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Abstract 
Phytophagous insects rely on chemoreception for various essential 

activities such as food source localization, mate choice, oviposition site 
selection and predator avoidance.  

Insect chemoreception is mediated by gene families that include 
odorant binding protein (OBP) genes, chemosensory protein (CSP) genes, 
olfactory (OR), and gustatory (GR) receptor genes. In several insect 
species, it has been shown how the evolution of these gene families 
correlates with adaptation to specific ecological niches. Here we 
investigate how different degrees of host specialization in frugivorous 
insects affect the evolution of these genes. As a model group, we chose 
Bactrocera, a genus that comprises over 500 species and is one of the 
most economically relevant fruit fly genera, with at least 50 species 
considered important agricultural pests with a worldwide distribution. 
Species of this genus display an extremely wide range of feeding 
strategies ranging from extreme polyphagy to strict monophagy. 

In this thesis, we first aimed to reconstruct a robust molecular 
phylogeny of Bactrocera species to obtain a useful framework for 
comparative genomics and comparative biology studies in this genus. For 
this purpose, we conducted comprehensive multi-locus phylogenetic and 
dating analyses using genome-wide data of eleven Bactrocera species 
with different feeding strategies. Our phylogenetic analyses clearly reveal 
that B. dorsalis is more closely related to B. latifrons than to B. tryoni. Our 
results are in contrast with phylogenies inferred from mitochondrial 
sequences, which instead supported a closer relationship between B. 
dorsalis and B. tryoni, but consistent with yet preliminary (i.e., not 
statistically supported) recent studies based on nuclear genes. Moreover, 
our analyses revealed numerous incongruences between gene and 
species trees, which we interpreted as evidence for incomplete lineage 
sorting and/or introgression and may explain the discordant results of the 
mitochondrial phylogenies. Overall, our findings underlined the importance 
of using genome-wide data to resolve complex phylogenies. 

Our second objective was to untangle the evolution of chemoreception 
in Bactrocera species and relate it to the diverse host ranges of these fruit 
flies. In particular, we explored the evolutionary dynamics of 
chemosensory gene families in two extremely polyphagous species (B. 
dorsalis and B. tryoni), a polyphagous species with a more limited host 
range (B. latifrons), one oligophagous species (B. cucurbitae, which feeds 
mainly on Cucurbitaceae) and one monophagous species (B. oleae). We 
first identified and annotated the repertoire of chemosensory genes in the 
five species. Then, we analysed the birth and death processes of the four 
gene families using a comparative approach in a phylogenetic framework. 
Remarkably, we found that the monophagous B. oleae was the species 
with the lowest number of OBP and OR genes and duplication events, 
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while the extreme generalist B. dorsalis presents the highest number of 
OBP, OR, and GR genes and several duplications in these gene families. 
Moreover, the birth-and-death analysis detected that the olive fly was the 
only species that experienced only losses. Overall, these results were 
concordant with the idea that specialization in host preference may be 
accompanied by the loss of genes, and, in the case of the olive fly, this 
affected mainly the evolution of the OR gene family. 

Finally, we analysed the pattern and rate of molecular evolution of these 
genes, which were then tested for the possible action of positive selection. 
The results revealed that the monophagous B. oleae was the species with 
the highest number of genes under selection, and only in this species OR 
and OBP genes are evolving under contrasting selective pressures.  

Thus, the evolution of host choice in Bactrocera may be the result of a 
combination of evolutionary processes occurring at both the gene family 
and the gene sequence levels. Our findings further provide promising 
candidates for the genetic basis of the adaptation of the olive fly to its plant 
host. 
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Introduction 1 
1 Introduction 

In this thesis, we studied the evolution of chemosensory gene families 
in Bactrocera fruit flies using a comparative approach to better understand 
the genetic basis of their host preference.  

To polarize the evolution of these genes and understand their role in 
the history of the single species, it is of crucial importance to have a robust 
and reliable phylogeny. For this reason, we also conducted 
comprehensive multi-locus phylogenetic and dating analyses. 

To introduce the experimental chapters, the following literature review 
explores two broad areas of interest which are essential to understanding 
the theoretical and experimental background of my thesis: (i) the biology, 
ecology, and phylogeny of Bactrocera fruit flies with a focus on the species 
considered in this thesis; (ii) the chemoreception mechanisms in insects 
and, in particular, in Bactrocera species. 

 

1.1. Tephritidae family 

Tephritidae, commonly known as true fruit flies, are an incredibly 
diverse group of phytophagous insects and includes more than 5,000 
species in over 500 genera [1–3], making it one of the largest families 
among Diptera. 

 Several tephritid species cause extensive damage to agriculture [4]. 
These crop pests are worldwide distributed and are mainly included in four 
major genera: Anastrepha (Schiner), Ceratitis (MacLeay), Rhagoletis 
(Loew), and Bactrocera (Macquart), one of the most diverse genera and 
which is the focus of my thesis [5].  

Damages are the result of the particular reproductive habits of these 
flies, whereby females lay eggs within the fruit flesh (i.e., pericarp), and 
the larvae rapidly develop in the fruit, eating it and inducing bacterial and 
fungal decay. The consequent economic impacts resulting from such 
damages are considerable. For example, the olive fruit fly, Bactrocera 
oleae (Rossi), has been estimated to cause an annual economic loss of 
approximately $800 million in the Mediterranean basin alone [6]. In 
addition, indirect losses derived from quarantine restrictions imposed by 
importing countries to block the entry of fruit flies into unaffected areas 
can cause substantial economic losses [7]. In fact, an additional feature 
that increases the economic and social impact of these species is their 
ability to invade new areas and establish viable populations. Therefore, 
ecological aspects of tephritids such as host plant selection, oviposition, 
mating behaviour, and invasiveness have been extensively investigated, 
especially for economically significant pests [8–12]. 
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1.2.  Bactrocera genus 

The genus Bactrocera comprises over 500 species [13] and is one of 
the most economically relevant fruit fly genera, with at least 50 species 
being considered important pests [1,5]. Members of this genus share key 
ecological features: high mobility, high fecundity, and relatively long adult 
life spans [14].  

In this section, I will describe the main features of members of this 
genus, focusing on the five species that will be the subjects of this thesis: 
B. cucurbitae, B. oleae, B. tryoni, B. latifrons, and B. dorsalis (Figure 1). 
These species have been chosen because of the availability of genomic 
and transcriptomic resources and their contrasting feeding preferences. 

 
 

 

 
 

1.2.1. Phylogeny: state of the art 

The Bactrocera genus, like other genera of the Tephritidae family, has 
a controversial history of taxonomy and classification. The taxonomic 
status of this group has been revised many times, and it was established 
as a genus by Drew only in 1989 [13]. 

Figure 1 – A) B. cucurbitae [228], B) B. oleae, C) B. tryoni (Photo by James 
Niland), D) B. latifrons [329], E) B. dorsalis (Photo by Scott Bauer). 
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The genus is subdivided into ~ 30 subgenera [15–17], and sometimes 
within those subgenera species that appeared morphologically highly 
similar are placed in species complexes (e.g., B. dorsalis, B. tryoni, and 
B. musae complexes) [13, 18–20]. Changes in the classification involved 
Bactrocera subgenera and the species complexes. For example, several 
Bactrocera species were formerly identified as Dacus (e.g., Dacus 
dorsalis, D. oleae, D. latifrons, D. tryoni). Currently, the use of the name 
Dacus was restricted to those members of the tribe Dacini (composed of 
Dacus and Bactrocera genera) that have their abdominal terga fused into 
a single sclerotized plate, while in Bactrocera fruit flies the terga are 
separated [18, 21]. 

In the last years, the use of molecular data to investigate the phylogeny 
resulted in relationships that contrast with those obtained using 
morphological diagnostic data, and it became clear that morphology-
based classification had to be revised [21–25].  

To date, molecular phylogenies among Bactrocera subgenera and 
within specific subgenus showed different relationships depending on the 
type of molecular markers (nuclear and/or mitochondrial), on the number 
of markers, and on the number of taxa analysed [22, 24, 26–29]. In 
particular, recent phylogenetic studies proposed that the Bactrocera 
(Zeugodacus) subgenus had to be elevated to genus level because it is 
more closely related to the Dacus genus than to the Bactrocera genus [22, 
24, 29, 30]. These analyses supported previous studies on the 
morphological and ecological differentiation between Bactrocera 
(Zeugodacus) and the other Bactrocera subgenera [15, 16]. However, 
because of the ongoing debate on the genus/genera definition, we will use 
the unambiguous nomenclature and refer to the species used in this study 
as members of the genus Bactrocera. 

Besides such nomenclature issues, what is more relevant to our 
analyses is a correct phylogenetic inference among the studied species. 
For instance, B. dorsalis is usually considered to be more closely related 
to B. tryoni than to B. latifrons (e.g., [31, 32]), which may affect the 
interpretation of shared or diverged characters, as well the implementation 
of control measures developed for putative “closely related” species. 

In our phylogenetic analysis, we included Bactrocera species for which 
genomic and/or transcriptomic resources were available, trying to 
incorporate species of different subgenera. Our dataset includes members 
of the subgenus Afrodacus (B. jarvisi), Daculus (B. oleae), Zeugodacus 
(B. cucurbitae), Tetradacus (B. minax) and Bactrocera (B. bryoniae, B. 
correcta, B. dorsalis, B.latifrons, B. musae, B. tryoni and B. zonata). 

1.2.2. Geographical distribution 

The Bactrocera genus has a wide ancestral geographical distribution 
that extends throughout tropical Asia, the South Pacific, and Australia 
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(Figure 2). In fact, several species have expanded their range and have 
become invasive in Africa, Europe, and the Americas. 

Bactrocera oleae is one of the few species that have been found in 
Africa, Europe, and America. This fruit fly originated in Africa and has been 
established in the olive-growing regions worldwide [33]. Its current 
distribution includes South and Central Africa, Mediterranean Europe, 
Near and Middle East, and it has been recently introduced to California 
(USA), Hawaii (USA), and Mexico [33–35].  

The oriental fruit fly, B. dorsalis (Hendel), is native to South-east Asia 
[36] but, thanks to its invasiveness, it has established in a considerable 
number of other countries, such as the Hawaiian Islands [37], East Africa 
[38], West Africa [39] and Italy [40]. 

Bactrocera cucurbitae, native to India, is abundant throughout Asia, 
Oceania, and the African continent [16, 41]. 

Bactrocera latifrons has also an Asian origin and is predominantly 
distributed in South and South-east Asia. In Africa, it has only been 
recorded from Tanzania and Kenya [42]. This fruit fly was also introduced 
to Hawaii [43, 44]. 

Bactrocera tryoni, also known as the Queensland fruit fly, is an 
Australian pest, and its native range was considered to be the tropical and 
subtropical coastal Queensland and northern New South Wales [45]. 
However, it has been widely established in eastern Australia and some 
South Pacific islands [46]. 

Indeed, the fact that all these five species have enlarged their original 
range, coupled with their feeding habits, is what makes them among the 
most economically important invasive pest species in the world. 

 
 

 

Figure 2 – Geographical distribution of B. cucurbitae, B. oleae, B. tryoni, B. 
latifrons and B. dorsalis. 
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The olive fly biology is closely linked to the availability and condition of 
olives. Bactrocera oleae females typically lay one egg under the surface 
of an olive fruit [49, 50], in whose mesocarp the developing larva then 
feeds and grows. Adults can feed on several organic sources, including 
insect honeydews, fruit exudate, plant nectar, and pollens, but, they may 
also require other types of nutrients, such as bird excrement, bacteria, and 
yeasts [51–53]. Adult food availability is fundamental for the survival of the 
populations during periods when olive fruits are unsuitable for oviposition. 
For this purpose, adult flies can exploit many different plants as adult food 
sources [54]. Olive fly development in field conditions is strictly dependent 
on temperature, humidity, microclimate within the olive canopy, and on the 
availability and quality of the fruit [55, 56].  

Besides fruit host preference, there are only few differences in the 
reproductive biology of the other Bactrocera species. For example, B. 
cucurbitae females mainly oviposit in the fruit pulp, but they can also lay 
eggs in the corolla of flowers and sometimes even into the stem and root 
tissues [57]. A more glaring difference is found in the number of eggs per 
clutch that females of different species lay into the hosting fruit. While the 
olive fly generally lays a single egg per olive, B. cucurbitae, B. tryoni, B. 
latifrons and B. dorsalis may oviposit more eggs per clutch [48]. 

The number of generations per year also varies among these species. 
In Southern Europe and Middle East, B. oleae is considered to be a “short-
day species”, since females can not mature ovaries during late spring and 
early to mid-summer, probably because of high temperatures and low 
humidity [50]. As a result, the number of annual generations within the 
endemic range presents several variations depending on climate: three to 
five generations have been observed in the Middle East [58–61] and two 
to five in different parts of Europe [62–65].  

Bactrocera cucurbitae is active throughout the year, with a number of 
generations ranging from 8 to 10 per year [5, 66, 67]. Similarly, B. dorsalis 
is reported to have up to 11 generations per year, but they usually range 
between 4 and 8, depending on the temperature [68]. Temperature-based 
development models for B. tryoni predicted this number to range from only 
one generation per year in temperate Tasmania up to 12–15 generations 
in far northern subtropical Queensland [69]. For B. latifrons, the number 
of generations at 26.6 °C was reported to range between 7 and 8 [70]. 

1.2.4. Host range 

Phytophagous insects are generally grouped according to their host 
range into three broad classes: i) monophagous, or specialist, insects feed 
on only one plant species; ii) oligophagous insects on a limited range of 
related plant species; and iii) polyphagous, or generalist, insects feed on 
a broad range of unrelated plant species [71, 72]. The definition of these 
terms is not always in agreement. Monophagy can be intended as feeding 
on a single plant species [71], as well as feeding on different plant species 
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within a genus [73] and that share precise fruit features. In this thesis, 
monophagy will follow the second definition. 

Several advantages and disadvantages have been proposed 
associated with the different host ranges. According to Bernays and 
Graham, the principal advantage of polyphagy over monophagy is that 
polyphagous insects are not dependent upon a single plant species for 
their survival [74]. On the other hand, they are thought to be inefficient 
because they need to exploit multiple resources [75, 76]. According to 
other theories, specialization is considered to lower interspecific 
competition with generalist species, or conversely, to increase the ability 
to compete against generalists for a specific source [77, 78]. This is 
supported by the observation that most phytophagous insects feed on only 
one or a small number of related plants [71, 79].  

Studies on host preference have classified host plants for about 200 
Bactrocera species [19–21]. This genus appears to be composed of a high 
number of generalist species, 11 of which, including B. dorsalis (Hendel), 
B. correcta (Bezzi) and B. tryoni (Froggatt) [19–21] show an extreme 
polyphagy [82], with hosts in more than 20 plant families. Most of the 
species utilize instead as hosts only members of a plant family and are 
thus classified as oligophagous species [83]. Finally, only a few species 
are classified as monophagous species. However, few resources are 
currently available on the host use and oviposition behaviour of these fruit 
flies [84]. 

Below we report host preference for the five species studied in this 
thesis. The olive fruit fly is a specialist that feeds only on fruits of the genus 
Olea, including Olea europaea ssp. europaea (cultivated and wild), O. 
europaea ssp. verrucosa, and O. europaea ssp. cuspidata [6]. This 
preference is expected to have led to specific adaptations to locate and 
metabolize olives. 

Bactrocera cucurbitae, also known as the melon fly, is an oligophagous 
species that feeds on species of the Cucurbitaceae family but was 
occasionally detected on members of other plant families. However, these 
infestations were minor [85] and associated with the lack of optimal host 
plants. 

Bactrocera latifrons attacks mostly species of the Solanaceae family, 
but it has been shown that other families can be rarely infested (e.g., 
Cucurbitaceae) [36]. Despite the narrow host range of this species, it has 
been commonly considered as a generalist species [86]. 

The other two species are, on the other hand, clear examples of 
extremely polyphagous species: B. tryoni feeds on at least 234 species of 
plants that belong to 49 plant families [80] and B. dorsalis has over 300 
host species [36, 80, 81, 87]. 

The precise mechanisms of the host plant localization by the fruit flies 
remain to be elucidated. It is known that the selection of the oviposition 
site by phytophagous insects involves multiple sensory modalities, 
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including visual, volatile and non-volatile cues, and contact chemical 
stimuli from host and non-host plants. Thus, the evolution of the genes 
associated with such perceptions is expected to be tightly associated with 
the host selection and preference. In particular, we hypothesized that 
genes involved in the detection of chemical signals emitted by host plants 
are good candidates for identifying the genetic basis of host choice. 

1.3. Insect chemoreception  

The reception of chemical signals is crucial for the survival of almost all 
organisms [87–90], and most terrestrial animals have evolved 
chemosensory systems with remarkable sensitivities and discriminatory 
power to detect and process chemical compounds in the environment [92]. 

In particular, insects rely on chemoreception to perceive chemical 
signals, localize food sources, oviposition sites, predators, and identify 
mating partners. Insect chemoreception starts with the primary detection 
of a chemical molecule by the sensillum, a cuticular structure housing a 
receptor neuron [93–96]. The main steps include: (1) the uptake of the 
chemical signal from the external environment by the sensillum, (2) the 
transport through the sensillum lymph towards the dendritic membrane of 
the receptor neuron, and (3) the interaction with the chemoreceptor that 
leads to the activation of the chemosensory neuron. 

A pivotal role in these processes is played by proteins encoded by five 
multigene families (Figure 4) (reviewed in [97, 98]), two of which code for 
receptors characterized by seven transmembrane domains, namely the 
gustatory receptors (GRs) [99–101] and the odorant receptors (ORs) [100, 
102–105]. A third family encodes for ionotropic receptors (IRs), a class 
within the highly conserved ionotropic glutamate receptor family of ligand-
gated ion channels [106–108]. These three families of transmembrane 
receptors can perceive and differentiate a wide range of semiochemicals 
[102, 109–111]. However, chemical compounds are generally hydrophobic 
and therefore need to be solubilized and transported from the external 
environment to the membrane of chemosensory neurons. Two families of 
soluble proteins have been proposed to be involved in this process: 
odorant binding proteins (OBPs) [112, 113] and chemosensory proteins 
(CSPs) [114, 115].  

In this thesis, we refer to these five gene families (ORs, GRs, IRs, 
CSPs, and OBPs) collectively as chemosensory gene families. 



Introduction 

 

 12 

 

 

 

Figure 4 – Schematic representation of insect chemosensory 
organs and molecular models in signal transduction (from [330]). 
(A) Insect chemosensory appendages such as the antennae are 

covered by sensilla. (B) An olfactory sensillum housing an 
Olfactory Receptor Neuron (ORN, in blue); odorants penetrate the 
olfactory sensillum through cuticular pores and are detected by the 
ORN dendrite. (C) Different chemoreceptor families are activated 
by different classes of odorant molecules via distinct mechanisms. 

See main text for details. 
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1.3.1. Odorant binding proteins 

Odorant binding proteins are present in both insect sensillum lymph and 
in the vertebrate olfactory mucus [112, 113]. Although they seem to play 
a similar role in olfaction, insect, and vertebrate OBPs are not homologous 
and represent an example of convergent evolution [116, 117]. In the last 
years, insect odorant binding proteins have drawn significant attention 
because they are highly expressed in the antennae [118], confirming that 
they may play a crucial role in odour perception, they have an extreme 
sequence divergence between and within species [119, 120] and they are 
coded by many genes in some insect species (e.g., 52 different OBPs are 
encoded in Drosophila melanogaster) [121, 122].  

Insect OBPs are small globular proteins (about 135–220 amino acids 
long) that generally bind, solubilize, and shuttle the odorants that reach 
the sensillum pore across the aqueous lymph to odorant receptors in the 
dendrites [123–127]. 

Despite the high degree of sequence divergence, insect OBPs present 
a specific structure that distinguishes them from similar proteins. In 
particular, the typical OBP consists of six α-helical domains characterized 
by a pattern of six positionally conserved cysteines joined into three 
interlocked disulphide bridges (Figure 5) [126, 128–130]. The OBP family 
comprises members with a smaller (C-minus) or higher number (C-plus) 
of cysteines, as well as atypical OBPs containing additional domains [131–
134]. 

These proteins are synthesized by non-neuronal auxiliary cells, 
trichogen and tormogen cells, and subsequently secreted into the sensillar 
lymph [112, 135, 136]. 

Different types of OBPs may be expressed within the same species in 
different olfactory sensilla [115, 137], but they are not restricted to the 
olfactory system. Indeed, some are expressed in the tissues involved in 
taste perception [138, 139] or in other larval chemosensory organs [138, 
140]. In fact, while typically OBPs act as solubilizers and carriers of 
hydrophobic compounds, in particular odorants and pheromones, other 
roles have also been proposed. For instance, they can be involved as 
scavengers to remove the pheromones as well as foreign semiochemicals 
in order to maintain receptor activity [116, 141]. Another possible role is to 
function as a filter to decrease odorant concentration that, if too high, can 
lead to long-term receptor desensitization [116]. In addition, OBPs can be 
active participants together with the pheromone in a specific ternary 
association in OR activation [142], although their precise role remains 
unclear. Finally, as mentioned above, the location of OBPs in different 
insect body parts also suggests different roles from olfaction [143, 144]. 

In the last years, much information has been obtained on OBP binding 
affinity and molecular docking to chemical compounds as well as several 
three-dimensional (3D) crystal structures. Recent studies have also 
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reported that different OBP types selectively bind defined, partly 
overlapping spectra of compounds [145]. 

1.3.2. Chemosensory proteins 

Chemosensory proteins (CSPs) are another family of small soluble 
proteins found in insect chemosensory organs, namely olfactory and 
gustatory tissues, from which they take the general name [97, 114, 115, 
146]. 

CSPs are smaller (about 100–120 residues) and do not share sequence 
similarity with OBPs. They have a conserved motif characterized by five 
α-helical domains formed by four cysteines joined by two disulphide bonds 
between neighbouring residues (Figure 5) [146–148]. 

To date, two observations support a role of some CSPs in transporting 
semiochemicals from the environment to the membrane of sensory 
neurons: the presence of CSPs in the lymph of several chemosensilla and 
the affinity to pheromones and odorants [146, 149–152]. However, there 
is no clear evidence of whether they are essential in insect 
chemosensation. 

Other CSPs functions have been prosed, including pheromone delivery, 
development, solubilization of nutrients, vision, immune response, and 
insecticide resistance [153–160]. 

 
 

 

Figure 5 – Crystal structures of the first solved OBP and CSP proteins. 
Ribbon view representation of the structure of Bombyx mori (Lepidoptra) 

pheromone binding protein (PBP1) [126] and Mamestra brassicae 
(Lepidoptera) chemosensory protein 1 (CSP1) [148] (from [158]). 
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1.3.3. Odorant receptors 

Insect ORs are seven transmembrane domain proteins, with lengths 
ranging from 350 to 500 amino acids.  

They do not appear homologous to their vertebrate counterparts. In 
fact, they have opposite membrane topology of the vertebrate G-protein 
coupled receptors (GPCRs), with their N-termini internal to the cell and 
external C-termini [161, 162].  

Insect ORs function as ligand-gated ion channels and are heteromeric 
complexes formed by two subunits, one of which, the so called OR co-
receptor (Orco), is ubiquitarian and highly conserved, while the second is 
highly variable and divergent and has been proposed to confer odour 
binding specificity [161–167].  

In Drosophila, there are two olfactory organs, the antenna and the 
maxillary palp. Both organs are covered by sensilla that contain the 
dendrites of up to four olfactory receptor neurons (Figure 6). The majority 
of ORNs of basiconic and trichoid sensilla express a single member of the 
OR family that provides the odorant response profile of the neuron [168, 
169]. They also express Orco that is essential for targeting the 
heterodimer to the dendritic membrane [163]. 

OR ligands have been described for most of the D. melanogaster and 
Anopheles gambiae ORs, thanks to the development of heterologous in 
vitro and in vivo expression systems. More specifically, cultured cell lines 
and Xenopus oocytes are used for in vitro analyses, while the “empty 
neuron system” of Drosophila is used for the in vivo expression analyses 
[169–174]. In these deorphanisation studies, panels of odorants are tested 
against OR/Orco complexes in the Xenopus oocytes and two-electrode 
voltage-clamp method [175, 176] or in neuron mutants (empty) where the 
endogenous receptor gene Or22a is deleted and replaced by selected 
odorant receptors using the GAL4/UAS system, thus allowing the 
measurement of their response profiles [169, 170]. These approaches 
have revealed a specific difference in odour space covered by D. 
melanogaster, predominantly tuned to esters, compared to An. gambiae, 
which is mainly focused on aromatics. It represents a striking example of 
how these chemoreceptor genes have evolved to detect odorants 
important for the ecology of these species. For example, females of An. 
gambiae, which require a blood meal for oviposition, use aromatic 
compounds found in sweat to locate humans [172]. 

1.3.4. Gustatory receptors 

Insect gustatory receptors are proteins of about 350–500 amino 
residues in length and contain seven transmembrane domains.  

GRs are members of a large GPCR family distantly related to the insect 
olfactory receptors and unrelated to vertebrate taste receptors. As ORs, 
they have an inverted membrane topology, i.e., with the C-terminus at the 
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extracellular surface [161, 177]. However, insect GR topology is not as 
clearly established, and much is left to be discovered. 

GRs are mainly expressed on the membrane of gustatory neurons 
(GRNs), which are housed in gustatory sensilla located in different insect 
body parts (e.g., mouthparts, legs, pharynx, and wings) [89, 178]. 
However, GRs are also expressed in neurons of other body tissues such 
as the digestive tract, reproductive organs, epidermal cells on the 
abdomen, in the brain, and in the antenna, either in specific sensilla or 
olfactory neurons (Figure 6) [179–188].  

In the past few years, many attempts have been made to enlighten the 
molecular functions of GR proteins, but currently, only a small number 
have been deorphanized to allow a proper functional characterization. 
From these experiments, it appears that the GR family includes several 
subfamilies that mediate the perception of different ligands: carbon dioxide 
[187, 189], several sugars [186, 190–192], various bitter compounds [193] 
and cuticular hydrocarbons [194]. Moreover, GRs appear to be involved 
not only in the detection of chemical compounds but also in 
thermosensation [195]. 

 
 

 

Figure 6 – Expression of the chemoreceptor families in D. 
melanogaster (from [180]). 
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1.3.5. The evolutionary history of chemosensory gene families 

Recent studies have uncovered the evolutionary history of the 
chemosensory gene families. GRs have been found to be the most ancient 
of all the eumetazoan chemoreceptors, as revealed by the inferred 
presence of GR or GR-Like genes in the common ancestor between 
arthropods and the phylum Placozoa [196–198]. On the other hand, CSPs 
appear to be an arthropod-specific gene family that emerged after the 
divergence between the phyla Arthropoda and Onychophora [119, 157, 
197]. Finally, ORs and OBPs are present only in the Hexapoda while 
lacking in all other arthropod taxa (Figure 7) [100, 119, 157, 197, 199]. 

Regarding sequence similarity, GR sequences have an extremely low 
sequence identity between insect species, and even between paralogues 
and orthologues within the same species. Moreover, there are no 
conserved domains among insect GR protein sequences [100, 198]: for 
example, in D. melanogaster, most GRs share less than 8% of their amino 
acidic sequence [100].  

OBPs also appear to be incredibly divergent in their sequences, and 
the amino acidic identity among paralogs within a species and among 
species members may be even lower than 10% [157]. 

CSPs are more evolutionarily conserved than OBPs, with around 50% 
of sequence identity between orthologues from phylogenetically distant 
species [200].  

Contrary to Orco, which is almost invariant in sequence even across 
distant insect species, the other OR subunits are highly divergent both in 
terms of primary amino acid sequence and in their number within the gene 
family. Indeed, ORs share on average 20% amino acidic sequence 
between OR members, either within or across species [201].  

