RdRP is absent from prokaryotes but was present in the MRCA of eukaryotes (Cerutti

and Casas-Mollano 2006). RdRP appears to have duplicated twice in this ancestor to produce three par-

alogues: RDR↵, RDR� and RDR� (Zong et al. 2009). RDR↵ has been retained in plants, fungi and

animals, whereas RDR� was lost early in the evolution of plants, and RDR� was lost early in ani-

mal evolution (Zong et al. 2009). There have also been lineage-specific expansions and losses of each

RdRP, including the loss of all RdRPs in insects and vertebrates (Zong et al. 2009), although sparse

taxon sampling precludes reliable dating of these events. Less is known about the evolutionary history

of other members of the RNAi pathway, although a pan-eukaryotic distribution has been found for Hen1

(Tkaczuk et al. 2006), which methylates piRNA 3’ ends (Horwich et al. 2007), and SIDs (Obbard et

al. 2009b), which facilitate cellular uptake of dsRNA (Feinberg and Hunter 2003). This suggests that

the majority of the RNAi pathway was present in early eukaryotes, and underwent evolutionary diver-

sification or specialization in response to lineage-specific selection pressures, resulting in differential

expansion and loss of genes throughout the mechanism (Obbard et al. 2009b).

1.3.3. Evolutionarily ancient contrasts in RNAi mechanisms

Despite its conservation across the eukaryotes, the RNAi mechanism has evolved a number of differ-

ences between separate eukaryotic kingdoms. This is illustrated by the contrasting modes of action

seen in animal and plant miRNAs, despite their shared function in gene regulation. As outlined in Sec-

tion 1.2.3, miRNA loci in animals are frequently clustered, and can be located within introns or exons,

whereas in plants the vast majority of miRNA loci are non-clustered, and are rarely found within introns
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or exons (Axtell et al. 2011). The cellular location of miRNA production from these loci also differs:

in plants, miRNA biogenesis occurs exclusively in the nucleus (reviewed in Voinnet 2009), whereas in

animals there are distinct nuclear and cytoplasmic stages (reviewed in Ha and Kim 2014). After bio-

genesis, plants miRNAs are invariably methylated at the 3’ end by Hen1, whereas only a small fraction

of animal miRNAs are 3’ methylated (Axtell et al. 2011). After maturation, miRNAs also bind targets

with contrasting degrees of complementarity: in animals, each miRNA binds to its targets with a low

degree of sequence complementarity, meaning that each miRNA targets several different transcripts by

inducing translational inhibition (Ha and Kim 2014). In contrast, each plant miRNA binds a single

host transcript with a high degree of complementarity, inducing mRNA cleavage (Voinnet 2009). These

extensive differences have even led some authors to speculate that miRNAs have separate evolutionary

origins in plants and animals (Axtell et al. 2011).

Differences have also evolved in the RNAi-mediated suppression of TEs. Firstly, there is a stark contrast

in sRNA length: in animals, TE silencing in the germline is guided by piRNAs (~25-30nt), whereas in

plants TEs are silenced through the action of 21nt & 24nt siRNAs. Secondly, these sRNAs are pro-

duced through different mechanisms: in animals, piRNAs are produced in a Dicer-independent manner,

whereas in plants siRNA production is Dicer-dependent. Thirdly, these sRNAs bind different Arg-

onautes: piRNAs bind Piwi subfamily Argonautes (Luteijn and Ketting 2013), whereas plant siRNAs

bind Ago subfamily Argonautes (reviewed in Parent et al. 2012). Despite these differences, an inter-

esting similarity exists in the dual TE suppression mechanisms that have evolved in both animals and

plants. In plants, 24nt siRNAs mediate pre-transcriptional TE suppression through the RNA-dependent

DNA methylation (RdDM) pathway (Matzke and Mosher 2014), which directs methylation and histone

modification at TE loci in a similar manner to the animal piRNA pathway (Sienski et al. 2012). In con-

trast, plant 21nt siRNAs guide post-transcriptional RNA-mediated cleavage of TE transcripts (reviewed

in Ito 2013), through a mechanism analogous to the endo-siRNA pathway of animals (Czech et al. 2008;

Chung et al. 2008).

1.3.4. Recent duplications and functional divergence of Argonaute genes

Differences in RNAi function have also arisen after recent Argonaute expansions. In humans, four Ago

subfamily genes were formed from duplications early in the evolution of the vertebrates (Swarts et al.

2014b), and have since diverged in the mechanism by which they silence their mRNA targets: human
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AGO2 (hAgo2) has retained the catalytic DDX triad in its PIWI domain (Section 1.2.2) and therefore

cleaves its targets, whereas hAGO1, hAGO3 and hAGO4 have a non-catalytic PIWI domain, and inhibit

target translation (Meister 2013). There are isolated reports of individual miRNAs binding preferen-

tially to individual Argonautes, such as the non-canonical production of the microRNA miR-451, the

precursor of which is specifically cleaved by Ago2 (Dueck et al. 2012). However, there is conflicting

evidence regarding the extent of this specificity, with some studies reporting an assortative mechanism

which directs different miRNAs to different Argonautes (Burroughs et al. 2011), and others concluding

that miRNAs bind randomly to different Argonautes (Wang et al. 2012).

Numerous duplications of Argonaute have occurred in the arthropods. In the tiger shrimp Penaeus mon-

odon, a young paralogue of Ago2 has lost its ancestral role in ubiquitous antiviral defence, and has

instead specialized to the germline, where it appears to be functioning in TE suppression (Leebonoi et

al. 2015). A similar expansion of Ago2 has occurred in the tick Ixodes scapularis, with two of the result-

ing four paralogues losing their ancestral antiviral activity (Schnettler et al. 2014). Interestingly, Dicer1

appears to play a role in antiviral defence in I. scapularis, despite the canonical function of arthropod

Dicer1 in miRNA-mediated gene regulation; combined with expansions of Ago2 in other Ixodes species

(Schnettler et al. 2014), this suggests that tick RNAi pathways may be undergoing dynamic evolution.

In mosquitoes, there have been a series of duplications of Piwi/Aub, resulting in 6 paralogues in Culex

pipiens and 7 paralogues in Aedes aegypti (Campbell et al. 2008). This expansion is accompanied by the

recent discovery of piRNAs derived from viruses (vpiRNAs) in the soma of A. albopictus (Morazzani

et al. 2012), and in somatically-derived cell culture of A. aegypti (Vodovar et al. 2012). The Piwi/Aub

paralogues in A. aegpyti have distinct roles in antiviral defence, with Ago3 and Piwi5 amplifying vpiR-

NAs through the Ping-Pong mechanism (Miesen et al. 2015) while Piwi4 acts as an antiviral effector

(Schnettler et al. 2013a), and appear to bind TE-derived piRNAs with contrasting origins and sequence

characteristics (Miesen et al. 2015). The recent origin of these paralogues, combined with their diver-

gent functions, suggest that Piwi/Aub paralogues in mosquitoes have rapidly specialized to distinct roles

in novel RNAi pathways.

The most dramatic expansion of Argonaute genes currently known is in the nematodes, with Caenorhab-

ditis elegans encoding 25 Argonaute genes, including 18 members of the highly divergent worm-specific

Agos (WAGOs) (reviewed in Buck and Blaxter 2013). These Argonautes have undergone extensive func-

tional divergence, variously specializing to miRNA (gene regulation), exo-RNAi (antiviral defence) and

endo-RNAi (TE suppression) pathways (Yigit et al. 2006). Additionally, the divergent WAGOs bind

17



1. General Introduction

a novel class of sRNA (Yigit et al. 2006), the 22G-RNAs, which are unusual among animals in being

produced on an individual basis by an RdRP (rather than in a long dsRNA which is then diced) (Pak

and Fire 2007), and which carry out many novel functions such as epigenetic memory formation (re-

viewed in Buck and Blaxter 2013). Many of the Argonaute paralogues in C. elegans have homologues

in other nematode species, suggesting that Argonaute genes have duplicated frequently throughout the

evolution of this diverse phylum (Buck and Blaxter 2013). These Argonaute paralogues are likely to

be intricately involved in the staggering diversity of RNAi mechanisms seen in other nematode clades,

several of which have lost Piwis and piRNAs independently (Sarkies et al. 2015). Instead, TEs are

silenced through the evolution of an RdRP-dependent but Dicer-independent mechanism which pro-

duces TE-derived 22G-RNAs, or the retention of a potentially ancient RNA-directed DNA methylation

mechanism involving both RdRP and Dicer (Sarkies et al. 2015).

1.3.5. The evolutionary dynamics of D. melanogaster Argonaute genes

Much of our knowledge regarding the functional and mechanistic differences between Argonaute par-

alogues has come from studies in D. melanogaster, which has two genes in the Ago subfamily (Ago1

& Ago2), and three genes in the Piwi subfamily (Ago3, Aubergine (Aub) & Piwi). These genes bind

different sRNA classes, carry out distinct functions, and evolve under contrasting selection pressures.

Ago1 binds miRNAs (Tomari et al. 2007) with complementarity to host transcripts, and plays a key

role in gene regulation by inhibiting translation and marking transcripts for degradation (reviewed in

Eulalio et al. 2008). Perhaps unsurprisingly given the conserved nature of this role across the Metazoa,

Ago1 evolves very slowly under strong selective constraint (Obbard et al. 2006; Obbard et al. 2009b),

a pattern reflected in other members of the gene regulatory RNAi pathway, such as Dicer1 and R3D1

(Obbard et al. 2006).

In contrast, Ago2 binds virally-derived siRNAs (Aliyari et al. 2008), and plays a key role in antiviral

defence by cleaving viral genomes or transcripts (Rij et al. 2006). Additionally, Ago2 binds siRNAs

derived from TEs in the soma, and inhibits transposition in the soma (Czech et al. 2008; Chung et al.

2008). In further contrast to Ago1, Ago2 evolves exceptionally quickly, being among the top 3% of

fastest-evolving genes in D. melanogaster (Obbard et al. 2006), and experiences strong selection (Ob-

bard et al. 2006) and repeated selective sweeps (Kolaczkowski et al. 2011; Obbard et al. 2011). This

rapid evolution may be driven by an evolutionary arms race to escape suppressors of RNAi (Obbard et
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al. 2009b; Kolaczkowski et al. 2011), which are encoded both by viruses (reviewed in Bronkhorst and

Rij 2014) and transposable elements (Nosaka et al. 2012).

As introduced in Section 1.2.3, Piwi subfamily Argonautes interact with piRNAs, which are canoni-

cally derived from transposable elements in the germline. Each Argonaute carries out a distinct role in

the piRNA pathway: Ago3 and Aub amplify the TE signal by producing antisense and sense piRNAs

respectively (reviewed in Luteijn and Ketting 2013), whereas Piwi suppresses TE transposition by di-

recting the formation of heterochromatin (Sienski et al. 2012). These functional differences are reflected

by contrasting rates of evolution, with Aub having a higher dN/dS ratio than Ago3 and Piwi (Obbard

et al. 2009b), and Aub of Drosophila displaying evidence for adaptive evolution across the whole gene

(Simkin et al. 2013) and specifically in its PAZ domain (Kolaczkowski et al. 2011).

1.4. Thesis aims

Duplication of Argonaute genes has been anecdotally reported in isolated taxa, but a systematic anal-

ysis of the rate of Argonaute duplication is lacking. Additionally, the frequency of functional change

after Argonaute duplication remains underexplored, despite the growing body of literature documenting

functional divergence between Argonaute paralogues. In Chapter 2 I therefore quantify the rate of gene

turnover, and analyse the change in evolutionary rate after duplication, in each of the Dipteran Argonaute

subclades (Ago1, Ago2, Ago3 & Piwi/Aub). This approach reveals how duplication rate varies between

different Argonaute subclades and Dipteran lineages, and identifies hotspots of Argonaute expansion

during Dipteran evolution. By quantifying the direction and extent of evolutionary rate change induced

by duplication, this analysis allows inference of how Argonaute function changes after duplication, and

reveals likely candidates for functional divergence.

A series of duplications of Ago2 have been noted in D. pseudoobscura (Hain et al. 2010), but their age

and distribution in other related species is unknown. The functions of these paralogues are also unchar-

acterised, but may be substantially different, given the range of functions carried out by D. melanogaster

Ago2 and the capacity for paralogous genes to subfunctionalize to complementary roles. In Chapter 3 I

carry out a detailed survey of Ago2 in D. pseudoobscura and its relatives in the obscura group, in order

to reconstruct the evolutionary history of these duplications, and estimate the age of the paralogues in

different obscura group species. To characterise the functions of these paralogues, I also measure their
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expression patterns in 3 obscura group species, in different tissues and under viral challenge. When

analysed in a phylogenetic framework, these data reveal the speed and extent of Argonaute functional

change after duplication.

Gene duplication often leads to altered selection pressures on the resulting paralogues, either relaxing

constraints because of redundancy, or imposing stronger selection pressures due to the evolution of a

new function. When combined with expression data, these data can indicate the strength of selection that

may be driving the evolution of a derived function. In Chapter 4 I therefore gather population genetic

data for Ago2 paralogues in 3 species of the obscura group, in order to measure their rate of evolu-

tion and level of positive selection. When analysed in conjunction with the expression data gathered in

Chapter 3, this allows me to infer the evolutionary relevance of any observed differences in expression

patterns.

A powerful approach to experimentally explore differences in gene function that may be suggested by

contrasting expression patterns is gene knockout by transgenesis. The complexity and cost of transgenic

technologies have traditionally limited their use to model species; however, the recent development

of CRISPR/Cas9 technology has allowed the production of gene knockouts in non-model species. In

Chapter 5, I attempt to use the CRISPR/Cas9 technology to create knockouts of each Ago2 paralogue

in D. pseudoobscura, enabling me to test functional hypotheses derived from the expression patterns of

paralogues, and quantify the extent of redundancy and divergence between these paralogues.

By quantifying the divergence in expression patterns between Argonaute paralogues of varying ages,

this work will give a valuable insight into the speed with which functional divergence can occur after

gene duplication. Additionally, the measurement of selection pressures acting on very recent paralogues

will allow investigation of the relative contributions of positive selection and relaxed selection pressures

in the early stages of paralogue evolution. Finally, the comprehensive analysis of Dipteran Argonaute

expansion and evolution, combined with detailed characterisation of the function and evolutionary dy-

namics of Ago2 paralogues in the obscura group, will be highly informative regarding the frequency of

novel Argonaute functions, and the selection pressures under which they evolve.
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Dipteran Argonaute genes

2.1. Introduction

Argonaute genes affect a broad range of processes from development to antiviral immunity, and are

found in almost all eukaryotes (Cerutti and Casas-Mollano 2006). They constitute an ancient gene fam-

ily that was present in the common ancestor of extant prokaryotes and eukaryotes (reviewed in Swarts et

al. 2014a), and which diverged into Ago and Piwi subfamilies early in eukaryotic evolution (Cerutti and

Casas-Mollano 2006; Mukherjee et al. 2013). Argonaute proteins are effectors in the RNA interference-

related (RNAi) pathways, which can be broadly defined as a system of nucleic acid manipulation by

complementary base pairing between small RNA (sRNA) guides and long nucleic acid targets. Each

sRNA is loaded into an Argonaute protein, which it guides to a target nucleic acid through comple-

mentary base-pairing, resulting in cleavage or translational inhibition of the target (reviewed in Sarkies

and Miska 2014). Three broad classes of sRNA can be defined based on their sizes and interactors (re-

viewed in Kim et al. 2009): short interfering RNAs (siRNAs) are ~21-24 nucleotides (nt) long and are

produced from viruses, transposable elements (TEs), and some long dsRNA products in the soma; mi-

croRNAs (miRNAs) are generally ~22-23nt long and are derived from host-encoded hairpin loops; and

Piwi-interacting RNAs (piRNAs) are 24-29nt long, derived largely from intergenic repetitive elements

(e.g. TEs) in the germline, and exclusively bind Piwi subfamily Argonaute proteins.

RNAi is well studied in Arabidopsis thaliana, where the Argonaute gene was first identified (Bohmert

et al. 1998), and in the nematode Caenorhabditis elegans, where the RNAi mechanism was first char-

acterized (Fire et al. 1998). Subsequent studies have reported Argonaute genes with diverse functions

and differences in copy number across different eukaryotic clades (Mukherjee et al. 2013), illustrating
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that RNAi pathways have a dynamic evolutionary history. For example, in the filamentous fungus Neu-

rospora crassa the Argonaute homologue QDE-2 plays a key role in the process of quelling, a form of

RNAi-dependent homology-directed gene silencing (reviewed in Billmyre et al. 2013), and in budding

yeasts Argonaute has been completely lost on several independent occasions (Drinnenberg et al. 2009;

Drinnenberg et al. 2011).

Differences in Argonaute copy number and function are also found within the animals. For example,

humans have 4 Ago genes, all of which carry out gene silencing, but only one of which (Ago2) has

retained its catalytic ability to cleave nucleic acids (reviewed in Meister 2013). In the protostomes,

the planarian Schmidtea mediterranea has 9 Piwi homologues (Palakodeti et al. 2008), two of which

(smedwi-2 & smedwi-3) play vital roles in regeneration by facilitating the differentiation of pluripotent

neoblasts (Reddien et al. 2005; Palakodeti et al. 2008). In contrast, the Piwi genes and their associated

piRNAs have been lost independently in several independent lineages of nematodes, with TE suppres-

sion carried out instead by DNA methylation mediated by RNA-dependent RNA polymerase and Dicer

(Sarkies et al. 2015). Interestingly, this loss of Piwi has been accompanied by a massive expansion of

other Argonaute genes in nematodes, with C. elegans encoding 25 Argonautes, 18 of which fall into the

divergent worm-specific Ago (WAGO) clade: these associate with a novel class of sRNA (22G-RNAs)

and carry out derived functions such as epigenetic memory formation (reviewed in Buck and Blaxter

2013).

Recent genome sequences and experimental data from isolated taxa have also revealed numerous arthro-

pods with duplicates of Argonautes, some of which have novel and divergent functions. For example,

the centipede Strigamia maritima has 2 paralogues of Ago2 and 3 paralogues of Piwi (Chipman et al.

2014). Duplication of Ago2 is also seen in the tick Ixodes scapularis, which has 3 Ago2 paralogues, only

2 of which appear to function in antiviral defence (Schnettler et al. 2014). Larger expansions are seen

in the aphid Acyrthosiphon pisum, which has 2 paralogues of Ago3 and 8 paralogues of Piwi, some of

which are expressed in the soma (in contrast to Drosophila melanogaster, where they are predominantly

germline-specific) (Lu et al. 2011).

Despite this diversity, much of our functional and mechanistic understanding of arthropod Argonautes

comes from studies of D. melanogaster (Kataoka et al. 2001; Li et al. 2002; Pal-Bhadra et al. 2004;

Vagin et al. 2004; Kalmykova et al. 2005; Rij et al. 2006; Chung et al. 2008; Czech et al. 2008)), which

has five Argonaute genes. Ago1 binds miRNAs and regulates gene expression by inhibiting translation

of host transcripts (reviewed in Eulalio et al. 2008). Ago2 binds siRNAs from two sources. First, virus
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specific small interfering RNAs (viRNAs), which are viral in origin and guide Ago2 to cleave viruses

or their transcripts, forming an integral part of the antiviral defence mechanism (Li et al. 2002; Rij et

al. 2006). Second, endogenous (endo)-siRNAs, which are derived from TEs, overlapping UTRs and

other repetitive sequences in the soma (Chung et al. 2008; Czech et al. 2008). The remaining three Arg-

onautes are Piwi subfamily members that bind piRNAs in the germline and surrounding tissues: Ago3,

Aubergine (Aub) and Piwi (reviewed in Luteijn and Ketting 2013). The piRNAs are differentiated from

miRNAs and siRNAs in D. melanogaster by their Dicer-independent production and their amplification

through the "Ping-Pong" pathway, a positive feedback loop involving Ago3 and Aub (Li et al. 2009). In

D. melanogaster, piRNAs guide Piwi to TEs in euchromatin, where it inhibits transposition (Kalmykova

et al. 2005) by directing the formation of heterochromatin (Sienski et al. 2012).

Comprehensive analysis of Argonaute evolution at a eukaryotic, or even metazoan, scale is hindered

by limited taxon sampling, wide variation in evolutionary rate, and the presence of ancient and recent

duplications and losses (discussed by Philippe et al. 2011). The Diptera provide an opportunity to study

Argonaute evolution in an order that is densely sampled and less divergent, but still shows variation in

Argonaute copy number and function. Previous reports of Argonaute duplication in the Diptera have

been limited to isolated taxa, such as the house fly Musca domestica (Scott et al. 2014), Drosophila

pseudoobscura (Hain et al. 2010), and three mosquito species (Campbell et al. 2008). These mosquito

duplicates appear to have evolved derived functions: several Piwi paralogues in Aedes aegypti (Vodovar

et al. 2012; Schnettler et al. 2013a) and Aedes albopictus (Morazzani et al. 2012) are expressed in the

soma, and at least one of the somatically-expressed Piwi duplicates in Aedes albopictus appears to have

functionally diverged to a novel antiviral function (Schnettler et al. 2013a).

Gene duplications, such as those that gave rise to the diversity of eukaryotic RNAi pathways, are often

associated with changes in selection pressure, which can cause differences in evolutionary rate between

the resulting paralogues. Such a difference is seen between Ago1 and Ago2 in D. melanogaster, with

Ago1 evolving slowly under purifying selection, and Ago2 evolving rapidly under positive selection

(Obbard et al. 2006; Obbard et al. 2009b; Kolaczkowski et al. 2011). Gene duplication can also drive

contrasting changes in evolutionary rate in paralogues compared to single-copy orthologues (reviewed

in Hahn 2009). If each paralogue specializes to a particular ancestral role, evolutionary rate is expected

to increase only in the branches immediately following duplication, before being constrained again by

the established functions (e.g. Nielsen et al. 2010). Alternatively, if one or both new duplicates evolve

a new function under positive selection, all the branches subtending the duplication can evolve more

rapidly than the pre-duplication rate (e.g. Morandin et al. 2014). These characteristic patterns of selec-
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tion therefore enable us to use analyses of evolutionary rate to gain an insight into functional evolution.

Here we take advantage of the diversity available in the sequenced genomes and transcriptomes of

Diptera to analyse patterns of Argonaute duplication and sequence evolution across 86 species. Con-

trasting rates of duplication and evolution are commonly associated with differences in function and

selection pressure. We find a higher rate of evolution in Ago2 and Ago3, a higher rate of gene turnover

in Piwi/Aub, and we estimate the date of the duplication that led to the separate Piwi and Aub sub-

clades. We also find that paralogues of Ago2, Ago3 and Piwi/Aub evolve more rapidly after duplication,

indicating potential divergence into novel and strongly selected functions.

2.2. Methods

2.2.1. Identification of Argonaute homologues

We used tblastx and tblastn (Altschul et al. 1997) to identify Argonaute homologues in the genomes

and transcriptomes of 86 Dipteran species found in Genbank, Flybase, Vectorbase, Diptex, the NCBI

Transcriptome Shotgun Assembly or other unpublished transcriptomes (sequence metadata available

on request). For each species, we used Argonautes from the closest well-annotated relative as queries,

or D. melanogaster if no homologue from a close relative was available. Where blast returned mul-

tiple partial hits, we assigned hits to the correct query sequence by aligning all hits from the target

species to all Argonautes from the query species, and inferring a neighbour-joining tree. For each query

sequence, partial blast hits were then manually curated into complete genes using Geneious v5.6.2

(http://www.geneious.com, Kearse et al. 2012). For some species of Drosophila, PCR and Sanger se-

quencing was used as no transcriptomic or genomic data were available, and novel sequences have been

submitted to Genbank (accession numbers KR012647-KR012696).

2.2.2. Phylogenetic analysis of Dipteran Argonautes

We initially assigned homologues into subclades (Ago1, Ago2, Ago3 and Piwi/Aub) based on a Bayesian

gene tree rooted between the Ago and Piwi subfamilies, with ambiguous alignment positions removed
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using Gblocks (Castresana 2000) and with the wasp Nasonia vitripennis as the outgroup for each sub-

clade. To minimise the loss of information when removing ambiguous positions, we re-inferred separate

Bayesian gene trees for each subclade with no outgroup, using new alignments with ambiguous posi-

tions identified by eye and removed. Sequences were aligned using translational MAFFT (Katoh et

al. 2002) with default parameters. All phylogenies were inferred using the Bayesian approach imple-

mented in MrBayes v3.2.1 (Ronquist and Huelsenbeck 2003) under a nucleotide model, assuming a

GTR substitution model with 3 unlinked codon-position classes, gamma-distributed rate variation be-

tween sites with no invariant sites, and inferred base frequencies. We ran each analysis for a minimum

of 50 million steps, or as long necessary for the tree topologies to reach stationarity (standard deviation

of split frequencies between duplicate independent runs <0.01; PSRF 1 and ESS>1000 for all parame-

ters). Samples from the posterior were recorded every 10,000 steps, and a maximum clade credibility

tree was inferred using TreeAnnotator (Drummond et al. 2012).

2.2.3. Gene turnover rates

To quantify the rate of gene duplication and loss during Argonaute evolution, we estimated the rate of

gene turnover (�, the number of gains or losses per million years) for each Argonaute subclade using

CAFE v3.1 (Han et al. 2013a). We also tested whether subclades differed significantly in their rates

of gene turnover by using 1000 replicates of CAFE’s Monte Carlo resampling procedure. This gener-

ates an expected distribution of gene family sizes under a birth-death model, conditioned on the species

topology and a set � value (which we fixed at the value estimated for each subclade), thus providing

an estimate of the p-value for each of the other subclades. To mitigate potential bias introduced by in-

complete genome assemblies, turnover analyses only included species that had at least one gene in each

subclade (66 of total 86 species). To assess the potential impact of searching transcriptomes, which

will only detect expressed genes (and may therefore lead to erroneous inference of gene loss and falsely

inflate the rate of gene turnover), we repeated these analyses with rates of gene gain and loss estimated

separately. We find similar results when comparing rates of gene gain and gene turnover, suggesting

that missing data is having a negligible effect on our estimates of gene turnover rate.

To provide the independent species-level tree topology for all 66 taxa that is required for this analy-

sis, we manually combined the high-confidence multigene phylogenies presented in Wiegmann et al.

2011 and Misof et al. 2014. Where these reference trees lacked the relevant taxa (e.g. relationships
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below the level of family), we either referred to other published multi-gene phylogenies (Linde et al.

2010, Zhang et al. 2010 and Dyer et al. 2008 for Drosophilidae, Bactrocera and Glossina, respectively),

or inferred a Bayesian phylogeny using the arginine kinase gene (Culicidae, parameters as above).

Conditional on this species topology, we estimated relative branch lengths using BEAST v1.7 (Drum-

mond et al. 2012) and a translational MAFFT alignment of the 1:1:1 orthologue Ago1, constraining the

dates of key nodes to previously inferred dates derived from fossil evidence (as used by Wiegmann et

al. 2011: root=245mya, Brachycera=200mya, Cyclorrhapha=150mya, Schizophora=70mya). As our

primary concern is the difference in relative rates of gene gain and loss for the different subclades,

inaccuracies of the absolute timescale will have minimal impact.

2.2.4. Evolutionary rate and positively selected residues

To infer the relative rates of synonymous and non-synonymous substitution (dN/dS=!) averaged across

all sites, we used codeml (PAML, Yang 1997) to fit model M0 (single !) separately for each subclade

(Ago1, Ago2, Ago3, Piwi/Aub), conditional on the alignment and tree topology. To test for significant

differences between these subclade-specific rates, we fixed ! for each subclade at the value estimated

for each of the other subclades, and used Akaike weights to compare the likelihood of these fixed !

values to the likelihood of the ! value estimated from the data for that subclade.

To estimate the change in evolutionary rate after duplication, and to test whether duplicates experienced

a transient or sustained change in evolutionary rate, we fitted two variants of the M0 model, each with

two separate ! parameters estimated for different branches of the gene tree (illustrated in Figure 2.1).

To test for a transient change in evolutionary rate directly after duplication, we fitted a model (which we

term "Immediate") that specified one ! for branches immediately after a duplication event, and another

! for all other branches. To test for a sustained change in evolutionary rate following duplication, we

fitted a second model (which we term "All descendants") that specified one ! for all branches arising

from a duplication event, and another ! for all other branches. For each subclade, Akaike weights were

used to estimate the relative support for the M0, "Immediate" and "All descendants" models. To test

for positively selected residues in each subclade, we used likelihood ratio tests (LRTs) to compare the

fit of two models, each with two site classes. In both models, ! of the first ‘constrained’ site class was

a discretised beta-distribution with eight classes. The models differ in that in the first model (the null

"M8a" model) ! of the second ‘positively selected’ site class is fixed at 1 (neutrality), while in the sec-
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Figure 2.1.: Models fitted to analyse evolution after Argonaute duplication.
"Immediate" models the expectation if selection pressures change only briefly after duplication, whereas
"All descendants" models the expectation if paralogues evolve at a consistently different rate.

ond model (the "M8" model) ! of the second site class is constrained to exceed 1. If the LRT indicated

a significantly better fit for M8 than M8a given the parameters in the model, individual residues were

classed as positively selected if they had a Bayes Empirical Bayes (BEB) posterior probability of >95%

that !>1.

