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Abstract

Molecular dating (or molecular clock) is a powerful technique that uses the
mutation rate of biomolecules to estimate divergence times among organisms. In
the last two decades, the theory behind the molecular clock has been intensively
developed, and it is now possible to employ sophisticated evolutionary models
on genome-scaled datasets in a Bayesian framework. The molecular clock has
been successfully applied to virtually all types of organisms and molecules to
estimate timing of speciation, timing of gene duplications, and generation times:
this knowledge allows contextualizing past and present events in the light of
(paleo)ecological scenarios. Molecular clock studies are routinely used in
evolutionary and ecological studies, but their use in applied fields such as
agricultural and medical entomology is still scarce in particular because of a
paucity of genome data. Genome-scaled clocks have been successfully applied,
for example, to various model organisms such as Anopheles and Drosophila, as
well as to invasive mosquitoes Aedes aegypti and Aedes albopictus. Many other
invasive pests are emerging worldwide aided by global trade, increased
connectivity among countries, lack of prevention, and flawed invasive species
management. Among them, there is Aedes koreicus and Aedes japonicus, two
invasive mosquito species which are monitored for public health concerns
because of their harboured human pathogenic viruses. For these, as well as for
other insects of societal relevance, such as the parasitoid Trissolcus japonicus, there
is a paucity of gene markers and no genome data for large scale molecular clock

studies.

Invasive pests are typically studied using microevolutionary approaches that
tackle events at an intraspecific level: these approaches provide important
information for the pest management, for example, by revealing invasion routes
and insecticide resistances. Approaches that tackle the deep-time evolution of the
pest, such as the molecular clock, are instead less used in pest science. Many
important traits associated with invasiveness have evolved by speciation over a
long time frame: the molecular clock can reveal the paleo-ecological conditions
that favoured these traits helping a better understanding of pest biology.
Molecular clock, when coupled with phylogenomics, can further identify genes
and patterns that characterize the pest: this knowledge can be used to enhance

management practices. Although this is a data-driven thesis, its major aim is to
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provide new results to demonstrate the utility of the molecular clock in pest
science. This has been done by systematically apply the molecular clock to
various neglected organisms of medical and agricultural relevance. To this aim,
I generated new genome data and/or assembled the largest genome-scaled data

to date.

I studied the molecular clock in mosquitoes, focusing on the Aedini radiation
(Chapter 2) and identified a strong incongruence between the mitochondrial and
nuclear phylogeny for what concerns their molecular clock. This result
highlighted the importance of employing genome scaled data for these species to
exclude stochastic effects due to poor/inaccurate sampling in clock studies. To
tackle the absence of data, I further assembled the whole mitogenome of
emerging invasive species Aedes koreicus and Aedes japonicus with the aim of
producing useful data for molecular typing and of inferring divergence estimates
using whole mitogenomes (Chapter 3). Dated phylogenies point toward more
recent diversification of Aedini and Culicini compared to estimates from
previous works, addressing the issue of taxon sampling sensitivity in dated
phylogeny. Although it is possible to perform molecular clock studies on
single/few gene markers, the current trend is to couple this methodology with
genome-scaled datasets to reduce the stochastic effect of using few genes. For this
reason, I sequenced the draft genome of A. koreicus and A. japonicus (Chapter 4).
The assemblies were extremely fragmented, highlighting the problem of
sequencing large genomes using short reads. The assemblies provided, however
enough information for genome skimming allowing extraction of BUSCO genes
for downstream analyses, whole mitogenome assemblies (used in Chapter 3),
and characterisation of the associated metagenome. These data need to be
integrated by long reads; it provides, however a first framework to investigate
the genome evolution of these species. I further sequenced and assembled the
genome of Trissolcus japonicus, the parasitoid wasp of the invasive pest
Halyomorpha halys. To elucidate its divergence, estimate and define an
intraspecific typing system to differentiate strains for biocontrol strategies, I
reconstructed the mitochondrial genomes of two populations: the mitogenomes
were surprisingly identical, suggesting that they belong to the same de facto
population. I further provide a detailed clock investigation of Zika, a virus

harboured and transmitted by some Aedes species (Chapter 5). Using the largest



set of genomes to date, I could set the origin of ZIKV in the middle age and its
first diversification in the mid-19% century. From a methodological point of view,
the clocking of this virus highlighted the importance of checking for
recombination and for cell-passages to obtain correct divergence estimates. I
finally show my contributions to molecular clock studies of three other invasive
species (Chapter 6): I helped disentangle the divergence times of Bactrocera, a
genus of invasive fruit files pest of agriculture; I contributed in performing a
phylogenomics study of opsin genes in Diptera; I used chloroplast and nuclear

genome data to reconstruct the divergences of the invasive reed Arundo.

In the various Chapters of my thesis, I highlighted the limits and the problems of
current molecular clock methodologies and identified the best practices for
different types of organisms in order to develop a cross-discipline understanding
of the molecular clock techniques. The various results presented in this thesis

further demonstrate the utility of the molecular clock approach in pest studies.






Thesis outline

Chapter 1 - Study invasive species using the molecular clock

This thesis uses the molecular clock and other macroevolutionary approaches to
study invasive pests. I first introduce in detail the theoretical and practical
aspects of this methodology. I then present a brief introduction to invasive
species focusing on Aedes mosquitoes, the main model organisms of the thesis,
followed by a short description of other model organisms studied: viruses and
pests of agriculture. I discuss that macroevolutionary approaches such as clock
are neglected in pest science, and I introduce the general aim of this thesis which
is to provide new genome data and results to support the hypothesis that

macroevolutionary studies are beneficial for invasive pest studies. A first author

review article is in preparation on the “Utility of molecular clock in pest science”.

Chapter 2 - Chronological Incongruences between Mitochondrial and Nuclear

Phylogenies of Aedes Mosquitoes

Synopsis: The aim was to explore state of the art for molecular clock of Aedes
species to test 1) if there is a congruent signal between the two genomes of the
cell (nuclear versus mitochondrial); 2) if a PCR based dataset is enough to
establish mosquito divergence times. Results revealed discrepancies between
nuclear and mitochondrial clock, a methodological issue that has been used to
guide the research in Chapter 3. Published first author article (Zadra, Rizzoli,
Rota Stabelli, 2021 Life).

Chapter 3 - The mitogenomes of invasive mosquitoes Aedes koreicus and Aedes

japonicus and an updated molecular clock analysis of mosquito mitogenomes

I assembled the whole mitogenome of two Italian invasive species A. koreicus and
A. japonicus. The general aim was to produce data useful for molecular typing in
the field for two species of medical relevance and to build a taxon-enriched
mitogenomic dataset to generate an updated timetree of mosquito evolution.
Results were used to test if some of the chronological discrepancies observed in

Chapter 2 are the result of stochastic error. A first author article in preparation.
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Chapter 4 - Short-reads genome sequencing of pest and biocontrol species

Part A. New tigers on the block: Genome-skimming of the invasive

mosquitoes Aedes koreicus and Aedes japonicus

I present data on the genome assemblies of A. koreicus and A. japonicus using short
reads. As expected for this type of sequencing and species, the assemblies are
very fragmented. The raw data and the assemblies allowed, however, a genome
skimming approach for the reconstruction of the microbiota present in the raw
data and the extraction of genes for downstream clock and phylogenomic
analyses of these species. This data is a useful source of information for

demographic and genetic studies of these two invasive species. A first author

article is in preparation.

Part B. The short-read genome of two populations of the parasitoid wasp
Trissolcus japonicus from Italy: male haploidy, metagenomic screening,

identical mitogenomes

Synopsis: Trissolcus japonicus is a parasitoid wasp used for the classical biological
control of the invasive bug Halyomorpha halys. Here we used short-read
sequencing to generate high-quality genome data from a lab-reared population
used for biocontrol studies and from a recently established Trentino population.
No differences were detected in the mitochondrial nucleotide sequences
suggesting that the mtDNA is not suitable for distinguishing the two
populations. These genomes indicate that it is possible to obtain good quality
assemblies even from short reads. This genome is a source of data for a variety of

evolutionary and applied studies. Sheared first author article in preparation for

Biological Control.

Chapter 5 - Extensive phylogenomic analysis of Zika virus provides an

updated scenario of its origin and evolution

One peculiar aspect of Aedes is that they can harbour and transmit a series of
viruses. Here I applied molecular clocks to explore the evolution of a virus
typically transmitted by Aedes mosquitoes, the Zika virus. By assembling the

largest genome scaled dataset so far, I provide an updated picture of the



molecular evolution of these viruses, focusing on recent recombination and the
first steps of the Asian colonization of the virus. Results are relevant for
understanding the early epidemiological patterns of arboviruses. First author

article in preparation.

Chapter 6 - Other studies of species of agricultural importance

Phylogenomics of opsin genes in Diptera reveals lineage-specific events and

contrasting evolutionary dynamics in Anopheles and Drosophila

Role of candidate: manual extraction and curation of mosquito orthologs,

construction of phylogenetic trees, figure preparation. Published co-author
article (Feuda et al. 2021 GBE).

Phylogenomic proof of Recurrent Demipolyploidization and Evolutionary

Stalling of the “Triploid Bridge” in Arundo (Poaceae)

Role of candidate: experimental design and analyses of the chloroplast clock and
the nuclear clock employing a genomic dataset. Figure preparation. Published

co-author article (Jike et al. 2020 ITMS).

The impact of fast radiation on the phylogeny of Bactrocera fruit flies

Role of candidate: experimental design and guidance for assemblies, clock

analyses, and species tree reconstruction. In review co-author article (Valerio et

al).







CHAPTER 1 - STUDY INVASIVE SPECIES USING THE
MOLECULAR CLOCK



1.1 The molecular clock hypothesis

The molecular clock is an idiom used to describe the hypothesis that molecules
evolve at a constant pace through time. It is nowadays often used as a
synonymous for inferring divergence times from molecules. This idea of a
molecular clock started to thrive around the 1960s from the first comparison of
protein sequences. Cutting-edge studies in the following decades have pushed
the molecular clock theory into the scientific community (Zuckerkandl and
Pauling 1965; Doolittle and Blomback 1964; Margoliash 1963). Emile Zuckerkandl
and Linus Pauling were the first to introduce the term 'molecular evolutionary
clock' to the scientific community in a seminal paper in 1965 (Zuckerkandl and
Pauling 1965). Their new idea arose from comparing the haemoglobin amino acid
sequences of many animals: they observed that the amino acid diversity between
two different species was positively correlated with the age of their supposed
common ancestor inferred from fossil data. The observation led to the linear
evolutionary rate assumption and to the possibility of applying this estimate to
measure the timespan among homologous haemoglobin sequences (Morgan
1998). Zuckerkandl and Pauling’s studies on haemoglobin led to surprisingly
accurate estimations, such as the divergence between humans and gorillas set at
11 Ma (million years ago); this result was later confirmed by cytochrome C and
fibrinopeptides (Doolittle and Blomback 1964; Margoliash 1963), eventually
reinforcing the power and the applicability of the molecular clock hypothesis.
Nevertheless, the molecular clock hypothesis received a cold reception in its
initial phase, even from eminent biologists such as Lewontin (Stebbins and
Lewontin 1971) and Ernst Mayr (Morgan 1998). Initially, the molecular clock
hypothesis was integrated into Kimura's neutral theory of molecular evolution
(Motoo Kimura 1968; 1969). The molecular clock was thought to fit Kimura's
neutral theory, for which the mutations are neutrally occurring at a nearly
constant rate per generation. Many lineages, however, showed a slower or faster
substitution rate that correlates mainly with species' generation time (C. I. Wu
and Li 1985; Kikuno, Hayashida, and Miyata 1985; Kohne 1970). The species-
specific generation time was insufficient to explain the large rate variability
displayed in the analyzed protein sequences: the substitution rate variability was

much greater than expected, contradicting the assumption of a neutral (strict)
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molecular clock (Ohta and Gillespie 1996; Gillespie 1989; Langley and Fitch 1974)
(Figure 1).
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Figure 1. Graphical representation of the molecular clock. Panel a represent a reduced schematic
phylogeny of animal; colored dots at nodes indicate the point in the phylogeny where the species coalesce.
Panel b depicts the genetic distances between two species subtending each of the nodes in panel A (y-axis)
plotted against the age of that node inferred from paleontological data (x-axis). Genetic distances correlate
with the age of the assumed common ancestors; the slope of the linear regression is the rate at which the
genetic material is evolving.

Although the molecular clock's rate variation was a serious limitation of the
theory, efforts have been made to understand why the clock behaves so
erratically and how to mathematically model the rate variation. In the first
decade of 2000, it has become clear that the clock is, in general, not strict
(identical/similar rates in different lineages) but is rather relaxed (different rates
in different lineages): this fundamental advance in molecular dating has led to
more sophisticated methods and new statistically robust tools to estimate the
phylogenetic timescale. Nowadays, the molecular clock is a useful tool for
investigating the rate and timescale of molecular evolution in many biological
fields such as epidemiology, ecology, population genetics, genomics, and pest

management.

1.1.1 Why and how does the clock rate vary?

Many causes may contribute to the variability of the evolutionary rate along
lineages (Figure 2). The answers can be found in the biology of a species. This
variation can have biochemical explanations, or it can be a physical constraint.

Considerable rate variation among species makes it challenging to provide
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reliable estimations in molecular dating, but understanding this pattern of
variation offers the chance to enhance the evolutionary clock models. To better
understand the clock, we have to clarify the differences between a mutation and
substitution, how they occur in the DNA and how they influence the molecular

clock.
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Figure 2. The molecular clock is relaxed. The scientific community has reached a consensus that, in most
cases, the evolutionary dynamics do not show a constant rate of evolution among branches. Clades evolve
at different rates, with some clades showing a slower rate of evolution (blue dotted line), while other clades
are characterised by faster evolutionary rate (red dotted line). In panel 4, the hypothetical animal phylogeny
is represented. In panel b, different clades are characterised by different line interpolations and, therefore,
different evolutionary rates. There is no universal rate to describe the evolution in every lineage, rate
changes along with the biology, ecology, and population dynamics of the organism.

1.1.1.1 Mutation rate

Mutations are changes in DNA sequences. Large scale mutations such as whole
gene duplications and chromosomal rearrangements are rare events. Small-
scaled mutations such as single base-pair mutations (one base is replaced by
another one) are more common and are generally caused by errors during the
DNA duplication process. If mutations happen in the germ line and they are
viable for the cell and the individual, they may be retained, creating a heritable
variation. The mutation rate is an approximation of the number of these
mutations that occurs in a certain genomic region (it could be genes, non-coding
DNA, or the entire genome) per unit of time. The unit of time can be represented

by both DNA replication events (generations) or by years.
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The rate of mutation is influenced by several mechanisms; the primary mutation
source is a copy error, influenced by the DNA polymerase, and the second is the
efficiency of its proofreading activity. The mutation rate can differ among species
because of a trade-off of cost and benefits. A more accurate DNA copy leads to
increased metabolic costs, while a less accurate copy can increase the deleterious
mutation burden (Kunkel 2009). The mutation occurrences during the DNA
copying process are mainly a physiochemical phenomenon; however, life-history
traits can affect the mutation rate. Biological species can shape the DNA repair
efficiency and replication fidelity accordingly to their fitness. This can change
throughout populations, niches, and over time according to the fluctuation of the

fitness landscape (Lanfear, Kokko, and Eyre-Walker 2014; Sniegowski et al. 2000).

Mutation rate has been estimated using whole-genome sequencing in D.
melanogaster by counting the average number of mutations passed in a generation
between a parent and its offspring and the differences among siblings (Keightley
et al. 2009). The instantaneous mutation rate has been calculated for Heliconius
molpomene butterflies (Keightley et al. 2015). Drosophila melanogaster and H.
molpomene spontaneous mutation rate has shown to be very similar; both are
estimated to be ~3 x 10 mutation/generation. In the last decades, many mutation
rates were estimated and proposed for a vast plethora of organisms, particularly
model organisms such as yeast and Escherichia coli (Williams 2014; H. Liu and
Zhang 2019).

1.1.1.2 Substitution rate

Distinguishing between mutation and substitution rates is crucial to properly
understand the molecular clock. Once a mutation occurs, it could be inherited by
the following generations or lost throughout generations. The substitutions are
the mutations that get fixed in a population. The substitution rate can be defined
as the number of new mutations in each generation (Nu) multiplied by the
probability of each new mutation reaching fixation (1/N). Even though the
substitution rate is correlated with the mutation rate, other mechanisms can
contribute to the substitution rate variation. Two major forces contribute to the
fixation of mutation in a population: genetic drift and selection. Moreover, these

two forces are influenced by the effective population size (N.), which can be a
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game-changing factor that can alter, substantially, the fate of the mutations. In
the case of neutral mutations, the mutation and the replacement rate tend to be

equal.

1.1.1.3 Life traits affect mutation and substitution rate

There are some biological properties of species that may influence the mutation

and/or the substitution rates.

- Generation time. All new mutations in the somatic cells of an individual
disappear with the death of the individual, while only mutations that occur in
the germline can be passed to the progeny and enter the population. One obvious
factor influencing the mutation rate is, therefore, the generation time - the
average time between two consecutive generations. For example, an insect with
up to 10 generations per year has many more chances of introducing new
mutations in the population than a mammal with one or fewer generations per
year. The mutation rate has been experimentally correlated with the generation
time of the organism (Mooto Kimura 1987). Mutation rates are indeed often
expressed as the number of mutations per site per generation. It is, however,
common to scale the mutation rate per unit of time, not per generation (Mooers
and Harvey 1994; J. A. Thomas et al. 2010). Rates per generation are poorly
informative for molecular clock studies because they should be scaled to time to
be used as calibrations. Overall, the correlation between generation time and the
mutation rate is not completely straightforward, and it can be influenced by other

life-history factors.

- Fecundity. Fecundity - sensu the number of offspring (descendants) per lifespan
- of a species can affect the mutation rate. More offspring means more chances to
pass a mutation in the germline into the population. For a high fecundity
organism, the DNA copy fidelity is less important than for an organism that
produces few offspring (Bromham and Leys 2005). Consequently, high fecundity
is correlated with a higher mutation rate. (S. Duffy, Shackelton, and Holmes 2008;
Belshaw et al. 2008).

- Body size. Surprisingly, the body size of an animal or a plant is correlated with
a slower mutation rate (Lanfear, Kokko, and Eyre-Walker 2014; Gillooly et al.

2005; Barrera-Redondo, Ramirez-Barahona, and Eguiarte 2018; Lanfear et al.

14



2013). Body size affects the mutation rate for two reasons. First, it is linked with
life-history traits such as metabolic rate, population size and generation time.
Secondly, the mutation rate is lower in the bigger animal because of the higher
number of cells and more genome copies. The mutation load is not controlled
only in the germline but even in the somatic cell, and it's connected to the fitness
of an individual. More cells mean more chances to develop unviable mutations
in a cell line (e.g. cancer) (Nunney 2018; 1999); hence bigger body sizes tend to
select more efficient genome replication, reducing the average error per site
compared to species with fewer cells and slower cell turnover. For this reason,
the mutation rate is not selected only on the germline, but the somatic cells could
drive the selection toward a more efficient or less efficient mutation rate.
Eventually, the body size selects the mutation rate due to a trade-off between the
energetic cost of replication fidelity and the mutation burden tolerated by the

organism.

- Selection. Selection can shape the frequencies of variants (from new mutations)
within a population, eventually promoting the fixation of advantageous variants.
Mutations are heritable, so the mutation that provides an advantage in the
offspring has a higher chance to get selected and get fixed in the population. For
the same reason, deleterious mutations are prone to be erased from the
population. Things are often not that straightforward balancing selection can
favour the existence of more than one variant (allele) in a population. The
interactions among environment, mutation genotype, and phenotype define if a
mutation is neutral, advantageous, or deleterious (selective coefficient). The
species are in a dynamic equilibrium with their environment; hence, the selective
coefficient of a mutation can change through time, space and niches. For this

reason, clock studies should be ideally conducted on neutrally evolving sites
(Lanfear, Kokko, and Eyre-Walker 2014).

- Genetic drift and population size. Population size may be the most crucial
factor shaping the substitution patterns because it can deeply affect genetic drift
and selection (Charlesworth 2009; Lynch et al. 2016). The population size
becomes important in light of the nearly neutral theory exposed by Otha and
Kimura (Motoo Kimura and Ohta 1971), stating that a slightly advantageous or
slightly deleterious mutation can behave as a neutral mutation, and they have the

same chance of getting lost or fixed as a neutral mutation. In the nearly neutral
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scenario, the population size determines how many mutations escape the
selection and are affected by drift. In a small population, a slightly deleterious
mutation could be easily get fixed into a population by drift, whereas a slightly
advantageous mutation could get lost for the same reason (Figure 3). The
population size can therefore strongly modulate the effect of the selection and
drift; usually, a small population fixes more mutations than a large population,
resulting in an higher substitution rate in the small populations (Ohta and
Gillespie 1996). In large populations, purifying selection is more efficient to

remove even the slightly deleterious mutations (T. Ohta 1973).
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Figure 3. Nearly neutral theory and the effect of population size on shaping the selection coefficient between
two identical mutation ranges (modified from Otha 2002). The bars displayed in the figure represent the
same ideal set of mutations. We can appreciate how the proportion of neutral and nearly neutral mutation
changes depending on the population size. Smaller population sizes do not allow the nearly deleterious or
nearly advantageous to be seen by natural selection. On the other head, larger population size allows the
selection to act even on mutations that show a nearly neglectable effect on the fitness of the individuals.

In the last decades, we have clarified most of the causes behind among-lineages
variation of the molecular clock; despite this knowledge, reconstructing the
evolutionary history of the species is still challenging. This is because most of the
forces outlined above work at the population level, whereas the molecular clock
is generally applied to species phylogeny without taking the population into
account. In addition to the phenomena described above, other events can affect
the rate of evolution, such as bottlenecks, the founder effect, and genetic
hitchhiking. In general, when estimating divergence times, we approximate the
rate of substitution per unit of time on branches by calibrating and modelling it

in a Bayesian framework. (Bromham et al. 2018; S. Y. W. Ho et al. 2011). In the
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next section, I will explain how a clock analysis can be modelled and how we can
estimate the divergence time between species, focusing on Bayesian analyses. I
will further show that estimating divergence time is challenging for various other

parametric reasons, in particular, model misspecification.

1.1.2 Bayesian inference for molecular dating

In the last two decades, the phylogenetics reconstruction relied mainly on two
statistical inferences, Maximum likelihood (ML) and Bayesian. Both are suitable
for phylogenetic analysis and are widely applied in phylogenetic investigations
such as molecular dating, phylogenomics, and population genetics. The
maximum likelihood approach was initially theorized for estimating phylogenies
from genetic data (Cavalli-Sforza and Edwards 1967), and it was made more
applicable to sequence alignments by Felsenstein in 1981 (Felsenstein 1981). ML
expresses the probability of the data given the model; the model refers to the set
of parameters to search for the best tree that fits the data. Thus, more precisely,
the ML phylogeny is the probability of the data given the model and the tree. The
ML approach has been widely used for inferring phylogeny, but it has some
computational limitations that are unsuitable for many big datasets and analyses
with many parameters, such as dating a phylogeny. Moreover, ML inference has
issues with missing data and partitioned datasets (Simmons 2012), which pose a
limitation to applying this method in many datasets. Partitioned datasets can be
easier described to capture the actual phylogenetic dynamic; they better explore
the relations among species and individuals because different genes, loci and

positions can describe different evolutionary histories.

Bayesian, unlike ML, expresses the probability of the tree and the model given
the data. In this view, the Bayesian approach may fit better the purpose of a
phylogenetic framework. Bayesian deals better than ML with the uncertainty
associated with priors and estimated parameters such as rate, branch length, and
population size. The parameters in a Bayesian inference framework are easily
expressed as statistical distributions, whereas in a ML framework, they are
treated as fixed (although estimated) constants. In a Bayesian framework, a
specific distribution (the prior, see below) is assigned to each of the free

parameters that describe the model. During the analysis, all priors are combined
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with the likelihood of the data, thus generating the posterior distribution (Z. Yang
and Rannala 2012). In contrast to ML, Bayesian does not provide a single optimal
result but summarizes what has been observed in exploring the tree space,
providing a more comprehensive view of the variability of the trees with the

highest posterior probability values.

Bayesian inference was introduced in the 1990s for phylogenetics (Rannala and
Yang 1996). The first Bayesian software to infer phylogeny was released in 1999
by Larget in the package BAMBE (Larget and Simon 1999). Since then, the
Bayesian tools face increased in popularity in the phylogenetic field, providing
several programs to the phylogenies that keep updating to perform better the
new theoretical needs of the scientific community and keep up with the times of

the post-genomic era.

The Bayesian approach strongly relies on an approximation algorithm called
Markov Chain Monte Carlo (MCMC). MCMC takes samples walking through the
tree and the parameters space, calculating the respective posterior probability of
the hypothesis. After the analysis has run enough to collect an amount of tree
states that approximates the posterior distribution, it is necessary to summarize
all the results. The result is summarized from a subsample of steps made by the
MCMC, and the sampled results will be in proportion to the highest posterior
probability regions.

Bayesian inference provides the probability of the tree and the model given the
data. The inference combines the prior information and the likelihood to obtain

the posterior probability of the tree.

P(data|model)P(model)
P(data)

P(model|data) =

P(model) = prior
P(datalmodel) = likelihood
P(data) = data probability (model evidence)

P(model | data) = posterior
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The prior is the probability density of a parameter which is combined with the
likelihood to calculate the posterior probability of the model. The prior is a range
of values/parameters in which we can sample; it is the “a priori” knowledge that
conditions the posterior probability. It is possible to make prior assumptions
about how the molecules/traits have evolved. The priors depict the belief of the
parameters involved in the phylogenetic reconstruction, ignoring the
information that comes from the data, so estimating a prior distribution does not
depend on the data. In a phylogenetic framework in a Bayesian space, the
hyperpriors need to be mentioned; the hyperprior is the prior information that
describes a hyperparameter, a parameter that influences a prior distribution.
Estimating a prior distribution can be hierarchical because a prior may require

other priors for being estimated.

1.1.3 The priors: models, parameters, calibrations
1.1.3.1 Substitution model

Like any other Likelihood-based phylogenetic method, Bayesian dating requires
a substitution model, a set of priors that allow us to estimate the number of
changes observed in the alignment and that occurred along each of the branches
of a phylogenetic tree. Different substitution models use different assumptions
to describe the molecular substitution process. Commonly applied substitution
models for DNA are JC (Jukes-Cantor), HKY (Hasegawa, Kishino and Yano),
TN93 (Tamura and Nei 1993) and GTR (Generalized time-reversible) (Jukes,
Cantor, and others 1969; Hasegawa, Kishino, and Yano 1985; Tavaré and others
1986; Tamura and Nei 1993). The differences among these models are the
expectation of observing each possible nucleotide exchange. JC assumes that all
the substitutions (both transition and transversion) are equally likely, and the
nucleotide frequencies are always equal. In HKY, all the transitions have the same
replacement rate, and the same occurs for the transversion rate: nucleotide
frequencies are different for all the nucleotides. The TN93 distinguishes between
the two transitions (A to G and C to T), but the transversions are assumed to
occur at the same pace. This model allows for unequal base frequencies. These
substitution models are particular cases of the GTR model, which allows a

different rate for all the six possible substitutions and unequal nucleotide
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frequencies. The GTR is composed of two sub-models: a set of four nucleotide
frequencies (P) and a 4x4 rate matrix (R): together, they describe the pattern of
nucleotide replacement. The GTR model is called reversible because the R matrix
is specular. As with the nucleotides, models are available for amino acid and
codons (Z. Yang, Nielsen, and Hasegawa 1998; Adachi and Hasegawa 1996;
Goldman and Yang 1994). However, they are less employed because they
demand high computational power and many parameters. A nucleotide time-
reversible replacement rate matrix has only six parameters to estimate, whereas
an amino acid matrix has 190 rates to estimate which can affect the speed of the
analysis. For this reason, it is common to use a precompiled empirical matrix
calculated on a large aminoacidic alignment such as in Dayhoff (Dayhoff,
Schwartz, and Orcutt 1978).

Choosing the right substitutional model is not the only issue; both the rate and
the pattern of evolution may vary across sites. Gamma distribution categories
were applied successfully to overcome the issue of among-site rate variation: sites
are assigned to a rate category and similarly evolving sites are clustered together
(Z. Yang 1994). Commonly used models such as GTR do not, however, account
for the among-site heterogeneity of the pattern of replacement. The GTR model
is among-sites homogeneous because every type of replacement (e.g.: A>G) is
modelled in the same way at every site. Efforts have been made to relax this
assumption. Among-site heterogeneous models of replacement such as CAT
have been shown to be capable of inferring more correct phylogenies and
reducing systematic errors due to model violation (Drummond et al. 2006;
Lartillot and Philippe 2004).

1.1.3.2 Tree priors

A central problem of Bayesian analysis is how to assign prior probabilities to the
inferred trees. Each tree has to explain the observed data (the alignment), but an
evolutionary history can have many variables, node heights, branch length, and
topology, making this challenging. However, we can assume branching process
to assign a prior to the trees that does not rely on specific evolutionary events.
Assigning a branching model means constraining the tree's appearance,

assuming evolutionary dynamics increase the prior probability of a tree with a
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given shape. But let's see what the main characteristics of two of the widely used

branching model are.

Birth-death (BD) process. The birth and death process represents an
oversimplified model to describe speciation and the extinction events (Kendall
1948; Rannala and Yang 1996). The birth-and-death process is an umbrella term
to describe tree priors that model speciation-extinction events in the model. The
model has two main parameters to estimate speciation (birth process) and
extinction (death process) which means a lineage could go extinct or be born
throughout evolution (Yule 1925). The Yule process is the simplest BD process
that considers only speciation events, which means the model does not allow for
extinction, which tends to produce younger node ages. The pure birth and death
model considers events, the extinction and the speciation, leading to longer
branches in deep time. Through the years, evidence was collected to evaluate the
effect of Yule and BD processes on phylogeny. Some studies highlighted the
small impact on the results (C. S. P. Foster and Ho 2017), but some found an
important incongruence between the two models (S. Y. W. Ho et al. 2005; Heled
and Drummond 2015). It is important to select priors that are best suited to each
dataset, otherwise, it can affect the accuracy of estimates. Another source of bias
in a BD analysis is the taxon sampling. Incomplete extant taxon sampling results
in artificially long terminal branches. In some BD models, the proportion of the
missing taxa can be specified; however, the analysis could be strongly biased by
an incorrect sampling fraction(Heath, Huelsenbeck, and Stadler 2014). A more
recent application of the BD process is the fossilized birth and death process that
allows the Bayesian analysis to consider the fossil evidence jointly with the
molecular evidence. Moreover, this new model can be useful to understand the

fossilization rate of a lineage and to calculate the extinction rate (Heath,
Huelsenbeck, and Stadler 2014).

Coalescent tree prior. The coalescent theory traces back the evolutionary history
from the tip to the root, connecting the sequences to their parent node in the
previous generation. This model of evolution describes the branching dynamics
within the population and not among species (Drummond et al. 2002). A
coalescent tree reconstructs the evolutionary history of a population where each
organism has the same chance to contribute with offspring to the next generation.

The model assumes that generations do not overlap and are panmittic (Fisher
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1930). The coalescent prior is sensitive to the population size, under the simplest
model, population size is constant through time. However, a constant
assumption is not describing the natural dynamics of many populations. The
population can grow exponentially or change over time. The skyline coalescent
describes population variation through time; this assumes discrete intervals of

different population sizes during the evolution of the population.

1.1.3.3 The Clock priors

One of the most attractive innovations of the last two decades is the plethora of
clock models developed and implemented in Bayesian programs for inferring
dated phylogenies, such as BEAST, BEAST2, RevBayes, Phylobayes, and
MrBayes (Drummond and Rambaut 2007; R. Bouckaert et al. 2014; Héhna et al.
2016; Lartillot, Lepage, and Blanquart 2009; Huelsenbeck and Ronquist 2001). The
clock model (a.k.a. branch models) indicates the number of rates adopted in the
analysis compared to the number of branches in the phylogeny; more rates
represent a more complex model. The rational to choose a model over another is
a matter of both our knowledge of the organism biology and of hypothesis
testing. Different software implements different clocks; here, I describe the

widely used clock models implemented in Bayesian analysis.

The simplest model assumes a constant substitution rate (strict clock) through all
the branches in the phylogeny (M. Dos Reis, Donoghue, and Yang 2016). The
constant rate model is theoretically sound only when the rate variance through
all the branches is negligible. This can be easily inspected in BEAST by inspecting
the coefficient of variation, which explores the rate variance through the tree. The
coefficient of variation helps to understand if the strict clock assumption would

fit the dataset or not.

The strict clock is usually assumed to properly describe shallow time
evolutionary processes, as in the case of population studies. The life-history traits
influencing the mutation rate do not change much in a narrow time window.
Even though the constant evolution rate seems unreliable, as I discussed above,
the mutation and substitution rate vary a lot for many reasons (Paragraph 1.2.1),
it has many applications. Basically, the strict clock model has fewer parameters

to infer than the other clock model, which is extremely advantageous in terms of
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computational power, especially with big datasets (e.g., many taxa, partitions,
sites). Moreover, a non-strict clock assumption can increase the background noise
and make the analysis fail to converge, making the analysis unsuitable for further
discussion. In fact, in a Bayesian dating analysis with poor posterior convergence
for many parameters, it is better to use a strict clock model than a relaxed clock
(Vilaga et al. 2021).

Local clock, or discrete-rate models are models that allow for several rate
categories higher than one but lower than the branches of the phylogeny. The
local clock assumes that some branches may have the same evolutionary rate, the
same rate can be assigned to different branches within the phylogeny, or the rate
categories can describe a group of branches that cluster together (Yoder and Yang
2000). There are different methods to assign these categories into a phylogeny
based on prior knowledge about the rate variation pattern, such as defining
categories according to the host infected by a virus/parasite or according to
geographic and ecological previous knowledge. However, a stochastic rate

assignment to the branches is preferred in a local clock analysis.