Beside sequence divergence, chemosensory gene families also differ 
in the number of genes they contain across species. For instance, OR 
family size is highly variable, ranging from four members in the damselfly 
to more than 350 in some ants [202, 203].  

A similar trend in gene family size is observed for OBP, which ranges 
from 13 genes in the silkworm Bombyx mori to 66 in the malaria mosquito 
Anopheles gambiae [47, 53, 54, 125–127]. These data leave an open 
question about the functional importance of these proteins for the specific 
recognition of odorants. They also may indicate that insects may have 
evolved different strategies to detect general odour or sex pheromones, 
namely by divergent selection in the sequence or in the number of OBPs 
and ORs genes. 

Accordingly, GRs also present a variable family size that goes from 10 
members in Apis mellifera to 220 GR proteins in Tribolium castaneum 
[204, 205].  

In contrast, the number of CSP genes tends to be low within arthropod 
genomes relative to other chemosensory gene families, ranging from one 
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gene in the tick Ixodes scapularis (Ixodida, Arachnida) to 19 genes in 
Tribolium castaneum (Coleoptera, Insecta) [97, 197, 206].  

Multiple studies report evolutionary patterns that suggest that 
chemosensory genes are evolving according to the “birth-and-death” (BD) 
model [97, 122, 197, 207, 208]. Under this model, new genes are created 
by gene duplication, and while some of these genes are maintained in the 
genome for a long time, others become non-functional through the 
accumulation of deleterious mutations or are lost [209]. In agreement with 
this model, several studies on chemoreceptors reported lineage-specific 
expansions or contractions across arthropods [122, 197] as well as a high 
level of divergence in family composition even between closely related 
species [97]. These findings suggest that gene family dynamics may be 
involved in the adaptation to specific ecological niches. In particular, the 
ability to detect particular odours or tastes can be associated not only to 
the properties of a given chemosensory gene (i.e., its sequence and thus 
protein structure and function), but also to the presence of paralogous 
genes coding for proteins with distinct functions. 
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been later found by RNA-seq in B. dorsalis, B. cucurbitae, B. minax, and 
B. oleae [212–217]. 

The proteomics profiling of the antennae was analysed in B. dorsalis to 
identify differentially expressed proteins, including OBPs [218].  

The OBP role in odour detection has been investigated by functional 
analyses. In these studies, it was evaluated the gene expression profiles 
of different tissues, developmental stage in response to sexual maturation, 
pre-, and post-mating. RNA interference, electrophysiological and 
behavioural experiments were then applied to determine the involvement 
of specific OBP targets in odour detection [218–220]. 

For example, in the oriental fruit fly, five OBPs and one CSP highly 
expressed in the antennae were tested to determine whether there was a 
correlation between chemosensory proteins specifically or predominantly 
expressed in olfactory tissues and behavioural changes [221]. In this work, 
the authors performed ligand-binding assays using 13 attractant chemical 
compounds. They showed that BdorOBP83a-1 and BdorOBP83a-2 had 
the highest affinity to all tested semiochemicals, while the CSP did not 
exhibit binding ability. Interestingly, the knockdown of BdorOBP83a-2 
resulted in a decrease of both the neuronal responses to the tested 
chemicals and of the associated behavioural responses [221]. 

Regarding OR, in a recent study where ten B. dorsalis ORs were co-
expressed with the co-receptor BdorOrco in Xenopus laevis oocytes it has 
been demonstrated that some of the tested ORs respond to plant volatiles 
(i.e., 1-octen-3-ol, geranyl acetate, farnesenes, and linalyl acetate) [222] 
or to methyl eugenol (ME) [223].  

The function of Orco was also investigated in B. oleae [224]. In this 
work, the authors performed transient knockdown via RNA interference 
gene silencing in adult olive flies to determine the role of the receptor in 
mating and oviposition behaviour. They demonstrated that the knockdown 
of Orco expression in both males and females reduced mating ability. In 
addition, they showed that Orco silencing caused complete inhibition of 
oviposition [224]. 

While these studies provide useful information on the molecular and 
biological role of (a limited set of) chemosensory proteins in Bactrocera, 
further investigations are required to understand their involvement in host 
selection.



 

 

Aim of the research 
 
As discussed in the introduction chapter, fruit flies of the genus 

Bactrocera are among the most economically relevant insects. This genus 
comprises species exhibiting very diverse host preferences, ranging from 
strict monophagy to extreme polyphagy. In several insect species, it has 
been proposed that changes in chemosensory gene families may be linked 
to the host adaptation of closely related species [225, 226].  

 
On this basis, we outlined two main objectives. 
 

- We aimed to provide a robust multi-locus phylogeny to facilitate and 
empower comparative studies between Bactrocera species. In 
particular, we wanted to infer the phylogenetic history and estimate the 
divergence time of the different Bactrocera species using a 
phylogenomic dataset since the available phylogenesis presented 
discordant topologies. Comprehensive and robust phylogenetic 
inferences are crucial to obtain reliable results on the evolutionary 
history of chemosensory genes. 

 
- Our second aim was to elucidate the genomic basis and the evolution 

of chemoreception in Bactrocera species and link them to differences 
in their host selection biology. In particular, we focused on five 
Bactrocera species, which are important agricultural pests and are 
characterized by different host range and for which genomic and 
transcriptomic data are available. We therefore aimed at first 
identifying and annotating all chemosensory orthologous genes across 
these species. Next, we wanted to study the dynamics of the 
chemosensory gene families and correlate that to the host preference. 
Finally, we were interested in detecting genes under positive selection, 
and that could be important for the adaptation to the species-specific 
feeding preferences. To address this aim, i) we annotated the 
chemosensory gene repertoire; ii) we studied the evolution of these 
gene families within a phylogenetic framework and iii) we 
characterized the genomic events, the genetic changes, and the 
selective forces that occurred during the evolutionary history of the 
genus. 
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2 Material and Methods 

2.1. Multi-locus phylogeny of Bactrocera genus  

2.1.1. Datasets 

We analysed datasets of coding sequences (CDS) and of RNA 
(transcript) sequences for Ceratitis capitata [227], B. cucurbitae [228], B. 
dorsalis [229], B. latifrons (NCBI accession: MIMC00000000.1), B. minax 
[210], and B. oleae [230]. For the six remaining Bactrocera species (B. 
bryoniae, B. correcta, B. jarvisi, B. musae, B. tryoni, and B. zonata), we 
downloaded the available RNA-Seq raw reads (see Supplemental Table 
S1 for SRA accession numbers) and assembled the corresponding 
transcriptomes using default parameters with Trinity v. 2.7.0 [231]. 

2.1.2. Assessment of gene data set completeness 

We evaluated the quality of the genomic and transcriptomic data and of 
the annotated gene set (CDS) by assessing their completeness with the 
BUSCO tool suite v4.1.2 [232]. Because we searched for orthologs in all 
datasets (CDS, transcriptome, genome) and wanted to assess the 
probability of false negatives (i.e., absence of an ortholog in a given 
species), we analysed each dataset independently but also in combined 
datasets which included all available sequences for each species. 

For our analyses, we used the BUSCO set diptera_odb10 (2020-10-16) 
and the third-party components tBLASTn v2.10.1 [233], Augustus v3.3.3 
[227], and HMMER3 v3.3.1 (available at http://hmmer.org/). 

2.1.3. Orthologous gene set identification 

Orthologs across the eleven Bactrocera species and the outgroup C. 
capitata were identified using a reciprocal-best-hit (RBH) approach using 
pairwise BLASTn searches [233] between each Bactrocera dataset and 
the C. capitata CDS sequences. 

Putative 1:1 orthologs were first aligned using MAFFT [235] and any 
incomplete codon (based on the C. capitata sequence) was removed. We 
then re-aligned the ortholog sets using the PRANK algorithm [236] 
implemented in the tool TranslatorX [237], which aligns protein-coding 
sequences based on their corresponding amino acid translations. We 
minimized bias in our datasets by 1) removing alignments containing 
sequences with internal stop codons and 2) using a custom perl script to 
remove problematic and ambiguous alignment regions, with an approach 
similar to that proposed by Han and colleagues [238] (see also [239]). 
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Using this pipeline, we ultimately identified 110 orthologous gene sets 
across all the twelve species. 

2.1.4. Phylogenetic analyses 

We analysed phylogenetic relationships among species using either a 
maximum likelihood (ML) or a Bayesian approach. We run ML analyses 
on both the concatenated aminoacidic alignment (63,297 amino acids, aa), 
using the PROTGAMMAGTR model, and on the concatenated codon 
alignment (189,891 nucleotides, nt) partitioned in first, second and third 
(1+2+3) position, using the GAMMAGTR model implemented in RAxML 
(Randomized Axelerated Maximum Likelihood; [240]). In a third case, we 
also run a ML analysis based only on the 4-fold degenerate sites (24,885 
nt) using the GAMMAGTR model. In all cases, node support was 
calculated by the rapid bootstrap feature of RAxML (100 replicates). We 
also estimated bootstrap supports using the coalescent-aware analysis of 
ASTRAL [241], which was based on all single ML gene trees obtained by 
RAxML using the same models of the concatenated analyses for either 
the nucleotide or the aminoacidic sequences. Bootstrap values were 
estimated by performing either 100 multi-locus bootstrap replicates or 
gene+site resampling (using the -g option). 

The same three datasets (concatenated amino acids, separate codon 
positions, and 4-fold degenerate sites) were used to run Bayesian 
analyses in Beast v.2.5.1 [242]. The aminoacidic dataset was analysed 
with a Blosum62+G4 substitution model. The 4-fold degenerate sites 
dataset and the codon dataset were analysed with a GTR+G4 substitution 
model. The codon dataset was split into three partitions, corresponding to 
the codon positions, setting linked trees across them. To investigate the 
discordance between the results obtained using the 4-fold degenerate 
sites dataset and the other datasets (see Results section), we run an 
additional Bayesian analysis on the 4-fold degenerate sites dataset with 
PhyloBayes [243]. We run two independent MCMC chains using the CAT 
model with gamma distribution and checked for convergence using the 
associated tracecomp and bpcomp commands. We let both chains run 
until parameters were stabilized with maxdiff =0, reldiff < 0.25 (with the 
exception of stat, with reldiff < 0.4) and the effective sample size was 
effsize > 170 (exception were nmode, statalpha, kappa and allocent, with 
effsize between 17 and 85). The summary statistics reached stability at 
the end of the runs and were periodically visualized with the script 
graphphylo (https://github.com/wrf/graphphylo).  

Bayesian analyses were also run using StarBeast2 [244], as 
implemented in Beast package and according to the tutorial provided by 
Taming the Beast [245]. StarBeast2 employs a multispecies coalescent 
method to estimate species trees from multiple sequence alignments (i.e., 
one for each of the 110 orthologous gene sets). For this analysis we used 
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either the nucleotide or the amino acidic alignments, linking the site 
models across the gene sets. 

All Bayesian analyses had chains run for 108 generations, sampling 
trees and parameters every 1,000 generations and inspecting 
convergence and likelihood plateauing in Tracer. Posterior consensus 
trees were generated after discarding the first 10% of generations as burn-
in. For the StarBeast analysis, single gene trees were loaded and 
visualized by DensiTree. 

2.1.5. Dating analysis 

Because of the numerous incongruences between the species tree 
obtained by the multi-locus analyses and the single gene trees (see 
Results section), which could bias the dating analysis, we produced a 
conservative dataset by: i) limiting the species sample to 10 representative 
species (C. capitata, B. bryoniae, B. cucurbitae, B. dorsalis, B. jarvisi, B. 
latifrons, B. minax, B. musae, B. oleae, B. tryoni) and ii) considering only 
those 37 genes that produced a ML tree supporting the consensus species 
tree with minimum ML bootstrap values of 50 at each node.  

Divergence times were then estimated by Beast 2.5.1 using the 4-fold 
degenerate sites of the concatenated dataset (11,768 nt). This dataset 
allowed us to use an instantaneous (neutral) mutation rate as prior. Since 
mutation rate in Tephritidae is not known yet, we assumed it to be similar 
to that of Drosophila (another Diptera) and used the estimate of 0.0346 
(SD = 0.00281) substitutions per base pair per million years provided by 
[246]. Because in Bactrocera we assumed eight generations per year (in 
nature they range from 3-5 of B. oleae and sub-tropical B. dorsalis 
populations, to >12 for the tropical species; [247–250]) and to account for 
uncertainty, we finally set as prior a normally distributed mean of 0.028 
(SD = 0.03). In a second approach, we set a mutation rate lognormal 
distributed with ‘mean in real space’ M = 0.028 and S = 0.82 (to produce 
the same 95% quantile – 0.077 – as the normal distribution). For both 
approaches we used a strict or a LOGN relaxed clock and either a Yule or 
a Birth-Death model, for a total of eight different combinations.  

In all cases, we employed a GTR+G replacement model and a root prior 
uniformly distributed between 6 and 65 million years ago (Mya), which 
correspond to the age of a Ceratitis fly fossil [251] and of the Schizophora 
radiation [252, 253]. Because the Bayesian phylogenetic analysis on the 
concatenated 4-fold degenerate sites resulted in a topology incongruent 
to the one supported by all other ML and Bayesian analyses (see Results), 
the species tree was fixed according to the latter consensus topology.  

All analyses were run twice, with chains run for 5x107 generations, 
sampling trees and parameters every 1,000 generations and inspecting 
convergence and likelihood plateauing in Tracer. Both chains resulted well 
mixed, with average effective sample size (ESS) values across posterior 
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values being well above 200. The posterior consensus trees were 
generated after discarding the first 20% of generations as burn-in. 

We finally identified which model was most appropriate by performing 
a Bayesian model selection based on the marginal likelihood values with 
the nested sampling approach implemented in the NS package [254]. 
Following the recommendations provided by the dedicated Taming the 
Beast tutorial [245], sub-chain length was set at 50,000, which 
corresponds to the length of the MCMC run (i.e., 5x107) divided by the 
smallest ESS value observed across the eight model runs (i.e., ~1,000), 
and the number of particles was set at 10. A model was considered 
favoured over another model if the difference between the two marginal 
likelihoods (i.e., the Bayes Factor (BF) in log space) was more than twice 
the sum of the corresponding standard deviations (SD). 
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2.2. Evolution of host selection in Bactrocera fruit flies 

2.2.1. Identification and annotation of chemosensory genes 

The complete repertoire of C. capitata OBP, OR and GR amino acid 
sequences [227] was used as query sequences against the genomes of 
B. cucurbitae, B. oleae, B. dorsalis, B. latifrons and B. tryoni, using 
tBLASTn [233] with an e-value cut-off of 10-5. For CSPs, the amino acid 
sequences identified in B. dorsalis transcriptome were used as a query 
instead (Figure 8) [214]. 

Sequences that passed the cut-off value were extracted and exons 
were mapped onto the protein query to manually reconstruct the 
orthologous coding sequences using UGENE software [255]. The first hit 
found in tBLASTn analysis was labelled as the putative orthologue, 
whereas other possible hits were considered putative paralogues. Introns 
were identified following the GT-AG rule [256] and subsequently removed, 
and the resulting combined exons were checked for the presence of an in-
frame coding sequence. To minimize false negatives and verify putatively 
incomplete sequences, we checked the chemosensory proteins against all 
publicly available genomic and transcriptomic data, and we performed a 
reciprocal BLAST search between the best hits of the initial BLAST against 
the chemosensory repertoire of C. capitata [227] and B. dorsalis 
transcriptome (Figure 8) and our genomic and transcriptomic datasets 
[214].  

Orthologous gene groups were inferred using two different strategies. 
In the first, we used the OMA standalone tool [257] on either the DNA 
coding sequences or the corresponding translated amino acid sequences. 
In the second approach, we evaluated the distribution of chemosensory 
genes on a six-species gene maximum-likelihood phylogeny (described 
below) using a threshold rule of bootstrap > 70 (Figure 9, 10, 11, 12). 
Combining the two methods, we could assess the orthology of genes 
previously labelled as paralogs and define lineage-specific duplications. 

Genes were named following the C. capitata nomenclature and the 
species’ names were represented by a four-letter prefix (one letter for the 
genus and three letters for the species), e.g., BdorOr1 corresponds to the 
B. dorsalis ortholog of the Or1 gene annotated in C. capitata. Orthologues 
were identified by a consecutive number preceded by a point, for example, 
BcucObp44.1 and BcucObp44.2 are the two B. cucurbitae paralogues of 
the Obp44 of C. capitata. Paralogs whose orthologs could not be clearly 
determined in the other species were named with consecutive letters: for 
example, the Or60 has two copies in B. dorsalis, which were named 
BdorOr60a and BdorOr60b. 
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Phylogenetic trees were visualized and edited using the tool iTOL [259]. 
 
 

 

Figure 9 – Maximum likelihood phylogenetic tree of the CSP family in 
Bactrocera, based on the amino acidic alignment. Bootstrap support > 70 

is indicated by grey dots. 
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Figure 10 – Maximum likelihood phylogenetic tree of the OBP family in 
Bactrocera, based on the amino acidic alignment. Bootstrap support > 70 is 

indicated by grey dots. Clades highlighted in yellow were subject to 
Bactrocera-specific gene expansion, while clades highlighted in light blue 

include genes absent in the outgroup C. capitata. The coloured outer circle 
identifies the OBP subfamilies: Classic, Minus-C, Plus-C, and Dimer. 
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Figure 11 – Maximum likelihood phylogenetic tree of the OR family in 
Bactrocera, based on the amino acidic alignment. Bootstrap support > 70 is 

indicated by grey dots. Clades highlighted in yellow underwent gene 
expansion in Bactrocera. 
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2.2.3. Estimation of gene gain, loss and turnover rates 

The number of gain and loss events and the turnover rates of the 
chemosensory gene families were inferred using a gene tree-species tree 
reconciliation approach as implemented in BadiRate v1.35 [260].  

The software takes as input the species phylogenetic tree and the 
number of genes in the extant species to model changes in the size of the 
gene family along the phylogeny.  

Figure 12 – Maximum likelihood phylogenetic tree of the GR family in 
Bactrocera, based on the amino acidic alignment. Bootstrap support > 
70 is indicated by grey dots. Clades highlighted in yellow underwent 
gene expansion in Bactrocera, while clades highlighted in light blue 

include genes present absent in the outgroup C. capitata. 
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Gene birth and death (BD) turnover rates were estimated comparing 
different methodologies with an approach similar to that used by Almeida 
and colleagues [261]. In particular, gene birth (β) rate indicates the birth 
(duplication) events per gene per million of years, whereas the death (δ) 
rate refers to deletion and pseudogenization events per gene per million 
of years. Both are density-dependent rates, as the probability of having a 
birth or a death event is proportional to the actual family size [260]. 

We first used the BD-FRt-CML method, which estimates β and δ rates 
by counting the gain/loss events along the phylogeny based on the 
number of family members in the internal nodes inferred by maximum-
likelihood and assumes that each branch has its specific turnover rates 
(FRt). We also used three additional methods that exploit a full maximum-
likelihood framework to estimate the BD rates. Specifically, BD-FRt-ML 
estimates BD rates under the BD stochastic model, with each branch 
having different turnover rates (FRt). In the BD-GRt-ML method, the β and 
δ rates were estimated under the assumption that all branches share the 
same turnover rates. Lastly, the BD-BR-ML model infers different BD rates 
in specific lineages. This model is useful to investigate the effect of 
different ecological features (i.e., host specialization) on gene turnover 
rates and to evaluate whether different BD rates across the phylogeny can 
better explain the observed birth and death dynamics. We analysed four 
different branch models (BR) based on the species group with specific BD 
rates in which all the internal lineages of the phylogeny shared the same 
BD rates, while the terminal lineages were assumed to share or have their 
own turnover rates. In BR1, BR2, and BR3, a different BD rate compared 
to the internal branches was assumed for the monophagous B. oleae, the 
oligophagous B. cucurbitae and the polyphagous B. tryoni, B. latifrons and 
B. dorsalis, respectively (Figure 13). In BR4 the aforementioned 
monophagous, oligophagous, and polyphagous species had three 
different BD rates compared to the internal branches.  

All models were examined independently for the OBP, OR and GR gene 
families and for the combined dataset that included all three 
chemosensory gene families. 

The ML-based analyses were performed in 100 independent runs using 
different random starting values. The Akaike Information Criterion (AIC; 
[262]) was used to evaluate the goodness of fit of the models. 

Based on the BD-FRt-CML model, we estimated the number of gene 
family members in the internal nodes of the species tree. 

We manually included the information obtained from the BD-FRt-CML 
model onto the phylogenetic tree to determine which genes were gained 
and lost at each node of the Bactrocera phylogeny. We further calculated 
the overall turnover rate on each branch of the phylogeny using the 
formula: 
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𝑇𝑢𝑟𝑛𝑜𝑣𝑒𝑟	𝑟𝑎𝑡𝑒 =
𝑁𝑏. 𝑜𝑓	𝑔𝑒𝑛𝑒	𝑔𝑎𝑖𝑛𝑠 + 	𝑁𝑏. 𝑜𝑓	𝑔𝑒𝑛𝑒	𝑙𝑜𝑠𝑠𝑒𝑠

𝐷𝑖𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒	𝑡𝑖𝑚𝑒	(𝑖𝑛	𝑚𝑖𝑙𝑙𝑖𝑜𝑛	𝑦𝑒𝑎𝑟𝑠)
 

where divergence time was inferred from the results of the dating analysis. 
 
 

 

 
 

2.2.4. Identification and analysis of selective pressures 

Rates of molecular evolution were obtained by PAML 4.7 [263] based 
on the unrooted tree estimated in our phylogenetic analysis, which has 
topology (((B.latifrons, B. dorsalis), B. tryoni), B. oleae, B. cucurbitae). 

The rate of non-synonymous substitution, dN (leading to amino acid 
changes), and synonymous substitution, dS (which should accumulate 

Figure 13 – Branch models used to evaluate differences in BD rates 
among species groups. Branches indicated in the same colour in the 

same tree were specified to have the same BD rates and different 
rates to those in different colours. 
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neutrally), have been estimated over all branches of the phylogenetic tree 
using the ‘‘free- ratio’’ model (M0 [264]; model = 1 and NSsites = 0), which 
allows ω = dN/dS, i.e., the level of selective pressure experienced by a 
gene, to vary among branches of the tree. 

We then used PAML to test different models of substitution rate across 
coding sites [265, 266], to detect genes that underwent positive selection 
along with one of the Bactrocera lineages. To maximize statistical power, 
these tests were done only on the orthologous sets containing all species. 
In the first test, we compared models that assumed one or more 
substitution rates across the phylogeny. The first of such models is the 
basic “one-ratio” branch model (M0), which assumes a constant ω across 
the phylogeny (model = 0 and NSsites = 0). Following the manual 
recommendations, this model was used to get the branch lengths for each 
gene tree, which were then copied into the tree structure file to be used 
with the branch and site substitution models. The likelihood of the M0 
model was compared to that of a branch model that assumed two ω 
values, one for a single Bactrocera species (the so-called foreground 
branch), and a second for the rest of the tree (the background branches; 
model = 2 and NSsites = 0). Subsequently, we performed a Likelihood 
ratio test (LRT), whereby the value of twice the difference between the two 
likelihoods was tested using a 𝜒  test with 1 degree of freedom. The 
presence of positive selection was assessed by the branch-site test. In 
this test (branch-site model A, test 2 [267]), ω can vary both among sites 
in the protein and across branches on the tree (model = 2, NSsites = 2). 
The null model fixed ω2 = 1 (fix_omega = 1, omega = 1), whereas the 
positive selection model allowed ω2 > 1 (fix_omega = 0, omega = 1) in the 
foreground species. As above, the LRT had 1 degree of freedom. The 
occurrence of positive selection was also tested by comparing (nearly) 
neutral models to models that allow for the occurrence of positive selection 
(site tests). We compared the likelihood of a model where ten site classes 
have ω values drawn from a β distribution (M7; model = 0 and NSsites = 
7) to a model that incorporates an additional class of sites under positive 
selection (M8; model = 0 and NSsites = 8). In these cases, each 
comparison was tested using a 𝜒  test with 2 degrees of freedom. Tests 
were performed on the alignments after removing those parts where one 
or more sequences contained a gap (clean = 1). To account for multiple 
testing, the false discovery rate (FDR) of each test was estimated using 
the q-value approach [268] implemented in R [269].  

2.2.5. Homology modelling 

Computational structural investigations were performed. We initially 
identified the closest homologs based on sequence identity (using NCBI 
Blast [233]) and secondary structure matching (using HHPRED [270]). 
Odorant receptor transmembrane domains were predicted combining the 
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TMHMM v.2.0 [271] and the TMpred [272] servers. OBPs and CSPs were 
searched for the occurrence of a signal peptide using SignalP 5.0 [273] 
and logos were generated using WebLogo [274]. Homology models for 
each protein of interest were independently generated with Robetta [275], 
MODELLER [65], and SWISS-MODEL [277]. The seven 3D models 
produced by the homology-modelling servers were superimposed with 
PyMOL [278], and the model that best described the superimposition of all 
the models was selected and the regions of discordance between the 
models were identified. Model quality was assessed by evaluating average 
bond lengths, bond angles, clashes, and Ramachandran statistics using 
Molprobity [279] and the QMEAN server [280]. We also analysed the 
degree of protein sequence conservation using the ConSurf Server [281], 
which estimated and mapped divergence across the Bactrocera phylogeny 
onto the 3D protein model. The CASTp server was used to identify all 
putative binding pockets within the OBP models [282]. Structural figures 
were generated with PyMOL [278].



 

 

Results 3 
3 Results 

3.1. Multi-locus phylogeny of Bactrocera genus  

3.1.1. Phylogenetic analyses 

The ML and Bayesian analyses support a relatively fast and recent 
radiation of most of the South Eastern Bactrocera species considered in 
this study (Figure 14; Figure S1). In contrast with most of the phylogenies 
so far published (e.g. [31, 32]); but see [29]), the results of our analyses 
indicate that B. dorsalis is more closely related to B. latifrons than to B. 
tryoni. This relationship is highly supported according to both the ML 
bootstrap values (≥ 98, Figure 14A) and the Bayesian posterior 
probabilities (PP = 1, Figure 14B), no matter whether based on the codon 
or aminoacidic alignments. The only support for the relationship ((B. 
dorsalis, B. tryoni), B. latifrons) comes from the Bayesian analysis run in 
Beast2 and based on the concatenated alignment of the 4-fold degenerate 
sites (Figure 15A). The same dataset analysed with Phylobayes (which 
also is Bayesian based), however, produced the same topology obtained 
by the other Bayesian and ML analyses (Figure 15B).  