To assess the potential impact of false positives introduced by misalignments (see Jordan and Goldman

2012), we ran all codeml analyses on two alignments for each subclade, the first with no trimming of

ambiguous alignment positions (which may represent genuinely rapidly evolving sites), and the second

with ambiguous alignment positions identified by eye and removed. All estimates and statistical com-

parisons of evolutionary rates outlined above were very similar with and without alignment screening:

we therefore report results estimated from the untrimmed alignments.

To test for gene conversion between paralogues, we used GARD (Kosakovsky Pond et al. 2006) with

default settings to identify potential recombination breakpoints in each subclade. This identified no

breakpoints in the Ago2 and Ago3 subclades, and 1 potential breakpoint each in the Ago1 and Piwi/Aub

subclades. Although we could not rule out gene conversion between paralogues in each of these sub-

clades (which can lead to erroneous support for positive selection (Casola and Hahn 2009)), we found

very few positively selected sites in both of these subclades, so this effect is likely to have little or no

effect on our analyses.
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2.2.5. Domain mapping and structural modelling

To investigate the distribution of rapidly evolving sites across the domain architecture of each Arg-

onaute gene, we inferred the location of each domain in each Argonaute gene by searching the Pfam

database (Finn et al. 2009), and then mapped the mean estimate of ! for each residue across the gene

(derived from the BEB posterior distribution under the M8 model in PAML (Yang 1997)). To describe

evolutionary rate heterogeneity in the protein structures of each gene, we built structural models based

on published X-ray crystallography structures: the D. melanogaster Ago1 structure was based on hu-

man Ago1 (Faehnle et al. 2013), and the structures of D. melanogaster Ago2, Ago3 and Piwi were

based on human Ago2 (Schirle and Macrae 2012). We used the MODELER software in the Discovery

Studio 4.0 Modeling Environment (Accelrys Software Inc., San Diego, 2013) to calculate ten models,

and selected the most energetically favourable for each protein. The model quality was assessed with

the 3D-profile option, which compares the compatibility of the 3D structure and the sequence. For D.

melanogaster Ago2, we replaced the inferred PAZ domain structure with the D. melanogaster Ago2

PAZ domain structure that has previously been resolved using X-ray crystallography (Song et al. 2003).

We then mapped ! onto each residue of the structure using PyMol v.1.7.4.1 (Schrödinger, LLC). For

both analyses, we used estimates of ! from trimmed alignments to provide a conservative estimate of

residue-specific evolutionary rate. Sites that were trimmed out of the alignment were excluded when

mapping ! across domains, and were set as !=0 when mapping ! across structures.

2.2.6. Functional divergence of Glossina morsitans Argonautes

To explore the possibility of functional divergence between the Argonaute duplicates of the tsetse fly

Glossina morsitans, we took advantage of transcriptomic data from the carcasses of lactating and non-

lactating females (Benoit et al. 2014), and from salivary glands of parasitized and unparasitized females

(Telleria et al. 2014) (accessions SRX287393, SRX287395, SRX342351 & SRX342350 respectively).

For each sample, reads were mapped to G. morsitans genomic scaffolds using TopHat2 (Kim et al.

2013a), processed using picard tools and samtools (Li et al. 2009), and read coverage at each gene was

estimated using HTSeq (Anders et al. 2015). Coverage was converted to reads per kilobase per million

reads (RPKM) (Mortazavi et al. 2008) to account for variation in transcript length between genes and

sequencing effort between samples.
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2.3. Results

2.3.1. Duplications of Ago2, Ago3 and Piwi occur in different Dipteran

lineages

To explore the evolutionary dynamics of Argonautes in the Diptera, we quantified the rate of duplica-

tion and evolution of Argonautes from 86 Dipteran species. We find numerous expansions of Ago2 and

Piwi/Aub (including the origin of canonical Piwi and Aub themselves from their Piwi subfamily ances-

tor; illustrated in Figures 2.2, 2.4 & 2.6). This is in sharp contrast to Ago1, which is present as a single

copy orthologue in all Diptera (Figures 2.2 & 2.3), and Ago3, which has duplicated only rarely (Figures

2.2 & 2.5).

We also find that the expansions of Ago2 and Piwi/Aub have occurred in different taxa and at different

times (Figures 2.2, 2.4 & 2.6). Most duplications of Ago2 have occurred in the Brachycera, with numer-

ous duplications within the Glossina (<84mya), and the Drosophila obscura subgroup (<50mya) (Hain

et al. 2010). Single duplications of Ago2 have occurred in the Brachycerans Drosophila willistoni,

Scaptodrosophila deflexa, Musca domestica and Megaselia abdita, and in the Nematocerans Belgica

antarctica, Culex quinquefasciatus and Sitodiplosis mosellana (illustrated in Figure 2.4).

In contrast, most duplications of Piwi/Aub have occurred in the Nematocera. Numerous duplications

have occurred in the mosquitoes (Aedes spp., Anopheles spp. and Culex quinquefasciatus) <65mya, and

multiple copies are seen in Lutzomyia longipalpis, Sitodiplosis mosellana, Chironomus riparius, Bel-

gica antarctica and Corethrella appendiculata (shown in Figure 2.6). A duplication at the base of the

Brachycera between 182 and 156mya gave rise to the separate Aub and Piwi subclades (as they occur

in D. melanogaster, labelled in Figures 2.2 & 2.6). Within these subclades duplications have occurred

rarely, only being observed in Piwi of the drosophilids Phortica variegata and Scaptodrosophila deflexa,

and in Aub of Teleopsis species.
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Ago1 Ago2 Ago3 Piwi/Aub Piwi Aub
Culicoides sonorensis 1 1 1 2 - -
Chironomus riparius 1 1 1 3 - -
Belgica antarctica 1 2 1 3 - -
Corethrella appendiculata 1 1 1 2 - -
Aedes aegypti 1 1 1 7 - -
Aedes albopictus 1 1 1 4 - -
Anopheles albimanus 1 1 1 3 - -
Anopheles darlingi 1 1 1 1 - -
Anopheles atroparvus 1 1 1 3 - -
Anopheles sinensis 1 1 1 2 - -
Anopheles dirus 1 1 1 3 - -
Anopheles farauti 1 1 1 3 - -
Anopheles culicifacies 1 1 1 2 - -
Anopheles funestus 1 1 1 2 - -
Anopheles minimus 1 1 1 2 - -
Anopheles stephensi 1 1 1 2 - -
Anopheles epiroticus 1 1 1 2 - -
Anopheles melas 1 1 1 2 - -
Anopheles merus 1 1 1 2 - -
Anopheles arabiensis 1 1 1 2 - -
Anopheles quadriannulatus 1 1 1 2 - -
Anopheles coluzzii 1 1 1 2 - -
Anopheles gambiae 1 1 1 2 - -
Lutzomyia longipalpis 1 1 1 4 - -
Sitodiplosis mosellana 1 2 1 3 - -
Tabanus bromius 1 1 1 2 - -
Hermetia illucens 1 1 1 2 - -
Megaselia abdita 1 2 1 - 1 1
Episyrphus balteatus 1 1 1 - 1 1
Eristalis pertinax 1 1 1 - 1 1
Teleopsis dalmanni 1 1 1 - 1 2
Teleopsis whitei 1 1 1 - 1 2
Bactrocera dorsalis 1 1 1 - 1 1
Bactrocera minax 1 1 1 - 1 1
Bactrocera oleae 1 1 1 - 1 1
Ceratitis capitata 1 1 1 - 1 1
Glossina brevipalpis 1 2 1 - 1 1
Glossina fuscipes 1 2 2 - 1 1
Glossina austeni 1 2 2 - 1 1
Glossina pallidipes 1 4 2 - 1 1
Glossina morsitans 1 3 2 - 1 1
Musca domestica 1 2 1 - 1 1
Phortica variegata 1 1 1 - 2 1
Scaptodrosophila deflexa 1 2 2 - 2 1
Drosophila grimshawi 1 1 1 - 1 1
Drosophila busckii 1 1 1 - 1 1
Drosophila obscura 1 3 1 - 1 1
Drosophila tristis 1 3 1 - 1 1
Drosophila subsilvestris 1 3 1 - 1 1
Drosophila persimilis 1 5 1 - 1 1
Drosophila pseudoobscura 1 6 1 - 1 1
Drosophila ananassae 1 1 1 - 1 1
Drosophila bipectinata 1 1 1 - 1 1
Drosophila rhopaloa 1 1 1 - 1 1
Drosophila kikkawai 1 1 1 - 1 1
Drosophila elegans 1 1 1 - 1 1
Drosophila ficusphila 1 1 1 - 1 1
Drosophila biarmipes 1 1 1 - 1 1
Drosophila suzukii 1 1 1 - 1 1
Drosophila takahashii 1 1 1 - 1 1
Drosophila melanogaster 1 1 1 - 1 1
Drosophila mauritiana 1 1 1 - 1 1
Drosophila simulans 1 1 1 - 1 1
Drosophila sechellia 1 1 1 - 1 1
Drosophila erecta 1 1 1 - 1 1
Drosophila yakuba 1 1 1 - 1 1
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Figure 2.2.: Counts of the number of genes in each Argonaute subclade.
Shown are counts for a subsample of 66 Dipteran species with at least one gene in each subclade (out of
a total of 86 species). Shapes indicate gene duplication events on branches, inferred by parsimony, and
are illustrative only (gene loss is not depicted due to space constraints, thus for some taxa gene counts
do not correspond to the number of gene duplications). We estimate the divergence of Piwi & Aub at
182-156mya (calibrated using dates for key nodes as in Wiegmann et al. 2011).
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2. Duplication and diversification of Dipteran Argonaute genes

Figure 2.3.: unrooted Bayesian gene tree of Dipteran Ago1.
Ago1 has not duplicated and evolves very slowly in the Diptera, resulting in a lack of information that
introduces some incongruence between the gene and species trees.
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2. Duplication and diversification of Dipteran Argonaute genes

Figure 2.4.: Rooted Bayesian gene tree of Dipteran Ago2.
Most duplications of Ago2 have occurred in the Brachycera, including several in Glossina and the D.
obscura group.
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2. Duplication and diversification of Dipteran Argonaute genes

Figure 2.5.: Unrooted Bayesian gene tree of Dipteran Ago3.
Ago3 has duplicated twice in the Diptera, once in Scaptodrosophila deflexa and once at the base of the
Glossina species.
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2. Duplication and diversification of Dipteran Argonaute genes

Figure 2.6.: Rooted Bayesian gene tree of Dipteran Piwi/Aub.
Most duplications of Piwi/Aub have occurred in the Nematocera; however, there was also a duplication
early in the Brachycera that led to separate Piwi and Aub lineages.
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2. Duplication and diversification of Dipteran Argonaute genes

2.3.2. Ago2 and Piwi have significantly higher duplication rates than

Ago1 and Ago3

To quantify these contrasting patterns of duplication, we used CAFE (Han et al. 2013a) to estimate

the rate of gene turnover (�, the number of gains or losses per million years) in each Argonaute sub-

clade. We find that gene turnover rate varies considerably among the subclades, with Ago2 (�=0.0017),

Ago3 (�=0.0003) and Piwi/Aub (�=0.0012) having significantly higher gene turnover rates than Ago1

(�=1.1516x10-10) (⇢<0.001 based on the expected distribution of gene family sizes under a birth-death

model, with � fixed at the value estimated for Ago1). We also find that Ago2 and Piwi/Aub have signif-

icantly (⇢<0.001) higher gene turnover rates than Ago3, but do not differ significantly from each other

(⇢=0.13).

2.3.3. Argonaute genes show contrasting rates of evolution before and

after duplication

To quantify the rate of protein evolution in each Argonaute subclade, and to identify any sites evolving

under positive selection, we fitted models using codeml (PAML; Yang 1997). These analyses revealed

that Ago2 has the highest non-synonymous to synonymous substitution ratio (!=0.14±0.0015), fol-

lowed by Ago3 (!=0.12±0.0015), Piwi/Aub (!=0.09±0.0009), and lastly Ago1 (!=0.01±0.0002). All

rates were significantly different from each other (Akaike weight = 1.000 to 3dp in all cases). Scans for

positively-selected sites identified five candidate sites in Ago3 and one in Piwi/Aub; however, in both

cases the M8 model was not significantly more likely than the null M8a model (for ! estimates and

likelihoods under all models see Tables A.1, A.2 & A.3).

To test whether the relative rate of protein evolution changes following duplication, we calculated the

likelihood of the data for Ago2, Ago3 and Piwi/Aub under two models: the first with a separate evolu-

tionary rate for branches immediately after a duplication event (the "Immediate" model); and the second

with a separate rate for all branches subtending a duplication event (the "All descendants" model) (see

Figure 2.1). For Ago2 and Ago3, the "All descendants" model had all support (Akaike weight = 1.000 to

3dp for each). For Piwi/Aub, however, the "Immediate" model had all support (Akaike weight = 1.000

to 3dp). In each subclade the evolutionary rate increased after duplication, with Ago2 having the highest

rate and Piwi/Aub the lowest (Figure 2.7).
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Figure 2.7.: Evolutionary rate estimates before and after duplication, under the "Immediate" and "All
descendants" models.
Asterisks indicate the most highly supported model: duplicates of Piwi/Aub evolve more quickly imme-
diately after duplication, whereas Ago2 and Ago3 paralogues experience a sustained increase in evolu-
tionary rate.
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2. Duplication and diversification of Dipteran Argonaute genes

2.3.4. Ago2 displays hotspots of evolution at the RNA binding pocket

entrance

To investigate the distribution of rapidly evolving residues, we mapped ! estimates onto the domains

and structures of each Argonaute. We find that rapidly evolving residues are spread across all domains

of Ago2, Ago3 and Piwi/Aub (Appendix A). We also find that Ago2 has clusters of more rapidly

evolving residues at the entrance to the RNA binding pocket, which are not found in Ago1, Ago3 or

Piwi/Aub (Figure 2.8). In contrast, the residues that directly contact the sRNA guide are conserved in

all Argonautes (Figure 2.8).

Figure 2.8.: Evolutionary rates mapped onto the protein structures of Dipteran Argonautes.
Residues are coloured in the blue to red spectrum according to their evolutionary rate, with those closer
to the red evolving more rapidly. The short RNA in the binding pocket of each protein is coloured bright
green. In Ago2, hotspots of evolution are seen at the entrance of the RNA binding pocket; in contrast,
evolutionary rate (!) across the structure of Ago1, Ago3 and Piwi/Aub is uniformly low. The MID and
PAZ domains are indicated for Ago2.
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Figure 2.9.: Tissue-specific expression patterns of Ago2 and Ago3 in G. morsitans.
Paralogues of Ago2 and Ago3 show divergent patterns of expression. This is particularly unexpected for
Ago3b, which is expressed in the salivary glands of G. morsitans, despite D. melanogaster Ago3 being
germline-specific.

2.3.5. Differential expression of Ago2 and Ago3 paralogues in G.

morsitans

To test for functional divergence between paralogues of Ago2 and Ago3 in G. morsitans, we measured

the expression of each Ago2 and Ago3 paralogue using publicly-available transcriptome data for 4 dif-

ferent tissues. We find differential expression between paralogues of Ago2, with Ago2b expressed in

all tissues, Ago2c expressed in lactating and non-lactating females but absent from the salivary glands,

and Ago2a unexpressed in all tissues (Figure 2.9). We also find differential expression between Ago3

paralogues: while Ago3b is expressed in almost every tissue, Ago3a is expressed at only a very low level

in lactating and non-lactating females, and is completely absent from the salivary glands.

2.4. Discussion

Our results reveal contrasting patterns of selection and duplication during Dipteran Argonaute evolution.

The low evolutionary rate and lack of gene turnover in Ago1 are in agreement with previous studies in

D. melanogaster (Obbard et al. 2006; Obbard et al. 2009b), and are consistent with the idea that Ago1 is

carrying out a conserved gene regulatory role in the Diptera as a whole. In contrast, the better fit of the

"All descendants" model to duplications in Ago2 and Ago3 indicates that paralogues in these subclades

have experienced a sustained increase in evolutionary rate, possibly driven by the acquisition of new
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2. Duplication and diversification of Dipteran Argonaute genes

functions.

This result is particularly noteworthy in Ago2, which is already among the top 3% of the fastest evolv-

ing genes in D. melanogaster (Obbard et al. 2006). Our protein structural modelling suggests that one

possible hotspot of adaptive evolution for these paralogues may be the entrance of the RNA binding

pocket (Figure 2.8). Relaxation of selection pressures on these residues is unexpected as they form

alpha-helices (Panchenko et al. 2005; Liu et al. 2008), and their rapid evolution may instead be caused

by undetected positive selection. The pocket is formed by the PAZ and MID domains, which bind the

sRNA guide and form the channel in which the target RNA sits during cleavage (Schirle and Macrae

2012). Given the location of these residues at the mouth of the binding pocket away from the sRNA

guide (Figure 2.8), such positive selection could be driving differences in target RNA binding and cleav-

age. Alternatively, selection could be imposed by viral suppressors of RNAi, which are encoded by

numerous viruses to inhibit the antiviral RNAi response, and several of which prevent target cleavage

by Ago2 (Wang et al. 2006; Mierlo et al. 2012; Mierlo et al. 2014).

Functional differences between most Dipteran Argonaute paralogues have not been characterized exper-

imentally. However, transcriptome data are available for some G. morsitans tissues (Benoit et al. 2014;

Telleria et al. 2014), allowing us to explore the possibility of functional divergence in one of the few

Dipteran species with expansions of both Ago2 and Ago3. We found differential expression between

both sets of paralogues, as well as high expression of Ago3b in the salivary glands, which increased

upon infection with T. brucei (Figure 2.9). Although this observation awaits replication, the canonical

germline-specific role of Ago3 in D. melanogaster (Li et al. 2009) makes any expression of Ago3b in the

salivary glands unexpected, and suggests that paralogues of Ago3 in G. morsitans have undergone rapid

functional divergence to roles beyond TE suppression. Strikingly, this reflects the general patterns noted

for somatically-expressed Piwis across the eukaryotes, which have evolved diverse roles in epigenetic

regulation, genome rearrangement and somatic development (reviewed in Ross et al. 2014).

The better fit of the "Immediate" model to duplications of Piwi/Aub suggests that the evolutionary rate

of paralogues in these subclades has been constrained soon after duplication, which may indicate a burst

of adaptation to specialize to existing (but distinct) roles. Nevertheless, this is complicated by the age of

the Piwi/Aub duplicates, the majority of which are very recent and have occurred in terminal lineages.

This means that many of the branches immediately after duplication are also terminal branches, and

clouds the difference between the "Immediate" and "All descendants" models for Piwi/Aub.

An important exception to this is the divergence of separate Aub and Piwi (sensu stricto) lineages, which
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resulted from a much older duplication in the Piwi subfamily Piwi/Aub subclade. We estimate that this

divergence, which happened at the base of the Brachycera, occurred between 182 and 156mya (Figure

2.2). However, the ambiguous identities of the two Piwi/Aub paralogues in Hermetia illucens and Ta-

banus bromius (Figure 2.6) mean that this duplication could have occurred slightly earlier ( 200mya).

Under either scenario, Piwi/Aub paralogues in the vast majority of Nematoceran taxa (including all

mosquitoes) are equally homologous to Aub and Piwi, which in D. melanogaster have specialized to

distinct roles in the "Ping-Pong" piRNA amplification cycle and TE silencing respectively (reviewed

in Luteijn and Ketting 2013). Our finding that this specialization occurred after their divergence from

Nematoceran Piwi/Aub indicates that piRNA biogenesis and TE silencing may rely on different suites

of Argonaute genes in the Nematocera. This has recently been confirmed for A. aegypti somatic cells, in

which Piwi5, Piwi6 and Ago3 carry out "Ping-Pong" amplification of TE-derived piRNAs, while only

Piwi5 acts with Ago3 in the "Ping-Pong" amplification of virally-derived piRNAs (Miesen et al. 2015).

The evolution of this somatic antiviral function, which has also been confirmed in adult mosquitoes

(Morazzani et al. 2012), demonstrates that the Piwi/Aub subclade is not constrained to a germline-

specific anti-TE role, but can evolve novel and highly derived functions.

Analysis of gene turnover can be influenced by variability between species in the quality of genome as-

sembly, with poorly assembled genomes potentially leading to genes missing from gene sets (discussed

in Han et al. 2013b). This can in turn lead to both false inferences of gene loss in the poorly assembled

genome, and false inference of gene gain in related species. Additionally, gene turnover analysis can

be influenced by recent duplication, which produces very similar paralogues that may be collapsed into

one gene during genome assembly, and by gene conversion, which may result in the false inference of

gene loss. While we cannot rule out the influence of these last two factors, we minimised the effect of

assembly quality by including only species with well assembled genomes (see Section 2.2.3).

In conclusion, we show that Dipteran Argonaute subclades differ widely in their rates of gene turnover

and protein evolution. This suggests a high degree of evolutionary lability in Argonaute function across

a wide range of taxa, with some genes maintaining a conserved role while others evolve new functions.

This is in agreement with previous experimental studies in isolated taxa and our preliminary analysis of

publicly available G. morsitans transcriptomic data. We also find that gene turnover rates vary widely

between taxa, and that paralogues of Ago2, Ago3 and Piwi experience distinct selection pressures af-

ter duplication. This points to a possible evolutionary mechanism for the functional overlap frequently

observed between different Argonaute subclades: different taxa may undergo expansions of different

Argonaute subclades (as we have shown for Ago2 in the Brachycera versus Piwi/Aub in the Nemato-
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cera), which can then specialize to distinct aspects of existing roles, or adapt to fulfil new functions.
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3. Phylogenetic and expression analysis

of Argonaute2 paralogues in the

obscura group

3.1. Introduction

Gene duplication is one of the most prevalent processes by which novel gene functions can evolve

(Ohno 1970). While most new paralogues are lost through the unconstrained accumulation of substi-

tutions (Lynch and Conery 2000; Hughes and Liberles 2007), a minority can be retained by selection.

These paralogues may keep their ancestral function(s) (e.g. ribosomal RNA genes; Eickbush and Eick-

bush 2007), specialise to one existing function (e.g. engrailed; Force et al. 1999), or evolve an entirely

new function (e.g. RNase1B; Zhang et al. 2002). For many paralogues in Drosophila, however, this

is preceded by a period of testis-biased or testis-specific expression (Betrán et al. 2002; Levine et al.

2006; Assis and Bachtrog 2013; Palmieri et al. 2014). The "out-of-the-testis" hypothesis suggests that

this pattern is due to the high transcriptional rate of the testis, which causes otherwise non-functional

paralogues to be expressed, exposing them to strong selection against deleterious mutations and increas-

ing their rate of retention (Kaessmann et al. 2009; Kaessmann 2010). As they age, these testis-specific

paralogues evolve more protein-protein interactions and specialize to other tissues, indicating the evo-

lution of derived functions (Assis and Bachtrog 2013).

Gene duplication has been a key influence in the evolution of the Argonaute gene family, which arose

in early prokaryotes and is now found in the majority of eukaryotes (Swarts et al. 2014b). Duplication

early in eukaryotic evolution produced two distinct Argonaute subfamilies (Ago & Piwi; Cerutti and

Casas-Mollano 2006), and subsequent duplications have produced Argonaute genes with derived func-
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tions in a diverse range of taxa (detailed in Chapter 2). In D. melanogaster, there are two members of

the Ago subfamily (Ago1 and Ago2) and three members of the Piwi subfamily (Ago3, Aubergine (Aub)

and Piwi). All of the Piwi subfamily proteins bind Piwi-interacting RNAs (piRNAs) derived from host

gene 3’ UTRs (Robine et al. 2009) and transposable elements (TEs) (reviewed in Luteijn and Ketting

2013). Those that bind TE-derived piRNAs suppress transposition by either amplifying the piRNA

signal through the "Ping-Pong" pathway (Ago3 & Aub; Li et al. 2009), or directing heterochromatin

formation (Piwi; Sienski et al. 2012). In contrast, Ago1 binds miRNAs (Ha and Kim 2014), and regu-

lates gene expression by inhibiting the translation of host transcripts (reviewed in Eulalio et al. 2008).

Lastly, Ago2 plays key roles in antiviral defence (Rij et al. 2006), somatic TE suppression (Czech et al.

2008; Chung et al. 2008) and dosage compensation (Menon and Meller 2012).

This variety of functions is reflected in the distinct expression patterns that Argonaute genes exhibit,

some of which appear to be evolutionarily ancient. In both vertebrates and invertebrates, members of

the Ago subfamily that function in gene regulation are expressed in the vast majority of developmental

stages and tissues (González-González et al. 2008; Williams and Rubin 2002; Celniker et al. 2009).

Within each cell, this Ago-mediated gene regulation is localized to P-bodies, which are cytoplasmic foci

of mRNA degradation (reviewed in Pfaff and Meister 2013). Similarly, Agos involved in antiviral de-

fence are expressed ubiquitously in D. melanogaster (Celniker et al. 2009), the moth M. sexta (Garbutt

and Reynolds 2012) and the tick I. scapularis (Schnettler et al. 2014). In these species expression of

antiviral Agos is constitutive (Celniker et al. 2009; Garbutt and Reynolds 2012; Schnettler et al. 2014),

a pattern which presumably existed prior to the radiation of the arthropods; in contrast, the expression

of antiviral Agos in the honey bee Apis mellifera is induced by viral challenge (Galbraith et al. 2015).

In vertebrates, an antiviral role for Agos has only been found in embryonic stem cells (Maillard et al.

2013) and suckling mice (Li et al. 2013). It is therefore an open question whether the ubiquitous an-

tiviral Ago function evolved in the early arthropods, or in the vertebrate-invertebrate ancestor, and was

subsequently lost in vertebrates (possibly due to interaction with other immune mechanisms).

In contrast, the Piwi subfamily is germline-specific in the vast majority of Metazoa (reviewed in Ross

et al. 2014), suggesting that it specialized to the germline early in Metazoan evolution. This reflects

the key roles of Piwi genes in the maintenance of spermatogenesis and fertility in a wide range of taxa

(Cox et al. 1998; Kuramochi-Miyagawa et al. 2004; Houwing et al. 2007), which they achieve primar-

ily through the suppression of transposition (Vagin et al. 2004; Kalmykova et al. 2005; Houwing et al.

2007; Grivna et al. 2006). However, different Piwi proteins localize to different parts of germline cells,

where they carry out distinct functions. In D. melanogaster, Ago3 and Aub are exclusively cytoplas-

43



3. Phylogenetic and expression analysis of Argonaute2 paralogues in the obscura group

mic and are found in the nuage, an electron-dense perinuclear organelle (Al-Mukhtar and Webb 1971),

where they amplify the piRNA signal in the "Ping-Pong" pathway (Li et al. 2009). Contrastingly, Piwi

moves between the cytoplasm and the nucleus, being loaded with a piRNA in the cytoplasm and then

moving across the nuclear membrane to target TEs for suppression (reviewed in Luteijn and Ketting

2013). Additionally, Piwi is expressed in the stem cells of sponges (Ephyatia fluviatilis; Funayama et

al. 2010), jellyfish (Podocoryne carnea; Seipel et al. 2004), molluscs (Aplysia californica; Rajasethupa-

thy et al. 2012), arthropods (D. melanogaster; Cox et al. 1998) and mammals (Homo sapiens; Sharma

et al. 2001), indicating that it functions more broadly in the maintenance of cell pluripotency. This

function is not universal, however, as Piwi has been lost in flukes and tapeworms, which instead appear

to maintain stem cell pluripotency through the action of the flatworm-specific group 4 Argonaute genes

(Skinner et al. 2014).

In contrast to these conserved patterns of expression, other Argonaute genes have recently evolved de-

rived patterns of expression, which underlie rapid functional divergence. A major mechanism for this

divergence appears to be gene duplication, which has occurred throughout Argonaute evolution (Cerutti

and Casas-Mollano 2006; Mukherjee et al. 2013; Swarts et al. 2014b), and is prevalent within the

Diptera (Chapter 2). For example, in Glossina morsitans a paralogue of Ago3 (which is ancestrally

germline-specific) has evolved expression in the salivary glands (Chapter 2). Similarly, somatic expres-

sion of Piwi subfamily genes has been reported in the rhesus macaque Macaca mulatta (Yan et al. 2011)

and the mosquito Aedes albopictus (Morazzani et al. 2012; Vodovar et al. 2012; Schnettler et al. 2013a),

the latter of which have evolved a novel antiviral function (Morazzani et al. 2012; Vodovar et al. 2012;

Schnettler et al. 2013a). More rarely, Ago subfamily genes have specialized to a germline-specific role,

as seen for a paralogue of Ago2 in the tiger shrimp Penaeus monodon, which has specialized to suppress

TEs (Leebonoi et al. 2015).