In BEAST, the model applied is called the ‘random local clock” to stress the
stochastic distribution of rate categories through the phylogeny. A random local
clock tests whether a branch shares the same rate category with the parent branch
(Drummond and Suchard 2010). The child branch inherits the parent rate unless
the data shows evidence for a rate category jump. A Poisson prior distribution
describes the number of rates categories, the discrete number of rates can be

calculated during the analysis; in this approach, the rate categories are treated as
a variable (Heath, Holder, and Huelsenbeck 2012).

Relaxed molecular clock. The relaxed molecular clock model of evolution is the
most widely applied model in Bayesian dating analyses. It allows each branch in
the tree to independently have its own rate. The first formalized relaxed clock
model was the nonparametric rate smoothing (NPRS) method developed by
Sanderson (Sanderson 1997; 2002), then a vast plethora of Bayesian models arose
at the beginning of 2000 (Thorne, Kishino, and Painter 1998; Huelsenbeck, Larget,
and Swofford 2000; Kishino, Thorne, and Bruno 2001; Aris-Brosou and Yang 2003;
2002), Drummond formalizes the uncorrelated relaxed clock method and it is
implemented in BEAST (Drummond et al. 2006; Drummond and Rambaut 2007).
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In the relaxed autocorrelated clock, the rates can be related in adjacent branches
(Thorne, Kishino, and Painter 1998): if a branch has a low rate in the uncorrelated
clock, the surrounding branches do not have a higher probability of having a low
rate, but the probability of having a low or high rate is equal. The uncorrelated
clock assigns the evolutionary rate from a parametric distribution and assigns it
to a branch; this parametric distribution is usually lognormal or exponential
(Rannala and Yang, n.d.; 1996). In BEAST, the distribution of the clock means and
standard deviation can be set; this allows the use of prior estimates from different
studies. A more complex relaxed clock model allows the rate to change through
the tree, meaning that long branches are more prone to face rate variation events

through time (Huelsenbeck, Larget, and Swofford 2000).

1.1.3.4 Calibrations: the fundamental prior

The tree priors discussed in the previous paragraphs provide information about
the tree topology and the branching dynamics (tree priors), the distribution of
rates on the tree (clock prior), and the replacement dynamics. These priors do not
bear intrinsic information about the absolute timing of evolution. Without a rate,
even the molecular clock priors do not provide intrinsic information about the
evolutionary timescale. How to cope with the lack of temporal information in
dating analysis? The answer is calibration, which is probably the most
fundamental and widely known prior in Bayesian molecular dating. Calibration
priors are used to transform the observed number of substitutions into rates by

using prior knowledge of the timing of evolution.

The most common type of calibration is node calibration, where we provide a
probability density for a specific tree bifurcation. The information to determine
how to calibrate a node may come from biogeographic data or, more commonly,
from paleontological evidence. For example, an organism with the characteristics
of clade A has been present in the fossil record since 100 Ma (million years ago):
we can assume that the current diversity of clade A (the stem of clade A in
paleontological terms) is older than 100 Ma. Thus, 100 Ma is the calibration for
the diversification of clade A. Because we do not know the exact position of clade
A on the current phylogenetic tree, 100 Ma should be used as an upper bound

(minimum, a.k.a. more recent bound) and a lower bound (maximum a.k.a older
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bound). In general, a fossil provides a reliable upper bound because it proves that
the lineage to which it belongs existed before its first fossils occurrence. On the
contrary, fossils cannot provide a lower bound. Misplacing fossil evidence and
placing unjustified maximum bound can affect the result of the analysis. This
hard bound to the phylogeny can overwhelm the signal of any other age
constrain employed in the phylogeny (Battistuzzi et al. 2015). To overcome the
problem of placing maximum bounds, a common approach is to apply a
softbound into a uniform distribution, allowing the analysis to sample node age
even outside the given range (this is the default in Phylobayes). Another
approach is to use a lognormal distribution to describe the fossil calibration
range. The fossil evidence describes the minimum age of a given node and the
decreasing probability of the long tail representing its older age (S. Y. W. Ho and
Phillips 2009).

Cautious implementation of fossils and biogeographic information is needed to
avoid sources of error in placing calibrations. For instance, misplacement of a
fossil calibration to the crown node instead of the stem node would provide
artificial younger nodes (Biffin, Hill, and Lowe 2010). Unreliable taxonomic
assignment of a fossil specimen could provide uncertainty in placing a calibration
in a phylogeny. Another source of error is an incorrect age estimation of fossils

resulting in an inaccurate calibration signal.

In most Bayesian calibrated analyses, the date and rates are estimated mainly by
implemented calibration distribution at least for one node. Biogeographic and
geological calibration shed light on the evolutionary history of species and
populations: in insects, the Hawaiian volcanoes provided calibrations that could
disentangle Drosophila evolutionary history (Obbard et al. 2012), whereas the
morphogenesis of Aegean Islands provided a useful calibration for estimating
the evolution of endemic Coleoptera (Papadopoulou, Anastasiou, and Vogler
2010). Historical events provided minimum evolutionary bounds to virus
evolution: the end of the slave trade, for instance, was taken as a minimum
calibration point for the introduction of Yellow fever virus (YFV) in the Americas
(Bryant, Holmes, and Barrett 2007), and Beringian glaciation was used as internal
node calibration to estimate the complex Flavivirus evolution (Pettersson and
Fiz-Palacios 2014). Fossil calibration is widespread in vertebrate animals and

other large animals with external calcareous or chitinous exoskeletons; this is
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because hard body parts are more prone to get fossilized. Soft-bodied animals
and small insects do not provide a fruitful source of fossils. This lack of
calibrations makes it challenging to set up a Bayesian dating analysis for these

taxa.

Calibrations can be applied to nodes and even to tips; this can be done with
viruses (see Chapter 5) in a tip dating analysis where the collection date provides
a calibration probability distribution. The extraordinary short generation time of
the virus allows calibrating with samples which are only months old. It is
possible to use tip dating also for bacterial or eukaryotic studies. From a
methodological point of view, the tip dating approach works in the same way in
every taxon where it is applied. The only difference between virus tip date and
other tip date is in their time range: viruses accumulate enough mutations to
provide a temporal signal in a human-scaled timespan, whereas, for all other
organisms, including bacteria, a human-scale timespan evolution does not leave
any appreciable time signal in genomes. Ancient DNA studies have thrived in
the last years because old samples can provide both DNA and a valuable
calibration for inferring phylogeny. Ancient bacterial genomes provide an
interesting calibration point for bacterial evolution. The exploitation of ancient
DNA provided, for example, insight into the evolutionary history of many
human pathogens such as Yersinia pestis, Mycobacterium tuberculosis, and human
immunodeficiency viruses (HIV) (Bos et al. 2011; Menardo et al. 2019; Gryseels
et al. 2020). The molecular clock has been successfully applied to reconstruct the
human microbiome's evolutionary history using ancient bacterial DNA as tip
calibrations (Wibowo et al. 2021; Tett et al. 2019).

In conclusion, calibration is one of the most relevant prior in a dating analysis
and it inevitably bears some degree of error and uncertainty. In analyses
involving many calibration points, a good practice is to exclude some calibration
priors to identify possible over-constraints that may affect the entire dating (Rota-
Stabelli, Daley, and Pisani 2013). It is also useful to conduct Bayesian estimates
by sampling only the prior information without analyzing the actual data (the
alignment): this would provide a tree that reflects only the prior information. If
this tree is too similar to the tree obtained using the data, it indicates that the prior

is influencing too strongly the results.
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1.1.4 Model selection: how to choose the model that suits better the dataset

The choice of clock model and other priors can affect the output of a Bayesian
dating analysis. Therefore, selecting an appropriate model is necessary to
provide a reliable answer to any evolutionary question. A model can be chosen
from our knowledge of the evolutionary dynamics and life-history traits of the
species under scrutiny. If, for example, we study intra-specific population
dynamics, a coalescent tree prior suits better the analysis than a Birth and Death
prior that is thought to describe speciation. If we investigate RNA viruses, we
should apply a broad clock rate inferred from previous knowledge on RNA virus

evolution (S. Dufty, Shackelton, and Holmes 2008).

In a Bayesian framework, the model fit can be however weighted by the marginal
likelihood. The marginal likelihood ratio compares the models using the
Bayesian factor. The Bayesian factor provides which models are more likely to
have generated the data (Kass and Raftery 1995) and it is employed in
phylogenetics for testing hypotheses, such as different calibrations, tree priors,
tree models and topology (Baele et al. 2013; Bergsten, Nilsson, and Ronquist
2013). BEAST implements (or has implemented) various methods to evaluate the
marginal likelihood. The two simplest methods are the harmonic-mean, which
calculates the marginal likelihood from the posterior, and the arithmetic mean,
which employs the prior (Newton and Raftery 1994). These two methods are no
longer recommended to calculate Bayes factors due to their infinite variance
(Baele et al. 2013; Baele, Lemey, and Suchard 2016). A more reliable approach is
path sampling (PS) (Lartillot and Philippe 2006), stepping stone (SS) (Xie et al.
2011), and nested sampling (NS) (Russel et al. 2019); all of these can be calculated
in BEAST2 by means of a series of MCMC-like runs.

1.1.5 Partitioning data in clock studies

An important notion to better understand the molecular clock is that rates do not
only vary among branches but also among. Some genes can be under relaxed
selection, some others can be ruled by purifying selection, and some genomic
regions can face genomic hitchhiking: different genes might provide a different
rate and pattern of substitution rate (Gillespie 1991). Even distinct codon

positions have independent evolutionary rates. All of these variables can affect
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the rate through the genome, meaning that calculating a unique clock on a
genomic scale can be inaccurate, and it is required to calculate multiple branch
rate models to account for the rate diversity across the genome (Duchéne and Ho
2014).

Should we divide the datasets into partitions in which each one has its own
evolutionary rate? The answer in our opinion is negative. Too many parameters
can lead to overparameterization issues that can alter the final result. However,
to avoid this issue, statistical methods help to reduce the partition scheme and
the number of clock models involved in the analysis. It is possible to identify the
number of rate variation patterns in a multi-locus analysis and assign each locus
to a rate variation class. Tools like clockstaR and other approaches can identify
the optimal partitioning scheme for a clock analysis (Duchéne, Molak, and Ho
2014; Snir 2014). The partition can reflect clusters of loci evolving at the same pace
or the codon position of an in-frame set of genes. In fact, in BEAST it is possible
to split an in-frame alignment in a codon position scheme automatically.
Different codon positions have independent substitutional rates under different
degrees of selection; in fact, the third codon position is supposed to evolve
neutrally. Employing a substitutional clock prior only to one partition is
extremely useful when we have prior clock information only on a subset of our
dataset: in this way, we can infer the clock of all the other partitions involved in

the analysis. It only works if all the partitions share the same tree topology.

1.2 Invasive species
1.2.1 What is an invasive species?

Invasive species are non-native organisms that have entered new territories and
are expanding their areal in these territories. They directly affect wildlife,
agriculture, and human health, impacting native species and ecosystems and
posing socio-economical threats. Invasive species are considered one of the main
factors of global changes (Vitousek et al. 1996), along with other ecosystem
threatening phenomena such as exploitation, climate change and pollution.
Indeed, invasive species are involved in biodiversity loss, ecosystem disruption,

and species extinction.
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Invasive species are mainly introduced by trade and other human activities; they
can affect human agriculture, damage crops and reduce or destroy the harvest
having a severe impact on the local economy. Many invasive species are known
to have disrupted the entire ecosystem after their introduction and taken over
native species. Hybridization and introgression are evolutionary consequences
of invasive species in new ecosystems and, moreover, they can promote new

selective pressure on native species (Mooney and Cleland 2001).

Many invasive species were introduced intentionally as decorative plats,
domesticated animals, biological control, or wild animals for hunting purposes.
But lately, human connectivity and intensified trade have introduced new threats
to agriculture and human health. The economic impact of invasive species has
been estimated for many countries (Pimentel, Zuniga, and Morrison 2005).
However, the impact on humans of pathogens carried by invasive vectors has
recently emerged in local or wider epidemics. Among those invasive vectors,
mosquitoes are the most important spreader of new and old human diseases all

over the world.

1.2.2 An overview of European Aedes invasive mosquitoes

Mosquitoes (Culicidae) are among the most successful Diptera lineages: they
include more than 3,600 species classified in two subfamilies and 44 genera
(Pombi and Montarsi 2020; Wilkerson et al. 2015; Reinert, Harbach, and Kitching
2004). They are vectors of various diseases that make them the more significant
indirect cause of mortality among humans. They also cause serious nuisance to
humans due to their aggressive biting activity to the point that they are affecting

the quality of life in various countries (Halasa et al. 2014).

Aedini tribe is the broader taxonomic group within the mosquito family,
counting more than 1.200 species divided into 10 genera (Pombi and Montarsi
2020). Aedini mosquitoes can be vectors of many zoonoses that affect humans
and animals, including filarial nematodes (Taylor, Hoerauf, and Bockarie 2010)
and many arboviruses such as Chikungunya, Dengue, Zika, Yellow Fever, West
Nile, Japanese Encephalitis viruses (Pfeffer and Dobler 2010; Kilpatrick and
Randolph 2012; Kraemer et al. 2015). Aedini mosquitoes are globally distributed;

some Aedes vectors of diseases have become invasive in non-native environments
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in recent years, mainly favoured by climate change and increased human
connectivity (Couper et al. 2021; Fischer et al. 2011; Liu-Helmersson et al. 2019).
In particular, increasing temperatures are enhancing the risk of arboviral tropical
diseases' introduction and transmission in temperate regions (Brady et al. 2013;
Scott et al. 2000; William K Reisen, Fang, and Martinez 2014).

In Europe, we count several recent Aedini mosquitoes introductions: Aedes
albopictus, Aedes koreicus, Aedes japonicus, Aedes atropalpus. Except for A. albopictus,
the other invasive mosquitoes have not been investigated intensively, even
though their invasiveness and potential health risk have been known since the

1990s in North America and the 2000s in Europe.

Aedes albopictus is a daytime biting invasive mosquito endemic to South-East
Asia. It has experienced a dramatic global expansion in the last decades; its
spreading is mainly favoured by the trades of tyres and live plants (such as ‘lucky
bamboo”). Aedes albopictus was first reported out of its native range in the 18th
century in Hawaii (Rai 1991). After that, it was first reported in Albania in 1979
and in the continental United States in the 1980s (Benedict et al. 2007), and in
South and Central America before the 90s (Rai 1991).

Aedes albopictus spread has been intensified in the last three decades; indeed, in
1990 was reported in Italy, probably introduced by tyre trade in Genova harbour
(Scholte and Schaffner 2007). Since its introduction, A. albopictus has settled in all
the Italian regions, mainly in the urban areas. Outside Italy, A. albopictus was
detected in France in Cost Azure and in Belgium in 2000 (Francis Schaffner, Van
Bortel, and Coosemans 2004). Aedes albopictus spread in Greece, Switzerland and
Balkan countries, and Spain along the Mediterranean seaside (Scholte and
Schaffner 2007). Recently, this highly invasive species has settled out of the
Mediterranean basin, establishing in Germany and England (Werner and
Kampen 2015; Jolyon M Medlock et al. 2017)

Aedes albopictus is rapidly adapting to the European environment; the diapause
eggs of the European population are already more tolerant to a colder
temperature than the eggs laid by A. albopictus in their native range (S. M. Thomas
et al. 2012). Rapid local adaptation of invasive species, usually by means of
fixation of genetic variants that are rare in the native range, is a key feature that

makes them successful in spreading and surviving the new environment (Moran
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and Alexander 2014). Aedes albopictus populations in Europe are the results of
different strain admixtures resulting from a complex and articulated invasive
pattern (Manni et al. 2017). This species' rapid adaptation to colder climates can
be explained by the introgression of populations from Asian temperate regions,

such as Japan.

Aedes koreicus and Aedes japonicus were introduced in Europe in the 2000s
(Francis Schaffner, Chouin, and Guilloteau 2003; Versteirt et al. 2009; 2012). These
two new invasive species occupy different ecological niches than A. albopictus,
preferring colder climates and finding a suitable ecosystem in the Alps and
continental Europe. North-East Italy is the region most affected by the invasive
mosquitoes phenomena. Indeed, together with southern Bavaria, it is the only
area in Europa colonized by the major three invasive Aedes mosquitoes in Europe

A. albopictus, A. koreicus and A. japonicus (Figure 4).

m A albopictus
© A japonicus

Bl A koraicus

Figure 4. The actual distribution of A. albopictus, A. japonicus, and A. koreicus. The map shows that North-
East Italy is characterised by the presence of all these three invasive species. Aedes albopictus is the most
spread species in Europe. It has colonized all the countries in the Mediterranean basin, and in recent years,
ithas spread to the central and northern European countries. Aedes koreicus and A. japonicus show a restricted
occupied area, mainly in central Europe and the Alps. Their distribution is expected to increase in the
following seasons.
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Aedes koreicus is endemic to Japan, North-eastern China, the Republic of Korea
(South Korea), and Russia. Aedes koreicus first record in Europe occurred in 2008
and was reported again in the following years from the same area in Belgium
(Versteirt et al. 2012). Subsequently, new collections of A. koreicus have been
reported, starting from 2011 in Belluno and in the North-East Alps region of Italy
(Capelli et al. 2011; Montarsi et al. 2013). Since then, its presence has been quickly
escalating: in 2012, and 2013 it was found close to Swiss-Italian border (Suter et
al. 2015), in 2013 in Slovenia, in 2015 in southern Germany (Werner, Zielke, and
Kampen 2016), and in 2018 in Austria (Fuehrer et al. 2020). Aedes koreicus larval
habitat preference is for man-made small containers and is usually found in
association with human dwellings, while the adult stage prefers suburban and
rural habitats. This species is a candidate vector of Japanese encephalitis virus
(JEV) and Dirofilaria immitis;, however, there are no reported cases of its
involvement in JEV epidemics (J. M. Medlock et al. 2015).

Aedes japonicus strongly resembles A. koreicus, and it is endemic to Russia,
Korea, Japan, and Southern China (J. M. Medlock et al. 2015). Its geographical
expansion has been facilitated by human activities such as international trade.
Aedes japonicus has spread initially to North America in the 1990s, and in 2002 its
presence was reported in Europe (Peyton et al. 1999; Versteirt et al. 2009); in 2008,
stable populations were confirmed in Switzerland (Francis Schatfner et al. 2009).
Currently, A. japonicus is reported in Belgium, France, Germany (Werner and
Kampen 2013), Austria, Slovenia (B Seidel et al. 2012), Croatia (Klobucar et al.
2019), Hungary (Bernhard Seidel, Nowotny, et al. 2016), Italy (Montarsi et al.
2019) and Spain (Eritja et al. 2019). Aedes japonicus has a high freezing tolerance;
in the native range, the eggs overwinter in regions where the temperature can
reach -20 °C (J. M. Medlock et al. 2015). Aedes japonicus prefers rural and sylvan
habitats, but it can tolerate suburban and urban settings; the eggs develop in

natural and artificial containers (Kaufman and Fonseca 2014).

Aedes japonicus is known to feed on mammals, and no record of bird blood meal
was taken. Among mammals, human blood meal seems to have a high incidence
along with domestic animals like cows (Damiens et al. 2014; Molaei et al. 2009).
Aedes japonicus opportunistic feeding behaviour has caused public health
concerns in the introduced countries. This species bites humans and a vast

plethora of domesticated and wild mammals, increasing the chance of possible
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cross-species viruses transmission (Kaufman and Fonseca 2014). This species can
be involved in local arboviral disease transmission in newly colonized areas
when the contact probability between domestic animals and human arboviruses

is increased (Sardelis and Turell 2001; Francis Schaffner et al. 2011).

Mosquitoes have consistently raised concern in the last centuries because of their
involvement in vectoring many pathogens such as Plasmodium (by Anophelini),
arboviruses and filariasis (by Aedini). In the Aedini clade are some of the
mosquitoes facing the most rapid expansion and have been involved in several
outbreaks outside their original range. While A. aegypti and A. albopictus have
been studied intensively in many aspects of their biology, there is still poor and
fragmented knowledge of A. japonicus and A. koreicus biology. In this thesis, I
contribute to shedding some light on the evolution of these new invasive species
by producing new genome data and by conducting molecular clock studies (see
1.2) of the Aedini in Chapters 2-3. I further contributed in showing the utility of
phylogenomics (see 1.3) in Diptera, the order to which Aedini belongs (Chapter
6).

1.2.3 Arboviruses and invasive mosquitoes

Arbovirus is not a taxonomically defined group; it indicates any virus
transmitted by arthropod vectors, including ticks and mosquitoes. Mosquitoes
are competent vectors of many human pathogenetic viruses belonging to the
Togaviridae, Bunyaviridae and Flaviviridae families, leading to the emergence of
human diseases such as haemorrhagic fever, encephalitis, and meningitis (Cheng
et al. 2016). Arboviruses infect humans via hematophagous arthropods bite. The
infection can be spread only by arthropods that are competent for the virus,
which means the virus needs to complete its lifecycle in the arthropod vectors to

be transmitted.

In the case of mosquitoes, we can define three infection cycle scenarios. The most
common scenario occurs by accidental spillover when a mosquito first bites an
infected wild animal and then bites a human. In this case, mosquitoes act as a
bridge for cross-species infection, as with West Nile virus (WNV) and Usutu
virus (USUV) that were imported from Africa, probably by birds, and then have

caused local human outbreaks in Europe.
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The second scenario happens when the vector transmits the virus to a
domesticated animal. Then the virus undergoes a secondary amplification
circulating within domestic animals and subsequently infects humans, as in the
case of the Japanese Encephalitis virus (JEV). In the first infection cycle described,
there is a direct cross-species infection between wild animals and humans,
whereas the second cycle involves domesticated animals as the reservoir of the

infection. In both cases, humans are probably a dead-end host.

The third scenario is the most dangerous; once the cross-species event occurs
from animals to humans (spillover) and the virus spreads among humans,
skipping the intermediate animal host step. In this case, the virus can spread
rapidly across humans with high efficiency in urban environments (Weaver 2018;
P. Wu et al. 2019). This effect has been becoming more pronounced with the
increasing population and the enhanced global connectivity of humans and
goods. Humans are exposed to arboviruses when people invade rural and wild
environments or when new bridge vectors can transmit viruses into peridomestic
areas, increasing the spillover chance. In recent years various arboviruses
experienced a geographical expansion in America and Europe: WNV has been
spread mainly by bird hosts while JEV by domestic animals, in both cases using
mosquitoes of the genus Culex as vectors (Erlanger et al. 2009; Mufoz et al. 2012).
Urbanization and the globalized society are playing a pivotal role in facilitating
the spread of arbovirus mediated disease among humans (E. Gould et al. 2017;

K. F. Smith et al. 2007).

Arboviruses expand their range when there is availability of intermediate hosts
and the concurrent presence of autochthonous competent mosquitoes vectors as
in the cases of WNV and JEV. Arboviruses may further expand their natural
range in the presence of competent invasive mosquito vectors in non-native
territories. This is the case of various arboviruses vectored by A. aegypti and A.
albopictus, which have caused outbreaks in every continent (excluding
Antarctica). The most common outbreaks were caused by the Yellow fever virus
(YFV), Dengue virus (DENV), Chikungunya virus (CHIKV) and Zika virus
(ZIKV); these viruses have spread globally, and they have claimed many lives all
over the world (Tomori 2004; N. I. O. Silva et al. 2020; Harapan et al. 2020; Young
2018; Chibueze et al. 2017; Higuera and Ramirez 2019).
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Chikungunya virus (CHIKV) is responsible for acute infections. The main
complications are chronic joint pain, severe organ dysfunction and encephalitis.
It was first described in 1952 during an outbreak on the Tanzanian coast and other
African regions (Lumsden 1955), Uganda and East Africa. Infections were
reported in Asia between the 1960s and the 1970s, causing several epidemics and
eventually, it was reported in the Americas (Leparc-Goffart et al. 2014). In
Europe, CHIKYV has already manifested a short autochthonous outbreak with A.
albopictus as a vector in Ravenna, Italy, in 2007 and in Rome and in other
municipalities in Central and South Italy (Rezza 2018). Autochthonous CHIKV
infections were reported in southern France as well (Grandadam et al. 2011). Out
of Africa, CHIKV outbreaks are caused by A. aegypti and A. albopictus (Higuera
and Ramirez 2019).

DENV is a Flavivirus transmitted by Aedini species, mainly A. aegypti and A.
albopictus, which causes what is known as Dengue fever; the symptomatic
infection includes high fever, headache, retroorbital pain, myalgia. DENV has
four serotypes, and it is considered the most important mosquito-borne disease,
distributed in all the tropical and subtropical regions (Higuera and Ramirez
2019). Dengue has been reported in more than 100 countries, and the global
spread is thought to date back centuries ago (Badii et al. 2007), and its infections
are estimated at around 360 million per year (estimated in 2013) (Bhatt et al. 2013).
Sporadic outbreaks have been registered in South USA states since the 1970s,
with a contained number of infections (Beaumier, Garcia, and Murray 2014).
Local DENV infections are reported yearly in Europe, mostly due to infections
acquired by tourists that have visited countries where DENV is endemic, but
lately, DENV has been involved in local outbreaks (Tomasello and Schlagenhauf
2013). Aedes albopictus has been involved as the primary vector in the DENV

limited outbreak, where A. aegypti is either not present nor significant.

Yellow fever virus (YFV) is endemic to Africa and Central and South America in
tropical regions, but, interestingly, it has never become endemic in Asia, although
the conditions seem favourable, as climate and vector distribution. YFV
originated in Africa and then was brought to South America through the trade of
slaves between the 1600s and 1800s (Kuno 2020). YFV infections have risen in the
South Americas since the 1990s; in 2016, Brazil registered the last large outbreak.

YFV is an example of virus local adaptation to new vectors. In the sylvatic
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environment, YFV is vectored especially by Hemagogus and Sabethes species,
which occupy a non-anthropic niche, whereas, in urban outbreaks, the main

vector is the invasive A. aegypti (L. H. Chen and Wilson 2020).

Zika virus (ZIKV) originated in Africa, and the first human case of ZIKV was
reported in 1954 in Nigeria (MacNamara 1954). It was involved in a few local
outbreaks, mainly in the Pacific Islands, such as Yap Island 2007 (M. R. Duffy et
al. 2009), French Polynesia 2013 and New Caledonia (Hayes 2009; Cao-Lormeau
2014). However, in the 2016 ZIKV outbreak in the Americas, this virus gained
attention for its unforeseen expansion and infection. ZIKV infection usually
causes mild effects that last less than seven days. However, it may cause
microcephaly and birth defects in infected pregnant women (Ventura et al. 2016).
Only imported cases were registered in Europe. The epidemic hit heavily in
South and Central America, reaching US southern states, in particular, Florida
(Metsky et al. 2017).

Emerging and re-emerging arboviruses, especially Flavivirus, are becoming
more common in every continent. Aedes vectors are not only responsible for the
re-emergence of arboviruses in their Asian and African native range but are also
responsible for novel vectoring in Europe and North America, where they have
been recently introduced. It is therefore essential to study arboviruses' evolution
and molecular epidemiology in detail to understand past outbreaks and protect
from future ones. The molecular clock is a powerful tool to understand past and
present epidemiological patterns of arboviruses. This technique has the potential
to inform when a virus has moved from one place to another and if it has adapted
to new hosts, vectors, or environmental conditions (Beaver et al. 2018; Pettersson,
Bohlin, et al. 2018; Bertrand et al. 2012; Campos et al. 2018). In this thesis, I
provide my contribution to show the utility of molecular clocks in understanding

arboviruses epidemiology by studying ZIKV in Chapter 5.

1.2.4 Other agricultural invasive species

While invasive mosquitoes have a direct threat to human health, there are a
plethora of other invasive species that pose ecological and/or economic concerns,
for example, the insect pests of agriculture (Hulme 2009). One notable example

is the vinegar fly Drosophila suzukii, whose recent outbreak has been responsible
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for up to 80% of small fruits yield loss in certain European regions and a cost in
the orders of billions of euros worldwide (Rota-Stabelli, Blaxter, and Anfora 2013;
Asplen et al. 2015). As in the case of invasive mosquitoes, the introduction and
spread of pest species outside their native range are eased by the global economy
and its associated movement of goods (Hulme 2009). Once introduced, pests are
extremely difficult to eradicate because they often occupy empty ecological
niches and because scientists have a fragmented knowledge of their biology. In
this thesis, along with studies of Aedes and one of their vectored arboviruses, I
will present the results of evolutionary analyses of other three species of

relevance for biodiversity and agriculture.

The first model I study is Trissolcus japonicus, the parasitoid of Halyomorpha halys
an invasive hemipteran insect from South-East Asia (Hoebeke 2003). This species
belongs to the Pentadomidae, a large family that includes more than 4100 species
with a wide world distribution. Many species of this family may act as crop pests
like Palomena prasiana, Nezara viridula, and Aelia rostrata. Halyomorpha halys first
report outside its natural range was in the United States in Allentown, PA, in 1996
(Hoebeke 2003). Since then, it has been introduced in many other countries
worldwide, including Italy (Maistrello et al. 2016). The peculiar combination of
biological traits such as cold resistance, high polyphagy, strong dispersal
capacity and lack of natural enemies (see below) have made H. halys an extremely
aggressive invasive species (Maistrello et al. 2016). In its original environment, H.
halys are naturally controlled by oophagous parasitoids, and various studies
identify the parasitoid wasps Trissolcus mitsukurii and especially Trissolcus
japonicus as candidate with the highest potential as an agent for classical H. halys
biological control programs in newly invaded regions (J. Zhang et al. 2017). The
ineffectiveness of nets and chemical methods to fight H. halys has promoted a
classical biological control programme in Italy that consists of releasing and
monitoring T. japonicus individuals from a lab-reared control population named
CREA. From an applied point of view, it is important to assess the success of the
CREA population releases: this is done by performing a recapturing experiment
and by typing the captured specimens using genetic markers in order to
discriminate them from local T. japonicus populations which have been

independently introduced in Italy recently. To help in the definition of markers
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for this typing, I sequenced and analyzed the genome of CREA and local T.
japonicus individuals (Chapter 4).

Second model I studied is the plant Arundo donax, one of the several species
known as reeds. It is one of the most aggressive invasive plants in invading warm
regions worldwide, threatening the native biodiversity in its ecological niche. The
genus Arundo is known to have gone through demipolyploidization events
(Hardion et al. 2014). The evolutionary history of this genus is not, however,
clear. In this thesis, I will show how molecular clock reconstructions based on
transcriptome data can help in defining the timing and, therefore, the paleo-
ecological context of the key demipolyploidization event in the genus Arundo and

in A. donax in particular (Chapter 6).

The third model is Bactrocera, an economically important genus comprising at
least 50 different pest species (White and Elson-Harris 1992). In the
Mediterranean basin, Bactrocera oleae is the most damaging insect pest in olives
orchards. It is possible to use phylogenomics to identify genetic traits that can
explain their invasiveness and may increase control strategies (Attardo et al.
2019) section 1.3). Phylogenomics relies on a robust dated phylogeny, which is
still debated for some important Bactrocera pests (Choo et al. 2019). In Chapter 6
I contributed in dating the speciation events within the economically relevant

Bactrocera genus.

1.3 The importance of molecular clocks and phylogenomics in pest

science

Pest science generally focuses on the direct management of invasive species,
chasing down the best practice to remove them, contain their damage, and
prevent future invasions. At least for insects, in the absence of prior knowledge
of the pest’s biology, the most common, non-specific, management practice is the
use of chemical pesticides (Pettis et al. 2013). The environmental and health cost
of pesticides are fostering the application of alternative Integrated Pest
Management (IPM) techniques, which make use of less harmful tools such as
semio-chemicals for sexual disruption and of natural bio-controllers such as
parasitoids and Wolbachia. Modern management agendas, in particular the IPM

ones, are often based on the pest life-history traits for example generation time,
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genetic variability, optimal environmental conditions. This information is based
on a fine understanding of pest biology, a complex task that is normally achieved
only after years of field, ecological, and physiological studies. Evolutionary
studies can quickly provide insights into pest biology and, therefore, into its
beneficial management: for this reason, a general call for more evolutionary
studies in the field of pest science has been proposed (Thrall et al. 2011; Leftwich,
Bolton, and Chapman 2016). One of the most interesting aspects of the
evolutionary approach is that it is relatively cost-effective and rapid in providing
results; this is because evolutionary analyses are generally computational and
rely on sequences rather than on lab experiments. Speed is a key factor when

designing management and governmental policies.

A large array of evolutionary tools to study invasive pests exists, which are now
gaining a certain degree of methodological maturity. When applied to insect
management, evolutionary approaches are, however, still mostly restricted at
elucidating present events that are occurring within the pest population. The
most widely used evolutionary approach is population genetics, the study of
allele variation at the intra-specific level. Population genetics can easily provide
fundamental demographic information, as in A. albopictus and A. aegypti, for
which it has been possible to trace the invasion route (Gloria-Soria et al. 2016;
Manni et al. 2017). Thanks to the reduction of sequencing costs, it is currently
possible to perform population genetics at the genome level. Successful examples
include D. suzukii and A. albopictus, whose large scale population genomic studies
could describe with unprecedented precision their invasion routes as well as
events of admixtures between different populations (Lewald et al. 2021).
Population genomics can reveal unexpected high genetic differences among
populations worldwide: if these differences are mirrored by different life-history
traits, they may impair the global effectiveness of management practices (Rota-
Stabelli et al. 2020). Another type of microevolutionary approach in pest science
is the intraspecific genetic/genomic survey aimed at identifying pesticide
resistance. This has been done for many agricultural pests, such as Plutella
xylostella (Troczka et al. 2012) and Myzus persicae (Bass et al. 2014), as well as for
invasive Aedes mosquitoes (L. B. Smith, Kasai, and Scott 2016; Tancredi et al.
2020). These studies are crucial because resistance to a pesticide should be

detected as early as possible when the allele frequencies are still low in the
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population: this may allow the definition of compensatory management practices

such as pesticides rotation.