Combining single genes analyses into a coalescent framework also 
support B. latifrons as the closest relative of B. dorsalis, both when using 
the coalescent-aware ASTRAL approach [241], which is based on the 
single ML gene trees, and using StarBeast2 [244], which employs a 
multispecies coalescent method to estimate species trees from multiple 
sequence alignments (Figure 16; Figure S3). It is evident, however, that 
many genes have phylogenies not consistent with the inferred species 
phylogeny. For instance, the StarBeast2 approach reveals a high number 
of genes having an alternative phylogeny within the ((B. dorsalis, B. 
latifrons), B. tryoni), suggesting incomplete lineage sorting due to fast 
radiation or (ongoing) hybridization. This uncertainty is also apparent in 
the ASTRAL results, whereby the support for such clade falls to < 92 when 
bootstrapping by gene resampling (compare Figure 17A with Figure 17B; 
Figure S2). 
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Figure 14 – Phylogenesis of Bactrocera inferred from the amino acidic 
alignments of 110 orthologous nuclear genes. A) Maximum Likelihood 

phylogenetic analysis (PROTGAMMAGTR model). B) Bayesian 
phylogenetic analysis (Gamma site model). Both analyses were done 

using the concatenated amino acidic alignment (63,297 aa) and support 
a closer relationship of B. dorsalis with B. latifrons than with B. tryoni. 
Support at nodes is given as bootstrap values for the ML analysis and 

as posterior probabilities for the Bayesian analysis. The five Bactrocera 
species that are the focus of the chemosensory evolution analyses and 

the outgroup C. capitata are highlighted in colour. 
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Figure 15 – Phylogenesis of Bactrocera inferred from the 4-fold 
degenerate sites of 110 orthologous nuclear genes. Both trees were 
obtained by a Bayesian phylogenetic analysis of the concatenated 

alignment (24,885 bp). Support at nodes is given as posterior 
probabilities. A) The tree obtained by Beast2 favours a closer 

relationship of B. dorsalis with B. tryoni than with B. latifrons, while the 
tree obtained by PhyloBayes (B) favours a closer relationship of B. 

dorsalis with B. latifrons than with B. tryoni. The five Bactrocera species 
that are the focus of the chemosensory evolution analyses and the 

outgroup C. capitata are highlighted in colour. 
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Figure 16 – Multi-locus phylogenesis of Bactrocera inferred from 110 
orthologous nuclear genes. Bayesian analysis obtained by StarBeast2, 
which employs a multispecies coalescent method to estimate species 
trees from multiple sequence alignments (i.e., one for each of the 110 

orthologous gene sets). For this analysis we used the amino acidic 
alignments, linking the site models across the gene sets. Note the 

numerous discordant gene trees, especially within the B. dorsalis - B. 
latifrons - B. tryoni clade, compared to the species tree (supported by the 
gene trees in blue) which supports a closer relationship of B. dorsalis with 

B. latifrons than with B. tryoni. The five Bactrocera species that are the 
focus of the chemosensory evolution analyses and the outgroup C. 

capitata are highlighted in colour. 
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Figure 17 – Multi-locus coalescent-aware phylogenesis of Bactrocera 
inferred from 110 orthologous nuclear genes. Analyses are based on all 

single ML gene trees obtained using the aminoacidic sequences 
(PROTGAMMAGTR model). A) Bootstrap values were estimated by 

performing 100 multi-locus bootstrap replicates; B) Bootstrap values were 
estimated by performing 100 gene+site resampling. Both analyses 

support a closer relationship of B. dorsalis with B. latifrons than with B. 
tryoni. The five Bactrocera species that are the focus of the 

chemosensory evolution analyses and the outgroup C. capitata are 
highlighted in colour. 
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3.1.2. Dating analysis 

We then estimated divergence times across the phylogeny using the 
Bayesian approach implemented in Beast2. We run eight different 
analyses that used different combinations of priors and model settings and 
performed a model selection to identify the most appropriate for our data 
(Figure 18; Figure S4–S7). In particular, the nested sampling approach 
allowed us to estimate the marginal likelihoods of the different models and 
make pairwise comparisons using the associated Bayes Factor. All 
models had marginal likelihoods with a standard deviation ranging from 
2.5 to 2.9, which was small enough to assess whether a model was 
favoured over another one. The model favoured over all the other seven 
is the one where we set the mutation prior with a lognormal distribution, a 
strict clock, and a Birth-Death model (Table 1). The BF values, even after 
correcting for uncertainty by subtracting the corresponding standard 
deviations, are well above two, which provides overwhelming support for 
that model [283]. The fact that a strict clock is favoured over a relaxed 
clock is consistent with the low mean value of the coefficient of variation 
parameter (i.e., the standard deviation of branch rates divided by the mean 
rate), which equals 0.24. Therefore, unless otherwise stated, in the 
following we will report the results obtained by this analysis. 

The split between the outgroup C. capitata and the genus Bactrocera 
dates at around 18.9 million years ago (mya) (Figure 18). Consistent with 
the rapid radiation of the (B. dorsalis, B. latifrons, B. tryoni) clade inferred 
by the ML and Bayesian analyses, the results of the clock analysis place 
its origin at ~2.08 mya, with a subsequent very close cladogenesis, at 
~1.87 mya, separating B. dorsalis and B. latifrons (Figure 18). The close 
proximity of these two events and the large overlap of their 95% 
confidence intervals agrees with a rapid radiation, which could have 
resulted in frequent incomplete lineage sorting, as revealed by the results 
of the StarBeast2 analysis (Figure 18). 
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The eight models combined a mutation prior with a normal (Mut-normal) or lognormal (Mut-lognormal)

distribution, either a Yule or a Birth-Death (bd) model, and a strict or a LOGN relaxed (rlxln) clock. Models were

compared in a pairwise fashion, by first estimating their Marginal Likelihoods (mL) and corresponding Standard

Deviation (SD) and then calculating the Bayes Factors (BF) as BF=mL1-mL2, where model 1 and model 2 are

those given in the respective row and column. Only BF values that satisfied the condition BF-(SD1+SD2) > 0,

where SD1+SD2 are the corresponding SDs estimated for model 1 and 2, are reported. Highlighted on bold are
the values for the model favored over all other seven models.
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3.2. The evolution of host selection in Bactrocera fruit 
flies 

3.2.1. Gene data set completeness 

BUSCO analyses revealed high completeness (i.e., > 95% of complete 
BUSCOs) for most of the datasets (Figure 19), with the lowest values 
found for the B. tryoni transcripts (78.8%) and the B. oleae genome 
(76.7%). Since we searched for orthologs in all available datasets, such 
low completeness values are only partially informative about the possibility 
of false negatives. In fact, low completeness values were largely 
compensated by the high values of the other datasets (Figure 19): indeed, 
the percentage of complete BUSCOs in the B. tryoni and B. oleae 
combined datasets (respectively 96.6% and 98.1%) are very close to 
those estimated for the other species (98.3-99.6%). These results suggest 
a very low probability of false negatives.  
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Figure 19 – BUSCO Assessment Results 
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3.2.2. Chemosensory gene repertoire 

We identified and manually annotated the complete repertoire of CSP, 
OBP, OR, and GR genes present in the genomes of B. cucurbitae, B. 
oleae, B. dorsalis, B. latifrons, and B. tryoni (Table S2). 

A total of 45 OBPs were found in the B. cucurbitae genome, 40 in B. 
oleae, 45 in B. tryoni, 46 in B. latifrons, and 49 in B. dorsalis (Figure 20). 
All OBP genes have a similar intron-exon structure among the five 
species: the number of exons ranges from 1 to 5, with most genes having 
three exons and only one intronless gene in B. oleae (BoleObp11), two in 
B. cucurbitae (BcucObp11 and 21), B. latifrons (BlatObp11 and 21), three 
in B. tryoni (BtryObp11, 21 and 47), and four in B. dorsalis (Obp11, Obp16, 
Obp21, Obp47) (Table S3).  

The OBPs identified in Bactrocera have been classified into several 
groups on the basis of distinctive structural features, functional 
information, and phylogenetic relationships: the Classic, Minus-C, Plus-C, 
and Dimer [121, 122, 284]. All identified genes have the characteristic 
hallmarks of the OBP gene family: the presence of a signal peptide, the 
six-helix pattern, and the highly conserved six cysteine profiles (Figure 
21). 

A total of 4 CSPs were observed in all the Bactrocera genomes 
exhibiting the typical cysteine profile (Figure 21). 

We found 74 OR genes in B. cucurbitae, 63 in B. oleae, 65 in B. tryoni, 
70 in B. latifrons, and 75 in B. dorsalis. Consistent with OBPs, ORs show 
an analogous exon-intron structure. The number of exons ranges from one 
(only in BcucOr73) to ten, with most genes having four exons (Table S4). 

B. cucurbitae shows the highest number of duplications (duplication of 
Or17, Or18, Or25, Or31, Or34, Or36, Or53, Or56, Or68 and triplication of 
Or38like and Or54). 

Regarding GR genes, we were able to annotate 63 genes in B. 
cucurbitae, 61 in B. oleae, 58 in B. tryoni, 63 in B. latifrons and 66 in B. 
dorsalis. Even in this case, GR genes are characterized by a conserved 
exon-intron structure, with most genes containing four exons. However, in 
some cases, they contained much more exons, up to 12 (Table S5). 

Interestingly, the OR gene family size is positively correlated with both 
OBP (Spearman's rank correlation coefficient r = 0.8407, P = 0.0444) and 
GR (Spearman's r = 0.9276, P = 0.0167) family gene sizes in the six 
analysed genomes (Figure 22). Ceratitis capitata and B. dorsalis are the 
species with the highest number of genes in the OBP, OR, and GR gene 
families, while the monophagous B. oleae and B. tryoni have the lowest 
number across the three gene families (Figure 20). 
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Figure 20 – Phylogenetic relationships across the six investigated species. 
Numbers in the right boxes represent the number of chemosensory protein 
encoding sequences per each gene family. Divergence times are given in 

millions of years (Mya). 

Figure 21 – Conserved OBP and CSP cysteine pattern in Bactrocera. 
Conserved amino acid patterns, based on the multiple sequence 

alignments are shown using the sequence logo [274]. The height of each 
amino-acid letter is proportional to its frequency of occurrence at a given 

position. The highly conserved cysteines are highlighted in orange. 
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We found 22 genes absent in all Bactrocera species and, conversely, 

five absent in C. capitata (Figure 23). Interestingly, we observed that three 
genes (Obp40, Or45, Gr31) are present in the four polyphagous species 
but not in the monophagous and oligophagous fruit flies (Figure 23). 

We compared the amino acidic identities between proteins encoded by 
CSP, OBP, OR and GR genes among species (Figure 24). We found that 
divergence between orthologous copies increases with the phylogenetic 
distance in the majority of CSPs and ORs, while proteins encoded by OBP 
and GR genes do not always reflect the phylogenetic relationships (e.g., 
Obp25, Gr42). OBPs, ORs and GRs showed a higher rate of amino acidic 
divergence among species compared to CSPs. Indeed, CSPs present an 
average amino acidic identity of about 93.0%, while in the other protein 
families, the average ranges from 80.2% to 84.2%. 
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Figure 22 – Correlation between the number of chemosensory gene 
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Figure 23 – UpSet plot showing unique and overlapping genes across the 
six analysed species. The intersection matrix is sorted based on the 

phylogenetic relationships. Different gene families are indicated in different 
colours. Connected dots represent intersections of overlapping genes and 
horizontal bars show the total number of genes identified in each species. 

The plot was generated using UpSetR package [331] in R [332]. 
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Figure 24 – Heatmaps representing the average amino acidic 
identities in CSPs, OBPs, ORs and GRs. The percentages of amino 
acidic identity were based on BLOSUM62 matrix and displayed as 

colours ranging from blue to red as shown in the key. Heatmaps were 
generated using ComplexHeatmap [333] package in R [332]. 
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3.2.3. Chemosensory gene family evolution 

We analysed the dynamics of chemosensory gene families using 
Badirate. The preliminary analyses of the birth and death rates estimation 
for the Bactrocera chemosensory gene families revealed differences 
between the methods used. Thus, we compared several models of rate 
heterogeneity among lineages and estimated their Akaike Information 
Criteria to infer whether one model was statistically favoured over the 
other (a lower AIC value indicates a better fit). 

AIC value for the BD-FRt-ML was much higher than those obtained with 
the other models, while the BD-GRt-ML produced AIC values comparable 
to the three of the BR ones (Table 2). AIC values for the BR4 model were 
not reported because they did not achieve convergence of the likelihood 
values in any of the gene families, even after 100 independent runs. 

For the odorant and gustatory receptor families and all gene families 
combined, the best-fitting model was the BR3 (Table 2), suggesting that 
for these gene families, the three polyphagous species (B. dorsalis, B. 
latifrons and B. tryoni) have a different gene turnover rates from those of 
the other species analysed. In contrast, the best-fitting model for the OBP 
gene family was the BR1 model (in which the monophagous species B. 
oleae had a different gene turnover rate) (Table 2). We note however, that 
the AIC differences between all the models were small and nonsignificant, 
thus the best fitting models should be considered only as indicative.  

The results obtained with the BD-FRt-CML displayed that birth (gain) 
and death (loss) rates were extremely heterogeneous along the 
Bactrocera evolutionary history. OR gene family was the most dynamic, 
experiencing a total of 29 loss and 20 gain events, followed by GR gene 
family that experienced three gain and 28 loss events and OBP gene 
family with eight loss and 17 gain events (Figure 25). 

We also found that OR death rates were positively correlated with GR 
death rates (Spearman's r = 0.982, P < 0.001), suggesting a shared 
evolutionary trend in the expansion/contraction of these chemosensory 
gene families. 

The turnover rates of OBPs were, in general, lower than those of GRs 
and ORs, pointing to the presence of more constraints in the former. The 
species that showed the highest turnover rate in all the gene families was 
B. tryoni (OR = 5.29, OBP = 2.88, GR = 5.29, Figure 26). 

In B. oleae, there is a remarkable departure in the evolutionary patterns 
compared with other Bactrocera species. In the OR gene family, both the 
turnover rate and the β rate (1.47 and 0.00, respectively) were among the 
lowest of the entire phylogeny (Figure 26), and the β rates were also 0 for 
all other chemosensory gene families. In fact, the turnover rates of B. 
oleae are only associated with loss events.  
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Figure 26 – Evolution of chemosensory receptors on the Bactrocera 
phylogeny. For each branch in the tree, we report the turnover rate, 
the birth (β) and death (δ) rates obtained by the BadiRate analysis. 

Divergence times are given in millions of years (Mya). 
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3.2.4. Signatures of selection  

We investigated the pattern of molecular evolution of GR, OR, and OBP 
genes using codon substitution models with PAML [263]. 

Branch tests identified four OBPs (FDR < 0.05) that were evolving 
under positive selection in B. oleae (Table 3). Among ORs, this test 
identified six genes in B. cucurbitae, two in B. oleae, three in B. dorsalis, 
three in B. latifrons and one in B. tryoni that bear signatures of positive 
selection pressure (FDR < 0.05, Table 3). In the GR gene family, we 
detected seven GRs evolving under positive selection in B. oleae, three in 
B. latifrons, two in B. dorsalis and one in B. cucurbitae (FDR < 0.05, Table 
3). 

We also applied a branch-site test and obtained evidence for site-
specific selection (Table 3) in specific branches of the phylogeny. We 
found one candidate OBP gene in B. oleae (BoleObp25, FDR < 0.05). 
Analysing OR genes, we identified two genes in B. cucurbitae (BcucOr11 
and BcucOr38, FDR < 0.05), one in B. dorsalis (BdorOr71, FDR < 0.05) 
and one in B. tryoni (BtryOr75, FDR < 0.05). 

Finally, we investigated whether the three gene families are evolving 
under similar constraints by analysing their rate of evolution. In particular, 
we analysed the rate of synonymous and non-synonymous substitution, 
and of their ratio ω. We note that, when comparing substitution rates 
across species, we used patristic distances instead of the terminal branch 
distances (i.e., we summed substitution rates over all branches leading to 
the species starting from the Bactrocera common ancestor). While this has 
the caveat of introducing partial pseudo-replication (internal branches are 
summed to each of the descendant branches), and of possibly using less 
reliable estimates of deep branches and nodes (compared to the external 
branches), this allowed us to perform direct comparisons between the tips 
of the phylogeny.  

The comparison of ω estimated assuming a constant selective pressure 
over the entire phylogeny (model M0) revealed that the three gene families 
are evolving under similar constraints (ANOVA, F(2,96)=0.326, P = 0.722). 
We then analysed patterns of molecular evolution when assuming different 
selective pressure across the phylogeny (free-ratio model).  

Gene family and species are both strong determinants of the variance 
of dN (ANOVA, F(2,480) = 4.94, P = 0.008; and F(4,480) = 5.10, P = 0.0005, 
respectively), dS (ANOVA, F(2,480) = 5.03, P = 0.007; and F(4,480) = 16.06, P 
< 10-10, respectively) and ω values (ANOVA, F(2,479) = 5.58, P = 0.004; and 
F(4,479) = 2.74, P = 0.028, respectively). However, pairwise comparisons 
revealed only few statistically significant differences between the species. 
The rate dN was similar across species for all three gene families (Tukey's 
HSD – honestly significant difference – multiple comparison test, all P > 
0.05), whereas dS was significantly lower in B. cucurbitae than in B. 
latifrons for both OBPs (P = 0.0040) and for ORs (P = 0.0002) (Figure 27). 
Regarding GRs, dS was significantly lower in B. cucurbitae than B. latifrons 
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(P = 0.0002), B. dorsalis (P = 0.0017) and B. tryoni (P = 0.0295) (Figure 
27). By inspecting the distribution of the rate values across species, it 
seems that most of the differences are between the polyphagous species 
and the two monophagous/oligophagous ones. While it is tempting to 
associate this pattern to the different ecology of the species, we caution 
on the possibility that the aforementioned bias (i.e., the use of patristic 
distances) may be at least partly responsible for the results. 

We then analysed patterns within each species. We found that gene 
family is a determinant of the variance of ω only in B. oleae (ANOVA, F(2,96) 
= 3.38, P = 0.038). In particular, ORs are under more selective constraints 
than OBPs (mean (SD) ω = 0.227 (0.176) vs. mean (SD) ω = 0.379 
(0.305), respectively; Tukey’s HSD test P = 0.029) (Figure 28), suggesting 
different selective pressures in these two classes of chemosensory genes. 

 

 

 

 

FDR FDR

<0.01 <0.005 <0.001 <0.05 <0.01 <0.005 <0.001 <0.05

B. cucurbitae 2 1 1 1 1 0 0 0

B. oleae 7 7 1 7 1 1 1 1

B. tryoni 0 0 0 0 0 0 0 0

B. latifrons 3 3 0 3 3 2 1 1

B. dorsalis 2 2 1 2 2 2 2 2

B. cucurbitae 9 6 3 6 4 2 2 2

B. oleae 3 2 2 2 0 0 0 0

B. tryoni 3 1 1 1 1 1 1 1

B. latifrons 4 3 1 3 0 0 0 0

B. dorsalis 3 3 3 3 3 3 1 1

B. cucurbitae 0 0 0 0 1 1 0 0

B. oleae 5 4 2 4 1 1 1 1

B. tryoni 0 0 0 0 0 0 0 0

B. latifrons 0 0 0 0 0 0 0 0

B. dorsalis 0 0 0 0 0 0 0 0

B. cucurbitae 11 7 4 7 6 3 2 2

B. oleae 15 13 5 13 2 2 2 2

B. tryoni 3 1 1 1 1 1 1 1

B. latifrons 7 6 1 6 3 2 1 1

B. dorsalis 5 5 4 5 5 5 3 3

OBPs

All 

genes

Branch test Branch-site test

P  value P  value

GRs

ORs

Table 3 – Number of GR, OBP and OR candidate genes for positive 
selection according to the branch and the branch-site tests. 
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Figure 27 – Boxplots showing synonymous substitution rate for 
OBPs, ORs and GRs in the five Bactrocera species (patristic 

distances). Different letters identify significant statistical differences 
at adjusted P < 0.05 according to a Tukey's HSD multiple comparison 

test. Median and quantiles are shown as grey lines for each gene. 
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Figure 28 – Tukey boxplots showing ω, dS and dN for OBPs, 
ORs and GRs in the five Bactrocera species. Different letters 
identify significant statistical differences at adjusted P < 0.05 
according to a Tukey's HSD multiple comparison test. Median 

and quantiles are shown as grey lines for each gene. 
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3.2.5. Homology modelling of olfactory proteins 

We computed predictions of 3D molecular structures of eight candidate 
ORs and two OBPs that were identified as candidates for the action of 
positive selection. These models allowed us to gain insights in the degree 
of conservation of the different olfactory proteins and to map residues 
under positive selection (see 3.2.4 paragraph) (Figure 29).  

Our results revealed that, despite sequence divergence among the 
different OR and OBP genes, the overall structure of the proteins is well 
conserved within each gene family (Figure 29), in line with conservation 
of their molecular function. 

In ORs, amino acids under positive selection were mainly positioned 
within the transmembrane portion of the protein, indicating that such 
residues are unlikely to be involved in protein binding activities. The few 
sites under positive selection that were predicted to be located in the extra-
membrane portion were characterized by low prediction scores, thus their 
actual role in the protein cannot be assessed (Figure 29). In Obp25, 
among the seven residues we found to be under positive selection in B. 
oleae, the cysteine at position 25 was substituted by a serine (C025S). 
Interestingly, in our computation homology model, this cysteine appeared 
to participate in a potential disulphide bond with cysteine at position 56 
(Figure 30). 
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Figure 29 – Computational homology models of the Bactrocera OR and 
OBP proteins. Cartoon representations of eight OR and two OBP 

homology models in grey. Residues under positive selection are show in 
orange, regions of discordance between the models were highlighted by 

blue rectangles. On the side of each model, ConSurf overview of the 
aminoacid sequence conservation in Bactrocera mapped on three-

dimensional homology models, coloured by conservation. 
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In addition, we mapped the degree of sequence conservation observed 

across the five Bactrocera species onto our computational models using 
the ConSurf server (Figure 29, 31).  

We found that the amino acid conservation across ORs and OBPs was 
extremely variable. Overall, ORs reveal a high level of divergence between 
species. In particular, the receptors that appeared to be less conserved 
were Or38 with 38.2% of residues in the highest conservation grades 7–
9, Or59 with 42.0%, Or64 with 42.4% and Or8 with 47.2% (Figure 31; 
Table S6). 

In OBPs, Obp25 is highly conserved with 85.7% of residues with 
conservation grade 9, while only 14.3% of residues are highly variable with 
grade 1 (Figure 31; Table S6). Instead, the ConSurf profile of Obp17 
showed a greater divergence among Bactrocera species with 55.2% of 
residues in the highest conservation grades 7–9, the 21.5% with grades 
4–6 and the 23.3% of residues are highly variable with grades 1–3 (Figure 
31; Table S6). 

 

Figure 30 – Cartoon representation of Obp25 based on the 3D 
model. Predicted disulphide bond between Cys25 and Cys56 

shown as sticks. 
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Figure 31 – Residue conservation among ORs and OBPs from the 
five Bactrocera species calculated using ConSurf. 
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4 Discussion 

4.1. Multi-locus phylogeny of Bactrocera genus  

Our phylogenetic analyses clearly reveal that B. dorsalis is more closely 
related to B. latifrons than to B. tryoni. This finding is in contrast with all 
phylogenies inferred from mitochondrial sequence (e.g. [31, 32]), which 
supported a closer relationship between B. dorsalis and B. tryoni.  

Our results are instead consistent with what reported by a recent study 
that examined phylogenetic relationships among 167 Dacini species, 
including Bactrocera [29]. This study, however, was not conclusive in 
determining the relationships between these three species, since the 
phylogeny had many unresolved nodes, including those relative to the 
most common ancestors of B. dorsalis, B. latifrons and B. tryoni. The low 
power to disentangle such relationships likely derives from the small 
dataset – seven nuclear genes – used to produce their phylogeny. The 
same inconclusive result was reported by Choo and colleagues [285], who 
analysed 116 orthologous genes across 11 Bactrocera species. Despite 
the larger dataset, however, their results are not adequately supported: 
their Bayesian tree does not provide support values, and the ML analysis 
has a bootstrap value of 70 for the split between (B. dorsalis, B. latifrons) 
and B. tryoni, indicating lack of statistical confidence. The discordance 
between the results points to a complex evolutionary history of the group. 
In fact, our StarBeast2 results revealed numerous incongruences between 
gene and species trees (Figure 16), which can be interpreted as an 
evidence for incomplete lineage sorting and/or introgression (e.g., [286]). 
This would also explain the discordant results of the mitochondrial 
phylogenies, a finding that is commonly reported in many organisms, 
including insect species [287–290].  

Incomplete lineage sorting is expected for rapid radiations, which is 
exactly what it is revealed by our molecular clock analyses. The clade that 
includes B. dorsalis, B. latifrons, and B. tryoni experienced a fast radiation 
about 2 million years ago (mid-Pliocene), when sea levels rose at peak 
level [291] and thus increased distances between islands and island 
groups, possibly facilitating allopatric speciation (the three species have 
native ranges in south east Asia and Australia). The rapid and successive 
speciation events were likely associated with incomplete lineage sorting. 
Moreover, we cannot exclude the possibility that these species 
experienced, or even still experience, hybridization events, which could 
then result in widespread introgression events.  

Our dating analysis also revealed that the split between Bactrocera and 
C. capitata occurred less than 20 million years ago. The number of 
generations per year of Bactrocera is very similar to that estimated for 
Drosophila (around 10), a genus for which the date for the most recent 
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common ancestor has been estimated at 25–40 mya [246]. We, therefore, 
think that the relatively young age of the Bactrocera genus should advise 
against proposing splits into sub-clades (e.g., Dacus, Zeugodacus, etc.) 
that are not fully supported by significant genetic divergence.  

The results of our dating analysis were also discordant with previously 
published works. In these studies, it has been proposed that C. capitata 
and Bactrocera diverged around 24.9 mya (no confidence intervals 
reported; [292]), 83 mya (95% high probability distribution: 64–103 mya; 
[293]), 110.9 mya (95% confidence interval: 91.2–131.4 mya; [24]) and 
31.21 mya (95% confidence interval: 21.16–41.27 mya; [285]). The 
difference in the estimates could be due to several factors such as the 
type of molecular markers (nuclear or mitochondrial), the model choice, 
the calibration points, the mutation rate, and the number of generations 
per year. The latter greatly influences the divergence time estimation. For 
example, if in our analysis we assumed five generations per year (instead 
of 8) without changing the other parameters, the divergence time would 
increase from ~20 to ~32 mya. The latter is close to what estimated by 
Choo and colleagues, who performed phylogenetic and dating analyses 
using nuclear (116) and mitochondrial (13) genes of a similar dataset of 
species [285]. The results of their molecular clock analyses were not in 
agreement with our estimations (~31 vs. ~20 mya), but they used a less 
powerful approach, whereby they specified as prior only the divergence 
between Rhagoletis (Diptera: Tephritidae) and Drosophila previously 
inferred in [294]. 

Overall, our results highlight the importance of using genome-wide data 
to resolve complex phylogenies and provide a useful framework for future 
comparative genomics and comparative biology studies in Bactrocera. 
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4.2. The evolution of host selection in Bactrocera fruit 
flies 

4.2.1. Chemosensory gene repertoire 

Phytophagous insects rely on chemosensory perception to recognize 
chemical stimuli in their environment, such as food resources, mating 
partners, and oviposition sites. 

Therefore, it has been proposed that chemosensory genes are likely to 
be under selective forces during host specialization. 

In this thesis, we analysed the evolutionary dynamics of CSP, OBP, 
OR, and GR gene families among five Bactrocera species, including 
species with very diverse host ranges: two extreme polyphagous species 
(B. dorsalis and B. tryoni), a polyphagous species with a narrower host 
range (B. latifrons), an oligophagous species (B. cucurbitae), and a 
monophagous species (B. oleae). 

We hypothesized that differences in the evolutionary behaviour of 
chemosensory gene families might be correlated with the different host 
ranges of these pest species.  

For this purpose, we manually annotated the complete repertoire of 
chemosensory genes in the genomes of the five Bactrocera species. We 
performed various rounds of iterative searches and combined different 
resources to minimize false negatives. 

Consistent with our hypothesis, we found that the specialist B. oleae 
was the species with the lowest number of OBP and OR genes and 
duplication events (Or18 and Or38like). This is reasonable if we assume 
that genes involved in the perception of odorants absent in olives are not 
under purifying selection in B. oleae (unless they have pleiotropic effects 
on other phenotypic traits) and therefore may be lost (or degenerate) 
without consequences. In comparison, the extreme generalist B. dorsalis 
presents the highest number of OBP, OR, and GR genes and several 
duplications in these gene families (Figure 20). Again, this is expected for 
species that need to be efficient in locating a huge variety of fruits and 
therefore many different chemical signals. 

Interestingly, we observed a burst of OR duplications in B. cucurbitae 
(Figure 11), which may be associated with its specialization towards 
Cucurbitaceae hosts. This, in turn, may be associated with species-
specific abilities to respond to host volatiles, which could ultimately be 
used as lures in traps against this pest [295, 296]. 