An expansion of Argonaute genes has recently been reported in D. pseudoobscura (Hain et al. 2010);

however, the age of these duplications, their presence or absence in related species, and their functions

are yet to be characterized. These paralogues therefore represent an ideal system in which to explore

the functional evolution of Argonaute genes after duplication. Additionally, the comparison of expres-

sion patterns across multiple species provides us with a valuable opportunity to estimate the speed and

frequency with which new functions evolve.
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3.2. Aims

Duplication of Ago2 has recently been reported in D. pseudoobscura; however, the existence of these

paralogues has not been validated, and their age and relationship with Ago2 paralogues in related species

remains unexplored. Additionally, duplication of Argonaute has previously led to the evolution of de-

rived functions and expression patterns; however, whether these recent Ago2 duplicates are functional,

and what these functions are, has not been tested. Finally, despite the range of functions carried out by

Argonaute genes, the speed and frequency with which this functional diversity can evolve is relatively

unexplored. To address these questions, our aims were as follows:

1. Validate the existence of the D. pseudoobscura paralogues by sequencing, and identify paralogues

of Ago2 in other species of the obscura group.

2. Characterise the phylogenetic relationships between Ago2 paralogues in the obscura group, and

date the duplication events from which they arose.

3. Quantify the expression levels of D. pseudoobscura Ago2 paralogues in different tissues and under

viral infection, in order to detect tissue-specific or inducible expression patterns.

4. Measure the tissue-specific and antiviral expression patterns of Ago2 paralogues in other obscura

group species, and compare these patterns with D. pseudoobscura in a phylogenetic framework.

3.3. Methods

3.3.1. Identification of Ago2 paralogues in the obscura group

In order to quantify the extent and distribution of Ago2 duplication in the obscura group, we used

tBLASTx to identify Ago2 paralogues in D. subsilvestris, D. tristis, D. lowei, D. persimilis, D. pseu-

doobscura, D. subobscura and D. obscura (see Chapter 2 for details of sequence data origin). For each

species, we used Ago2 sequences from the closest possible relative as queries, or D. pseudoobscura if

no closer relative was available. If blast returned partial hits, we aligned all hits from the target species
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to all Argonaute genes from the query species, and assigned hits to the correct query sequence based

on a neighbour-joining tree. For each query sequence, we then manually curated partial blast hits into

complete genes using Geneious v5.6.2 (http://www.geneious.com, Kearse et al. 2012). For D. pseu-

doobscura, five duplicates of Ago2 have already been reported (Hain et al. 2010); however, because the

D. pseudoobscura genome has since been reassembled using long read data (English et al. 2012), we

repeated these BLAST searches. Additionally, we used PCR with degenerate Ago2 primers to identify

and amplify Ago2 paralogues in D. azteca and D. affinis.

Duplicates with a high degree of sequence similarity may be collapsed into one locus when assembling

a genome from short read data, leading to an underestimate of the size of a gene family. To validate

the Ago2 paralogues identified in D. subobscura, D. obscura and D. pseudoobscura, we used PCR to

amplify each Ago2 paralogue from each individual, with manually-designed paralogue-specific primer

pairs and a touchdown amplification cycle used to avoid cross-amplification of multiple paralogues (see

Appendix B for details of PCR primers and cycle conditions). Unincorporated primers were removed

with ExonucleaseI (NEB, Ipswich, MA, USA) and 5’ phosphates were removed with Antarctic Phos-

phatase (NEB, Ipswich, MA, USA), and then the PCR products were sequenced by Edinburgh Genomics

(see Appendix B for details of sequencing primers and cycle conditions), using BigDye reagents on a

capillary sequencer (Applied Biosystems, Foster City, CA, USA). Finally, we trimmed and assembled

Sanger sequence reads using Geneious v.5.6.2 (http://www.geneious.com, Kearse et al. 2012).

3.3.2. Locating D. pseudoobscura Ago2a1 & Ago2a3

The obscura group has undergone a series of chromosomal translocations (Segarra and Aguadé 1992;

Schaeffer et al. 2008), which may have changed the genomic location of Ago2 paralogues. The lack of

a genome for D. subobscura and D. obscura precludes the location of their Ago2 paralogues; however,

a high quality genome for D. pseudoobscura means that the locations of Ago2b-Ago2e were already

known in this species. In contrast, Ago2a1 and Ago2a3 were located on a 26kb unplaced contig (labelled

"Unknown_contig_265" in the D. pseudoobscura R3.03 genome), with Ago2a1 ~3.5kb in from the left

end and Ago2a3 ~2kb away in from the right end. In order to identify the location of Ago2a1 and

Ago2a3, we used a combination of BLAST similarity searches and PCR, with reagents and cycling

conditions as above.
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3.3.3. Domain structures of Ago2 paralogues in D. subobscura, D.

obscura and D. pseudoobscura

The domain architecture of Argonaute proteins is key to their function, with the PAZ domain in partic-

ular remaining highly conserved throughout evolution (Swarts et al. 2014a); as such, the retention of

these domains indicates that an Argonaute is still functional, while their loss may suggest pseudoge-

nization. To infer the location of each domain in each paralogue identified in D. subobscura, D. obscura

and D. pseudoobscura, we searched the Pfam database (Finn et al. 2009).

3.3.4. Phylogenetic analysis of Ago2 genes in Drosophila

To characterise the evolutionary relationships between the Ago2 paralogues identified in Section 3.3.1

and other Drosophila species, we aligned sequences using translational MAFFT (Katoh et al. 2002)

with default parameters, and inferred a gene tree using the Bayesian approach implemented in BEAST

v1.8.1 (Drummond et al. 2012) under a nucleotide model. We assumed a HKY substitution model with

two unlinked codon-position classes (1st+2nd & 3rd), variation between sites modelled by a gamma

distribution with four categories, and base frequencies estimated from the data. We used the default

priors for all parameters, except tree shape (for which we specified a birth-death speciation model) and

the Drosophila-Sophophora split. To estimate a timescale for the tree, we specified a normal distribution

for the date of this node using values based on Obbard et al. 2012, with a mean value of 32mya, standard

deviation of 7mya, and lower and upper bounds of 15mya and 50mya respectively. We ran the analysis

for 50 million steps, recording samples from the posterior every 1,000 steps, and inferred a maximum

clade credibility tree with TreeAnnotator v1.8.1 (Drummond et al. 2012).

3.3.5. Tissue-specific expression patterns of Ago2 paralogues

To assess whether Ago2 paralogues are expressed, and to explore the possibility that they have spe-

cialized to different tissues, we analysed the spatial expression pattern of each Ago2 paralogue in D.

subobscura, D. obscura and D. pseudoobscura. For each species, we extracted RNA from the head,

testis/ovaries and carcass of 48-96hr virgin adults, with males and females extracted separately. Each

sample consisted of 8-15 individuals in D. subobscura, 10 individuals in D. obscura and 15 individuals
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in D. pseudoobscura. RNA was extracted from each tissue using TRIzol reagent (Ambion, Carlsbad,

CA, USA) and a chloroform/isopropanol extraction, and treated twice with TURBO DNase (Ambion,

Carlsbad, CA, USA), before being reverse-transcribed using M-MLV reverse transcriptase (Promega,

Madison, WI, USA) primed with random hexamers. We then quantified the expression of Ago2 par-

alogues in these samples with qPCR, using Fast Sybr Green (Applied Biosystems, Foster City, CA,

USA) and custom-designed paralogue-specific qPCR primer pairs, all of which displayed single melt

curve peaks and operated at 95-105% efficiency as quantified by serial dilution (see Appendix B.1 for a

representative example). Due to their high level of sequence similarity (99.9% identity), no primer pair

could distinguish between Ago2a1 and Ago2a3, so these two genes are presented together as "Ago2a".

All qPCR reactions for each sample were run in duplicate, and scaled to the internal reference gene Ribo-

somal Protein L32 (RpL32, see Appendix B for qPCR primers and cycling conditions). To capture any

genetic variation and allow generalization across genotypes, we carried out five replicates per species,

each in a different wild-type background: DPG1, DPG2, DPG4, DPG6 and DPG12 for D.subobscura;

DPG1, DPG2, DPG3, DA45 and DA46 for D. obscura; and MV2, MV11, MV15, MV25 and MV32 for

D. pseudoobscura. D. obscura DA45 and DA46 were collected from Moor Lane (Derbyshire, UK) by

Ben Longdon in August 2008, and the origins of all other backgrounds are described in Section 4.3.2.

To provide an informal comparison with the expression pattern of Ago2 before duplication (an "ances-

tral" expression pattern), we used the BPKM (bases per kilobase of gene model per million mapped

bases) values for Ago2 calculated from RNA-seq data from the body, head, ovary and testis of D.

melanogaster by the FlyAtlas experiment (Brown et al. 2014). For comparability with the qPCR data

detailed above, we scaled each BPKM value to the value for RpL32 in each tissue. Due to the design of

the FlyAtlas experiment, the body and head data are derived from pooled samples of equal numbers of

males and females.

3.3.6. Expression of Ago2 paralogues in D. pseudoobscura embryos

To investigate whether transcripts of any Ago2 paralogues in D. pseudoobscura are being contributed

to embryos by sperm, and to rule out early developmental expression, we collected embryos within a

30 minute window after being laid, extracted RNA and synthesised cDNA as detailed in section 3.3.5.

We then used qPCR to measure the expression of each Ago2 paralogue, with reagents and primers as

detailed in section 3.3.5, in two separate genetic backgrounds (MV8 and MV10). To compare this with
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the estimated ancestral expression pattern of Ago2 before duplication, we used the BPKM (bases per

kilobase of gene model per million mapped bases) values for Ago2 calculated from RNA-seq data from

embryos of D. melanogaster by the FlyAtlas experiment (Brown et al. 2014), scaled to the BPKM value

for RpL32 in embryos.

3.3.7. Expression of Ago2 paralogues on viral challenge

To test whether any Ago2 paralogues have evolved inducible expression under viral infection, we ex-

posed 48-96hr old virgin males and females of D. subobscura, D. obscura and D. pseudoobscura to

Drosophila C virus (DCV). We infected individuals by puncturing the cuticle at the top of the pleural

suture, using a pin contaminated with DCV at a dose of ~4x107 tissue culture ID50 per ml (1 TCID50 =

the dose needed to kill 50% of inoculated tissue culture cells). To estimate the ancestral antiviral expres-

sion pattern of Ago2, we exposed virgin males and females of D. melanogaster to DCV using the same

method. All flies were incubated at 18C on a 12L:12D light cycle, with D. melanogaster kept on Lewis

medium and D. subobscura, D. obscura and D. pseudoobscura kept on banana medium (see Appendix

B for recipes). We sampled 4-7 individuals per species at 0, 8, 16, 24, 48 and 72 hours post infection.

Three replicates were carried out per species, each in a different genetic background: FR32, FR35 and

FR39 for D. melanogaster (isofemale lines established and collected from Montpellier, France by Penny

Haddrill in August 2010); DPG1, DPG2 and DPG12 for D. subobscura; DPG1, DPG3 and DA45 for D.

obscura; and MV2, MV8 and MV10 for D. pseudoobscura. At each time point we extracted RNA, syn-

thesised cDNA and used qPCR to quantify the expression of each Ago2 paralogue, with two technical

replicates per sample, and with reagents, primers and cycling conditions as detailed in section 3.3.5.

3.3.8. Expression of other Argonaute gene family members in D.

pseudoobscura tissues and embryos

The loss of a function in one gene can impose selection to retain duplicates of another gene, which

may then evolve to compensate for this loss; alternatively, the evolution of a new function in one gene

can relax selection to maintain this function in a gene already carrying out this role, leading to its loss.

To assess the possible interaction between duplications of Ago2 and expression patterns of the rest of

the Argonaute gene family, we designed qPCR primers for D. pseudoobscura Ago1, Ago3, Aub and
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Piwi. We then used qPCR to measure the expression of these genes in the six tissues from five different

genetic backgrounds detailed in section 3.3.5, and the embryos from two genetic backgrounds detailed

in section 3.3.6, with reagents and cycling conditions as detailed in section 3.3.5. To provide an informal

comparison with the "ancestral" expression patterns of the other members of the Argonaute gene family

(Ago3, Aub and Piwi) when Ago2 is present as a single copy, we used the BPKM (bases per kilobase

of gene model per million mapped bases) values for each gene calculated from RNA-seq data from the

body, head, ovary and testis of D. melanogaster by Brown et al. 2014, scaled to the BPKM value for

RpL32 in that tissue.

3.4. Results

3.4.1. Ago2 duplicates frequently in the obscura group, and moves

frequently in D. pseudoobscura

To survey the extent of Ago2 duplication in the obscura group, we identified Ago2 paralogues in 9 ob-

scura group species using blast. In total, we find 30 full-length Ago2 paralogues, indicating frequent

duplication. We find two paralogues in D. subobscura and three in D. obscura, all of which have intact

PAZ and PIWI domains. We also find six full-length Ago2 paralogues in D. pseudoobscura, five of

which (Ago2a3-Ago2e) were reported by Hain et al. 2010, and one of which (Ago2a1) has not been pre-

viously identified. We also identify two truncated pseudogenes in D. pseudoobscura, one closely related

to Ago2a (Ago2a ) and another very similar to Ago2b (Ago2b ). All full-length paralogues are 2-3kb

long, each has the PAZ and Piwi domains characteristic of Ago2, and each shows no copy-number poly-

morphism in our sample. The length of the 5’ end varies widely between paralogues; however, this may

be driven by high repeat content, which has previously been reported for the 5’ end of D. melanogaster

Ago2 (Meyer et al. 2006).

We used PCR to locate the previously-unplaced contig carrying Ago2a1 and Ago2a3, placing it in

reverse-orientation on chromosome XL-group1a, with the right end at position 3,463,701, and the left

end predicted to be at position 3,489,689. This region contains a single annotation in the D. pseudoob-

scura R3.03 genome, a 2,485bp pseudogene (GA30567) that contains a 1125bp region with high (99%)

sequence similarity to the 3’ end of Ago2a3. Combined with the previously-established locations of
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Ago2b-e, this reveals that Ago2 paralogues are distributed across the D. pseudoobscura genome: Ago2b,

Ago2b and Ago2c are on chromosome 2 (Muller element E); Ago2e is on chromosome 4 (Muller B);

Ago2a1, Ago2a3 and Ago2a are on the left arm of the X chromosome (Muller A); and Ago2d is on the

right arm of the X chromosome (Muller A/D). Synteny comparison with D. melanogaster Ago2 shows

that the ancestral locus is Ago2d. Combined with our phylogenetic analysis (Figure 3.2), this allows us

to infer the order and timing of movement of D. pseudoobscura Ago2 paralogues around the genome

(Figure 3.1). Firstly, the Ago2a1-e ancestor duplicated ~21mya to form Ago2a1-d and Ago2e, the lat-

ter of which moved onto chromosome 2L. Next, the 3L arm fused with the X chromosome, moving

Ago2a1-d onto the X: this happened after the divergence of the obscura group into Palearctic (e.g. D.

subobscura) and Nearctic (e.g. D. pseudoobscura) clades (Segarra and Aguadé 1992), which we esti-

mate occurred 7-13mya. Ago2a1-d then duplicated ~4.5mya, forming Ago2c-d and Ago2a1-b, the latter

of which moved onto chromosome 2. After this, Ago2a1-b duplicated ~3.5mya, producing Ago2b and

Ago2a1-3, the latter of which moved onto the left arm of the X chromosome. This was followed by a du-

plication of Ago2c-d ~1.7mya, forming Ago2d and Ago2c, the latter of which moved onto chromosome

2. Finally, Ago2a1-3 duplicated ~10kya, producing Ago2a1 and Ago2a3 in tandem.

3.4.2. The age of Ago2 paralogues varies widely

To characterize the relationships between Ago2 paralogues in the obscura group, and estimate the date

of the duplication events that produced them, we carried out a phylogenetic analysis. This demonstrates

that there are three main Ago2 clades in the obscura group, which were produced from relatively old

duplications. The Ago2e subclade is the oldest, and diverged from other Ago2 paralogues ~21mya. The

Ago2a and Ago2f subclades are more recent, and were produced by a gene duplication event ~14mya.

There has been a more recent duplication of Ago2a on the D. affinis-D. azteca lineage (~5mya); how-

ever, low support for this node means that these paralogues could also nest within the recent expansion

seen in D. pseudoobscura and D. persimilis, with one paralogue sister to the Ago2a1-Ago2b subclade

and the other sister to the Ago2c-Ago2d subclade.

Our phylogenetic analysis also reveals the loss of some Ago2 paralogues in some species. Specifically,

Ago2e has been lost in D. subobscura, Ago2f has been lost in D. pseudoobscura, D. persimilis and D.

azteca, and both have been lost in D. lowei. While some of these losses may be the result of incomplete

genome assemblies or unexpressed genes in transcriptome surveys, we validated the losses in D. pseu-

doobscura and D. subobscura by extensive PCR. Combined with the existence of two pseudogenes in

D. pseudoobscura (Section 3.4.1), this demonstrates rapid turnover of Ago2 in the obscura group.
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Figure 3.1.: The course of duplications and translocations of Ago2 paralogues in D. pseudoobscura.
A complex series of duplications and translocations has produced six Ago2 paralogues in D. pseudoob-
scura, located on four different chromosome arms (chromosome arms adapted from Schaeffer et al. 2008,
Fig. 1).
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Figure 3.2.: A time-scaled Bayesian gene tree of Ago2 genes in Drosophila.
Duplication events are marked by yellow diamonds, and nodes with less than 100% posterior support are
labelled. Ago2 has duplicated frequently in the obscura group, and also in D. willistoni and S. deflexa.
After duplication, Ago2 paralogues have specialized to the testis three times independently, indicating an
adaptive basis for testis-specificity.
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(d) D. pseudoobscura
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Figure 3.3.: Tissue-specific expression patterns of Ago2 paralogues.
In each obscura group species, one paralogue has retained the ancestral ubiquitous expression pattern,
while the others have specialized to the testis (with the exception of D. pseudoobscura Ago2d). Compar-
isons across tissues should be made with caution, given the possibility of variation in expression level of
the reference gene. Error bars indicate 1 standard error estimated from 2 technical replicates of each of
5 biological replicates, each from a different genetic background. No error bars are available for the D.
melanogaster expression levels, as these were estimated from a single RNA-seq experiment (Brown et
al. 2014).
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3.4.3. The majority of Ago2 paralogues have specialized to the testis

Given that Ago2 duplicates in the obscura group have been retained for many millions of generations,

we tested for potential functional differences by quantifying the tissue-specific expression patterns of

paralogues in D. subobscura, D. obscura and D. pseudoobscura. In each species, the Ago2 paralogues

exhibit striking differences in their tissue-specific patterns of expression (Figure 3.3). An approximation

of the pre-duplication expression pattern of Ago2 can be obtained from D. melanogaster, in which the

single copy of Ago2 is expressed in all adult tissues (Figure 3.3a) and in the embryo (Figure 3.4). In

D. subobscura, D. obscura and D. pseudoobscura, we find that one paralogue has a similar ubiquitous

expression pattern in adult tissues (Figure 3.3b-d) and in the embryo (Figure 3.4). Interestingly, the

ubiquitously expressed paralogue in D. subobscura and D. obscura is the ancestral gene (Ago2a in

both cases), but in D. pseudoobscura another paralogue (Ago2c) has evolved the ubiquitous expression

pattern, and the ancestral gene (Ago2d) is not expressed at a detectable level in any tissue. In contrast,

every other paralogue in each obscura group species is expressed only in the testis (Figure 3.3b-d).

However, none of these testis-specific paralogues is detectable in embryos (Figure 3.4), indicating that

they are not loaded into embryos by sperm.
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Figure 3.4.: Expression of Ago2 in embryos of D. melanogaster and D. pseudoobscura.
In D. pseudoobscura, only Ago2c has retained the ancestral pattern of expression in embryos, with each
testis-specific paralogue being unexpressed. For D. pseudoobscura, error bars indicate 1 standard error
estimated from 2 technical replicates of each of 2 biological replicates, each from a different genetic
background.
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3.4.4. Expression of testis-specific Ago2 paralogues is not induced under

viral infection

As the majority of Ago2 paralogues appear to have specialized to the testis, we tested whether ubiquitous

expression of the testis-specific paralogues was triggered under viral challenge. We also tested whether

viral challenge caused upregulation of ubiquitously expressed Ago2 paralogues, or any expression of

D. pseudoobscura Ago2d. The ancestral expression pattern of Ago2 can again be estimated from D.

melanogaster, in which Ago2 is expressed in both females and males throughout the timecourse of

viral infection (Figure 3.5a). A similar pattern is seen for the ubiquitously expressed paralogues of

D. subobscura (Ago2a, Figure 3.5b), D. obscura (Ago2a, Figure 3.5c) and D. pseudoobscura (Ago2c,

Figure 3.5d), which maintain a high level of expression throughout the timecourse. In contrast, the

testis-specific paralogues in each species show no induction and are expressed at a very low rate at all

time points, with the differences between them reflective of their different expression levels in the testis

under resting conditions (Figure 3.3).

3.4.5. Other Argonaute gene family members in D. pseudoobscura

tissues

To investigate the correlation between the duplication and specialization of Ago2 and the expression

of other members of the Argonaute gene family, we measured the expression levels of Ago1, Ago3,

Aub and Piwi in D. pseudoobscura using qPCR. As in sections 3.4.3 and 3.4.4, we first estimated the

pre-duplication expression patterns of these genes in D. melanogaster using previously published RNA-

seq data (Brown et al. 2014). When comparing Argonaute genes between different tissues, we find

that Ago1 expression is broadly similar in D. pseudoobscura and D. melanogaster. In contrast, Piwi is

expressed more highly in the ovary of D. melanogaster than D. pseudoobscura, and Ago3, Aub and Piwi

are expressed more highly in the testis of D. pseudoobscura than D. melanogaster.
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Figure 3.5.: Expression patterns of Ago2 paralogues under infection with Drosophila C Virus.
In each obscura group species, only one Ago2 paralogue has retained the ancestral pattern (illustrated
by D. melanogaster) of sustained expression under viral challenge. The testis-specific paralogues are
not induced on viral infection, and appear to have lost their ancestral role in ubiquitous antiviral defence.
Error bars indicate 1 standard error estimated from 2 technical replicates of each of 5 biological replicates,
each from a different genetic background.
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Figure 3.6.: Expression patterns of the other members of the Argonaute gene family.
Ago1 is similarly expressed in both species, but Ago3, Aub and Piwi appear to be upregulated in D. pseu-
doobscura testis. For D. pseudoobscura, error bars indicate 1 standard error estimated from 2 technical
replicates of each of 5 biological replicates, each from a different genetic background.

3.4.6. Specialization to the testis has occurred several times

independently and been retained for millions of generations

To estimate the frequency and timing of specialization to the testis, we inferred the position of special-

ization events on the gene tree of Ago2 paralogues using the parsimony principle. We find that there have

been at least three independent specializations of Ago2 paralogues to the testis (Figure 3.2). The first

occurred after the divergence of the Ago2e subclade (12-22mya), and the second after the divergence of

D. affinis in the Ago2f subclade (10-14mya). The third occurred at the base of the D. pseudoobscura

Ago2a-Ago2b subclade (3-4mya), after the divergence of Ago2a-Ago2b and Ago2c-Ago2d, but before

the divergence of Ago2a and Ago2b.
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3.5. Discussion

3.5.1. Functional implications of divergent expression patterns

We show that Ago2 paralogues in the Drosophila obscura group have diverged in their patterns of ex-

pression, and are therefore likely to have diverged functionally. The ubiquitous expression of Ago2

in D. melanogaster (Figure 3.3a) provides an estimate of the expression pattern of the ancestral Ago2

in the obscura group before duplication. In each species investigated, one paralogue has retained this

expression pattern: D. subobscura Ago2a, D. obscura Ago2a and D. pseudoobscura Ago2c (Figures

3.3b-d), which are the ancestral loci in D. subobscura and D. obscura, but a recent duplicate in D.

pseudoobscura. This suggests that these paralogues have retained a role in antiviral defence, and also

potentially in dosage compensation (Menon and Meller 2012) and somatic TE suppression (Czech et al.

2008; Chung et al. 2008), as seen for D. melanogaster Ago2.

In contrast, all other paralogues in all three species have lost this ubiquitous expression pattern and

specialized to the testis (apart from the unexpressed D. pseudoobscura Ago2d). Constitutive ubiquitous

expression is not a prerequisite for antiviral function, as many genes that are integral in antiviral defence

are induced on viral infection (e.g. members of the Toll (Zambon et al. 2005) and Jak-STAT (Dostert et

al. 2005) signalling pathways in D. melanogaster). However, the lack of upregulation that we observe in

the testis-specific Ago2 paralogues (Figures 3.5b-d) shows that they are not induced on viral infection,

and are therefore unlikely to carry out a ubiquitous antiviral role. Although data on Ago2 expression pat-

terns in other taxa is limited, this expression pattern is highly divergent from that of Ago2 in Anopheles

gambiae (Keene et al. 2004), Manduca sexta (Garbutt and Reynolds 2012) and Apis mellifera (Galbraith

et al. 2015), all of which display ubiquitous Ago2 expression (although in A. mellifera this expression

is induced on viral challenge; Galbraith et al. 2015).

3.5.2. Adaptive basis of testis-specific expression

While specialization to the testis appears to be the dominant fate for Ago2 paralogues, it does not of

itself suggest that such specialization is adaptive, as the out-of-the-testis hypothesis (outlined in section

3.1) suggests that testis-specificity is a dominant fate for recent duplicates of all kinds (Kaessmann et
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al. 2009; Kaessmann 2010). However, two lines of evidence point to an adaptive basis for the testis-

specificity observed for these Ago2 paralogues. Firstly, the out-of-the-testis hypothesis predicts that

paralogues will only retain this specificity for a short time, before their expression patterns broadens

to other tissues and they evolve new functions (Kaessmann 2010), as is observed for the majority of

paralogues in D. melanogaster (Assis and Bachtrog 2013). Contrary to this prediction, the testis-specific

Ago2e and Ago2f have retained their testis-specificity for 12-22 and 10-14 million years respectively

(Figure 3.2). Secondly, our phylogenetic analysis reveals that testis-specificity has evolved at least

three times independently (Figure 3.2), suggesting a constant selection pressure acting on new Ago2

paralogues to specialize to the testis.

3.5.3. Possible testis-specific functions

This selection pressure could be imposed by four possible functions: dosage compensation, testis-

specific antiviral defence, TE suppression, or the suppression of meiotic drive. Firstly, these paralogues

could have a function in dosage compensation, in which D. melanogaster Ago2 plays an integral role by

directing the male-specific lethal (MSL) complex to X-linked genes (Menon and Meller 2012). How-

ever, given the absence of the MSL from Drosophila testes (Conrad and Akhtar 2012), dosage compen-

sation is unlikely to be the driver of testis-specificity. Secondly, these paralogues could have retained

their antiviral function, but specialized to the testis to combat vertically-transmitted viruses such as

sigma virus (L’Héritier and Teissier 1937). However, paternally-transmitted viruses are very rare, and

all reported to date also pass through the female germline (Longdon and Jiggins 2012). A gene function-

ing in defence against vertically-transmitted viruses is therefore expected to be expressed in the female

germline, from which these paralogues are absent, making an antiviral function less likely.

A third possible function of these testis-specific paralogues is the suppression of TEs and endogenous

retroviruses (ERVs), which D. melanogaster Ago2 carries out in the soma and germline in conjunction

with endogenous siRNAs (endo-siRNAs) (Czech et al. 2008; Chung et al. 2008; Nayak et al. 2010).

Not only is transposition expected to increase in the germline (Charlesworth and Langley 1989), some

TEs transpose preferentially in testes rather than the germline generally. For example, the Penelope el-

ement is much more active in the testes of D. virilis compared to the ovaries (Rozhkov et al. 2010), and

the copia element displays increased expression and higher insertion and excision rates in the testes of

males from the 2b line of D. melanogaster (Pasyukova et al. 1997; Morozova et al. 2009). In addition,
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several copies of copia have been reported in the genome of D. pseudoobscura (Biémont and Cizeron

1999), suggesting that testis-specific transposition can occur in this species as well. TEs are canonically

suppressed by Piwi subfamily Argonaute genes (Ago3, Aub & Piwi), all of which are expressed in D.

pseudoobscura at comparable or higher levels than D. melanogaster (Figure 3.6a), suggesting that any

role carried out by these testis-specific Ago2 paralogues would be happening in addition to the conven-

tional piRNA pathway. It has previously been observed that endo-siRNAs (but not piRNAs) target TEs

that are invading (Rozhkov et al. 2010) or have recently integrated (Tam et al. 2008); Ago2 paralogues

may therefore have been retained and specialized to the testis in obscura group species to prevent the

integration of new TEs and ERVs.