Population genetics and genomics are microevolutionary approaches: they tackle
events and processes at an intraspecific scale. An aspect so far neglected in pest
science is instead the study of the deep-time evolution of the pest. This approach
can be referred to as macroevolutionary (Hautmann 2020) because it studies the
evolution of the pest at the interspecific level. It is becoming clear that many
important traits (and therefore genes) associated with invasiveness have evolved
by speciation(s) over a long time frame (Thrall et al. 2011). Macroevolutionary
approaches such as the molecular clock and phylogenomics have therefore the
potential of revealing the genetic bases of these traits as well as the evolutionary
pattern associated to their emergence. Knowledge of these traits may have direct
consequences for pest management. Here I would like to present some evidence
from the available literature in support of the utility of macroevolutionary

studies in pest science.

1.3.1 Phylogenomics application in pest science.

Phylogenomics has at least two meanings: it may refer to 1) genome-scaled
phylogenetics and 2) the evolution of gene families on the species tree. The two
meanings are often coupled because the evolution of gene families is studied on
a genome-scaled phylogenetic tree. Phylogenomics is a macroevolutionary
approach because it investigates evolutionary events that have led to speciation.
It can provide insight into gene functional prediction by revealing which genes
(or gene families) are peculiar to a certain species: these genes may be at least

partially responsible for the invasiveness of the pest.

One example of successful phylogenomic study of a pest is that of Drosophila
suzukii: this pest is coincidentally from one of the most important genus models
in genetics, for which many genomes are available. This allowed studying of a
taxon-rich phylogenetic framework, some important gene families that regulate
olfaction and taste, two senses that play a fundamental role in regulating insect
behaviour and niche specialization (Sanchez-Gracia, Vieira, and Rozas 2009). For
this reason, Odorant and Gustatory Receptors genes (ORs and GRs) have been

targeted by phylogenomics studies in D. suzukii. Phylogenomics showed a
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substantial increase of ORs and GRs in the lineage leading to D. suzukii (Crava et
al. 2016; Ramasamy et al. 2016). This can be explained by selective forces imposed
by environmental changes that forced D. suzukii to oviposition on ripe fruits
instead of rotten fruits usually used by other Drosophila species. Some of these
receptors are used by D. suzukii to detect fresh fruits and are being studied to
define their ligand, which shall be used as a lure in traps for ameliorating its

management.

Other successful examples of phylogenomic studies in pest science are those of
insects of medical relevance for which many genomes have been produced. The
analysis of the genomes of 16 closely related Anopheles species could define
species-specific gene novelties thus describing the biology of each of the 16
species with high detail (Neafsey et al. 2015). In a similar approach, the genome
of 5 Glossina species (tze-tze flies) has been analyzed. Results highlighted the
unique features of each of the species: this data is relevant form management
because it shall guide studies aiming at ameliorating traps and defining novel

control strategies (Attardo et al. 2019).

Overall, the phylogenomics approach in pest science has the potential of
identifying genes that correlate to phenotypical novelties responsible for invasive
traits. In Chapter 6 I show the utility of the phylogenomic approach in identifying
genes in flies and mosquitoes that may become the target for downstream

analyses aimed at improving their management.

1.3.2 Molecular clock application in pest science

The molecular clock can reveal when in time, a pest differentiated from other
species that do not show invasive or deleterious characteristics. Linking these
evolutionary events with paleoecological scenarios may provide a solid
background to understand why certain pest traits emerged as past adaptations

to changing environmental conditions.

Pioneering work in this direction has been done to understand the unusual
ecology of the invasive fruit fly D. suzukii. Clock studies provided evidence of its
Asian origin circa 7 Ma; by crossing this information with the actual geographical
distribution of the pest, it was possible to hypothesise a long history of adaptation

to temperate climates due to the Tibet upraise during the late Miocene (Ometto
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et al. 2013). This has direct management significance: it indicates that D. suzukii
is pre-adapted to the European temperate climate because it originated by
adaptation in a similarly temperate climate in Asia. Clock studies further
revealed a reduced substitution rate in the branch leading to D. suzukii. This
indicates that this species has been characterised during its evolutionary history
by a reduced number of generations per year compared to other Drosophila
species. Winter diapauses decreased the number of generations per year and
consequently decreased the mutation rate. The case of D. suzukii taught us that
paleoecological preadaptation to temperate (colder) environments could have
favoured its invasive potential in similarly temperate regions (Ometto et al. 2013).
This clock study provided a biological background for field applications that aim
at containing D. suzukii in the field. It instructed us that cold is not a limiting
factor for this pest which does not need overwintering shelters in the field: this
information could be confirmed by subsequent monitoring experiments (Rossi-

Stacconi et al. 2016).

Molecular clock studies, when coupled with comparative (phylogenomics)
approaches, are particularly effective in describing the evolution of traits. It is,
for example, possible to reconstruct past ecological behaviour of pests and better
understand its current ecology. This has been done, for example, in Aedini
mosquitoes whose habitat specialization of laying eggs in containers had
emerged multiple times independently in this group: this trait is shared by most
of the invasive Aedes, providing a phylogenetic indication of possible future new
invasive species (Soghigian, Andreadis, and Livdahl 2017). Another successful
example of deep time molecular clock and ecological niche modelling is that used
to study Leishmania brazilensis species complex. Results show a diversification in
the Late Pleistocene, dating the hybridization event associated with the habitat
contraction driven by climate change that occurred 150.000 years ago in
Amazonia (Van den Broeck et al. 2020).
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1.4 Aims of the dissertation

Macroevolutionary studies may be useful for pest science studies. The timing of
pest speciation can reveal the paleoecological context that has contributed in
shaping the key features that we currently observe in the pest. Inference of
substitution rates in the branch leading to the pest can inform about the number
of generations per year, providing useful information to understand its
demography. Molecular clocks coupled with phylogenomics may reveal which
are the genetic novelties that characterize the pest in comparison to closely
related species that are not pests providing with genes for downstream applied

studies.

The general aim of this thesis is to provide new results to further demonstrate the
utility of macroevolutionary studies, particularly molecular clock, in pest science.
I will do this by applying state of the art molecular clock methodologies to
various invasive species for which macroevolutionary studies have been
conducted fragmentary because of a lack of available genome data. I will present
new genome data and clock studies from different model organisms ranging
from mosquitoes of biomedical importance and their arboviruses (Chapter 2, 3,
5) to insect species of agriculture interest (Chapter 4, 5, 6) and invasive plants
(Chapter 6). The outcome of these studies will be used to improve a review paper

on the utility of the molecular clock in pest science (Chapter 1.3).

Studying different model organisms allows me to further define objectives aimed

at answering specific scientific questions.

- How robust is the currently available time frame of Aedini evolution
(Soghigian, Andreadis, and Livdahl 2017)? To answer this question, I
employed, for the first time in Aedes, enhanced models of replacement and
data type comparison in Chapter 2.

- What is the evolutionary history of emerging invasive A. koreicus and A.
japonicus? To answer this question, I generated genome data for these two
species and performed clock studies of these species using whole
mitogenomes in Chapters 3 and 4A.

- What are the evolutionary patterns of the ecologically important Opsin
genes family in dipteran pests? To answer this question, I performed a

large phylogenomic study of this gene family in Diptera (Chapter 6.2).
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- What are the poorly studied patterns of Zika virus early evolution? To
answer this question in Chapter 5, I analysed the largest genome scaled
dataset to date for this arbovirus.

- Can we exploit divergence estimates to manage the release of the
biocontrol agent T. japonicas? To answer this question, I sequenced the
genome and compared the mitogenomes of two different populations in
Chapter 4B.

- What is the timing of the evolution of two important invasive genera, the
Arundo plant and the Bactrocera fruit flies? To better understand the
emergence of pest-specific novel traits, I contributed in performing up to

date clock analyses of these genera in Chapter 6.

Macroevolutionary studies such as those proposed in this thesis could provide
novel insights into the paleoecology of pests, help understanding which
evolutionary events and novelties are responsible for their invasiveness, and

contribute in ameliorating their management.
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CHAPTER 2 - CHRONOLOGICAL INCONGRUENCES
BETWEEN MITOCHONDRIAL AND NUCLEAR
PHYLOGENIES OF AEDES MOSQUITOES
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2.1 Introduction to the Chapter

This Chapter presents the results of the first topic I investigated during my PhD
training. It represents an initial approach to investigate Aedes mosquitoes'
phylogeny and clock. First, I created two different Diptera datasets, one nuclear
and one mitochondrial, and I further concatenated the two datasets. I was able to
identify four genes per dataset that were suitable for phylogenetic analysis. The
lack of molecular data in the Aedini clade makes the phylogenetic investigation
challenging; moreover, the molecular data available are mainly mitochondrial,
and many nuclear DNA data are missing for many important and representative
species. I employed maximum-likelihood (RAxML), and a Bayesian (PhyloBayes)
approach to infer phylogenies and a Bayesian (BEAST2) approach to infer
divergences. Results show phylogenetic and chronological incongruences
between nuclear and mitochondrial data. In this work, I provide a first attempt
to date some important divergences, such as the split between Aedes albopictus
and its sister species Aedes flavopictus and the split between Aedes koreicus and
Aedes japonicus. 1 set a probable origin of mosquitoes within the Angiosperm
radiation, and I estimated a more recent origin for most clades in comparison to
previous work. Results revealed some methodological issues which have been

used to guide further research during my PhD studies (see Chapter 3).
The paper is published on MPDI Life:
https://www.mdpi.com/2075-1729/11/3/181/htm#app1-life-11-00181

Contribution. I carried out all the analysis of this study along with the
experimental design. I was guided by my supervisor Omar Rota-Stabelli. Omar

Rota-Stabelli supervised the data interpretation and manuscript writing.

46



Chronological Incongruences between Mitochondrial and Nuclear

Phylogenies of Aedes Mosquitoes

Nicola Zadra'?, Annapaola Rizzoli?, Omar Rota Stabelli >4
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2.2 Abstract

One-third of all mosquitoes belong to the Aedini, a tribe comprising common
vectors of viral zoonoses such as Aedes aegypti and Aedes albopictus. To improve
our understanding of their evolution, we present an updated multigene estimate
of Aedini phylogeny and divergence, focusing on the disentanglement between
nuclear and mitochondrial phylogenetic signals. We first show that there are
some phylogenetic discrepancies between nuclear and mitochondrial markers,
which may be caused by wrong taxa assignment in samples collections or by
some stochastic effect due to small gene samples. We indeed show that the
concatenated dataset is model and framework dependent, indicating a general
paucity of signal. Our Bayesian calibrated divergence estimates point toward a
mosquito radiation in the mid-Jurassic and an Aedes radiation from the mid-
Cretaceous on. We observe, however a strong chronological incongruence
between mitochondrial and nuclear data, the latter providing divergence times
within the Aedini significantly younger than the former. We show that this
incongruence is consistent over different datasets and taxon sampling and that
may be explained by either peculiar evolutionary events such as different levels
of saturation in certain lineages or a past history of hybridization throughout the
genus. Overall, our updated picture of Aedini phylogeny reveal a strong nuclear-
mitochondrial incongruence which may be of help in setting the research agenda

for future phylogenomic studies of Aedini mosquitoes.

Keywords: divergence; mtDNA; Diptera; phylogeny; saturation; rates
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2.3 Introduction

Mosquitoes (Culicidae) are one of the most successful Diptera radiations. They
include more than 3600 species classified in two subfamilies and 44 genera and
145 subgenera (Reinert, Harbach, and Kitching 2004; Pombi and Montarsi 2020;
Wilkerson et al. 2015). Because they vector a variety of disease, mosquitoes are
still the largest indirect cause of mortality among humans than any other group
of organisms. Approximately one-third of mosquito species belong to the tribe
Aedini, including 1261 species classified in 10 genera (Wilkerson et al. 2015).
Aedini species are globally distributed and are vectors of many zoonosis of
human and animals including filarial nematodes (Taylor, Hoerauf, and Bockarie
2010) and many arboviruses such as Chikungunya, Dengue, Zika, Yellow Fever,
West Nile (Pfeffer and Dobler 2010; Silverj and Rota-Stabelli 2020; Kraemer et al.
2015). Aedini species include some of the most invasive and medically relevant
mosquitoes: Aedes aegypti and Aedes albopictus (Jolyon M Medlock et al. 2012; E.
C. Cameron et al. 2010; J. M. Medlock et al. 2015; Grard et al. 2010; Francis
Schaffner, Chouin, and Guilloteau 2003). Aedes aegypti has mainly spread outside
its original African range, although it does not seem capable of settling stable
populations in continental climates, such as the European one. Aedes albopictus,
originally from South East Asia, is instead now reported from every continent
and has quickly settled in Europe, China, and other temperate zones (Kraemer et
al. 2015; N. R. Faria et al. 2017). Genome resources exist for only these two species
of Aedes (X.-G. Chen et al. 2015; Matthews et al. 2018; Dritsou et al. 2015), while
whole genome data for other invasive Aedes is still lacking. These include Aedes
japonicus and Aedes koreicus, which are quickly invading and establishing,
respectively, in central Europe (Bernhard Seidel, Nowotny, et al. 2016) and North
Italy (Montarsi et al. 2015; Capelli et al. 2011) showing competence for the
transmission of many arboviruses such as West Nile virus and Zika virus (Jolyon
M Medlock et al. 2012; Capelli et al. 2011; Huber, Jansen, et al. 2014).

Knowledge of the reciprocal affinities of these and other invasive Aedes species
and the timing of their evolution is important for various reasons. First, a robust
phylogeny is essential to polarize key behavioural and ecological traits, as
recently shown by (Soghigian, Andreadis, and Livdahl 2017). In particular, a

phylogeny can identify the sister-species of invasive Aedes of health concern. The
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sister-species shares a common ancestor with the species of interest (is the closest
related in the phylogenetic tree) and is very useful for correctly polarizing
evolutionary novelties, such as new genes in phylogenomics and transcriptomics
studies (Ramasamy et al. 2016; Crava, Briitting, and Baldwin 2016). Second,
phylogenies may help to define taxonomy and classification. A recent
classification (Reinert, Harbach, and Kitching 2004) has raised the number of
genera from 10 to 79; the genera, however, have been later reduced to 10
(Wilkerson et al. 2015). Molecular investigations of Aedini relationships can help
to clarify these taxonomical issues. Third, dated phylogenies help to characterize
the paleoecological scenario in which mosquito radiations happen, thus
providing evidence with clues about their pre-adaptations as it has been shown,
for example, in Drosophila (Ometto et al. 2013; Rota-Stabelli et al. 2020). Molecular
studies have addressed Aedini evolution by studying their phylogeny using both
mitochondrial and nuclear markers. While relationships within the Aedini group
has been studied in detail using a multimarker approach (Soghigian, Andreadis,
and Livdahl 2017), the origin of the family and their reciprocal affinity with other
Culicinae are not well studied or have not been addressed because datasets were
centred only on Aedini (Soghigian, Andreadis, and Livdahl 2017). Furthermore,
the stability of clades within the Aedini has never been addressed by comparing
different statistical frameworks (e.g., maximum likelihood versus Bayesian), or
by employing a different substitution model (e.g., homogeneous versus

heterogeneous (Feuda et al. 2017)).

One key aspect so far neglected in Aedini phylogenetic studies is the direct
comparison of the phylogenetic signal from the DNA of the two cellular
compartments: nuclear (nDNA) and mitochondrial (mtDNA). It has been shown
that the nDNA and mtDNA may carry different phylogenetic signals and
produce conflicting phylogenies, in some cases, because of hybridization events
affecting mtDNA (Hirano et al. 2019). MtDNA substitution rate is typically faster
compared to the nuclear one; this can lead toward homoplasy caused by site
saturation, which in turn may affect the topology and may underestimate the

correct inference of substitution rates (Hirano et al. 2019).

Little in general is known about how mtDNA and nDNA conflict for what
concerns estimation of divergence times. In some cases, chronological signal can

be consistent between nuclear and mitochondrial genes, as in fish (Near et al.
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2012) and amphibians (Zheng et al. 2011), with discrepancy just in the shallow
time part of the tree. In Drosophila, the two types of markers recover similar
divergences with mtDNA supporting slightly younger estimates than nDNA
(Ometto et al. 2013). In butterflies, the chronological conflict between nDNA and
mtDNA is more marked, although it seems to be restricted to a few species
experiencing hybridization (Wahlberg et al. 2009). In the above cases, the
confidence interval of the divergence estimates using the two types of markers
largely overlap. Therefore, the conflict is not statistically significant. The
molecular clocks of mtDNA and nDNA have never been systematically

compared in Aedini.

A systematic comparison of chronological signal in mosquitoes has never been
undertaken. An effort to date the Aedini mosquito using nDNA data in a
Bayesian framework (Reidenbach et al. 2009) recovered the origin of Aedini at
157 (Credibility Intervals, CI: 187-124) millions of years ago (Ma) and a Culicidae
radiation at 216 (229-192) Ma. A recent effort using a multigene (nDNA +
mtDNA) strategy in a maximum likelihood framework (Soghigian, Andreadis,
and Livdahl 2017) recovered an Aedini origin at circa 125 Ma. In the latter, the
diversification of A. albopictus from its sister species A. flavopictus is circa 25 (14 -
43) Ma, while A. albopictus and A. aegypti common ancestor was set at
approximately 55 Ma, a time compatible estimate, but quite distant from that
based on whole genomes 71 (44-107) Ma (X.-G. Chen et al. 2015). A recent
divergence estimate of Culicinae using complete mtDNA (A. F. da Silva et al.
2020) recovered the origin of Aedini at 130 (CI: 101-168) Ma and an A. albopictus-
A. aegypti split at circa 67 (CL: 55-94) Ma. There are, therefore, certain
discrepancies in the available literature for what concerns the timing of Aedini

radiation.

This work aims at providing an updated picture of Aedini phylogeny and
divergence times by disentangling the phylogenetic signal in available genetic
markers. We used four nuclear and four mitochondrial genes in a Bayesian
framework to study the evolutionary history of the Aedini, their relationship
with other Culicinae, and the timing of their origin and diversification. Our
results revealed previously under looked incongruences between nuclear and
mitochondrial data, for what concerns both their rate of evolution and their

posterior divergence estimates. This has an important implication for our
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understanding of Aedini evolution and more generally for the long-lasting issue
of incongruences between mitochondrial and nuclear data in inferring species

phylogeny and divergences.

2.4 Materials and Methods
2.4.1 Genes and Taxa Selection

In our study, we employed four mitochondrial coded genes: Cytochrome c
oxidase I (COI), Cytochrome c oxidase II (COII), NADH dehydrogenase subunit
4 (NAD4) and 16S, and four nuclear-coded genes: Enolase, Arginine Kinase, 18S,
and 28S. We chose these genes after various rounds of literature and blast
searches because they were the most evenly distributed through the Aedini tribe
and the outgroup. Similarly to other recent Aedes phylogenetic studies
(Soghigian, Andreadis, and Livdahl 2017), the current availability of genes in the
database did not allow us to sample more genes. The number of annotated genes
in Genebank for Aedes and other mosquitoes species is low, in general no more
than 5 or 6 markers per species; many species are characterized by many variants
of the same marker, for example, COI. Annotated genome and transcriptome
data was present only for the model organisms Aedes albopictus and Aedes aegypti.
We had to exclude from our gene list the genes encoding for white, hunchback,
and Carbomoylphosphate synthase (CAD) because they are poorly sampled
within the Culicidae family. We did not employ Internal Transcribed Spacer (ITS)
because of poor and ambiguous alignment between Aedini and its outgroups.
Since we were interested in studying the origin of Aedini, poor alignment of
Aedini ITS sequence with those of the outgroups could have affected the correct
inference of their phylogeny. We sampled genes from the same specimen
whenever it was possible; in most cases, we concatenated genes from different
specimens of the same species. This is the common procedure when
concatenating genes for inter-specific phylogenetic studies (Soghigian,
Andreadis, and Livdahl 2017; Feuda et al. 2017). We followed the nomenclature
as in (W K Reisen 2016; Wilkerson et al. 2015). For more clarity, in some of our
phylogenetic trees, we displayed in brackets the proposed subgenera. Each
chosen gene for all the available Aedini taxa was downloaded from GenBank. To

reduce missing data and promote a direct comparison between nuclear and
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mitochondrial data, we selected a species only if at least two genes represented it
in each of the two types of markers (nuclear and mitochondrial). Moreover, we
excluded species that seemed to be ambiguously labelled. The final dataset was
represented by 34 evenly phylogenetically distributed Aedini, plus 10 outgroups
sampled from other Culicinae, Anopheline, and other Diptera samples (see Table
S1 for the species list). The outgroup sequences were essential to root the Aedini
phylogeny and to generate nodes for calibrating the molecular clock. For each of
the eight markers, we filtered out ambiguous sequences. We used a fast bootstrap
RaxML analysis (see details below) to preliminarily check if sequences were
clustering within their expected group (e.g., sequences for Aedini to form a
monophyletic Aedini group). Sequences clustering with a different group were

considered unreliable and they were excluded from downstream analysis.

2.4.2 Alignments and Phylogenetic Analyses

We aligned each of the eight genes independently. We aligned protein-coding
genes using MAFFT through TranslatorX (Abascal, Zardoya, and Telford 2010),
and non-coding genes using MAFFT directly (Katoh, Rozewicki, and Yamada
2018). Finally, the genes were concatenated using FASconCAT (Kiick and
Meusemann 2010) and manually edited to detect a few misaligned sites. We
generated three aligned datasets: nuclear, mitochondrial, and concatenated. The
nuclear dataset (nDNA) is composed of the concatenation of Enolase, Arginine
Kinase, 18S, and 28S; it is 3270 nucleotides (nt) in length. The mitochondrial
dataset (mtDNA) is composed of the concatenation of COI, COII, NAD4, and 16S;
it is 4224 nt in length. The third dataset (concatenated) is the concatenation of
nDNA and mtDNA and is 7494 nt in length. To further study Aedini
relationships, we generated a fifth dataset based on the original 6298 nt alignment
of (Soghigian, Andreadis, and Livdahl 2017), increasing site occupancy by using
Gblocks at default parameters. The final dataset (named Soghigian) was
composed of 71 sequences and 3815 nt with 8% of missing data. Although there
is some overlap of genes between concatenated and Soghigian datasets, they
substantially differ because of the presence of 4 genes (COIl, NAD4, and 16S
present in concatenated, while ITS is absent from concatenated) and mostly

because of very different taxon sampling. The concatenated dataset contains
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various outgroups to the Aedini because the aim was to set the origin of Aedini.
Phylogenetic analyses were performed using both maximum likelihood (ML) and
Bayesian statistical frameworks, using, respectively, RAXML (Stamatakis 2014)
and PhyloBayes (Lartillot, Lepage, and Blanquart 2009) or BEAST (see below).
The RAxML analyses were performed on all datasets using the General Time
Reversible (GTR) replacement model plus four discrete rate categories of gamma
(G) and employing 100 bootstrap replicates. PhyloBayes analyses were
performed using the same model and repeated using the heterogeneous CAT

(plus G) replacement model.

2.4.3 Divergence Estimates

BEAST v2.5 was used to reconstruct phylogenies and to estimate divergence
times (R. Bouckaert et al. 2019). We use BEAUti to set the analyses using the
following prior information to calibrate the clock. We employed a root prior
based on the fruit fly-mosquito split using a normal distribution with mean 260
Ma and a 95% prior distribution to be between 296 and 238 Ma, as indicated by
(Benton and Donoghue 2007). We employed three minimum calibration points
for the diversification of Anophelinae, Culicinae, and Culicidae, using,
respectively, 34 Ma, 34 Ma, and 99 Ma, according to the three oldest fossils known
for each of these groups (Misof et al. 2014; Borkent and Grimaldi 2004). Uniform
distribution was assigned to each minimum bound with the maximum bounds
set at the mean of origin of Diptera employed as root calibration 264 Ma. These
calibrations were used for the mtDNA, nDNA, and concatenated datasets. We
run BEAST using a different set of (model) priors and choose the most fitting
combination of priors using the Harmonic mean, the Akaike Information
Criterion (AICm), the stepping stone (SS), and the Path sampling (PS); for the
latter, we used the Path sampler package and set the analysis at 50% burn-in with
40 steps of 500,000 chain length. The priors compared were GTR model versus
HKY, the coalescent versus speciation (Birth and Death and Yule) tree priors and
finally, we compare strict versus relaxed lognormal clock. All other chains were
run for 100,000,000 generations until Beast log files indicated proper
convergences of all posteriors and the likelihood using Tracer1.7 (R. Bouckaert et
al. 2014).
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2.5 Results
2.5.1 Conflicts between Nuclear and Mitochondrial Phylogenies

Bayesian inference of the eight concatenated genes dataset under a homogeneous
replacement model (GTR, Figure 1A) reveals a generally well-supported tree
with the Aedes genus divided into two distinct clades as in (Soghigian, Andreadis,
and Livdahl 2017): Clade A (in pink, Posterior Probability (PP): 1.00) comprises
various species including A. albopictus and A. aegypti; Clade B (in orange, PP: 1.00)
comprises various species often regarded as Ochlerotatus plus others referred to
as Aedes such as A. koreicus. Species of the Psorophora genus are the sister of Clade
A + Clade B (PP: 1.00). Within Clade A we observed two groups (dark pink), one
consisting of species attributed to Stegomyia + Armigeres (clade A1, PP: 1:00), the
second containing four genera (Aedimorphus, Catageiomyia, Diceromyia, and
Scutomyia; PP: 0.92). The mutual relationship of no-Aedini Culicinae is instead
unresolved (PP: 0.48); four genera (Sabethes, Wyeomyia, Malaya, and
Toxorhynchites) form however, a robustly supported (PP:1.00) group, which we

have provisionally named Group C.
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C: Mitochondrial

B: Nuclear

A: Concatenated

Figure 1. Topological incongruence between mitochondrial and nuclear data. (A): Bayesian consensus tree of
concatenated dataset. (B): Bayesian consensus tree of nuclear (nDNA) dataset. (C): Bayesian consensus tree of
mitochondrial (mtDNA) dataset. All analyses have been performed using a GTR+G model in PhyloBayes. Numbers
at nodes are posterior probabilities (PP). Groups identified using the concatenated dataset have been coloured.
Arrows indicate highly supported incongruences between the nDNA and mtDNA datasets. The corresponding
Maximum Likelihood trees are in Supplementary Figure S1.
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Our concatenated analysis of Figure 1A recovers, at least for most nodes, a robust
topology. One of the aims of our study was, however, to disentangle the
phylogenetic signal for the Aedini by exploring its consistency over different data
types and methodological treatments. We, therefore, analyzed the nDNA and
mtDNA datasets separately (respectively, Figure 1B, C), and revealed various
instances of mitochondrial-nuclear incongruence. Overall, both trees are less
resolved than the concatenated tree (for example, they both do not support
Group C nor Group A2), pointing toward the utility of concatenating genes. The
nuclear tree is, however, markedly more resolved (it has overall higher supports
at nodes) than the mitochondrial one. It does support, for example, the
monophyly of Aedes and both Groups A and B (all with PP > 0.9), while the
mtDNA dataset does not support them. These differences may be explained by
less phylogenetic signal in the mtDNA dataset. This is, however, not related to
fewer nucleotide positions as the mtDNA alignment is larger than the nDNA one
(4224 nt vs. 3270 nt). We identify some interesting cases of well-supported
incongruences between the nDNA and the mtDNA trees involving A.
albolineatus, A. subalbopictus, and Toxorhynchites sp. (depicted by arrows in Figure
1 B,C). There are various topological incongruences, for example, in the position
of A. subalbopictus, the two Psorophora and Uranotaenia lowii, but their affinities
did not receive high PP in at least one of the two trees, therefore the nodes that

show incongruencies are not considered statistically significant.

2.5.2 A Conservative Picture of Aedini and Other Culicinae Phylogeny

To explore in more detail the phylogenetic signal behind our Bayesian trees of
Figure 1, we further performed phylogenetic analyses employing different
statistical frameworks, different models of replacement, and types of datasets
(Figure 2). In panel A we depict the result of a Maximum Likelihood (ML)
analysis of the concatenated dataset. In panel B is the same dataset analyzed in a
Bayesian framework using an among-site heterogeneous CAT model more

suitable for ancient radiations and saturated datasets (Rota-Stabelli, Daley, and
Pisani 2013).

In panel C is the ML analysis of a dataset (named Soghigian) centred on Aedini
and derived from (Soghigian, Andreadis, and Livdahl 2017). To provide a
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conservative picture of Aedini phylogeny, we have collapsed a node if its
bootstrap support (BS) from the Maximum Likelihood (ML) analysis was lower
than 75% and if its posterior probability (PP) from Bayesian analysis was lower
than 0.9. We found a consistent signal (compare Figure 1A with Figure 2A,B) for
a group of Sabethes, Wyeomyia, and Malaya (Sabethini tribe), plus Toxorhynchites
(Toxorhynchitini tribe) which we have provisionally named Group C. This group
is monophyletic using both homogeneous and heterogeneous models of
evolution, but its internal relationships, as well as its relative affinity with other
Aedini, is inconsistent over different analyses and, in general, not strongly
supported. This group is not consistent with a previous multigene phylogeny,
which supports Toxorhynchites as closely related to Mymoyia than to the Sabethini
(Reidenbach et al. 2009). Although highly supported in all our concatenated
analyses, we advocate caution in considering the validity of Group C, as our
analyses may have been biased by an unfortunate combination of reduced taxon
and gene sampling; indeed, in most analyses, Toxorhynchites is the sister taxa of
Mymoyia, therefore disrupting the monophyly of Sabethini. Our investigations
are instead congruent with previous studies (Huber, Jansen, et al. 2014) in
supporting Group A, and to a lesser extent Group Al (Stegomyia + Armigeres).
Group B is instead supported only by the homogeneous GTR model of evolution.
Site heterogeneous models of replacement such as CAT have been repeatedly
shown as being capable of reducing systematic errors (Drummond et al. 2006;
Lartillot and Philippe 2004); we cannot, therefore, exclude that the signal
responsible for Group B is artefactual and we advocate care in considering it as
monophyletic. From a systematic point of view, our phylogenies support the
classical 10 genera classification of Aedini (Huber, Jansen, et al. 2014; Pombi and
Montarsi 2020). Overall, while some nodes are robustly supported in all analyses
of Figure 2 (for example, Group A), other nodes are poorly supported or are

supported only in one analysis.
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Figure 2. A conservative picture of Culicinae phylogeny using different models and datasets. To highlight lack of
phylogenetic signal, all nodes below PP 0.90 and BS 75 have been collapsed. (A): Maximum likelihood tree of the
concatenated dataset using the GTR+G model in RaXml. (B): Bayesian consensus tree of the concatenated dataset
under the CAT+G model using PhyloBayes. (C): Maximum likelihood tree of a modified (Soghigian, Andreadis,
and Livdahl 2017) dataset under the GTR+G model using RaXml. The number at nodes are bootstrap supports (BS)
in panels A and C, and posterior probabilities (PP) in panel B. The backbone of the tree and the monophyly of Clade
B (orange) are strongly supported using GTR, but not using CAT. Many relationships within Clade B are poorly
supported in all analyses. Full trees with all nods and supports are in Supplementary Figures S2-54.
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2.5.3 Divergence estimates of the Aedini

To define which evolutionary models better describe the radiation of mosquitoes
in our concatenated dataset, we contrasted the strict clock versus the log-normal
relaxed clock models, the coalescent versus the speciation models (Yule and a
Birth and Death), and the HKY versus the GTR replacement model (Table 1). The
relaxed clock is favoured over the strict clock. Furthermore, under the relaxed
clock, the coefficient of variation rate was approximately 0.4 for the
mitochondrial data and roughly 1 for the nuclear, further indicating that an
uncorrelated clock hypothesis suits better our datasets than a strict clock. This is
because if a lognormal clock has a coefficient of variation close to 0, it could be
considered clock-like, so comparable with a strict clock (Richards and Murali
2015). Demographic speciation models are more supported than coalescent
model, but the stepping stone and path sampling could not discriminate between
a Yule and a Birth-Death model; we chose the Yule model because it was
favoured by the AICm, which penalizes based on the number of free parameters.
The two models provided similar results (Table 1) nevertheless. Therefore, we
used a combination of GTR+G, relaxed log-normal, and Yule models for our clock

analyses.

Table 1. Model tested with divergence estimates for two nodes.

Clock Substitution Harmonic
Tree Prior logLikelihood AICm PS/SS Culicidae  Aedini
Model Model Mean
156 90
Strict GTR Yule 54,908.6 109,892.3 -54,926.7 4
(114-204)  (75-104)
Relaxed HKY 166 96
(LogN) Yule 54,624.8 109,467.9 —54,666.3 5 (119215 (68-125)
180 113
GTR Yule 54,362.7 109,108.1 -54,424.3 1
(137-228)  (83-143)
Birth Death 54,363.6 109,115 -54,414.9 1 180 112
(135-227)  (82-142)
Coalescent 173 100
54,370.2 109,208.7 -54,415.7 3
Constant (123-225)  (66-132)

Our analysis of the concatenated dataset using the best fitting models allows us
to obtain a picture of Aedini evolutionary history, which we have contrasted with
the appearance of some major vertebrate lineages and flowering plants in Figure

3. According to our posterior estimates, the mosquito family (Culicidae)
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diversified in its two subfamilies—Culicinae and Anophelinae—approximately
180 Ma (95% High Posterior Densities, HPD 137-228 Ma) in the lower Jurassic.
The earliest fossil of a Chaoboridae, the Culicidae sister group, is 187 Ma (R.
Bouckaert et al. 2014). This would suggest a very rapid diversification of
Culicomorpha. Our estimates tend to match the proposed origin of angiosperm
(van der Kooi and Ollerton 2020). Culicinae diversified in two clades (Culicini
and the clade leading to Aedini) between the end of the Jurassic and the early
Cretaceous, at 146 (108-182) Ma, while the Aedini tribe diversified at 113 (83-143)
Ma with the split of Aedes from Psorophora genus. Within Aedini, Clade A, and
Clade B originated circa 106 (77-133) Ma. Within Clade A, the subgenus
Stegomyia (which includes model organisms A. albopictus and A. aegypti)
originated 84 (58-109) Ma, concomitantly with the diversification of Clade B
(which include the subgenus Ochlerotatus) at 86 (61-111) Ma in the late
Cretaceous. To test for the effect of outgroup on our dated phylogenies, we
repeated the analysis of our concatenated alignment, excluding the Brachycera
outgroup. This additional analysis shows that the calibration at the Diptera
divergence, provided by Benton (Benton and Donoghue 2007), drives our
divergence estimates toward the root. The median height is younger without
outgroups, although the two analyses are compatible for what concerns their
(overlapping) 95% HPD (Table 2). The rooted tree provided more precise
estimates. The 95% HPD is smaller in the root-calibrated phylogeny than in the
unrooted one. Overall, our date estimates tend to be slightly younger than the
ones provided previously (Soghigian, Andreadis, and Livdahl 2017; Reidenbach
et al. 2009; X.-G. Chen et al. 2015) for what concern the origin of Culicinae, but
slightly older for what concern the origin of Aedini (see Table 2).

