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ABSTRACT
OF THE THESIS OF

Marwa Nabil Aboumourad for Master of Science
Major: Biology

Title: Phylogenetic Analysis of Horizontal Transfer of Wolbachia Among Insect Hosts

Wolbachia are highly prevalent endosymbiotic bacteria infecting more than two-thirds
of arthropods. While Wolbachia are mainly transmitted vertically through the female
germline, experiments and phylogenetic studies have suggested that horizontal
transmission between hosts is not uncommon. However, there are no broad-scale
surveys of Wolbachia horizontal transfer that describe patterns at a large scale, such as
host order or continent. In this thesis, we aim to get a better understanding of horizontal
transfer events and how they might occur in insects. Here, we report a comprehensive
analysis of horizontal transfers in different host insect orders and continents using a
large database containing nucleotide sequences of the genes wsp and fisZ. We found
heterogenous and unidirectional Wolbachia transition rates between insect orders and
continents yet without any specific pattern of emergence and spread, based on both
analysis of clades of high gene sequence similarity and best fitting models to the
phylogenetic trees. Although each gene had a distinctive model of transfer and a
distinctive phylogenetic signal, they exhibited alike indications within clades of similar
sequences, suggesting that discrepancy in their phylogenetic histories of ancestry is
more visible on a larger timescale. We were able to detect a signal of the host
phylogeny and geography in the Wolbachia phylogeny of clades comprising highly
similar sequences by Procrustean approach to co-phylogeny, however, host shifts
between phylogenetically and geographically distant species was evident and frequent.
Together, these results contribute to understanding the dynamics and patterns of
Wolbachia host shifts. We anticipate this thesis to be a starting point for more
sophisticated experiments, for example Wolbachia trans-infection experiments between
insects of the orders that showed zero rates of transfer and analysis of the possible
physiological and/or ecological factors that might prevent horizontal transfer.
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CHAPTER 1

INTRODUCTION

Wolbachia are widespread microbial symbionts of arthropod hosts. Wolbachia
are a-proteobacteria belonging to the family Anaplasmataceae (formerly
Rickettsiaceae) and order Rickettsiales (Dumler et al., 2001; O'Neill et al., 1997). The
proportion of arthropod hosts harboring Wolbachia has been estimated at around 40%
and as high as 66%, making it the most abundantly widespread endosymbiont among
arthropods (Hilgenboecker et al., 2008; Zug & Hammerstein, 2012).

Despite the fact that all Wolbachia strains are labeled as a single species,
Wolbachia pipientis, the remarkable genetic diversity of the genus necessitated
subdividing it taxonomically into sixteen supergroups A-Q, except for G (Comandatore
et al., 2015; Glowska et al., 2015; Lo et al., 2002). The latter was identified as a
recombinant between A and B (Baldo & Werren, 2007). Another proposed supergroup,
R (Wang et al., 2016), was later shown to be only a part of supergroup A (Gerth, 2016).
Supergroups A and B are the most frequent among arthropods (Werren & Windsor,
2000).

The primary mode of transmission of Wolbachia is vertical, from mother to
offspring, through the egg cytoplasm. A peculiar aspect of the association of insects
with Wolbachia is that the latter manipulate their host’s reproduction to facilitate their
dispersal through the female germline, and this attribute has resulted in the global
distribution of Wolbachia (Werren et al., 2008). Strains that alter their host’s
reproduction are often considered reproductive parasites. Alterations happen following

two strategies, both of which lead to an increase in the number of infected female



insects and their descendants (Dale & Moran, 2006; Feldhaar, 2011; Stouthamer et al.,
1999). The first strategy consists of shifting the sex ratio towards females via inducing
parthenogenesis, male-killing, or feminization in genetic males. The second strategy
involves decreasing the reproductive output of uninfected females via inducing sperm-
egg incompatibility, which is referred to as cytoplasmic incompatibility (CI) and
considered the most common Wolbachia-induced phenotype in insects and mites
(Serbus & Sullivan, 2007).

This intimate relationship and tight interaction between Wolbachia and their
hosts might give the impression that horizontal transfer is a rare event, and co-
speciation of the hosts and Wolbachia is predominant. In that case, Wolbachia
phylogeny topology would be expected to mirror that of their hosts. In other words,
branches of a Wolbachia phylogeny can be rotated around ancestral nodes in a way that
the association links do not intersect (Avino et al., 2019). Phylogenies of the nematode
hosts and their associated Wolbachia show such congruence, indicating co-evolutionary
stable associations (Bandi et al., 1998; Casiraghi et al., 2001). However, this is not the
case in arthropod-associated Wolbachia, where closely related symbionts occur in
phylogenetically distant lineages (Bright & Bulgheresi, 2010). The fact that Wolbachia
phylogenies seldom match with host phylogenies suggests that Wolbachia has been
transmitted between species frequently on evolutionary time scales (Pietri et al., 2016;
Zhou et al., 1998). It is important to note, however, that incongruence not only implies
host switching, but also other microevolutionary events such as extinction, incomplete
lineage sorting, and independent speciation by parasites duplication; these processes are
analogous to gene duplication, loss, allelic polymorphism, and lineage sorting in gene

trees (Page, 1996, 2003; Page & Charleston, 1998; Paterson & Gray, 1997; Paterson et



al., 1999). Nevertheless, in addition to phylogenetic evidence, horizontal Wolbachia
transfer has been documented in nature or lab - through microinjections (Boyle et al.,
1993; Kageyama et al., 2008; Pigeault et al., 2014).