Lastly, testis-specific Ago2 paralogues could suppress meiotic drive, where a genetic element propogates

itself to the next generation at a greater rate than expected under standard Mendelian segregation, often

imposing a fitness cost on the host (Jaenike 2001). Several examples of RNAi-mediated suppression of

meiotic drive have been described previously. In D. simulans, the disorter on the X (dox) driver (Tao

et al. 2007b) is suppressed by not much yang, a locus composed of inverted repeats homologous to

dox, which may be processed into sRNAs and guide Argonaute-mediated suppression of dox (Tao et

al. 2007a). In D. melanogaster, the Stellate element is suppressed by piRNAs encoded by the Y-linked

Suppressor of Stellate (Su(St)) locus (Palumbo et al. 1994), which the Argonaute genes Ago3 and Aub

bind preferentially in the testis (Aravin et al. 2001; Nishida et al. 2007; Nagao et al. 2010). Addition-

ally, mutation of Aub or Piwi in D. melanogaster results in enhanced propagation of the canonical driver

element Segregation Distorter (Gell and Reenan 2013).

Meiotic drive systems have frequently been reported in the obscura group, for example in D. obscura

(Gershenson 1928; Sturtevant and Dobzhansky 1936), D. pseudoobscura (Sturtevant and Dobzhansky

1936) and other obscura group species (D. affinis, D. athabasca, D. azteca (Sturtevant and Dobzhansky

1936) & D. persimilis (Wu and Beckenbach 1983)). Additionally, Y-linked resistance to a sex-ratio

distorting drive element has recently been reported in D. affinis, although the mechanism of this resis-

tance is not clear (Unckless et al. 2015). Moreover, it has been suggested that species with low levels

of recombination, such as D. pseudoobscura (McGaugh et al. 2012), evolve drive systems more readily

because of a higher degree of linkage between driver and responder loci (Jaenike 2001). This increased

level of meiotic drive may therefore impose selection for the evolution of novel suppression mecha-

nisms, leading to the repeated specialization of Ago2 paralogues to the testis.
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3.5.4. Conclusion

We find that Ago2 paralogues in the obscura group have repeatedly specialized to a testis-specific role.

This derived expression pattern appears to be driven by selection, as evidenced by the retention of

testis-specificity over millions of generations, and the evolution of this trait on several independent

occasions. This as-yet uncharacterised testis-specific function could involve antiviral defence, dosage

compensation, or the suppression of TEs or meiotic drive. Given the pleiotropic nature of Ago2 before

duplication, different Ago2 paralogues could also have specialized to the testis to carry out distinct

functions.
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4. Population genetics of Argonaute2

paralogues in the obscura group

4.1. Introduction

Gene duplication is an important force in evolution, which can relax selective constraints and lead to

functional divergence and phenotypic novelty (Ohno 1970). Most paralogues accrue mutations at the

neutral rate and are eventually lost by pseudogenization (Lynch and Conery 2000; Hughes and Liberles

2007); however, a minority are retained by selection, either to conserve the same function (e.g. Gibbons

et al. 2015) or diversify and adopt new functions (e.g. Chaudhari et al. 2014). Moreover, different selec-

tion pressures can act on paralogues produced by one duplication event, leading to contrasting patterns

of evolution in the same gene family. Such contrasting patterns are seen in the Argonaute gene family,

and are driven by the broad array of functions carried out by different Argonaute genes (Meister 2013).

These diverse functions all proceed through the RNAi mechanism, which is a conserved system of nu-

cleic acid manipulation directed by short guide RNAs (Ding 2010). The role of Argonaute proteins as

effectors in this pathway relies on the action of three conserved domains: the PAZ and MID domains

facilitate binding of the guide RNA, and the PIWI domain contains an RNase H-like site which cleaves

the target RNA (Schirle and Macrae 2012). The essential function of the PAZ and MID domains is

highlighted by their retention in Argonaute genes across the tree of life (Swarts et al. 2014a), and sug-

gests that these domains will be conserved and evolve comparatively slowly. In contrast, the RNase

H-like site in the PIWI domain of some Argonaute genes has been lost, predominantly following Arg-

onaute duplication. For example, humans have four Ago genes, only one of which (Ago2) has retained

a catalytically-active PIWI domain that can cleave a target RNA, with the other three (Ago1, Ago3 &

Ago4) carrying out a role in miRNA-mediated gene regulation without cleaving their targets (reviewed
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in Meister 2013). This indicates that the PIWI domain is not essential for all Argonaute functions, and

suggests that this domain may evolve more rapidly than PAZ or MID. However, analyses of selection

have found that adaptive substitutions are biased away from the functional domains of D. melanogaster

Ago2 (Obbard et al. 2006), while a study of multiple species of Drosophila found adaptive substitutions

in both the PAZ and PIWI domains (Kolaczkowski et al. 2011). While these contrasting results may

reflect species-specific differences, they may also be driven by the methodological differences between

the two studies, making it difficult to draw strong conclusions regarding the evolutionary rate and selec-

tion pressure on the domains and structure of Ago2.

In contrast, clear differences in evolutionary rate and selection pressure are seen between the three main

Argonaute functions. Firstly, Argonautes function in gene regulation through interaction with host-

encoded microRNAs (miRNAs) (reviewed in Eulalio et al. 2008). This function is generally associated

with a low rate of evolution for Argonaute1 (Ago1), as seen in the mosquito Aedes aegypti (Bernhardt

et al. 2012), D. melanogaster (Obbard et al. 2006; Obbard et al. 2009b), the Drosophila more broadly

(Kolaczkowski et al. 2011), and the Diptera as a whole (Chapter 2). While there are isolated reports

of rapid evolution of Ago1, such as at the base of the Drosophila (Kolaczkowski et al. 2011) and after

duplication in aphids (Jaubert-Possamai et al. 2010), in most organisms Ago1 evolves very slowly under

strong selective constraint.

Argonautes also function in the suppression of transposable elements (TEs), either binding and cleav-

ing their transcripts or guiding DNA methylation and histone modification to reduce their expression

(Luteijn and Ketting 2013). This function is associated with rapid evolution and strong selection of anti-

TE Argonaute genes in teleost fish (Yi et al. 2014), as well as D. melanogaster (Obbard et al. 2009b),

the D. melanogaster subgroup (Simkin et al. 2013) and the Drosophila as a whole (Kolaczkowski et

al. 2011). There are at least two explanations for this rapid evolution: an increase in TE number, or

interaction with suppressors of the RNAi mechanism. Firstly, an increase in the diversity of TEs may

impose directional selection on anti-TE Argonaute genes, to diversify to a wider range of transposition

mechanisms. This idea is supported by the association between an increase in the number of TE fami-

lies in teleosts, and the rapid evolution of the teleost anti-TE RNAi pathway (Yi et al. 2014). However,

it is contradicted by evidence from D. melanogaster, in which there is a negative correlation between

TE content and the evolutionary rate of Aub and Ago3, as well as a positive relationship between TE

content and codon usage bias of these genes, indicating that TEs may also constrain evolutionary rate

by imposing purifying selection (Castillo et al. 2011). Secondly, the high evolutionary rate of anti-TE

Argonaute genes could be imposed by suppressors of the RNAi mechanism. While there is only a single
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report of a TE-encoded suppressor to date (Nosaka et al. 2012), if more widespread their interaction

with Argonaute proteins could impose strong selection through a host-parasite arms race (Dawkins and

Krebs 1979).

Lastly, Argonaute genes function in antiviral defence in plants (reviewed in Parent et al. 2012), fungi

(reviewed in Chang et al. 2012), invertebrates (Li et al. 2002; Rij et al. 2006) and mammals (Li et al.

2013; Maillard et al. 2013). This function has been associated with the exceptionally rapid evolution of

Ago2 in Drosophila. In D. melanogaster, Ago2 is in the top 3% of the fastest-evolving genes (Obbard

et al. 2006), displays signals of strong positive selection (Obbard et al. 2006), and has undergone recent

selective sweeps (Obbard et al. 2011), which are also evident in D. simulans and D. yakuba (Obbard et

al. 2011). Positive selection on Ago2 is also evident across the Drosophila more broadly, with adaptive

substitutions in more than 60% of lineages and strong evidence for selective sweeps (Kolaczkowski et

al. 2011). It has been proposed that this rapid evolution is driven by a host-parasite arms race with

viruses (Obbard et al. 2009b), which encode viral suppressors of RNAi (VSRs) that inhibit the antiviral

RNAi response (reviewed in Bronkhorst and Rij 2014). Strong selection on VSRs is consistent with

their host-specificity (Mierlo et al. 2014) and numerous independent origins, which have resulted in a

range of suppression mechanisms (Li and Ding 2006). Multiple viruses encode VSRs that inhibit RNAi

by binding or cleaving Ago2, such as cricket paralysis virus (Nayak et al. 2010) and Nora virus (Mierlo

et al. 2012). While the exact molecular details of this suppression remain unclear, VSRs could impose

strong selection pressure on Ago2, driving frequent fixation of variants which prevent inhibition by the

VSR.

In the obscura group, there have been numerous duplications of Ago2 (Chapter 2). We have previously

shown that the resulting paralogues have specialized to the testis on multiple independent occasions,

providing a strong indication of functional divergence driven by positive selection (Figure 4.1, Chapter

3). As detailed above, Argonaute genes with different functions often evolve at different rates and under

contrasting selection regimes, which can be characterised using sequence data. The rate of evolution can

be estimated by calculating the proportion of nonsynonymous (dN) and synonymous (dS) differences

between a focal gene and the same gene from an outgroup, giving the dN/dS ratio (!). Under neutrality,

! is expected to be approximately 1; alternatively, !<1 indicates slow evolution and purifying selection,

whereas !>1 suggests rapid evolution and positive selection. To test explicitly for selection, differences

between species can be combined with data on polymorphisms within a species (e.g. the McDonald-

Kreitman test; McDonald and Kreitman 1991), or the proportion of polymorphisms within a species can

be compared between multiple loci (e.g. the Hudson-Kreitman-Aguadé test; Hudson et al. 1987). We
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Figure 4.1.: A gene tree of the Ago2 paralogues in the obscura group.
There have been numerous duplications of Ago2 in the obscura group, producing paralogues that have
moved across the genome in D. pseudoobscura, and specialized to the testis on multiple independent
occasions in D. subobscura, D. obscura and D. pseudoobscura. Differences between clades in the dates
of some speciation events are likely the result of evolutionary rate differences, and our use of a single
node to date the tree (see Chapter 3).

sought to use these techniques to characterize the patterns of evolution and selection acting on Ago2

paralogues in the obscura group, in order to explore the population genetic causes and consequences of

their functional divergence.

4.2. Aims

Gene duplication can drive functional diversification, which is often reflected in contrasting rates of

evolution and levels of selection, as has been shown previously for different Argonaute genes with

contrasting functions. Additionally, we have previously identified hotspots of rapid evolution on the

structure of Dipteran Ago2 (Chapter 2), and discovered that Ago2 paralogues in the obscura group
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have specialized to a derived, testis-specific role (Chapter 3). To characterise the population genetic

consequences of duplication, and test for the possible role of positive selection in driving this novel

function, our aims were as follows:

1. Quantify the level of positive selection acting on each Ago2 paralogue.

2. Test for a difference in evolutionary rate between ubiquitously-expressed and testis-specific Ago2

paralogues.

3. Quantify the level of selective constraint on different domains and structural components of each

Ago2 paralogue.

4.3. Methods

4.3.1. Testing for evolutionary rate differences between ubiquitously

expressed and testis-specific Ago2 paralogues

In Chapter 3 we identified several independent origins of testis-specificity after duplication of Ago2

in the obscura group. To compare the evolutionary rates of ubiquitously expressed and testis-specific

Ago2 paralogues, we used codeml (PAML, Yang 1997) to fit a number of variants of the M0 model to

the set of 120 Dipteran Ago2 sequences detailed in section 2.2.1. PAML allows the evolutionary rate

(dN/dS or !) to be estimated separately for different clades, and also provides a maximum likelihood

estimate for these separate rates given the data, enabling the testing of hypotheses regarding the effect

of a particular event (e.g. specialization to the testis) on the rate of evolution. We fitted two models

to test for evolutionary rate change after the evolution of testis-specificity. Firstly, we fitted a model

specifying one ! for the Ago2 paralogues that were verified as testis-specific by qPCR (as detailed in

Section 3.4.3), and another ! for the rest of the tree: this is a more conservative model, but potentially

has less power to detect evolutionary rate change associated with testis-specificity. Secondly, we fitted

a model specifying one ! for the Ago2f and Ago2e subclades and the D. pseudoobscura Ago2a-Ago2b

subclade, and another ! for the rest of the tree: this model should have more power to detect rate

change, but assumes that the paralogues that we found to be testis-specific (Chapter 3) are accurate
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representatives of the other members of the subclades. We also fitted two models to account for rate

variation between the obscura group Ago2 subclades. The first model specified a separate ! for the

obscura Ago2a subclade, the Ago2e subclade, the Ago2f subclade and the rest of the tree. The second

model was the same as the previous model, but with an extra ! specified for the D. pseudoobscura-D.

persimilis Ago2a-Ago2b subclade (which is testis-specific, in contrast with the rest of the obscura group

Ago2a subclade). We used Akaike weights to assess which model provided the best fit to the data given

the number of parameters.

4.3.2. Testing for contrasting patterns of evolution between Ago2

paralogues

Haplotype sequencing

To characterize the selection pressures acting on Ago2 paralogues in the obscura group, we sequenced

the Ago2 paralogues from six males and six females of each species, each from a different isofemale

line. We collected all D. subobscura lines and D. obscura lines from Blackford Hill (Edinburgh, UK) in

September 2010, whereas all Drosophila pseudoobscura lines were collected from Mesa Verde National

Park (Mesa Verde, CO, USA) by Steve Schaeffer in July 2005 (see Appendix C for further details).

We extracted genomic DNA from each individual using the Qiagen DNeasy Blood and Tissue kit (Qia-

gen, Hilden, Germany) according to the manufacturer’s instructions. We then used PCR to amplify each

Ago2 paralogue from each individual, with manually-designed paralogue-specific primer pairs and a

touchdown amplification cycle used to avoid cross-amplification of multiple paralogues (see Appendix

B for details of PCR primers and cycle conditions). Unincorporated primers were removed with Exonu-

cleaseI (NEB, Ipswich, MA, USA) and 5’ phosphates were removed with Antarctic Phosphatase (NEB,

Ipswich, MA, USA), and then the PCR products were sequenced by Edinburgh Genomics (see Ap-

pendix B for details of sequencing primers and cycle conditions), using BigDye reagents on a capillary

sequencer (Applied Biosystems, Foster City, CA, USA). We trimmed and assembled Sanger sequence

reads using Geneious v.5.6.2 (http://www.geneious.com, Kearse et al. 2012), and identified polymorphic

sites by eye. After sequencing Ago2a (annotated as a single gene in the D. pseudoobscura genome), we

discovered 2 very recent Ago2a paralogues (Ago2a1 & Ago2a3, described in Chapter 3), both of which

had been cross-amplified. For each D. pseudoobscura individual we resequenced Ago2a3 using primers
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binding to its neighbouring locus GA22965, and used this sequence to resolve polymorphic sites in the

Ago2a1/Ago2a3 composite sequence, thereby gaining both sequences for each individual.

The presence of polymorphisms in males revealed that all paralogues in D. subobscura and D. obscura

are autosomal (although their exact locations could not be found due to an absence of genomic data).

In contrast, genomic and PCR investigations in D. pseudoobscura revealed that Ago2a1, Ago2a3 and

Ago2d are X-linked, whereas Ago2b, Ago2c and Ago2e are located on autosomes (Figure 4.1). For each

Ago2 paralogue, we inferred haplotypes from these sequence data using PHASE (Stephens et al. 2001),

apart from the X-linked paralogues in D. pseudoobscura males, for which phase was obtained directly

from the sequence data.

Quantifying patterns of evolution in Ago2 paralogues

To quantify differences between paralogues in their population genetic characteristics, we aligned hap-

lotypes using translational MAFFT (Katoh et al. 2002), and used DnaSP v.5.10.01 (Librado and Rozas

2009) to calculate the following summary statistics for each Ago2 paralogue: ⇡ (with Jukes-Cantor cor-

rection as described in Lynch and Crease 1990) at nonsynonymous (⇡a) and synonymous (⇡s) sites,

Tajima’s D (Tajima 1989), the Codon Bias Index (CBI) (Morton 1993) and the effective number of

codons (ENC, where 20 indicates the maximum codon usage bias of one codon used for each amino

acid, and 61 indicates the minimum bias of each codon used equally) (Wright 1990). To compare the

ENC for each gene with the genome as a whole, we used codonW v1.4.2 (Peden 1995) to calculate the

ENC for the longest ORF from each gene or transcript in the genomes of D. subobscura, D. obscura and

D. pseudoobscura (ORF sets are detailed in Section 4.3.3). In each species, we then compared the ENC

values of each Ago2 paralogue with this genome-wide ENC distribution. To analyse the high codon

usage bias of the Ago2e subclade, we used the seqinR package (Charif and Lobry 2007) in R 3.2.2 to

calculate the GC content of the introns and exons of Ago2e in D. pseudoobscura and D. obscura and the

exons of Ago2e in D. subsilvestris, D. tristis, D. azteca, D. affinis, D. lowei and D. persimilis.
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4.3.3. Quantifying the level of positive selection on each Ago2 paralogue

McDonald-Kreitman tests

To test for the presence and quantify the strength of positive selection, we performed McDonald-

Kreitman (MK) tests (McDonald and Kreitman 1991) on each paralogue in each species using DnaSP

v.5.10.01 (Librado and Rozas 2009). The MK test is based on the comparison of the numbers of differ-

ences between species at nonsynonymous (Dn) and synonymous (Ds) sites, and polymorphisms within a

species at nonsynonymous (Pn) and synonymous (Ps) sites. If all mutations are either neutral or strongly

deleterious, the Dn/Ds ratio should be approximately equal to the Pn/Ps ratio; however, if there is pos-

itive selection, an excess of nonsynonymous differences is expected (McDonald and Kreitman 1991).

Additionally, these numbers can be used to estimate the proportion of nonsynonymous substitutions that

are adaptive (↵), which can be scaled to the number of synonymous and nonsynonymous sites (!(↵))

(Eyre-Walker 2006). In each test, we assessed significance using a Fisher’s exact test. Singleton sites

were excluded from the analysis to alleviate the influence of segregating slightly deleterious variants,

which inflate the number of nonsynonymous polymorphisms, resulting in downwardly biased estimates

when testing for selection (Charlesworth and Eyre-Walker 2008).

To calculate Dn and Ds, a suitably divergent outgroup is needed: if the outgroup is too similar, Dn will

be low and the test will be underpowered; whereas if the outgroup is too divergent and synonymous sites

have become saturated, Ds will be artificially lowered, inflating the Dn/Ds ratio and introducing false

positives. For each paralogue, we therefore chose an outgroup with divergence at synonymous sites (Ks)

of 0.1-0.2 where possible. Additionally, the prevalence of duplications and losses of Ago2 paralogues

in the obscura group (Figure 4.1, Chapter 3) meant that for some tests, a suitably divergent extant out-

group sequence did not exist. In these cases, we reconstructed hypothetical ancestral sequences using

the M0 model in PAML (Yang 1997). Specifically, for each D. obscura test we used the corresponding

D. subsilvestris paralogue as an outgroup, and for each D. subobscura test we used the corresponding D.

subobscura-D. obscura ancestor. For each paralogue within the D. pseudoobscura Ago2a1-Ago2d clade

we used the ancestor of this clade, and for D. pseudoobscura Ago2e we used the D. pseudoobscura-D.

affinis Ago2e ancestor. To assess the effect of these outgroup choices on our results, we repeated each

test with another outgroup. For D. subobscura we used D. subsilvestris, for D. obscura we used D.

tristis, and for D. pseudoobscura we used either D. lowei (Ago2e), or a different paralogue from D.

pseudobscura (Ago2a1-Ago2d). We find no effect of outgroup choice on the significance of any tests,
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and only marginal differences in estimates of ↵ and !(↵) (Appendix C).

Testing for reduced diversity

Recent selection can also be inferred from a reduction in diversity at a particular locus compared with

the genome as a whole. To compare the diversity of each D. pseudoobscura Ago2 paralogue with the

genome as a whole, we inferred the distribution of genome-wide synonymous site diversity. To infer

this distribution, we used genomic data for 12 lines generated by McGaugh et al. 2012. We mapped

short reads to the longest ORF for each gene in the R3.2 gene set using Bowtie2 v2.1.0 (Langmead et

al. 2009), and estimated synonymous site diversity (✓W based on fourfold synonymous sites) at each

ORF using PoPoolation (Kofler et al. 2011). We then plotted the distribution of synonymous site diver-

sity, limited to genes in the size range of 0.75kb - 3kb long for comparability with the Ago2 paralogues

(Chapter 3), and compared the fourfold synonymous site diversity levels of each D. pseudoobscura

Ago2 paralogue with this distribution. Due to the locations of the D. pseudoobscura paralogues on

autosomes (Ago2b, Ago2c & Ago2e) and the X chromosome (Ago2a1, Ago2a3 & Ago2d), and the

different population genetic expectations for autosomal and X-linked genes (Vicoso and Charlesworth

2006), we examined separate distributions for autosomal and X-linked genes. To provide an additional

test for reduced diversity at D. pseudoobscura Ago2 paralogues, we performed maximum-likelihood

Hudson-Kreitman-Aguadé tests (Wright and Charlesworth 2004), using divergence from D. affinis and

intraspecies polymorphism data for 84 D. pseudoobscura loci generated by Haddrill et al. 2010. We

performed 63 tests to encompass all one, two, three, four, five and six-way combinations of the par-

alogues, and calculated Akaike weights from the resulting likelihood estimates to provide an estimate

of the level of support for each combination.

To infer a genome-wide distribution of synonymous site diversity for D. obscura and D. subobscura,

for which genomic data are unavailable, we used previously-generated pooled transcriptome data. The

D. subobscura pool consisted of 338 males (described in Mierlo et al. 2014: 38 flies collected July

2011 Sussex 51.100N, 0.164E; 60 flies July 2011 Edinburgh 55.928N, 3.170W; 180 flies August 2011

Perthshire 56.316N, 3.790W; 60 flies October 2011 Edinburgh 55.928N, 3.170W), and the D. obscura

pool consisted of 222 males (115 flies collected July 2011 Sussex 51.100N, 0.164E; 55 flies August

2011 Perthshire 56.316N, 3.790W; 52 October 2011 Edinburgh 55.928N, 3.170W). To generate a de

novo transcriptome for each species, we assembled short reads with Trinity r20140717 (Grabherr et al.

2011). For each species, we then mapped short reads to the longest ORF for each transcript, estimated
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synonymous site diversity at each locus, and plotted the distribution of diversity for genes 0.75kb - 3kb

long (as described above for D. pseudoobscura). The presence of heterozygous sites in males (identified

by Sanger sequencing as detailed in Chapter 3) confirmed that all Ago2 paralogues in D. subobscura and

D. obscura are autosomal: we therefore compared the synonymous site diversity for these paralogues

with the autosomal distribution, and do not show the distributions for X-linked genes.

Selective sweeps

Diversity at a focal locus can be reduced by selection on that locus, but also by selection on other linked

loci, depending on their proximity and the rate of recombination (McVean and Charlesworth 2000).

Where population genomic data permitted (D. pseudoobscura), we therefore investigated whether the

diversity of each paralogue was a result of their genomic location, by comparing diversity at each par-

alogue to diversity in their neighbouring regions. We obtained sequence data for the 50kb either side of

each of these paralogues from the 11 whole genomes detailed in McGaugh et al. 2012. Due to the very

high similarity of these Ago2 paralogues, they cannot be accurately assembled from short read data.

For each genome, we therefore replaced the poorly-assembled region corresponding to the paralogue

with one of our own Sanger-sequenced haplotypes, making a set of 11 ca. 102kb sequences for each

paralogue. We aligned these sequences using PRANK (Löytynoja and Goldman 2005) with default

settings, and calculated Watterson’s ✓ at all sites in a sliding window across each alignment, with a win-

dow size of 5kb and a step of 1kb. For Ago2a1 and Ago2a3, which are located in tandem, we analysed

the same genomic region. Diversity may also be reduced at these Ago2 paralogues compared to their

neighbouring regions by demographic differences between our sample and the populations sequenced

by McGaugh et al. 2012, leading to false signatures of selective sweeps. To test the robustness of our

results to demographic differences, we repeated these analyses of diversity on a dataset in which our

Sanger sequenced haplotypes were removed, leaving only polymorphism data from the populations se-

quenced by McGaugh et al. 2012.

To test explicitly for selective sweeps at each region, we used Sweepfinder (Nielsen et al. 2005) to

calculate the likelihood of a sweep on each Ago2 paralogue. Selective sweeps occur when a beneficial

variant is driven rapidly to fixation, eliminating standing genetic variation at linked sites, thus changing

the allele frequency spectrum in the region around the sweep (Smith and Haigh 1974). Sweepfinder

locates these regions by calculating the marginal likelihood of the allele frequency spectrum for each

site under models with and without selection, and multiplying the marginal likelihoods for each site in
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a given window to gain a maximum composite likelihood under each model for that region (Nielsen et

al. 2005). It then divides the maximum composite likelihoods with and without a sweep, to obtain a

composite likelihood ratio for a sweep in that window (Nielsen et al. 2005). Sweepfinder can therefore

produce a maximum composite likelihood surface for a chromosomal region, which gives a visual rep-

resentation of the likelihood of a sweep at any location. Additionally, Sweepfinder ignores haplotype

information, therefore the potential disruption of such haplotypes by our combining of Sanger-derived

and whole-genome data will not affect the inference of a sweep. In these analyses we specified a gridsize

of 20,000, a folded frequency spectrum for all sites, and included invariant sites. Due to their location

in tandem, it is impossible to unambiguously attribute a sweep to either Ago2a1 or Ago2a3; for these

paralogues, we therefore analysed the composite Ago2a1/Ago2a3 sequence.

To infer the significance of any observed peaks in the composite likelihood ratio, we used ms (Hud-

son 2002) to generate 1000 samples of 11 sequences under a coalescent model. We generated separate

samples for each region, specifying the same number of polymorphic sites as observed in each region,

the sequence length equal to the alignment length, and the effective population size at 106 (based on a

previous estimate for D. melanogaster by Li and Stephan 2006). We specified the recombination rate

at 5cM/Mb, a conservative value based on previous estimates for D. pseudoobscura (McGaugh et al.

2012), which will lead to larger segregating linkage groups and therefore a more stringent significance

threshold.

To test for partial or soft selective sweeps at Ago2e, we calculated the nSL statistic (Ferrer-Admetlla et

al. 2014) for each SNP in our Ago2e haplotype data. The nSL statistic detects an increase in haplotype

homozygosity caused by a soft or partial sweep, by quantifying the number of segregating sites in the

same haplotype as a focal SNP (Ferrer-Admetlla et al. 2014). To test for significance of nSL at each

SNP, we simulated 1,000 sets of 24 haplotypes with the same length and number of segregating sites as

the Ago2e haplotypes, calculated nSL for each simulated haplotype set, and plotted the distribution of

these values. To estimate a p-value for each SNP, we then calculated the percentile of the distribution

into which the nSL for each SNP in the observed data fell.
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4.3.4. Investigating variation in selective constraint across the protein

structure of Ago2 paralogues

To test for differences in selective constraint between the PAZ domain, PIWI domain and the rest of

the gene, we first identified the location of these regions in each Ago2 paralogue by searching the

Pfam database (Finn et al. 2009). We then plotted polymorphic sites along the length of each Ago2

paralogue, and calculated the proportion of sites in each region that were polymorphic (in order to

correct for differences in length between the different regions). To investigate variation in selective

constraint across the protein structure of Ago2 paralogues, we mapped polymorphic sites identified in

each paralogue onto the structure of D. melanogaster Ago2. For each paralogue, we identified residues

with one or two polymorphic sites, and used translational MAFFT (Katoh et al. 2002) to identify the

corresponding residues in the D. melanogaster Ago2 sequence. We then mapped these polymorphic

residues onto the D. melanogaster Ago2 3D protein structure described in Section 2.2.5, and visualised

polymorphic residues using PyMol v.1.7.4.1 (Schrödinger, LLC).