2.5.4 Chronological Incongruences between Nuclear and Mitochondrial Data

Clock analysis using separately nuclear and mitochondrial genes (Figure 4)
revealed unexpected strong incongruences. The estimates for the origin of the
main mosquito clades (deep nodes of the phylogeny) are similar using the two
datasets and reinforce our findings using the concatenated data of Figure 3. For
example, Culicinae originated in the early Jurassic and Aedini in the Cretaceous,

both in the mtDNA and nDNA analyses. However, there is a strong discrepancy
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for what concerns the diversifications within the Aedini lineages. For example,

Group A diversified during the Cretaceous using mitochondrial (and also

concatenated) data, but is much younger (Paleogene) using nuclear data (Table 2

for details). Even more discrepant is the origin of Aedes species: A. aegypti and A.

albopictus split ranges from 81 (61-101) Ma using mitochondrial data, to 30 (15—

45) Ma, using nuclear data; the split between A. albopictus and A. flavopictus is 32
(20-47) Ma using mitochondrial data and just 4 (0.5-11) Ma using nuclear data.

Worryingly, those estimates do not overlap at their confidence interval. From a

statistical point of view, this indicates that the two datasets reject each other.

Overall, the estimates from the concatenated dataset are more similar to those of

the mtDNA dataset than the nDNA dataset (Figure 4C-E).

Table 2. Divergence estimates of selected nodes from Figure 3 and other analyses. For each node, we
provide the mean and the 95% high posterior density. On the right column, we provide estimates from

previous studies.

Node Taxonomic Level Concatenated No Nuclear Mitochondrial ~ Others:
Dataset Outgroup Data Data Reidenbach09;
Figure 3 (Concatenated) Figure 4A Figure 4B Soghigian17 *; Da
Silva 20 #; Chen 15"
a Diptera 257 (223-294) 261 (225-296) 258 (224-293) 260 (239-295) °
b Culicidae split 180 (137-228) 100 (50-185) 178 (113-245) 182 (143-223) 216 (229-192) 182 #218

(Culicinae origin)

(181-260) "

c Culicinae split 146 (108-182) 92 (41-139) 139 (92-194) 150(118-184) 204 (226-172) 130 #179
(148-217)"
d 137 (103-173) 86 (38-127) 123 (79-171) 135 (104-164)
e Aedini split (Aedes 113 (83-143) 64 (34-122) 92 (55-137) 111 (95-150) 123 (155-90) 125 *
origin) 102 #
f Aedes split 105 (77-133) 57 (28-110) 69 (42-103) 107 (85-133) 92 (123-61) 102
(Clades A-B *
split)
g Clade A split 99 (72-126) 51 (24-100) 49 (29-76) 96 (73-118)
h 83 (59-109) 50 (22-93) 36 (20-57) 92 (71-116)
i Stegomyia 73 (50-96) 36 (14-70) 27 (15-45) 81 (61-102) 55*67 #71
(A. aegypti-A. (44-107) "
albopictus) split
j A. albopictus—A. 28 (14-43) 36 (14-70) 3.7 (0.1-11.2) 33 (2046) 25*
Alavopictus split
1 A. koreicus—A. 32 (15-51) 14 (3-31) 3.6 (0.2-10.9) 46 (24-71) 20*

japonicas split
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Figure 3. Bayesian estimates of Aedini divergence. Posterior consensus tree from the analysis of the concatenated
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We further inspected the posterior rates of both the nDNA and the mtDNA trees
(Figure 5A,B, respectively; tree topologies are similar to those of Figure 1B,C).
Additionally, in the case of rates there are various discrepancies between the two
datasets: A. furcifer and A. taylori are, for example, fast-evolving according to
mtDNA, but slow evolving using nDNA. These high rates are likely responsible
for the dubious position of these two species in the mtDNA tree of Figure 5B. Our
clock analyses returned mean posterior evolutionary rate (calculated over the
whole tree) of 1.01 x 103 (sd = 1.12 x 10*) mutation per site per millions of years
(msm) for the mtDNA and of 9.93 x 10#*msm (sd = 1.8 x 10*) for the nDNA.

2.5.5 Mitochondrial-Nuclear Chronological Incongruences Are Consistent

over Different Analytical Conditions

We tested the robustness of the chronological incongruence observed between
mitochondrial and nuclear data (Figure 4) by verifying if the results are biased
by the taxon sampling and the number of gaps in our alignments. We first
repeated the clock analyses using a reduced version of our dataset. We excluded
three species (Chagasia, Uranotenia, Aedes albolineatus) which had an extremely
different branching position in the phylogeny of the nDNA and mtDNA analysis.
Results are very similar compared to when using the full dataset for what
concerns both the divergence estimates (Figure S5) and the average mutation rate
at branches (Figure S6). This indicates that the chronological discrepancy is not
due to the presence of these inconsistent taxa (Chagasia, Uranotenia, Aedes
albolineatus) in the dataset. We then tested if the pattern we observed is due to a
particular taxon and site sampling by repeating the analyses using a different
dataset. We inferred divergence estimates using separately the nuclear and
mitochondrial partitions of the Soghigian alignment, derived from (Soghigian,
Andreadis, and Livdahl 2017) and previously used for Figure 1C. This dataset is
characterized by a different taxon representation compared to our dataset (it is
centred on Aedes and contains few outgroups) and by a higher site representation
(contains a lower amount of missing data, see methods for details). Results
(Figure S7) provide a similar picture to when using our nDNA and mtDNA.
Divergences closer to the root are similar, but those within Aedes, including the

diversification of Clade A and Clade B are very different. This indicates that the
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chronological discrepancy is not due to peculiar taxon or gene sampling nor is

affected by the amount of missing data in the datasets.

Because of its higher mutation rate, MtDNA is, in general, more prone to
saturation than the nuclear genome (Rota-Stabelli and Telford 2008; Bernt,
Braband, et al. 2013). Accordingly, we would expect to underestimate the number
of observed mutations in mtDNA dataset compared to the nDNA one, with the
consequence that nodes using mtDNA dataset should appear younger than they
are. We observe, however, exactly the opposite. Saturation and heterogeneity of
the replacement pattern may have nevertheless played a certain role in
overestimating the mitochondrial age in our mitochondrial phylogeny. We
therefore tested our datasets for saturation by inferring divergences under the
CAT model, a mixture model is known to be less sensitive to systematic error in
the presence of site-specific saturations (Drummond et al. 2006). The CAT trees
are indeed slightly different from those obtained using homogeneous models of
replacement (Figure S8). The divergences become more similar between the two
datasets, but the nDNA dataset consistently returns younger ages for recent
nodes compared to the mtDNA dataset. We conclude that site heterogeneity is
only partially responsible for the mitochondrial-nuclear chronological

discrepancy.
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Figure 5. High degree of rate heterogeneity between nuclear and mitochondrial data. (A): the nDNA Bayesian
phylogeny with mean posterior rates plotted on branches. (B): the Bayesian mtDNA phylogeny with mean posterior
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rates plotted on branches. Note that there are local accelerations of rate (bold lines) in certain taxa only in one of
the two data types.
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2.6 Discussion

Our phylogeny of Aedini using a concatenated dataset of eight mtDNA and
nDNA markers (Figure 1A) recovers, at least for most nodes, a robustly
supported tree topology. Our comparison of mtDNA and nDNA datasets
revealed however some unexpected highly supported phylogenetic
discrepancies (Figure 1B, 1C). We suggest three explanations for these
incongruences. The first is the wrong taxonomic assignment during field
collection. Accordingly, one or more genes for some species may come from
another (similar and mistaken for) species creating conflicting phylogenetic
signals and wrong tree topology. Another, in our opinion less likely, explanation
involves complex evolutionary events, such as past hybridization between
species, which have resulted in different inheritance patterns for either the
mtDNA or some regions of the nDNA. The final explanation is the stochasticity
embedded in small (four genes) datasets, such as the ones we have used. The
stochasticity in the mtDNA tree may have been exacerbated by systematic errors
related to the fast-evolving nature of the mtDNA (Reeves et al. 2018; Bernt,
Braband, et al. 2013) and evident high level of apomorphies, as revealed by the
longer terminal branches in the mtDNA tree compared with the nDNA one. The
different phylogenetic signal, however, does not seem to relate to the amount of
missing data as the mitochondrial alignment is more complete than the nuclear
one (38% of missing data in mtDNA vs. 45% in nDNA). Moreover, some
inconsistent results between the two phylogenies (nDNA and nDNA) could be
addressed to the incomplete linage sorting. Whatever the source of the
topological discrepancies between datasets, our result points toward the
limitation of a PCR-scaled approach for Aedini phylogeny and point toward
future studies based on whole mtDNA and genome-scaled nDNA dataset.
Indeed, undetected stochastic and systematic type of errors may also affect the
concatenated dataset, as we have shown that the phylogenetic signal is unstable
at many nodes when employing different replacement models and statistical
frameworks (Figure 2B and Figure S4). In particular, the poor support using
heterogeneous models may be due to the ability of this model to detect saturated
or fast-evolving sites (Drummond et al. 2006). Under this scenario, the highly
supported Clade B when using the homogeneous GTR model (Figures 1A and

2A) may be the result of a systematic error. The various phylogenetic
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incongruences we observe using different replacement models (Figure 2A,B)
reinforce what we have found when comparing nuclear and mitochondrial data.
They alert us of possible systematic and stochastic errors. We advocate adopting
a cautious, conservative way in interpreting our (but also other available
(Soghigian, Andreadis, and Livdahl 2017; Reidenbach et al. 2009; A. F. da Silva et
al. 2020)) trees of the Aedini based on few genetic makers, as seemingly high
supports (as in our Figure 1A) are not consistent over data type (Figure 1B, C and
Figure 2C), method of inference (Figure 2A) or replacement model (Figure 2B). In
perspective, our data indicate that the phylogeny of Aedini should be resolved
with confidence only using a genome-scaled nuclear and a complete mtDNA

dataset as done in other dipteran studies (Ometto et al. 2013).

Our divergence estimates using both the concatenated and the mtDNA and
nDNA datasets (Figures 3 and 4) are concordant in indicating that mosquitoes
radiated from the mid-Jurassic on and that Aedini radiation started in the mid-
Cretaceous, quite concomitant with the origin and the earliest diversifications of
mammals first, and later birds during the Cretaceous. We cautiously speculate
that there may have been a general history of co-radiation (the available data do
not provide enough evidence to advocate co-evolution) between the Aedini and
warm-blooded vertebrates. In support of this hypothesis, the Aedini group has a
specific preference for mammals and birds (Rota-Stabelli et al. 2010; Rota-Stabelli
and Telford 2008). The fact that a relaxed clock better fits our Aedini concatenated
dataset is not surprising considering that a large variety of ecological traits
characterizes mosquitoes and demographic habits (Soghigian, Andreadis, and
Livdahl 2017), which can be responsible for different generation times and
therefore different branch rates (Ometto et al. 2013). The mean posterior rate for
the mtDNA dataset is 1.01 x 10* msm, higher than the 9.93 x 10* msm estimated
for the nuclear genes. The higher mutation rate of mitochondrial genes is
expected as the mtDNA is well known to evolve faster than the nuclear genome
in animals (Papadopoulou, Anastasiou, and Vogler 2010). Our mean mtDNA rate
estimates are, however, circa one order of magnitude smaller than the
mitochondrial COI rate of coleopterans (1.17 x 102 msm) inferred by
Papadopoulou et al. (Papadopoulou, Anastasiou, and Vogler 2010). This can be
explained by different timespan between the latter and our dataset. Indeed,

shallow phylogenetic studies consistently recover faster evolutionary rate than
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deep phylogenies (S. Y. W. Ho and Lo 2013; S. Y. W. Ho et al. 2011). Our nuclear
rate estimates are in line instead with those inferred over long phylogenetic
distances using Ecdysozoa nuclear data (mean 1.01 x 10 msm), (Guidetti et al.
2017), but lower than those based on mitochondrial Drosophila data (7.9 x 1073)
(Ometto et al. 2013); this indicates that mosquitoes may have been characterized
during their radiation by an overall smaller number of generations per year
compared to Drosophila. We found that the nDNA data of most lineages within
Clade A evolves faster than in the lineages of Clade B; this pattern is less marked,
but conserved in the mtDNA data (Figure 5). A possible explanation for this
pattern is that species of Clade A have in general more generation per year than
those of Clade B. The two important invasive Aedes species, A. albopictus, and A.
koreicus are characterized by markedly higher replacement rate if compared with
their respective sister species, A. flavopictus and A. japonicus; this pattern can be
observed for both mitochondrial and nuclear data. Assuming that the
instantaneous mutation rate is conserved within the genus, this result suggests
that A. albopictus and A. koreicus are characterized by a higher number of
generations per year compared to other closely related Aedes, a hypothesis which

may at least partially explain their high invasive potential.

Our analyses revealed a consistent chronological incongruence between the
phylogenetic signal of nuclear and mitochondrial genes. mtDNA provides
divergence times within Aedini significantly older than nDNA. Previous clock
studies in insects have shown poor (Ometto et al. 2013) to moderate (Wahlberg et
al. 2009; Andujar, Serrano, and Gamez-Zurita 2012) incongruence between
nuclear and mitochondrial data. In these analyses, mitochondrial and nuclear
estimates, although different, were overlapping for what concerns their 95% HPD
in older nodes. Whereas the 95% HPD of younger node do not overlap, indicating
a statistically significant incongruence. We have shown that these incongruences
do not depend on rough taxa (compare Figure 4 and Figure S5), nor on-site
occupancy and gene sampling (compare with Figure S57), although there is a
mitigation of the discrepancies when using a heterogeneous model of
replacement (compare with Figure S8). We conclude that the mtDNA-nDNA
chronological incongruence in Aedini data does not depend on analytical
conditions, although the correct interpretation of saturation in both datasets,

particularly the mtDNA one, may play a certain role. Based on our results, we
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cannot exclude that there may have been a long history of multiple hybridization
events within Aedes species, which have affected the mitochondrial genome
differently than the nuclear one. Indeed, complex phylogenetic signal due to
multiple hybridization events has been recently shown in the Anopheles
mosquitos (Thawornwattana, Dalquen, and Yang 2018; P. G. Foster et al. 2017).
The observed discrepancies prevent us from drawing a conclusion on the actual
timing of diversification of model organisms such as A. albopictus, whose mean
split from sister species A. flavopictus may dramatically range from 32 Ma using
mitochondrial to just 4 Ma using nuclear data. In light of these results, we
advocate that future research should concentrate on determining the biological
(or methodological) reason for this discrepancy by comparing time-trees from
whole mtDNA genomes with those from genome-scaled sampling of nuclear

genes.

In conclusion, we have provided here a detailed analysis of the phylogenetic and
chronological signal in currently available nuclear and mitochondrial genes of
the Aedini. Overall, our data point toward the limitation of a multigene PCR-
scaled approach for Aedini phylogeny and indicate that future research should
be based on genome scaled data. Probably our most interesting finding is the
strong chronological incongruence between the nuclear and the mitochondrial
data. We could exclude various possible misleading factors such as taxa
assignment, missing data, and saturation (Figures S5-57), but could not
ultimately test a stochastic effect related to using only eight genes. This is because
at present there is not enough data in databases to build a taxon-rich genome-
scaled dataset centred on Aedini. The incongruences we have identified do not
currently allow defining the exact timing of evolution of important model
organisms, such as A. aegypti and A. albopictus (Palatini et al. 2020). We advocate
that these chronological incongruences should be investigated in future by
comparing whole mitogenomes with genome-scaled nuclear data as we have

done for example, in Drosophila (Wahlberg et al. 2009).
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2.7.2 Supplementary Table

Supplementary Table 1

Species name Nuclear genes Mitochondrial genes

28S 18S Enolase Arg- 16S CoxI CoxII | NAD4

kinase
Aedes (Stegomyia) MG24254 | MG23252 | MG23246 | MG23245 EU352212.1
aegypti 0.1 51 0.1 7.1
Aedes (Scutomya) KF687500 KF5646 | KC913
albolineatus 1 50.1 592.1
Aedes (Stegomyia) MG24254 | X57172.1 MG23246 | MG23245 AY072044.1
albopictus 3.1 3.1 41
Aedes (Stegomyia) DQ39794 DQ397 | DQ397
dybasi 3.1 925.1 913.1
Aedes(Stegomyia) DQ39793 DQ397
flavopictus 6.1 DQ397 907.1
929.1

Aedes (Diceromyia) MG24257 | MG23255 | MG23248 | MG23243 KU187 | AY645
furcifer 21 7.1 7.1 1.1 185.1 287.1
Aedes (Huleocoetomya) | GU22991 KT962 | GU229 | KT945
koreicus 3.1 063.1 897.1 239
Aedes (Stegomyia) MG23256 | MG23249 AY6452 | AY645 | JX4275
luteocephalus MG24258 6.1 51 MG23242 34.1 300.1 27.1

1.1 4.1
Aedes MG24258 | MG23257 | MG23249 | MG23242 KM676218.1
(Rampamyla)notoscript 5.1 0.1 9.1 0.1
us
Aedes (Stegomyia) DQ39794 DQ397 | DQ397
palauensis 21 924.1 896.1
Aedes (Stegomyia) KF687510 EU259 | KC913
subalbopictus 1 301.1 583.1
Aedes (Diceromyia) MG24259 | MG23258 | MG23250 | MG23241 AY6452 | AY645
taylori 6.1 0.1 8.1 1.1 28.1 295.1
Aedes (Tanakayus) GU22991 LC026054. GU229 | GU229
togoi 0.1 1 LC0257 | 895.1 922.1

11.1
Aedes (Aedimorphus) MG24260 | AMO07138 MG23240 AY6452 | AY645
vexans 2.1 2.1 MG23251 | 6.1 43.1 304.1
3.1
Anopheles gambiae GCA_000005575.1 (genome) MG?753708.1
Armigeres subalbatus MG24260 | MG23259 | MG23251 AY4396 | KM497 | HQ398 | AY440
7.1 1.1 6.1 MG23240 | 88.1 419.1 972.1 746.1
2.1
Bironella_sp. AF417796 | GQ906881 | GQ90680 MF381612.1
1 1 8.1
Calliphora vomitoria MEF28168 | MF99225 KT444440.1
1.1 2.1
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Aedes (Catageiomyia) MG24254 | MG23253 | MG23246 | MG23245 MG242
argenteopunctata 51 0.1 41 3.1 468.1
Chagasia_sp. AF417831 | AF417797 MF381717.1
1 1
Chrysomya KY197787 KT272787.1
megacephala 1 FJ025483.
1
Coquillettidia crassipes | KF687592 | AY988454 | GQ906883 KF5647 | KF687
1 1 1 70.1 365.1
Culex quinquefasciatus | XM_0018 | XM_0018 XM_0018 GU188856.2
65926.1 49752.1 XM_00184 | 49602.1
2566.1
Culextritaeniorhynchus | KF687515 | U48385.1 KT852976.1
1
Culiseta sp. KF687543 GQ906882 | GQ90680 AF425848.1
1 AY988451 | .1fla 9.1
1
Drosophila HQ11053 | XR_05328 | AF025805. | XM_0151 FJ899745.1
pseudoobscura 9.1 41 1 87032.1
Drosophila sechellia XR_04877 | XM_00204 AF200832.1
0.1 1688.1
Drosophila simulans HQ11054 | AY037174 | DQ864222 | XM_0161 AY518672.1
1.1 1 1 84539.1
Drosophila yakuba HQ11054 DQ864189 | XM_0020 KF824886.1
5.1 1 93328.2
Haemagogus MG23259 | MG23251 | MG23240 KT372555.1
janthinomys MG24260 | 2.1 7.1 1.1
8.1
Lucilia caesar MF69430 | FJ025492. KM657111.1
4.1 1
Lucilia cuprina FR719299 JQ088101. JX913750.1
1 1
Lucilia sericata KY197804 | KR133393 KT272854.1
1 1
Lutzia sp. KF687516.1 HQ398 | HQ398
896.1 958.1
Malaya sp. KF687541 GQ90681 EU259 | KF687
1 41 293.1 373.1
Mimomyia sp. KF687538 GQ906889 | GQI0681 KU380
1 1 6.1 4471
Aedes (Ochlerotatus) MG24255 | MG23254 | MG23247 | MG23244 KM452934.1
caspius 51 0.1 3.1 41
Aedes (Ochlerotatus) MG24256 MG23248 | MG23243 | KU880 | KR691 | KC913
dorsalis 5.1 0.1 6.1 657.1 544.1 569.1
Aedes (Huleocoetomya) | MG24258 MG23242 | DQ397 | DQ397889.1 DQ470
japonicus 0.1 MG23256 5.1 915.1 KC913579.1 164.1
5.1
Aedes (Ochlerotatus) MG24259 | MG23257 | MG23250 | MG23241 KT766 | HQ853
taeniorhynchus 51 9.1 7.1 2.1 538.1 680.1
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Aedes (Ochlerotatus) MG24260 | MG23258 | MG23251 | MG23240 AF4177
triseriatus 0.1 4.1 1.1 8.1 30.1 AF417
766.1
Aedes (Ochlerotatus) MG23258 | MG23251 | MG23240 MK575484.1
vigilax MG24260 | 7.1 4.1 5.1
3.1
Psorophora ferox MG24261 | MG24261 | MG23252 | MG23239
3.1 3.1 1.1 6.1 MF172
349.1
Psorophora howardii MG23259 | MG23252 MG242
MG23259 | 9.1 3.1 538.1
9.1
Sabethes sp. GQ90682 NC_037498.1
1.1
Sarcophaga sp. KU74646 | AF322419 KM881633.1
9.1 1
Aedes (Tanakaius) LC025745 LC0256
5avoryi 1 LC026055. 56.1
1
Toxorhynchites sp. KC177664 | AY988455 | GQ906895 AF425849.1
1 1 1 GQ90682
3.1
Uranotaenia lowii AF417833 | AF417799 GQ90682 AF4177 | AF417
1 1 6.1 28.1 764.1
Wyeomyia smithii GQ906899 | GQ906827.1 HM136816.1

1
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CHAPTER 3 - THE MITOCHONDRIAL GENOMES OF
INVASIVE MOSQUITOES AEDES KOREICUS AND
AEDES JAPONICUS FROM ITALY AND AN UPDATED
CLOCK ANALYSIS OF MOSQUITO MITOGENOMES
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3.1 Introduction to the Chapter

In this Chapter, I further investigated the clock signal in mitochondrial sequences
of Aedini mosquitoes. I have used whole mitochondrial genomes to clarify the
peculiar chronological incongruence revealed in Chapter 2. I employed the newly
assembled mitogenomes of A. koreicus and A. japonicus exploiting the genome
data presented in Chapter 4A. I investigated divergences in the light of new
outgroups by adding Corethrella condita, Dixella sp., Chaborus sp. and
Chironomidae samples to increase the phylogenetic resolution on the backbone
of the Culicomorpha clade. Results revealed the importance of taxon sampling in
molecular clock studies of Aedini. Indeed, increasing the taxon sampling within
the Culicomorpha clade provides a more recent estimate for the diversification
of Culicidae family. In addition, I investigate the recent diversification of A.
koreicus, uncovering a high diversity between the strain we collected in Friuli and
the strain from Korea. This difference is greater than expected, suggesting the
presence of a possible species complex involving A. koreicus and A. japonicus.
Further investigations of the inner diversity within this putative species complex
may provide interesting insights into the evolution of these two related Aedes

species that may be exploited for their management and control.

Contribution: For this study, I was in charge of all the steps from the DNA
extraction to assemblies and phylogenetic analysis. Moreover, supervised by

Omar Rota-Stabelli, I interpreted the results and drafted the article.
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The mitochondrial genomes of invasive mosquitoes Aedes koreicus
and Aedes japonicus from Italy and an updated clock analysis of
mosquito mitogenomes.

Nicola Zadra'?, Daniele Arnoldi!, Fabrizio Montarsi?, Annapaola Rizzoli?, Omar
Rota Stabelli 124

! CIBIO Department, University of Trento; > Fondazione Edmund Mach; 3
Laboratorio di Parassitologia, Istituto Zooprofilattico Sperimentale delle Venezie;

*Center C3A, University of Trento.

3.2 Abstract

Aedes japonicus and Aedes koreicus are two mosquitoes that are quickly
establishing in Europe. Here we present the mitochondrial genomes of these two
species from individuals sampled in North Italy and provide an up to date
estimate of mosquito divergence time based on calibrated relaxed clock analyses
of whole mitochondrial DNA data.

The reconstructed mitogenomes possess the typical gene content and gene order
of other Aedini mosquitoes. Genetic distances and divergence estimates between
Korean and Italian samples of A. koreicus support the proposed hypothesis of a

species complex involving A. koreicus and A. japonicus.

Compared to previous studies, we retrieved more recent estimates for the origin
and radiation of Aedini and Culicini, whereas the estimates for shallower nodes
are congruent with previous works. We hypothesize that the reason behind this
discrepancy is that our mitogenomic analysis is the first to include more
outgroups to the Culicidae: this may have adjusted previous estimates for deep

nodes that were biased by a reduced outgroup sampling.

Our results recalibrate the origin of some mosquitoes clades by moving their
diversification toward the present and provide new useful data to understand
the diversity of A. koreicus and A. japonicus in newly invaded areas and in relation

to the other mosquitoes.
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3.3 Introduction

Aided by global trade, increased travelling, and global warming, various Aedini
mosquitoes competent for arboviruses are becoming endemic in Europe, and
North America. As a consequence, diseases that were previously only tropical are
now arising in these invaded territories, posing public health concerns (Jolyon M
Medlock et al. 2018; E. C. Cameron et al. 2010; F. Schaffner, Medlock, and Van
Bortel 2013; Moin-Vaziri et al. 2019; Weger-Lucarelli et al. 2016). Because of their
capability of spreading several arboviruses and adapting to urban environments,
Aedes aegypti and Aedes albopictus quickly became model organisms within Aedini

(Kraemer et al. 2015; N. R. Faria et al. 2017).

Two other Aedini are quickly establishing in temperate climates of Europe: A.
japonicus is well established in central Europe (Francis Schaffner, Chouin, and
Guilloteau 2003) and is now enlarging its areal to North Italy (Bernhard Seidel,
Montarsi, et al. 2016) while A. koreicus is now well established in the Veneto
region of Italy (Capelli et al. 2011) and enlarging his areal toward Trentino (F.
Baldacchino et al. 2017; Montarsi et al. 2015) and Lombardia regions (Negri et al.
2021). Like most other Aedes, these invasive species show human blood-feeding
behaviour and are competent for many arboviruses such as West Nile virus, Zika
virus, and Yellow fever virus (Jolyon M Medlock et al. 2018; Huber, Jansen, et al.
2014; Capelli et al. 2011). Aedes japonicus has established in Europe in the mid-
2000 (Versteirt et al. 2009; Francis Schaffner, Chouin, and Guilloteau 2003), and it
has become stable in Italy only recently (Frédéric Baldacchino et al. 2015;
Bernhard Seidel, Nowotny, et al. 2016). While species such as A. albopictus
typically require warm temperatures, A. koreicus and A. japonicus seem
particularly well adapted to more temperate environments (Montarsi et al. 2015;
Bartlett-Healy et al. 2012). From an evolutionary point of view, A. koreicus and A.
japonicus, are reciprocally sister species, with a mean divergence estimated at
circa 32 my (Zadra, Rizzoli, and Rota-Stabelli 2021).

The phylogeny and the timing of Aedini and other mosquitoes divergence have
been studied in detail using multimarker approaches (Soghigian, Andreadis, and
Livdahl 2017). According to these studies, mosquitoes (Culicidae) originated in
the lower Jurassic with mean estimates ranging from 182 Ma to 197 Ma,

depending on the study (see right columns of Table 1). Some studies predate the
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origin of Culicidae to the Upper lower Triassic with mean estimates of 216-218
Ma (Reidenbach et al. 2009; X.-G. Chen et al. 2015). All these estimates, except for
one (Lorenz et al. 2021), were obtained employing only the Brachycera as
outgroups. This procedure creates a long uninterrupted branch between the root
and the Culicidae diversification. This long internal branch may be, however,
broken by several other lineages of the Culicomorpha, the superfamily to which
Culicidae belong. Phylogeny and divergences of Aedini and other Culicidae
should be investigated by employing a richer set of outgroups to increase the
node density along the branch that from the root leads to the Culicidae clade.
Such an improvement in the rooting may fix possible issues related to
inappropriate outgroup sampling.

Here we present the whole mitochondrial DNA of two individuals of A. koreicus
and A. japonicus sampled in Nord Italy. Our general aim was to produce new
data useful for molecular typing in the field for two species of medical relevance.
We also present an updated time tree of mosquito evolution based on whole
mitochondrial data, which we have used to clarify some previously reported

methodological issues in Aedini phylogenetics.

Aedes koreicus, October 2021

Figure 1. Distribution maps in Europe for A. japonicus and A. koreicus updated at October 2021, and the
pictures of A. japonicus female (left panel) and A. koreicus female (right pane). Green: not present; red:
present; yellow: wuncertain. Photo credits: A. japonicus (https://www.ecdc.europa.eu/en/disease-
vectors/facts/mosquito-factsheets/aedes-japonicus); A. koreicus Capelli (licensee BioMed Central Ltd. 2011).
The maps and the relative mosquito distributions were realized by European Centre for Disease Prevention
and Control (https://www.ecdc.europa.eu/en/disease-vectors).
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3.4 Methods

3.4.1 Sampling and sequencing

Aedes koreicus and A. japonicus specimens came from lab-reared populations of
respectively Fondazione Mach (FEM) of San Michele all” Adige and the Istituto
Zooprofilattico Sperimentale delle Venezie (IZSV); founder individuals were
collected in the wild respectively in Trentino province and Friuli regions (both in

North-East Italy).

The DNA extraction was performed using the nucleon-spin tissue extraction kit
Qiagen optimizing the protocol for insect DNA extraction. The extraction
employed one pupa of A. koreicus and one pupa of A. japonicus in order to
maximize the amount of total DNA, minimize the presence of environmental
DNA, and reduce the heterozygosity of the DNA. After the extraction, library
preparation and raw data sequencing was performed by the Next Generation
Sequencing (NGS) facilities of the CIBIO department of Trento University using
the NOVASEQ platform.

3.4.2 Mitogenomes assembly

The total raw reads were processed by MitoZ without filtering. MitoZ handles all
the steps for the assembly of mitogenomes (Meng et al. 2019). It first filters the
reads and trims adaptors; the clade flag is used to filter out all the reads that do
not correspond with the specific clade. The other steps handle the assembly step
and the annotation. After the annotation steps, we noticed that one gene was
missing from the mitogenome of A. koreicus: this gene was successfully retrieved

using the program MitoS (Bernt, Donath, et al. 2013).

3.4.3 Dataset preparation

We downloaded all the Aedini mitogenomes available on NCBI, plus various
representatives of Culicomorpha, a monophyletic infraorder within
(paraphyletic) Nematocera. We employed all the Aedini mitogenomes present on
NCBI on 1/10/2021, and we further added the two newly assembled A. koreicus
and A. japonicus mitogenomes for a total of 24 Aedini mitogenomes. To obtain a

dataset comparable with previous phylogenetic studies that investigated
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Culicidae evolution, we employed a taxon sampling that include 15 non-Aedini
Culicinae and 11 Anophelinae as in (Zadra, Rizzoli, and Rota-Stabelli 2021; A. F.
da Silva et al. 2020). We further added some Culicidae sister groups: Chaboridae,
Corethrellidae, Dixidea; all these clades together are grouped in the Culicoidea
clade. We further added two Chironomidae sequences to break a long internal
branch between the Drosophila/Mosquitoes split and the diversification of the
Culicoidea. From the Genbank file, we therefore, extracted t-RNAs, ribosomal,
and protein-coding genes using custom scripts and aligned every gene
independently using MAFFT (Katoh, Rozewicki, and Yamada 2018). We
concatenated each gene with the FASconCATconcat script (Kiick and
Meusemann 2010), obtaining a multi-gene concatenated alignment of 15388

nucleotides.