We also noted that B. tryoni has a relatively low number of OBP, OR, 
and GR genes compared to the closest relatives (Figure 20). While this 
may indeed be a consequence of its biology, we cannot completely 
exclude a bias effect due to the lower coverage of the available genomic 
resources. The results of the BUSCO analyses point to slightly lower gene 
completeness of the B. tryoni datasets compared to the B. dorsalis one 
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(~2% less), however, not enough to explain the >10% difference in 
chemosensory genes between the two species. 

Overall, our annotations displayed fair conservation of the CSP gene 
family size across the Bactrocera species, while the OR, GR, and OBP 
gene families were highly variable. A similar pattern was observed 
comparing the amino acidic identities (Figure 24). This result is consistent 
with what reported in Drosophila and in other dipteran species [119, 297, 
298].  

We identified several Bactrocera-specific expansions, especially in the 
olfactory genes (Obp29, Obp33like, Or17, Or18, Or36, Or38like, Or56, 
and Gr68) (Figure 10, 11, 12). These expansions may have an adaptive 
role since they may be associated with the higher diversification observed 
in the genus Bactrocera compared to Ceratitis, which includes only 
polyphagous species, or with the higher invasiveness of the Bactrocera 
species [299, 300]. We cannot exclude, however, a contraction of OR 
genes in C. capitata, since without an outgroup we are not able to polarize 
the gain/loss events between the two genera. 

In Bactrocera, we also noticed a smaller GR family size compared to 
the outgroup C. capitata. On one hand, we may hypothesize that the 
contraction of this gene family indicates a less critical role of GRs in the 
detection of non-volatile compounds in this genus. On the other hand, we 
cannot exclude that the high sequence divergence of this gene family did 
not allow us to detect all the putative orthologs. However, we think that 
this is improbable because of the accurate annotation procedure that 
involved rounds of within-species BLAST searches. As for the OR genes, 
another possibility is an increase of GR genes in C. capitata. A more 
comprehensive comparative analysis is required to elucidate the role of 
GRs in tephritid ecology. 

Our findings were also consistent with what was found in other insects 
that shifted their host preference compared to the closest relatives. For 
instance, in Drosophila sechellia and in Lepidoptera, it has been observed 
that repertoire sizes of chemosensory gene families are associated with 
differences in host use [225, 226, 301–304]. In all these studies, it seems 
that specialization on a novel host plant is correlated with a contraction of 
the GR family. 

4.2.2. Chemosensory gene family evolution 

We performed a birth-and-death analysis based on the time tree of the 
five Bactrocera species. 

The monophagous B. oleae was the only species that experienced only 
losses (Figure 25). As a result, the β rate was zero for all the 
chemosensory genes and, in the OR gene family, the turnover rate was 
the lowest of the phylogeny (Figure 26). Instead, the polyphagous species 
exhibit mainly high turnover rates both in the internal branch and in the 
terminal nodes (Figure 26). As expected, the turnover rates were 
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particularly high in the branch leading to B. tryoni for all the gene families 
and this was mainly due to losses. 

As discussed above, these results were concordant with the idea that 
host adaptation may be accompanied by the loss of genes and, in the case 
of the olive fly, host specialization affected mainly the evolution of the OR 
gene family. It is possible that B. oleae monophagy resulted in many 
chemorsensory genes to be not necessary because involved in the 
detection of odorants not found on olives. 

In the OBP gene family, we noticed that B. latifrons showed a turnover 
rate more similar to the values observed in the oligophagous B. cucurbitae 
and monophagous B. oleae than to those of the polyphagous species 
(Figure 26). These data are in agreement with the feeding behaviour of 
this species, which mainly feeds on species of the Solanaceae family and 
support the hypothesis that B. latifrons should be considered an 
oligophagous species [36, 305].  

In general, the OR and GR gene family were the most dynamic along 
the Bactrocera phylogeny. In these two gene families, we observed a 
positive correlation both in the gene family sizes and in the δ rates, 
highlighting the shared evolutionary trend in the expansion/contraction of 
these chemosensory gene families. 

4.2.3. Signatures of selection 

Our molecular evolution results showed that the olive fly had the highest 
numbers of chemosensory genes under positive selection (Table 3).  

Interestingly, among them, we found the BoleOr64, whose ortholog in 
B. dorsalis was reported to mediate methyl eugenol perception [223]. ME 
is a powerful attractant for male fruit flies, including many Bactrocera 
species. It is a compound naturally occurring in many plant species and it 
is extensively used for the monitoring and trapping of fruit flies populations 
[306–308]. Notably, B. oleae is not attracted to methyl eugenol [309]. The 
selective pressure that we detected on this gene may indicate that Or64 
in B. oleae experienced a functional diversification. However, an accurate 
experimental characterization is needed to unravel the specific role of this 
receptor in the olive fly and the ME-responders Bactrocera. 

In general, these genes that we found under selective pressure may 
have played an active role in the olive fly specialization, and they may be 
considered good candidates for functional studies.  

We also found that the OR gene family was under more selective 
constraints than the OBP gene family, suggesting different selective 
pressures in these two classes of chemorsensory genes. This finding 
makes sense if we think that OBPs are supposed to be the direct 
interactors with the odorant molecules and thus are likely to evolve faster 
than the OR counterparts whenever the olfactory stimuli change, for 
instance, because of a host plant shift. 
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Bactrocera cucurbitae had the highest number of OR genes under 
selection. Interestingly, in recent works, BcucOr59 (candidate according 
to the branch-test), BcucOr11 (branch-site) and BcucOr38 (branch-site) 
were found to be expressed in the antenna [310], suggesting an active 
role of these genes in olfaction. These results, together with the high 
number of duplicated ORs in this species, may indicate that these events 
may have an adaptive role in the expansion of B. cucurbitae distribution 
to diverse ecological niches as previously proposed in D. suzukii [311]. 
This hypothesis is partially supported by studies on this species in the 
Afrotropical region. Vayssières and colleagues noted that the host range 
of B. cucurbitae presented geographical variations. It appeared to be more 
oligophagous on La Réunion Island while having a broader host range in 
western Africa with different infestations rates according to the region [41]. 
However, functional information will be fundamental to elucidate the role 
of these genes in oviposition preference. 

4.2.4. Homology modelling of olfactory proteins 

We computationally modelled the candidate ORs and OBPs under 
selection to investigate the putative role of the sites under selection on the 
protein function (Figure 29, 31).  

This analysis allowed us to map the sites under positive selection in the 
protein’s tertiary structure and evaluate whether these sites may be 
associated with specific domains of the protein. Moreover, we 
complemented this analysis by estimating the distribution of conservation 
across the protein to evaluate if sites candidate for positive selection 
resided in regions that are under specific selective regimes in Bactrocera. 

This may help understand how these changes would affect their 
structures and, consequently, their functions. However, we note that we 
performed only computational inferences based on sequence similarity 
with proteins for which a structure has been determined, and thus our 
models correspond to the putative structure of these proteins in 
Bactrocera. Indeed, all models were generated using as reference three-
dimensional structures of proteins of other organisms. Thus, we can only 
make tentative hypotheses on the implications of our findings since 
experimental validation is necessary to formulate significant conclusions. 

In Obp25, we found seven sites under positive selection in B. oleae, 
which may promote functional divergence on the binding specificities. 
Interestingly, we note that in this species, a cysteine was substituted by a 
serine (C025S) and, in our computational model, this cysteine appeared 
to be involved in a potential disulphide bond (Figure 30). This change may 
impair the folding and the stability of the protein since it is well known that 
the disulphide bonds stabilize the tertiary structure [128, 129, 147] and 
help define the hydrophobic binding cavity [133, 312].  

We also investigated whether sites under positive selection are located 
in the OBP binding cavity. In the olive fly, the alanine at position 18 is 
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substituted by an isoleucine (A018I) and this residue is located in the top-
one internal binding pocket of the CASTp ranking [282] (Figure 32). 

 

 

 

 
 
This finding suggests that BoleObp25 may recognize and bind a 

different range of organic molecules and naturally occurring odorants. 
These changes may also be not directly involved with the binding function 
but relevant because they may impact the size and shape of the binding 
cavity. Obp25 ConSurf profile highlighted overall conservation among 
orthologous, with divergence between species observed mainly in the 
proximity of the binding cavity (Figure 29, 31; Table S6). Instead, the 
Obp17 protein appeared to be quite dissimilar in their sequences among 
the Bactrocera species (Figure 29, 31; Table S6). 

However, in the absence of functional evidence, it is unclear whether 
these OBPs are truly involved in olfaction. Further experiments are needed 
to determine if these proteins are expressed in olfactory tissues and what 
type of molecule they bind. 

Regarding ORs, we noticed that residues under positive selection were 
mainly located within the predicted transmembrane regions of the proteins 
suggesting that these residues are not involved in the binding activities of 
the receptors, although they might affect protein stability (Figure 29). 

The ConSurf analyses displayed a high level of divergence among the 
modelled ORs between species, especially for the Or8, the Or38 (which 

Figure 32 – Cartoon representations of Obp25 based on the 3D 
model. The odorant binding cavity estimated by CASTp is 

represented by green mesh as well as the residues that form it. 
Labelled in orange, the residue under positive selection in B. oleae. 
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presents site under positive selection in B. cucurbitae), Or59, and Or64 
(Figure 31; Table S6). Even if we could not predict whether or how these 
differences have implications on the binding activity of these proteins, the 
fact that these genes are allowed to accumulate more substitutions than 
the other genes suggests that they are under relaxed selective pressure. 
Thus, even if such differences are not the result of positive selection, they 
can provide a source of variation which could eventually be co-opted for 
other purposes (i.e., other binding capabilities). 

In the case of ORs, it is more challenging to speculate on the effect of 
the sites under positive selection because the only three-dimensional 
structure currently available is for a tetramer of the Odorant receptor co-
receptor [167]. Indeed, very little is known about the role of amino acid 
changes on these transmembrane proteins. 

Our 3D computational models of OBPs and ORs suggest that changes 
in the primary sequence may promote functional divergence of the binding 
specificities among species and may enable these proteins to recognize 
and bind new odorants. The above-mentioned proteins are promising 
targets for further structural characterization. This holds for OBPs in 
particular since their heterologous expression, and the subsequent three-
dimensional structure determination are more feasible compared to ORs. 
In fact, to date, the structures of more than 20 OBPs have been solved by 
X-ray crystallography and/or nuclear magnetic resonance spectroscopy, 
some also complexed with ligands (reviewed in [313]). OBPs are thus 
appealing candidates for insect control, since determining their structural 
features may be the key to the design of more effective and species-
specific attractants and repellents. Indeed, they can be exploited as new 
tools to hamper fruit fly olfaction [120, 314, 315], or to improve the 
efficiency of trapping systems [316]. On the other hand, it is well known 
that OBPs are not restricted to the olfactory organs, and there is an 
ongoing debate about their ligand binding specificity with some authors 
supporting a broad binding capacity to multiple volatiles [157, 317, 318], 
and others sustaining the striking specificity of some of them [319–321]. 
For this reason, we think that to achieve a complete understanding of the 
biological roles of these proteins, it is important to establish an integrated 
approach combing both in vitro and in vivo analyses. Such strategy should 
include molecular and structural biology, behavioural genetics, and 
electrophysiology.  
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5 Conclusions and perspectives 

In this thesis, we conducted a comprehensive multi-locus phylogenetic 
analysis using genome-wide data of eleven Bactrocera fruit flies (B. 
cucurbitae, B. dorsalis, B. latifrons, B. minax, B. oleae, B. bryoniae, B. 
correcta, B. jarvisi, B. musae, B. tryoni, and B. zonata), including species 
with different feeding preferences. We also performed a molecular clock 
analysis to infer the time of divergence among the species. 

Our results revealed that B. dorsalis is more closely related to B. 
latifrons than to B. tryoni. These findings are in contrast with all 
phylogenies inferred from mitochondrial sequences [31, 32], which 
supported a closer relationship between B. dorsalis and B. tryoni, and 
consistent with recent studies based on nuclear genes [29, 285], which 
however did not provide statistical support for the inferred topology. Our 
analyses revealed numerous incongruences between gene and species 
trees, which we interpreted as evidence for incomplete lineage sorting 
and/or introgression and would also explain the discordant results of the 
mitochondrial phylogenies. Overall, our results underlined the importance 
of using genome-wide data to resolve complex phylogenies. With this 
analysis, we provide a useful framework for comparative biology studies. 
The possibility that hybridization can still occur between closely related 
species also earns about the possibility that selective events in one 
species (for instance, resistance to insecticides) may be readily 
transferred to other species by introgression. 

We also examined the role of the chemosensory gene families on host 
selection in five Bactrocera fruit flies with contrasting host preferences.  

Interestingly, we noted that the specialist B. oleae was the species with 
the lowest number of OBP and OR genes and duplication events, while 
the extreme polyphagous B. dorsalis showed the highest number of OBP, 
OR, and GR genes and several duplications in these gene families. This 
is consistent with a reduction of the sensory spectrum in those species 
that need only a fine-tuned sensory apparatus to locate a single (or few) 
host plant. In fact, genes that are involved in the detection of chemicals 
unrelated to the host fruit are not essential and, therefore, can be lost or 
degraded without affecting the fitness of the fly. The birth-and-death 
analysis revealed that the olive fly was the only species that experienced 
exclusively gene losses. Overall, these results support the idea that host 
specialization may be followed by the loss of genes, and, in the case of B. 
oleae, this impacted mainly the evolution of the OR gene family. The 
results obtained testing the rate, and the pattern of molecular evolution 
revealed that the olive fly was the species with the highest number of 
genes under selection, and only in this species OR and OBP genes are 
evolving under contrasting selective pressures. Thus, the evolution of host 
choice in this genus may be the result of several evolutionary processes 
occurring at both the gene family and the gene sequence levels. 
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Our future studies will aim both at the analysis of the expression profile 
of the chemosensory genes under selection in olive fly and at their 
functional characterization to determine the exact involvement of these 
genes in the olfactory and gustatory functions and, ultimately, in its 
oviposition behaviour. Moreover, untangling the molecular machinery of 
chemoreception in the olive fly may lay the foundation for future research 
directed at the development of innovative insect control strategies against 
this species. 
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Multi-locus phylogeny of Bactrocera genus 

 

 

 

 

 

 

 

 

 

Species SRA databases (https://www.ncbi.nlm.nih.gov/sra)

Bactrocera bryoniae SRX2791703 

Bactrocera correcta SRX2013592, SRX2013591, SRX2013590, SRX2013589, SRX2372821, SRX2372818, SRX2372817 

Bactrocera jarvisi SRX2791705, SRX697442, SRX697441, SRX697440, SRX697437, SRX697435, SRX697434, SRX697431, SRX697428 

Bactrocera musae SRX2791704 

Bactrocera tryoni

Bactrocera zonata SRX2016849, SRX2016848, SRX2016847, SRX2016846 

Table S1 – SRA accession numbers 
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Figure S1 – Phylogenesis of Bactrocera inferred from the nucleotide 
alignments of 110 orthologous nuclear genes. A) Maximum 

Likelihood phylogenetic analysis (GAMMAGTR model). B) Bayesian 
phylogenetic analysis (Gamma site model). Both analyses were done 
using the concatenated codon alignment (189,891 nt) and support a 
closer relationship of B. dorsalis with B. latifrons than with B. tryoni. 
Support at nodes is given as bootstrap values for the ML analysis 

and posterior probabilities for the Bayesian analysis. The five 
Bactrocera species that are the focus of the chemosensory evolution 

analyses and the outgroup C. capitata are highlighted in colour. 
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Figure S2 – Multi-locus coalescent-aware phylogenesis of Bactrocera 
inferred from 110 orthologous nuclear genes. Analyses are based on all 

single ML gene trees obtained using the nucleotide sequences 
(GAMMAGTR model). A) Bootstrap values were estimated by performing 
100 multi-locus bootstrap replicates; B) Bootstrap values were estimated 
by performing 100 gene+site resampling. Both analyses support a closer 

relationship of B. dorsalis with B. latifrons than with B. tryoni. The five 
Bactrocera species that are the focus of the chemosensory evolution 

analyses and the outgroup C. capitata are highlighted in colour. 
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Figure S3 – Multi-locus phylogenesis of Bactrocera inferred from 110 
orthologous nuclear genes. Bayesian analysis obtained by StarBeast2, 
which employs a multispecies coalescent method to estimate species 
trees from multiple sequence alignments (i.e., one for each of the 110 

orthologous gene sets). For this analysis we used the nucleotide 
alignments, linking the site models across the gene sets. Note the 

numerous discordant gene trees, especially between the B. dorsalis - B. 
latifrons - B. tryoni clade, compared to the species tree (supported by the 
trees in blue, which supports a closer relationship of B. dorsalis with B. 
latifrons than with B. tryoni). The five Bactrocera species that are the 
focus of the chemosensory evolution analyses and the outgroup C. 

capitata are highlighted in colour. 
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Genes B. cucurbitae B. oleae B. tryoni B. latifrons B. dorsalis

Obp1 4 3 3 3 4

Obp2 3 3 3 3 3

Obp3 2 2 2 2 2

Obp4 3 3 3 3 *

Obp5 2 2 2 2 2

Obp6 4 4 4 4 4

Obp7 3 3 3 3 3

Obp8 4 4 * 4 4

Obp9.1 4 4 * 4 4

Obp9.2 4 X X X X

Obp10 4 4 * 4 4

Obp11.1 0 0 0 0 0

Obp11.2 * 0 X 0 0

Obp13 1 1 1 1 1

Obp14 1 1 1 1 1

Obp15 1 1 1 1 1

Obp16.1 1 2 * 1 0

Obp16.2 X X 1 1 0

Obp16.3 X X X X 0

Obp17 1 1 * 1 1

Obp19 1 1 1 1 1

Obp20 1 1 1 1 1

Obp21 0 X 0 0 0

Obp22 1 1 1 1 1

Obp23 1 1 1 1 1

Obp24 3 3 3 3 3

Obp25 3 1 3 3 3

Obp26 3 3 3 3 3

Obp27 1 1 * 1 *

Obp28 4 4 4 4 4

Obp29 1 1 1 1 1

Obp30 1 1 1 1 1

Obp30like X 1 1 1 1

Obp31 1 1 1 1 *

Obp32 1 1 1 1 *

Obp33 1 1 1 1 1

Obp39 2 2 2 * 2

Obp40 X X 4 4 4

Obp41 2 X 2 3 2

Obp42 3 X X 3 3

Obp43 4 4 X 4 *

Obp44.1 1 3 * 3 *

Obp44.2 1 X X X X

Obp44.3 3 X X X X

Obp45 2 2 2 2 2

Obp46 2 2 2 1 2

Obp47 1 1 0 1 0

Obp99c-4 1 1 1 1 1

Table S3 – Number of introns in full-length OBP genes. The asterisk 
symbol (*) indicates genes in which it was not possible to identify the 
total number of introns (i.e., because of partial gene sequence), “X” 

indicates genes that were absent in that species. 
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Genes B. cucurbitae B. oleae B. tryoni B. latifrons B. dorsalis

Or1 5 5 5 5 *

Or2 2 5 X 5 5

Or3 5 5 * 5 5

Or4 * 4 4 4 *

Or5 4 4 4 4 4

Or6 5 5 * 5 5

Or10 4 4 4 4 4

Or11 6 6 6 7 6

Or12 * 6 X * 6

Or13 6 6 6 6 *

Or14 6 6 6 6 *

Or17a * 6 * 6 6

Or17b 6 X X * 6

Or18a 6 6 6 6 6

Or18b 6 6 X X *

Or19 2 2 2 2 3

Or20 X 3 3 3 X

Or21 4 3 X 3 3

Or22 3 * 3 3 3

Or23 3 3 3 3 3

Or24 3 3 3 3 3

Or25a 3 3 3 3 *

Or25b 3 X X X X

Or26 2 2 X 2 2

Or27 1 1 1 X 1

Or28 1 X 1 1 *

Or29 1 1 1 1 1

Or30 1 1 1 X 1

Or31a 1 1 1 X 1

Or31b 1 X X X X

Or32(a) 1 1 1 1 1

Or32b X X 1 X 1

Or33 1 1 1 1 1

Or34a 1 1 * 1 1

Or34b 1 X X X 1

Or35 2 2 2 2 2

Or36a 2 2 2 2 2

Or36b * X 2 2 X

Or37 2 2 2 2 2

Or38 2 * 2 2 2

Or43 2 X 2 2 2

Or44 2 2 2 2 *

Or45 X X 2 2 2

Or46 2 2 2 2 2

Or47 2 2 2 2 2

Or48 3 3 2 3 3

Or49 3 3 3 3 3

Or52 X 4 4 4 4

Or53a 5 5 X * *

Or53b 5 X X X X

Or54a 4 4 * 4 4

Or54b 4 X X X X

Or54c 4 X X X X

Or55 5 5 5 5 5

Or56a 9 * X 9 9

Or56b 9 X X 9 X

Or57(a) 9 9 9 9 *

Or57b X X 9 X 9

Or58 3 3 3 3 3

Or59 3 3 3 3 3

Or60(a) 3 X X 3 3

Or60b X X X 3 3

Or61 3 3 * * 3

Or63 3 3 3 3 3

Or64 3 3 3 3 *

Or65 4 4 * 4 4

Or66 4 4 3 4 4

Or67 3 3 3 3 3

Or68 3 X 3 3 3

Or69 3 3 3 3 3

Or7 5 5 5 5 5

Or71 3 3 3 3 2

Or72 3 X X * 3

Or73 0 3 X 3 3

Or74 X 3 3 3 3

Or75 3 * 2 3 3

Or8 4 4 4 * 4

Or9 4 4 * 4 1

Orco 6 6 6 6 *

Table S4 – Number of introns in full-length OR genes. The 
asterisk symbol (*) indicates genes in which it was not possible to 
identify the total number of introns (i.e., because of partial gene 
sequence), “X” indicates genes that were absent in that species. 
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Genes B. cucurbitae B. oleae B. tryoni B. latifrons B. dorsalis

Gr1a X 3 3 3 3

Gr1b 3 3 3 3 *

Gr3 6 4 6 6 6

Gr4 8 9 8 8 8

Gr5 8 * 8 7 7

Gr6 8 8 8 8 8

Gr7 9 9 9 9 9

Gr8 2 2 2 2 *

Gr9 7 7 7 7 7

Gr10 5 5 5 5 7

Gr11 11 11 11 11 11

Gr12 X 6 X X X

Gr14 11 11 11 11 11

Gr15 3 3 3 3 3

Gr16 1 1 3 2 3

Gr17b 3 3 3 4 3

Gr18 * 4 3 X 3

Gr19 3 * 3 3 3

Gr20 3 3 3 3 3

Gr21 2 2 X 2 2

Gr22 2 X * 2 2

Gr23 2 2 2 * 2

Gr24 4 4 4 4 4

Gr26 X 2 X 2 2

Gr27 X 2 2 2 2

Gr29 * 2 X 2 2

Gr30 * 2 2 2 2

Gr31 X X 2 2 2

Gr32 2 2 2 2 2

Gr33 4 1 4 * 4

Gr34b 4 4 4 4 4

Gr35 3 3 3 3 3

Gr38 5 5 5 5 4

Gr39 5 4 5 6 5

Gr40 3 3 4 4 3

Gr41 3 3 * 3 3

Gr42 3 3 * 3 3

Gr43 1 X X X 1

Gr44 2 1 1 1 1

Gr45 1 X 1 X 1

Gr46 * 1 1 1 1

Gr47 1 1 1 1 1

Gr48 1 3 1 1 1

Gr49 1 1 1 X 1

Gr50 2 1 1 1 1

Gr52 1 1 1 1 1

Gr53 1 1 1 1 1

Gr57 1 1 X 1 1

Gr58 1 1 X 1 1

Gr60a * X 1 1 1

Gr60b X X 1 1 1

Gr61 1 1 1 X 1

Gr62 2 2 2 2 *

Gr63 1 2 2 2 *

Gr64 3 3 3 3 3

Gr65b * 1 1 1 1

Gr66 1 1 X 1 1

Gr68a 1 1 1 1 X

Gr68b 1 1 X 1 1

Gr69 2 2 2 1 2

Gr70 2 3 3 3 3

Gr71 2 2 2 2 2

Gr72 2 2 2 2 2

Gr73 2 2 1 1 *

Table S5 – Number of introns in full-length GR genes. The asterisk 
symbol (*) indicates genes in which it was not possible to identify the 
total number of introns (i.e., because of partial gene sequence), “X” 

indicates genes that were absent in that species. 
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1–3 4–6 7–9

Obp17 23.3% 21.6% 55.2%

Obp25 14.3% 0.0% 85.7%

Or59 20.4% 37.6% 42.0%

Or38 18.6% 43.2% 38.2%

Or8 16.4% 36.5% 47.2%

Or64 14.0% 43.6% 42.4%

Or71 13.4% 38.2% 48.4%

Or11 10.2% 40.4% 49.4%

Or25 7.9% 45.7% 46.4%

Or75 4.4% 45.7% 49.8%

Consurf Conservation Grades

Table S6 – Percentages of variable (1–3), intermediately 
variable (4–6) and conserved (7–9 grade) residues of 

olfactory proteins calculated by the ConSurf server [281]. 
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During my PhD, I was involved in two other projects besides my main 

project.  
In this section, I indicated the experiments that I conducted using the 

first-person pronoun (I), together with my colleagues using the plural form 
(we), and I adopted the third singular personal pronoun referring to the 
work done entirely by colleagues of mine. 

1. NIRVS landscape in Ae. albopictus 

I worked with Elisa Pischedda (PhD candidate) in her project on viral 
integrations in Aedes albopictus. I performed the Southern blotting 
experiments and contributed with the bioinformatic analysis (for more 
details, see page 118). 

Ae. albopictus is an invasive mosquito and a competent vector for many 
arboviruses such as Chikungunya (Alphavirus), Dengue, and Zika 
(Flavivirus) viruses. Unexpectedly, its genome sequencing (AaloF1, [322]) 
harboured an unusually high number of integrated sequences with 
similarities to non-retroviral RNA viruses of the Flavivirus and Rhabdovirus 
genera. In particular, 32 Non-retroviral Integrated RNA Virus Sequences 
(NIRVS) with similarities to Flaviviruses (F-NIRVS) and 40 NIRVS similar 
to Rhabdoviruses (R-NIRVS) were reported [323].  

In her project, one of the questions she aimed to address was whether 
NIRVS identified in the reference genome were conserved within 
mosquitoes of the Foshan reference strain. 

For this purpose, we analysed the genome sequencing of 16 
mosquitoes of the Foshan strain (i.e., single-sequenced mosquitoes) 
[323], and we compared their NIRVS pattern with the list of viral 
integrations previously characterized in the reference genome [323]. 
NIRVS presence in the samples was established using the 
DepthOfCoverage function of the GATK tool [324]. This function allowed 
the detection of the coverage of the region of interest and to filter out reads 
with Phred mapping quality lower than 20. NIRVS with a minimum of five 
reads of depth of coverage and 30 consecutive nucleotides with that depth 
of coverage were considered as present in the sample. Our criterion was 
more stringent than the one previously adopted by [323]. The ratio 
between the number of R-NIRVS present in a sample and the total R-
NIRVS of Foshan (40) was used to estimate R-NIRVS prevalence. The 
same calculation was done for F-NIRVS. With this approach, we found 
that eleven NIRVS (i.e., AlbFlavi19, AlbFlavi31, AlbFlavi32, AlbFlavi33, 
AlbFlavi38, AlbFlavi39, AlbFlavi40, AlbRha43, AlbRha79, AlbRha80, 
AlbRha95) were absent in all the 16 samples. A total of 20 NIRVS were 
detected in the samples, with statistical enrichment for NIRVS with 
similarities to Rhabdovirus (R-NIRVS) (Hypergeometric test, P = 0.022) 
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2. Identification of Piwi genes in Ae. albopictus 

I worked with Dr. Michele Marconcini in his project on the 
characterization of the genes of the piRNA pathway in Ae. albopictus. I 
contributed to the Northern blotting experiments (for more details, see 
page 118). 