4.4. Results

4.4.1. Testis-specificity is generally associated with an increase in

evolutionary rate

To test for differences in evolutionary rate between testis-specific and ubiquitously expressed Ago2 par-

alogues (see Section 3), we fitted models to a set of Dipteran Ago2 sequences using codeml (PAML,

Yang 1997). We find that most support (Akaike weight = 0.99) falls behind a model specifying a dif-

ferent ! for each obscura group Ago2 subclade, and another separate ! for the D. pseudoobscura-D.

persimilis Ago2a-Ago2b subclade. Under this model, the D. pseudoobscura-D. persimilis Ago2a-Ago2b

subclade has the highest rate of protein evolution (!=0.35±0.058), followed by the Ago2f subclade

(!=0.22±0.016), the Ago2a subclade (!=0.20±0.015), the Ago2e subclade (!=0.18±0.011), and fi-

nally the other Dipteran Ago2 sequences (!=0.13±0.002). This shows that the evolution of testis-

specificity is generally accompanied by an increase in evolutionary rate.
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4.4.2. Contrasting sequence characteristics of Ago2 paralogues in the

obscura group

We find several contrasts between the population genetic characteristics of the different paralogues (Ta-

ble 4.1). In D. subobscura and D. obscura, Ago2f has the highest diversity of all paralogues at both

synonymous and nonsynonymous sites, as well as the highest ⇡a/⇡s ratio. In D. pseudoobscura, Ago2e

has higher synonymous site diversity than all members of the Ago2ad subclade, but lower diversity at

nonsynonymous sites, and therefore the lowest ⇡a/⇡s ratio.

Additionally, there is evidence for codon usage bias, which differs in strength between clades. The

highest levels are seen in the Ago2e clade, which has a low ENC in D. obscura (40.36) and D. pseu-

doobscura (34.24), and a high CBI in both species (0.51 & 0.73 respectively). Ago2e also displays low

ENC compared with the genome as a whole, falling into the 8th percentile for D. obscura, and the 1st

percentile for D. pseudoobscura (Figure 4.2). The Ago2f clade also shows codon usage bias but at a

weaker level, with D. subobscura and D. obscura Ago2f having a lower ENC (45.63 & 48.39 respec-

tively) and a higher CBI (0.41 & 0.33 respectively) than any member of the Ago2a clade. In the context

of the whole genome, however, Ago2f does not have unusually high levels of codon usage bias in D.

subobscura (31st percentile) or D. obscura (49th percentile).
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Table 4.1.: Genetic diversity and codon usage summary statistics.
All values are displayed to 2dp

Paralogue ⇡a (%) ⇡s (%) ⇡a/⇡s ENC CBI Tajima’s D p value (Taj. D)
D. subobscura Ago2ad 0.04 0.66 0.06 56.56 0.22 0.09 >0.10
D. subobscura Ago2f 0.21 1.31 0.16 45.63 0.41 -1.34 >0.10
D. obscura Ago2ad 0.07 0.39 0.17 56.22 0.23 -0.49 >0.10
D. obscura Ago2f 0.62 1.21 0.51 48.39 0.33 -0.62 >0.10
D. obscura Ago2e 0.02 0.43 0.05 40.36 0.51 -0.90 >0.10
D. pseudoobscura Ago2a1 0.17 0.23 0.73 54.08 0.25 -1.05 >0.10
D. pseudoobscura Ago2a3 0.21 0.61 0.34 54.158 0.24 -0.39 >0.10
D. pseudoobscura Ago2b 0.13 0.15 0.87 55.96 0.23 -2.14 <0.05
D. pseudoobscura Ago2c 0.18 0.86 0.21 55.24 0.23 -0.41 >0.10
D. pseudoobscura Ago2d 0.21 0.28 0.74 56.79 0.20 -0.76 >0.10
D. pseudoobscura Ago2e 0.07 2.33 0.03 34.24 0.73 -1.51 >0.10
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Table 4.2.: McDonald-Kreitman test results.
Pn & Ps are the number of within-species polymorphisms after singletons have been removed. All values are displayed to 2dp, except !(↵) which is displayed to 4dp

Paralogue Pn Ps Outgroup Dn Ds ↵ !(↵) p value
D. subobscura Ago2a 2 9 D. subobscura / D. obscura Ago2a ancestor 26 72 0.39 0.0016 0.73
D. subobscura Ago2f 5 13 D. subobscura / D. obscura Ago2f ancestor 129 150 0.55 0.0011 0.15
D. obscura Ago2a 3 5 D. subsilvestris Ago2a 39 65 0.00 0.00 1.00
D. obscura Ago2f 15 12 D. subsilvestris Ago2f 92 106 -0.44 -0.0013 0.42
D. obscura Ago2e 1 5 D. subsilvestris Ago2e 87 145 0.67 0.0015 0.42
D. pseudoobscura Ago2a1 5 1 D. pseudoobscura Ago2a1-d ancestor 74 66 -3.46 -0.0157 0.22
D. pseudoobscura Ago2a3 5 4 D. pseudoobscura Ago2a1-d ancestor 72 71 -0.23 -0.0010 1.00
D. pseudoobscura Ago2b 5 1 D. pseudoobscura Ago2a1-d ancestor 78 54 -2.46 -0.0136 0.40
D. pseudoobscura Ago2c 8 8 D. pseudoobscura Ago2a1-d ancestor 47 78 -0.66 -0.0025 0.42
D. pseudoobscura Ago2d 5 3 D. pseudoobscura Ago2a1-d ancestor 85 72 -0.41 -0.0017 0.73
D. pseudoobscura Ago2e 0 17 D. pseudoobscura Ago2e & D. affinis Ago2e ancestor 77 120 1.00 0.0027 0.00

77



4. Population genetics of Argonaute2 paralogues in the obscura group

4.4.3. Positive selection on D. pseudoobscura Ago2e

To identify and measure positive selection on the Ago2 paralogues in the D. obscura group, we initially

performed McDonald-Kreitman (MK) tests (Table 4.2). We identified strong positive selection on D.

pseudoobscura Ago2e (Fisher’s exact test, p=0.0004), with 100% of substitutions estimated as adaptive

(↵=1.00). Although this estimate of ↵ may have been biased by the use of a highly divergent outgroup

(D. affinis Ago2e, Ks=0.30), this would not affect the validity of the test itself, which is instead driven

by the extreme skew in pN/pS (0/17). MK tests for all other Ago2 paralogues were non-significant

(Fisher’s exact test, p>0.1), implying that there is no positive selection on these loci. Alternatively, this

could reflect a lack of power, caused by the low diversity at all of these loci (fewer than 10 polymorphic

sites in most cases).

4.4.4. Extremely low diversity in the Ago2a & Ago2e subclades, and

selective sweeps at D. pseudoobscura Ago2a1/3, Ago2b & Ago2c

As a complementary approach to identifying selection, we compared the synonymous site diversity at

each Ago2 paralogue in D. pseudoobscura with the distribution of genome-wide synonymous site diver-

sity. We find that all paralogues have unusually low diversity: Ago2a1, Ago2b and Ago2c fall into the

1st percentile, Ago2a3 and Ago2d into the 2nd percentile and Ago2e into the 8th percentile (Figure 4.3).

ML-HKA tests confirm that the diversity of Ago2a1-d is significantly lower than the D. pseudoobscura

genome as a whole (Akaike weight = 0.99).

We find similar results when comparing the diversity of D. subobscura and D. obscura Ago2 paralogues

to transcriptome-derived diversity distributions, suggesting that this low diversity is not limited to D.

pseudoobscura. In D. obscura, Ago2a and Ago2e fall into the 2nd and 4th percentile respectively,

whereas Ago2f falls into the 19th percentile (Figure 4.3). In D. subobscura, Ago2a falls into the 7th

percentile, whereas Ago2f falls into the 16th percentile (Figure 4.3).

As an additional and more rigorous test for selection on the Ago2 paralogues in D. pseudoobscura, we

analysed the neighbouring region around each paralogue for the presence of selective sweeps, allowing

us to estimate the strength, significance and location of a sweep for each paralogue. We find strong

evidence for recent selective sweeps at or very close to Ago2a1/3, Ago2b and Ago2c, which display
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Figure 4.2.: The distribution of codon usage bias, derived from genome (D. pseudoobscura) or tran-
scriptome (D. subobscura & D. obscura) data.
The percentile of the distribution into which each paralogue falls is indicated in brackets under the par-
alogue name. Ago2e has a very low effective number of codons (ENC) compared with the genome as a
whole, indicating a high degree of codon usage bias.
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sharp troughs in their diversity levels, and large peaks in the likelihood of a sweep which far exceed the

significance threshold (p<0.01) (Figure 4.4). These localised reductions in diversity remain when our

haplotype data is removed, indicating that these results are robust to demographic differences (Appendix

C).There is ambiguous evidence for a sweep at Ago2d: there is one significant (p<0.01) likelihood peak

just upstream of the paralogue, but two other peaks ~1kb and ~3kb further upstream. Sweepfinder finds

no evidence for a sweep at Ago2e, with no likelihood peak or diversity trough. However, a SNP at

position 1722 of Ago2e displays a significant nSL value (nSL = -1.812379, p<0.001), and has a derived

allele frequency of 0.5, possibly indicating an incomplete selective sweep.

4.4.5. Selective constraint is consistent across gene length and protein

structure

To quantify differences in selective constraint between different domains and structural components, we

mapped polymorphisms along the length of each Ago2 paralogue, and onto the 3D protein structure of

D. melanogaster Ago2. We find that polymorphisms are distributed evenly across the gene length and

protein structure, with no hotspots of polymorphism in any of the paralogues.

4.5. Discussion

4.5.1. Key findings

Our data give several indications that Ago2 paralogues in the obscura group are evolving under strong se-

lection, and provide strong evidence for selection on numerous paralogues in D. pseudoobscura. Firstly,

we find low diversity at all Ago2 paralogues, which is significantly lower than the genome-wide average

for the majority of paralogues (Section 4.4.4), suggesting the action of positive selection. Secondly, we

identify a clear and convincing signature of recent selective sweeps on D. pseudoobscura Ago2a1/3,

Ago2b and Ago2c (Section 4.4.4), and an excess of nonsynonymous fixed differences at D. pseudoob-

scura Ago2e (Section 4.4.3), providing additional evidence for positive selection on Ago2 paralogues.

Finally, we find a general pattern of higher evolutionary rate after specialization to the testis (Section
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Figure 4.3.: The distribution of synonymous site diversity, derived from genome (D. pseudoobscura) or
transcriptome (D. subobscura & D. obscura) data.
The percentile of the distribution into which each paralogue falls is indicated in brackets under the par-
alogue name. In each species, members of the Ago2a and Ago2e subclades have very low diversity
compared with the genome as a whole.
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Figure 4.4.: Selective sweeps at D. pseudoobscura Ago2 paralogues.
For each paralogue, diversity at all sites (Watterson’s ✓) is displayed in red, and the likelihood of a sweep
(composite likelihood ratio, CLR) is displayed in blue. The significance threshold for this likelihood
ratio is displayed by the horizontal dotted line (p<0.01, derived from the 10th-highest CLR out of 1000
coalescent simulations, assuming constant recombination rate and Ne as detailed in Section 4.3.3). There
is strong evidence for sweeps at Ago2a, Ago2b and Ago2c, indicated by troughs in their diversity levels
and peaks in the likelihood of a sweep.
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4. Population genetics of Argonaute2 paralogues in the obscura group

4.4.1); combined with evidence for positive selection and selective sweeps, this indicates that the testis-

specific function that has evolved in the majority of Ago2 paralogues is not only highly derived, but may

also be driven by strong selection.

4.5.2. Caveats & considerations

We discover a strong general pattern of reduced diversity in Ago2 paralogues, which is unusually low

for most paralogues. This trend is not pervasive, however, with much higher diversity at Ago2f than

Ago2a & Ago2e (although Ago2f still falls into the lowest quartile of the distribution in both species).

This may be caused by genomic diversity distributions for D. subobscura and D. obscura being derived

from transcriptomic data, potentially enriching the genome-wide distribution for more easily detectable

highly expressed genes, which often evolve more slowly and have lower levels of diversity (Pal et al.

2001; Lemos et al. 2005). This would result in a leftward (i.e. less diverse) skew in the overall distri-

bution, not affecting the validity of any genes identified as having unusually low diversity (e.g. Ago2a

& D. obscura Ago2e), but making other genes with low diversity harder to identify. The significance of

the difference between Ago2f and the other Ago2 subclades therefore remains unclear.

Diversity can be reduced by codon usage bias (CUB), which is caused by drift, mutational bias or selec-

tion for increased translational efficiency (Sharp and Li 1989; Pal et al. 2001; Lemos et al. 2005), and

which is prevalent across Drosophila (Heger and Ponting 2007) and other insects (reviewed in Behura

and Severson 2013). This does not appear to be driving the low diversity in the Ago2a subclade (all

members of which show low levels of CUB), but may have contributed to the low diversity of Ago2e in

D. obscura and D. pseudoobscura, both of which show extremely high levels of CUB (Table 4.1, Figure

4.2). In the case of D. obscura, Ago2e has higher GC content in its exons (57.93%) than its introns

(54.84%), which may indicate that its high CUB is driven by selection. In contrast, there is similar

GC content for both exons (62.70%) and introns (61.54%) of D. pseudoobscura Ago2e, suggesting that

its high CUB may be driven by mutational bias rather than selection. Furthermore, the GC content of

the exons of Ago2e is similarly high in the close relative D. persimilis (62.34%), but is lower (52.65%

- 59.78%) in the more distant relatives D. subsilvestris, D. tristis, D. azteca, D. affinis and D. lowei.

This may suggest that Ago2e may have translocated to a new location with higher mutational bias in the

D. persimilis-D. pseudoobscura ancestor, although the lack of genomic data for most of these species

prevents firm conclusions about the cause of this difference.
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4. Population genetics of Argonaute2 paralogues in the obscura group

Another potential confounding factor is the recent origin of D. pseudoobscura Ago2a1/3, Ago2b, Ago2c

and Ago2d, which may be expected to place an upper limit on diversity if the origin is later than the

expected time of allele coalescence. Based on dates from our time-scaled gene tree (Figure 4.1) and

assuming 10 generations per year (e.g. Cutter 2008), we estimate that Ago2c & Ago2d originated 18

million generations ago, Ago2b 36 million generations ago, and Ago2a1 & Ago2a3 fewer than 100,000

generations ago. In comparison, we expect the alleles of each paralogue to coalesce in 4Ne generations,

or 4 million generations (assuming Ne=106). This suggests that it is only the diversity of Ago2a1 &

Ago2a3 that may be limited by their recent origin. In this case, however, these paralogues have become

fixed in the population despite an extremely recent origin, which is highly unlikely to have occurred by

drift, and is in itself evidence of positive selection.

Finally, our analyses of selective sweeps localised some likelihood peaks slightly upstream (Ago2c)

or downstream (Ago2a1/3) of the Ago2 paralogue position. This could be caused by selection on cis-

acting regulatory elements flanking the paralogue, selection on neighbouring loci, chance recombination

events during a sweep, or local fluctuations in recombination rate, which shows considerable variation

across the D. pseudoobscura genome (McGaugh et al. 2012). In the case of Ago2c, there is one lo-

cus (FBgn0071384) immediately upstream that could contribute to the 5’ shift in the likelihood peak,

meaning that selection cannot be unequivocally attributed to this paralogue. In contrast, there are no

neighbouring loci around Ago2a1/3, making the shift in its likelihood peak more likely due to recombi-

nation rate variation or selection on regulatory elements. Combined with the unambiguous positioning

of the highest likelihood peak within the coding region of Ago2b, this indicates that selective sweeps are

likely to have acted on at least two of the Ago2 paralogues in D. pseudoobscura.

4.5.3. Implications

Our finding of strong selection on Ago2 paralogues in the obscura group mirrors the results of previ-

ous analyses of D. melanogaster (Obbard et al. 2006; Obbard et al. 2009b; Obbard et al. 2011) and

Drosophila generally (Kolaczkowski et al. 2011). In these species, however, Ago2 is generally present

in a single copy (Chapter 2), in contrast to the frequent duplications seen in the obscura group (Figure

4.1). Selection therefore appears to be retaining paralogues of Ago2 in the obscura group, as well as

driving rapid evolution of these paralogues after they have been fixed.
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After duplication, Ago2 paralogues have either retained their (presumably ancestral) ubiquitous expres-

sion pattern, as seen for D. subobscura Ago2a, D. obscura Ago2a and D. pseudoobscura Ago2c, or

specialized to the testis, as seen for D. pseudoobscura Ago2a & Ago2b, and for the Ago2e & Ago2f

clades (Chapter 3). Our data suggest that both of these expression patterns appear to be under strong

selection. The ubiquitously-expressed paralogues all have low diversity compared with the genome as

a whole (Figure 4.3), and D. pseudoobscura Ago2c also shows evidence of a recent selective sweep

(Figure 4.4). This is consistent with the patterns of selection on ubiquitously expressed Ago2 in other

species, which also show evidence for recent selection (Obbard et al. 2006; Obbard et al. 2009b) and

selective sweeps (Obbard et al. 2011). This suggests that the selection pressures acting on ubiquitously

expressed Ago2 paralogues in the obscura group may be similar to those previously suggested for Ago2

genes in other Drosophila species, such as an arms race with viruses (Obbard et al. 2006; Kolaczkowski

et al. 2011).

Positive selection also appears to be acting on some testis-specific Ago2 paralogues, as evidenced by

the low diversity of D. obscura Ago2e and D. pseudoobscura Ago2a1, Ago2a3 & Ago2b, the selective

sweeps identified on D. pseudoobscura Ago2a & Ago2b, and the positive selection on D. pseudoob-

scura Ago2e. This is consistent with functional divergence, possibly to specialise to a pre-existing

function (see Chapter 3), or even a novel testis-specific function, as seen in other testis-specific genes

in D. melanogaster, which evolve at a faster rate than the genome-wide average (Haerty et al. 2007).

However, these evolutionary patterns are not consistent across all testis-specific paralogues, with the

diversity of D. subobscura & D. obscura Ago2f and D. pseudoobscura Ago2e not significantly lower

than the genome-wide level, and no selective sweep identified on D. pseudoobscura Ago2e. This could

indicate the evolution of contrasting functions, which impose different selection pressures; alternatively,

testis-specificity may be driven by the same selection pressure, which is subsequently relaxed in some

lineages.

In conclusion, we find low diversity at the majority of obscura group Ago2 paralogues, and identify

selective sweeps on D. pseudoobscura Ago2a, Ago2b and Ago2c. Combined with the general increase

in evolutionary rate after specialization to the testis, this suggests that some, if not all, testis-specific

paralogues are evolving under positive selection.
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5. CRISPR/Cas9-mediated knockout of

Ago2a1-Ago2e in Drosophila

pseudoobscura

5.1. Introduction

Previously, we have documented the discovery of paralogues of Ago2 in the D. obscura group (Chapter

3). We have also found that these paralogues have frequently specialised to the testis (Chapter 3), and are

under strong positive selection (Chapter 4). This selection may be imposed by an anti-TE role, because

Ago2 has a well-characterized anti-TE role in the soma and germline of D. melanogaster (Czech et al.

2008; Chung et al. 2008), and because some TEs are more active in the testis (e.g. copia; Pasyukova

et al. 1997; Morozova et al. 2009). We sought to create knockouts of the Ago2 paralogues in D. pseu-

doobscura, in order to characterize the nature of their functions. In addition, several of these paralogues

show evidence of functional divergence while still retaining very close sequence homology to each other

(Chapter 3). We therefore aimed to generate knockouts to test for functional redundancy between these

recent paralogues.

A variety of transgenic techniques have been developed in the last 25 years, and have provided a valuable

insight into the functions of Argonaute genes in D. melanogaster. One of the earliest techniques involved

the use of TEs, either to knock down a gene by inserting and disrupting its open reading frame, or to

insert an exogenous gene (Rubin and Spradling 1982). For example, TE insertion-mediated knockout

revealed that Ago1 functions downstream of sRNA production during embryo development (Williams

and Rubin 2002), and TE-induced deletion demonstrated a key role for Ago2 in antiviral defence (Rij

et al. 2006). A more precise method was introduced by RNA interference (RNAi), which allows spe-
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cific knockdown of gene expression by using complementary small RNA guides to target transcripts

(Fire et al. 1998), and which has revealed a key role for Ago2 in somatic TE suppression (Chung et al.

2008). More recently, zinc-finger nucleases (ZFNs) (Bibikova et al. 2002) and transcription activator-

like effector nucleases (TALENs) (Miller et al. 2011) have been employed to induce specific, heritable

changes to the genome, with a TALEN-based library of miRNA knockouts revealing key characteristics

of miRNA-target interactions (Kim et al. 2013b).

Despite the enormous potential of these techniques, several factors have limited their use to model

species. Firstly, most techniques use microinjection to deliver a reagent mix to embryos: the viability

of these embryos after injection often depends on a precise balance of reagents, which has only been

optimised for frequently used species such as D. melanogaster and Mus musculus. Secondly, the iden-

tification of transformants often requires the use of a marker gene driven under specific promoters, the

correct combinations of which have only been characterised for a handful of species (e.g. Bergham-

mer et al. 1999). Thirdly, most transgenic techniques either have low specificity at a low cost (e.g.

TE-mediated insertion), necessitating the screening of thousands of potential transformants, or high

specificity at a high cost (e.g. ZFN & TALEN), limiting the number of attempts that can be made at

transformation. Finally, many transgenic experiments require several generations of backcrossing and

full-sib mating to produce homozygous transformants, which is logistically challenging in species with

long generation times.

Recently, however, CRISPR/Cas9 (clustered regularly interspersed short palindromic repeats / CRISPR-

associated 9) has emerged as a technique that overcomes many of these limitations. This technique is

based on the CRISPR/Cas bacterial genome defence mechanism, which provides a defence against

bacteriophages and other invading genetic elements through a small RNA-guided mechanism that is

analogous to RNAi (Makarova et al. 2006; Barrangou et al. 2007). The mechanism is triggered by the

invasion of a foreign genetic element, which is recognised and cleaved by a Cas protein (Garneau et

al. 2010) to generate a small DNA termed a spacer (Barrangou et al. 2007). This spacer is integrated

into a CRISPR array (Barrangou et al. 2007), which consists of multiple spacers (each of which is ho-

mologous to a specific phage, plasmid or other foreign element) separated by short palindromic repeats

(Makarova et al. 2006), and often also contains one or multiple Cas genes. These CRISPR arrays are

then transcribed and processed into CRISPR RNAs (crRNAs), which bind Cas proteins and guide them

to invading genetic elements through complementary base pairing, upon which the Cas protein cleaves

the element and prevents its invasion (reviewed in Oost et al. 2014).
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This mechanism has now been adapted and refined into a highly specific, low cost transgenic technol-

ogy (Cong et al. 2013). All CRISPR-mediated techniques are based on the core interaction between

crRNAs (which mediate specific targeting) and Cas9 (which cleaves the target region). Each crRNA is

designed to bind to a 17-20nt region in the target locus, immediately upstream of an NGG trinucleotide

(the protospacer adjacent motif or PAM). If one crRNA is used, Cas9 induces a double-stranded break

(DSB) in the target locus which is repaired by the non-homologous end-joining repair pathway, often

resulting in a frame shift or deletion. If two chiRNAs are used, Cas9 can induce DSBs on either side

of the target locus, resulting in its complete removal from the genome (Figure 5.1, top). To replace the

target locus with another sequence, this technique can be combined with a donor DNA strand, which

consists of a replacement sequence (usually a marker gene or a modified version of the target locus)

flanked by sequences that are homologous to the neighbouring regions of the target locus. When the

target locus is cut out of the genome, the homologous flanking regions in the donor DNA induce the

endogenous homology-directed repair mechanism to repair the gap, with the replacement sequence used

as the template (Figure 5.1, bottom).

CRISPR/Cas9 has numerous advantages over other transgenic technologies, which make it more

tractable in non-model organisms. Firstly, CRISPR/Cas9 has high efficiency, with one study in Danio

rerio transforming embryos with >50% efficiency; this means that fewer embryos need to be injected

and fewer potential transformants screened, and therefore allows the technique to be used in species

from which only small numbers of embryos can be gathered. Secondly, CRISPR/Cas9 components

can be delivered in numerous different ways, ranging from microinjection of the chiRNAs and Cas9

mRNA, to injection of plasmids encoding these components driven under conserved promoters, through

to the use of transgenic lines which have been previously engineered to express some components (e.g.

D. melanogaster lines expressing Cas9; Port et al. 2014). This variety of delivery options allows the

technique to be applied to a wide range of different organisms. Finally, the fact that target specificity is

determined by short RNAs, which can be rapidly designed and cheaply manufactured, removes much

of the financial constraint that precludes the application of other techniques such as ZFN and TALEN,

and also allows chiRNA design to be tested and optimised quickly and efficiently.

These characteristics have allowed CRISPR to be applied beyond conventional genetic model species

to a wide range of organisms. In the cynomolgus monkey Macaca fascicularis (Niu et al. 2014) and the

domestic pig Sus scrofa domesticus (Hai et al. 2014), coinjection of crRNA and Cas9 mRNA was used

to create indels in single target genes. In the sea squirt Ciona intestinalis (Stolfi et al. 2014) and the goat

Capra aegagrus hircus (Ni et al. 2014), vectors carrying the Cas9 coding sequence (CDS) and crRNAs
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Ago2 paralogue

chiRNA chiRNA

chiRNAs guide Cas9 to 
cleave either side of target 

region

RFP
3xP3 

promoter

Knocked out and marked Ago2 paralogue

homologyhomology

Flanking regions mediate 
homology-directed repair, 
with the marker gene used 

as the template

Donor DNA

Figure 5.1.: Ago2 paralogue knockout by CRISPR/Cas9 and homology-directed repair.
Firstly, chimeric RNAs (chiRNAs) guide Cas9 to form double-stranded breaks either side of each Ago2
paralogue. Secondly, regions of homology flanking the donor double-stranded DNA guide homology-
directed repair of these breaks, with RFP used as the template. This results in a repaired region that has
RFP in place of the target region, marking all transformant individuals with eye-specific fluorescence.

were used to create indels in target loci, with the latter study finding very high efficiency of transforma-

tion (Ni et al. 2014). Finally, in the protozoan parasite Trypanosoma cruzi, plasmids carrying the Cas9

CDS and three redundant crRNAs were used to induce indels in the 65-member �-Galactofuranosyl

glycosyltransferase (�-GalGT) gene family (Peng et al. 2014).

5.2. Aims

We have previously found that Ago2 paralogues in the obscura group have undergone extensive func-

tional divergence (Chapter 3), carrying out a testis-specific function that may be evolving under strong

positive selection (Chapter 4). Until recently, transgenic technologies did not exist for the obscura

group; however, the CRISPR/Cas9 technique now allows the highly specific production of knockouts

in non-model organisms. We therefore aimed to use CRISPR/Cas9 to create knockouts of the Ago2
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paralogues in D. pseudoobscura, with the following goals:

1. Test for a possible function of Ago2 paralogues in TE suppression, by comparing transposition

levels in the soma and germline between wild type and knockout individuals.

2. Test whether Ago2 paralogues suppress meiotic drive, by comparing the fertility, fecundity and

sex ratios of offspring between wild type and knockout individuals.

3. Quantify the extent of redundancy and functional divergence, by comparing the phenotypic effects

of single and combinatorial Ago2 paralogue knockouts.

5.3. Methods

5.3.1. Details of constructs carrying CRISPR components

We used the Cas9 CDS from Streptococcus pyogenes (plasmid MLM3613, Addgene, Cambridge, MA,

USA). We aimed to mark transformants with red fluorescent protein (RFP) driven under the highly

conserved eye-specific promoter 3xP3 (plasmid pM{3xP3-RFPattP}, Bischof et al. 2007), as described

in Berghammer et al. 1999 and demonstrated in D. pseudoobscura (our focal species) by Holtzman et

al. 2010. Both Cas9 and RFP were carried on plasmids which also harboured an ampicillin reporter

and PCR priming sites for CDS amplification. The pM{3xP3-RFPattP} plasmid was transformed into

an E.coli vector using the heat-shock method, whereas the Cas9 plasmid was already transformed into

E.coli.

To target D. pseudoobscura Ago2a1-d and Ago2e separately, we designed four chimeric RNAs (chiR-

NAs): two targeting conserved regions at the 5’ and 3’ ends of Ago2a1-d, and two targeting the 5’ and

3’ ends of Ago2e. The 5’ and 3’ Ago2a1-d chiRNAs were perfectly complementary to the target sites in

Ago2a1-d, and had 6 and 5 mismatches respectively to the corresponding region in Ago2e. Similarly, the

Ago2e 5’ and 3’ chiRNAs had 7 and 5 mismatches respectively to the corresponding region in Ago2a1-

d, reducing the possibility of unintended off-target effects. We targeted conserved regions in Ago2a1-d

because of their high degree of sequence similarity (which reduces the number of unique target sites in
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each paralogue), and because a previous study successfully targeted conserved regions in a large gene

family with a small number of crRNAs (Peng et al. 2014). Each chiRNA consisted of a 17-19bp guide

RNA (gRNA) complementary to the target region, a 77bp RNA scaffold, a T7 promoter and stop motif,

and forward and reverse priming sites (this architecture was based on a chiRNA originally designed by

the Church Lab, Harvard, MA, USA).