3.4.4 Phylogenetic and Clock analyses.

We inferred a maximum likelihood tree with IQ-TREE version 1.6 using ultrafast
bootstrapping with 1000 replicates under a GTR+G replacement model as
defined by the program as the best fitting model (Minh, Nguyen, and Von
Haeseler 2013). BEAST v2.6 was used to estimate divergence times (R. Bouckaert
et al. 2014). We calibrated the clock using a combination of priors. We employed
a root prior based on the fruit fly-mosquito split using a normal distribution with
a mean set at 260 Ma and a 95% prior distribution to be between 296 and 238 Ma,
as suggested by (Borkent and Grimaldi 2004; Benton and Donoghue 2007). We
employed minimum calibration points for the diversification of Anophelinae and
Culicinae, both at 34 Ma, according to the oldest fossils known for each group
(Benton and Donoghue 2007; Misof et al. 2014). We add a minimum calibration
of 99 Ma for the Culicidae, as the oldest known fossil, Priscoculex burmanicus
(Poinar, Zavortink, and Brown 2020): there is, however, no indication if this fossil
belongs to the crown or to the stem Anophelinae. Hence, we preferred to be as
conservative as possible, placing this constraint on the origin of
Anopheline/Culicinae split, the Culicidae crown. We apply a monophyletic
constrain to the Culicomorpha, Culicidae, Aedini, and Anophelinae clade. The
monophyly constraints on clades were based on previous morphological and

molecular studies (Narayanan Kutty et al. 2018; Saether 2000; Yeates et al. 2007;
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Wiegmann et al. 2011). Moreover, we tested for putative outgroup sampling
effect by running the analysis with and without the non-Culicidae
Culicomorpha. We ran all MCMC chains for 200,000,000 generations twice. We
checked the actual convergence with Tracerl.7 (Rambaut et al. 2018), discarded
20% of the trees as burn-in and summarised the Bayesian analyses using
TreeAnnotator. We employed the Birth and Death model (BD) and a relaxed
lognormal clock, as already shown to be the most suitable for mitogenome
analysis in previous work (Zadra, Rizzoli, and Rota-Stabelli 2021; A. F. da Silva
et al. 2020).

3.5 Results
3.5.1 Mitogenome

We were able to fully reconstruct the mitogenomes of both the species sequenced
using the MitoZ pipeline and starting from raw reads. We employed a set of 60
million reads for A. koreicus and 75 million reads for A. japonicus: this indicates a
coverage of at least 4000X and high-quality mitochondrial genomes according to
(Richter et al. 2015). The gene content does not show any difference from other
members of the Culicidae clade, as shown in Figure 2. The gene order is also
identical in A. koreicus and A. japonicus, the difference is only in the length of the
sequence. This is not surprising as mosquito mitogenomes are rather conserved,
all showing 37 genes comprising 13 protein-coding genes, 22 tRNAs and two
rRNA genes (Lorenz et al. 2019; S. L. Cameron 2014). The gene order within the
Diptera are almost identical, the only differences being the tRNA coding for
Serine, which is on the + strand in Drosophila, whereas it is on the - strand in
mosquitoes (S. L. Cameron 2014; S. L. Cameron et al. 2007). The overall genetic
identity between A. koreicus and A. japonicus mitogenomes is 93 %, whereas the
identity between the A. koreicus from Italy sequenced in this work with the other
available A. koreicus mitogenome from Korea (NC_046946) is 99.5 % caused by 80

SNP spread along the mitogenomes.

92



Chironomus tepperi

15,652 bp
[CINADH dehydrogenase It I 1 L - e
[[] Cytochrome c oxidase
Anopheles gambiae
[@ ATP synthase 15,363 bp
] Cytochrome b L 1 n 1 'T'I 1 _—_—
1 L | | I
B Ribosomal RNAs
B Transfer RNAs Aedes albopictus
15,665 bp
i . - Lal T L
Aedes koreicus
15,363 by
— I - L mL T |
Aedes japonicus
15,363 bp
1 1 Il 1 Wl 1 D
J|I ] .l I 1 I
Drosophila melanogaster
15,363 bp
! b 1§ 1 im . | —

Figure 2. The mitogenome structure for six Diptera Species. Aedes japonicus and A. koreicus and the other
Culicidae (A. albopictus, Anopheles gambiae) are characterized by an identical gene content and gene order
(A. albopictus, Anopheles gambiane). Mosquitoes differ from other dipterans (Chironomus tepperi, and
Drosophila melanogaster used here as examples) only for the strand in which the serine tRNA is located.

3.5.2 Divergence time based on mitogenomes

After preliminary alignments, we concluded that the promoter regions (d-loop)
were unsuitable for phylogenetics and clock analysis because of their high
divergence and the consequent difficulty in obtaining a meaningful alignment.
Results of our time-calibrated mitogenomic analysis of mosquitoes are
summarised in Table 1 and in Figure 3 (Supplementary Figure 1, provides the
HPD 95% for all the estimates, with no collapsed nodes). In Figure 3 and Table
1, we compare our estimates for some key nodes with the estimates from three
previous studies of mosquitoes' divergence times using mitochondrial data
(Zadra, Rizzoli, and Rota-Stabelli 2021; A. F. da Silva et al. 2020; Lorenz et al.
2021). According to our analysis, the Culicomorpha (Node A) radiation started
at a mean of 255 (HPD 95%: 226 -287) Ma at the turn of the Triassic period, close
to the estimated Diptera origin 262 Ma. The Culicoidea (Node B, which
comprises Culicidae, Dixidae, Corethrellidae, and Chaoboridae families)
diversification took place through the Triassic period until the mid-Jurassic,
with its first diversification at a mean of 226 (HPD 95%: 192 — 258) Ma.

Corethrellidae and Chaboridae separated from the lineage that leads toward
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Culicidae at a mean of 205 (HPD 95%: 172 — 238) Ma and 184 (HPD 95%: 151-
214), respectively. The Culicidae (Node C) radiation occurred at a mean of 127
(HPD 95%: 101 — 150) Ma, this node representing the split between the
Anophelinae and Culicinae clades. This is the most recent estimate retrieved
for this node to date (Reidenbach et al. 2009; X.-G. Chen et al. 2015; Lorenz et
al. 2021; Zadra, Rizzoli, and Rota-Stabelli 2021; Hao et al. 2017; A. F. da Silva et
al. 2020). The previously mean estimated ages for the Culicidae node spanned
between 145 and 190, much older than the estimates reported here in this work.
Our results support a Culicidae diversification that falls entirely within the
Early Cretaceous. The diversification of Anopheline (Node D) and Culicinae
(Node E) took place almost simultaneously at a mean of 106 (HPD 95%: 84 -
132) and 106 (HPD 95%: 85 -128) Ma, respectively. Node F (split between
Culicini and Aedini) occurred at 87 (HPD 95%: 70 -106) Ma. Previous estimates
propose the divergence of the node F around 130 Ma (Table 1) (Zadra, Rizzoli,
and Rota-Stabelli 2021; A. F. da Silva et al. 2020; Lorenz et al. 2021). Aedini tribe
is the clade that gave rise to the species we have sequenced, A. koreicus and A.
japonicus, as well as other species of medical relevance. We estimate the split of
this clade (Node G) to have occurred at a mean of 75 (HPD 95%: 59 -90) Ma.
This new proposed time-scale of mosquito evolution suggests the emergence
of major mosquito lineages during the Cretaceous period. The A. albopictus split
from its sister species A. flavipictus (Node H) took place at 23 (HPD 95%: 12 -
34) Ma, whereas the split between A. koreicus and A. japonicus is set at a mean
of 27 (HPD 95%: 15 - 40) Ma, estimating a more recent time than Zadra et al.
(2021) but in line with the estimate of Soghigian et al. (2017) (Soghigian,
Andreadis, and Livdahl 2017). To explore better how the outgroups affect the
tree topology and posterior, we ran the analysis without the non-Culicidae
Culicomorpha species (namely, Polypedilum vanderplanki, Chironomus tepperi,
Dixella sp., Corethrella condita and Chaborus sp.). In the absence of non-Culicidae
outgroups, the mean and the 95% HPD estimates become older for the
diversification of most clades, including Culicidae (node C), Culicinae (node

E), and Aedini (node G), as indicated by the light bars in Figure 3.

From a methodological point of view, all our dated Bayesian phylogenies are well
converged as the ESS estimates were well above 200: this indicates a good mixing

of every parameter. Moreover, the coefficient of variation (o:, the parameter that
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measures the clock-likeliness of the data) is 0.403. If the or is close to zero, then
the data have low rate variation, and they can be modelled as a strict clock); vice
versa, higher values tend to favour the relaxed clock assumption that we have
indeed implemented in all our analyses. A relaxed nature of the clock in the
mitogenome of mosquitoes can be actually observed in Figure 4. The mean
mutation rate calculated over the whole tree is estimated at 4.01 * 10°
(mutation/site/MY from here on (msm)). The rates in the Aedini group are highly
variable in some clades, ranging between 3 * 10° msm and 8 * 10° msm. Aedes
albopictus, with a rate of 6.3 * 10° msm, has the higher rate among its close
relatives besides the Haemagogus genus that shows high variability in the
evolutionary rate, spanning from 7.7 to 3.2* 103. The Chironomidae clade shows
a high rate of evolution, 8.2 * 10® msm, along with Charoborus 7.3 * 10 msm
(Figure 4). These high rates reflect long branches as detected by the Maximum
likelihood phylogeny (Supplementary Figure 2).
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Figure 3. Divergence times of the Culicidae mosquitoes using non-Culicidae Culicomorpha outgroup. Red
bars indicate the estimates from the present study, yellow bars from the same analysis carried out employing
only the Culicidae taxa and no other Culicomorpha samples, orange bars indicate estimates of Zadra et al. (2021)
(Zadra, Rizzoli, and Rota-Stabelli 2021), green bars indicate estimates from da Silva et al. (2020) (A. F. da Silva et
al. 2020). The HPD 95% of the correspondent node are in Table 1).
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Table 1 Divergence estimates of selected nodes from Figure 3 and other analyses. For each node, we
provide the mean and the 95% high posterior density. We compare the result of our study with a previous
study, Lorenz et al. (2021) did not provide HPD 95% estimates. All the estimates are provided in million
years ago (Ma) (Lorenz et al. 2021). (Zadra, Rizzoli, and Rota-Stabelli 2021) >(A. F. da Silva et al. 2020)
3(Lorenz et al. 2021).

Node Taxonomic level This This study Zadra et al. da Silvaet Lorenz et
study only (2021)* al. (2020)>  al. (2021)®
Culicidae
A Culicomorpha 255
(226 -287)
B Culicoidea 226 220
(192 -
258)
C Culicidae 127 151 182 182 197
(101 - (115 -186) (143-223) (146-233)
150)
D Anophelinae 106 125 145 147
(84-132) (94-159) (114-187)
E Culicinae 106 128 150 160 153
(85 -128) (98-158) (118-184) (128-205)
F 87 105 135 130 123
(70-106) (79-131) (104-164) (101-168)
G Aedini 75 90 111 102 74
(59 -90) (67-113) (95-150) (81-132)
H A. albopictus — A. 23 29 33
flavipictus
(12 -34) (16-43) (20-46)
I A. koreicus — A. 27 32 46
japonicus
(15 -40) (18-48) (24-71)
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Figure 4. Rate heterogeneity within the Culicomorpha radiation. Specific rate branches are highlighted by the

line colours. Some lineages, or species, are characterized by an increased mutation rate. Brown/green shades

indicate slower evolutionary rates, whereas Blue/red shades indicate faster evolutionary rates. The lower rate
(brown) is set at 2 10> msm the highest rate is set at 8.2 103 (red). We can appreciate a higher rate in the Culicidae
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3.6 Discussion
3.6.1 Aedes koreicus — Aedes japonicus divergence, are they a species complex?

Here we presented the mitochondrial genomes of A. japonicus and A. koreicus, two
recently established invasive mosquitoes in Europe. Available data for A. koreicus
is scarce, mainly consisting of few gene markers (Negri et al. 2021): this makes it
challenging to quantify, for example, the genetic distance among samples and
identify possible introduction routes. Mitochondrial genomes have a lower
resolution power if compared with genome scaled nuclear markers or
microsatellites; however, they are quick to sequence and reliable source of data
for population and phylogenetic analysis. The two previously available
mitogenomes for A. koreicus on NCBI were both collected in South Korea. To
better understand the A. koreicus spread in Europe, we provided the mitogenome
of an Italian sample of A. koreicus, the first to be sequenced outside its native
range. The invasive A. japonicus has been more intensively studied.
Microsatellites, some mitochondrial markers and related population genetics
studies are already available for European and American populations (Fonseca
et al. 2010; Widdel et al. 2005; Huber, Schuldt, et al. 2014; Smitz et al. 2021;
Baharmand et al. 2020). A complete mitogenome sequence was not however
available on the public database, and here we have provided the first A. japonicus

mitogenome.

The mitogenomic identity between the A. koreicus from Italy that we have
sequenced and the A. koreicus from Korea (NC_046946) is 99.5 %. This is in line
with the similarity of 99.6 %, identified by Steinbrink et al. (2019) (Steinbrink et
al. 2019) using the COI barcode between A. koreicus samples from Belgium and
Germany. The genetic difference between the Italian and the Korean
mitogenomes is reflected by a high estimated of their divergence time in Figure
3: mean 1.22 (HPD 95%: 0.62 - 2.06) Ma. If we compare the age of this A. koreicus
- A. koreicus split with that of Culex pipiens - Culex quinquefasciatus, which occurred
around 0.43 (HPD 95%: 0.17 — 0.75), we can notice that the divergence between
two different Culex species is actually lower than the one estimated between the
two A. koreicus mitogenomes. The two Culex species belong to the so-called
species complex (Harbach 2012), but are still considered two different species.

This high divergence between A. koreicus individuals suggests the possibility of
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a species complex that include this species and A. japonicus. A previous
phylogenetic investigation of the A. japonicus and A. koreicus using mitochondrial
markers had indeed retrieved A. koreicus nested within a paraphyletic A. japonicus
composed of likely subspecies A. j. japonicus, A. j. yaeyamensis, A. j. amamiensis
with (E. C. Cameron et al. 2010): this further point toward a species-complex
scenario. Although the A. japonicus — A. koreicus split is estimated at several
millions of years ago in the early Neogene (node H in Figure 3), the
morphological character employed for distinguishing the three A. japonicus
subspecies and A. koreicus has a generous amount of overlap that is also
suggestive of a species complex and that could lead to possible misidentification
in adults. More data from Asian native range and newly introduced countries is
needed to better understand the reciprocal affinities of A. japonicus and A.
koreicus. If a species complex will be confirmed, it may imply chances of
hybridisations in both native and invasive regions, making more challenging the

identification and management of these species.

3.6.2 Mosquitoes radiation could be more recent than we previously thought

Our dated phylogeny is highly congruent in terms of topology with previous
studies, but it retrieves interesting insight into the time-scale of mosquito
evolution. As depicted in Figure 3, our analysis (in red) provided a more recent
time-scale in contrast to other previous estimates (Table 1). The most important
discordance between previous works and this study is for the Culicidae split: our
95% HPD estimates barely overlap with previous ones (Zadra, Rizzoli, and Rota-
Stabelli 2021; A. F. da Silva et al. 2020; Reidenbach et al. 2009; Soghigian,
Andreadis, and Livdahl 2017; X.-G. Chen et al. 2015).

The younger age of the Culicidae clade retrieved by this work can be explained
by using a larger outgroup sampling which breaks the long branch that leads
from the root to the Culicidae group. The ingroup and outgroup sampling have
been shown to affect the divergence estimates in Bayesian frameworks (Soares
and Schrago 2015; Spasojevic et al. 2021; Bromham et al. 2018). Adding the non-
Culicidae Culicomorpha outgroup also increased the precision in the Culicidae
estimates. The analysis carried out excluding the non-Culicidae Culicomorpha

species (yellow bars in Figure 3) affected the HPD 95%, which becomes broader
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in the analysis without the outgroup, whereas using the full dataset, the estimates
range is narrow. The discrepancies between our and other studies can also be
explained by the dataset employed: our analysis employed all the genes, whereas
other used only the coding genes (A. F. da Silva et al. 2020) or only few
mitochondrial markers (Zadra, Rizzoli, and Rota-Stabelli 2021). Another possible
source of discrepancy is the taxon sampling within the Culicidae: Da Silva et al.
(2021) employed, for example, more Anopheles and less Aedini than us, and this
may have affected the distribution of rates in the tree and the age of ancestral

nodes.

Regardless of the reason behind the observed discrepancies, our younger
estimates allow us to suggest novel paleo-ecological scenario. In our study, the
Culicidae diversification (node C of Figure 3) falls within the lower Cretaceous
instead in the mid-Jurassic as in previous studies. The blood-feeding behaviour
is a widespread trait within the Culicomorpha clade, and probably this behaviour
is the ancestral trait of this group: according to our timetree, this character may
have appeared at the Permian-Triassic boundary concomitantly with the
Culicomorpha diversification (node A). This blood-sucking habit has later
diversified to adapt to all the ecological niches provided by evolving tetrapods.
An interesting novel paleo-ecological scenario is that our new estimate of
Culicidae diversification (node C of Figure 3) tends to match the Angiosperm
radiation and the origin of most of its extant diversity in the mid-Cretaceous
around 120-130 Ma (van der Kooi and Ollerton 2020; H. T. Li et al. 2019). The
origin of the angiosperm has occurred probably in the Triassic — Early Jurassic,
but this estimate is still debated (Coiro, Doyle, and Hilton 2019). However, many
studies agree to set the origin of the angiosperm somewhere in Triassic or Early-
Jurassic period, especially studies carried out with many genera (Clarke,
Warnock, and Donoghue 2011; Magallon and Castillo 2009; C. S. P. Foster et al.
2017; S. A. Smith, Beaulieu, and Donoghue 2010). The match between Culicidae

and angiosperms is supported by our time trees but not by previous studies.
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3.8 Supplementary Figure
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Supplementary Figure 1. Here we show the complete phylogenetic tree used in Figure 3. All the nodes are
coupled with its HPD 95%bar. No group is collapsed. Anophelinae and Culex clades are reported entirely

(not collapsed).
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CHAPTER 4 - SHORT-READS GENOME SEQUENCING
OF PEST AND BIOCONTROL SPECIES
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4.1 introduction to the Chapter

In this Chapter, I provide genome reports of the sequencing of three species: A.
koreicus, A. japonicus and Trissolcus japonicus, the wasp involved in the biological

control of the Brown Marmorated Stink Bug (Halyomorpha halys).

The Chapter is divided into two parts. In Part A, I present the methodology that
I applied for every step of the experiment, from rearing to the assembly and the
draft result of the genome skimming of A. koreicus and A. japonicus. The quality
of the reads did not allow me to produce proper genome assemblies and the
completeness assessment indicates that we can retrieve a good fraction of genes
for A. japonicus and only a small amount for A. koreicus. This data provides,
however, enough information for successful genome skimming of genes,

mitochondrial DNA (used in Chapter 3), and associated microbiome.

In part B, I provided an overall picture of the quality of the genome assembly of
two individuals of Trissolcus japonicus, one from the strain involved in the
releasing for biological control and one from wild captured in Trentino. The
genomes have a high BUSCO completeness and will provide a solid base for

further genomic studies within this clade of miniaturised wasps.

Contribution: In this work, I reared Aedes koreicus and performed the DNA
extraction, assembly, mitogenome assemblies, and orthology assessments for all
three species. I received training from many of the co-authors listed. The
metagenomic analyses were performed by colleagues. Supervised by my advisor
Omar Rota-Stabelli, I designed most of the experiments and interpreted the

results.
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Part A. Genome skimming of the invasive mosquitoes Aedes koreicus

and Aedes japonicus

Nicola Zadra'?, Andrea Silverj, Paula Escuer, Annapaola Rizzoli!, Daniele
Arnoldi!, Gioia Capelli®, Fabrizio Montarsi’, Alejandro Gracia Sanchez* Omar
Rota Stabelli 125

! Fondazione Edmund Mach; 2 CIBIO department, University of Trento; 3
Laboratorio di Parassitologia, Istituto Zooprofilattico Sperimentale delle Venezie;

4Barcelona University; > Center C3A, University of Trento.

Abstract

Despite their importance as a threat to human and animal health, knowledge of
Aedes mosquitoes' evolutionary genomics is rather fragmentary, impairing a
good understanding of their biology and effective control. In the Aedini lineage,
only the genomes of A. albopictus and A. aegypti have been sequenced. Other
species within this clade have been widely neglected, including A. japonicus and
A. koreicus, two species that are established in temperate regions of Russia and
Europe. Here, we present the genome skimming analysis of A. japonicus and A.
koreicus individuals sampled in North Italy. The quality of the two assemblies of
these two species is very different: A. japonicus assembly shows a fair level of
completeness, whereas A. koreicus assembly is very fragmented. This data
provides enough information for successful genome skimming: we could extract
up to 90% of BUSCO genes from A. japonicus and examine the microbiome and
virome associated with the reads. These data need to be integrated by long read
and by more short read sequencing; it provides, however, the first framework to
investigate the genome evolution of these two species and an initial repository to

extract genes for downstream analyses.
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4.2 Introduction

Anopheles mosquitoes have been studied in deep, and a large panel of genomes
from 25 Anopheles species have helped characterize better their biology (Isaacs et
al. 2018; Anselmetti et al. 2018; Wei et al. 2017; Jiang et al. 2014). Conversely,
within the Aedini mosquitoes, only two species have been sequenced so far: A.
albopictus and A. aegypti. Both species are quickly establishing in urban
environments outside their original Asian areal, show human blood-feeding
behaviour and are competent for many arboviruses such as West Nile virus, Zika
virus, and Yellow fever virus (Jolyon M Medlock et al. 2018; L. H. Chen and
Wilson 2020; Capelli et al. 2011; Huber, Jansen, et al. 2014). These characteristics
have made A. albopictus and A. aegypti worldwide health concerns and important
model organisms. While A. albopictus presence is now reported from every
continent and most of the Mediterranean basin (Figure 1), A. aegypti seems not
capable of settling stable populations in continental Europe with the exception of
southern Russia and Georgia (N. R. Faria et al. 2017; Kraemer et al. 2015). Both A.
aegypti and A. albopictus belong to the subgenus Stegomyia and can be currently
compared from a genomic point of view only against each other. For example, it
would be impossible to discriminate between genomic characters specific to
Stegomyia (black dots of Figure 1) from those shared with all other Aedes
mosquitoes. In a comparative genomic framework, the availability of genome
data from other Aedes species may help increase the correct interpretations of A.

aegypti and A. albopictus genomes.

Other Aedes species are competent for arboviruses, but they are less studied for
at least three reasons: they are confined to certain tropical regions, they are
not/less efficient vector of arboviruses, and they have been introduced in new
territories only recently. Among them, there are two Aedes that are currently
establishing in temperate climates of Europe. A. japonicus is quickly establishing
in central Europe (Francis Schaffner, Chouin, and Guilloteau 2003; Francis
Schaffner et al. 2009) and its presence is confirmed in Italy since 2015 (Bernhard
Seidel, Nowotny, et al. 2016). A. koreicus is enlarging its new areal in North Italy
and the Alpine region (Capelli et al. 2011). While A. albopictus typically requires
warm temperatures, A. koreicus and A. japonicus seem particularly well adapted

to temperate climates. A. koreicus prefers urban habitats, laying eggs in man-
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made containers, whereas A. japonicus prefers sylvan and rural habitats, but it

could tolerate suburban and urban habitats (Montarsi et al. 2013).

Aedes koreicus and A. japonicus are reciprocally sister species (a sister species is the
most closely related species on the phylogenetic tree), with a mean divergence
estimated at circa 32 Ma (Zadra, Rizzoli, and Rota-Stabelli 2021). Because they
are sister species, their genome sequencing would reciprocally ease the
interpretation of comparative genomic studies by, for example, assigning
species-specific genes to certain species (orange and red dots of Figure 1). The
genome sequencing of other Aedes species is anticipated to be not an easy task as
these species are often characterized by large, highly repetitive genomes. The
assembly of a European (therefore invasive strain) A. albopictus genome (Dritsou
et al. 2015) has proven extremely difficult if compared to a native Asian strain
(X.-G. Chen et al. 2015). The issues encountered during genome assembly in
Dritsou et al. (2015) (Dritsou et al. 2015) can be explained by at least three factors:
the large genome size, the high frequency of repetitive regions, and the short
reads approach employed for the sequencing. Subsequent resequencing using
long-read technology has strongly bypassed assemblies issues (Palatini et al.
2020). Aedes japonicus and A. koreicus are invasive of Europe, and it may be
possible that they show a similar pattern of transposon enrichment, which would

further unease their genome assembly.

Here we report the results of genome sequencing for A. japonicus and A. koreicus
using short (Illumina) reads. We obtained a genome assembly with good
completeness for A. japonicus and a poor assembly with low level of completeness
for A. koreicus. These data can provide genetic material for a genome-skimming

approach.
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Figure 1. Phylogeny and European distribution of four Aedes species. In the left panel, we show a
simplified tree of the four Aedes mosquitoes. The dots along the branches highlight hypothetical genomic
changes that occurred in mosquitoes' lineage, showing that increasing the number of genomes available can
increase the resolution of the phylogenomic analysis. Adding a temporal scale helps to understand when a
certain change occurred, providing insight into the paleoecology of the species and in which climatic
scenario the genomic changes took place. In the right panel, we show the distribution of the four Aedes
species in Europe. Maps are taken from the European Centre for Disease Prevention and Control, updated
in April 2021. Green: not present; red: present; yellow: uncertain. Photo credits: A. japonicus: cydno (CC BY-
NC); A. koreicus and A. albopictus: Capelli (licensee BioMed Central Ltd. 2011); A. aegypti: Monica Ridlehoover
(CCBY 2.0).

4.3 Methods
4.3.1 Sampling and rearing

A. japonicus specimens were reared in captivity from samples collected in the
wild in Friuli and supplied by the Istituto Zooprofilattico Sperimentale delle
Venezie (IZSV). We performed DNA extraction on an A. japonicus pupae
provided by IZSV. The A. koreicus specimens were reared in captivity at
Fondazione Edmund Mach from samples collected in the Trentino area. To lower
A. koreicus heterozygosis, we rear an inbreeding line. To avoid unwanted

multiple breeding, we isolated a couple (a male and a female) from the rest of the
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siblings, placing them in a separated cage as soon as they hatched. In the cage,
we place cotton soaked with sugar water and a black glass fill with water with a
blotting paper for aiding the oviposition. A blood meal was proposed to the
mosquito female every two days until oviposition. The procedure was repeated
for two generations: in the second generation, high mortality was present in the
larval stage, whereas the third generation produced non fecundated eggs.
Therefore we performed the DNA extraction on an A. koreicus pupa of the second
generation. The rearing conditions were set as follows: temperature 23/26 C°,
stable humidity to 70 % and the day-night cycle was kept 16 h of light and 8 h of
dark, following the protocol of Marini et al. (2019) (Marini et al. 2019).

4.3.2 DNA extraction, libraries and sequencing

The DNA extraction was performed using the nucleon-spin tissue extraction kit
Qiagen optimizing the protocol for insect DNA extraction. The extraction was
performed on single pupae of Aedes koreicus and Aedes japonicus. The DNA
yielded was assessed with Qubit. We extracted DNA from one single individual
to reduce heterozygosity of the genome data and increase the quality of the
assembly. After the extraction, library preparation and raw data sequencing was
performed by Next Generation Sequencing (NGS) facilities of Trento that used
the NOVASEQ platform to obtain pair-end reads of 150 bp length each, with an
average insert size of 650 bp. Raw reads from the two Aedes species were quality
checked using FastQC.

4.3.3 Data processing, assemblies, quality assessment

Raw reads were processed using MaSuRCA3.1.2 assembler (Zimin et al. 2013).
The Kmer were estimated during the procedure. As suggested by the MaSuRCA
developer, we performed the assembly without any further trimming steps. We
employed the default parameter except for the JF_SIZE parameter adjusted for
the expected size of or genome. The De novo assembly quality was assessed using
BUSCO v5.0 against the Insect datasets (Simao et al. 2015; Waterhouse et al. 2019).
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4.3.4 Microbial and viral profiling

The trimming step was performed using Trimmomatic, using the option
“ILLUMINACLIP:/Trimmomatic-0.39/adapters/NexteraPE PE.fa:2:30:10:1: TRUE
LEADING:3 TRAILING:3 SLIDINGWINDOW:4:5 MINLEN:25”. A further run of
FastQC on trimmed data confirmed the effectiveness of the trimming phase.
Cleaned reads (paired and unpaired) were used as input of MetaPhlAn-3.0,
which was run using the mpa_v30_CHOCOPhIAn_201901 database with and

‘“”

without the option “--add_viruses”. Relative abundance plots were obtained

separately for bacteria and viruses using hclust2.

4.4 Results and discussion

4.4.1 Genome data for genome skimming

We obtained a total of 220 Million reads for A. japonicus and 150 Million read for
A. koreicus. The average quality (Phred score) for the A. japonicus reads was 35 for
the forwards and 29 for the reverse, whereas the quality was slightly lower for
the A. koreicus reads, 35 and 27, respectively (Table 1). To generate our assemblies,
we used all the reads without any further filtering or trimming as MaSuRCA
implements its own automatic cleaning procedure (Zimin et al. 2013). However,
the low quality of the reverse reads files (in particular for A. koreicus) makes the
program discard many reads, lowering the amount of total reads available for the
assembly. The A. japonicus assembly resulted in an N50 of 2986, with an average
coverage of 7.4X, whereas for A. koreicus, the assembly provided a dramatically
low N50 of 765 bp, with an average coverage of only 4.5X. The unsuccessful
assembly of A. koreicus is mirrored by the BUSCO assessment of gene
completeness (Figure 2). While for A. japonicus we could retrieve 91% of genes,

for A. koreicus we could find only 29% of genes, most of which were fragmented.
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Reads N° sequence Duplicates (%) Quality score

A. koreicus R1 79.4 11.0 35.5
R2 79.4 339 27.3

A. japonicus R1 110.7 14.1 35.2
R2 110.7 26.5 29

Table 1. The reads quality check obtained with Fastqc, shows high duplicated rates in both, especially in A.
koreicus, moreover, the amount of reads in A. koreicus is substantially lower than in A. japonicus. The quality
scores show that probably there was a problem during the sequencing of the reverse strand of the pair-end
reads.

N of reads Coverage Nb50 (bp) GC content Genome size

(%)
A. koreicus 10148019 4.51 751 40.51 1005618802
A. japonicus 42966735 7.37 2986 39.86 1146538077

Table 2 Here, we display some key statistics for the assembled genome. The table shows the difference in
assembly quality obtained. The A. japonicus has a higher number of reads and, the coverage and the N50.

BUSCO Assessment Results
. Complete (C) and single-copy (S) . Complete (C) and duplicated (D)
Fragmented (F) B wissing ()

A. koreicus 5137, D:22)

A. japonicus

| | | | | |
0 20 40 80 80 100

%BUSCOs
Figure 2. BUSCO assessment of the genome assemblies. The analysis was carried out employing the Insect
single-copy orthologous dataset (insecta_odb10). The light blue bar indicates the percentage of complete
genes found by BUSCO in single copy; the dark blue bar represents the duplicated complete genes found;
the yellow bar shows the percentage of fragmented genes; eventually, the red bar indicates the missing
genes, namely the genes that are supposed to be present in the species in question but not found in the
genome assembly provided to BUSCO.
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Overall, the sequencing of A. koreicus has encountered sequencing issues (low
quality reads and low output) which allowed us to retrieve only a small fraction
of genes and a highly fragmented assembly. On the other hand, A. japonicus
assembly provided a reasonable number of expected genes: this indicates that
this genome data can be analysed for the presence of genes belonging to gene
families of ecological and management interest such as opsin genes, odorant-
receptor (OR) and odorant-binding proteins (OBP). Phylogenomic studies of
these gene families have been already performed in insect genomes of similar
quality (Ometto et al. 2013). Due to the large genomes that characterized the Aedes
mosquitoes, the assembly within this clade has never been straightforward.
Indeed, for A. albopictus, many attempts (X.-G. Chen et al. 2015; Dritsou et al.
2015) and a mixture of the short and long reads had to be employed before

reaching high-quality genome assembly and annotation (Palatini et al. 2020).

4.4.2 Different microbial and viral profiles and absence of Wolbachia and

Asaia

As in other whole body DNA extraction sequencing projects, some of the reads
do not come from the fragmented mosquito genome but from other biological
entities such as bacteria and viruses. We characterize the overall microbial and
viral signal associated with the two mosquito species by profiling the filtered
genome reads (see Methods) using MetaPhlAn-3.0. The microbial content
associated with the reads was very different in the two species (Figure 3a). The
microbial profiles seem to be similar to those obtained by other authors who
analysed mosquito microbiome, but we found no evidence of Wolbachia and
Asaia: these two genera are, however, in high prevalence only in adults, not in
pupae (Coon et al. 2014; X. Wang et al. 2018; Alfano et al. 2019; Mohlmann et al.
2020). We rerun the analysis, including the low-quality reads, as they could
contain some extra-signal, but we were not able to detect Wolbachia or Asaia, and
the overall scenario did not change significantly. We detected significantly more
viruses in A. japonicus than in A. koreicus (Figure 3b). These differences could be

guided by the sequencing depth of the samples, which is higher for A. japonicus.
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Figure 3. Microbes and viruses associated with A. koreicus and A. japonicus. The colours indicate the
relative abundance of the species detected in each of the two samples. We can observe a great difference
between the microbial content in the two sequenced species panel a. This can be addressed to the different
rearing conditions of the A. japonicus and A. koreicus. Panel b shows the relative abundance of target viruses
associated with A. koreicus and A. japonicus.

4.4.3 Limitations of the single individual approach

Our sequencing approach was based on the sequencing of one single individual.
The benefit of this approach is that it reduces the amount of heterozygosity: only
two copies of the same chromosome are sequenced in a diploid organism rather
than many as in a pooled experiment. It is, however, challenging because of the

low amount of DNA yield that can be recovered from small insects like
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mosquitoes. According to our experimental design we were expecting 250 million
reads per genome, enough to provide a coverage exceeding 30X for a genome of
circa 1Gb. After trimming and quality check, we could use for assembly less than
20% of the expected reads: this resulted in low coverage and poor assemblies. It
is possible that the poor quality of the reads was caused by our decision of
sequencing from one single individual. For doing this, we had to build libraries
from slightly less than 1ug of DNA : this low amount of DNA was likely
responsible for a reduced quality of the libraries and a subsequent low quality of
reads. The risk of sequencing from a single individual is more relevant for long
reads approaches which require a higher amount of input DNA compared to the
short reads approach (Richards 2019; Kingan et al. 2019; F. Li et al. 2019). We tried
to use long reads for A. koreicus employing Nanopore MinION, but we repeatedly
failed to obtain reads: this again was likely due to the low amount of starting
DNA (1pg) coupled with the many passages for nanopore library preparation
that has damaged the integrity of DNA molecules. Based on our results, we
advocate extreme care in sequencing from a single individual that can provide

less than 1 pg of DNA.