The PIWI-interacting RNA (piRNA) pathway is the most recently 
identified of the small RNA-based pathways within RNA interference. It 
has been mostly studied in D. melanogaster where the three proteins of 
the Piwi subclade, namely Argonaute-3, PIWI, and Aubergine, interact with 
piRNAs to silence transposable elements (TE), preserving genome 
integrity in gonadal tissues [325]. Recent literature supports the 
involvement of the piRNA pathway in antiviral immunity in Aedes spp. 
mosquitoes, differently than in D. melanogaster [326]. It has been reported 
that in Ae aegypti, the Piwi subclade has undergone expansion with seven 
genes (i.e., Ago3, Piwi2, Piwi3, Piwi4, Piwi5, Piwi6, and Piwi7). They 
displayed differences in their tissue and developmental expression profile 
and were associated with either TE-derived or viral piRNAs [327, 328]. 
However, the genes and the function of this pathway in Ae. albopictus are 
still enigmatic.  

As a consequence, one of the aims of his project was to characterize 
the genes in Ae. albopictus. 

He bioinformatically identified and molecularly validated seven Piwi 
genes in the genome of Ae. albopictus: Ago3, Piw1/3, Piwi2, Piwi4, Piwi5, 
Piwi6, and Piwi7. He determined their copy number by real-time PCR. 

He also molecularly analysed their transcription by RT-PCR and their 
expression throughout the developmental stages and the adult life of the 
mosquito by RNA-seq analyses. He found a single transcript sequence for 
Ago3, Piwi1/3, Piwi2, Piwi4, and Piwi6 that corresponded to the 
predictions on the identified DNA sequences. Sequencing results of the 
transcript from Piwi5 showed a sequence 27 bp shorter than predicted on 
the reference genome, due to a 45bp gap followed by a 18bp insertion, 
110 and 333 bases after the ATG starting codon, respectively. Also, the 
transcript sequence of Piwi7 appeared shorter than the predicted. We 
investigated the presence of Piwi5 and Piwi7 transcripts by Northern-blot 
and our results for Piwi5 indicate the presence of a transcript of 3 kb, while 
we were not able to detect Piwi7 transcript (Figure 2).  

Combing these approaches, he was able to determine that the genome 
of Ae. albopictus harbours one copy of Ago3 and six Piwi genes (i.e., 
Piwi1/3, Piwi2, Piwi4, Piwi5, Piwi6, and Piwi7). He also investigated their 
transcriptional profiles and confirmed their expression throughout the 
developmental stages and the adult life of the mosquito, both in ovaries 
and somatic tissues. Interestingly, Piwi7 transcript expression decreased 
following early embryogenesis, to the point that we could detect it neither 
in RNA-seq analyses nor in Northern-blot experiments (Figure 2).  
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The Asian tiger mosquito Aedes albopictus is an invasive mosquito and a competent

vector for public-health relevant arboviruses such as Chikungunya (Alphavirus), Dengue

and Zika (Flavivirus) viruses. Unexpectedly, the sequencing of the genome of this

mosquito revealed an unusually high number of integrated sequences with similarities

to non-retroviral RNA viruses of the Flavivirus and Rhabdovirus genera. These Non-

retroviral Integrated RNA Virus Sequences (NIRVS) are enriched in piRNA clusters and

coding sequences and have been proposed to constitute novel mosquito immune

factors. However, given the abundance of NIRVS and their variable viral origin, their

relative biological roles remain unexplored. Here we used an analytical approach that

intersects computational, evolutionary and molecular methods to study the genomic

landscape of mosquito NIRVS. We demonstrate that NIRVS are differentially distributed

across mosquito genomes, with a core set of seemingly the oldest integrations with

similarity to Rhabdoviruses. Additionally, we compare the polymorphisms of NIRVS with

respect to that of fast and slow-evolving genes within the Ae. albopictus genome.

Overall, NIRVS appear to be less polymorphic than slow-evolving genes, with differences

depending on whether they occur in intergenic regions or in piRNA clusters. Finally,

two NIRVS that map within the coding sequences of genes annotated as Rhabdovirus

RNA-dependent RNA polymerase and the nucleocapsid-encoding gene, respectively,

are highly polymorphic and are expressed, suggesting exaptation possibly to enhance

the mosquito’s antiviral responses. These results greatly advance our understanding

of the complexity of the mosquito repeatome and the biology of viral integrations in

mosquito genomes.

Keywords: mosquitoes, viral integrations, immunity, piRNA pathway, domestication, repeatome

Abbreviations: FC, fold-change; FGs, fast-evolving genes; F-NIRVS, NIRVS with similarity to Flaviviruses; LoP, level of
polymorphism; N-Gs, genes harboring NIRVS; NIRVS, non-retroviral integrated RNA virus sequences; R-Gs, Genes of
the RNAi pathway; R-NIRVS, NIRVS with similarity to Rhabdoviruses; SGs, slow-evolving genes; SSM, single-sequenced
mosquitoes.
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INTRODUCTION

The amount and the type of repeated DNA sequences,
collectively called the “repeatome,” affect the size, organization
and evolution of eukaryotic genomes (Maumus and Quesneville,
2014). Transposable elements (TEs) are the major and most-
studied components of the repeatome because of their potential
mutagenic effects (Gilbert and Feschotte, 2018). TEs evolve
through a “burst and decay model” whereby newly acquired
TEs can multiply rapidly in a genome. The “burst” phase is
followed by low amplification periods, the “decay” moments,
when TEs tend to accumulate mutations and become inactive
(Maumus and Quesneville, 2016). In eukaryotes, TEmobilization
during germline formation is counterbalanced by the activity of
the PIWI-interacting RNA (piRNA) pathway, the most recently
identified of three small RNA-based silencing mechanisms
(Brennecke et al., 2007; Guzzardo et al., 2013; Gainetdinov
et al., 2017). Briefly, Argonaute proteins of the PIWI-subfamily
associate with small RNAs of 25-30 nucleotides, called PIWI-
interacting RNAs (piRNAs), and together they silence TEs based
on sequence complementarity (Tóth et al., 2016). piRNAs arise
from genomic regions called piRNA clusters, which contain
fragmented sequences of previously acquired TEs.

Unexpectedly, besides TE fragments, piRNA clusters contain
sequences from non-retroviral RNA viruses, which produce
piRNAs, in the genome of arboviral vectors like the mosquitoes
Aedes aegypti and Aedes albopictus (Arensburger et al., 2011;
Olson and Bonizzoni, 2017; Palatini et al., 2017; Whitfield et al.,
2017). This observation is in line with recent experimental
evidence that extend the role of the piRNA pathway to
immunity against viruses in Aedes mosquitoes, differently than
in Drosophila melanogaster (Miesen et al., 2016; Petit et al.,
2016) and show that piRNAs from integrated viral sequences are
differentially expressed following viral challenge of Ae. albopictus
(Wang et al., 2018). As such, NIRVS have been proposed as novel
immunity factors of arboviral vectors (Olson and Bonizzoni,
2017; Palatini et al., 2017; Whitfield et al., 2017). However, the
organization, stability and mode of action of NIRVS in mosquito
genomes are poorly understood.

The landscape of viral integrations in the genome of
Ae. aegypti and Ae. albopictus mosquitoes is rather complex.
Aedes species are rare examples within the animal kingdom
because they harbor dozens of NIRVS from different viruses, such
as Flaviviruses and Mononegavirales, primarily Rhabdoviruses
and poorly characterized Chuviruses (Katzourakis and Gifford,
2010; Fort et al., 2012; Palatini et al., 2017; Whitfield et al.,
2017). In all other animals in which NIRVS have been identified,
including mammals, birds and ticks, NIRVS appear to be mainly
from one viral type and tend to be found in low numbers
(<20) (Belyi et al., 2010; Katzourakis and Gifford, 2010; Holmes,
2011; Kryukov et al., 2018). NIRVS identified in the Ae. aegypti
and Ae. albopictus genomes are not homologous, indicating
independent integration events. However, NIRVS of both species
encompass fragmented viral open reading frames (ORFs). In
Ae. albopictus, we characterized 32 NIRVS with similarities to
Flaviviruses (F-NIRVS) and 40 NIRVS similar to Rhabdoviruses
(R-NIRVS). These NIRVS are enriched in piRNA clusters and

within coding sequences (Palatini et al., 2017). Taken together
these findings support the hypothesis that NIRVS contribute
to host biology. However, because NIRVS have been identified
by in silico analyses of the currently available Ae. albopictus
genome assembly, which was built from the DNA of a single
pupa of the Foshan strain (Chen et al., 2015) and we verified
the overall conservation of NIRVS within this strain (Palatini
et al., 2017), their widespread occurrence in wild mosquitoes,
whether all NIRVS or some are functionally active elements,
and what is the relative importance of each of them, are all still
unexplored questions.

Here we addressed the following questions: is the pattern of
NIRVS within mosquitoes of the Foshan strain the same as across
geographic samples? If the landscape of NIRVS is variable, could
NIRVS be co-opted as novel molecular markers for population
genetic studies? Does NIRVS age differ depending on their viral
origin? How does the LoP of NIRVS compare with that of fast-
and slow-evolving mosquito genes?

Using an analytical approach that intersects computational,
evolutionary, and molecular approaches we show that NIRVS
are a dynamic component of the Ae. albopictus repeatome.
The landscape of NIRVS is variable within mosquitoes of the
Foshan strains and among geographic samples. The LoP of
NIRVS is heterogeneous. R-NIRVS appear more widespread
and older integrations than those with similarities F-NIRVS.
NIRVS annotated in intergenic regions appear more variable
than those mapping within piRNA clusters or gene exons.
Among NIRVS identified within gene exons, six are fixed and
stably expressed, albeit showing different levels of polymorphism
and domestication cannot be excluded for AlbRha52 and
AlbRha12, which are part of genes annotated as RNA-
dependent RNA polymerase and nucleocapsid-encoding genes of
Rhabdovirus, respectively.

Overall these results greatly advance our understanding of
the widespread occurrence of NIRVS in nature. Additionally,
a detailed analysis of NIRVS distribution and polymorphism
within the Ae. albopictus genome paves the way for choosing
candidate NIRVS for functional studies.

MATERIALS AND METHODS

Mosquitoes
Mosquitoes of the Foshan strain have been reared at the insectary
of the University of Pavia since 2013 (Palatini et al., 2017). Upon
arrival in Pavia, mosquitoes were checked for infection using
Flavivirus degenerate primers (Crochu et al., 2004). No infection
was detected. Mosquitoes are reared at 28�C and 70–80% relative
humidity with 12/12 h light/dark cycles. Larvae are reared in pans
and fed on finely ground fish food (Tetramin, TetraWerke,Melle,
Germany). Adults are kept in 30-cm3 cages and allowed access
to a cotton wick soaked in 0.2 g/ml sucrose as a carbohydrate
source. Adult females are blood-fed using a membrane feeding
apparatus and commercially available mutton blood. Sixteen
Foshan mosquitoes, eight males and eight females, were sampled
and forced in single mating. Progeny from each single mating was
collected. DNA was extracted from single individuals, including
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parents and their progeny, using the DNeasy Blood and Tissue
Kit (Qiagen, Hilden, Germany).

Southern Blotting
Genomic DNA (⇠10 mg) from pools of 10–20 adult mosquitoes
of the Foshan strain were digested with restriction enzymes
(Thermo Scientific, Vilnius, Lithuania) chosen to specifically
target individual F-NIRVS and separated on a 0.8% agarose
gel. DNA was transferred to nylon membranes (Hybond-
N+) (Amersham, Buckinghamshire, United Kingdom) and
immobilized by UV irradiation. Random-primed DNA probes
(Supplementary Data 1) were labeled with [α-32P] dATP/ml
and [α-32P] dCTP/ml (3,000 Ci/mmol; 1 Ci- 37 GBq) by
using the Megaprime labeling kit (Amersham, Buckinghamshire,
United Kingdom). Hybridizations were carried out at 65�C.

Real Time PCR (qPCR) to Test for NIRVS
Copy Number
PCR primers were designed using PRIMER3 (Rozen and
Skaletksy, 2000) within F-NIRVS to test for their copy number
based on real-time PCR (Bubner and Baldwin, 2004; Yuan et al.,
2007) (SupplementaryData 2). Reactionmixtures were prepared
containing 10 µL QuantiNova Sybr Green PCR Master Mix
(Qiagen, Hilden, Germany), 1 µL of each 10 µM primer, and
template DNA diluted in distilled H2O up to 20 µL total reaction
volume. Template genomic DNA used in the reactions was
extracted from individual adult mosquitoes following a standard
protocol (Baruffi et al., 1995). Real-time PCR reactions were
performed in a two-step amplification protocol consisting of
2 min at 95�C, followed by 40 cycles of 95�C for 5 s and
60�C for 10 s. Reactions were run on a RealPlex Real-Time
PCR Detection System (Eppendorf, Hamburg, Germany). The
single-copy gene piwi6 (AALF016369) was used as reference
after having verified the region of the primers does not harbor
variability. F-NIRVS copy numbers were estimated comparing
the relative quantification of NIRVS loci with respect to that of
the reference genes using the 1Ct method (Pfaffl, 2006), after
having verified that the efficiencies of PCR reactions with primers
for F-NIRVS and the reference gene were the same. Support for
using relative quantification without an internal calibrator came
from a preliminary test where we cloned one NIRVS (AlbFlavi4)
and we verified that estimates of its copy number by absolute vs.
relative quantification were the same.

qPCR to Estimate NIRVS Expression
Levels
Total RNA was extracted using TRIzol (Life Technologies,
Madrid, Spain) from pools including 10–20 mosquitoes at
different developmental stages such as larvae, pupae, adult
males, sugar-fed females and females sampled 48 h after
blood feeding. After DNaseI (Sigma-Aldrich, Schnelldorf,
Germany) treatment, a total of 100 ng of RNA from
each pool was used for reverse transcription using the
qScript cDNA SuperMix (Quanta Biosciences, Leuven, Belgium).
Expression of the eight N-Gs and always detected in Foshan
(i.e., AALF005432, AALF025780, AALF000476, AALF000477,

AALF020122, AALF004130, and AALF025779) was quantified
using real-time qPCRs following the protocol described above.
Expression values were normalized to mRNA abundance
levels of the Ae. albopictus nap gene (Reynolds et al., 2012)
(Supplementary Data 3). The qbase+software (Hellemans et al.,
2007) was used to compare expression profiles across samples,
and Morpheus1 was used to visualize the data.

Selection of Genes With Slow and High
Evolutionary Rates
Orthologous genes across 27 insect species within the
Nematocera sub-order were identified in OrthoDB v9.1
(Zdobnov et al., 2016). Levels of sequence divergence were
computed for each orthologous group as the average of
interspecies amino acid identified normalized to the average
identity of all interspecies best-reciprocal-hits, computed from
pairwise Smith-Waterman alignments of protein sequences
(Supplementary Table 1). We selected the 0.1% of the genes
(n = 14, number comparable to that of our NIRVS groups) at
each tail of the distribution as representative of the conserved
and variable categories, the left and right tails respectively.
Orthologs of these genes were searched in the Ae. albopictus
genome (AaloF1 assembly).

NIRVS in Natural Populations
PCR primers were designed using PRIMER3 (Rozen and
Skaletksy, 2000) to test for NIRVS polymorphism in
Ae. albopictus geographic samples (Supplementary Data

4). Considering the level of NIRVS sequence similarity, their
copy number and heterogeneous presence in Foshan mosquitoes,
we selected seven F-NIRVS (AlbFlavi2, AlbFlavi4, AlbFlavi8-41,
AlbFlavi10, AlbFlavi36, AlbFlavi1, and AlbFlavi12-17) and six
R-NIRVS (AlbRha1, AlbRha7, AlbRha14, AlbRha36, AlbRha52,
AlbRha85) that gave unambiguous PCR results, have similarities
to different viral ORFs and are distributed in different genomic
regions including piRNA clusters, intergenic or coding regions.
Natural mosquito samples derive from a world-wide collection
available at the University of Pavia and previously analyzed with
microsatellite markers (Manni et al., 2017). PCR reactions were
performed in a final volume of 25 µL using DreamTaqTM Green
PCR Master Mix 2x (Thermo Scientific, Vilnius, Lithuania)
and the following cycle conditions: 94�C for 3 min, 40 cycles
at 94�C for 30 s, 58–60�C for 45 s, 72�C for 1 min, and a final
extension at 72�C for 10 min. Amplification products were
electrophoresed on 1–1.5% agarose gels and purified using
ExoSAP-ITM PCR product Cleanup Reagent (Thermo Scientific,
Vilnius, Lithuania). When the NIRVS were detected, at least five
amplification products per population per locus were sent to
be sequenced by Macrogen (Barcellona, Spain), following the
company’s requirements.

Non-retroviral Integrated RNA Virus Sequences alleles were
first scored based on their occurrence in each population and
their size. A Neighbor-joining tree was built after 1000 bootstrap
resampling of the original data set and the calculation of a matrix

1https://software.broadinstitute.org/morpheus
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of shared allele distances (DAS) using POPULATIONS version
1.2.31 (Langella, 1999).

Estimates of Integration Time
Non-retroviral Integrated RNA Virus Sequences sequences from
geographic samples were aligned in Ugene version 1.26.1
(Okonechnikov et al., 2012) with MAFFT (Yamada et al., 2016).
Default parameters with five iterative refinements were applied
for the alignment. Alignments were manually curated to verify
frameshifts, truncations, deletions, and insertions. All positions
including gaps were filtered out from the analysis. The following
formula was used to estimate the time of integration in years
assuming that all mutations are neutral:

Mean Mutations/Seq =
Tot. Obs. Mutations

N. Seqs⇤ Seq. Length

Age in Years =
Mean Mutations/Seq

(MR⇤ Seq. Length⇤ GpY)

Mutation rate (MR) were assumed to be comparable to
those of D. melanogaster genes in range 3.5-8.4 ⇥ 10�09

(Haag-Liautard et al., 2007; Keightley et al., 2009). A range
of 4–17 number of generations per year (GpY) was tested
considering mosquitoes of temperate or tropical environments
(Manni et al., 2017).

Phylogenetic Inference and Timetrees
Deduced NIRVS protein sequences were aligned with subsets
of corresponding proteins from Flavivirus and Rhabdovirus
genomes using MUSCLE (Edgar et al., 2004). The timetrees
were generated using the RelTime method (Tamura et al.,
2012) after having generated the maximum likelihood tree, with
100 bootstrap replicates. Divergence times for all branching
points in the topology were calculated using the maximum
likelihood method and implementing the best fitted amino
acids substitution model. Phylogenies were estimated in MEGA7
(Kumar et al., 2016). The JTT matrix-based model was used for
the L protein of Rhabdovirus (Jones et al., 1992). In this case,
the estimated log likelihood value was �116005.08. A discrete
Gamma distribution was used to model evolutionary rate
differences among sites [2 categories (+G, parameter = 0.8331)].
The rate variation model allowed for some sites to be
evolutionarily invariable ([+I], 0.21% sites). The analysis
involved 49 amino acid sequences. There was a total of 2319
positions in the final dataset. For the G protein of Rhabdoviruses,
the Whelan and Goldman model was implemented (Whelan
and Goldman, 2001). In this case, the estimated log likelihood
value was �3719.06. A discrete Gamma distribution was
used to model evolutionary rate differences among sites [2
categories (+G, parameter = 2.1095)]. The analysis involved
40 amino acid sequences. All positions with less than 95% site
coverage were eliminated. That is, fewer than 5% alignment
gaps, missing data, and ambiguous bases were allowed at
any position. There was a total of 56 positions in the final
dataset. The LG model was used for the NS3 protein of
Flaviviruses (Le and Gascuel, 2008). In this case, the estimated
log likelihood value is �6360.35. A discrete Gamma distribution

was used to model evolutionary rate differences among sites
[2 categories (+G, parameter = 0.8640)]. The analysis involved
30 amino acid sequences. All positions containing gaps and
missing data were eliminated. There was a total of 180
positions in the final dataset. For NIRVS with similarities to
the NS5 protein of Flaviviruses the JTT matrix-based model
was used (Jones et al., 1992). The estimated log likelihood
value of the topology shown was �26019.44. A discrete Gamma
distribution was used to model evolutionary rate differences
among sites [2 categories (+G, parameter = 1.0058)]. The rate
variation model allowed for some sites to be evolutionarily
invariable ([+I], 10.15% sites). The analysis involved 33
amino acid sequences. There was a total of 984 positions
in the final dataset. In each case, trees were drawn to
scale, with branch lengths measured in the relative number
of substitutions per site. The coding sequences for proteins
of the Potato Yellow Dwarf virus (PYDV) were used as
outgroup for trees of R-NIRVS, considering PYDV belongs
to the highly divergent Nucleorhabdovirus genus (Dietzgen
et al., 2017). To derive the genealogy of F-NIRVS, outgroups
were protein sequences from Tamana Bat Virus (TABV)
(de Lamballerie et al., 2002).

Bioinformatic Pipeline to Study the
Polymorphisms of NIRVS, Fast- and
Slow-Evolving Genes
Whole genome sequencing data of 16 singly sequenced (i.e.,
single-sequenced mosquitoes or SSMs) as previously described
(Palatini et al., 2017) was used for the analyses of NIRVS
polymorphism. NIRVS presence in a sample was established
imposing a more stringent criteria than previously used in
Palatini et al. (2017). Here to the “minimum of five reads of depth
of coverage,” we added a minimum of 30 consecutive nucleotides
with that depth of coverage (Supplementary Table 2). This
more stringent criteria resulted in a difference of one in the
number of NIRVS called as absent (AlbRha43). We molecularly
validated bioinformatic predictions based on this criterion
(Supplementary Figure 1). The ratio between the number
of R-NIRVS present in a sample and the total R-NIRVS of
Foshan (40) was used to estimate R-NIRVS prevalence. The
same calculation was done for F-NIRVS. The polymorphism of
NIRVS and that of selected FGs and slow-evolving genes (i.e.,
SGs) was then estimated using a custom pipeline organized
into different steps. In the first step, the DepthOfCoverage
function of the GATK tool (Mckenna et al., 2010) is used
to evaluate the coverage of the region of interest limiting to
reads with Phred mapping quality greater than 20. Following
read coverage analyses, four different Variant Callers i.e., GATK
UnifiedGenotyper (Mckenna et al., 2010), Freebayes (Garrison
and Marth, 2012), Platypus (Rimmer et al., 2014), and Vardict
(Lai et al., 2016), were implemented to identify SNPs and
INDELs within the regions of interest. The search of SNPs and
INDELS by different variant callers allowed to increase the pool
of variants and reduce the number of false positive. Custom
scripts were then used to filter data, retain only variants having
allele frequency higher than 0.1 or variants called by at least two
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programs. The LoP of the region of interest was calculated as
the total number of SNPs and INDELs identified averaged based
on its length.

Follow-up statistical analyses were computed and visualized
in R studio (RStudio Team, 2015). RStudio: Integrated
Development for R. RStudio, Inc. (Boston, 2015). The
Kolmogorov–Smirnov test was used to test the significance
of the difference of LoP distributions of NIRVS, RNAi genes (R-
Gs), N-Gs and FGs with respect to that of SGs (Supplementary

Table 3). SG LoP was the median of the LoPs of the tested SGs.
The threshold of significance was adjusted with the Bonferroni
correction and loci were separated according to the adjusted
significance of the test. Results of ratio between the LoP of each
locus and the median LoP of SGs (fold change [FC]) that were
different from 0 were visualized in a volcano plot. For each locus,
FC was calculated as the ratio of the median LoP of the locus
and that of the SG. The hypergeometric test was applied to test
whether the group of NIRVS always identified across SSMs was
enriched in (1) F- or R-NIRVS; (2) any viral ORFs; (3) NIRVS
shorter or longer than 500 bp; (4) NIRVS mapping in exons,
piRNA clusters or intergenic regions.

Search for Novel Viral Integrations
Sequences supported by the presence of soft-clipped reads were
molecularly tested by PCR assays using DNA from individual
mosquitoes of the Foshan strain (Supplementary Data 5).
The Vy-PER pipeline (Forster et al., 2015) was applied to
WGS data from the 16 SSMs to search for viral integrations
that had not been previously identified in genome of the
Foshan strain (AaloF1 assembly). Vy-PER was run using 540
viral genomes from VIPERdb (Carrillo-Tripp et al., 2009),
including species of the Togaviridae, Flaviviridae, Bunyaviridae,
Rhabdoviridae, Orthomyxoviridae, Reoviridae, Bornaviridae,
Filoviridae, Nyamiviridae, Paramyxoviridae families. Paired-end
reads identified by Vy-PER in which one read maps to the
referencemosquito genome (i.e., AaloF1) and its pair maps to one
of the tested viral genomes were manually inspected. Candidates
including low complexity sequence (i.e., sequence showing more
than 80% in mono- and di-nucleotides) or with viral portion
shorter than 50 nucleotides were considered false positive and
were filtered out.

RESULTS

We use read depth of coverage and variant calling tools to
study NIRVS (Non-retroviral Integrated RNA Virus Sequences)
widespread occurrence and their polymorphism within the
genomes of mosquitoes of the Foshan strain and to look for novel
viral integrations. Additionally, we studied the distribution of a
selected subset of NIRVS in geographic samples.

NIRVS Are Variably Distributed in SSMs
We used the sequenced genomes of 16 mosquitoes (i.e.,
single-sequenced mosquitoes or SSMs) (Palatini et al., 2017)
and we compared their NIRVS pattern with the list of
viral integrations characterized from the Foshan genome

assembly (AaloF1). Eleven NIRVS (i.e., AlbFlavi19, AlbFlavi31,
AlbFlavi32, AlbFlavi33, AlbFlavi38, AlbFlavi39, AlbFlavi40,
AlbRha43, AlbRha79, AlbRha80, AlbRha95) were absent in all
16 SSMs (Supplementary Table 2). A total of 20 NIRVS were
found in all SSMs, with a statistical enrichment for NIRVS with
similarities to Rhabdovirus (R-NIRVS) (Hypergeometric test,
p = 0.022) and NIRVS mapping in gene exons (Hypergeometric
test, p = 0.006) (Figure 1A). This “core” of 20 NIRVS included
R-NIRVS identified within the coding sequence of genes (i.e.,
AlbRha12, AlbRha15, AlbRha28, AlbRha52, AlbRha85 and
AlbRha9) and piRNA clusters (i.e., AlbRha14 and AlbRha36).
Conversely, NIRVS with similarities to Flaviviruses (F-NIRVS)
were variably distributed among SSMs. Of note is AlbFlavi4,
a 512bp sequence with similarity to the capsid gene of Aedes
flavivirus (Palatini et al., 2017). AlbFlavi4 is annotated within
the second exon of AALF003313 and is also included in piRNA
cluster 95 (Liu et al., 2016). AlbFlavi4 produces vepi4730383, a
piRNA that is upregulated upon dengue infection (Wang et al.,
2018). In SSMs and Ae. albopictus geographic samples, variants
were identified for AALF003313, only one of which includes
AlbFlavi4 (Figures 1B,C).

Overall, mean base pairs (bp) occupied by F-NIRVS and
R-NIRVS are 12095 and 19293 bp, respectively (Figure 1D).
Taken together, these results demonstrate that, with an average
genome occupancy of 31389 bp, NIRVS represent quantitatively
a limited fraction of the mosquito repeatome. However, the
enrichment of NIRVS in piRNA clusters (Palatini et al., 2017)
and the fact that the pattern of NIRVS is variable in host genomes
support the hypothesis that NIRVS are a dynamic component of
the repeatome.