5.3.2. Synthesis of CRISPR components

To amplify the Cas9 CDS for PCR, we incubated E. coli carrying the Cas9 plasmid overnight on

ampicillin-agar plates, and incubated single colonies overnight in LB broth. We extracted plasmid

DNA from these incubations using the QIAprep kit (Qiagen, Hilden, Germany) according to the man-

ufacturer’s instructions, and amplified the Cas9 CDS by PCR using Platinum Taq (Invitrogen). We

transcribed mRNA from this PCR product using the mMessage mMachine transcription kit (Ambion),

and added a polyA tail to these transcripts using the PolyA Tailing kit (Applied Biosystems, Foster

City, CA, USA). We purified polyA-tailed transcripts using a phenol:chloroform extraction with an iso-

propanol precipitation, and verified successful polyA tailing by agarose gel electrophoresis.

To synthesize the chiRNAs, each chiRNA was first synthesized as a DNA oligonucleotide by Sigma-

Aldrich (St. Louis, MO, USA). We then amplified each oligo by PCR using high fidelity Platinum Taq

(Invitrogen) (see Table 5.1 for PCR primers). We transcribed RNA from the PCR products using the

mMessage mMachine transcription kit (Ambion), purified RNA using the MEGAclear kit (Ambion),

and verified successful transcription by agarose gel electrophoresis.

To synthesize the RFP donor DNA, we incubated E. coli carrying the RFP plasmid overnight on

ampicillin-agar plates, and incubated single colonies overnight in LB broth. We extracted plasmid

DNA from these incubations using the QIAprep kit (Qiagen, Hilden, Germany) according to the manu-

facturer’s instructions, amplified RFP by PCR using Platinum Taq (Invitrogen), and verified successful

amplification by agarose gel electrophoresis. We used primers that were designed to incorporate 60-

128nt of flanking sequence onto the 5’ and 3’ ends of RFP, homologous to the sequence upstream and

downstream of the excised region in each of Ago2a1-e (see Table 5.1 for PCR primers). Due to the

extremely high sequence similarity of the flanking regions around Ago2a1 and Ago2a3, we used the

same pair of primers to synthesize donor DNA for both loci, resulting in a single Ago2a1/Ago2a3 donor

91



5. CRISPR/Cas9-mediated knockout of Ago2a1-Ago2e in Drosophila pseudoobscura

DNA which should guide homology-directed repair of both loci with equivalent efficiency.

Table 5.1.: D. pseudoobscura CRISPR primers

Name Sequence (5’ - 3’)
gRNA_F TGTACAAAAAAGCAGGCTTTAAAG
gRNA_R TAATGCCAACTTTGTACAAGAAAG
MLM3613_Cas9_CMV_F CAAATGGGCGGTAGGCGTG
MLM3613_Cas9_BGH_R GCAACTAGAAGGCACAGTCGAGG
pM_3xP3_RFP_128overlap_a_F CGCAAGGATGGAGCTAATCAGGTGGCGGCCAT

GATTAAGTATGCTGCCACTTCCACCAACGAGAG
GAAGGCCAAGATCATCCGCTTGATGGAATATTT
CAGGCACAATTTAGACCCGACCATCAGCCACGA
AGTTATGTCGACGAATTCG

pM_3xP3_RFP_60overlap_ab_R CAGTGAGGTAGACACGTCCACGTGCCGCAGCC
AAATGTGCCAAATATGCCGGAGCCGGATGGCG
AGCTCGAATTCGATGG

pM_3xP3_RFP_128overlap_b_F CGCAAGGATACTGCTGCTCGGGTGGCGGCCATA
CTTAAGTTTGCTGCCACGTCAACCAACGAGAGG
AAGGCCAAGATCGTCCGCCTACTGGAATATTTC
AAGCACAATTTAGACCCGACCATCAGCCACGA
AGTTATGTCGACGAATTCG

pM_3xP3_RFP_60overlap_ab_R CAGTGAGGTAGACACGTCCACGTGCCGCAGCC
AAATGTGCCAAATATGCCGGAGCCGGATGGCG
AGCTCGAATTCGATGG

pM_3xP3_RFP_128overlap_c_F CGCAAGGATGGAGCTAATCAGGTGGCGGCCAT
GATTAAGTATGCTGCCACTTCCACCAACGAGAG
GAAGGCCAAGATCATCCACTTGCTCGAATATTT
CAAACACAACTTAGATCCGACCATCAGCCACGA
AGTTATGTCGACGAATTCG

pM_3xP3_RFP_60overlap_cd_R CAGTGAGATAGACACGTCCACGTGCCGCAGCC
AAATGTGCCAAATATGCCGGAGCCGGATGGCG
AGCTCGAATTCGATGG

pM_3xP3_RFP_97overlap_d_F TGATTAAGTATGCTGCCACTCCCACCAACGAGA
GGAAGGCCAAGATCATCCGCTTGATGGAATATT
TCAGGCACAATTTAGACCCGACCATCAGCCACG
AAGTTATGTCGACGAATTCG

pM_3xP3_RFP_60overlap_cd_R CAGTGAGATAGACACGTCCACGTGCCGCAGCC
AAATGTGCCAAATATGCCGGAGCCGGATGGCG
AGCTCGAATTCGATGG

pM_3xP3_RFP_97overlap_e_F TTTGGGCTGTTCCAGGCGCTGGTGCTCGGCGAT
CGGCCGTTCGTGAACGTGGACATAACGCACAA
GTGCTTCCACCTGGCGATGCCGGTCGTCGAGTC
GAAGTTATGTCGACGAATTCG

pM_3xP3_RFP_60overlap_e_R CAGTGAGGTACACGCGTCCGCGAGCGGCGGCC
AGGTGAGCCAGGTAGGCCGGGGCCGGGTGGCG
AGCTCGAATTCGATGG
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5.3.3. Microinjection of CRISPR mixtures

To deliver the synthesised CRISPR components to D. pseudoobscura, we injected a mixture of Cas9

mRNA, chiRNAs and RFP donor DNA into embryos from D. pseudoobscura genome strain individuals

using a microinjector kept under positive pressure (injections were carried out by Dr Sang Chan at

the Fly Facility, University of Cambridge, UK). We injected two mixtures separately, the first to target

Ago2a1-d and the second to target Ago2e. The Ago2a1-d mixture was composed of 0.75ug/ul Cas9,

0.25ug/ul of each chiRNA and 0.0625ug/ul of each donor DNA. The Ago2e mixture was composed of

0.75ug/ul Cas9, 0.25ug/ul of each chiRNA and 0.25ug/ul donor DNA. For each mixture, 500 embryos

were injected.

5.3.4. Design of crosses

To generate large numbers of heterozygote knockouts in the F1 generation (in case of inviability of

homozygous knockouts), we backcrossed each injected adult (F0) to an uninjected genome strain in-

dividual. We pooled the offspring (F1) of these crosses for 10 days, and then separated offspring into

individual vials. We grouped males with multiple genome-strain virgin females, and kept females alone

to lay eggs, and then screened for transformants 21 days later. Assuming Mendelian segregation of

modified Ago2 loci, we expect half of the offspring (F2) of each F1 transformant to be heterozygous

transformant, and the other half to be homozygous WT. To increase the number of heterozygotes, we

backcrossed each of the F2 offspring to an uninjected genome strain individual for 21 days, before

screening for transformants. For the offspring (F3) of potential transformants in the F2 generation, we

paired full-sibs for 14 days of mating. Assuming Mendelian segregation, we expect 25% of these pairs

to be made up of two heterozygous transformant individuals, 25% of the offspring (F4) of which are

expected to be homozygous transformants (see Figure 5.2 for a diagram of the crossing scheme).

5.3.5. Identification of transformants

We attempted to identify transformants using four methods. Firstly, we assayed individuals for RFP

activity in the eyes using a Dark Reader DR89X Transilluminator (Clare Chemical, Dolores, CO). Sec-
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Predicted result

Transformant F1 offspring 
pooled for 10 days of 

mixed breeding
50% F2 are heterozygote 

transformants

Transformant F2 offspring 
backcrossed to WT

50% F3 are heterozygote 
transformants

F3 offspring of each F2 
transformant paired with a 

full-sib

~6% F4 are homozygote 
transformant, ~37% are 

heterozygote transformant

F0 embryos injected with 
mix

Small fraction of 
transformant gametes in a 

few individuals

All eclosed F0 individuals 
backcrossed to wild type 

(WT)

Low frequency of 
heterozygote F1 

transformants

Procedure

WT/WT

X

Transformant 
gametes

X X

KO/WT WT/WT WT/WT

X

KO/WT WT/WT

X

KO/WT KO/WT

KO/KO?

All potential transformants 
in F3 are dead

Assay all F3 individuals 
after mating with full-sib

Figure 5.2.: Design of crosses.
In the F1 generation there is a very low expected proportion of transformants. Two generations of back-
crossing are then employed, in order to increase the number of transformant Ago2 paralogue loci while
keeping them in a heterozygote state. In the F3 generation full-sib pairs are set up, with the aim of pairing
some heterozygote transformants, and therefore producing homozygote transformant offspring.
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ondly, we used PCR to screen for the presence of the RFP gene. Thirdly, we attempted to confirm that

RFP insertion had occurred at or near an Ago2 locus by using a "bridging" primer pair, consisting of one

primer that binds the 5’ end of RFP and another that binds the 3’ end of all Ago2 paralogues. Finally,

we tested whether the Ago2 gene region length had altered in line with expectation, given a deletion of

~1365bp (Ago2a1-d) or ~2170bp (Ago2e) and an insertion of ~975bp (RFP), using primers that spanned

the intended modification sites of each paralogue (primers and cycling conditions as in Chapter 3). Due

to the extremely high sequence similarity between Ago2a1 and Ago2a3, we used a redundant primer

pair that would amplify both loci, and refer to these loci as "Ago2a" when referring to PCR-based as-

says. For Ago2a1-d, we expected deleted but unmarked loci to be ~1365bp shorter than wild-type, and

deleted and RFP-marked loci to be ~330bp shorter. For Ago2e, we expected deleted but unmarked loci

to be ~2170bp shorter than wild-type, and deleted and RFP-marked loci to be ~1200bp shorter. DNA

extractions from F1 offspring were carried out using the Chelex method (Walsh et al. 1991), and all

other DNA extractions were performed using the Qiagen DNeasy Blood and Tissue kit (Qiagen, Hilden,

Germany) according to the manufacturer’s instructions.

Due to mispriming and ambiguity of markers (see Sections 5.4.1 & 5.4.2), we adjusted our method of

identifying transformants in different generations. In the F1 generation, the frequency of transformants

was predicted to be very low: we therefore used visual fluorescence as the primary indicator, and used

the bridging PCR to confirm RFP insertions in fluorescent individuals. In the F2 generation the expected

frequency of transformants was much higher, as all individuals were offspring of at least one putative

transformant. Additionally, validation of the F1 generation had revealed that the RFP mispriming sites

may be segregating in the population used for microinjection. We therefore used the bridging PCR as

the primary indicator in the F2 generation, and used the Ago2 PCRs to identify which Ago2 paralogue

(if any) had been knocked out in these potential transformants. The F2 generation also revealed that the

segregating RFP priming sites may interfere with the bridging PCR; we therefore used only the Ago2

PCRs to identify transformants in the F3 generation.

5.3.6. Sampling strategy

The financial and logistical constraints of switching to PCR-based markers (see Section 5.3.5) neces-

sitated the subsampling of individuals from each generation. We therefore froze all individuals from

each generation after a period of mating, but extracted DNA and carried out PCR assays on a subset of
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individuals. In the F1 generation, we carried out the RFP PCR on all individuals showing fluorescence,

the bridging PCR on a subset of 26 individuals showing fluorescence, and the Ago2 PCRs on a subset

of 18 fluorescent individuals which had produced offspring. In the F2 generation, we carried out the

bridging PCR on a randomly selected subset of 59 individuals, and the Ago2 PCRs on the 13 potential

transformants identified in this subset. In the F3 generation, we used the Ago2 PCRs to screen for trans-

formants in 4-7 F3 pairs each from 4 F2 pairs (18 F3 pairs in total), as an initial estimation of which

F2 pairs were the most likely to produce transformant offspring. For F2 pairs identified as producing at

least one transformant offspring in this screen, we used the Ago2 PCRs to screen all remaining pairs of

F3 offspring.

5.4. Results

5.4.1. Frequency and reliability of the fluorescent marker in the F1

generation

We observed a very low (~10%) proportion of successful eclosion of injected individuals: 31 females

and 20 males for the Ago2a1-d mix, and 37 females and 15 males for the Ago2e mix. This was sig-

nificantly female biased for the Ago2e mix (Fisher’s Exact Test, p=0.0442), but not for the Ago2a1-d

mix (Fisher’s Exact Test, p=0.3198). In the F1 progeny of these individuals, we found no individuals

with red fluorescence in the eye (the expected site of RFP expression). However, we did observe fluo-

rescence on the dorsal face of the wings and the left, right and dorsal sides of the thorax, with several

individuals harbouring large fluorescent tissue or other material on the thorax (Figure 5.3). We also

observed a difference between injection mixes in the overall number of fluorescent individuals, with

individuals injected with the Ago2e mix producing more fluorescent F1 individuals than the Ago2a1-d

mix (Chi-squared Test, p=0.016). The injection mixes also differed in the relative proportions of the lo-

cation of fluorescence: F1 individuals from the Ago2a1-d mix primarily fluoresced in the thorax only or

wings only, whereas a larger proportion of individuals from the Ago2e mix fluoresced at both locations

(Fisher’s Exact Test, p<0.0001). Finally, there was also a sex-biased difference in the overall number

of fluorescent individuals, with both mixes producing more fluorescent males than females; while this
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was not a significant difference (Fisher’s Exact Test, p=0.08), there was a significant difference between

the sexes in the location of fluorescence (Fisher’s Exact Test, p<0.0001), with females fluorescing more

frequently in the wings or wings and thorax, and males in the thorax only (Figure 5.4). The presence

of fluorescence implies that knock-in of the RFP marker locus was successful, but does not confirm the

knock-out of the Ago2 paralogues.

To validate this visual fluorescence marker, we assayed fluorescence in a random sample of uninjected

(a) Wild type (b) Side stripe

(c) Dorsal stripe (d) Dorsal tissue

Figure 5.3.: Thoracic markings of potential transformants.
The side stripe, dorsal stripe and dorsal tissue were all fluorescent, and were not seen in a subsample of
uninjected genome strain individuals.

genome strain individuals. We found no fluorescence in these individuals, indicating that the fluores-

cence seen in the injected F1s was unlikely to be a by-product of autofluorescence from another source
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(e.g. food or excretory matter). To estimate the reliability of this visual fluorescence marker, we ampli-

fied RFP from a random subset of these fluorescent F1 individuals (after they had produced offspring),

and found that 42% (19/45) of these individuals appear to carry an RFP gene of the expected length

(~650bp). Weak amplification of this product prevented us from confirming its identity by sequencing;

we therefore assessed the frequency of false-positives by carrying out the RFP PCR on a sample of

18 uninjected genome strain individuals, and found that a high proportion (14/18) of these individuals

also produce a PCR product from the RFP primer pair. Given this high proportion of false positives by

PCR, and the ambiguous nature of the visual fluorescence marker, we discounted visual fluorescence

and amplification of RFP as indicators of potential transformants in subsequent generations.

0

10

20

Female Male

Ago2a−d mix

0

10

20

Female Male

Both

Thorax only

Wings only

Ago2e mix

Figure 5.4.: The number of fluorescent individuals in the F1 generation.
More fluorescent F1 individuals were produced by individuals injected with the Ago2e mix (p=0.016).
There were also differences in the location of fluorescence for the two mixes (p<0.0001), with more in-
dividuals with fluorescent wings from the Ago2a1-d mix, and more individuals with fluorescent thoraxes
and wings from the Ago2e mix.
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5.4.2. Frequency and reliability of the RFP-Ago2 PCR marker in the F2

generation

Using the Ago2-RFP bridging PCR, the amplification of which indicates insertion of RFP into any of

the Ago2 paralogues in D. pseudoobscura, we detected 5 transformant females and 1 transformant male

in the F1 generation, and 5 transformant females and 8 transformant males in the F2 generation. In

terms of the overall numbers that were sampled in each generation, this equates to a female bias in both

generations, which is more pronounced in the F1 generation (Figure 5.6). However, given the apparent

segregation of RFP priming sites in the population that our injected individuals came from (Section

5.4.1), we checked whether this primer pair also amplified a product in a pooled sample of uninjected

genome strain individuals. We find that this sample also produced a PCR product from the RFP bridging

primer pair, indicating that the segregating RFP mispriming sites were potentially interfering with this

marker. We therefore discounted the RFP-Ago2 bridging PCR, and used shorter products in the Ago2

PCRs to identify transformants in all generations.

Figure 5.5.: A representative gel showing the truncated Ago2 PCR products.
Each F2 individual shown has a truncated and a full length Ago2 PCR product, in comparison to the
uninjected genome strain, where only a single full length PCR product is observed.

5.4.3. Frequency and segregation patterns of putative truncated Ago2

paralogues

Based on short products in the Ago2 PCR (which may indicate truncated Ago2 loci, illustrated in Figure

5.5), we detected the following potential transformants: 2 females and 1 male in the F1 generation; 5

females and 7 males in the F2 generation; and 11 females and 1 male in the F3 generation. Scaling these
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Figure 5.6.: The proportion of potential transformants by the RFP-Ago2 bridging PCR and the Ago2
length PCR.
By both assays, a higher proportion of potential transformants were female in all generations (Fisher’s
Exact Test, p>0.05). Caution should be exercised when comparing proportions between generations and
assays, given the different sampling strategies used.

numbers to the total number of individuals sampled reveals dramatic variation between generations in

the proportion of potential transformants; however, the different sampling strategies used in each gener-

ation make such comparisons difficult to interpret. Valid comparisons can, however, be made between

the proportion of transformant females and males within each generation. This reveals a female-biased

sex ratio in each generation, which is most dramatic in the F3 generation (Figure 5.6), but non-significant

in all generations (Fisher’s Exact Test, p>0.05).
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If these short Ago2 PCR products represent genuine Ago2 truncations induced by CRISPR, and if they

do not induce sterility or death, we would expect them to segregate in a Mendelian fashion. Our sam-

pling strategy precludes this analysis for the F1 generation; however, we can estimate the transmission

of short Ago2 products from the F2 to F3 generations. We therefore used the Ago2 PCRs to screen

the F3 offspring of four F2 pairs, all of which were composed of one WT individual and one potential

transformant individual which displayed short products in the Ago2a and Ago2b PCRs. For two of the

F2 pairs sampled, we detected no F3 offspring with short products in any Ago2 PCR. For the other two

F2 pairs, however, several F3 individuals displayed short products in both the Ago2d and Ago2e PCRs

(Table 5.2). Notably, in both of the F2 pairs that produced F3 individuals with short products, it was the

F2 male that displayed short products. Contrastingly, in the two F2 pairs that produced no F3 individu-

als with short products, it was the F2 female that displayed short products. This may suggest that Ago2

paralogue deletion has different effects in males and females, possibly linked to gamete formation or

viability, although without confirming the identity of these short products this remains speculative.

Unfortunately, all of the F3 individuals in which we identified short Ago2 products were dead on col-

lection. Sanger sequencing of the single short product displayed by 11 of these individuals produced no

recoverable sequence. We therefore ended the experiment at the F3 generation, due to the lack of F4

offspring from any potential transformants.

Table 5.2.: Frequency of the female F3 offspring of potential F2 transformants producing short products
in Ago2 PCR

F2 pair Ago2a Ago2b Ago2c Ago2d Ago2e

1 0/6 0/6 0/6 0/6 0/6
2 0/15 0/15 0/15 6/15 7/15
3 0/4 0/4 0/4 0/4 0/4
4 0/14 1/14 0/14 2/14 3/14
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5.5. Discussion

Transgenic technologies have enabled the testing of functional hypotheses, and recently the CRISPR/Cas9

technique has emerged as a powerful tool for use in non-model species. Here we aimed to use this tech-

nique to characterize the functions of Ago2 paralogues in D. pseudoobscura, in order to test the existence

and degree of functional divergence and redundancy between these paralogues; however, we failed to

generate knockout individuals. Our lack of success was most probably caused by the technique working

at a very low efficiency (or failing entirely), but might also indicate that Ago2 paralogue knockouts are

infertile or lethal.

Our data provide conflicting indications regarding the efficacy of CRISPR/Cas9 knockout of the Ago2

paralogues. We gained a high number of fluorescent individuals (Section 5.4.1), which were not present

in the parental stock, suggesting that the RFP marker gene inserted into the genome with relatively high

efficiency. However, the mispriming of the RFP PCR primers in the parental genome, combined with

the weak amplification of this potential RFP product, prevented us from validating these visual mark-

ers. This meant that no reliable estimate of efficacy could be drawn from fluorescence, and forced us

to rely solely on PCR-based screening. This identified a small number of individuals with (potentially)

truncated Ago2 loci in each generation, which were not found in the parental stock or our previous

population genetic survey of Ago2 paralogues (Chapter 4), and are therefore likely to indicate the suc-

cessful cleavage of these loci by Cas9. However, we were prevented from confirming the identity of

these short products by sequencing, due to the presence of multiple overlapping sequences (in dead ho-

mozygotes), or the presence of larger additional products (in heterozygotes). This means that we cannot

rule out another source, such as bacterial contamination, which is common in laboratory populations of

D. melanogaster (Staubach et al. 2013). This would be expected to increase after bacterial colonization

of the cadavers of homozygous individuals, leading to preferential amplification of the bacterial prod-

uct. The ambiguity of these markers therefore makes it difficult to draw firm conclusions regarding the

efficacy of Ago2 paralogue knockout by CRISPR/Cas9.

There are two main factors that may have contributed to this apparent lack of success. Firstly, we ob-

served low (~10%) survival of embryos after the initial microinjection stage of the procedure. While

a previous comparison of 12 Drosophila species found that D. pseudoobscura had one of the lowest

survival rates after microinjection for another transgenic procedure (Holtzman et al. 2010), our survival

rate is similar to that of D. melanogaster after microinjection with CRISPR/Cas9 components (3-10%,
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Bassett et al. 2013), suggesting that D. pseudoobscura is not particularly sensitive to CRISPR/Cas9 mi-

croinjection. Secondly, previous studies have rarely targeted more than one locus with the same gRNA

pair, in contrast to our targeting of five loci (Ago2a1-Ago2d) with one gRNA pair. However, a previous

study which used 3 redundant gRNAs to target all 65 members of the �-GalGT gene family found that

63% of these loci had been successfully truncated (Peng et al. 2014), demonstrating the efficacy of this

approach.

Despite this uncertainty regarding the success of the technique, two patterns in the marker loci suggest

that our lack of knockouts may have been driven by a vital function carried out by Ago2 paralogues (al-

though these suggestions remain necessarily speculative). Firstly, F3 homozygotes for truncated Ago2

loci were all dead: while the potential for bacterial contamination and the lack of sequence from these

individuals means we cannot be certain which (if any) Ago2 locus was truncated, this may suggest that

one or more Ago2 paralogues carry out a vital function. Secondly, the Ago2 length assay indicated a

female bias in transformation success (Figure 5.6). This could be caused by more successful transfor-

mation in females, possibly because each female has two copies of each X-linked Ago2 locus while

each male has only one. Alternatively, if the testis-specific duplicates have evolved a key role in ga-

mete formation, any knockout male may have had reduced fertility and therefore left very few knockout

offspring. This effect would be expected to be more pronounced in homozygous knockouts, which we

would have expected to see only in the F4 generation, but may still have reduced fertility in heterozy-

gous knockouts due to dosage effects. If this reduction in fertility was due to inviability of Y-bearing

sperm (e.g. by a meiotic drive element that is normally suppressed by the knocked-out Ago2 paralogue),

this would increase the proportion of X-bearing sperm, leading to an excess of female transformants

in the next generation (as we observe). However, the ambiguity of markers and lack of sequence data

prevent us from moving beyond speculation regarding biological function, and mean that the most likely

explanation for our failure to produce knockouts is failure of the technique.

Had we been successful in producing homozygous knockouts, we would have tested the function of

the testis-specific Ago2 paralogues in the suppression of meiotic drive, by measuring the effect of par-

alogue knockout on sex ratio, fecundity and fertility. Additionally, we would have quantified the effect

of paralogue knockout on rates of transposition in the soma and germline, thereby exploring the hypoth-

esis that the testis-specificity of some paralogues is driven by an anti-TE role. Finally, combinatorial

knockouts would have allowed us to explore the level of functional divergence and redundancy between

closely-related paralogues, and therefore infer the speed with which functional specialization evolved.
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In conclusion, we failed to generate viable Ago2 paralogue knockout lines. Homozygous knockouts

would have enabled us to test the function of Ago2 paralogues, and infer the speed and extent of func-

tional divergence. However, the success or otherwise of the CRISPR/Cas9 technique remains uncertain,

given ambiguity around marker phenotypes and molecular assays.
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6.1. Summary of the field

Argonaute genes are found in both prokaryotes and eukaryotes (Swarts et al. 2014b) and have been

conserved across the eukaryotic tree of life (Cerutti and Casas-Mollano 2006). Eukaryotic Argonaute

proteins are effectors in the RNAi mechanism, where they manipulate nucleic acid targets in partner-

ship with small RNAs (Ding 2010). Through this mechanism, Argonautes carry out a diverse range

of functions, including gene regulation, antiviral defence, dosage compensation and the suppression of

TEs (Meister 2013). This functional diversity is associated with dynamic selection pressures, which

variously constrain the rate of evolution (D. melanogaster Ago1; Obbard et al. 2009b, Chapter 2) or

drive rapid evolution, possibly indicative of an arms race with viruses (D. melanogaster Ago2; Obbard

et al. 2006; Obbard et al. 2011; Chapters 2 & 4).

Argonautes have duplicated frequently throughout their evolution, with ancient and recent duplications

leading to wide variation in the size of the Argonaute gene family in different taxa (Cerutti and Casas-

Mollano 2006; Mukherjee et al. 2013; Swarts et al. 2014b). Additionally, some Argonautes have under-

gone rapid lineage-specific expansions, leading to the evolution of highly derived functions (Morazzani

et al. 2012; Schnettler et al. 2013b; Schnettler et al. 2014; Leebonoi et al. 2015). This suggests that

duplication has played an important role in the evolution of Argonautes, and the RNAi pathways in gen-

eral. However, previous work has largely focused on easily-amenable model organisms, leaving large

gaps in our knowledge of Argonaute evolution.
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6.2. Summary of findings

6.2.1. Frequent duplication of Dipteran Argonautes drives functional

divergence

Gene duplication has exerted a major influence on the evolution of the Argonaute genes (Mukherjee et

al. 2013; Swarts et al. 2014b), permitting evolutionary expansions which have often led to functional

divergence; however, a comprehensive large-scale analysis of Argonaute duplication is yet to be un-

dertaken. To measure the turnover rate of Dipteran Argonaute genes and the effect this has on their

evolution, I carried out an in silico search for Argonaute homologues in 86 Dipteran species (Chapter

2). For each Argonaute subclade, I quantified the rate of gene turnover, the rate of protein evolution

before and after duplication, and mapped rapidly evolving sites onto each Argonaute protein structure.

I found that gene turnover rate varies widely between different Argonautes and in different lineages. Ad-

ditionally, I found an increase in evolutionary rate after duplication of Ago2, Ago3 and Piwi/Aub, which

is short-lived in Piwi/Aub but prolonged in Ago2 and Ago3. Finally, I identified a cluster of rapidly-

evolving residues at the mouth of the RNA-binding pocket of Ago2, suggesting that Ago2 paralogues

could be binding different sRNA guides, and therefore cleaving different targets.

Combined with the characterisation of Argonautes with novel functions in G. morsitans (Chapter 2) and

A. aegypti (Vodovar et al. 2012; Morazzani et al. 2012; Schnettler et al. 2013b; Miesen et al. 2015),

these results suggest that the canonical view of Argonaute function derived from molecular studies of D.

melanogaster is unlikely to apply across the Diptera and the insects as a whole. This work also advances

our understanding of Argonaute gene turnover, which was previously based on isolated reports from in-

dividual organisms or sparsely-sampled gene trees; my densely-sampled order-wide analysis reveals

that Argonaute genes can be gained and lost frequently and rapidly, potentially resulting in functional

differences in the RNAi pathways of closely related species.
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6.2.2. Ago2 paralogues in the obscura group have repeatedly specialized

to a novel, testis-specific function

Duplication of Ago2 has previously been noted in D. pseudoobscura; combined with my finding of

increased evolutionary rate after Argonaute duplication (Chapter 2), this suggests that these Ago2 par-

alogues may have functionally diversified in D. pseudoobscura. To validate the existence of these par-

alogues, and quantify their age and distribution in related species, I identified Ago2 homologues in other

obscura group species, and carried out phylogenetic analysis to characterize their relationships. To test

for functional divergence after duplication, I quantified the tissue-specific and antiviral expression pat-

terns of Ago2 paralogues in D. subobscura, D. obscura and D. pseudoobscura.