Conclusions

While the quality and the low number of reads did not allow us to perform a
proper genome assembly, our data is suitable for a genome skimming approach.
We could, for example, extract high-quality whole metagenomes (Zadra et al. in
prep) and we could retrieve, at least for A. japonicus, a reasonable amount of
genes for downstream genetic and phylogenomic application (Benjamin Linard

et al. 2015; Malé et al. 2014; Denver et al. 2016; B. Linard et al. 2016).
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Abstract

Trissolcus japonicus is an egg parasitoid wasp widely recognized as the best
candidate for the classical biological control of the invasive bug Halyomorpha
halys. Practical use of this wasp in the field relies on a good understanding of its
biology and on an intra-specific typing system to differentiate strains for
assessing releases. Here we used short-read sequencing to generate genome data
from a single female from a lab-reared population used for biocontrol studies
(CREA) and a male from a recently established population (TN) from Trentino,
North Italy. We assembled two distinct draft genomes with an N50 of up to 150
Kb, characterised their associated metagenome, and extracted full-length
mitogenomes. The total DNA yield after extraction was circa double in the female
with respect to the male, suggesting that males are haploid in this species. The
mitogenomes of the two individuals were identical to each other and identical to
the previously published CREA mitogenome: this suggests that the TN and the
CREA individuals cannot be discriminated against using mitochondrial markers.
Ongoing studies are directed towards characterizing and validating differences
in the nuclear genome that may be used for typing in release and re-catch
experiments. The assembled genome is a source of data for a variety of

evolutionary and applied studies.
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4.5 Introduction

4.5.1 Trissolcus japonicus: the Halyomoprha halys control agent

Trissolcus japonicus (Ashmead, 1904) is a tiny hymenopteran of the Scelionidae
family; originally from Asia, it is now present as an adventive organism in
various countries, including USA and Italy (Talamas, Masner, and Johnson 2013;
Stahl et al. 2019). Trissolcus japonicus has become popular as a natural parasitoid
of H. halys, an invasive pest from Asia which is now posing a threat to agriculture
in many European and American countries (Lee et al. 2013). Different strategies
have been investigated to contrast H. halys invasion, but biological control seems
the most promising technique. Although H. halys eggs can be attacked by several
parasitoids of the genera Trissolcus, Telenomus, Oencyrtus and Anastatus (Lee et al.
2013; Arakawa, Namura, and others 2002; Z.-Q. Yang et al. 2009), various studies
identified T. japonicus as the candidate with the highest potential for classical
biological control programmes (Z.-Q. Yang et al. 2009; J. Zhang et al. 2017).
Trissolcus japonicus is considered the natural enemy of H. halys because it has an
egg parasitisation rate of 80% in its native range (Z.-Q. Yang et al. 2009). For this
reason, various countries are developing programmes for the control of the bug
through the introduction of this wasp. In the Trentino region, T. japonicus was
released in 2020 for biological control, and the sample investigated in this paper

come from a Trentino wild population and released individual (CREA).

4.5.2 Typing Trissolcus japonicus for release assessment

The ineffectiveness of nets and chemical methods to fight H. halys in Italy has led
the National Plant Health Committee (Comitato Fitosanitario Nazionale, CFN) to
promote classical biological control programmes through a complex network of
local institutions coordinated by CREA-DC. One of the main steps of this
program is the release of T. japonicus in 712 sites distributed in six northern Italian
regions during the 2020-2023 period. The CEN has identified a particular T.
japonicus population of American origin for the release (identified as CREA
population, from here on, this population is referred to as CREA-T. japonicus),
which is now reared in the various involved institutions. An important phase of
the release programme is the one following the actual CREA-T. japonicus release:

the post-release environmental monitoring. This delicate phase aims at
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evaluating the impact and the diffusion of T. japonicus in the agricultural contexts
affected by H. halys. One type of control consists of collecting H. halys eggs from
the wild and, at the time of their hatching, estimating if the level of T. japonicus
parasitisation is actually increasing. It is, however, important to assess how much
of a hypothetical increase in H. halys parasitisation is due to the release of the
CREA population rather than to the already present adventive T. japonicus
population. This can be done by performing a recapturing experiment and by

typing the captured specimens using genetic markers.

Previous analyses indicated that the barcode COl is identical in the reared CREA
population and in the wild type captured in Trentino before the first release of
CREA. This impairs the actual typing of the different populations using the
current canonical barcode COI (Cytochrome c oxidase subunit I) marker and
suggests that more data is necessary for strain discrimination, possibly by
employing mtDNA specific markers designed on more variable regions of the

mitogenome.

To help with the typing of T. japonicus releasing in Italy and to obtain genome
data to make genetic studies easier, here we present the draft genome of two
individuals: one member of a Trentino population and one from the reared CREA

population.

4.6 Methods
4.6.1 Sampling

The CREA T. japonicus samples were reared at the Agricultural Entomology (EA)
unit of Fondazione Edmund Mach from samples distributed by CREA and
initially imported from the USA (USDA-ARS, Beneficial Insects Introduction
Research Unit, Delaware). The Trento T. japonicus samples come from a lab-
reared population established from individual hutched from H. halys eggs
collected during a 2019 H. halys monitoring in Trentino. The rearing has been
maintained isolated (no other introduction of individuals from outside) at
Fondazione Edmund Mach. CREA and the Trento strains were reared in vials
containing 20/30 individuals, fed with honey drop and regularly supplied with
H. halys eggs.
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4.6.2 Extraction and sequencing

We used a Nucleospin Tissue extraction kit to obtain DNA from two different
samples. The samples consist of one female from the Trentino population and a
female from the CREA population. We performed the extraction on adults. The
DNA extraction was performed on two separate days to minimise the chances of
accidental sample swapping and cross-contamination. Cell lysis was performed
by incubating the sample with Proteinase K and Sodium Dodecyl Sulfate (SDS)
solution. After the cell lysis, the DNA was isolated using silica membrane in
combination with salt and ethanol. At the end of the procedure, DNA was eluted

in 50 pl volume, and quality/quantity was assessed using Qbit fluorometers.

The total DNA of the two samples was ligated into libraries and sequenced in
NOVASEQ SP as 200 PE. The library insert size with its max and min are 550
(1000 - 300) bp. The reads output yield was roughly 500 million reads per sample
for all the samples of the fastq.gz file. The reads quality was assessed using

fastQC tool (https://github.com/s-andrews/FastQC).

4.6.3 Assembly and BUSCO assessment

We employed the MaSuRCA 3.8 assembler for the assembly using the short
[Nlumina PE reads with a reads length of 100 nt (Zimin et al. 2013). The assembly
statistic shows a high coverage of 100x. GenomeQC was employed for retrieving
genome statistics from the two assemblies (Manchanda et al. 2020). In light of the
genome size of the only Scelionidae that has been sequenced (Telenomus remus,
130 Mb (H. Xu et al. 2021)) and the notoriously small genomes of parasitoid
wasps, we can speculate that the genome of T. japonicus probably has a similar
size and infer a good coverage of our assembly (>100x). In BUSCO v5.2 (Simao et
al. 2015; Waterhouse et al. 2019), we assessed the completeness of the two
genomes obtained in the assembly. We ran two analyses for each genome, one
using the orthologous Insect dataset and one using the Hymenoptera
orthologous dataset. Testing different orthologous datasets allowed us to

evaluate if the genome completeness is consistent through different gene sets.
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4.6.4 Mitochondrial extraction

To assemble the mitogenomes of the two samples, we employed MitoZ 2.3 (Meng
et al. 2019) starting from the raw data. We employed the entire MitoZ pipeline
from reads filtering through assembly annotation. MitoS software was employed

to recover missing genes (Bernt, Donath, et al. 2013).

4.6.5 Microbial and viral profiling

Raw reads were quality checked using FastQC and trimmed with Trimmomatic.
Cleaned reads (paired and unpaired) were used as input of MetaPhlAn-3.0,
which was run using the mpa_v30_CHOCOPhIAn_201901 database with and
without the option "--add_viruses". Relative abundance plots were obtained

separately for bacteria and viruses using hclust2.

4.7 Results and Discussion

4.7.1 Aploid males?

We extracted the DNA from two different populations, the wild introduced
population of Trentino and the T. japonicus from CREA, that are being released
for biological control in Italy. The DNA yield after extraction was circa twice as
high in the females than in the corresponding males: CREA female 4.67 ng/ul, TN
female 4.83 ng/ul, CREA male 1.73 ng/ul, TN male 2.00 ng/ul (we sequenced only
two individuals, but extracted DNA from four). This suggests that females are

diploids and males are haploids in T. japonicus.

4.7.2 Good quality genomes using only short reads

The CREA and the Trentino samples have a high average quality score (PHRED
average score of 36), no drop of quality or any other issues were detected. The
genome size for every assembly is around 160 Mb (see table 1 for detailed
information). The coverage obtained in the four runs is very similar to that
expected from the amount of the initial reads (~100x). The genome was
successfully assembled by the MaSuRCA assembler, and the assembly statistics
obtained using GenomeQC show a high-quality assembly (Table 1). BUSCO

121



assessment shows a high-quality assembly, retrieving 98.4 % (1342/1367) of gene
completeness in the Trento sample and 96 % (1312/1367) in the CREA sample

employing the insect gene orthologous dataset (insecta_odb10).

This is the second Scelionidae species to have a genome sequenced, whereas
other Hymenoptera clades have received more attention from genome studies.
This lack could be explained by the size of the species belonging to the
Platygastroidea clade. Platygastroidea clade is known as miniaturised wasps,
which have undergone a dramatic reduction in body size throughout their
evolution (body sizes span between 0.5 mm and 10 mm). Small body size has
been unsuitable for sequencing from a single animal because of the insufficient
DNA yield that can be obtained from small insects (Richards and Murali 2015).
As shown by our sequencing, this limitation is being surpassed by the
amelioration of short-read chemistry. The likely high homozygosity of this
parasitoid wasp (see next paragraph) likely helped the effective assembly in the

absence of long reads.

CREA Male (DMSO_3) Trento Female (DMSO_4)

Total scaffold length 156 Mp 168 Mp

N50 24640 bp 150093 bp
L50" 1473 290

Longest scaffold 298943 bp 12225666 bp
Estimated genome size | 189157107 bp 187864075 bp
Number of scaffolds 58707 18593

Table 1. The table shows the assembly statistics for the two genomes. As we can see, the Trento sample resulted in a
better assembly than the other. However, both the genomes show good quality statistics that make the assembly
suitable for further genomic studies.

1150 is defined as the count of the smallest number of contigs whose length reaches 50% of the genome size.

4.7.3 Small genome and a likely gene family loss

The genome size of T. japonicus has been evaluated to be ~160 Mb, which is
smaller than those of other sequenced hymenopteran species (80% of sequenced
species hymenopteran genomes range between 180 to 340 Mb) (Branstetter et al.
2018). The genome length is, however, similar to the newly assembled genome of
Telenomus remus (129 Mb), the only other Scelionidae genome sequenced so far
(H. Xu et al. 2021).
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When we employ the Hymenoptera dataset (hymenoptera_odb10) in BUSCO, we
notice a drop in the percentage of genes retrieved. Trento sample shows 85.6%
(5133/5991), whereas CREA sample showed 81.7% (4895/5991) of completeness
(Figure 1). . This increased amount of missing genes is likely due to the fact that
the Hymenoptera dataset is biased towards bees and wasp clades. Until a few
months ago, there was no Platygastroidea genome record, so the BUSCO
orthologous dataset is clearly biased toward other clades. This points toward a
genuine lack of some orthologous genes from the parasitoid wasp genome: this
hypothesis should be tested in future by performing a thorough gene modelling
(proteome) of T. japonicus genome and by conducting comparative genomic
studies. It would be, for example, interesting to understand the genomic bases
behind the driving force toward small body that has evolved independently in

many lineages of Hymenoptera.

BUSCO Assessment Results
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Figure 1. Results of BUSCO analyses. The analysis was carried out using two different datasets
Hymenoptera and insect. The light blue bar indicates the percentage of complete genes in a single copy; the
dark blue bar represents the duplicated complete genes found; the yellow bar shows the percentage of
fragmented genes; the red bar indicates the missing genes, namely the genes that are supposed to be present
in the species in question but not found in the genome assembly provided to BUSCO. The percentage of
missing genes using the Hymenoptera dataset (hymenoptera_odb10) is higher than the missing genes found
employing the Insect dataset (insecta_odb10).
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4.7.4 Identical mitogenomes

The mitogenomes were successfully assembled for the CREA and Trentino
samples, with sizes of 16142 bp and 16141 bp, respectively. MitoZ failed to
retrieve five tRNAs: tRNA-Arg, tRNA-Asp, tRNA-Glu, tRNA-Gly; tRNA-Ser.
Reannotation using MitoS resolved this issue. Unfortunately, the two
mitogenomes show an identity of 100%, which means that the comparison cannot
provide an SNP to develop a rapid molecular identification toolkit to distinguish
the two populations for re-capturing experiments. Small close populations can
fix the same haplotype due to stochastic effects, or the haplotype can come from
the same population where the haplotype was already fixed. Interestingly, in this
species' mating behaviour, the offspring tend to reproduce with siblings because
they are already sexually mature at the moment of hatching. This may prevent
genotype mixing even among sympatric populations and would promote genetic
isolation and homozygosis. Despite the result of our analysis, an SNP was
detected in the mitochondrial marker (COI) among local and native range T.

japonicus individuals (Stahl et al. 2019).

4.7.5 Metagenomic screening indicates a difference between males and
females

To detect possible contaminants and characterise the microbes associated with
the two sequenced Trissolcus individuals, we ran MetaPhlAn-3.0 (see Methods).
The female individual presented a higher diversity and abundance of microbes,
with some species detected only in the male. Interestingly, we detected Wolbachia
only in the female. As the genome of Wolbachia is particularly short, we decided
to control for its presence by directly mapping raw reads against a large panel of

Wolbachia reference genomes (Figure 2).
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Figure 2. Metagenomic profile of the T. japonicus sequencing lanes from this study. The female individual is characterised
by a higher richness of bacterial species compared to the male. Results are coherent among different sequencing lanes,
indicating that there is no specific bias at this level.

4.8 Conclusion

In this study, we presented the genome T. japonicus genus and provided a solid
reference for developing rapid genetic-driven measures for the management and
control of native and released T. japonicus populations. The Trentino and the
released populations have an identical mitogenome. Nuclear heterogeneous
markers may, however, provide a useful tool to rapid discriminate between the
two populations. Molecular characterisation and building a vast set of markers
could highlight probable breeding between CREA (the released population for
biological control purposes) and the Trentino T. japonicus populations. Studying
the H. halys parasitoid's population dynamics would help evaluate the impact of
the biological control measure taken in 2020. If one population is taking over the
other population, and if there will be some degree of genetic admixture.

Eventually, this practice would help assess the effectiveness of releasing CREA
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T. japonicus population and control the population dynamics of this species in the

non-native environment.

From a methodological point of view, this work has shown that high-quality
genomes can be retrieved even for small insects using the "basic" short reads

sequencing.
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CHAPTER 5 - EXTENSIVE PHYLOGENOMIC ANALYSIS
OF ZIKA VIRUS PROVIDES AN UPDATED SCENARIO
OF ITS ORIGIN AND EVOLUTION
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5.1 Introduction to the Chapter

In Chapter 5, I present a study that extended the molecular clock study on Zika
virus (ZIKV) using a different approach than other phylogenetic analyses
presented in this thesis. Employing different datasets, I aim to analyze some
neglected aspects of ZIKV evolution and dynamics, such as dating deep nodes
and investigating Thailand's role as a source of ZIKV infection in Southeast Asia.
In this study, I reconstruct the ZIKV phylogeny using the BEAST2 software,

testing several tree priors and clock models through model selection analysis.

I first analyzed the ZIKV recombination and the early Asian-African divergence
to date the origin of the two main lineages circulating today. I put effort into
reconstructing the ancestral state location in ZIKV evolution, dating the re-
introduction of ZIKV in Africa from the Americas. Secondly, I investigated the
divergence time between the ZIKV lineage and the Spondweni virus (SPOV), its
closest known sister species, for dating ZIKV origin. Indeed, the recent ZIKV
dynamics have been extensively explored, while the investigation of deep nodes
has been neglected. Furthermore, the study highlighted the error borne by the
sequences obtained from samples with a long cell passage history. The results
provide an updated picture of ZIKV evolution and propose the timing of many
nodes that have not been investigated so far. We suggest a pivotal role of
Thailand as a source of infection based on the node ancestral state reconstruction
and a ZIKV diversification dated around 1850. This Chapter extends the

molecular clock search to an arbovirus vectored by Aedes mosquitoes.

Contribution: The study was started at the beginning of the PhD along with the
project on Aedini phylogenies (Chapter 2). I performed the experiment design,
the evolutionary analysis, and the writing, guided by my advisor Omar Rota-
Stabelli. In this study, I got my first introduction to bioinformatics, and I
compiled python scripts for formatting the input data and for selecting suitable
sequences based on .gb metadata. This Chapter is in preparation for Plos

Neglected Disease.
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5.2 Abstract

While the patterns of recent Zika virus (ZIKV) outbreaks have been studied in
detail, the origin and the early timing of its evolution are less clear. To address
these issues, we collected a large set of nearly 500 ZIKV genomes, performed
thorough phylogenetic studies, checked for recombination events and applied a
robust model selection. Our phylogenies identify recent recombination between
Singaporean and African lineages, suggesting that multiple distant lineages are
co-circulating during outbreaks. We confirm Thailand’s pivotal role in the origin
and spread of the virus in Asia, and find that the phylogenetic signal to define
early African divergences is too weak to establish definite conclusions. Overall,
our analysis points toward an eleventh-century origin of the ZIKV lineage,
followed by a recent first diversification in the nineteenth century. We finally
analyze the timing of the re-introduction to the African continent of the Asian
lineage and address the delay between probable introduction and outbreak
onset. Our study provides novel insight into the origin and early dynamics of
ZIKV, which will improve our knowledge of its biology and help forecast future

outbreaks.
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5.3 Introduction

Zika virus (ZIKV) is a positive-stranded ssRNA mosquito-borne Arbovirus,
belonging to the Flaviviridae family and Flavivirus genus. ZIKV was first
reported during a Yellow fever survey in Uganda in 1947 (Kirya, Mukwaya, and
Sempala 1977; Kirya and Okia 1977; Dick G 1952), while the first human case was
reported in 1954 in Nigeria (MacNamara 1954). Since its discovery and proven
pathogenicity, this virus has been considered a neglected tropical disease
involved in a few local outbreaks, mainly in the Pacific Islands, such as Yap Island
2007 (M. R. Dutffy et al. 2009), French Polynesia 2013(Cao-Lormeau 2014) and
New Caledonia (Hayes 2009; Ioos et al. 2014; Lanciotti et al. 2008). However, after
the emergence of ZIKV in the Americas, the interest in this virus rose rapidly. In
March 2015, ZIKV was first detected in Brazil (Zanluca et al. 2015), when ZIKV
had the chance to spread all over the Americas, from South America to Florida
(Q. Zhang et al. 2017; N. R. Faria et al. 2017; Metsky et al. 2017; Massad et al. 2017;
Nuno Rodrigues Faria et al. 2016). ZIKV infection usually causes mild effects that
last less than seven days. However, it can cause microcephaly and birth defects
in the fetuses of infected pregnant women (Mlakar et al. 2016; Rasmussen et al.
2016; Ventura et al. 2016).

The epidemiology of late Zika evolution has been well established, and many
studies have addressed the dynamics of Zika virus circulation since the onset in
Brazil, which began in 2013 (Metsky et al. 2017; Nuno Rodrigues Faria et al. 2016;
Musso 2015). These studies outlined a single introduction from the Pacific Islands
into the Americas. At the same time, other work describes ZIKV epidemiology in
South American countries and the timing of the multiple introductions in Florida,
Mexico, and Caribbean islands (Grubaugh et al. 2017; Costa et al. 2021). Despite
all the information gathered in the last few years regarding recent Zika dynamics
(N. R. Faria et al. 2017; Nuno Rodrigues Faria et al. 2016; Hu et al. 2019; L. Wang
et al. 2016), ZIKV evolutionary history before American outbreaks is still lacking
and unclear. Some recent studies suggest a long term circulation of this virus in
Thailand (Ruchusatsawat et al. 2019; Phumee et al. 2019), India (Yadav et al. 2019)
and other countries in Southeast Asia (Z. Y. Liu, Shi, and Qin 2019); moreover, a
ZIKV seroprevalence was observed in many countries in Southeast Asia (Musso
2015). However, the phylogenetic relationship between the strain involved in

subsequent Zika onset in Southeast Asia remains unclear (Z. Y. Liu, Shi, and Qin
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2019; Duong, Dussart, and Buchy 2017). Furthermore, the origin and the early

diversification of ZIKA evolution have not yet been investigated thoroughly.

In particular, the origin of ZIKV and the early divergence of its Asian and African
strains are still unclear. In recent years, new ZIKV infections caused by American
strains were reported in many African countries, e.g. Angola (Hill et al. 2019) and
Cape Verde (Oumar Faye et al. 2020), underlying the ZIKV spreading potential.
ZIKV re-emerging in Africa is a concern because of the putative increased
pathogenicity it has acquired (Z. Y. Liu, Shi, and Qin 2019; Pettersson, Bohlin, et
al. 2018). In addition, the American ZIKV strain may come in contact with many
mosquito species in Africa and, once in sympatry, new potential mosquito
vectors could be involved in the infection routes (Kauffman and Kramer 2017;
Weger-Lucarelli et al. 2016; Epelboin et al. 2017).

The paper presents comprehensive results that shed light on Southeast Asia's —
Thailand’s in particular - importance as an infection reservoir for the three
outbreaks that have occurred so far in Asia (Singapore, Yap Islands, French
Polynesia). Furthermore, the paper investigates the origin of ZIKV and the ZIKV
African — Asian split in more detail. Zika phylogeny was extensively investigated
in a shallow time window and on a local scale, with particular attention to its
emergence in Brazil. The authors want to address the need and the usefulness of
a more comprehensive look into Zika evolution, investigating the origin of ZIKV
and the pre-pandemic dynamics on a global scale. In conclusion, we address the
pivotal role of Thailand in nourishing the ZIKV spread in East Asia and the lack

of detection of ZIKV circulation in countries that faced outbreaks.

5.4 Methods
5.4.1 Datasets preparation and alignment

ZIKV sequences were downloaded from GenBank on November 1, 2019, with a
total of 1733 hits (Sayers et al. 2019). Sequences were filtered by the following
criteria: GenBank files must include collection date, sampling location and only
sequences longer than 600 bp were considered. Around 550 sequences were
gathered from which duplicates and ambiguous sequences were removed

manually, leading to a final set of 479 sequences. The history of the sample was
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analyzed for some sequences (full list in Supplementary Table 1), as many old
African samples had gone through many cell line passages, while others had an
unknown passage history. Hence, removing the unreliable sequences from the
dataset prevents the risk of introducing sequences that display a biased
phylogenetic signal due to the mutations accumulated during the cell passage.
These sequences are not consistent with the tip dating approach and they could
lead to undesired phylogenetic artefacts. Applying the same criteria, we
downloaded five Spondweni viruses (SPOV), only one of which satisfied the
criteria. Misaligned sites were corrected manually and flanking regions (5" and 3’
UTR) were removed from the alignment due to the high variability and high
amount of missing data. We employed three different datasets to investigate
ZIKV evolution, the first involving all 474 sequences. The second dataset was
prepared using a subset of the previous dataset using only complete CDS
sequences and filtering the sequences in over-represented clades (mainly
American sequences and the Singapore sequence) in order to reduce the taxon
sampling bias and obtain a more suitable dataset to investigate the deeper
phylogeny of ZIKV. The third dataset was obtained by adding the Spondweni
sequence to estimate the Zika virus origin. All the datasets were aligned using
MAFFT (Katoh, Rozewicki, and Yamada 2018).

5.4.2 Recombination

The dataset was analyzed with RDP v4.4.8 (Martin et al. 2015) to prevent possible
phylogenetic biases due to recombination events. This software allows analyzing
the same datasets with different tools at the same time and includes different
methods, such as GENECONYV (Padidam, Sawyer, and Fauquet 1999), Chimaera
(Posada and Crandall 2002), MaxChi, Bootscan (Salminen et al. 1995) and 3Seq
(Boni, Posada, and Feldman 2007). A recombination event was considered
significant if detected by at least four methods out of five, with a p-value <=0.01,
applying the Bonferroni correction to avoid false positives. IQ-TREE 1.6.12 was
employed to assess the differences in evolutionary history between the
recombinant sequence and the rest of the genome (for the phylogenetic method,
see section 1.3, Methods). The sequences that show recombination patterns were

removed from the alignment for further analysis.
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5.4.3 Phylogenetic analysis

IQ-TREE 1.6.12 (Nguyen et al. 2015; Trifinopoulos et al. 2016) was used for
Maximume-likelihood (ML) analysis. The ML phylogenies were obtained for all
the datasets tested, using ultrafast bootstrapping (Minh, Nguyen, and Von
Haeseler 2013) with 1000 bootstrap alignments, 1000 maximum iterations,

approximate Bayes test and the SH-like approximate likelihood ratio test.

BEAST v2.5 (R. Bouckaert et al. 2014; Baele et al. 2013) was employed to explore
the timing of Zika evolution from the early divergence time to its origin. We
generated a xml files with multiple combinations of clock models and tree priors
to assess which prior model performed better on the dataset. Two runs per each
xml file were executed. In total, we use seven prior combinations, relaxed clock
combined with three coalescent tree priors Coalescent Constant, Coalescent
Exponential and Coalescent Bayesian skyline. The same tree priors were used in
combination with the strict clock. In addition, we employed the Birth-Death
Serial (BDS) tree prior in combination with the relaxed clock to compare the
speciation tree prior (BDS) against the coalescent priors. All the clock priors were
set with a minimum of 10° and a maximum of 10 using a uniform distribution.
This value range is observed by Duffy et al. (2010) for the RNA viruses, and it
comprises the clock rate observed in the previous ZIKV study (Metsky et al. 2017;
S. Duffy, Shackelton, and Holmes 2008; Pettersson, Eldholm, et al. 2018). The
substitution model employed in every run was GTR + vy. All the chains were run
for 200,000,000 generations until they reached convergence, which was assessed
using Tracerl.7 (Rambaut et al. 2018). All BEAST runs were calibrated with tip
dates, where the most recent sample is set as zero time in the tree (10/10/2018).
Moreover, we used the collection location as a discrete trait to infer the node’s
state in the phylogeny. To investigate ZIKV evolutionary dynamics, we
employed the three datasets described in Paragraph 5.4.1. We run BEAST
analysis on each dataset employing the same priors and parameters suggested
by the model selection (see next Paragraph 5.4.4). The reduced dataset containing
118 ZIKV sequences uses the collection location as a discrete trait to infer the

node’s ancestral state (R. Bouckaert and Xie 2016).
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5.4.4 Model selection

BEAST2 analyses were run using different sets of priors. Stepping Stone (55)
method was employed to compare all the evolutionary models applied in this
study. SS allows for the comparison of different analyses using the marginal
likelihood and the Bayesian factor. This type of model has several advantages
over other alternatives, such as AICm and harmonic mean (Baele et al. 2013). The
MODEL SELECTION package was used to perform Log marginal likelihood
estimates for a different combination of the molecular clock and coalescent tree
prior. The best-fitting model combination is ranked 1, while the worst is ranked
7 (see Table 1). Model selection was performed on every xml compiled for this
analysis described in the previous paragraph (5.4.3). The evolutionary models
were tested along with both strict clock and uncorrelated relaxed clock. In
addition, we run the model selection on the BDS to compare a speciation model
against the coalescent that are supposed to be the most fitting models for
describing ZIKV evolutionary dynamics. The Bayesian factor was calculated as
described in the BEAST tutorial (Barido-Sottani et al. 2018).

5.5. Results and discussion
5.5.1 Dataset employed in the analysis

After filtering the sequence following the criteria listed in paragraph 5.4.1, we
obtained three different datasets. The larger dataset, the first employed in the
analysis, contains 479 sequences of 10811 nt length, with 28 sequences collected
in Africa, 123 Asian, 24 from Pacific Islands and 305 sampled in the Americas.
Moreover, we carefully include in our datasets the French Polynesian sequence
KX447518 which was found the closer relative to the American outbreak by
Pettersson (Pettersson, Eldholm, et al. 2018) to obtain a comparable node for the
origin of the American outbreak. The second dataset employed is a subsample of
the first, including 117 samples that comprise 8 African samples, 35 Asian
samples, and 74 American samples. The final analyzed dataset includes 118
sequences. It was obtained by adding the only suitable SPOV sequence to the

second dataset described here.
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5.5.2 Recombination

RDP4 analysis detected two recombination events, suggesting the Singapore
strain as a major contributor and the Uganda strains (1947; Accession: HQ234498,
1962; Accession: KY288905) as minor contributors. A breakpoint was detected in
the E genomic region, while another similar breakpoint was detected in the
African sequences (O. Faye et al. 2014). RDP4 detected this recombination event
with all the methods employed, given a p-value threshold of 0.01. The
phylogenetic analysis highlighted the recombination event (see Figure 1). The
samples KY241717 and KY241717 collected in Singapore appear in different
positions in the two trees, one using the recombinant region and one the rest of
the genome. In the phylogeny of the recombinant region the two Singapore
samples cluster with the African clade with strong support (bootstrap support:
99; SH-aLRT: 98.8). The phylogenetic tree obtained by the remaining genome
sequences places the two recombinant samples with the remaining Singapore
samples. These sequences were excluded from further analysis to avoid
systematic error (Posada and Crandall 2002). The recombination event suggests
a cocirculation of an undetected African strain in Singapore, with a secondary re-
introduction of ZIKV in Asia. The recombination event in Flavivirus seems not
to be as common as in other groups of positive-stranded ssRNA(+) viruses
(Taucher, Berger, and Mandl 2010); however, recombination occurrence was
observed especially in the Dengue virus group with which ZIKV is related to
(Holmes, Worobey, and Rambaut 1999; Simon-Loriere and Holmes 2011; Tolou
et al. 2001).

Location

Figure 1. Phylogeny of recombinant and non-recombinant regions in a Singapore sample. a) ML tree of
the non-recombinant region using IQ-tree using a subset of sequences: all the Singapore sequences cluster
together. b) ML tree of the recombinant region. Singapore samples (KY241712 and KY241717) cluster with
the African sequence. Tips are coloured in accordance with the sampled location; this criterion is consistent
in all the figures in this paper.
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5.5.3 Model selection

Marginal likelihood provided support for the relaxed molecular clock, with the
best-fitting tree prior being a nonparametric Bayesian Skyline. Table 1 shows six
combinations of parameters, and it ranks them via Bayes factor (BF) (Kass and
Raftery 1995). Following Kass and Raftery, the evidence strength of a hypothesis
against Ho was rated as BF<3=no evidence; 3-20 = positive support; 20-150 =

strong support, and > 150 = overwhelming support (Kass and Raftery 1995).

Clock prior Tree Prior Marginal Likelihood BF* BF! Rank
Relaxed Clock Coalescent Bayesian Skyline -37482.14905 108.05095 15.95496897 1
Coalescent Constant -37489.91496 100.2850412  8.189060159 2
Coalescent Exponential -37534.1891 56.01090227  -36.08507881 4
Strict clock Coalescent Bayesian Skyline -37498.10402 92.09598107 - 3
Coalescent Constant -37555.80642 3439358112 -57.70239995 5
Coalescent Exponential -37561.11131 29.08869762  -63.00728345 6
Relaxed Clock BDS -37590.2321 - -92.12808 7
Table 1. The table shows the model selection using the Stepping Stone (SS) analysis. Comparing the marginal
likelihood value using the Bayes factor (BF) and ranking it in a readable format. The last column ranks the
models based on the marginal likelihood analysis.
*Bayesian factor calculate using the Birth and Death Serial (BDS) as a comparison for other models
! Bayesian factor calculated using the Calescent Bayesian Skyline strict clock as a comparison for other
models
In Table 1, we can see that the lognormal uncorrelated clock using a coalescent
tree prior is favoured over the other strict clock. The analysis slightly rejected the
coalescent constant model (see Table 1), but the model provides similar tree
topology and posterior estimates, as we can see in Supplementary Figure 1 and
in Table 2.
Clock prior Tree Prior Rank Clock rate’ (104) Root age (95% HPD) American crown (95% HPD) o:
Relaxed Clock CBS 1 7.01  135.2(85.67 - 197.24) 5.96 (5.3 - 6.86) 2012/10/17 0.539
CC 2 725  146.7 (86.07 - 227-62) 6.23 (5.49 - 7.2) 2012/07/16  0.624
CE 4 722 107.8 (62.93 - 177.07) 6.25 (6.48 - 7.17) 2012/07/22  0.649
Strict clock CBS 3 559  176.4 (159.8 - 193-03) 6.33 (5.9 - 6.79) 2012/06/19 -
CcC 5 5.63 178.5 (157.64 - 200.49) 6.48 (5.97 - 7.06) 2012/05/05 -
CE 6 5.61 177.4(158.48 - 199.69) 6.48 (5.98 - 7.06) 2012/05/05 -
Relaxed Clock BDS 7 9.87 66.3 (55.42 - 79.84) 6.04 (5.33 - 6.92) 2012/9/10  0.783

Table 2. Here we report key results for the different models compared in the analysis: the mean clock rate,
the root age and the American crown age are shown for all the combinations. For the model where we
employ the relaxed clock, we provided the coefficient of variation (or= the clock standard deviation divided
by its mean), this parameter measures the clock-likeliness of the rate. BDS (Birth-Death Serial) model was
chosen to represent the outlier. the coalescent models are preferred over a speciation model as BDS.
*(mutation/site/year)
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BF does not definitely discriminate between all the models (meaning there is only
positive support and not strong support) and provides a similar estimate for the
root and the American crown group. Even though the Bayesian Skyline tree prior
is slightly favoured over the Coalescent Constant, the posterior estimates are
constant. Moreover, we observed that models providing older node estimates are
rejected along with the models that provide younger node estimates, showing
that the data are better explained by a model that places the mean age of the tree
at the end of the 19th century (Supp. Figure 1). The molecular clock does not vary
much across the models employed in this study (Table 2), even though the
selected clock (relaxed clock) shows a higher overall molecular rate than the strict

clock.