NIRVS Distribution in Geographic
Populations
To verify if NIRVS are variably distributed in natural samples
besides in the Foshan strain, we choose seven F-NIRVS
(AlbFlavi2, AlbFlavi4, AlbFlavi8-41, AlbFlavi10, AlbFlavi36,
AlbFlavi1, and AlbFlavi12-17) and six R-NIRVS (AlbRha1,
AlbRha7, AlbRha14, AlbRha36, AlbRha52, AlbRha85) based on
their unique occurrence in different regions of the mosquito
genome and their similarity to various viral ORFs. AlbRha52
and AlbRha85 are annotated as unique exons of AALF020122
and AALF004130, respectively. We tested the presence of these
NIRVS in native (China and Thailand), old (La Reunion Island)
and new (United States and Italy) Ae. albopictus populations
(Manni et al., 2017). NIRVS alleles were differentially distributed
across geographic populations so that a tree built from a matrix
of shared-allele distances (DAS) proved able to differentiate
mosquito populations in accordance with the historical records
of Ae. albopictus invasive process when considering all thirteen
NIRVS, only F-NIRVS or NIRVS mapping in intergenic regions
(Figures 2A–C and Supplementary Data 6). On the contrary,
when data from exclusively R-NIRVS or NIRVS identified in
piRNA clusters, were analyzed, bootstrap values differentiating
populations were below 50% (Figures 2D,E). This result agrees
with the observation that the higher abundant R-NIRVS are also
more prevalent than F-NIRVS.
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FIGURE 1 | NIRVS are variably distributed in SSMs. (A) Number of Flavivirus (F-NIRVS) and Rhabdovirus (R-NIRVS) loci mapping within genes, piRNA clusters or

intergenic regions, classified on the basis of read-coverage across SSMs. (B) IGV screen shot showing read-coverage at AALF003313 in SSM1 and SSM2.

Positions of the three AALF003313 exons, AlbFlavi4 and vepi4730383 are indicated by blue bars. (C) PCR amplification of AALF003313 exon2 in ten Ae. albopictus

geographic samples. (D) F-NIRVS and R-NIRVS loci occupancy in the 16 single-sequenced mosquitoes (SSMs) of the Foshan strain is about half of that expected

based on the annotated sequences of the reference genome assembly (AaloF1). F-NIRVS are in blue, R-NIRVS are in red.
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FIGURE 2 | Phylogeographic distribution of NIRVS. Genetic relationships among five mosquito populations shown by a Neighbor-joining trees based on

shared-allele distance using data from all 13 genotyped NIRVS (A), only F-NIRVS (B), NIRVS mapping in intergenic regions (C), only R-NIRVS (D) and NIRVS

mapping in piRNA clusters (E). Bootstrap values are shown at the corresponding nodes.

R-NIRVS Appear to Be Older Integrations
Than F-NIRVS
The higher prevalence of R-NIRVS with respect to F-NIRVS
suggests R-NIRVS are older integrations (Figure 3). To verify

FIGURE 3 | Prevalence of R-NIRVS (red) and F-NIRVS (blue) in each SSMs.

Prevalence was calculated in each sample as the ration between detected

NIRVS and annotated NIRVS for both R- and F-NIRVS.

this hypothesis, we sequenced alleles of NIRVS identified in
the five tested populations and we estimated integration times,
assuming comparable mutation rates between Ae. albopictus and
D. melanogaster, that is 3.5–8.4 ⇥ 10�9 per site per generation
(Haag-Liautard et al., 2007; Keightley et al., 2009), and a
range of generations per year between 4 and 17, accounting
for mosquitoes from temperate and tropical environments,
respectively (Manni et al., 2017). Under these conditions,
R-NIRVS integrated between 36 thousand and 2.7 million years
ago (mya) and F-NIRVS between 7.4 thousand and 2.4 mya
(Figure 4). This large window supports the conclusion that
integration of viral sequence is a dynamic process occurring
occasionally at different times. As shown in Figure 4, estimates
of integration times varied greatly depending on the genomic
context of NIRVS. NIRVS annotated within gene exons appear
statistically more recent than NIRVS of piRNA clusters (ANOVA,
⇤⇤⇤P < 0.001). Besides reflecting a different integration time, this
result is consistent with the hypothesis that integrations within
exons are under rapid evolution, a hallmark of domestication
(Frank and Feschotte, 2017).

Additionally, we tested the genealogy of R-NIRVS and
F-NIRVS in comparison to circulating Rhabdoviruses
and Flaviviruses. Relative timetrees were generated for (i)
F-NIRVS and corresponding NS3 and NS5 viral proteins from
representative Flaviviruses, and (ii) R-NIRVS and corresponding
L and G proteins of representative Rhabdoviruses. Timetrees
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FIGURE 4 | NIRVS integration times. Boxplots showing the integration times for the NIRVS whose variability was studied across five geographic populations.

Estimates are based on the D. melanogaster mutation rate, i.e., 3.5–8.4 ⇥ 10�9 per site per generation (Haag-Liautard et al., 2007; Keightley et al., 2009), and a

range of generations per year between 6 and 16 to include mosquitoes from temperate and tropical regions (Manni et al., 2017). NIRVS of piRNA clusters are

statistically older than NIRVS mapping in gene exons (ANOVA, ⇤⇤⇤P < 0.001).

showed shorter divergence times between F-NIRVS and viral
proteins than R-NIRVS and viral proteins. This clearly indicated
multiple integration events and a tendency of R-NIRVS to be
older integrations (Supplementary Figure 2).

NIRVS Are Heterogeneously Polymorphic
at the Sequence Level, With the Majority
Being Less Variable Than Slow-Evolving
Genes
We selected genes having low and high evolutionary rates in
Ae. albopictus and we compared their levels of polymorphism
(LoP) with that of NIRVS in WGS data from our 16 SSMs.
LoP was evaluated as the ratio between the number of total
mutations (SNPs and INDELs) found in the locus and its length.

We expanded the analyses to include also R-Gs, for which
intraspecific rapid evolution has been observed in Ae. aegypti
(Bernhardt et al., 2012), and the 13 N-Gs in their coding sequence
or UTRs (Palatini et al., 2017).

Estimates of gene evolutionary rates were derived from
comparisons of levels of protein sequence divergence within
groups of orthologous genes across 27 insect species of
the Nematocera sub-order (Supplementary Table 1). The
first and last 0.1% of the genes from the evolutionary rate
distribution were selected as slow and fast evolving genes,
respectively, and their single-copy orthology status with
respect to Ae. albopictus was verified. We did not select genes
based on their length because of the wide length range of
NIRVS, which includes partial viral ORFs of between 151
and 3206 bp (Palatini et al., 2017). SGs that met the above
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FIGURE 5 | NIRVS polymorphism. Volcano plot showing LoP comparison

between SGs and NIRVS, genes encompassing NIRVS (Palatini et al., 2017),

genes of the RNAi pathway and FGs. Entities with LoPs statistically different

than that of conserved genes are above the red line [adjusted significance of

the test (–log10 0.05/99 = 3.32)]. Entities on the left side of the panel

(log2FC < 0) have smaller LoP than conserved genes. The opposite for

entities on right side of the panel (log2FC > 0).

criteria include genes with hypothetical protein transporter
or vesicle-mediated transport activity (i.e., AALF003606,
AALF014156, AALF014287; AALF014448; AALF004102),
structural activity (AALF005886, annotated as tubulin alpha
chain), signal transducer activity (AALF026109), protein and
DNA binding activity (AALF027761, AALF028431), SUMO

transferase activity (AALF020750), the homothorax homeobox
encoding gene AALF019476, the tropomyosin invertebrate gene
(AALF0082224), the Protein yippee-like (AALF018378)
and autophagy (AALF018476). FGs include genes with
unknown functions (AALF004733, AALF009493, AALF009839,
AALF012271, AALF026991, AALF014993, AALF017064,
AALF018679), proteolysis functions (AALF010748) a gene
associated with transcriptional (AALF022019), DNA-binding
(AALF019413, AALF024551), structural (AALF028390) and
proteolytic (AALF010877) activities. Median LoP of SGs within
mosquitoes of the Foshan strain is 0.0071, a value higher than that
observed across 63.3% of the detected NIRVS (Supplementary

Figure 3). Eleven out of fourteen FGs were more variable than
SGs, with seven appearing also statistically more polymorphic
than SGs (Kolmogorov-Smirnov test, ⇤P < 0.05) (Figure 5

and Supplementary Table 3). This result further supports our
selection of SGs and FGs.

Genes of the RNAi pathway are heterogeneously polymorphic
(Figure 5), with Ago1 (AALF020776) and piwi6 (AALF016369)
being statisticallymore polymorphic than SGs; the opposite result
was obtained for piwi1 and 3 (AALF005499, AALF005498), and
Ago2 (AALF006056) (Figure 5). LoP of NIRVS is heterogeneous
both among SSMs and. NIRVS identified within piRNA clusters
(Liu et al., 2016) are all less polymorphic than SGs, with
the exception of AlbFlavi12-17 that has a median LoP value
of 0.0258. This large LoP may be due by the fact that
AlbFlavi12-17 is composed of four small viral sequences nested
one next to the other (Palatini et al., 2017). Unlike NIRVS
from piRNA clusters, NIRVS spanning gene exons are more
heterogeneous; three (i.e., AlbFlavi34, AlbRha12, and AlbRha52)
have LoP values higher than those of SGs, while others (i.e.,
AlbFlavi24, AlbRha28, AlbRha85) are less polymorphic than SGs.
AlbFlavi24, AlbFlavi34, AlbRha12, and AlbRha28 are annotated
as the only exons of AALF023281, AALF005432, AALF025780,
AALF000478, respectively.

NIRVS Identified Within Coding
Sequences Are Expressed
The observed LoP for AALF020122 with AlbRha52, AALF025780
with AlbRha12 and AALF005432 with AlbFlavi34 is analogous to
that of rapidly evolving genes, suggesting co-option for immunity
functions (Frank and Feschotte, 2017). Because domestication
of exogenous sequences is a multi-step process, including
persistence, immobilization and stable expression of the newly
acquired sequences besides rapid evolution (Joly-Lopez and
Bureau, 2018), we analyzed the distribution and expression
pattern of these genes. Expression analyses were extended to
all other N-Gs (AALF025779 with a unique exon containing
AlbRha9, AALF000476 with a unique exon corresponding
to AlbRha15, AALF000477, and AALF004130 in which the
unique exons are contained within AlbRha18 and AlbRha85,
respectively) that are fixed within the Foshan strain, but have
LoP levels comparable to or lower than those of conserved
genes (Figure 5). AlbFlavi34 had been previously studied and
showed to be expressed in pupae and adult males more than
in larvae (Palatini et al., 2017). Genes with NIRVS (N-Gs) form
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TABLE 1 | Characteristics of genes with NIRVS in their coding sequence.

Gene ID NIRVS Viral ORF PfamID Median LoP

AALF000476a AlbRha15 Rhabdovirus nucleocapsid protein PF00945 0.0086

AALF000477a AlbRha18 Rhabdovirus nucleocapsid protein PF00945 0.0052

AALF000478a,c AlbRha28 Rhabdovirus nucleocapsid protein PF00945 0.0004

AALF025780a AlbRha12 Rhabdovirus nucleocapsid protein PF00945 0.0129

AALF025779a AlbRha9 Rhabdovirus nucleocapsid protein PF00945 0.0031

AALF004130b AlbRha85 Rhabdovirus RNA dependent RNA polymerase PF00946 0.0020

AALF020122b AlbRha52 Rhabdovirus RNA dependent RNA polymerase PF00946 0.0196

AALF005432 AlbFlavi34 Flavivirus NS2A, NS2B, NS3 PF00949, PF00271, PF07652 0.0099

aParalogous genes; bparalogous genes; cno expression data.

two groups of paralogs, with similarity to the Rhabdovirus RNA-
dependent RNA polymerase (RdRPs) and the nucleocapsid-
encoding gene, respectively (Table 1). As shown in Figure 6,
apart from AALF00477, all other genes are expressed throughout
Ae. albopictus development with a similar profile, but at different
levels. None of the genes showed sex-biased expression or
tissue-specific expression in the ovaries; on the contrary highest
expression was observed in sugar- and blood-fed females.

Additional NIRVS Variants Are Found in
the Genome of Foshan Mosquitoes
We verified the presence of novel NIRVS alleles by investigating
soft-clipped reads. Soft-clipped reads support the contiguity
of AlbFlavi6 and AlbFlavi7, that were annotated in separated
regions of the same contig (Figure 7A). This newly resolved
arrangement revealed the existence of a viral ORF of 1191 bp,

FIGURE 6 | Expression of NIRVS mapping in coding sequences. Heatmap of

the expression profiles of genes with NIRVS in the coding sequence (N-Gs)

across developmental stages and body tissues (L1-L4: 1st-4th instar larvae;

P: pupae; M: male whole body; SF_F/BF_F: sugar/blood fed female whole

body; SF_O/BF_O: ovaries from sugar/blood fed females). Color key

expresses the log10-fold change relative to larva 1st instar (calibrator).

Asterisks indicate significant differences in transcript abundances (Unpaired

two-tailed t-tests, ⇤P < 0.05, ⇤⇤P < 0.01).

corresponding to a partial non-structural protein 5 (NS5) of
Flaviviruses. Additionally, soft-clipped reads supported longer
than annotated alleles in AlbFlavi10, AlbFlavi2 and AlbRha4
(Figure 7B). We further looked for the presence of novel
viral integrations using Vy-PER (Forster et al., 2015). No viral
integrations different than the ones identified in silico from the
Foshan genome (Palatini et al., 2017) were found in the 16 SSMs.

DISCUSSION

Repetitive DNA is a major source of genome variability and
there are also examples of repetitive sequences being co-opted
for cellular functions (Gilbert and Feschotte, 2018). Besides
having an impact on the evolution, organization and behavior of
eukaryotic genomes, variations in repeat sequences or their copy
numbers have been exploited for taxonomic and phylogenetic
studies (Djadid et al., 2006; Wang-Sattler et al., 2007; Lammers
et al., 2017). Therefore, knowledge of the repeatome assists in
understanding the plasticity of eukaryotic genomes and may
provide markers for population genetic studies (Goubert et al.,
2016, 2017). Repetitive DNA represents 68% of the genome of
Ae. albopictus and include dozens of still-poorly characterized
sequences from non-retroviral RNA viruses (Chen et al., 2015;
Palatini et al., 2017). Here we studied the widespread occurrence
of NIRVS in relation to the geographic distribution of the species
and the variability of NIRVS in comparison to that of mosquito
genes showing slow and high evolutionary rates. We clearly
show that the landscape of viral integrations is variable within
and across geographic populations, with a core set of seemingly
the oldest integrations from Rhabdoviruses. Additionally, the
polymorphism of viral integrations is heterogeneous and depends
primarily on their location within the genome. Overall, results
of this study emphasize the complexity of the composition and
structure of the mosquito repeatome and provide an objective
strategy to identify viral integrations that most probably affect
mosquito biology.

Biological Significance of NIRVS Variable
Genomic Landscape and Their
Polymorphism in SSMs
The landscape of viral integrations is variable among SSMs,
longer than annotated alleles are identified through the analyses
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FIGURE 7 | Soft clipped reads (SCR) support novel arrangements and longer than annotated viral integrations. (A) AlbFlavi6 and AlbFlavi7 are annotated on the

same contig, but 5000 bp apart from each other. Soft-clipped reads (in light blue) and PCR experiments support their contiguity, with a unique ORF with similarity to

the Flavivirus NS5. (B) A sequence of 212 bp extending AlbFlavi10 on its left side was identified investigating SCRs and confirmed by further sequencing. Red

arrows indicate primer positions.

of soft-clipped reads, but no additional viral sequences, different
than the ones characterized from the Foshan-based genome
assembly, are found in SSMs. NIRVS are considered rare
events following viral infections. In Aedes spp. mosquitoes
and mosquito cells short segments of cDNA of viral origin
(vDNA) are synthetized upon infection with arboviruses of
different genera (i.e., Flavivirus, Alphavirus and Bunyavirus) by
the reverse transcriptase of endogenous retrotransposons (Goic
et al., 2016; Nag and Kramer, 2017). These vDNAs are composed
of fragmented viral sequences, from different regions of the
viral genome, next to sequences of TEss (Goic et al., 2016;
Nag and Kramer, 2017). Because the composition of vDNAs
is analogous to that of NIRVS, vDNAs have been proposed
to be the substrate for NIRVS (Olson and Bonizzoni, 2017;

Palatini et al., 2017). The SSMs analyzed in this study are from
the Foshan strain. The Foshan strain derives from mosquitoes
collected in the Chinese city of Foshan in the early ‘1980 and
have since been kept in laboratory settings with no viral exposure
(Chen et al., 2015). Under this scenario, the absence of novel
viral integrations in SSMs is not unexpected. However, the
identification of a variable landscape among SSMs with a core
set of NIRVS, which is enriched for integrations with similarity
to Rhabdoviruses and NIRVS mapping in coding sequences,
is significant because it demonstrates that viral integrations
are a dynamic component of the repeatome and not all viral
integrations are dispensable genomic elements. Interestingly,
when compared to fast- and slow-evolving mosquito genes,
NIRVS polymorphism was not homogeneous. NIRVS identified
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within piRNA clusters were less polymorphic than SGs. Selection
constraints on sequences within piRNA clusters have been
previously identified in both flies and mice (Chirn et al., 2015).
This is despite piRNAs have an incredible sequence diversity and
their biogenesis and processing do not appear to be linked to
common sequences or structural motifs (Huang et al., 2017).
In D. melanogaster, piRNA clusters are dynamic loci and their
composition has been linked to their regulatory abilities. For
instance, the ability of the D. melanogaster master piRNA
locus flamenco to control transposons such as gypsy, ZAM and
Idefix was shown to be dependent on frequent chromosomal
rearrangements, loss or gain of fragmented TE sequences (Zanni
et al., 2013; Guida et al., 2016). Additionally, variations in the
composition of subtelomeric piRNA clusters were observed upon
adaptation to laboratory conditions of D. melanogaster wild
collected flies (Asif-Laidin et al., 2017). Importantly, structural
differences in subtelomeric piRNA clusters did not impair
host genome integrity and occurred with the maintenance of
conserved groups of sequences, which could be alternatively
distributed among different strains (Asif-Laidin et al., 2017). Data
on the geographic distribution of NIRVS mapping in piRNA
clusters studied here (i.e., AlbFlavi2, AlbFlavi4, AlbFlavi12-
17, AlbRha14, and AlbRha36) show a situation analogous to
that identified with TE fragments of the flamenco locus in
D. melanogaster. On this basis, it is tempting to propose
that the analogy between D. melanogaster and Ae. albopictus
in the dynamic composition of piRNA clusters extends to
their function so that the pattern of viral integrations within
piRNA clusters influence mosquito susceptibly to viral infection.
If proven, this hypothesis may help explain the observed
variability in vector competence across mosquito populations
and could be adapted into novel genetic-based strategies of
vector control.

Among NIRVS encompassing gene exons, three appeared
more variable than FGs and are also expressed; two of
these (AlbRha52 and AlbRha12) are also persistent suggesting
exaptation (Joly-Lopez and Bureau, 2018). AlbRha52 and
AlbRha12 have similarity to the RdRPs and nucleocapsid-
encoding genes of Rhabdovirus, respectively. RdRPs are ancient
enzymes, essential for RNA viruses (de Farias et al., 2017).
While the existence of RdRP genes in insects is still debated,
cellular RdRP activity has been observed in plants, fungi
and Caenorhabditis elegans in association with RNA silencing
functions (Zong et al., 2009; de Farias et al., 2017; Pinzon et al.,
2018). An RdRP of viral origin was recently described in a bat
species of the Eptesicus clade (Horie et al., 2016) and exaptation of
a viral nucleocapsid gene was shown in Afrotherians (Kobayashi
et al., 2016). On this basis, further experiments to characterize
the functions of the Ae. albopictus genes AALF020122 and
AALF025780 are on-going.

Biological Significance of NIRVS Variable
Genomic Landscape in Geographic
Populations
To start gaining insights into the natural widespread occurrence
of NIRVS, a set of 13 viral integrations representative of both

R- and F-NIRVS and mapping within piRNA clusters, intergenic
regions and gene exons were selected and both their occurrence
and their sequence polymorphism was analyzed in mosquitoes
from five geographic populations. Populations were selected
following the invasion history of Ae. albopictus out of its native
home range in south East Asia and included samples from
China, Thailand, La Reunion island and newly colonized areas
such as Italy and United States. Distributions of NIRVS in these
populations was consistent with results from SSMs as R-NIRVS
were more frequently detected than F-NIRVS. Additionally,
R-NIRVS appeared on overage older integrations than F-NIRVS.

The difference in the number and age of the integration
events among sequences from Rhabdoviruses and Flaviviruses is
intriguing because Mononegavirales, including Rhabdoviruses,
are considered evolutionary more recent than Flaviviridae
(Koonin et al., 2015). The Rhabdovirus genus contains viruses
that are extremely variable in both their genomic organization
and host preferences, with viruses infecting vertebrates,
invertebrates and plants (Dietzgen et al., 2017; Geoghegan
et al., 2017). Additionally, Rhabdoviruses have been shown to
frequently transfer horizontally among host species based on
their ecological and geographic proximity (Geoghegan et al.,
2017). Thus, the ecological diversity and the wide geographic
distribution range of Rhabdoviruses may favor their integrations
into mosquito genomes. Alternatively, the promiscuous nature
of Rhabdoviruses with frequent horizontal transfers could select
for the emergence of generalist protection mechanisms, of which
integrations could be part of.

The variable landscape of NIRVS across geographic
populations should be interpreted with caution. The rapid
global invasion of Ae. albopictus from South-East Asia, which
happened over the past 50–60 years, was human-mediated and
occurred through the movement of propagules (Manni et al.,
2017), creating a situation of genetic admixture. Mosquito
populations from newly invaded areas, such as Italy and
United States, lack isolation by distance and appear genetically
mixed (Kotsakiozi et al., 2017; Manni et al., 2017; Maynard
et al., 2017). The occurrence of frequent bottlenecks followed by
interbreeding can partly explain the variable NIRVS landscape
observed here. However, the enrichment for R-NIRVS, the
variable distribution of NIRVS within piRNA clusters and their
heterogenous polymorphism indicate that evolutionary forces
other than genetic drift and gene flow have played a role in the
distribution of NIRVS and suggests a multifaceted impact of
NIRVS on mosquito physiology.
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Abstract

Current knowledge of the piRNA pathway is basedmainly on studies onDrosophila melanoga-

sterwhere three proteins of the Piwi subclade of the Argonaute family interact with PIWI-inter-

acting RNAs to silence transposable elements in gonadal tissues. In mosquito species that

transmit epidemic arboviruses such as dengue and chikungunya viruses,Piwi clade genes

underwent expansion, are also expressed in the soma and cross-talk with proteins of recog-

nized antiviral function cannot be excluded for some Piwi proteins. These observations under-

score the importance of expanding our knowledge of the piRNA pathway beyond the model

organismD.melanogaster. Here we focus on the emerging arboviral vector Aedes albopictus

and we couple traditional approaches of expression and adaptive evolution analyses with most

current computational predictions of protein structure to study evolutionary divergence among

Piwi clade proteins. Superposition of protein homology models indicate possible high structure

similarity among all Piwi proteins, with high levels of amino acid conservation in the inner regions

devoted to RNA binding. On the contrary, solvent-exposed surfaces showed low conservation,

with several sites under positive selection. Analysis of the expression profiles ofPiwi transcripts

during mosquito development and following infection with dengue serotype 1 or chikungunya

viruses showed a concerted elicitation of allPiwi transcripts during viral dissemination of dengue

viruses while maintenance of infection relied on expression of primarily Piwi5. Opposite, estab-

lishment of persistent infection by chikungunya virus is accompanied by increased expression

of all Piwi genes, particularly Piwi4 and, again, Piwi5. Overall these results are consistent with

functional specialization and a general antiviral role for Piwi5. Experimental evidences of sites

under positive selection inPiwi1/3, Piwi4 and Piwi6, that have complex expression profiles, pro-

vide useful knowledge to design tailored functional experiments.
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Author summary

Argonautes are ancient proteins involved in many cellular processes, including innate

immunity. Early in eukaryote evolution, Argonautes separated into Ago and Piwi clades,

which maintain a dynamic evolutionary history with frequent duplications and losses.

The use of Drosophila melanogaster as a model organism proved fundamental to under-

stand the function of Argonautes. However, recent studies showed that the patterns and

observations made in D.melanogaster, including the number of Argonautes, their expres-

sion profile and their function, are a rarity among Dipterans. In vectors of epidemic arbo-

viruses such as dengue and chikungunya viruses, Piwi genes underwent expansion, are

expressed in the soma, and some of them appear to have antiviral functions. Besides being

an important basic question, the identification of which (and how) Piwi genes have antivi-

ral functions may be used for the development of novel genetic-based strategies of vector

control. Here we coupled population genetics models with computational predictions of

protein structure and expression analyses to investigate the evolution and function of Piwi

genes of the emerging vector Aedes albopictus. Our data support a general antiviral role

for Piwi5. Instead, the detection of complex expression profiles with the presence of sites

under positive selection in Piwi1/3, Piwi4 and Piwi6 requires tailored functional experi-

ments to clarify their antiviral role.

Introduction

First discovered for their role in plant development, proteins of the Argonaute family were

found in all domains of life, where they are essential for a wide variety of cellular processes,

including innate immunity [1,2].

Recent studies provided evidence of evolutionary expansion and functional divergence of

Argonautes in Dipterans, including examples in both the Ago and Piwi subclades [3]. Differ-

ences in function and copy number have also been found in other taxa such as nematodes [4],

oomycetes [5] and higher plants [6], showing that this protein family is subject to a dynamic

evolutionary history. In eukaryotes, Argonautes are key components of RNA interference

(RNAi) mechanisms, which can be distinguished in three main pathways: the small interfering

RNA (siRNA), microRNA (miRNA) and the PIWI-interacting RNA (piRNA) pathways.

The siRNA pathway is the cornerstone of antiviral defense in insects. The canonical activity

of this pathway is the Argonaute 2 (Ago2)-dependent cleavage of viral target sequences. Ago2

is guided to its target through an RNA-induced silencing complex (RISC) loaded with

21-nucleotide (nt)-long siRNAs. siRNAs are produced from viral double-strand RNAs inter-

mediates by the RNAase-III endonuclease activity of Dicer-2 (Dcr2) and define the target

based on sequence complementarity [7]. Dcr2 also possesses a DExD/H helicase domain that

mediates the synthesis of viral DNA (vDNA) fragments [8]. vDNAs appear to further modu-

late antiviral immunity [8]. vDNA fragments are synthesized in both circular and linear forms,

in complex arrangements with sequences from retrotransposons, but details of their mode of

action have not been elucidated yet [8,9]. We and others recently showed that the genomes of

Aedes spp. mosquitoes harbor fragmented viral sequences, which are integrated next to trans-

poson sequences, are enriched in piRNA clusters and produced PIWI-interacting RNAs (piR-

NAs) [10,11]. The similar organization between vDNAs and viral integrations, along with the

production of piRNAs of viral origin (vpiRNAs) following arboviral infection of Aedes spp.

Piwi clade genes of Aedes albopictus
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mosquitoes, led to the hypothesis that the piRNA pathway function cooperatively with the

siRNA pathway in the acquisition of tolerance to infection [10,12,13].

Current knowledge on the piRNA pathway in insects is based mainly on studies on Dro-

sophila melanogaster where three proteins of the Piwi subclade, namely Argonaute-3 (AGO3),

PIWI and Aubergine (AUB), interact with piRNAs to silence transposable elements (TEs) in

gonadal tissues [14]. Interestingly, the piRNA pathway of D.melanogaster does not have anti-

viral activity and no viral integrations have been detected [15]. Additional differences exist

between the piRNA pathway of D.melanogaster and that of mosquitoes, suggesting that D.

melanogaster cannot be used as a model to unravel the molecular cross-talk between the

siRNA and piRNA pathways leading to antiviral immunity in Aedes spp. mosquitoes. For

instance, in Aedes aegypti, Piwi subclade has undergone expansion with seven proteins (i.e.