The means and routes of horizontal transmission in nature are not yet fully
elucidated. Close ecological interactions appear to be essential to Wolbachia’s ability to
cross species boundaries (Baldo et al., 2008; Pietri et al., 2016). Horizontal transfers
mainly occur through host-parasitoid interactions, which have predominated Wolbachia
horizontal transmission research (Huigens et al., 2004). Other routes occur through
feeding on a contaminated resource or coprophagy (Baines, 1956; Brown & Lloyd,
2015), ingestion of particular leaf substrates in plant-feeding arthropods (Sintupachee et
al., 2006), predator-prey interactions (Le Clec’h et al., 2013), exchange of salivary
secretions (Roy et al., 2015), direct blood to blood contact (Rigaud & Juchault, 1995),
through sharing the same habitat (Dyson et al., 2002; Stahlhut et al., 2010), through
mating (Huigens et al., 2004; Moran & Dunbar, 2006) or during larval development
inside an infected host (Ahmed et al., 2015).

Events of horizontal transmission could impact the evolutionary history of
Wolbachia infections among insects and the co-evolution between host and symbiont
(Kremer & Huigens, 2011). A number of studies have reported that Wolbachia strains
move predominantly between closely related hosts, regardless of the underlying
mechanism behind this result (Baldo et al., 2008; Zug & Hammerstein, 2012).
However, in some cases, the ecological relatedness of hosts is considered a more
fundamental factor in Wolbachia strain distribution than genetic relatedness
(Engelstiadter & Hurst, 2009). Since genetic distance is generally negatively correlated

with physiological similarity, Wolbachia’s transfer between more closely related host



species seems more probable than between distantly related host species where
Wolbachia is less well adapted to the novel host’s physiology, including the host’s
defense mechanisms (Gerth et al., 2013).

To date, knowledge of Wolbachia’s horizontal transfer on a broad scale is
fragmentary, where most studies are limited to few host taxa. In this thesis, our ultimate
goal is to get a broad understanding of horizontal transmission events in a wide range of
insect hosts. We are interested in questions such as how congruent are host and
Wolbachia trees? Does Wolbachia preferentially move among some orders? Is there
unidirectional transmission between some orders? Do some patterns of horizontal
transmission differ between genes? Is horizontal transfer more likely to occur among
phylogenetically and geographically related species? Answering such questions will
lead to a better understanding of Wolbachia dynamics, and specifically invasion
dynamics. In addition, it will shed the light on recombination events associated with
horizontal transfers, and generate new hypotheses on how Wolbachia transfer might
occur.

To address these questions Wolbachia phylogenies based on two different genes
where reconstructed, then Wolbachia transfer rates between different insect orders were
estimated. Moreover, the ancestral node states for clades where the nucleotide
sequences of Wolbachia are identical or highly similar were reconstructed. In addition,
the phylogenetic signal of the insect host phylogeny and geography was investigated in
the Wolbachia phylogeny by a permutation test, followed by matching Wolbachia trees

to their hosts and applying a Procrustean statistical tool.
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CHAPTER II

MATERIALS AND METHODS

A. Data Collection and Alignment

Sequences of the Wolbachia surface protein gene wsp and the cell division
protein gene ftsZ were downloaded from the Wolbachia MLST database
(http://pubmlst.org/wolbachia/) along with information on the Wolbachia strain,
supergroup, host infection status, host taxonomic information, and more. The insect tree
was obtained from a rooted species-level tree in Newick format, containing 49,358
species, 13,865 genera, 760 families of insects (Class Insecta) estimated by (Chesters,
2017) (https://datadryad.org/stash/dataset/doi:10.5061/dryad.27114 on 13 October
2020).

The sequence data of the wsp gene in the nematode Brugia malayi was retrieved
from GenBank Nucleotide (on November 10, 2020) (Accession: AY527202.1), and
used as an outgroup in constructing the tree based on wsp gene. Similarly, the sequence
data of ftsZ gene in Anaplasma marginale was retrieved from GenBank Nucleotide (on
March 20, 2021) (Accession: MG807953), and used as an outgroup in constructing the
tree based on fisZ gene.

The datasets for both wsp and fisZ were filtered using custom R scripts (R Core
Team, 2015); only field isolates from orders Diptera, Lepidoptera, Hymenoptera, and
Hemiptera were kept since lab strains may not be meaningful in studying horizontal
transfer events. If there were sequences from the same host that were identical and from
the same continent, only the longest sequence was kept. All sequences from the same

host that differed from each other or came from different continents were kept. After
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filtering the data comprised 316 wsp and 368 ftsZ sequences. The nucleotide sequences
of each gene were aligned separately using MAFFT version 7

(https://maftt.cbrc.jp/alignment/software/)(Katoh & Standley, 2013).