In addition, the coefficient of variation (o:; the standard deviation divided by the
mean in Table 2) suggests that the relaxed clock assumption is theoretically sound
since this parameter is estimated to be 0.53. or measures the clock-likeliness of the
data; if or is close to zero (lower than 0.2), then the data have low rate variation
and they can be modelled as a strict clock; vice versa, values that range between
0.2 and 1 show the relaxed clock assumption over the strict clock (Barido-Sottani
et al. 2018; Drummond et al. 2006). The selected model was then employed in the
analysis with SPOV as well.

5.5.4 Sample history can affect the mutation rate

The phylogenetic analysis provides results for nodes that have not been studied
yet in other works. Investigating the deep nodes for ZIKV is challenging and
needs specific care in the data curation. In particular, several old samples from
Africa were retained in the dataset in many studies (O. Faye et al. 2014;
Pettersson, Bohlin, et al. 2018; Freire et al. 2015), which can represent a possible
source of error for the calibration analysis and become an issue for estimating the
topology of the basal node, which is essential to establish ZIKV’s origin.
Therefore, all samples showing a long or unspecified passage cell history were
removed from the final dataset (Supplementary Table 1). An analysis was
performed using a complete dataset to check the effect of cell passage history on
the calibration and rates using BEAST2. The dataset employed 474 sequences

containing old samples that went through cell passage history (Supplementary
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Table 1). The rate behaves erratically in the tree obtained using a complete dataset
without filtering out the sequences with many or ambiguous cell passages. The
branch that leads to the Senegal samples, comprising sequences KF383085 and
KF383034, has a mutation rate estimated at 0.0041 mutation/site/year (m/s/y),
roughly five times the rate estimated here for the ZIKV phylogeny. Moreover, in
the African lineage, the rate varies extensively across branches, including the
maximum and the minimum mutation rate of the whole phylogeny. These
differences can affect the estimated mutation rate, especially in the case of the
coefficient of variation. In such a scenario, the mutation rate is likely
overestimated because of two factors: i) evolution did not stop at the moment of
the reported collection date. Hence, employing the tip dating approach on these
sequences can bias the posterior estimates; ii) the cell culture does not apply the
same evolutionary pressure on viruses as the natural environment. The selective
pressure in some sites is relaxed and is no longer under purifying selection; hence
the passage history can affect the analysis (Haddow et al. 2012; Bush et al. 2000).
Secondly, the natural transmission bottleneck during Flavivirus infections lowers
the overall virus diversity, which does not happen in cell culture. Diversity
reduction through transmission bottlenecks is well documented for mosquito-
borne Flaviviruses, as is the effect of purifying selection played by the host
species on the virus (Forrester, Coffey, and Weaver 2014; Lequime et al. 2016;
Grubaugh et al. 2016; Ciota et al. 2012). The transmission bottlenecks are missing
in cell culture, providing an unrealistic high diversity in viruses reared in cell
culture. Eventually, cell culture passages promote an artificial enhancement of

the mutation rate, which is deleterious for evolutionary analysis.

5.5.5 Zika phylogeny

Previous studies have shown that ZIKV diverged into two lineages at the
beginning of its diversification: the American and the African (Pettersson,
Eldholm, et al. 2018; Gong, Xu, and Han 2017). The phylogenetic tree presented
in Figure 2 provides little evidence for the monophyly of the African clade and
the Asian clade because we excluded many African samples due to their
unreliability for a dated phylogenetic analysis. For this reason, we can not claim

the monophyly of the African clade. In addition, our African sampling (as
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mentioned in paragraph 2) is incomplete and can only provide a narrow view of
the diversity of the African clade, limiting our knowledge of the broad scenario
of ZIKV evolution in Africa. Hence, more ZIKV sequences are needed from the
African continent to better address this issue and try to answer Gong's question,
‘Zika virus two or three lineages?” (Gong, Gao, and Han 2016; Gong, Xu, and Han
2017). Faye et al. [32] contributed to this topic with a deep analysis of Africa's

ZIKV circulation, though this question remains unanswered.

5.5.6 Node age and trait estimates, comparison with previous work

The paragraph above shows that the relaxed clock paired with a Bayesian Skyline
coalescent tree prior is the best fitting model describing our data. The tree
presented in Figure 2 displays the phylogeny of ZIKV with the American and the
Singapore outbreak in a collapsed format (full tree provided in supplementary
material). In addition, it includes a histogram displaying the posterior probability
(PP) for the ancestral reconstruction analysis. Table 3 provides the posterior
estimates for the node age, the 95% HPD and the comparison with Patterson’s

estimates (Patterson, Sammon, and Garg 2016).
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Figure 2. ZIKV phylogeny of a subset of 117 sequences. The figure has two different scales, the light grey
box define a zoomed view in the recent phylogeny, the dark grey bar represents the interval of the node i
determined by Metsky et al. (Metsky et al. 2017). The tips are colored by their correspondent collection
location in the legend. On the x-axis, the 95% HPD are plotted; the colour corresponds with the colour of the
node above. The histogram provides the posterior probability of the node location. The grey shade indicates
a change of scale in the time plotted on the x-axis.
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The African and Asian-American clades (node a) diverged around 135 years
before the most recent sample, in other words, in 1883 (HPD 95% 1933/03 -
1821/08). The origin of the African and the Asian lineage estimates partially
overlap the estimate in Pettersson, 1834-08 (1814-11 — 1852-08) (see Table 3).
Pettersson's estimates employed a strict clock prior; this can explain the
differences between our findings and Patterson’s estimates (Brown and Yang
2011). Node b represents the Asian radiation that occurred in 1952 (HPD 95%
1962/07 - 1933/11), meaning that ZIKV was already circulating in South-East Asia
at that time. This estimate supports the finding of Faria, Pettersson that date the
emergence of ZIKV in Asia between the forties and fifties (Pettersson, Bohlin, et
al. 2018; Nuno Rodrigues Faria et al. 2016; Pettersson, Eldholm, et al. 2018). The
ancestral reconstruction did not provide a reasonable result for nodes a and b
because of the signal paucity contributing to the inference of the ancestral state.
The root is distant from its proximal nodes meaning that the node’s state
information is not available for a wide time span, making the inference of the
nodes challenging (2 and b PP are not shown in Figure 2). The following node c
(1994/02 HPD 95% 2000/07 - 1984/11) shows the coalescent event of all the
lineages involved in recent epidemics (Yap Island, Singapore and the Americas).
The role of these lineages in local outbreaks makes sense in the light of
Pettersson’s findings, in which a mutation in the E protein is detected. This
particular mutation has been shown to be closely associated with the enhanced
spreading potential in Flaviviruses (Fritz et al. 2011). The histogram in Figure 2
provides the ancestral state reconstruction for this node. However, the posterior

probability (PP) does not favour one location over another.

Node* Age!  Age(yy/mm) Age (95% HP age) 95 HPD age (yy/mm) Patterson 2018 (yy/mm)
a 135.2 1883/08 85.67 - 197.24 1933/03 - 1821/08 1834-08 (1814-11 — 1852-08)
b 66.4 1952/06 56.34 - 85 1962/07 - 1933/11 1948-03 (1953-10 — 1942-04)
c 24.8 1994/02 18.34- 33.98 2000/07 - 1984/11 1994-03 (1996-11 — 1991-08)
d 19.4 1999/06 15.14 -24.66 2003/09 - 1994/03 1999-02 (2001-04 — 1997-12)
e 15.03 2003/10 11.9 - 18.66 2006/10 - 2000/03 2003-10 (2005-06 —2001-11)
f 13.12 2005/9 10.15-16.2 2008/09 - 2002/08 /

g 9.59 2009/4 7.58 -11.71 2011/04 - 2007/02 /

h 8.36 2012/2 5.87-7.99 2012/10 - 2010/11 2012-04 (2012-17 — 2011-08)
i 6.18 2012/9 5.46 -7.12 2013/05 - 2011/09 2012-10 (2013-02 — 2012-03)
k 5.97 2012/10 5.3-6.81 2013/07 - 2012/02 2012-11 (2013-04 — 2012-05)>
j 4.56 2013/11 3.8-5-4 2015/02 - 2013/06 /

Angola 3.76 2015/2 2.58-4.72 2016/04 - 2014/03 /

radiation
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Cape - 4.6 2014/4 4.14-5.19 2014/08 - 2013/08 /
America

split

Cape 3.65 2015/3 3.19-4.27 2015/08 - 2014/08 /
radiation

Table 3. Estimated node age for key events in the ZIKV evolution. We provide the time expressed in years
before the 0 time of the tree and in the date format (yyyy/mm), the estimations are compared with the date
provided by Patterson et al. (2018). Different taxon sampling does not allow to provide all the comparisons.
*(pp>0.95)

1Age is provided in years before the present.

2This node defines the American ZIKV radiation, but the topology provided by Pettersson and by us is
different due to low node support within the American outbreak.

3(Pettersson, Eldholm, et al. 2018)

In the upper nodes, the analysis shows Thailand playing a pivotal role in the
source of the epidemic in Asia (see the histogram in Figure 2). Node d has a
posterior probability (PP) of 0.67 of being of Thailand origin, which is estimated
to be in 1999/06 (HPD 95% 2003/09 - 1994/03). Ancestral inference places the
nodes 4, ¢, f, ¢ and j in Thailand with high PP (d:0.67; e:0.88; £:0.88; g:0.77; j:0.68).
These data are supported in observational studies that address a long-circulation
of ZIKV in Thailand (Buathong et al. 2015; Ruchusatsawat et al. 2019). The earliest
Thailand sequence was collected in 2006/10/28 (MG645981), and there is
serological evidence that Zika was circulating in Thailand before 1954 [71,72].
These facts are indicative of the presence of ZIKV in South-East Asia long before
its first detection, suggesting a long adaptation of ZIKV to the local environment

occurred between 1954 and 2006.

In the last few decades, Thailand seems to be the source of infection in many
Southeast Asian countries, like Singapore, Indonesia, India, and Cambodia. The
evidence suggested that ZIKV probably was already circulated in the country 20
years ago, in 1999/06 (HPD 95% 2003/09 - 1994/03), node d. Furthermore, other
cases of introduction (Japan, Europe, China) were reported to be connected with
tourism but never rose into local outbreaks in the country where the virus was

imported.

Node j highlights the split between a Thailand sample and the Singapore lineage;
the split is estimated to have occurred around 2014/4 (HPD 95% 2015/02 -
2013/06), whereas the Singapore lineage started to diversify at 2014/8 (HPD 95%
2015/5 — 2014/1). Even though the ZIKV seems to start circulating in Singapore
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earlier than 2015/5, the infection cluster was detected only in August 2016
(Maurer-Stroh et al. 2016; Z. J. M. Ho et al. 2017). In addition, two different
lineages were detected during the Singapore outbreak: the main lineage (yellow
triangle in Figure 2) and another sample related to the Thailand sequences; this
evidence reveals two independent ZIKV introductions in Singapore contributed

to the outbreak.

Patterson observed the same phenomenon between phylogeny employing the
African outgroup or omitting it. The MRCA estimates for k and i nodes provided
here are 2012/10 (HPD 95% 2013/07 - 2012/02) and 2012/9 (HPD 95% 2015/02 -
2013/06), respectively. These posteriors estimations presented here represent
older estimates than others previously proposed dates suggested by Faria and
Metsky, that date the introduction of ZIKV in the Americas between October
2013-April 2014. The differences among estimates are probably due to different
taxon sampling, indeed, the analyses of Faria and Metsky analyses are focused
on the American outbreak (Metsky et al. 2017; Nuno Rodrigues Faria et al. 2016).
Our dataset can provide a better result for analyzing the event that led to the
American and Singaporean outbreak since it is less skewed toward America's
epidemic. Our dataset contains all the suitable sequences of ZIKV in East Asia,
and we select a subsample of American sequences. Our dataset contains samples
that break the long branches between node b and node i we include ten nodes in
our phylogeny, whereas Pettersson et al. (2018) include only five nodes
(Pettersson, Eldholm, et al. 2018). This approach increases the accuracy of branch-
length estimates by reducing the node-density effect and the variance of the

estimates (Bromham et al. 2018).

It is interesting to note that the outbreaks in Singapore and South America were
reported long after the estimated introduction of ZIKV. This suggests a long
circulation of ZIKV before the outbreak onset, supporting an ecological scenario
in which the virus takes time to start circulating consistently in a new population.
The time of an emerging epidemic is proportional to the virus's basic
reproductive number (RO). Therefore, this delay between molecular estimation
and detecting potential emerging outbreaks in time is extremely important for
preventing further circulation of the virus, making prevention measures efficient
before the infection is out of control, leading to an epidemic. Waiting until the

number of infected is so high that the silent spreading of an infectious disease
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becomes clear is too late. Prevention, vector control, and monitoring are the only
way to face future epidemics and manage the emerging disease. Constantly
testing the mosquito vector for target virus presence could help identify a new
outbreak's potential onset. For instance, Dengue virus (DENV) surveillance in
vectors is Brazil, the Philippines and other countries where DENV is endemic (De
Figueiredo et al. 2010; I. C. Dos Reis et al. 2019; Balingit et al. 2020; Lau et al. 2015);
however, the active DENV surveillance in vectors is carried out also in Spain
where DENV is not endemic (Aranda et al. 2018). However, the frequency of
infected mosquitoes could be really low and difficult to detect; hence, this
practice has to be coupled with the other kind of intervention already suggested
by WHO (World Health Organization). The trees commented in this section are

provided in supplementary material as .tree.

5.5.7 Re-introduction of ZIKV in Africa

Re-introductions of ZIKV in Africa were detected in Angola and Cape Verde. In
Angola, ZIKV was confirmed in 2016/12, but evidence of the previous circulation
set a probable first case at 2016/9 (Hill et al. 2019). Our analysis points to 2015/2
(HPD 95% 2016/4 -2014/3) the divergence of all Angolan sequences (see Table 3),
meaning that the ZIKV was circulating before this date. It is not possible to
provide with precision the date of divergence of the Angolan samples from the
most closely related American sample due to the low support at the nodes, but it
appears to have occurred in mid-2014. The timing of the introduction of ZIKV in
Cape Verde should fall in the timespan between the American-Cape Verde split
and Cape Verde radiation. These two events are estimated to have occurred in
2014/4 (HPD 95% 2014/8-2013/08) and 2015/3 (HPC 95% 2015/8-2014/8), whereas
the first reported case of the epidemic is dated in October 2015 (Oumar Faye et
al. 2020). The results provided here shows that the Asian strain of ZIKV was re-
introduced in Africa (Cape Verde and Angola) before the epidemic in Brazil was
confirmed in May 2015. This suggests that the spread of ZIKV out of South
America had started probably before the ZIKV epidemic was detected in Brazil.
These results put emphasis on the delay in detecting wide-reaching ZIKV
circulation. The delay in detecting ZIKV onset is a constant characteristic in all

the outbreaks in recent decades.
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5.5.8 Spondweni divergence

The origin and the divergence time of the deep nodes in Zika evolution have not
been sufficiently investigated yet. This section tries to answer some still-open
questions about how old the ZIKV circulating nowadays really is. SPOV, the
sister group of ZIKV, can infect humans and its consequences are usually mild

and less dangerous than Zika’'s.

Our results date the origin of ZIKV to ~800 (HPD 95% 294 B.C. — 1516 A.D.),
pointing to the Middle Ages as the probable origin of ZIKV in Africa. The
estimate for the Asian-African split of ZIKV (node a) is 1852 (HPD 95% 1916-
1776). The ZIKV diversification date estimate considerably overlaps the posterior
date of our previous analysis, meaning that adding the SPOV outgroup does not
bias the analysis. The only estimates for the age of the node in question are
reported by Pettersson et al. (2014) (Pettersson and Fiz-Palacios 2014); however,
it is much older than the one reported here. This is probably due to the taxon
sampling and the calibration employed in the analysis; indeed, the paper aimed

to date the Flavivirus evolution, not the ZIKV origin.

The clock rate estimated in SPOV tree is 6.42 10 (m/s/y), whose value is in line
with the clock rate of Flavivirus and +ssRNA viruses that are supposed to range
between 10°and 10 (m/s/y) (S. Dufty, Shackelton, and Holmes 2008). Moreover,
the clock estimated here is slower than the values calculated using only the
outbreak sequences, roughly 10 (Fajardo et al. 2016; N. R. Faria et al. 2017) as
expected because the clock depends on the timespan of the phylogeny (S. Y. W.
Ho et al. 2011).

The divergence between ZIKV and SPOV occurred a long time before the ZIKV
diversification. The ZIKV lineage and the SPOV lineage probably went through
many evolutionary novelties in their lineage, and it can not be excluded that other
viruses related to these two may still remain undetected but circulating via
mosquitoes vector infection route. This partially explains the high ZIKV

seroprevalence in countries where ZIKV is endemic (Musso 2015).

In conclusion, we want to stress a limitation in inferring the date of ZIKV-S5POV
split. The taxon sampling in this phylogenetic analysis is greatly biased toward
ZIKV, we only employed one SPOV sequence, the only one suitable for our

analysis. This could affect the inference of the ZIKV-SPOV estimate by increasing
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the variance of the clock estimates, indeed, the HPD 95% of this node is wide ~800
(HPD 95% 294 B.C. — 1516 A.D.). We cautiously suggest this timescale for the
ZIKV origin, more sequences that could increase the node density throughout
the branches leading to SPOV and ZIKV lineage.

5.6 Concluding remarks

Interest in ZIKV has come and gone, leaving behind unanswered questions that
we partially tried to address here. Our phylogenies provide useful information
about the origin and the early diversification of ZIKV. The most important topic
discussed in this work is the evident delay in detecting ZIKV before the outbreak
onset: ZIKV was circulating within communities for at least one year before
outbreaks become evident in Brazil, Angola and Cape Verde. This unmanaged
viral spread has led to sequential outbreaks (e.g., the spread of ZIKV in
Micronesia, French Polynesia, the Americas, Angola and Cape Verde). The
ancestral state reconstruction analysis clarifies the role of Thailand in sustaining
the ZIKV circulation in South-East Asia and its sequential outbreaks in Asia and

the Americas.

Studying ZIKV evolution has to be paired with its vector spread and distribution.
ZIKV is transmitted by Aedes aegypti and, less efficiently by Aedes albopictus; these
two major vectors are spreading all over the globe, bearing their infection
potential with them (Kraemer et al. 2015; 2019). Climate change and rising
temperature in temperate regions can favour emerging diseases. The efficiency
of virus transmission for these two species has been shown to correlate with the
environmental temperature (Reinhold, Lazzari, and Lahondere 2018; Chouin-
Carneiro et al. 2020). Circulation of ZIKV can lead to further outbreaks if not
controlled and monitored constantly, even in areas where it is not endemic yet.
In recent years, Europe has faced several local infections of DENV and
Chikungunya viruses (Lazzarini et al. 2020; Grandadam et al. 2011). These events
were possible due to the presence of vectors, increased connectivity and
globalization, and they may have been favoured by climate change. DENV
distribution is, for example, not only correlated with the vector presence but also
with climate factors as rainfall, temperature and humidity (Brady et al. 2014;

Francis Schaffner and Mathis 2014). Current evidence suggests that climate
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change have partially guided recent outbreaks of several arboviruses (Jolyon M
Medlock and Leach 2015; E. A. Gould and Higgs 2009; Whitehorn and Yacoub
2019). Reducing the spread of invasive vectors worldwide is essential to prevent
new viral threats. Our results on the early evolution of Zika reinforce the idea
that increasing anthropization and natural niche disruption due to human
activities, together with a globalized society favouring mobility of people among

different countries, are favouring the emergence of novel arbovirus threats (E.
Gould et al. 2017; Kraemer et al. 2015).

146



5.7 Supplementary material
5.7.1 Supplementary Figure
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Supplementary Figure 1. Here we show graphically how the time tree changes across the different models,
as in Table 1 the differences are more stressed in the deep nodes than in the upper. As detected in the model
selection, the differences found between the tree rank 1 and the tree rank 2 are negligible; indeed, the trees

look very similar in all the topology and in the posterior distribution of all the values.
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5.7.2 Supplementary Table

Accession | Collection | Geo Length | Publications | Release Usable
HQ234498 | 1947 Uganda 10269 22389730 | 19/03/2012 | no, too many passages
HQ234500 | 1968 Nigeria 10251 22389730 | 20/03/2012 | no, too many passages
HQ234501 | 1984 Senegal 10269 22389730 | 21/03/2012 | no, too many passages
KF268948 1976 Central African 10788 25514122 | 22/03/2012 | no, too many passages; not clear
Republic
KF270886 2007 Gabon 841 24516683 | 23/03/2012 | yes
KF270887 2007 Gabon 772 24516683 | 24/03/2012 | yes
KF383015 2001 Senegal 753 24421913 | 25/03/2012 | no, too short
KF383016 2001 Senegal 753 24421913 | 26/03/2012 | no, too short
KF383017 2001 Senegal 753 24421913 | 27/03/2012 | no, too short
KF383018 2000 Senegal 753 24421913 | 28/03/2012 | no, too short
KF383019 1998 Senegal 753 24421913 | 29/03/2012 | no, too short
KF383020 1980 Cote d'Ivoire 753 24421913 | 30/03/2012 | no, too short
KF383021 1998 Senegal 753 24421913 | 31/03/2012 | no, too short
KF383022 1997 Senegal 753 24421913 | 01/04/2012 | no, too short
KF383023 1997 Senegal 753 24421913 | 02/04/2012 | no, too short
KF383024 1997 Senegal 753 24421913 | 03/04/2012 | no, too short
KF383025 1997 Senegal 753 24421913 | 04/04/2012 | no, too short
KF383026 1997 Senegal 753 24421913 | 05/04/2012 | no, too short
KF383027 1997 Senegal 753 24421913 | 06/04/2012 | no, too short
KF383028 2002 Senegal 753 24421913 | 07/04/2012 | no, too short
KF383029 2002 Senegal 753 24421913 | 08/04/2012 | no, too short
KF383030 1981 Burkina Faso 753 24421913 | 09/04/2012 | no, too short
KF383031 1969 Senegal 753 24421913 | 10/04/2012 | no, too short
KF383032 1979 Senegal 753 24421913 | 11/04/2012 | no, too short
KF383033 1979 Senegal 753 24421913 | 12/04/2012 | no, too short
KF383034 1979 Senegal 753 24421913 | 13/04/2012 | no, too short
KF383035 1963 Uganda 735 24421913 | 14/04/2012 | no, too short
KF383036 1999 Cote d'Ivoire 753 24421913 | 15/04/2012 | no, too short
KF383037 1996 Cote d'Ivoire 753 24421913 | 16/04/2012 | no, too short
KF383038 1999 Cote d'Ivoire 753 24421913 | 17/04/2012 | no, too short
KF383039 1991 Senegal 753 24421913 | 18/04/2012 | no, too short
KF383040 1990 Cote d'Ivoire 753 24421913 | 19/04/2012 | no, too short
KF383041 1990 Cote d'Ivoire 753 24421913 | 20/04/2012 | no, too short
KF383042 1990 Cote d'Ivoire 753 24421913 | 21/04/2012 | no, too short
KF383043 1990 Cote d'Ivoire 753 24421913 | 22/04/2012 | no, too short
KF383044 1990 Cote d'Ivoire 753 24421913 | 23/04/2012 | no, too short
KF383045 1990 Cote d'Ivoire 753 24421913 | 24/04/2012 | no, too short
KF383046 1999 Cote d'Ivoire 753 24421913 | 25/04/2012 | no, too short
KF383084 1991 Senegal 708 24421913 | 26/04/2012 | no, too short
KF383085 1969 Senegal 708 24421913 | 27/04/2012 | no, too short
KF383086 1999 Cote d'Ivoire 708 24421913 | 28/04/2012 | no, too short
KF383087 1979 Senegal 708 24421913 | 29/04/2012 | no, too short
KF383088 1979 Senegal 708 24421913 | 30/04/2012 | no, too short
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KF383089 2002 Senegal 708 24421913 | 01/05/2012 | no, too short
KF383090 2002 Senegal 708 24421913 | 02/05/2012 | no, too short
KF383091 2001 Senegal 708 24421913 | 03/05/2012 | no, too short
KF383092 2001 Senegal 708 24421913 | 04/05/2012 | no, too short
KF383093 2001 Senegal 708 24421913 | 05/05/2012 | no, too short
KF383094 2000 Senegal 708 24421913 | 06/05/2012 | no, too short
KF383095 1998 Senegal 708 24421913 | 07/05/2012 | no, too short
KF383096 1998 Senegal 708 24421913 | 08/05/2012 | no, too short
KF383097 1997 Senegal 708 24421913 | 09/05/2012 | no, too short
KF383098 1997 Senegal 708 24421913 | 10/05/2012 | no, too short
KF383099 1997 Senegal 708 24421913 | 11/05/2012 | no, too short
KF383100 1997 Senegal 708 24421913 | 12/05/2012 | no, too short
KF383101 1997 Senegal 708 24421913 | 13/05/2012 | no, too short
KF383102 1997 Senegal 708 24421913 | 14/05/2012 | no, too short
KF383103 1999 Cote d'Ivoire 708 24421913 | 15/05/2012 | no, too short
KF383104 1999 Cote d'Ivoire 708 24421913 | 16/05/2012 | no, too short
KF383105 1996 Cote d'Ivoire 708 24421913 | 17/05/2012 | no, too short
KF383106 1990 Cote d'Ivoire 708 24421913 | 18/05/2012 | no, too short
KF383107 1990 Cote d'Ivoire 708 24421913 | 19/05/2012 | no, too short
KF383108 1990 Cote d'Ivoire 708 24421913 | 20/05/2012 | no, too short
KF383109 1981 Burkina Faso 708 24421913 | 21/05/2012 | no, too short
KF383110 1990 Cote d'Ivoire 708 24421913 | 22/05/2012 | no, too short
KF383111 1990 Cote d'Ivoire 708 24421913 | 23/05/2012 | no, too short
KF383112 1990 Cote d'Ivoire 708 24421913 | 24/05/2012 | no, too short
KF383113 1980 Cote d'Ivoire 708 24421913 | 25/05/2012 | no, too short
KF383114 1979 Senegal 708 24421913 | 26/05/2012 | no, too short
KU720415 | 1947 Uganda 10766 27/05/2012 | no, too many passages
KU955591 | 1984-11-20 | Senegal 10806 27174284 | 28/05/2012 | yes,3 passages,
KU955592 | 1984-12-06 | Senegal 10806 27174284 | 29/05/2012 | yes,3 passages,
KU955594 | 1947-04 Uganda 10795 27174284 | 30/05/2012 | no, too many passages
KU955595 | 1984-12-14 | Senegal 10806 27174284 | 31/05/2012 | yes,3 passage,
KX377335 | 1947-04 Uganda 10807 01/06/2012 | no, too many passages
KX421193 | 1947 Uganda 10269 27443522 | 02/06/2012 | no, too many passages
KX601166 | 1984-11-17 | Senegal: Kedougou 10771 03/06/2012 | Do not know
KX601169 | 1947-04-20 | Uganda: Entebbe 10648 04/06/2012 | no, too many passages
KY288905 | 1962-11 Uganda 10752 05/06/2012 | unknow history,
NCPV:1308258v
KY576904 | 1989 Central African 1358 06/06/2012 | no, unknown cell passages
Republic: Bangui
KY989511 1947 Uganda 10807 07/06/2012 | no, too many passages
MF510857 | 1984-06-12 | Senegal 10802 08/06/2012 | yes
MF629796 | 2011-04-05 | Nigeria 1482 28398562 | 09/06/2012 | yes
MF629797 | 2013-07-05 | Nigeria 1427 28398562 | 10/06/2012 | yes
MF629798 | 2013-07-10 | Senegal 1512 28398562 | 11/06/2012 | yes
MF629799 | 2000-11-11 | Senegal 1390 28398562 | 12/06/2012 | yes
MF926508 | 2016-10-13 | Nigeria 841 29885620 | 13/06/2012 | yes
MKO028860 | 1984 Senegal: Kedougou 10771 14/06/2012 | no
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MK241415 | 2015-12-03 | Cape Verde: Santiago 10617 15/06/2012 | yes

MK241416 | 2015-11-27 | Cape Verde: Fogo 10617 16/06/2012 | yes

MK241417 | 2016-06-04 | Cape Verde: Fogo 10617 17/06/2012 | yes

MK829152 | 2017-05-25 | Angola: Bengo, 10164 31559967 | 18/06/2012 | yes
Caxito

MKS829153 2017-06 Angola: Luanda, 10007 31559967 19/06/2012 | yes
Bairro Prenda

MNO025403 | 2018-08 Guinea: Faranah 10710 20/06/2012 | yes
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CHAPTER 6 - MOLECULAR CLOCK APPLICATION AND
OTHER COLLABORATIONS
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6.1 Molecular clock application and other collaborations

In this Chapter, I present other applications of the molecular clock on genetic and
genomic data. Moreover, I describe my participation in a phylogenomic study on
Diptera Opsin genes. These collaborations were carried out during my doctoral
training. In the first collaboration (Paragraph 6.1), I analyzed the opsin evolution
of the Diptera clade, focusing on the mosquito clade. This involved manual
curation of data and alignment obtained from an automated pipeline that extracts
opsin genes from whole-genome assembly. I checked for misaligned genes,
verified the opsin dataset and curated the phylogenetic reconstruction of opsin
evolution, targeting homologous genes and their clade-specific duplication. In
Paragraph 6.2, the second co-authored paper analyzes the evolution of Arundo
species and their place in the Graminacae phylogeny. In this work, I calculated
the divergence time within the Arundo genus using a transcriptomic dataset. I
investigated the BOP-PACMAD (Bambusoideae Oryzoideaeclade Pooideae —
Panicoideae Aristidoideae Chloridoideaetime Micrairoideae Arundinoideae
Danthonioideae) divergence, focusing on the Arundo genus employing a
transcriptomic dataset, a plastidial dataset and fossil data. In the article in
Paragraph 6.3, I collaborate in reconstructing the phylogeny of Bactrocera species.
I used a phylogenomic pipeline to investigate the speciation of this genus and the

incongruence among different tree topologies.

Every paper presented in this Chapter is contextualized in the light of the PhD
training and is consistent with the outline discussed in the introduction. Each
paper is briefly described, and I outline my contribution. Here, I present only the

abstract and the part of methods and results where my work was involved.
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6.2 Phylogenomics of opsin genes in Diptera reveals lineage-specific
events and contrasting evolutionary dynamics in Anopheles and
Drosophila

Diptera is an insect order including flies, mosquitoes, and various other species
of economic importance. Their vision is mediated by the opsin genes, which have
been studied in a few key model species. However, a comprehensive comparative
genomic analysis does not exist, impairing our understanding of the
evolutionary history of these genes in this order. In this work, we perform the
first genome-scale analysis of opsin gene evolution in Diptera. We investigate
their pattern of duplication, selection, and expression in more than 60 species that
belong to 10 different families. Our results clarify the evolution of the opsin genes
in dipterans, in particular in fruit flies and mosquitoes, and represent the
foundation for functional studies on their visual system. Mosquitoes” RH6 opsin
gene has undergone many duplications; since this gene is involved in colour
vision, this event probably has relevance in mosquito ecology, for example, in the
feeding behaviour or crepuscular activity of many species of this clade, but this
needs further investigation. Manual curation of a dataset, if possible, removes
systematic errors encountered in automated pipeline dataset reconstruction and
alignment. Fragmented genomes are sometimes unreliable, and they require

particular care in limiting systematic errors.

Contribution: In this study, I mainly contributed to the manual curation of the
opsin datasets, identifying the misaligned sequence and retrieving the missing
genes using blast. The gene prediction pipeline can fail to retrieve genes in low-
quality assemblies; on the other hand, it can overestimate the opsin number.
Manually curating the datasets allowed us to reduce the systematic error which
affects the automated pipeline in fragmented genomes. I eventually curated the

figure that provides information on the duplication pattern in the Diptera
phylogeny.
The original article abstract and the section related to my contribution to this

article are reported below. Full article link:

https://academic.oup.com/gbe/article/13/8/evab170/6322995?login=true
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Phylogenomics of Opsin Genes in Diptera Reveals Lineage-
Specific Events and Contrasting Evolutionary Dynamics in

Anopheles and Drosophila

Roberto Feuda!?, Matthew Goulty!, Nicola Zadra®¢, Tiziana Gasparetti, Ezio
Rosato!, Davide Pisani®, Annapaola Rizzoli’, Nicola Segata*, Lino Ometto®, and
Omar Rota Stabelli3”

Department of Genetics and Genome Biology, University of Leicester, UK, 2Department of
Biology and Evolution of Marine Organisms, Stazione Zoologica Anton Dohrn, Naples, Italy, 3
Research and Innovation Centre, Fondazione Edmund Mach (FEM), San Michele all’Adige, Italy,
4Department CIBIO, University of Trento, Italy; > School of Earth Sciences, University of Bristol,
UK, ¢Department of Biology and Biotechnology, University of Pavia, Italy, 7 Center Agriculture
Food Environment (C3A), University of Trento, Italy

6.2.1 Abstract

Diptera is one of the biggest insect orders and displays a large diversity of visual
adaptations. Similarly to other animals, the dipteran visual process is mediated
by opsin genes. Although the diversity and function of these genes are well-
studied in key model species, a comprehensive comparative genomic study
across the dipteran phylogeny is missing. Here we mine the genomes of 61
dipteran species, reconstructed the evolutionary affinities of 528 opsin genes, and
determined the selective pressure acting in different species. We found that
opsins underwent several lineage-specific events, including an independent
expansion of Long Wave Sensitive opsins in flies and mosquitoes and numerous
family-specific duplications and losses. Both the Drosophila and the Anopheles
complement are derived in comparison with the ancestral dipteran state.
Molecular evolutionary studies suggest that gene turnover rate, overall mutation
rate, and site-specific selective pressure are higher in Anopheles than in Drosophila.
Overall, our findings indicate an extremely variable pattern of opsin evolution in
dipterans, showcasing how two similarly aged radiations, Anopheles and
Drosophila, are characterized by contrasting dynamics in the evolution of this
gene family. These results provide a foundation for future studies on the dipteran

visual system.