Ago3, Piwi2, Piwi3, Piwi4, Piwi5, Piwi6 and Piwi7), which are alternatively expressed in

somatic and germline cells and interact with both endogenous and vpiRNAs [12,16,17].

Gonadal- or embryonic-specific expression is found for Piwi1/3 and Piwi7, respectively [16].

On the contrary, Ago3, Piwi4, Piwi5 and Piwi6 are highly expressed in Ae. aegypti soma and

Aag2 cells and all contribute to the production of transposon-derived piRNAs [16,18]. Ago3

and Piwi5 also regulate biogenesis of piRNAs from the replication-dependent histone gene

family [19]. Production of vpiRNAs is dependent on Piwi5 and Ago3 during infection of Aag2

cells with the Alphavirus CHIKV, Sindbis and Semliki Forest (SF) viruses, but relies also on

Piwi6 following infection with the FlavivirusDENV2 [18,20–22]. Piwi4 does not bind piRNAs

and its knock-down does not alter vpiRNA production upon infection of Aag2 cells with either

SFV or DENV2 [18,23]. On the contrary Piwi4 coimmunoprecipate with Ago2, Dcr2, Piwi5,

Piwi6 and Ago3, suggesting a bridging role between the siRNA and piRNA pathways [21].

These studies support an antiviral role for Piwi proteins in Aedes spp. mosquitoes but given

the number of Piwi genes in these species, it is a challenge to uncover their distinct physiologi-

cal roles, if any. In duplicated genes, the presence of sites under positive selection is usually a

sign of the acquisition of novel functions [24]. Additionally, under the “arm-race theory”,

rapid intraspecific evolution is expected for genes with immunity functions because their

products should act against fast evolving viruses [25].

Besides being an important basic question, the understanding of functional divergence

among Piwi proteins has applied perspectives for the development of novel genetic-based

methods of transmission-blocking vector control strategies.

In recent years, the Asian tiger mosquito Aedes albopictus has emerged as a novel global

arboviral threat. This species is a competent vector for a number of arboviruses, such as chi-

kungunya (CHIKV), dengue (DENV), yellow fever (YFV) and Zika (ZIKV) viruses and is now

present in every continent except Antarctica following its quick spread out of its native home

range of South East Asia [26]. Establishment of Ae. albopictus in temperate regions of the

world fostered the re-emergence or the new introduction of arboviruses [27]. For instance,

chikungunya outbreaks occurred in Italy in 2007 and 2017 [28,29]; France and Croatia suf-

fered from autochthonous cases of dengue and chikungunya in several occasions since 2010

[30–33] and dengue is remerging in some regions of the United States due to the presence of

Ae. albopictus [34]. Knowledge on Ae. albopictus biology and the molecular mechanisms

underlying its competence to arboviruses are still limited in comparison to Ae. aegypti despite

its increasing public-health relevance.

Here we elucidate the molecular organization, polymorphism and expression of Piwi clade

genes of Ae. albopictus in an evolutionary framework using a combination of molecular, popu-

lation genomics and computational protein modelling approaches. We show that the genome

of Ae. albopictus harbours seven Piwi genes, namely Ago3, Piwi1/3, Piwi2, Piwi4, Piwi5, Piwi6

and Piwi7. For the first time in mosquitoes, we show sign of adaptive evolution in Piwi1/3,

Piwi clade genes of Aedes albopictus
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Piwi4, Piwi5 and Piwi6, including sites in the MID and PAZ domains. Additionally, expression

profiles during mosquito development and following infection with the dengue or chikungu-

nya viruses support functional specialization of Piwi proteins, with a prominent and general

antiviral role for the transcript of Piwi5.

Results

Seven Piwi genes are present in the genome of Ae. albopictus

Bioinformatic analyses of the current genome assemblies of Ae. albopictus (AaloF1) and the

C6/36 cell line (canu_80X_arrow2.2), followed by copy number validation, confirmed the

presence of seven Piwi genes (i.e. Ago3, Piwi1/3, Piwi2, Piwi4, Piwi5, Piwi6 and Piwi7) in Ae.

albopictus (S1 Table). Genomic DNA sequences were obtained for each exon-intron bound-

aries, confirming in all Piwi genes the presence of the PAZ, MID and PIWI domains, the hall-

marks of the Piwi subfamily of Argonaute proteins [35]. For Ago3, Piwi1/3, Piwi2, Piwi4 and

Piwi6, single transcript sequences that correspond to predictions based on the identified DNA

sequences were retrieved (S1 Dataset). Sequencing results of the transcript from Piwi5 showed

a sequence 27 bp shorter than predicted on the reference genome, due to a 45bp gap followed

by a 18b insertion, 110 and 333 bases after the ATG starting codon, respectively. This tran-

script still includes the PAZ, MID and PIWI domains. The presence of this transcript was fur-

ther validated by northern-blot (Fig 1). For Piwi7, the transcript sequence also appears shorter

than predicted (Fig 1). Alignment and phylogenetic analyses, in the context of currently anno-

tated Piwi transcripts of Culicinae and Anophelinae mosquitoes, confirmed one-to-one ortho-

logous pairing between Ae. albopictus Piwi gene transcripts and those of Ae. aegypti (S2 Table,

Fig 1. Gene and transcript structure of Ae. albopictus Piwi5 and Piwi7. A) Schematic representation of the DNA structure of
Piwi5 and Piwi7 genes and their corresponding transcripts as obtained from cDNA amplification of single sugar-fed mosquito
samples. Exons and introns are shown by blue boxes and black lines, respectively, with corresponding length in nucleotide below
each. The positions of the predicted PAZ, MID and PIWI domains are shown by green, blue and magenta ovals, respectively.
Exon numbers correspond to lane numbers. B) Amplification of each exon of Piwi5 and Piwi7 on genomic DNA. Exon numbers
correspond to lane numbers. C) Northern-blot results of Piwi5 indicate the presence of a transcript of 3 kb.

https://doi.org/10.1371/journal.pntd.0007919.g001

Piwi clade genes of Aedes albopictus

PLOSNeglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007919 December 2, 2019 4 / 22



S1 Fig). Interestingly, Piwi5, Piwi6 and Piwi7 transcripts group together and appear more simi-

lar to one of the two Aubergine-like transcripts annotated in different Anophelinae species

than to Aedes Piwi2, Piwi1/3 and Piwi4 transcripts. Regarding the latter, Piwi2 and Piwi1/3

form a species-specific clade, rather than follow a speciation pattern. Rather, the two genes,

which on Ae. aegyptimap on chromosome 1 and are ~20 kb apart [17], may have originated as

a duplication in the ancestor of Ae. aegypti and Ae. albopictus and be subsequently undergoing

interlocus gene conversion. This mechanism causes nonreciprocal recombination, whereby

one locus (i.e. part of a gene copy) replaces the homologous sequence of the other copy. The

result is concerted evolution of the gene duplicates [36], which in this case eliminates diver-

gence between Piwi2 and Piwi1/3 within each species.

Piwi genes display high levels of polymorphism across populations and
show signs of adaptive evolution

Across Drosophila phylogeny, genes of the piRNA pathway display elevated rates of adaptive

evolution [37], with rapidly evolving residues not clustering at the RNA binding site, but being

distributed across the proteins [3]. The RNA binding site is found within the PAZ domain, at

the amino-terminal part of Piwi proteins [35,38]. On the opposite side, at the carboxyl termi-

nus, the PIWI domain resides. The PIWI domain belongs to the RNase H family of enzymes

and the catalytic site is formed by three conserved amino acids (usually aspartate-aspartate-

glutamate, DDE or aspartate-aspartate-histidine, DDH) [35,39]. Between the PAZ and PIWI

domains the MID domain resides. MID specifies strand- and nucleotide-biases of piRNAs,

including their Uridine 5’ bias [40,41]. To evaluate the selective pressures acting along these

genes, we analysed the polymorphism pattern in Ae. albopictus samples from wild-collected

populations and from the Foshan reference strain. Synonymous and non-synonymous muta-

tions were found for each gene in all populations (Fig 2), with Piwi1/3 displaying the lowest

polymorphism (Table 1).

As expected, the laboratory strain Foshan showed the lowest levels of variability and Taji-

ma’s D values that contrast (in sign) from those of the other populations and from the pooled

Fig 2. Venn diagrams showing the number of positions harbouring synonymous and non-synonymous mutations in tested
samples for each Piwi gene.

https://doi.org/10.1371/journal.pntd.0007919.g002
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sample, consistent with a strong bottleneck associated to the strain establishment. In Piwi4,

between 20 and 80 non-synonymous variants could be found inside and in proximity of the

PAZ, MID and PIWI domains (S2A Fig), ten of these mutations were shared across all popula-

tions (S3 Table). The 5’ region of Piwi5 harboured several indels: two in-frame variants (i.e.

94_99del; 113_118del) were shared across all populations and were present in homozygosity in

at least one sample (S2B Fig), suggesting that they are not detrimental. Ago3 and Piwi6 have

very low non-synonymous nucleotide diversity, suggesting strong constraints at the protein

level. The results of the McDonald-Kreitman test [42] further revealed an excess of non-synon-

ymous substitutions compared to the polymorphism pattern in both Piwi1/3 and Piwi6,

Table 1. Polymorphism of Aedes albopictus Piwi genes in mosquitoes from the Foshan strain and wild-caught mosquitoes from La Reunion (Reu) and Mexico
(Mex). We report the number of sequences (n), as well as the number of sites (L), segregating sites (S), polymorphism measured as π and θ, and the Tajima’s D statistic for
both synonymous (s) and non-synonymous sites (a) for each gene and population (and for the pooled sample).

n L Ls La Ss Sa πs πa θs θa πa/πs Ds Da

Ago3

Pooled 112 2832 680.2 2151.8 316 19 0.0699 0.0005 0.0878 0.0017 0.007 -0.68 -1.95

Foshan 32 2832 680.1 2151.9 124 5 0.0559 0.0004 0.0453 0.0006 0.007 0.89 -0.82

Mex 48 2832 680.2 2151.8 253 14 0.0780 0.0007 0.0838 0.0015 0.009 -0.25 -1.60

Reu 32 2658 643.8 2014.2 189 4 0.0678 0.0002 0.0729 0.0005 0.003 -0.27 -1.50

Piwi1/3

Pooled 112 2658 644.3 2013.7 136 23 0.0319 0.0010 0.0399 0.0022 0.033 -0.66 -1.51

Foshan 32 2658 644.0 2014.0 10 2 0.0047 0.0003 0.0039 0.0002 0.064 0.68 0.44

Mex 48 2658 644.9 2013.1 117 21 0.0463 0.0017 0.0409 0.0024 0.037 0.48 -0.89

Reu 32 2658 643.8 2014.2 52 4 0.0188 0.0004 0.0201 0.0005 0.021 -0.23 -0.48

Piwi2

Pooled 112 2625 644.0 1981.0 242 28 0.0760 0.0012 0.0710 0.0027 0.016 0.23 -1.65

Foshan 32 2625 644.0 1981.0 115 10 0.0663 0.0017 0.0443 0.0013 0.026 1.88 1.11

Mex 48 2625 643.9 1981.1 184 15 0.0823 0.0010 0.0644 0.0017 0.012 1.01 -1.28

Reu 32 2625 644.1 1980.9 151 6 0.0712 0.0005 0.0582 0.0008 0.007 0.85 -0.94

Piwi4

Pooled 112 2592 620.0 1972.1 268 61 0.0729 0.0025 0.0817 0.0058 0.034 -0.36 -1.82

Foshan 32 2592 620.1 1971.9 122 18 0.0610 0.0009 0.0489 0.0023 0.015 0.94 -2.05

Mex 48 2592 619.8 1972.2 181 41 0.0692 0.0035 0.0658 0.0047 0.051 0.19 -0.87

Reu 32 2592 620.1 1971.9 161 45 0.0699 0.0029 0.0645 0.0057 0.041 0.32 -1.79

Piwi5

Pooled 112 2745 653.1 2091.9 148 23 0.0457 0.0016 0.0428 0.0021 0.035 0.22 -0.66

Foshan 32 2793 664.5 2128.5 58 8 0.0361 0.0018 0.0217 0.0009 0.050 2.47 2.78

Mex 48 2745 652.9 2092.1 137 13 0.0470 0.0017 0.0473 0.0014 0.036 -0.02 0.65

Reu 32 2793 663.4 2129.6 89 6 0.0326 0.0008 0.0333 0.0007 0.025 -0.08 0.40

Piwi6

Pooled 112 2661 649.0 2012.0 242 8 0.0805 0.0010 0.0705 0.0008 0.013 0.47 0.82

Foshan 32 2661 648.3 2012.8 92 3 0.0632 0.0001 0.0352 0.0004 0.002 2.99 -1.69

Mex 48 2661 649.9 2011.1 213 7 0.0840 0.0001 0.0739 0.0008 0.001 0.50 -2.33

Reu 32 2661 648.5 2012.5 163 4 0.0784 0.0001 0.0624 0.0005 0.001 0.98 -2.01

Piwi7

Pooled 112 1977 469.8 1507.2 192 33 0.0877 0.0036 0.0772 0.0041 0.041 0.45 -0.42

Foshan 32 1977 469.8 1507.2 118 15 0.0905 0.0034 0.0624 0.0025 0.038 1.71 1.25

Mex 48 1977 469.9 1507.1 150 23 0.0905 0.0034 0.0719 0.0034 0.038 0.93 -0.04

Reu 32 1977 469.6 1507.5 137 17 0.0803 0.0030 0.0724 0.0028 0.037 0.41 0.24

https://doi.org/10.1371/journal.pntd.0007919.t001
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suggesting that they have been target of adaptive evolution (Table 2A). In contrast, Piwi4 has a

significant deficit of non-synonymous substitutions and/or excess of polymorphic non-synony-

mous segregating sites (Table 2A). In this gene, Tajima’s D is negative but in line with the values

of the other Piwi genes, and the high non-synonymous polymorphism may reflect selection of

intraspecific diversifying selection, as expected in genes involved in immunity. Because positive

selection may have acted at the level of very few sites, this not contributing to the gene-level

non-synonymous substitution pattern; we explicitly tested models of codon evolution. Signs of

positive selection were found at different sites, including one site in the Linker2 and one site in

the MID domain of Piwi1/3, two sites in the PAZ domain of Piwi4, two sites in the Flex domain

of Piwi5 and three sites, two in the Flex and one in the Linker2 domains, of Piwi6 (Table 2B).

Haplotype reconstruction of our samples showed that these mutations can co-occur on the

same gene, with the only exception of Y278D+H287P in Piwi4 and A67P+G86S in Piwi6.

Finally, to gain insight on how variable Piwi genes are in comparison to slow- and fast

-evolving genes of Ae. albopictus, we collected variability data of sets of genes previously identi-

fied to have slow and high evolutionary rates [43]. For each population, we compared the over-

all level of polymorphism (LoP) of the Piwi genes and of a dataset of fast-evolving genes (FGs)

to that measured for a dataset of slow-evolving genes (SGs) as listed in the material and meth-

ods section “polymorphisms of Piwi genes” [43]. Our results indicate that Piwi4, Piwi6 and

Table 2. Insights into Evolutionary divergence of Piwi genes in Ae. albopictus. A) McDonald-Kreitman test for each Piwi gene using the orthologous sequences of Ae.
aegypti as outgroup. NI = Neutrality Index; Alpha = proportion of base substitutions fixed by natural selection; P estimated using Fisher’s exact test. B) Output of Codeml
with significant results regarding sites under positive selection.

A.McDonald-Kreitman test

Ago3 Piwi1/3 Piwi2 Piwi4 Piwi5 Piwi6 Piwi7

NI 0.582 0.516 0.9 3.888 0.696 0.154 0.745

alpha 0.418 0.484 0.1 -2.888 0.304 0.846 0.255

P 0.114 0.008 0.785 < 0.001 0.18 < 0.001 0.272

B. Codeml output for sites under positive selection

Gene Position1 Reference>Mutant2 ω3 P4 Domain5

AGO3 - - - -

Piwi1/3 484 E>G 3.026 0.990⇤ Linker2

485 K>R 2.979 0.965⇤ Linker2

548 M>I 3.014 0.984⇤ MID

Piwi2 - - - -

Piwi4 278 Y>D 2.522 0.993⇤⇤ PAZ

287 H>A,D,P,V 2.532 1.000⇤⇤ PAZ

Piwi5 89–90 SA>PT 7.813 1.000⇤⇤ Flex

139 T>A 7.810 1.000⇤⇤ Flex

Piwi6 67 A>P 3.560 0.992⇤⇤ Flex

86 G>R,S 3.460 0.957⇤ Flex

258 V>I 3.581 0.999⇤⇤ Linker2

Piwi7 - - - -

1 sites where signs of positive selection (ω> 1) were found
2 reference amino acid and alternative missense variant
3mean omega (ω) value
4probability that ω > 1 under the Bayes empirical Bayes (BEB) method (⇤ = P> 0.95; ⇤⇤ = P > 0.99)
5protein domain based on computational predictions of molecular structures. Domains are as follows: Linker2, linker region between PAZ and MID; PAZ domain; MID

domain; and Flex, the Flexible stretch at the N-terminus.

https://doi.org/10.1371/journal.pntd.0007919.t002
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Piwi7 have LoP values comparable to those of FGs, while Ago3 and Piwi5 do not significantly

deviate from the LoP values of SGs. Piwi1/3 appears to be conserved (Fig 3).

Computational predictions of molecular structures

The functional significance of the mutations under selection, as well as that of all the shared

missense mutations in the PAZ and PIWI domains, was tested by computing predictions of

three dimensional molecular structures of the Piwi proteins using the most-recent X-ray crys-

tallography structure of Argonaute proteins as templates [44,45]. Homology modelling

revealed high structural conservation among the seven Piwi proteins despite sequence hetero-

geneity (S2 Fig; Fig 4A).

Similarly, to D.melanogaster, the highest levels of amino acid sequence conservation were

found in the regions that, based on homology modelling, define the inner pocket of Argonaute

molecular assembly where the RNA binds. Significantly lower sequence conservation was

found on the proteins surface (Fig 4B). Based on our computational predictions, we could not

detect amino acidic polymorphisms that would affect RNA binding or processing, suggesting

that all Ae. albopictus Piwi proteins may retain the Argonaute-like functions. Mapping of

mutations under positive selection (Table 2B) on the homology models and sequence compari-

sons with known PIWI structural homologs showed that the identified variant amino acids are

unlikely to induce severe alterations in protein folding. All mutant variants were found to

localize in regions distant from the predicted RNA-binding and/or processing sites, ruling out

possible effects associated to alterations in RNA recognition, but raising the intriguing possi-

bility of regulatory roles during interactions with additional binding partners.

Developmental profile of Ae. albopictus Piwi genes

To further gain insights on the functional specialization of Piwi genes, we assessed their

expression profile throughout mosquito development, namely at 4–8 hours (h) after

Fig 3. Volcano plot. Level of polymorphism (LoP) comparison between slow-evolving genes (SGs), fast-evolving genes (FGs) and Piwi genes by
population. Genes on the right side of the panel have LoP values greater than those of SGs, while genes on the left side have smaller LoPs than
SGs. The y-axis represents the -log10 p-values of the Kolmogorov-Smirnov test. Faint datapoints are not significant after Bonferroni correction
for multiple testing (-log10 0.0024 (0.05/21 genes) = 2.62).

https://doi.org/10.1371/journal.pntd.0007919.g003
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deposition to capture the maternal-zygotic transition in expression, at late embryogenesis (i.e.

12–16 h and 16–24 h post deposition), at two time points during larval development (i.e. 1st

and 4th instar larvae) and at pupal and adult stages (for the latter only we sampled separately

males and females). Adult females were dissected to extract ovaries from the carcasses both

from females kept on a sugar diet and 48 h after a blood meal, when a peak in Piwi gene expres-

sion was previously observed [47].

Expression levels of Ago3, Piwi4, Piwi5, Piwi6 and Piwi7 are at their peak in the embryonic

stages, although at different time points (Fig 5A). Overall, Ago3, Piwi1/3, Piwi2 and Piwi6 have

a similar trend during development showing a second peak of expression in adult females and

their ovaries, while the expression levels of Piwi4, Piwi5 and Piwi7 remain constant. In details,

Piwi7 is mostly expressed 4-8h after deposition, Piwi5 and Piwi6 are mostly expressed after 8-

16h and Ago3 and Piwi4 have their pick of expression at 16-24h. On the contrary, Piwi1/3 and

Piwi2 are mostly expressed in ovaries extracted from blood-fed and sugar-fed females, respec-

tively (Fig 5A, S4A Table). These results are consistent with lack of expression from published

RNA-seq data from adult mosquitoes.

Overall, at the adult stages, Ago3 and all Piwi genes were more expressed in females than

males. Expression in ovaries was higher than in the corresponding carcasses, in both sugar-

and blood-fed females. Differences in carcasses vs. ovaries expression were more pronounced

after blood-meal for Ago3, Piwi1/3 and Piwi6, while expression of Piwi2 was doubled in sugar-

fed vs. blood-fed ovaries.

Piwi genes expression following viral infection

Finally, we assessed whether the expression pattern of Piwi genes was altered upon DENV and

CHIKV infection (Fig 5B). The expression profile of the Piwi genes was different following

CHIKV- and DENV-infection and also when comparing samples of carcasses and ovaries. In

ovaries, during CHIKV infection all Piwi genes were significantly up-regulated compared to

both sugar- and blood-fed mosquitoes. Four days post infection (dpi), the expression of Ago3,

Piwi1/3, Piwi6 and Piwi7 was between 4 to 10 folds higher than that of Piwi2, Piwi4 and Piwi5,

which nevertheless were upregulated with respect to ovaries of sugar- and blood-fed

Fig 4. Computational homology models of the Ae. Albopictus Piwi proteins.Homology models were generated for
the seven Piwi genes as described in the methods section. A) Superposition of cartoon representations of Piwi
homology models, with highlight of domain organization: the N-terminal domain is shown in orange, the PAZ
domain in green, the MID domain in blue and the PIWI domain in magenta. B) CONSURF [46]overview of the
aminoacid sequence conservation mapped on three-dimensional homology models in a putative RNA-bound
arrangement based on the structure of human Argonaute bound to a target RNA (PDB ID 4Z4D), colored from teal
(very low conservation) to dark magenta (highly conserved).

https://doi.org/10.1371/journal.pntd.0007919.g004
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mosquitoes. An opposite profile was seen in the carcasses, where all Piwi genes, particularly

Piwi1/3 and Piwi4, were down-regulated. At 4 dpi, CHIKV has already disseminated through-

out the mosquito body, has reached the salivary glands and is able to be transmitted. CHIKV

viral titer was reduced ten folds by 14 dpi and the profile of Piwi genes changed. Expression in

the ovaries decreased between 3 (Piwi5) to 20 (Piwi7) times with respect to values observed at

4 dpi, but remained higher than the corresponding expression values in ovaries of both sugar

and blood-fed mosquitoes. In carcasses all Piwi genes inverted their expression pattern during

the infection phase, increasing up to more than 100 times in the case of Piwi4, Piwi5 and

Piwi6. At 14 dpi, expression of the Piwi genes was highest in CHIKV-infected carcasses than in

carcasses of sugar- and blood-fed mosquitoes.

For DENV, infection progresses differently than CHIKV. At 4 dpi there is no virus in the

salivary gland, where the viral titer was measured at zero. By 21 dpi, DENV has established

persistent infection [48]. At 4 dpi expression of Piwi genes was lower in DENV- and blood-fed

ovaries than in ovaries of sugar-fed mosquitoes. The only exception was Piwi6, which was

slightly up regulated in ovaries of DENV-infected samples, but slightly down-regulated in

ovaried of blood-fed mosquitoes. On the contrary, at the same time point, carcasses of DENV-

infected samples showed a drastic increase in the expression of all Piwi genes with respect to

blood-fed samples; this increase was between 7 to 87 times for Piwi7 and Piwi2, respectively.

By 21 dpi, expression in the ovaries increased for all Piwi genes, in comparison to what

observed both at 4dpi and in blood-fed ovaries, suggesting the increase in expression of Piwi

genes is related to DENV dissemination. Interestingly, if we compare levels of expression in

CHIKV-infected ovaries at 4 dpi and DENV-infected samples at 21 dpi, corresponding to the

Fig 5. Expression profile of Piwi genes.Heatmap representations of log10 transformed fold-change expression values of each Piwi
gene. A) Developmental expression pattern of the Piwi genes normalized on the expression in sugar fed females. B) Expression pattern
of Piwi genes following viral infection normalized with respect to sugar-fed samples. Expression was verified in ovaries and carcasses
separately, during the early and late stages of infections, that is 4 dpi for both viruses and 14 or 21 dpi for CHIKV and DENV,
respectively. Each day post-infection was analysed with respect to sugar and blood-fed controls of the same day. ⇤ indicates significant
difference (P<0.05) between infected samples and the corresponding blood-fed control.

https://doi.org/10.1371/journal.pntd.0007919.g005
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time at which both viral species have disseminated throughout the mosquito body, we observe

similar levels of fold-change expression of Piwi4 and Piwi7, while Ago3, Piwi1/3 and Piwi6

show higher fold-change in CHIKV compared to DENV samples. Whether this trend is

dependent on the viral species or viral titer requires further investigation. The same type of

comparison in carcasses shows a higher fold-change expression level of all Piwi genes, particu-

larly Piwi1/3 and Piwi5, in DENV- versus CHIKV-infected samples, even if viral titers are

lower for DENV (S4B Table). Overall these results support the hypothesis of a concerted activ-

ity of all PIWI proteins during viral dissemination for DENV, and maintenance of infection

rely on expression of primarily Piwi5. On the contrary, establishment of persistent CHIKV

infection was accompanied by elicitation of all Piwi gene expression, particularly Piwi4 and,

again, Piwi5.

Discussion

The piRNA pathway does not have antiviral immunity in D.melanogaster [15]. In the arboviral

vectors Aedes spp. mosquitoes, vpiRNAs are found following infections with arboviruses, piR-

NAs are produced in the soma besides the germline and there has been an expansion on the

number of Piwi genes, supporting the hypothesis that the piRNA pathway has antiviral immu-

nity[12,49,50]. Besides Ago3, the genome of Ae. aegypti harbours six Piwi genes (i.e. Piwi1/3,

Piwi2, Piwi4, Piwi5, Piwi6, Piwi7), some of which show tissue and development-specific

expression profile and have been preferentially associated with either TE-derived or viral piR-

NAs, [16,20,21]. These studies were based on the knowledge of the gene structure of each Ae.

aegypti Piwi gene and the application of ad hoc RNAi-based silencing experiments and in vitro

expression assays, but lack an evolutionary perspective [18–21].

In this work we focused on the emerging arboviral vector Ae. albopictus and we show how

the application of evolutionary and protein modelling techniques helps to unravel functional

specialization of Piwi proteins. The genome of Ae. albopictus harbours one copy of Ago3 and

six Piwi genes (i.e. Piwi1/3, Piwi2, Piwi4, Piwi5, Piwi6 and Piwi7), each a one-to-one ortholo-

gue to the Ae. aegypti Piwi genes. The only exceptions are Piwi2 and Piwi1/3, where the two

genes from the same species cluster together. In Ae. aegypti, these two genes both map on

Chromosome 1, separated by ~ 20kb, suggesting they may undergo frequent gene conversion.

All transcripts retain the PAZ and PIWI domains, which are the hallmarks of the Argonaute

protein family [35]. By using homology modelling, we obtained predictions of molecular

architectures for Ae. albopictus Ago3 and Piwi proteins, onto which we mapped the putative

boundaries of each domain. Superpositions and sequence comparisons allowed clear identifi-

cation of the catalytic DDH triad within the PIWI domain of all modelled proteins. This con-

servation is consistent with strong sequence matching in the putative RNA binding regions of

the PIWI, PAZ and MID domains and suggests the possible maintenance of slicer activity,

albeit experimental validation of each isoform is necessary.