I found that Ago2 has duplicated frequently throughout the evolution of the obscura group, producing

between two and six Ago2 paralogues in different species (Chapter 3). Additionally, I found that the

Ago2 paralogues in D. subobscura, D. obscura and D. pseudoobscura have diverged functionally, with

only one paralogue in each species retaining the ancestral ubiquitous expression pattern. Almost all of

the other paralogues have specialized to a testis-specific role, as they are expressed only in the testis and

are not induced by viral challenge. I attempted to characterize this function by CRISPR/Cas9-mediated

gene knockout, but the resulting data were too ambiguous to draw any strong conclusions (Chapter 5).

In spite of this, phylogenetic analysis revealed that testis-specificity has evolved repeatedly and been

retained over long time periods (Chapter 3), suggesting that it has an adaptive basis.

This work documents the repeated emergence of a derived testis-specific expression pattern for Ago2,

which has previously been studied overwhelmingly in D. melanogaster (but see Leebonoi et al. 2015),

and which has therefore been assumed to have a ubiquitous function in invertebrates. These results also

provide valuable data on the speed with which new paralogues functionally diverge, which has previ-

ously been understudied and poorly understood, and which I show can occur rapidly after duplication.

6.2.3. Testis-specific Ago2 paralogues in the obscura group are under

strong selection

When present as a single copy in members of the melanogaster group of Drosophila, Ago2 evolves

under strong positive selection (Obbard et al. 2006; Obbard et al. 2009a; Obbard et al. 2011). Ad-
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ditionally, recent Ago2 paralogues in the obscura group have evolved a novel testis-specific function

(Chapter 3), which may be driven by positive selection. To quantify the rate of evolution and level of

positive selection acting on each Ago2 paralogue in D. subobscura, D. obscura and D. pseudoobscura, I

gathered intraspecies polymorphism data for each paralogue, analysed publicly available population ge-

nomic data for evidence of selective sweeps on the Ago2 paralogues in D. pseudoobscura, and explicitly

tested all Ago2 paralogues for an increase in evolutionary rate after the evolution of testis-specificity.

I found that the vast majority of Ago2 paralogues are evolving under strong selection, evidenced by pos-

itive selection on D. pseudoobscura Ago2e, signatures of selective sweeps at D. pseudoobscura Ago2a,

Ago2b & Ago2c, and significantly lower diversity at most paralogues compared with the genome as

a whole. In addition to these signatures of positive selection on many testis-specific paralogues (e.g.

D. pseudoobscura Ago2a, Ago2b and Ago2e), I found that testis-specific paralogues across the entire

obscura group generally evolve more rapidly than ubiquitously expressed paralogues. These results

suggest an adaptive basis for the derived testis specificity that has repeatedly evolved after duplication

of Ago2, and support my finding that Argonaute genes across the Diptera evolve more rapidly after du-

plication due to selection (Chapter 2)

These results provide further evidence for the importance of duplication in permitting selectively ad-

vantageous evolutionary innovation in the RNAi pathway, and suggest that the evolution of derived

functions under strong positive selection is a common fate for young Argonaute paralogues. This work

also provides a rare insight into the relative importance of lack of constraint and positive selection in the

early stages of paralogue evolution, and suggest that positive selection can act soon after duplication,

potentially driving the evolution of novel functions.
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6.3. Implications and future directions

6.3.1. The role of gene duplication in the functional diversity of

Argonaute genes

The functions and mechanisms of Argonaute genes in large phylogenetic groups are mainly (and neces-

sarily) based on results from a few model species, such as D. melanogaster (arthropods), M. musculus

& H. sapiens (vertebrates), and A. thaliana (plants). However, expansions or losses of Argonaute genes

have been reported for other species in these groups, as seen in centipedes (Chipman et al. 2014) (arthro-

pods) and rice (Cerutti and Casas-Mollano 2006) (plants). My analysis of Dipteran Argonaute genes

suggests that these expansions are not rare, but instead happen frequently in different lineages (Chapter

2). Moreover, many studies have uncovered functional divergence after Argonaute duplication, with

derived functions found in tsetse flies (Chapter 2), tiger shrimp (Leebonoi et al. 2015), nematodes (re-

viewed in Buck and Blaxter 2013), planarians (Palakodeti et al. 2008) and rice (Wu et al. 2015). This

indicates that frequent change in copy number and function is a common pattern during Argonaute evo-

lution, and suggests that generalizations based on Argonaute function in model species will have limited

relevance over large phylogenetic distances, especially for taxa in which Argonaute has duplicated.

A prevalent driver of Argonaute divergence appears to be the separation of the soma and germline. Spe-

cialization to the germline occurred early in the evolution of the Metazoan Piwi subfamily (reviewed in

Ross et al. 2014), and much more recently after duplication of Ago2 in the tiger shrimp Penaeus mon-

odon (Leebonoi et al. 2015) and the obscura subgroup (Chapter 3). Additionally, some Piwi subfamily

paralogues have lost this specialization and evolved (or reverted to) somatic expression, as seen in A.

aegypti (Vodovar et al. 2012; Morazzani et al. 2012; Schnettler et al. 2013b; Miesen et al. 2015) and

G. morsitans (Chapter 2). It has even been suggested that somatic roles for Piwi subfamily genes are so

prevalent that the canonical view of germline-specificity for these genes should be revised, or at least

limited to a subset of taxa (Ross et al. 2014).

The role of the germline-soma divide in Argonaute evolution could be underpinned by the role for

Argonaute proteins in the suppression of exogenous (viruses) and endogenous (TEs) parasites, which

was apparently present in the prokaryotic ancestral Argonaute (Swarts et al. 2014a; Swarts et al. 2015)

and has since been retained in the majority of eukaryotic taxa (Chapter 1). While they are both sup-
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pressed by Argonautes, TEs and viruses show contrasting activity levels in the soma and germline: TEs

are expected to be active primarily in the germline (Charlesworth and Langley 1989), whereas viruses

replicate in the germline and soma, and in some cases preferentially in the soma (e.g. arboviruses in

salivary glands; Lambrechts and Scott 2009). Additionally, many viruses encode viral suppressor of

RNAi (VSRs) to inhibit Argonaute proteins (reviewed in Bronkhorst and Rij 2014), whereas suppres-

sors of RNAi encoded by TEs have been reported only rarely (but see Nosaka et al. 2012). Viruses and

TEs therefore impose contrasting selection pressures on the Argonautes suppressing them, even though

in some cases they are both suppressed by the same Argonaute (e.g. D. melanogaster Ago2). This intro-

duces adaptive conflict that can be alleviated by duplication, resulting in functional divergence between

the paralogues as they specialize to either an ubiquitous (antiviral) or germline-specific (anti-TE) role.

To explore the role of the germline-soma divide in Argonaute evolution, further investigation into two

aspects of the germline and somatic expression patterns of Argonaute genes would be highly valuable.

Firstly, to compare the prevalence of germline specificity across the Argonautes, a fruitful approach

may be further comparison of expression patterns of Ago and Piwi subfamily genes in the germline

and soma, and accompanying analysis of the prevalence of siRNAs and piRNAs in these tissues. The

only explicit comparison of these patterns to date unexpectedly discovered piRNA-like sRNAs and the

expression of Piwi subfamily genes in the soma, despite a limited sample of three species (Yan et al.

2011). The evolution of both somatic (Vodovar et al. 2012; Morazzani et al. 2012; Schnettler et al.

2013b) and germline-specific (Cox et al. 1998; Vagin et al. 2004; Kalmykova et al. 2005) functions for

Piwi subfamily genes could be caused by the evolution of novel functions after the relaxation of selec-

tion pressures by duplication (Ohno 1970). Alternatively, it could be the result of inherent functional

promiscuity of Piwi, as suggested by the piRNAs in D. melanogaster, which were initially thought to be

produced exclusively from TEs (Aravin et al. 2001; Brennecke et al. 2007), but have since been found

to originate from host gene 3’ UTRs (Robine et al. 2009) and viruses in ovarian stem cells (Wu et al.

2010). To discern between these possibilities, it would be especially informative to compare the expres-

sion patterns and sRNA binding partners of Piwi subfamily genes in species which have a single copy

and multiple copies of Piwi. Secondly, to assess the relevance of the paradigm of germline-specificity for

Piwi subfamily genes, and potentially to date their specialization to the germline, somatic and germline

Piwi expression patterns could be compared in a phylogenetically diverse sample of species, with a

particular focus on basal Metazoa.
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6.3.2. The evolution of RNAi

The range of functions that Argonaute genes have adopted after duplication (Chapters 2 & 3, Swarts et

al. 2014a) have not evolved in isolation, but rather as part of the entire machinery of the RNAi path-

ways. There are numerous reasons to expect evolutionary change in Argonaute genes to co-occur with

change in the other RNAi genes. Firstly, these genes may be under similar selection pressures as Arg-

onaute genes and may have undergone similar diversification, as demonstrated by the Dicer genes of

A. thaliana, which have duplicated and specialized to provide immune defence against distinct viral

types (Blevins et al. 2006). Secondly, evolutionary change in Argonaute genes may impose an addi-

tional selection pressure on these genes to maintain optimum chemical and physical interactions with

the Argonaute protein, or alternatively, the evolutionary change in Argonaute may be a response to a

preceding change in another gene. Lastly, in many pathways duplication of one member triggers du-

plication of other pathway members, as seen in the co-duplication of the insulin-NGF gene family and

their receptors (Fryxell 1996). This pattern is evident in two sRNA-directed mechanisms. Firstly, the

gene regulatory and antiviral RNAi pathways of D. melanogaster, each of which has a distinct RNA

sensor (Dicer1 & Dicer2 respectively), sRNA loading protein (R3D1 & R2D2 respectively) and effector

(Ago1 & Ago2 respectively) (Jiang et al. 2005; Ding 2010). Secondly, the RNA Polymerases involved

in the plant RNA-directed DNA methylation (RdDM) pathway (reviewed in Matzke and Mosher 2014),

which are made up of numerous subunits that arose from duplications early in plant evolution, at ap-

proximately the same time as duplications that produced their interacting cofactors DCL3 and AGO4

(Huang et al. 2015).

These factors suggest that the functional divergence of Argonaute genes may serve as an indicator of

evolutionary change in other RNAi genes. To test the possibility that other genes co-duplicate with Arg-

onaute, the copy number for genes that directly interact with Argonautes (e.g. Dicer & R3D1/R2D2)

could be quantified, with a focus on species in which Argonautes have duplicated (e.g. T. whitei, S.

deflexa and other species identified in Chapter 2). Such an approach has been successfully applied to six

gene families involved in chemosensing and digestion in Drosophila, and revealed parallel expansions

that correlate with the evolution of novel diets (Wu et al. 2011). Where tissue-specific transcriptome

data is available, it would be particularly informative to explore patterns of differential expression in any

identified paralogues, which would be expected to mirror the Argonaute paralogues with which these

genes are interacting.
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Another emerging theme in RNAi evolution is the overlap between what were previously considered as

functionally discrete RNAi pathways. This is demonstrated by the interaction between AGO1, AGO18

and miRNAs in O. sativa: by sequestering the microRNA miR168, AGO18 prevents the downregula-

tion of the key antiviral Argonaute AGO1, thus upregulating the antiviral defence mechanism (Wu et

al. 2015). A second example is provided by the D. melanogaster miRNA pathway, which is canon-

ically involved in the regulation of host genes, but also contributes to somatic TE suppression by an

uncharacterized mechanism (Mugat et al. 2015). Further evidence is provided by the binding of both

siRNAs and some miRNAs by D. melanogaster Ago2 (Tomari et al. 2007), despite its canonical role in

siRNA-mediated silencing (Ding 2010). Finally, the distinction between the siRNA and piRNA path-

ways is being increasingly blurred, due to the discovery of mixed siRNA-piRNA "Ping-Pong" pairs

derived from TEs (Shpiz et al. 2014), and virally-derived piRNAs in the soma of D. melanogaster (Wu

et al. 2010) and A. aegypti (Vodovar et al. 2012; Morazzani et al. 2012; Schnettler et al. 2013b; Miesen

et al. 2015). These discoveries suggest that there is a large degree of interplay between the RNAi

pathways (discussed in Fablet 2014), and highlight the importance of investigating the impact of novel

sRNA classes or RNAi genes on all RNAi pathways, rather than focusing narrowly on canonical sRNAs,

binding partners and target loci.

6.3.3. The evolution of gene families

My results can also be viewed more widely in the context of gene duplication, which has produced a

high degree of functional diversity in many gene families. The testis has previously been implicated

in the evolution of this diversity through the derived, testis-specific expression of young paralogues

(Kaessmann 2010; Assis and Bachtrog 2013) and orphan genes (Palmieri et al. 2014; Zhao et al. 2014).

Some previous studies have attributed a non-adaptive basis to this role (Kaessmann et al. 2009; Kaess-

mann 2010) basis, while others have inferred that testis-specificity is driven by selection (Zhao et al.

2014) . My finding that positive selection is acting on many testis-specific Ago2 paralogues (Chapters

3 &4) builds the case for the testis as a crucible of novel gene function, and raises the possibility that

testis-specificity observed in other young paralogues also has an adaptive basis.

Another key influence on the evolution of gene families is parasite-mediated selection, which has been

linked to the expansion of prophenoloxidase genes in Ae. aegytpi and An. gambiae (Waterhouse et

al. 2007), Toll-like Receptors in mammals (Leulier and Lemaitre 2008) and DSCAM in arthropods
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(Palmer and Jiggins 2015). Parasites also appear to have exerted strong selection on their hosts to retain

Argonaute paralogues, as evidenced by the expansions of Ago2 (putatively antiviral) and Piwi/Aub (pu-

tatively anti-TE) in the Diptera (Chapter 2). Where functional change has occurred in these clades, it

has also been linked to adaptation against parasites. Selection imposed by exogenous parasites appears

to have driven the expansion of antiviral Piwi genes of mosquitoes (Vodovar et al. 2012; Morazzani et

al. 2012; Schnettler et al. 2013b), and may be involved in the upregulation of Ago3b in G. morsitans

salivary glands infected with T. brucei (Chapter 2). Similarly, endogenous parasites such as TEs may be

involved in the retention of Ago2 duplicates in the obscura group, and their subsequent specialization to

the testis (Chapters 3 & 4). This suggests that gene duplication is a prevalent influence in the evolution-

ary arms race between host and parasite, and may provide a mechanism by which a host can balance the

conflicting selection pressures imposed by a wide variety of pathogens.

6.4. Conclusions

I have found that Argonaute genes duplicate frequently in the Diptera, and evolve more rapidly after

duplication, indicative of frequent functional divergence. This process is exemplified by the Ago2 par-

alogues in the obscura group, the majority of which have specialized to a highly-derived testis-specific

function. This function has evolved numerous times independently, and is driven by strong positive se-

lection, possibly imposed by a novel role in the suppression of TEs or meiotic drive. I conclude that gene

duplication is likely to have driven the emergence of novel and adaptive functions throughout Argonaute

evolution.
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A. Chapter 2

Table A.1.: Log likelihood values, ! estimates and Akaike weights for M0 (branch) models, comparing
! estimates between subclades.

Subclade Model lnL (2dp) ! (3dp) Akaike
weight

Ago1 M0 -48132.17 0.006 (±0.0002) 1
Ago1 M0 (! fixed at Ago2 !) -52340.60 0.140 0
Ago1 M0 (! fixed at Ago3 !) -51700.12 0.118 0
Ago1 M0 (! fixed at Piwi/Aub !) -50702.80 0.086 0
Ago2 M0 -141349.38 0.140 (±0.0015) 0.99
Ago2 M0 (! fixed at Ago1 !) -150433.94 0.006 0

Ago2 M0 (! fixed at Ago3 !) -141407.13 0.118 2.2-25

Ago2 M0 (! fixed at Piwi/Aub !) -141787.09 0.086 2.2-190

Ago3 M0 -90817.41 0.118 (±0.0015) 1
Ago3 M0 (! fixed at Ago1 !) -95795.68 0.006 0

Ago3 M0 (! fixed at Ago2 !) -90860.30 0.140 6.4-19

Ago3 M0 (! fixed at Piwi/Aub !) -90948.07 0.086 4.9-57

Piwi/Aub M0 -194367.89 0.086 (±0.0010) 1
Piwi/Aub M0 (! fixed at Ago1 !) -201332.12 0.006 0

Piwi/Aub M0 (! fixed at Ago2 !) -195019.63 0.140 2.4-238

Piwi/Aub M0 (! fixed at Ago3 !) -194629.29 0.118 8.1-114
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Table A.2.: Log likelihood values for M8 and M8a (sites) models, and p-values for a likelihood ratio test
between the M8 and M8a models for each subclade.

Subclade Model lnL (2dp) p-value
Ago1 M8 -47761.76
Ago1 M8a -47759.73 >0.1
Ago2 M8 -135792.60
Ago2 M8a -135792.09 >0.1
Ago3 M8 -87230.63
Ago3 M8a -87206.97 >0.1
Piwi/Aub M8 -188055.00
Piwi/Aub M8a -188055.14 >0.1

Table A.3.: Log likelihood values and ! estimates for "Immediate" and "All descendants" models.

Subclade Model lnL (2dp) ! (3dp) (post-
duplication)

! (3dp) (pre-
duplication)

Ago2 "Immediate" -141347.25 0.150 (±0.0058) 0.138 (±0.0019)
Ago2 "All descendants" -141579.48 0.165 (±0.0038) 0.125 (±0.0021)
Ago3 "Immediate" -90816.75 0.106 (±0.0104) 0.118 (±0.0016)
Ago3 "All descendants" -90811.18 0.142 (±0.0082) 0.115 (±0.0016)
Piwi/Aub "Immediate" -194334.11 0.116 (±0.0045) 0.082 (±0.0011)
Piwi/Aub "All descendants" -194364.84 0.086 (±0.0010) 0.053 (±0.0143)
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(a) Ago1 (b) Ago2

(c) Ago3 (d) Piwi

Figure A.1.: Evolutionary rates mapped onto the domain architecture of Dipteran Argonautes.
In each gene, rapidly evolving residues do not cluster in a particular location, but instead are spread
across all domains.
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Table B.1.: D. subobscura Ago2 paralogue PCR primers

Paralogue Name Sequence
Ago2a Dsubob_Ago2_1229_5_F CCAAGAAGTGAAAGTAACAGATCG
Ago2a Dsubob_Ago2_1229_M_F CCACTGAATCGCAAGGATTCTGC
Ago2a Dsubob_Ago2_1229_M_R GGCGAATACCAAAGCGACTGATGG
Ago2a Dsubob_Ago2_1229_3_R CTTTGGGGAACGGAACTTGGTGAC
Ago2f Dsubob_Ago2_21203_5_F CACGCCTTTGAGGTGTACAGAAAGC
Ago2f Dsubob_Ago2_21203_3_R CACCAAATGTGCCAGATAGACCG

Table B.2.: D. subobscura Ago2a sequencing primers

Name Sequence
Dsubob_Ago2_1229_5_F CCAAGAAGTGAAAGTAACAGATCG
Dsubob_s_800_Ago2a_F CTAGACTTCAGGCGTAACGATATCG
Dsubob_Ago2_1229_M_F CCACTGAATCGCAAGGATTCTGC
Dsubob_s_1635_Ago2a_F GCAATATGGCATTCTCACACAATG
Dsubob_s_2085_Ago2a_F CTGCTGCAAGATGCACATTAAGC
Dsubob_Ago2_1229_3_R CTTTGGGGAACGGAACTTGGTGAC
Dsubob_s_1965_Ago2a_R GTGCTCAAGGGTTATTGACTCCATGTC
Dsubob_s_1420_Ago2a_R GTACTGCATCTTACCGTACAGTATGG
Dsubob_Ago2_1229_M_R GGCGAATACCAAAGCGACTGATGG
Dsubob_s_710_Ago2a_R CCACATTGACAAATGGACGATCACC
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Table B.3.: D. subobscura Ago2f sequencing primers

Name Sequence
Dsubob_Ago2_21203_5_F CACGCCTTTGAGGTGTACAGAAAGC
Dsubob_s_440_Ago2f_F GCTGGTCGCTCCTTCTTCAAGC
Dsubob_s_1480_Ago2f_F GCTGCAGCACGGCATACTGAC
Dsubob_s_1935_Ago2f_F CGTGTTGCAAGAAGCACATTCG
Dsubob_Ago2_21203_3_R CACCAAATGTGCCAGATAGACCG
Dsubob_s_1820_Ago2f_R GCAAGTGCTCCAGCGTGATGG
Dsubob_s_1500_Ago2f_R GTCAGTATGCCGTGCTGCAG
Dsubob_s_624_Ago2f_R CGTGATATCGCTCAATGTACTCCAC

Table B.4.: D. subobscura Ago2 paralogue qPCR primers

Name Sequence
Dsubob_Ago2a_q_F_2_1 CCAACGAGAGGAAGGCCAAGATTATAC
Dsubob_Ago2a_q_R_2 CCAGGCGAATACCAAAGCGACT
Dsubob_Ago2f_q_F_3 GATTTCAAGCGGCTCCAATGTG
Dsubob_Ago2f_q_R_3_1 GTTTGCGCTGCACCGTAAACAG
Obs_group_RpL32_q_F CTTAGTTGTCGCACAAATGG
Obs_group_RpL32_q_R TGCGCTTGTTGGAACCGTAAC

Table B.5.: D. obscura Ago2 paralogue PCR primers

Paralogue Name Sequence
Ago2a Dobs_Ago2_2809_5_F GGACAAGTATCTGTCAATTATCTCGACG
Ago2a Dobs_Ago2_2809_18680_3_R CTTGGGGAGAACGGAACTTGG
Ago2f Dobs_Ago2_18680_5_F CCTTTGAGCTGTTCAGAGTGGAAC
Ago2f Dobs_Ago2_18680_M_F_2 GTAAATTGAGCCCCCAGTGTGTGTTGA
Ago2f Dobs_Ago2_18680_M_R CCAGCTGAGTGCGCGGGTTATC
Ago2f Dobs_Ago2_all_3_R TGGCGCCAGTCAGATAGACACG
Ago2e Dobs_Ago2_24803_5_F CGMGGTACACTGGGCAGAATCG
Ago2e Dobs_947_Ago2_24803_F GGTGAATCGCAAGGACTCCACGCT
Ago2e Dobs_Ago2_24803_M_R CAGTTCGGCTTTCTGTTTCAGTTC
Ago2e Dobs_2269_Ago2_24803_R GGCTCCACGTTGTTGTATTTGTTGTG
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Table B.6.: D. obscura Ago2a sequencing primers

Name Sequence
Dobs_Ago2_2809_5_F GGACAAGTATCTGTCAATTATCTCGACG
Dobs_s_720_Ago2_2809_18680_F AATCTTGGCGACGGCTACGAAGCTC
Dobs_s_1215_Ago2_2809_18680_F CCATGATTAGGTATGCTGCCACATC
Dobs_s_1715_Ago2_2809_18680_F GGCTGAGCTGCAGTATGGCATTCT
Dobs_s_1984_Ago2_2809_18680_F GCAATATCGCTTGCAACGCTCTG
Dobs_s_2586_Ago2_2809_F GGTCAGCCATCAGTCCATTCAGG
Dobs_Ago2_2809_18680_3_R CTTGGGGAGAACGGAACTTGG
Dobs_s_1922_Ago2_2809_18680_R CGCTGATCGGGCGATGGATG
Dobs_s_1435_Ago2_2809_18680_R CCATGCGCCACGAACCGTT
Dobs_s_798_Ago2_2809_18680_R TCCACATTGACAAACGGACG

Table B.7.: D. obscura Ago2f sequencing primers

Name Sequence
Dobs_Ago2_18680_5_F CCTTTGAGCTGTTCAGAGTGGAAC
Dobs_s_720_Ago2_2809_18680_F AATCTTGGCGACGGCTACGAAGCTC
Dobs_s_1215_Ago2_2809_18680_F CCATGATTAGGTATGCTGCCACATC
Dobs_s_1715_Ago2_2809_18680_F GGCTGAGCTGCAGTATGGCATTCT
Dobs_Ago2_18680_M_F_2 GTAAATTGAGCCCCCAGTGTGTGTTGA
Dobs_s_1984_Ago2_2809_18680_F GCAATATCGCTTGCAACGCTCTG
Dobs_Ago2_all_3_R TGGCGCCAGTCAGATAGACACG
Dobs_s_1922_Ago2_2809_18680_R CGCTGATCGGGCGATGGATG
Dobs_Ago2_18680_M_R CCAGCTGAGTGCGCGGGTTATC
Dobs_s_1435_Ago2_2809_18680_R CCATGCGCCACGAACCGTT
Dobs_s_802_Ago2_18680_R CGCGTATAGCAGTGCTATGAC
Dobs_s_798_Ago2_2809_18680_R TCCACATTGACAAACGGACG
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Table B.8.: D. obscura Ago2e sequencing primers

Name Sequence
Dobs_Ago2_24803_5_F CGMGGTACACTGGGCAGAATCG
Dobs_s_553_Ago2_24803_F GTGAATGTGGACATCACACACAAGTG
Dobs_s_1044_Ago2_24803_F GCAGTACTTCAGCCACAACACGG
Dobs_947_Ago2_24803_F GGTGAATCGCAAGGACTCCACGCT
Dobs_s_1377_Ago2_24803_F GAGCCTGGATCCGCACTTCAAGG
Dobs_s_1881_Ago2_24803_F GGTCAGCGATGGGCAGTTCC
Dobs_2269_Ago2_24803_R GGCTCCACGTTGTTGTATTTGTTGTG
Dobs_s_1812_Ago2_24803_R GGCTGTTATCGACTCCATGTCCTC
Dobs_Ago2_24803_M_R CAGTTCGGCTTTCTGTTTCAGTTC
Dobs_s_1064_Ago2_24803_R GTGTTGTGGCTGAAGTACTGCAG
Dobs_s_578_Ago2_24803_R CACTTGTGTGTGATGTCCACATTCAC

Table B.9.: D. obscura Ago2 paralogue qPCR primers

Name Sequence
Dobs_Ago2a_q_F_2 GCTTTCCAAGGTTTCAGCAAGCTC
Dobs_Ago2a_q_R_2_1 CCAACATGCAAGCATAGAAGGT
Dobs_Ago2f_q_F_3_1 GCACTCCGTCCACGTACG
Dobs_Ago2f_q_R_3 CTCATTCGGATGGACAATGATCCT
Dobs_Ago2e_q_F_4 CAACTACAACAAGATGCGGGACCTTG
Dobs_Ago2e_q_R_4 GAAGTGCGGATCCAGGCTCT
Obs_group_RpL32_q_F CTTAGTTGTCGCACAAATGG
Obs_group_RpL32_q_R TGCGCTTGTTGGAACCGTAAC
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Table B.10.: D. pseudoobscura Ago2 paralogue PCR primers

Paralogue Name Sequence
Ago2a1&3 Dper.mir.A_F TGGAGGTTGTGTTGGCAGtA
Ago2a1&3 DpseAgo2A_R CTANACGAARTACATAGGRTTCGTCTTC
Ago2a3 Dpse_GA22965_3_out_F_2 CCAAGAGGACGAAAACACTGATTGG
Ago2a3 DpseAgo2A_R CTANACGAARTACATAGGRTTCGTCTTC
Ago2b Dper.mir.D_F CAGTACGATGTGAAGATCACGTCAGTAT
Ago2b Dpse_Ago2_UnivR GCCAGTRAGRTAGACACGTCC
Ago2c Dpse_Ago2c_5_F GGCCGTACCCTGACTTACACTGTGGAAC
Ago2c Dpse_Ago2c_M_F CTTGGAAAACGACTTCATTGTGGTGC
Ago2c Dpse_Ago2c_M_R CTGTAATTCCGTATATCGGCCTTCTG
Ago2c Dpse_Ago2c_3_R CACGAAATACATGGGGTTCGTTTTCAT
Ago2d DpseAgo2B_MF ATGCCAGCTGTGGCCTACCA
Ago2d Dpse_Ago2d_M_F CTGGATGGGAAGCAAACGACGG
Ago2d qrtD_R GAAGTCAGTGCCCAGGCGT
Ago2d Dpse_Ago2d_3_R GGAACTCTGGAACAATCAACCGCTTTT
Ago2e pse_Ago2E_5_F CGAGGTGGCTGTGAACTACCTGCAG
Ago2e pse_Ago2E_3_R CATGGGGTTCCTGCTGGACAGG

Table B.11.: D. pseudoobscura Ago2a1/Ago2a3 sequencing primers

Name Sequence
Dper.mir.A_F TGGAGGTTGTGTTGGCAGtA
Dpse_s_1561_Ago2ab_F CTGAARCACATTTAYTTGCCTATCG
Dpse_s_2011_Ago2ab_F GTCAATCTGTGCCTGGATRCCAARG
Dpse_s_2487_Ago2ab_F GTCGATAACCCTKGAGCACTTGCGTG
DpseAgo2A_R CTANACGAARTACATAGGRTTCGTCTTC
Dpse_s_2808_Ago2ab_R GTTGTATTGCGATGGARCTCCGYTCG
Dpse_s_2220_Ago2ab_R CTCGACTGTGATCTGCTTGAKGC
Dpse_s_1611_Ago2ab_R CTGYCCATCSTCAATGCGACATAG
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Table B.12.: D. pseudoobscura Ago2a3 sequencing primers