Key words: Diptera, evolution, opsin, flies, mosquitoes
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6.2.2 Manual curation

The dataset obtained was eventually manually curated. For example, we first
checked for missing data. We selected sequences that lacked part of the opsin
protein, and, where possible, we retrieved the missing data using BLAST
(tblastn) on the assembled genomes. Second, we looked for putative false
duplications in the tree, and in the case where we found a species-specific
duplication in our subsequent analyses, we removed the incomplete sequence.
Moreover, we looked for unexpected opsin losses to assess whether the missing
genes were true losses or artefacts (false negatives). In some cases, we found the
missing gene in the genome of interest and the sequence was added manually to

the alighment.

For some mosquito species, we lacked well-assembled genomes and, therefore,
accurate gene models, which may have caused misrepresentation in the exact
number of Rh6 copies in each Amnopheles lineage and blurred the fine-scale
duplications/losses pattern. We, therefore, carefully and manually validated the
Rhé6 genes in the Anopheles species. Using such an approach allowed us to
increase the length of many orthologs, most importantly, allowing us to detect
instances of false positives: cases where putative duplicated contigs or allele
variants from heterozygote genomes could be mistaken for species-specific

duplications.

We further manually inspected for possible pseudogenes. For the Drosophila and
Anopheles species, we manually curated all the alignments in order to perform
dN/dS studies (see below) to exclude pseudogenes because we could not find
signature of pseudogenes (dN/dS = 1), nor could we detect internal stop codons.
For all other species, we inspected the alignment by eye when the gene was

characterized by extremely long branches.

6.2.3 Dipteran Opsins Have Undergone Lineage-Specific Diversification

To better understand the opsin distribution and evolutionary dynamics in the
various dipteran groups, we mapped their presence/absence on the Diptera
phylogeny (fig. 1A) and performed a manual as well as a statistical gene-
tree/species-tree reconciliation (fig. 1B and 1C). The results indicate that the opsin

repertoire underwent significant rearrangements on the dipteran phylogeny in a
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lineage-specific manner. In Brachycera (the clade comprising Drosophila), the
opsin complement is derived in comparison to the ancestral dipteran condition.
We confirm previous findings that c-opsin and RGR/Go have been lost in all
Brachycera (Feuda et al. 2016) and provide evidence that four paralogs—
Rh1, Rh2, Rh3, and Rh4—are present only in this group. The observation that at
least one duplication from the ancestral Rh1/2/6 and Rh3/4 genes is shared
between Drosophila, tephritid fruit flies, Muscidae house flies, and Glossina tze-
tze flies indicates that these duplications happened early in Brachycera evolution
(tig. 1B). We further observe various lineage-specific events, such as the loss
of Rh4 in the common ancestor of Glossinidae, Muscidae, and Calliphoridae,
duplications of Rh1in Muscidae, the loss of Rh2in the tze-tze fly Glossina
morsitans (Attardo et al. 2019), and the loss of all opsins except for Rh2 and Rh6 in
Diopside stalk-eyed flies. Interestingly, when we map introns’ presence/absence
in the different opsins, the results indicate that Rh3 genes in all Drosophila species
are intronless, suggesting their possible origin as retrotransposons (Booth and
Holland 2004; P. Xu et al. 2016).
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Figure 1 Opsins evolution in Diptera. (A) Opsin gene complements in Diptera. The phylogenetic tree was
obtained from (Wiegmann et al. 2011). Gene nomenclature has been obtained from Drosophila melanogaster.
The numbers in the boxes indicate the copies of opsin genes identified; white boxes indicate that genes have
not been found. (B) Synopsis of the patterns of opsin duplications and losses in Diptera subgroups. Lineage-

specific events are marked with a question mark if they were inferred from one single representative
genome. (C) Estimated number of ancestral Rh across five nodes. For each opsin paralog, we report the

estimate using three different analytical procedures (manual reconciliation, GeneRax on tree of fig. 1A.



6.3 Phylogenomic proof of Recurrent Demipolyploidization and

Evolutionary Stalling of the “Triploid Bridge” in Arundo (Poaceae)

I co-authored this article that has now been published in the International Journal
of Molecular Sciences (MDPI). The article explores the polyploidization event
within the Arundo genus. This genus comprises eight putative species and is
known for its large perennial species with ornamental and economic value. A
better understanding of the evolution of the genus Arundo is thus relevant to
understanding how the very high productivity of some of the Arundo species
originated. The analysis is based on a robust phylogenomic and statistical
framework that allows reconstructing the evolutionary history of a key trait of
these reeds. The paper contains many interesting findings, such as hybridization
events in the origin of Arundo micrantha and the dating of polyploydization
events. Moreover, we re-visited the phylogeny, identifying Arundo formosana as
basal in this clade. Moreover, we determine a more recent Arundo divergence
than previous work based on a mitogenomic approach. Understanding the
evolution of this important genus of grasses lays the foundations for future

comparative genomics studies.

Contribution: Here, I applied my expertise on molecular clock dating methods
to provide the evolutionary timespan for the Arundo genus using a
genomic/transcriptomic dataset and the BOP-PACMAD clade employing a
plastidial dataset. To calibrate the Arundo genus, we employed a rate on the four-
fold site, whereas fossil calibration was used to calibrate the analysis on the
plastidial dataset. Afterwards, I curated the model selection on the nuclear
dataset, relying on the Stepping Stone (5S) method. The clock result indicates a
probable time window for the demipolyploidization event in the Arundo
evolution original article. In addition, I curated all the phylogenetic figures and
the data interpretation for discussing the key event of the Arundo evolution. In
conclusion, we proposed a rate for the genetic dataset calculated with a weighted
mean among all the partitions.

Full article link:

https://www.mdpi.com/1422-0067/21/15/5247 /htm
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Phylogenomic proof of Recurrent Demipolyploidization and
Evolutionary Stalling of the “Triploid Bridge” in Arundo
(Poaceae)

Wuhe Jike!'?, Mingai Li !, Nicola Zadra’, Enrico Barbaro?!, Gaurav Sablok?,
Giorgio Bertorelle?, Omar Rota-Stabelli® and Claudio Varotto!

Department of Biodiversity and Molecular Ecology, Research and Innovation Centre,
Fondazione Edmund Mach, 38010 San Michele all’Adige (TN), Italy, ?Dipartimento di Scienze
della Vita e Biotecnologie, Universita degli Studi di Ferrara, 44121 Ferrara, Italy, Department of
Sustainable Ecosystems & Bioresources, Research and Innovation Centre, Fondazione Edmund
Mach, 38010 San Michele all’Adige (TN), Italy, ‘Department of Biosciences, University of
Helsinki, 00014 Helsinki, Finland

6.3.1 Abstract

Polyploidization is a frequent phenomenon in plants, which entails the increase
from one generation to the next by multiples of the haploid number of
chromosomes. While tetraploidization is arguably the most common and stable
outcome of polyploidization, over evolutionary time triploids often constitute
only a transient phase, or a “triploid bridge”, between diploid and tetraploid
levels. In this study, we reconstructed, in a robust phylogenomic and statistical
framework, the evolutionary history of polyploidization in Arundo, a small genus
from the DPoaceae family with promising biomass, bioenergy and
phytoremediation species. Through the obtainment of 10 novel leaf
transcriptomes for Arundo and outgroup species, our results prove that recurrent
demiduplication has likely been a major driver of evolution in this species-poor
genus. Molecular dating further demonstrates that the species originating by
demiduplication stalled in the “triploid bridge” for evolutionary times in the
order of millions of years without undergoing tetratploidization. Nevertheless,
we found signatures of molecular evolution highlighting some of the processes
that accompanied the genus radiation. Our results clarify the complex nature of
Arundo evolution and are valuable for future gene functional validation as well
as reverse and comparative genomics efforts in the Arundo genus and other

Arundinoideae.
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6.3.2 Dating methods

Divergence times were estimated using both the nuclear and the plastidial
datasets described above using BEAST2 (R. Bouckaert et al. 2019). According to
model selection (see below), for both datasets, an uncorrelated lognormal relaxed
clock (not considering autocorrelations between adjacent branches (Drummond
et al. 2006)) coupled with a Yule demographic prior was used. Substitutions were
modeled using the GTR replacement model with four discrete categories of the
gamma distribution. For all datasets and analyses, the MCMC was run for
200,000,000 generations, and checked for convergence using Tracer 1.7 (Rambaut
et al. 2018) to ensure that the effective sample size (ESS) values were greater than
200 for every posterior and for the likelihoods. Consensus trees were obtained by
TreeAnnotator 2.5.1 as maximum clade credibility (MCC) trees of all BEAST trees
with a burnin of 20% and median heights of nodes. The nuclear tree was
calibrated with the substitution rate previously estimated for Poaceae (Christin
et al. 2014) using a normal distribution to cover between 6 x 10-3 and 7 x 10-3
(mean 6.5 x 10-3 ; SD 5 x 104 ) substitutions/site/million year. The root (Arundo
stem) was further calibrated with a maximum of 40 MY (million years) that
corresponds to the minimum for the origin of PACMAD clade (Christin et al.
2014). Because we used a mutation rate previously inferred from four-fold
degenerate sites (Christin et al. 2014), in our analysis, we split our nucleotide
alignment into two different partitions: one containing the four-fold degenerate
sites, which were calibrated using the rate prior; the other containing all other
nucleotides (Christin et al. 2014) which were left free to be estimated. To
determine which clock and demographic prior fit better the nuclear dataset, the
BEAST2 model comparison package (R. R. Bouckaert and Drummond 2017) was
used employing different statistics: AICm (Akaike Information Criterion model),
hMean (harmonic mean) and SS (Stepping Stone). The latter was needed because
AICm, hMean can be affected by systematic error (Xie et al. 2011; Baele et al.
2012). Three calibration priors were used for the plastid dataset. Previous
molecular dating studies have estimated the origin of Poales to be between 120-
175 Ma (Christin et al. 2014): there is no fossil evidence that place the monocots
in this age range (Eguchi and Tamura 2016), but we used 125 MY as a lower
bound (maximum) for the BOP-PACMAD stem as in Burke (Saarela et al. 2018;
Burke et al. 2016). The phytolites (fossil evidence) attributed to the Oryzoideae
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subfamily (Prasad et al. 2011) were used to calibrate the Oryzoidae stem at 66 MY
(upper bound or minimum). As a general prior for all branches the plastidial rate
inferred by Christin and colleagues was used (Christin et al. 2014): 1x 10-3 with
a lognormal distribution that ranges between 4.5 x 10-3 and 1.2 x 10-4 with a

median of 6.0 x 10-4 substitutions/site/million year.

6.3.3 Dating Results

We estimated the divergence of Arundo species using both the nuclear and the
plastid datasets. Model selection indicated that the nuclear dataset is best fitted
by a combination of Yule demographic prior and a lognormally distributed
relaxed clock (Table 1). The summary of the clock rates estimated from the
nuclear dataset with different models and data partitions are provided in Table
2. The Bayesian consensus tree for the most fitting model in the nuclear dataset
is reported in Figure 2, while in Table 3 we report the mean age for each of the
nodes, together with the corresponding 95% High Posterior Densities (HPD, a
type of confidence interval). According to Figure 3, all the posterior estimates for
the age of nodes are characterized by a normal distribution which is indicative of
good convergence of the analysis. The origin of the Arundo genus is set at 17.8
MY (mean estimate) with HPD ranging from circa 14 to 22 MY. The
diversification of the extant Arundo started circa 7.9 MY (6.2-9.8 HPD), which
corresponds to the split of A. formosana. The nuclear estimate for the
diversification of extant Arundo is compatible with divergence estimates based
on plastidial data (mean 9.6 MY, HPD 7.6-11.5 MY, Figure 2) particularly because
there is a large overlap of posterior densities (Figure 3; Table 4). The lineage
leading to A. donax diversified circa 5.7 Ma, and the split of the two varieties of
A. donax sampled in this study is placed at 3.7 Ma, thus providing a conservative
estimate of the time required for the generation of morphological differentiation
within this clonal species. Divergence of A. micrantha is estimated at 4.7 Ma.
Finally, the divergence of the A. plinii s.l. clade took place around 3.4 Ma,
followed by the split of A. donaciformis from A. plinii around 2.5 Ma.
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Figure 2. Chronogram of the Arundo genus based on the set of 144 nuclear genes. Numbers close to nodes indicate
posterior support. The scale under the tree is in million years and the 95% Cls are drawn in the colour of the node they
correspond to in the chronogram. The 95% CI for the Arundo ingroup is above the scale and under the scale for outgroups
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Figure 3. This figure was added in the Supplementary material in the original article. Here, we show the

plastidial Phylogeny of the BOP-PACMAD clade.
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Table 1. Summary of clock models and priors tested for molecular dating of the Arundo genus and selected
outgroups divergence based on the nuclear dataset. Chain length 200,000,000. Numbers in bold indicate
optimal (minimal) values. The best model is highlighted in red.

I Clock Rate Demographic Likelihoo  Posterior ~AICm Hmean  Stepping
D distribution  prior d Stone

1 | Relaxed | LogNormal Yule -403604 -403651 807262 | -403623 -403820

2 | Relaxed | Normal Yule -403604 -403651 807261 | -403621 -403778

3 | Relaxed | Normal Birth and death | -403604 -403658 807261 -403623 -404302

4 | Relaxed | Normal Coal constant -403636 -403714 807342 | -403658 -403964

5 | Strict Normal Yule -403825 -403871 807693 | -403839 -403958

Table 2. Summary of clock rates estimated from the nuclear dataset with different models and data
partitions.

Partition = Mean Rate*  Rate? 95% Overall Overall Root age Arundo split
10 103 clock>? variance 10 7 (95% CI) (95% CI)

1 | Not4 1.758 1.288 -2.227 2.453 2.7487 17.5(13.3 - 7.8 (5.8-9.8)
Fold 22.5)
4 Fold 6.621 5.401 -7.989

2 | Not4 1.74 1.318 - 2.161 2.329 0.3926 17.8 (13.9 - 79(6.2-9.8)
Fold 22.2)
4 Fold 6.575 5.581 - 7.453

3 | Not4 2.01 9.933 - 3.052 2.807 0.582 16.4 (8.9 - 73(39-11.7)
Fold 26.4)
4 Fold 7.601 3.913-11.2

4 | Not4 220.9 158.6 - 287.5 19.053 799.827 39.4 (38.3- 8.5(7.8-9.3)
Fold 40)
4 Fold 8.539 7.866 - 9.227

5 | Not4 1.561 1.235-1.882 2.278 0.2498 18 (14.3 - 7.8(6.1-9.4)
Fold 21.8)
4 Fold 6.58 5.573 - 7.523

athe clock rate is calculated in substitutions/site/million year.

b the overall clock is calculated using the weighted mean of the two partitions as follows: weighted clock
C=XL, wjc;, where c; are the estimated mean rates for the 4-fold degenerate and non-degenerate
No.of partition site

rtitions and w; =
pa ons and 1 Total No.of site

are the respective normalized weights.

cthe overall variance is calculated using the weighted variance of the two partitions as follows: weighted
variance o¢ = YiL; w;’0%, where o are the estimated mean rates for the 4-fold degenerate and non-
No.of partition codons

degenerate partitions and w; =
egenerate p ons 1 Total No.of codons

are the respective normalized weights.
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Table 3. Summary of ages for Arundo clades. Mean age and 95% confidence intervals were estimated from
the nuclear dataset with the best fitting model. Node color-coding refers to Fig. 4 in the main text.

Node Node name Mean age (Million of 95 % C.I (Million of
years) years)

[ ] Arundo origin 17.8 13.9-22.2

[ ] Arundo split (A. formosana split) 7.9 6.2-9.8

| A. donax split 5.7 45_71
A. micrantha split 4.7 3.8-59
A. donax varieties split 3.6 2.6-47
A. plinii s. I. crown 3.4 2.6-4.3
A. donaciformis split 2.4 1.8-3.1

Table 4: Summary of ages for BOP-PACMAD and Arundinoideae clades. Mean age and 95% confidence
intervals were estimated from the chloroplast dataset with the best fitting model. Node IDs (letters) refer
to Suppl. Fig. 1.

Node Node name Mean age (Million of 95 % C.I (Million of

years) years)

0 BOP -PACMAD origin 97.9 76 -124

A BOP-PACMAD split 90.4 73 -113

B BOP 82.5 69 -100

C PACMAD 68.7 47 -90

D Arundinoidea origin 51.8 34 -70

E Arundinoidea split 47.4 30 -64

F Arundo origin 29.3 14-43

G Arundo split 9.7 75-11
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6.4 The impact of fast radiation on the phylogeny of Bactrocera fruit
flies

In this paper, we try to outline the evolution of a species-rich Bactrocera genus.
The lack of prior information led us to make some strong assumptions to calibrate
the tree, as we constrained the mutation rate of the four-fold degenerate sites,
where we applied the instantaneous mutation rates calculated for Drosophila.
However, the mutation rate between these two related genera is supposed to be
similar on the neutral evolving site. Using StarBEAST we detected the species
tree that helped us identify the suitable genes for the analysis, or rather we
identified the genes that supported the species tree. This process of selecting
suitable genes provides an unbiased dataset that supports a univocal topology.
The results show a more recent timescale than the previous estimate, obtained
using the mitogenomic dataset. An interesting result is a correlation between the
speciation of Southeast Asian species and the Australian Bactrocera species that
occurred during the rise in sea level in the Pleistocene. The sea level rising caused
the creation of islands in the Sunda peninsula and a wider distancing between
Australia and Asia, which could have pushed the allopatric speciation and fast

radiation of the Bactrocera species.

Contribution: In this article, I contributed mainly to guiding and suggesting the
best practice for analyzing the genomic dataset. The limited source of priors
forces us to use a rate as a prior instead of fossils or other more reliable
calibrations. I was involved in the experiment design and in part of the analysis,
model selection and dating, as well as in the interpretation of the results. The

paper is in preparation for BMC Ecology and Evolution.
Preprint article is available here:

https://www .biorxiv.org/content/10.1101/2021.09.07.459237v1.abstract
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The impact of fast radiation on the phylogeny of Bactrocera fruit

flies

Federica Valerio, Nicola Zadra, Omar Rota Stabelli, Lino Ometto

6.4.1 Abstract

True fruit flies (Tephritidae) include several species that cause extensive damage
to agriculture worldwide. Among them, species of the genus Bactrocera are
widely studied to understand the traits associated to their invasiveness and
ecology. Comparative approaches based on a reliable phylogenetic framework
are particularly effective, but, to date, molecular phylogenies of Bactrocera are still
controversial. Here, we employed a comprehensive genomic dataset to infer a
robust backbone phylogeny of eleven representative Bactrocera species and two
outgroups. We further provide the first genome scaled inference of their
divergence using calibrated relaxed clock. The results of our analyses support a
closer relationship of B. dorsalis to B. latifrons than to B. tryoni, in contrast to all
mitochondrial-based phylogenies. By comparing different evolutionary models,
we show that this incongruence likely derives from the fast and recent radiation
of these species that occurred around 2 million years ago, which may be
associated with incomplete lineage sorting and possibly (ongoing) hybridization.
These results can serve as basis for future comparative analyses and highlight the
utility of using large datasets and efficient phylogenetic approaches to study the

evolutionary history of species of economic importance.

6.4.2 Dating analysis methods

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, Z. cucurbitae , B. bryoniae,
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 v. 2.5.1 using the 4-fold
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degenerate sites of the concatenated dataset (11,768 nt). This dataset allowed us
to use an instantaneous (neutral) mutation rate as prior. Since the 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 = 0.0028) substitutions per
base pair per million years provided by (Obbard et al. 2012). 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 (X. Z. Li et
al. 2019; Stephens, Kriticos, and Leriche 2007; Theron, Manrakhan, and Weldon
2017; Vargas et al. 1997)) and to account for uncertainty, we finally set as a 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 performed a model selection to choose the most fitting clock
and demographic prior based on the marginal likelihood values with the nested
sampling approach implemented in the NS package (Russel et al. 2019). We tested
the strict and the LOGN relaxed clock and the Yule and the Birth-Death models,
for a total of eight different combinations. Following the recommendations
provided by the dedicated Taming the Beast tutorial (Barido-Sottani et al. 2018),
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). We ran 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. 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. In all cases, we employed a GTR+G
replacement model and a root prior uniformly distributed between 6 and 65
million years ago (Ma), which correspond to the age of a Ceratitis fly fossil

(Norrbom 1994) and of the Schizophora radiation (Junqueira et al. 2016;
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Wiegmann et al. 2011). 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 values being well above 200. The consensus trees
(Maximum Clade Credibility trees) were generated after discarding the first 20%

of generations as burn-in.

6.4.3 Dating analysis suggests fast and recent radiation in Bactrocera

Our dating analysis is based on the best combination of priors according to a
model selection (Table 4) that indicated as favoured model the one where we set
the mutation prior with a log-normal distribution, a strict clock, and a Birth-
Death model. The Bayes Factor values, even after correcting for uncertainty by
subtracting the corresponding standard deviations, are well above two, which
provides overwhelming support for that model (Kass and Raftery 1995). 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, we will
report the results obtained by this analysis. Incomplete lineage sorting is
expected for rapid radiations e.g., (Pollard et al. 2006), which is exactly what it is
revealed by our molecular clock analyses (Figure 4). Consistent with a rapid
radiation of the (B. dorsalis, B. latifrons, B. tryoni) clade, the results of the clock
analysis place its origin in the mid-Pliocene, at ~2.08 Ma, with a subsequent very
close cladogenesis, at ~1.87 Ma, separating B. dorsalis and B. latifrons (Fig. 2).
Interestingly, during this period sea rose at peak levels (Zhong et al. 2004) 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 proximity of the two cladogenetic events and the large overlap of
their 95% confidence intervals agrees with a rapid radiation, which could have

resulted in frequent incomplete lineage sorting. This would also explain the
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discordant results between the nuclear and the mitochondrial phylogenies, a
finding that is commonly reported in many organisms, including insects (Beltran
et al. 2002; DeSalle and Giddings 1986; Toews and Brelsford 2012). Moreover, we
cannot exclude the possibility that these species experienced, or even still
experience, hybridization events, which could then result in widespread
introgression events. Indeed, hybrids have been reported for several closely
related Bactrocera species (Augustinos et al. 2014; Bo et al. 2014; Cruickshank,
Jessup, and Cruickshank 2001; Yeap et al. 2020; Pike, Wang, and Meats 2003), and
although none of the published studies involved a pair of species analyzed in our
analyses, possible introgression can occur via direct hybridization or via

intermediate hybridization events involving other closely related species.
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Fig 4. Molecular time tree of Bactrocera (using C. capitata as outgroup). Bactrocera (plus Zeugodacus) originated
during the Miocene optimum (around 19 million years ago, Ma) and experienced recent fast cladogenetic
events around 2 Ma. The analysis was done setting the mutation rate employing a log-normally distributed
prior, a strict clock and a Birth-Death model. Mean and 95% highest posterior density of the inferred age

(blue bars) are reported for each node.
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Table 5. Results of the model selection of
the different BEAST analyses used to
estimate divergence times. Bayes Factors
(BF) were estimated comparing eight
BEAST models that combined a
mutation prior with either a normal
(Mut-normal) or lognormal (Mut-
lognormal) distribution, either a Yule
(yule) or a Birth-Death (bd) model, and
either a strict or a LOGN relaxed (rlxin)
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 as
BF = mLi-mL>, where model 1 and
model 2 are those given in the respective
row and column. We only report BF
values that satisfied the conditions BF >
0 and BF-(SD1+SD2) > 0, where SD: and
SD: are the SD values estimated for
model 1 and 2. Highlighted on bold are
the values for the model (Mut-lognormal
+ bd + strict) favored over all other seven
models. # = BF < 0; * = BF-(SD1+SD2) < 0.
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Conclusion

Reconstructing and dating the divergence time of organisms has become
extremely important in the last decades, and the number of tools and methods
developed is increasing exponentially. Molecular clock studies have been proven
effective in unveiling many aspects of the evolution of life on global and local
scale and have been applied to a plethora of organisms, from viruses to
vertebrates, from insects to bacteria. In the cases studied in this thesis, I proposed
new time-scaled phylogenies for a variety of invasive non-model species using
different methodologies and datasets, providing interesting insights into the
paleoecology of the species studied. The limited available genetic data made
studying these species challenging; indeed, one of the major limitations of
exploring the evolution of invasive species is, in some cases the paucity of
molecular data. I investigated some unexplored fields of invasive species
evolution and produced new genomic data by sequencing three species of
interest for a large community of researchers (from zoologists to pathologists):
Aedes japonicus, Aedes koreicus, and Trissolcus japonicus. In this thesis, I proposed
an answer to several evolutionary issues, and the results could be of great interest
for future comparative genomic studies. These results would be of great interest

for field studies aimed at ameliorating the management of pests.

In Chapter 2, I investigated some aspects of Aedini mosquito evolution,
examining the topology, the dated phylogeny, and the rate variance across
branches and between nuclear and mitochondrial datasets. This work underlines
a probable discordance between the mitochondrial and the nuclear phylogenies,
which needs to be considered for future investigation to understand the past
dynamics of the Aedini clade and to calibrate genomics studies in light of the
right evolutionary timespan. We confirm that A. flavopictus is the closest relative
presented in our dataset. Despite the attempts to provide molecular clock studies
and time-calibrated trees of the Aedini clade, a satisfactory answer has not been
provided yet. With this study, we underline the importance of properly applied
molecular clock studies for understanding and driving future analysis in this
field.
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Unveiling the incongruence issues between nuclear and mitochondrial datasets
suggested taking with caution the current and the previous evidence of dated

phylogeny based only on mitochondrial data.

In Chapter 3,  updated the results of Chapter 2, employing the newly assembled
mitogenomes from A. koreicus and A. japonicus. Here, I underlined the role of
taxon sampling in reconstructing the phylogeny and the extremely high
evolutionary rate in the Chironomidae clade and in many taxa within the Aedini
clade. Moreover, the results uncover an unexpectedly high divergence between
the two A. koreicus genomes and between A. koreicus and A. japonicus. This work
constitutes the most comprehensive investigation into Aedini evolution using
full mitochondrial sequences, which may be essential to scale future evolutionary
analysis within this tribe. Here, I underlined the problem of the taxon
sampling/outgroup sampling in inferring reliable evolutionary timescale in deep
phylogeny. The knowledge acquired in the Chapters 2 and 3 would be of great
interest to scale phylogenomic studies and understand when and in what
ecological  scenario the mosquitoes related novelties emerged.
Macroevolutionary insights into the biology of mosquitoes and especially into
the four invasive Aedes mosquitoes now can carry out in the light of molecular

clock studies.

In Chapters 2 and 3, we proposed that the Aedini radiation can match the
mammal and bird radiation. In the dated phylogeny proposed in Chapter 3, the
Aedini crown date matches the K-Pg (66 Ma) boundary. This boundary designed
the turning point for the evolution of many orders of placental mammals and
birds (Leary et al. 2013; Prum et al. 2015). Aedini mosquitoes could have faced
fast radiation in relation to new exploitable niches given by a rising number of
mammals and birds that appeared after the K-Pg boundary. In addition, I
tentatively proposed that the Angiosperm split is congruent with the initial
Culicomorpha diversification. However, these speculations have to take with
caution, and more specific studies have to be performed to define a tight
correlation between the mosquitoes' evolution and other clades' evolutionary

histories.

In Chapter 4, I presented the preliminary analysis of genome skimming for A.

japonicus and A. koreicus, and a successful genome assembly for Trissolcus
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japonicus, three species of growing interest for agriculture and human health. The
two Aedini genomes are of extreme interest for future analysis of mosquito
evolution. Indeed, these data increase the phylogenetic resolution of Aedes early
divergence. The T. japonicus genome is of utmost relevance for integrated studies
on the biological control of Halyomorpha halys. Metagenomic screening revealed
the presence of the intracellular parasite Wolbachia in T. japonicus: this may be
relevant for field applications because this bacterium is known to manipulate the

reproductive behaviour of its host.

In Chapter 5, I presented an investigation of the deep-time evolution of ZIKV,
updating knowledge on this virus. I expand the understanding of its origin, the
role of South-East Asia as a source of the infection, and the delay that may be
present between actual introduction and detection. This knowledge is useful to
ameliorate our understanding of pre-epidemic dynamics of ZIKV and other
viruses. This study provides a global picture of ZIKV evolution that was missing
in the record, in particular a timescale of the virus origin (SPOV-ZIKV split)
which has to be further investigated with more SPOV samples.

In Chapter 6, I further show how the molecular clock can be successfully applied
to other organisms and adapted to answer different evolutionary questions. I
show how the molecular clock can be applied to pests of agriculture by
investigating the recent diversification of Arundo and Bactrocera, providing new
insights into their evolution. Our results for Bactrocera revealed a very recent
radiation for this genus and the possibility that different species of agricultural
relevance have a history of reciprocal hybridization: this is relevant for their
management because we cannot exclude that hybridization is currently ongoing
both in their native and in the newly invaded regions. Conversely, our clock
studies indicate that Arundo species are well separated, having originated more
than 2.5 Ma: this is also interesting for the management of this pest because it
excludes hybridization events. The opsin phylogenomics unveiled some
macroevolutionary changes in the opsin genes composition in Brachycera and
mosquitoes clade. Some of these findings suggest a correlation between the
ecological adaptation in dipteran pests and genetic novelties in their Repertoire
of opsins: these novelties may be exploited to define, for example, more efficient

colors of traps, therefore, ameliorating their management.
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Overall, the work presented in this dissertation shows the benefit of apply
molecular clock methods to a variety of datasets: using a few genes, full
mitochondrial genomes, and genomic or transcriptomic datasets.. I successfully
applied molecular clock methods to uncover evolutionary scenarios, showing
how to deal with problematic datasets and providing time-calibrated trees. Time-
dated phylogenies represent the backbone of comparative genomic studies and
provide a solid base for investigating genome evolution in light of sound
hypotheses. Paleoecological scenarios, speciation timescale, rate of gene family
contraction and expansion are extremely helpful information for understanding

the more intimate biology of pest species and ameliorating their management.

Future perspectives

The studies carried out during my PhD provided interesting results on the timing
of the evolution of invasive species and Zika virus. The evolutionary history of
many groups of invasive species has not been examined in-depth: they are
frequently studied only for direct management and eradication. In the work
presented here, the molecular clock has been shown to be a powerful approach
to understanding the intimate dynamics of invasive species. More can be done to
increase knowledge of mosquito evolution and of their associated viruses. I
would propose two main research tracks to follow up in further investigation of

the evolution of invasive mosquitoes and of invasive species in general.

Analysing genomic data and providing a nuclear-only molecular clock of
Aedini mosquitoes. Mitochondrial and nuclear data can provide contrasting
results. This is not only due to systematic or stochastic errors that could affect the
analysis, but also to the fact that nuclear and mitochondrial DNA may tell
genuinely different stories because the DNA material follows different
inheritance patterns. A time-scaled phylogeny of nuclear data could provide a
clearer scenario of mosquito evolution, revealing for example, events of

hybridization that involves only nuclear DNA.

Investigating opsin evolution in the Aedini tribe in light of the two genomic

data collected in this work (Chapter 4). Increasing the genomic data in the
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Aedini clade opened the opportunity to better identify the evolutionary novelties
that characterize this group. First, using the Aedes japonicus genome will make it
possible to verify whether the evolutionary pattern in the Rh6 opsin is
maintained throughout Aedini evolution (Chapter 6.1). Moreover, this approach
may be extended to the analysis of other gene families to understand how
different mosquitoes adapt to their ecological niches and what genes are

involved.

Macroevolution, taxon sampling and phylogenomics. In Chapter 6, I provided
some evidence of how phylogenomics can provide interesting insights into
macroevolution. This application can be extended to invasive mosquitoes
studies. One of the first things to investigate is if there are some evolutionary
patterns in some gene families that are in common among invasive mosquitoes.
However, we need to increase the taxon sampling within the Aedini clade,
sequencing the non-invasive sister species of the mosquitoes in question. We can
track better what genes are more involved in the anthropophilic behaviour of

some species.

In addition, I want to address the limitations and challenges I faced during my
work. Aedini is a highly diverse clade that comprises many species, but the
genetic sequences for this group are very limited. The paucity of available data,
especially nuclear data, makes it difficult to build a proper dataset. Beyond this
technical limitation, studying the clock requires calibration. Unfortunately, the
fossilization rate is extremely low in insects, especially in small insects like
mosquitoes; this reduces the calibration points exploitable for inferring
evolutionary time. The third limitation in studying Aedini mosquitoes is the low
number of taxa represented by genetic data; only 24 full mitochondrial genomes
are now available for more than 1260 species described. This limitation could be
overcome only by increasing taxon sampling, which would make it possible to
employ more fossils for tree calibration and to enhance the phylogenetic

resolution, empowering comparative genomic studies.

In conclusion, in light of increasing genomic data, the molecular clock
methodology can be exploited to reconstruct a more accurate and complete
evolutionary history, becoming an essential tool within the integrated

approaches for managing and controlling invasive mosquitoes and other
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invasive species. Insect evolution is full of ecological and behavioural novelties

worth further investigation.
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