The expression of all Piwi genes was confirmed throughout the developmental stages and

the adult life of the mosquito, both in ovaries and somatic tissues. Interestingly, Piwi7 tran-

script expression starkly drops following early embryogenesis, to the point that we could detect

it neither in RNA-seq analyses, nor in Northern-blot experiments (S5 Fig). The expression of

Piwi genes was elicited upon arboviral infection, indirectly confirming the antiviral role of the

piRNA pathway. The expression profile of Piwi genes showed differences depending on both

the species of infecting virus and on when the expression was measured. In CHIKV-infected

samples, expression of Piwi genes was mostly elicited in ovaries or carcasses at 4 or 14 dpi,

respectively. On the contrary, in DENV-infected samples, the highest expression of Piwi genes

was seen in carcasses 4 dpi. These results are concordant with the timing in piRNAs

Piwi clade genes of Aedes albopictus

PLOSNeglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007919 December 2, 2019 11 / 22



accumulation following CHIKV or DENV infection. In Ae. albopictusmosquitoes infected

with CHIKV, secondary piRNAs are not found 3 dpi, but are enriched 9 dpi [9]. In contrast, in

Ae. aegypti mosquitoes infected with DENV2, piRNAs are the dominant small RNA popula-

tions 2 dpi [50].

Overall, these observations and our expression analyses support the hypothesis of an early

activation of the piRNA pathway following DENV infection, but a late activation after CHIKV

infection. Additionally, our expression analysis is consistent with a generalist antiviral role for

Piwi5, which is elicited both during DENV and CHIKV infection [20], but suggest a more

prominent role for Piwi6 and Piwi1/3 or Piwi4 and Ago3 during infection with DENV and

CHIKV, respectively.

Materials andmethods

Mosquitoes

Aedes albopictusmosquitoes of the Foshan strain were used in this study. This strain was estab-

lished in 1981 in the Center for Disease Control and Prevention of Guangdong Province in

China. It has been at the University of Pavia since 2013 [10,51]. Mosquitoes are reared under

constant conditions, at 28˚C and 70–80% relative humidity with a 12/12h light/dark cycle. Lar-

vae are reared in plastic containers, at a controlled density to avoid competition for food. Food

is provided daily in the form of fish food (Tetra Goldfish Gold Colour). Adults are kept in 30

cm3 cages and fed with cotton soaked in 0.2 g/ml sucrose as a carbohydrate source. Adult

females are fed with defibrinated mutton blood (Biolife Italiana) using a Hemotek blood feed-

ing apparatus. Mosquitoes fromMexico and La Reunion island were collected in 2017 as adults

and maintained in ethanol 70% before shipment to Italy. All samples were processed at the

University of Pavia.

Mosquito infections

Foshan mosquitoes were infected with DENV serotype 1, genotype 1806 or CHIKV 06.21.

DENV-1 (1806) was isolated from an autochthonous case from Nice, France in 2010 [52].

CHIKV 06–21 was isolated from a patient on La Reunion Island in 2005 [53]. Both strains

were kindly provided by the French National Reference Center for Arboviruses at the Institut

Pasteur. CHIKV 06–21 and DENV-1 1806 were passaged twice on cells to constitute the viral

stocks for experimental infections of mosquitoes, on C6/36 cells for CHIKV 06–21 and on

African green monkey kidney Vero cells for DENV-1 1806. Viral titers of stocks were esti-

mated by serial dilutions and expressed in focus-forming units (FFU)/mL.

Four boxes containing 60 one-week-old females were exposed to an infectious blood-meal

composed by 2 mL of washed rabbit red blood cells, 1 mL of viral suspension and 5 mM of

ATP. The titer of the blood-meal was 107 PFU/mL for CHIKV and 106.8 PFU/mL for DENV.

Fully engorged females were placed in cardboard boxes and fed with a 10% sucrose solution.

Mosquitoes were incubated at 28˚C until analysis.

In parallel, mosquitoes were fed with uninfected blood-meal or kept on a sugar-diet and

grown in the same conditions. Thirty mosquitoes were killed to be analyzed at days 4 and 14

post-infection (pi) for CHIKV, and at days 4 and 21 pi for DENV. To estimate transmission,

saliva was collected from individual mosquitoes as described in [54]. After removing wings

and legs from each mosquito, the proboscis was inserted into a 20 μL tip containing 5 μL of

Fetal Bovine Serum (FBS) (Gibco, MA, USA). After 30 min, FBS containing saliva was expelled

in 45 μL of Leibovitz L15 medium (Invitrogen, CA, USA) for titration. Transmission efficiency

refers to the proportion of mosquitoes with infectious saliva among tested mosquitoes (which

correspond to engorged mosquitoes at day 0 pi having survived until the day of examination).
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The number of infectious particles in saliva was estimated by focus fluorescent assay on C6/36

Ae. albopictus cells. Samples were serially diluted and inoculated into C6/36 cells in 96-well

plates. After incubation at 28˚C for 3 days (CHIKV) or 5 days (DENV), plates were stained

using hyperimmune ascetic fluid specific to CHIKV or DENV-1 as primary antibody. A Fluo-

rescein-conjugated goat anti-mouse was used as the second antibody (Biorad). Viral titers

were 16,266±50,446 FFU and 155±125 FFU for CHIKV at 14 dpi and DENV at 21 dpi,

respectively.

At the same time points mosquitoes that had been fed a non-infectious blood or kept on a

sugar diet were sampled and dissected as above.

Bioinformatic identification of Piwi genes in the Ae. albopictus genome

The sequences of the Ae. aegypti Piwi genes [55] were used as query to find orthologs in the

reference genome of the Ae. albopictus Foshan strain (AaloF1 assembly) and in the genome of

the Ae. albopictus C6/36 cell line (canu_80X_arrow2.2 assembly) using the BLAST tool in Vec-

torbase. Deduced coding sequences (CDS) where analysed in Prosite (Prosite.expasy.org/

prosite.html) to screen for the typical PAZ and PIWI domains of Argonaute proteins [56].

Copy number of Piwi genes

qPCR reactions were performed using the QuantiNova SYBR Green PCR Kit (Qiagen) follow-

ing the manufacturer’s instructions on an Eppendorf Mastercycler RealPlex4, on genomic

DNA from four mosquitoes and using gene-specific primers, after having verified their effi-

ciency (S4 Table). DNA was extracted using DNA Isolation DNeasy Blood & Tissue Kit (Qia-

gen). Estimates of gene copy number were performed based on the 2- CT method using Piwi6

and the para sodium channel genes (AALF000723) as references [57].

Structure of Piwi genes

DNA extracted from whole mosquitoes and dissected ovaries [58] was used as template in

PCR amplifications to confirm the presence and the genome structure of each bioinformati-

cally-identified Piwi gene. Primers were designed to amplify each exon, with particular atten-

tion to detect differences between paralogous Piwi genes (S1 Table). The DreamTaq Green

PCRMaster Mix (Thermo Scientific) was used for PCR reactions with the following parame-

ter: 94˚C for 3 minutes, 40 cycles at 94˚C for 30 sec, 55˚C-62˚C for 40 sec, 72˚C for 1–2 min-

utes and final extension step of 72˚C for 10 minutes. PCR products were visualized under UV

light after gel electrophoresis using 1–1.5% agarose gels stained with ethidium bromide and a

100 bp or 1 kb molecular marker. PCR products were either directly sequenced or cloned

using the TOPO TA Cloning Kit strategy (Invitrogen) following the manufacturer’s instruc-

tions. DNA plasmids were purified using the QIAprep Spin Miniprep Kit and sequenced.

Piwi gene transcript sequences and phylogeny

RNA was extracted using a standard TRIzol protocol from pools of 5 adult female mosquitoes

to verify the transcript sequence of each Piwi gene. Sets of primers were designed for each gene

to amplify its entire transcript sequence (S4 Table). PCR reactions were performed using a

High Fidelity taq-polymerase (Platinum SuperFi DNA Polymerase, Invitrogen) following

manufacturer’s instructions. PCR products were cloned using the TOPO TA Cloning Kit

(Invitrogen) and plasmid DNA, purified using the QIAprep Spin Miniprep Kit, was

sequenced. Rapid amplification of cDNA ends (RACE) PCRs were performed using First-

Choice RLM-RACE Kit (Thermo Fisher Scientific) to analyse 5’ and 3’ ends of the transcript
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sequences following manufacturer’s instructions. Amplification products were cloned and

sequenced as previously indicated.

Sequences of the identified Ae. albopictus Piwi gene transcripts were aligned to sequences of

Culicidae and D.melanogaster Piwi transcripts, as downloaded from VectorBase (www.

vectorbase.org), using MUSCLE [59]. Maximum-likelihood based phylogenetic inference was

based on RAxML after 1000 bootstrap resampling of the original dataset. Phylogeny recon-

struction was done through the CIPRESS portal (http://www.phylo.org/index.php/). Resulting

tree was visualised using FigTree (http://tree.bio.ed.ac.uk/software/figtree/).

Northern blot analysis

10μg of total RNA from a pool of 10 sugar-fed females was run in a 1% x 2% agarose/formalde-

hyde gel (1 g agarose, 10 ml 10x MOPS buffer, 5.4 ml 37% formaldehyde, 84.6 ml DEPC

water). Gels were washed twice in 20x SSC for 15 minutes prior to blotting. RNA was trans-

ferred to a Amersham Hybond-N+ nylon membrane (GE healthcare) using 20x SSC and

cross-linked using UV light exposure for 1 minute. Probes were labelled with biotin using Bio-

tin-High Prime (Roche). Hybridization and detection of biotinylated probes was performed

using the North2South Chemiluminescent Hybridization and Detection Kit (Thermo Fisher

Scientific) following manufacturer instructions.

Polymorphisms of Piwi genes

We investigated Piwi gene polymorphism by looking at the distribution of single nucleotide

polymorphism in whole genome sequence data from a total of 56 mosquitoes, of which 24

fromMexico, 16 from the island of La Reunion island and 16 from the reference Foshan

strain.

Whole genome sequencing libraries were generated and sequenced on the Illumina HiSeqX

platform at the Genomics Laboratory of Verily in South San Francisco, California to generate

150 basepair paired end reads. Whole Genome Sequencing data alignments have been depos-

ited to the SRA archive (BioProjects PRJNA484104 and PRJNA562979). Libraries from Tam-

pon and Tapachula had an average of 225216071 reads, meaning an average coverage of 15X

based on the AaloF1 assembly (S4 Fig).

Illumina reads were mapped to Piwi gene transcript sequences using Burrows-Wheeler

Aligner (BWA-MEM) [60] with custom parameters. Polymorphisms was tested by Freebayes

[61]. Annotation of the detected mutations, as well counts of synonymous and non-synony-

mous variants, were performed in snpEff [62]. Frameshifts and non-synonymous variants

were plotted using muts needle-plot [63]. Venn diagrams of positions with mutations in the

three tested samples were built using Venny 2.1 [64]. Haplotype reconstruction was performed

using seqPHASE [65] and PHASE [66,67]. The inferred haplotypes were analysed with DnaSP

[68], which estimated the number of segregating sites and the level of nucleotide diversity π

[69] in both synonymous and non-synonymous sites. We manually calculated, for synony-

mous and non-synonymous positions separately, the nucleotide diversity estimator theta [70]

and Tajima’s D statistic [71], which are a function of the total number of sites and the number

of segregating sites (both estimated by DnaSP), and of sample size (see references for detailed

formulas). We also tested for signatures of adaptive evolution using the McDonald-Kreitman

test [42] (as implemented in DnaSP), which compares the rate of polymorphism and substitu-

tions in synonymous and non-synonymous sites. For this analysis we used alignments that

included the orthologous sequences from Ae. aegypti.

Haplotype sequences for each gene from each individual were also aligned in TranslatorX

[72] using Clustalw [73] and used for Maximum-likelihood based phylogenetic inference
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based on RAxML after 1000 bootstrap under the GTRGAMMAmodel. The relative rates of

synonymous and nonsynonymous mutations (dN/dS = ω) averaged across sites was calculated

using Codeml in PAML version 4.9 [74], as implemented in PAMLX [75]. Signs of selective

pressure for each detected mutation were investigated comparing the M1a (nearly-neutral)

versus the M2a (positive selection) site models by inferring ω estimations and posterior proba-

bilities under the Bayes empirical Bayes (BEB) approach as implemented in Codeml [74]. This

analysis was performed with the following default parameters: runmode = 0, clock = 0,

Mgene = 0, CodonFreq = 0, estFreq = 0, fix_blength = 0, optimization method = 0, icode = 0,

Seqtype = 1, fix = 0, ncatG = 5, Small_Diff = 5e-7, n = 1, aaDist = 0.

The level of polymorphism (LoP) for slow-evolving genes (SGs) (AALF008224, AALF00

5886, AALF020750, AALF026109, AALF014156, AALF018476, AALF014287, AALF004102,

AALF003606, AALF019476, AALF028431, AALF018378, AALF027761, AALF014448), fast-

evolving genes (FGs) (AALF010748, AALF022019, AALF024551, AALF017064, AALF004733,

AALF018679, AALF028390, AALF026991, AALF014993, AALF009493, AALF010877, AALF0

12271, AALF009839, AALF019413) and the Piwi genes was calculated for each population fol-

lowing the pipeline as in [43]. Briefly, SNPs and INDELs were inferred using four Variant call-

ers (i.e. Freebayes [61], Platypus [76], Vardict [77] and GATK UnifiedGenotyper [78]) and the

data merged and filtered with custom scripts. Filters include: minimum phred mapping qual-

ity = 20 (corresponding to 0.01 error rate), minimum phred base quality = 20, minimum allele

frequency = 0.2, minimum allele observation = 2, minimum coverage = 8, maximum depth =

5000. The LoP for each individual was calculated as the number of variants averaged over the

region length and the median value for each population was used for subsequent analyses. Sta-

tistical analyses were performed in R studio [79]. Fold-change differences were computed as

the ratio of the median LoP for each Piwi gene and each FG gene over the median LoP of the

SG genes. Statistical differences in LoP distribution was assessed via the Kolmogorov-Smirnov

test and the p-value threshold was adjusted with the Bonferroni correction.

Homology modelling

Computational structural investigations were carried out initially through the identification of

the closest homologs based on sequence similarity (using NCBI Blast [80]) and secondary

structure matching (using HHPRED [81]), using the whole PDB as source collection. Homol-

ogy model were then generated usingMODELLER [82] by selecting only homologous RNA-

bound structures as template models: Kluyveromyces polysporus Argonaute with a guide RNA

(PDB ID 4F1N), Human Argonaute2 Bound to t1-G Target RNA (PDB ID 4z4d [83], T. ther-

mophilus Argonaute complexed with DNA guide strand and 19-nt RNA target strand (PDB

ID 3HM9), and silkworm PIWI-clade Argonaute Siwi bound to piRNA (PDB ID 5GUH).

Computational models were manually adjusted through the removal of non-predictable N-

and C-terminal flexible regions using COOT [84] followed by geometry idealization in PHE-

NIX [85] to adjust the overall geometry. Final model quality was assessed by evaluating average

bond lengths, bond angles, clashes, and Ramachandran statistics using Molprobity [86] and

the QMEAN server [87]. The sequence alignment was generated using EBI muscle [88] and

depicted using ESPRIPT3 [89]. Structural figures were generated with PyMol [90].

Developmental expression profile of Piwi genes

Publicly available RNA-seq data (runs: SRR458468, SRR458471, SRR1663685, SRR1663700,

SRR1663754, SRR1663913, SRR1812887, SRR1812889, SRR1845684) were downloaded and

aligned using Burrows-Wheeler Aligner (BWA-MEM) [60] to the current Ae. albopictus

genome assembly (AaloF1). Aligned reads were visualized in Integrative Genomics Viewer
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(IGV) [91]. Total RNA was extracted from embryos, 1st and 4th instar larvae, pupae, and

adults using Trizol (Thermo Fisher Scientific). Embryos consisted of two pools of 60 eggs at

different time points (i.e. 4-8h, 8-16h and 16-24h). Adult samples consisted of males and

females kept on a sugar-diet and females fed an uninfected blood-meal. Blood-fed females

were dissected to separate ovaries from the carcasses 48 h after blood-meal. These parameters

were based on the results of previous studies on Anopheles stephensi and Ae. aegypti that

showed high Piwi gene expression during early embryogenesis or 48-72h post blood meal [47].

For each stage, RNA was extracted from pools of 10 mosquitoes, except for first instar larvae

and embryos when 20 and 60 individuals were used respectively.

RNA was DNaseI-treated (Sigma-Aldrich) and reverse-transcribed in a 20 μl reaction using

the qScript cDNA SuperMix (Quantabio) following the manufacturer’s instructions. Quantita-

tive RT-PCRs (qRT-PCR) were performed as previously described using two biological repli-

cates per condition and the RPL34 gene as housekeeping [92]. Relative quantification of Piwi

genes was determined using the delta-delta-Ct method implemented in the software qBase+

(Biogazelle). Expression values were normalized with respect to those obtained from sugar-fed

females.

Expression analyses following infection

Fold-change expression values for each Piwi gene was assessed for non-infectious-blood-fed

controls, CHIKV-infected and DENV-infected samples after normalization on sugar-fed con-

trols. qRT-PCR experiments (S4 Table) were set up for two replicate pools of 15 ovaries and 15

carcasses at days 4, 14 and 4, 21 for CHIKV and DENV, respectively and the corresponding

sugar and non-infectious-blood controls. RNA extraction, qRT-PCR and data analyses were

performed as described in the previous paragraph (see “Developmental expression profile of

Piwi genes”). Fold-change differences significance was assessed using the Analysis of Variance

(ANOVA) procedure [93,94] as implemented in qBASE+.
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8. Poirier EZ, Goic B, Tomé-Poderti L, Frangeul L, Boussier J, Gausson V, et al. Dicer-2-Dependent Gen-
eration of Viral DNA from Defective Genomes of RNA Viruses Modulates Antiviral Immunity in Insects.
Cell Host Microbe. 2018; https://doi.org/10.1016/j.chom.2018.02.001 PMID: 29503180

Piwi clade genes of Aedes albopictus

PLOSNeglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007919 December 2, 2019 18 / 22



9. Goic B, Stapleford KA, Frangeul L, Doucet AJ, Gausson V, Blanc H, et al. Virus-derived DNA drives
mosquito vector tolerance to arboviral infection. Nat Commun. 2016; https://doi.org/10.1038/
ncomms12410 PMID: 27580708

10. Palatini U, Miesen P, Carballar-Lejarazu R, Ometto L, Rizzo E, Tu Z, et al. Comparative genomics
shows that viral integrations are abundant and express piRNAs in the arboviral vectors Aedes aegypti
and Aedes albopictus. BMCGenomics. 2017; https://doi.org/10.1186/s12864-017-3903-3 PMID:
28676109

11. Whitfield ZJ, Dolan PT, Kunitomi M, Tassetto M, Seetin MG, Oh S, et al. The Diversity, Structure, and
Function of Heritable Adaptive Immunity Sequences in the Aedes aegyptiGenome. Curr Biol. 2017;
https://doi.org/10.1016/j.cub.2017.09.067 PMID: 29129531

12. Miesen P, Joosten J, van Rij RP. PIWIs Go Viral: Arbovirus-Derived piRNAs in Vector Mosquitoes.
PLoS Pathog. 2016; 12: 1–17. https://doi.org/10.1371/journal.ppat.1006017 PMID: 28033427

13. Olson KE, Bonizzoni M. Nonretroviral integrated RNA viruses in arthropod vectors: an occasional event
or something more? Curr Opin Insect Sci. Elsevier Inc; 2017; 22: 45–53. https://doi.org/10.1016/j.cois.
2017.05.010 PMID: 28805638

14. Brennecke J, Aravin AA, Stark A, Dus M, Kellis M, SachidanandamR, et al. Discrete Small RNA-Gener-
ating Loci as Master Regulators of Transposon Activity in Drosophila. Cell. 2007; 128: 1089–1103.
https://doi.org/10.1016/j.cell.2007.01.043 PMID: 17346786

15. Petit M, Mongelli V, Frangeul L, Blanc H, Jiggins F, Saleh M-C. piRNA pathway is not required for antivi-
ral defense inDrosophila melanogaster. Proc Natl Acad Sci. 2016; https://doi.org/10.1073/pnas.
1607952113 PMID: 27357659

16. Akbari OS, Antoshechkin I, Amrhein H, Williams B, Diloreto R, Sandler J, et al. The Developmental
Transcriptome of the Mosquito Aedes aegypti, an Invasive Species and Major Arbovirus Vector.
G3&#58; Genes|Genomes|Genetics. 2013; https://doi.org/doi:10.1534/g3.113.006742

17. Matthews BJ, Dudchenko O, Kingan SB, Koren S, Antoshechkin I, Crawford JE, et al. Improved refer-
ence genome of Aedes aegypti informs arbovirus vector control. Nature. 2018; https://doi.org/10.1038/
s41586-018-0692-z PMID: 30429615

18. Miesen P, Ivens A, Buck AH, van Rij RP. Small RNA Profiling in Dengue Virus 2-Infected AedesMos-
quito Cells Reveals Viral piRNAs and Novel Host miRNAs. PLoS Negl Trop Dis. 2016; https://doi.org/
10.1371/journal.pntd.0004452 PMID: 26914027

19. Girardi E, Miesen P, Pennings B, Frangeul L, Saleh MC, Van Rij RP. Histone-derived piRNA biogenesis
depends on the ping-pong partners Piwi5 and Ago3 in Aedes aegypti. Nucleic Acids Res. 2017; https://
doi.org/10.1093/nar/gkw1368 PMID: 28115625

20. Miesen P, Girardi E, Van Rij RP. Distinct sets of PIWI proteins produce arbovirus and transposon-
derived piRNAs in Aedes aegyptimosquito cells. Nucleic Acids Res. 2015; 43: 6545–6556. https://doi.
org/10.1093/nar/gkv590 PMID: 26068474

21. Varjak M, Kean J, Vazeille M, Failloux A, Kohl A. Aedes aegypti Piwi4 Is a Noncanonical PIWI Protein
Involved in Antiviral Responses. mSphere. 2017; 2: e00144–17. https://doi.org/10.1128/mSphere.
00144-17 PMID: 28497119

22. Varjak M, Leggewie M, Schnettler E. The antiviral piRNA response in mosquitoes? 2018; 1–12. https://
doi.org/10.1099/jgv.0.001157 PMID: 30372405

23. Schnettler E, Donald CL, Human S, Watson M, Siu RWC, McFarlaneM, et al. Knockdown of piRNA
pathway proteins results in enhanced semliki forest virus production in mosquito cells. J Gen Virol.
2013; 94: 1680–1689. https://doi.org/10.1099/vir.0.053850-0 PMID: 23559478

24. HahnMW. Distinguishing among evolutionary models for the maintenance of gene duplicates. Journal
of Heredity. 2009. https://doi.org/10.1093/jhered/esp047 PMID: 19596713

25. Obbard DJ, Jiggins FM, Halligan DL, Little TJ. Natural selection drives extremely rapid evolution in anti-
viral RNAi genes. Curr Biol. 2006; 16: 580–585. https://doi.org/10.1016/j.cub.2006.01.065 PMID:
16546082

26. Bonizzoni M, Gasperi G, Chen X, James AA. The invasive mosquito species Aedes albopictus: Current
knowledge and future perspectives. Trends in Parasitology. 2013. https://doi.org/10.1016/j.pt.2013.07.
003 PMID: 23916878

27. Rezza G. Dengue and chikungunya: long-distance spread and outbreaks in na ve areas. Pathog Glob
Health. 2014; https://doi.org/10.1179/2047773214Y.0000000163 PMID: 25491436

28. Bonilauri P, Bellini R, Calzolari M, Angelini R, Venturi L, Fallacara F, et al. Chikungunya virus in Aedes
albopictus, Italy. Emerging Infectious Diseases. 2008. https://doi.org/10.3201/eid1405.071144 PMID:
18439383

Piwi clade genes of Aedes albopictus

PLOSNeglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007919 December 2, 2019 19 / 22



29. Venturi G, Di Luca M, Fortuna C, Elena Remoli M, Riccardo F, Severini F, et al. Detection of a chikungu-
nya outbreak in Central Italy Detection of a chikungunya outbreak in Central. Euro Surveill. 2017; 22: 1–
4. https://doi.org/10.2807/1560

30. Gjenero-Margan I, Aleraj B, Krajcar D, Lesnikar V, Klobu ar A, Pem-Novosel I, et al. Autochthonous
dengue fever in Croatia, August- September 2010. Eurosurveillance. 2011; 16: 1–4. 19805 [pii]

31. Marchand E, Prat C, Jeannin C, Lafont E, Bergmann T, Flusin O, et al. Autochthonous case of dengue
in France, October 2013. Eurosurveillance. 2013; https://doi.org/10.2807/1560-7917.ES2013.18.50.
20661 PMID: 24342514

32. Delisle E, Rousseau C, Broche B, Leparc-Goffart I, L’Ambert G, Cochet A, et al. Chikungunya outbreak
in Montpellier, France, September to October 2014. Euro Surveill. 2015; https://doi.org/10.2807/1560-
7917.ES2015.20.17.21108 PMID: 25955774

33. Calba C, Guerbois-Galla M, Franke F, Jeannin C, Auzet-Caillaud M, Grard G, et al. Preliminary report
of an autochthonous chikungunya outbreak in France, July to September 2017. Eurosurveillance. 2017;
https://doi.org/10.2807/1560-7917.ES.2017.22.39.17–00647

34. Bouri N, Sell TK, Franco C, Adalja AA, Henderson DA, Hynes NA. Return of epidemic dengue in the
United States: Implications for the public health practitioner. Public Health Rep. 2012; https://doi.org/10.
1177/003335491212700305 PMID: 22547856

35. Joshua-Tor L. The argonautes. Cold Spring Harbor Symposia on Quantitative Biology. 2006. https://
doi.org/10.1101/sqb.2006.71.048 PMID: 17381282

36. Innan H, Kondrashov F. The evolution of gene duplications: Classifying and distinguishing between
models. Nature Reviews Genetics. 2010. https://doi.org/10.1038/nrg2689 PMID: 20051986

37. Stone SS, Haldar JP, Tsao SC, HwuW -m.W, Sutton BP, Liang Z-P. Accelerating advancedMRI
reconstructions on GPUs. J Parallel Distrib Comput. 2008; 68: 1307–1318. https://doi.org/10.1016/j.
jpdc.2008.05.013 PMID: 21796230

38. Yan KS, Yan S, Farooq A, Han A, Zeng L, ZhouM-M. Structure and conserved RNA binding of the PAZ
domain. Nature. 2003; https://doi.org/10.1038/nature02129 PMID: 14615802

39. Song JJ, Smith SK, Hannon GJ, Joshua-Tor L. Crystal structure of argonaute and its implications for
RISC slicer activity. Science (80-). 2004; https://doi.org/10.1126/science.1102514 PMID: 15284453

40. Cora E, Pandey RR, Xiol J, Taylor J, SachidanandamR, McCarthy AA, et al. The MID-PIWI module of
Piwi proteins specifies nucleotide- and strand-biases of piRNAs. RNA. 2014; https://doi.org/10.1261/
rna.044701.114 PMID: 24757166

41. Stein CB, Genzor P, Mitra S, Elchert AR, Ipsaro JJ, Benner L, et al. Decoding the 50 nucleotide bias of
PIWI-interacting RNAs. Nat Commun. Springer US; 2019; 10: 828. https://doi.org/10.1038/s41467-019-
08803-z PMID: 30783109

42. McDonald JH, KreitmanM. Adaptive protein evolution at the Adh locus in Drosophila. Nature. 1991;
https://doi.org/10.1038/351652a0 PMID: 1904993

43. Pischedda E, Scolari F, Valerio F, Carballar-Lejarazú R, Catapano PL, Waterhouse RM, et al. Insights
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