Name Sequence
Dper.mir.A_F TGGAGGTTGTGTTGGCAGtA
Dpse_s_1561_Ago2ab_F CTGAARCACATTTAYTTGCCTATCG
Dpse_s_2011_Ago2ab_F GTCAATCTGTGCCTGGATRCCAARG
Dpse_s_2487_Ago2ab_F GTCGATAACCCTKGAGCACTTGCGTG
DpseAgo2A_R CTANACGAARTACATAGGRTTCGTCTTC
Dpse_s_2808_Ago2ab_R GTTGTATTGCGATGGARCTCCGYTCG
Dpse_s_2220_Ago2ab_R CTCGACTGTGATCTGCTTGAKGC
Dpse_s_1611_Ago2ab_R CTGYCCATCSTCAATGCGACATAG
Dpse_GA22965_3_out_F_2 CCAAGAGGACGAAAACACTGATTGG

Table B.13.: D. pseudoobscura Ago2b sequencing primers

Name Sequence
Dper.mir.D_F CAGTACGATGTGAAGATCACGTCAGTAT
Dpse_s_912_Ago2b_F CAGGAAGACGCAGGAATCGGAAG
Dpse_s_1561_Ago2ab_F CTGAARCACATTTAYTTGCCTATCG
Dpse_s_2011_Ago2ab_F GTCAATCTGTGCCTGGATRCCAARG
Dpse_s_2487_Ago2ab_F GTCGATAACCCTKGAGCACTTGCGTG
Dpse_Ago2_UnivR GCCAGTRAGRTAGACACGTCC
Dpse_s_2808_Ago2ab_R GTTGTATTGCGATGGARCTCCGYTCG
Dpse_s_2220_Ago2ab_R CTCGACTGTGATCTGCTTGAKGC
Dpse_s_1611_Ago2ab_R CTGYCCATCSTCAATGCGACATAG
Dpse_s_1087_Ago2b_R CAACCTCCAGACACTGCAAGGCTC

Table B.14.: D. pseudoobscura Ago2c sequencing primers

Name Sequence
Dpse_Ago2c_5_F GGCCGTACCCTGACTTACACTGTGGAAC
Dpse_s_1248_Ago2_c_F GACTACAGGCGTTACGATATCGAATC
Dpse_s_1683_Ago2_c_F CCAAGATCATCCACTTGCTCG
Dpse_Ago2c_M_R CTGTAATTCCGTATATCGGCCTTCTG
Dpse_s_1476_Ago2_c_R CAACATGCAAGCAGAGCAGGTTC
Dpse_Ago2c_M_F CTTGGAAAACGACTTCATTGTGGTGC
Dpse_s_2508_Ago2_c_F CATGGAGTCGATAACTCTTGAGCACTTTC
Dpse_Ago2c_3_R CACGAAATACATGGGGTTCGTTTTCAT
Dpse_s_2533_Ago2_c_R GTGCTCAAGAGTTATCGACTCCATGTC
Dpse_s_1943_Ago2_c_R CGACCACACTCATGTAGTTAATCTTACC
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Table B.15.: D. pseudoobscura Ago2d sequencing primers

Name Sequence
DpseAgo2B_MF ATGCCAGCTGTGGCCTACCA
Dpse_s_612_Ago2d_F GTCAGAGCCCGGTAAAGCCTTTG
qrtD_R GAAGTCAGTGCCCAGGCGT
Dpse_s_754_Ago2d_R CAATGATCGTCATGGCCTTCGGAAAG
Dpse_Ago2d_M_F CTGGATGGGAAGCAAACGACGG
Dpse_s_1443_Ago2_d_F GTCAATGTGTGCCTGAATGACAACG
Dpse_s_1933_Ago2_d_F GAGCACTTGCGTGTCTATCATCAGTACC
Dpse_Ago2d_3_R GGAACTCTGGAACAATCAACCGCTTTT
Dpse_s_1911_Ago2_d_R CCTGTATCTCCTCCAAGTCAGAGC
Dpse_s_1348_Ago2_d_R CGACCACTCTTATGTAGTCAATCTTACC

Table B.16.: D. pseudoobscura Ago2e sequencing primers

Name Sequence
pse_Ago2E_5_F CGAGGTGGCTGTGAACTACCTGCAG
Dpse_s_926_Ago2e_F CAACTGTGATGGCACGAAGGTGAC
pse_Ago2E_M_F GGCTTGTGGCACATCGACAGGTC
Dpse_s_1921_Ago2e_F GCGTCCTACAACATGCAGTACCG
pse_Ago2E_3_R CATGGGGTTCCTGCTGGACAGG
Dpse_s_2117_Ago2e_R CATCCCTCGCAGCTCCTCGTTCC
Dpse_s_1575_Ago2e_R CTTGGGTCCAGGCTCTTGGCGTC
Dpse_s_1055_Ago2e_R GCACAGCTCAATGGGCAGATAGACGG
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Table B.17.: D. pseudoobscura qPCR primers

Gene Name Sequence
Ago1 Obsgroup_Ago1_q_F_2 GTGAAGTTCACCAAGGAGATCAAGG
Ago1 Obsgroup_Ago1_q_R_2 GGTTACATTGCAGACACGATACTTGC
Ago2a Dpse_Ago2a_q_F_3 ATGGTTATTCAGAAGAGTCGCAAAG
Ago2a Dpse_Ago2a_q_R_3 CTAGTTCACGTTCATCCTTGTAGTACAG
Ago2b Dpse_Ago2b_q_F GGGAAAGGAAAATAAATATAAACCGAA
Ago2b Dpse_Ago2b_q_R CGCACCTGTAGCTTTTAGTTGA
Ago2c Dpse_Ago2c_q_F AAGGAGGCGGACAACAGAG
Ago2c Dpse_Ago2c_q_R TGTGCTTGCTGACCCTGAG
Ago2d Dpse_Ago2d_q_F TCAGATTGAGTACAAAAACAAGTTG
Ago2d Dpse_Ago2d_q_R CCCTGAAAATCGACCACTCTTA
Ago2e qrtE_F_3 GAACTACAACAAGATGCGGGACTTCG
Ago2e qrtE_R_2 GCTTGGGTCCAGGCTCTTGG
Ago3 Dpse_Ago3_q_F_1 CGAAAGCAGTTCGATCCTTCATGTCC
Ago3 Dpse_Ago3_q_R_1 CGTCACAGCAGAGCATTAATCCTCC
Aub Dpse_Aub_q_F_1 GCATTCAACAAGCGCTTGCAATC
Aub Dpse_Aub_q_R_1 ACGCGAGCTGGGATGTCCAC
Piwi Dpse_Piwi_q_F_1 GCGTATGGGCATATTGTCAAATCACG
Piwi Dpse_Piwi_q_R_1 GGCCACACAGCACAATTGAATC
RpL32 Fly rp49 qPCR F-a TGCCAAGTTGTCGCACAAATGG
RpL32 Fly rp49 qPCR R-i TACGCTTGTTGGAGCCGTAAC
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Table B.18.: Cycling conditions for PCR amplification of Ago2 paralogues

Location Sequencing

1. 94C 02:00

2. 94C 00:10

3. 55C 00:30

4. 68C 03:00

5. Go to 2 19 times

6. 94C 00:15

7. 55C 00:30

8. 68C 03:00
+00:20 each cycle

9. Go to 6 14 times

10. 68C 07:00

11. 4C forever

1. 94C 05:00

2. 94C 00:15

3. 62C 00:30
-1C per cycle

4. 72C 03:30

5. Go to 2 9 times

6. 94C 00:15

7. 52C 00:30

8. 72C 03:30

9. Go to 6 29 times

10. 72C 05:00

11. 4C forever

Table B.19.: Cycling conditions for sequencing of Ago2 paralogues

Location Sequencing

1. 94C 02:00

2. 94C 00:10

3. 55C 00:30

4. 68C 03:00

5. Go to 2 19 times

6. 94C 00:15

7. 55C 00:30

8. 68C 03:00
+00:20 each cycle

9. Go to 6 14 times

10. 68C 07:00

11. 4C forever

1. 94C 05:00

2. 94C 00:15

3. 62C 00:30
-1C per cycle

4. 72C 03:30

5. Go to 2 9 times

6. 94C 00:15

7. 52C 00:30

8. 72C 03:30

9. Go to 6 29 times

10. 72C 05:00

11. 4C forever
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Figure B.1.: A representative efficiency profile of a custom-designed qPCR primer pair.
Displayed are the three criteria used to test primer pair efficiency: exponential amplification (Amplifica-
tion Plot), 95% - 105% efficiency (Standard Curve), and a single melting point peak (Melt Curve).
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Table B.20.: Lewis food recipe

Ingredient Amount
Water 3.75L
Agar 25.8g
Sugar 351.6g
Maize 259.4g
Yeast 70.3g

Nipagin 56ml

The first five ingredients were mixed together, brought to the boil, and simmered for 5 minutes while

stirring continuously. The mixture was allowed to cool to below 70°C, at which point the Nipagin was

added. The pH was then neutralised using NaOH.

Table B.21.: Banana food recipe

Ingredient Amount
Water 3.75L
Agar 45g

Malt powder 130g
Yeast 115g

Golden syrup 95mL
Bananas (blended) 8

Tergosept 30mL
Propionic acid 18mL

The first six ingredients were mixed together, brought to the boil, and simmered for 10 minutes while

stirring continuously. The mixture was allowed to cool to below 70°C, at which point the tergosept and

propionic acid were added. The pH was then neutralised using NaOH.
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Table C.1.: Isofemales lines sequenced

Species Sex Line Origin
D. subobscura Female DPG7 Blackford Hill, Scotland
D. subobscura Female DPG8 Blackford Hill, Scotland
D. subobscura Female DPG9 Blackford Hill, Scotland
D. subobscura Female DPG10 Blackford Hill, Scotland
D. subobscura Female DPG11 Blackford Hill, Scotland
D. subobscura Female DPG12 Blackford Hill, Scotland
D. subobscura Male DPG1 Blackford Hill, Scotland
D. subobscura Male DPG2 Blackford Hill, Scotland
D. subobscura Male DPG3 Blackford Hill, Scotland
D. subobscura Male DPG4 Blackford Hill, Scotland
D. subobscura Male DPG5 Blackford Hill, Scotland
D. subobscura Male DPG6 Blackford Hill, Scotland
D. obscura Female DPG7 Blackford Hill, Scotland
D. obscura Female DPG8 Blackford Hill, Scotland
D. obscura Female DPG9 Blackford Hill, Scotland
D. obscura Female DPG10 Blackford Hill, Scotland
D. obscura Female DPG11 Blackford Hill, Scotland
D. obscura Female DPG12 Blackford Hill, Scotland
D. obscura Male DPG1 Blackford Hill, Scotland
D. obscura Male DPG2 Blackford Hill, Scotland
D. obscura Male DPG3 Blackford Hill, Scotland
D. obscura Male DPG4 Blackford Hill, Scotland
D. obscura Male DPG5 Blackford Hill, Scotland
D. obscura Male DPG6 Blackford Hill, Scotland
D. pseudoobscura Female MV15 Mesa Verde, CO, USA
D. pseudoobscura Female MV21 Mesa Verde, CO, USA
D. pseudoobscura Female MV25 Mesa Verde, CO, USA
D. pseudoobscura Female MV26 Mesa Verde, CO, USA
D. pseudoobscura Female MV28 Mesa Verde, CO, USA
D. pseudoobscura Female MV32 Mesa Verde, CO, USA
D. pseudoobscura Male MV2 Mesa Verde, CO, USA
D. pseudoobscura Male MV8 Mesa Verde, CO, USA
D. pseudoobscura Male MV10 Mesa Verde, CO, USA
D. pseudoobscura Male MV11 Mesa Verde, CO, USA
D. pseudoobscura Male MV13 Mesa Verde, CO, USA
D. pseudoobscura Male MV19 Mesa Verde, CO, USA
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Table C.2.: McDonald-Kreitman test results with alternative outgroups.
All values are displayed to 2dp

Paralogue pN pS Outgroup dN dS ↵ !(↵) p value
D. subobscura Ago2a 2 9 D. subsilvestris Ago2a 58 120 0.54 0.0014 0.51
D. subobscura Ago2f 5 11 D. subsilvestris Ago2f ancestor 165 190 0.48 0.0008 0.31
D. obscura Ago2a 3 5 D. tristis Ago2a 20 33 0.01 0.00 1.00
D. obscura Ago2f 20 15 D. tristis Ago2f 19 23 -0.22 -0.0008 0.71
D. obscura Ago2e 1 5 D. tristis Ago2e 90 82 0.76 0.0105 0.38
D. pseudoobscura Ago2a1 5 1 D. pseudoobscura Ago2b 113 80 -2.54 -0.0095 0.40
D. pseudoobscura Ago2a3 5 4 D. pseudoobscura Ago2b 110 82 0.07 -0.0002 1.00
D. pseudoobscura Ago2b 3 0 D. pseudoobscura Ago2a1 100 73 N/A N/A N/A
D. pseudoobscura Ago2c 8 8 D. pseudoobscura Ago2d 60 45 0.25 0.0016 0.60
D. pseudoobscura Ago2d 5 3 D. pseudoobscura Ago2c 62 50 -0.34 -0.0021 0.73
D. pseudoobscura Ago2e 0 17 D. lowei Ago2e 66 133 1.00 0.0024 0.00
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Figure C.1.: Selective sweeps at D. pseudoobscura Ago2 paralogues, with Ago2 paralogue haplotype
sequences removed.
After specifying Ago2 paralogue sequence data as missing information, sharp troughs in diversity remain
at Ago2a, Ago2b and Ago2c, indicating a selective sweep.
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Recent insights into the evolution of innate viral sensing
in animals
Samuel H Lewis and Darren J Obbard

The evolution of viral sensors is likely to be shaped by the

constraint imposed through high conservation of viral

Pathogen-Associated Molecular Patterns (PAMPs), and by the

potential for ‘arms race’ coevolution with more rapidly evolving

viral proteins. Here we review the recent progress made in

understanding the evolutionary history of two types of viral

sensor, RNA helicases and Toll-like receptors. We find

differences both in their rates of evolution, and in the levels of

positive selection they experience. We suggest that positive

selection has been the primary driver of the rapid evolution of

the RNA helicases, while selective constraint has been a

stronger influence shaping the slow evolution of the Toll-like

receptors.
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Introduction
Pathogens reduce host fitness, and thereby exert a strong
and ubiquitous selective pressure on hosts that has led to
the evolution of a range of immune responses. Immune
responses are elicited when sensors detect the presence
of pathogens through Pathogen-Associated Molecular
Patterns (PAMPs) or through markers of pathogen-
associated damage. However, viruses may be uniquely
difficult to sense because they use the host’s own machin-
ery to replicate, and therefore present fewer exogenous
elicitors to immune surveillance mechanisms. Innate
antiviral responses are therefore often triggered by con-
served signatures of viral nucleic acids, such as dsRNA or
CpG dinucleotides, which lead to the activation of
multiple downstream immune responses, such as the

RNA interference pathway or the vertebrate interferon
response.

The conserved nature of these viral PAMPs leads to
contrasting predictions regarding the evolution of anti-
viral genes. On the one hand, sensing these ancient and
conserved molecular signatures might be expected to
constrain the evolution of viral sensors. On the other
hand, viral suppression of the antiviral immune system
may lead to rapid evolution of viral sensors, as is seen in
some antiviral genes of Drosophila [1]. Such rapid evolu-
tion may be driven by a host-virus arms race, as viruses
escape the host immune response by cleaving or blocking
antiviral genes [2]. Mechanisms of viral sensing have
recently been reviewed elsewhere [3]; here we summarise
the recent progress that has been made in understanding
how two important viral sensing mechanisms have
evolved, focussing on both phylogenetic history and
the ongoing natural selection that shapes antiviral
responses of extant populations. We finish by weighing
the relative contributions of positive selection and evol-
utionary constraint during the evolution of viral sensing.

The phylogenetic distribution of viral sensing
mechanisms
Although multiple protein families are known to act as
viral sensors, many recent evolutionary studies have
focussed on the Toll-like receptors (TLRs) and on recep-
tors related to the RNA helicases, such as the Dicers and
the RIG-I-like receptors (RLRs). Dicers act as sensors in
the RNA interference (RNAi) pathway, binding dsRNA
derived from the viral genome, replication intermediates
or subgenomic products, and cleaving it into small RNAs
that are ultimately used to target the virus or its transcripts
for degradation. This is an ancient mechanism that prob-
ably arose prior to the most recent eukaryotic common
ancestor over 1.5 billion years ago, and has since been
conserved in all major eukaryotic lineages, including
plants, fungi, ecdysozoa and vertebrates (illustrated in
Figure 1) [4]. The helicase domain of the RLRs probably
shares a common ancestor with that of Dicer [5], but on
sensing viral dsRNA or other PAMPs, RLRs instead
activate transcription factors such as nuclear factor-kappa
B (NF-kB), and thereby induce the interferon pathway
[6]. The RLRs also have a much more recent origin than
Dicers, being present only in vertebrates, although hom-
ologues to their characteristic CAspase Recruitment
Domains (CARDs) and RNA helicase domains are found
in more basally branching deuterostomes, such as the
tunicate Ciona intestinalis and the purple sea urchin
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Strongylocentrotus purpuratus [5,7]. At present, direct viral
sensing and immune induction functions have only been
shown in vertebrates for two of the three RLRs, retinoic
acid inducible gene I (RIG-I) [6] and melanoma differ-
entiation associated gene 5 (MDA5) [8]. The third RLR,
laboratory of genetics and physiology 2 (LGP2), binds
viral RNA but cannot itself induce an immune response,
instead triggering interferon production indirectly by
signalling to MDA5 [9]. In contrast to the vertebrate-
specific RLRs, the antiviral role of Dicer-like genes is
much more widespread, being present in plants [10],
fungi [11] and animals [12].

The Toll receptors were initially discovered in Droso-
phila, where they are involved in regulating the anti-
bacterial and antifungal immune response [13]. The
phylogenetic distribution (Figure 1) of Toll-like recep-
tors (TLRs) suggests that they originated in the early
Bilateria, before the divergence of protostomes and
deuterostomes. In Drosophila, Toll-7 directly binds
viruses and activates the autophagy response [14!!].
In mammals, four TLRs (TLR3, 7, 8 and 9) play a
pivotal role in sensing viral nucleic acids [15–18],
subsequently activating the innate and adaptive
immune responses through IRF-3, IRF-7 and NF-kB
[19]. Other mammalian TLRs recognise different
PAMPs, including lipids (TLR1, 2, 4 and 6) [20–22]
and proteins (TLR5) [23]. This phylogenetic distri-
bution of antiviral function suggests that TLRs are

likely to have evolved a viral sensing role early in
animal evolution, before the divergence of the proto-
stomes and deuterostomes.

The evolution of RNA helicases
The most ancient conserved viral sensors are related to
RNA helicases present in Archaea and Eukaryotes [5].
Two families of sensing helicases have been the subject
of recent evolutionary study: the Dicers [24,25!!] and
the Rig-I-like receptors (RLRs) [5,7]. Two of the three
RLRs (RIG-I and MDA5) each harbour two CARD
domains that are integral in triggering the interferon
response [6]. Despite this shared function, the two
CARD domains appear to have substantially different
histories [5], and it has therefore been suggested  that
the CARDs were gained by RIG-I and MDA5 in two
separate events, with the first domain being acquired
before the duplication that formed RIG-I and MDA5,
and the second domain gained after they diverged [5].
Consistent with this, two CARD domains are found
at separate loci in the sea anemone Nematostella vecten-
sis, suggesting that the proposed grafting of these
CARDs onto RLR may have occurred from these loci
after the divergence of the chordates [7]. In contrast to
the CARD domains, however, the order of divergence
of RIG-I, MDA5 and LGP2 themselves remains
unresolved. A neighbour-joining approach suggested
that RIG-I diverged in the early deuterostomes, with
LGP2 and MDA5 diverging later in the vertebrates
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[7], while Bayesian and Maximum Likelihood methods
find that LGP2 diverged in the early chordates,
with RIG-I and MDA5 diverging later in the tetrapods
[5].

It is highly likely that the last eukaryotic common ances-
tor possessed one Dicer, which was duplicated to produce
two paralogues in the early Metazoa soon after their
divergence from the other eukaryotes [24,25!!]. However,
the timing and extent of paralogue loss, and therefore the
age of the two well-studied insect Dicer paralogues
(Dicer1 & Dicer2), remains unresolved. It is possible
that one of the paralogues was lost in the early Metazoa
soon after the divergence of the Placazoa, and therefore
Dicer1 and Dicer2 are relatively recent duplicates formed
from a lineage-specific duplication in the ancestral arthro-
pod [24]. Alternatively, large-scale lineage-specific loss of
one of these paralogues may have left only the Placazoa
and the arthropods with the two ancient paralogues [25!!].
Reconstruction and rooting of this tree is made challen-
ging by the extreme difference in evolutionary rate be-
tween Dicer1 and Dicer2, and by the high divergence to
non-animal Dicers. Wider taxon sampling may mitigate
these problems, and if so, then an ancient origin for
Dicer1 and Dicer2 may be more likely [25!!]. Accurate
reconstruction of this phylogeny would help to determine
the extent to which Dicer has retained its presumably
ancestral antiviral role, which has been confirmed in
plants, fungi, arthropods, and most recently mammals
[26,27].

Population-genetic approaches can be used to detect
departures from a standard neutral model of evolution,
and thus infer the action of recent or ongoing natural
selection. These methods have been widely applied to
Dicers and RLRs, and have utilised both within-species
genetic diversity [28!,29–31] and between-species
divergence [1,28!,31,32] to understand the role of
positive selection in shaping these genes. In humans,
RIG-I appears to be tightly constrained [31], possibly
due to the broad range of viruses it detects [33]. In
contrast, positive selection has been detected on human
LGP2 and MDA5 [31], and may have driven selective
sweeps of MDA5, with one variant fixing in Europe and
Asia and an alternative variant selected in South Amer-
ica [30]. Across the mammals, positive selection has
been detected at individual sites in all domains of RIG-
I and MDA5, but only in the helicase domain of LGP2
[34]. Evidence for positive selection has also been
found for Drosophila Dicer2, which evolves extremely
rapidly [1] under strong positive selection [32]. Despite
this, it remains challenging to confidently attribute
these patterns of RLR evolution to virus-mediated
natural selection, as there may be some other shared
trait common to all members of the RLR gene family
that may predispose them to evolve in this way. Never-
theless, as neither rapid evolution nor positive selection

are detected for insect Dicer1 [32], a Dicer2-homologue
in the microRNA pathway that lacks a major antiviral
role, it seems likely that the rapid evolution of
Dicer2 may be driven specifically by its viral sensing
function.

The evolution of the Toll-like receptors
All TLRs have characteristic leucine-rich repeat (LRR)
and Toll/interleukin-1 receptor (TIR) domains, which
function in PAMP recognition and cell signalling, respect-
ively. These domains appear to have evolved separately
in the early Metazoa, as a vertebrate-like TIR is present
in the Cnidaria [35]. However, the combination of TIR
and LRR domains is seen after the divergence of the
Bilateria from basal Metazoa, but before the divergence
of the protostomes and deuterostomes [35]. A similar age
has been estimated for the TLR adaptor MyD88, which
was identified in both vertebrates and invertebrates [36],
and for the interaction between TLRs, MyD88 and NF-
kB, which has been reported in the oyster Crassostrea gigas
(Lophotrochozoa) [37!]. However, the full TLR signal-
ling pathway appears to have been acquired slowly, as the
other adaptors TIR domain-containing adaptor molecule
(TICAM) and TIR domain-containing adaptor protein
(TIRAP) appear first in the early chordates [38] following
duplication of MyD88 [36].

Direct sensing of viral PAMPs also appears to have
evolved in TLRs before the divergence of the proto-
stomes and deuterostomes, being found in both Droso-
phila [14!!] and vertebrates. Intriguingly, differential
expression of TLRs occurs on exposure of C. gigas to
different PAMPs [37!], suggesting that specialisation of
TLR paralogues to specific classes of pathogens may also
have occurred early in the Bilateria. Since its divergence
from other deuterostomes, a dramatic expansion of the
TLR gene family in the basal deuterostome S. purpuratus
has produced 253 paralogues, some of which appear to
have specialised to a larval-specific or antibacterial role
[39]. However, whether any of these paralogues has an
antiviral function, and therefore how viral sensing has
influenced their evolution, remains unknown.

Studies of TLR molecular evolutionary dynamics have
revealed that selective pressures vary between domains,
between different levels in the TLR signalling pathway,
and between TLRs with different functions. At the
domain level, the LRR domain evolves much faster than
the TIR domain [39–42], consistent with the role of the
latter in signalling to cytoplasmic adaptor molecules that
are constrained by their interactions with multiple differ-
ent TLRs. At the pathway level, a negative relationship
between evolutionary rate and pathway position has been
found in both Drosophila [43] and the Metazoa as a whole
[44], suggesting that downstream components are under
stronger purifying selection, possibly because of their
interactions with multiple different upstream factors [44].
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At the level of TLR function, four studies have explicitly
compared the molecular evolutionary patterns of viral and
non-viral TLRs in humans [45], rodents [46], primates
[41], and mammals generally [47!!]. These studies have
used interspecific divergence at nonsynonymous and
synonymous sites (dN and dS, respectively) to quantify
the rate of protein evolution relative to the neutral
expectation, with some studies going on to infer positive
selection by testing for the existence of individual codon
positions showing a dN/dS ratio greater than one. Com-
parisons that average dN/dS across the whole gene have
all found that viral sensing TLRs evolve more slowly than

TLRs that sense other pathogens; however, the magni-
tude of this difference in rates varies between focal
lineages. In humans, viral sensing TLRs evolve much
less rapidly than other TLRs, with average dN/dS values
of 0.25 (viral) and 0.81 (non-viral) [45]. Far more modest
differences have been found in rodents [46], primates
[41], and birds [48]. Viral sensing TLRs may evolve more
slowly because of stronger purifying selection, which has
been detected using intraspecific polymorphism data
from birds [48], humans [45] and primates as a whole
[41]. Alternatively, the higher dN/dS ratio seen in TLRs
that sense other PAMPs may reflect higher rates of
positive selection, with a higher proportion of codons
experiencing frequent adaptive substitutions.

Adaptive substitutions have been inferred both at the
TIR and LRR domains and the TLR sequence as a
whole. There is wide variation in the proportion of
positively selected codons that are located in the
PAMP-binding LRR region: this domain harboured all
adaptive substitutions in rodents [46] and the majority in
mammals [47!!], but in primates this region contained
none in viral sensing TLRs, and only a small minority in
non-viral TLRs [41]. Across the whole sequence, a mam-
mal-wide study failed to find a significant difference in
the proportion of positively selected codons between viral
and non-viral TLRs [47!!]. However, individual studies
of primates [41], rodents [46] and birds [48] identified
fewer positively selected codons in viral sensing com-
pared with non-viral TLRs. This may indicate that host-
virus arms race dynamics exert a weak or negligible effect
on viral sensing TLRs, perhaps because their membrane-
bound location limits viral interference. Instead, their
evolution may simply be constrained by the conserved
nature of viral PAMPs, resulting in low rates of adaptation
and few positively selected codons (illustrated in
Figure 2).

Conclusion
Viral sensors evolve under contrasting selective pressures:
the conserved nature of viral PAMPs may tend to con-
strain evolution, whereas antagonistic host-virus coevolu-
tion may drive rapid evolution. The rapid evolution of
RNA helicases could indicate that coevolution with other
pathogen proteins (such as immune suppressors) is a
major selective pressure on these sensors. In contrast,
the slow evolution of TLRs may suggest the absence of a
host-virus arms race acting directly on the sensor. In the
future, this could be tested by further investigation of
viral immune suppression strategies, and the overall
importance of such strategies in shaping evolution could
be informed by comparative studies of the evolution of
viral sensors in a broader phylogenetic range of taxa.
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The evolutionary rate (dN/dS — upper panel) and the proportion of
codons inferred to be positively selected (lower panel) in viral sensing
and non-viral sensing TLRs across eight rodent and ten primate species.
Sequences were obtained from GenBank, and their phylogeny
reconstructed using the Bayesian phylogenetic analysis program
MrBayes [49] (see Supplemental File 1 for alignment). Evolutionary rate
was estimated under the M0 model in PAML [50] (error bars represent
one S.E.), and the proportion of adaptive substitutions represents the
estimated proportion of sites with dN/dS > 1 under the M8 model.
Overall, it appears that the primate and rodent viral sensing TLRs evolve
more slowly and have a lower proportion of adaptive substitutions than
other TLRs.
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