B. Tree Reconstruction Based on Bayesian Inference

Phylogenetic trees were estimated from alignments of single loci wsp and fisz,
using MrBayes v.3.2 (Ronquist et al., 2012), selecting a general time-reversible
substitution model with a proportion of invariable sites and a gamma-shaped
distribution of substitution rates across sites. Two Monte Carlo Markov Chains were
run for 8 million generations with a sample frequency of 100 to generate samples from
posterior distributions of trees and substitution rate parameters, given the alignment

data.

C. Analysis of Clades with High Sequence Similarity

The phylogenetic trees were searched for clades that have very similar gene
sequences; the following condition was set: the clade must contain at least five
descendants at least 90% of which have a maximum divergence less than 0.005 (less
than 0.5% divergence), in addition, the clade must have a posterior probability greater
than or equal to 0.85. The ancestral states were reconstructed for each clade fulfilling
these conditions and the host orders and continents among the clade descendants were
tabulated. The ancestral host order and continent of these clades were reconstructed
using the “AddMRCA” command in the software package BayesTraits (Pagel et al.,

2004) selecting the MultiState model and MCMC analysis.
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D. Estimating Wolbachia Transition Rates

The phylogenetic trees obtained from MrBayes were used to estimate transition
rates of wsp and ftsZ genes between the four different orders of hosts using the software
package BayesTraits (Pagel et al., 2004) which estimates transition rates between
character traits on a phylogenetic tree using Bayesian Monte Carlo Markov chains
(MCMC). The host insect orders were treated as a discrete trait of Wolbachia.

There are twelve different transition rates along the phylogenetic tree which
were estimated by MCMC with a reversible jump procedure that produces samples from
the posterior distributions of parameters and different models. The model space is
explored by setting some rates to zero and assigning the remaining rates to rate classes
(Pagel & Meade, 2006). A uniform prior was used for the transition rates with a prior

interval ranging from 0 to 200.

E. Partition Homogeneity test

To test whether fisZ and wsp have a different underlying history of ancestry a
partition homogeneity test was implemented in Rstudio (R Core Team, 2015). The
concatenated alignment was divided into 2 partitions, one for wsp and the other for fisZ,
then the columns were randomly shuffled and a neighbor-joining tree based on a
Kamura-2-parameter substitution model was reconstructed. Finally, the total lengths of
the estimated trees were summed for each partition. We applied this procedure to the

original partition and to 1000 random partitions.
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F. Permutation Test for Horizontal Wolbachia transfer

A permutation test was applied separately to wsp and fisZ sequences to test
whether strains with identical gene sequences are more likely than random to come
from the same continent, host order or host genus, First, all pairs of Wolbachia strains
from different host species with identical sequences were identified and among them the
number of pairs of the same genus, same order, or same continent was counted. Then a
null distribution was created by shuffling these pairs of host insects and counting the
number of instances in which they are of the same genus, same order, or same
continent. For each case these steps were iterated 10 000 times to evaluate the
significance where the p-value is considered the proportion of the simulated values that
is less than or equal to the original observed value. This permutation procedure was

carried out in RStudio (R Core Team, 2015).

G. Co-phylogeny Estimation

To create a co-phylogeny, insect species for which Wolbachia sequence data is
not available were removed from the insect tree, and host species which have duplicates
in the Wolbachia sequence data were duplicated on the insect tree by creating a new
branch of negligible length. The co-phylogeny of the tree based on Wolbachia
sequences and the insect host tree was plotted using ‘phytools’ package in RStudio (R
Core Team, 2015), an association matrix was created, and the nodes were rotated to

maximize the matching.
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H. Procrustes Application to Cophylogenetic Analysis (PACo )

To test whether the Wolbachia phylogeny is constrained by the host phylogeny
the statistical tool PACo was applied using the model implemented in R by Hutchinson
et al. (2017). PACo converts host and symbiont phylogenies to pairwise distance
matrices, provides a residual sum of squares of the Procrustean fit that measures the
congruency between two given phylogenies and uses a permutation approach to test its
significance (Balbuena et al., 2013). The null hypothesis in this test is that the symbiont
speciation is unrelated to host speciation. In addition to hypothesis testing, a residual
bar chart for evaluation of the contribution of the individual host-parasite associations to
the global fit were represented. The contributions of links are accessed by applying a
jackknife procedure and calculating a goodness-of-fit statistic for each link (Balbuena et

al., 2013).
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CHAPTER III

RESULTS

A. Phylogenies Based on wsp and ftsZ and Analysis of Clades With High Sequence
Similarity

The wsp gene tree contains eleven clades that are distinct and show high internal
similarity (i.e. supported by posterior probabilities greater than 0.85 and 90% of the
gene sequences of their descendants have a maximum divergence less than 0.05%)
whereas there are only four such clades in the fisZ tree (colored clades in Figures 1 and
2). Despite the high within-clade sequence similarity, some of these clades contain
isolates from different host orders and continents (Tables 1 and 2). For example, clade
C1 contains identical wsp sequences from four different continents: Asia, America,
Europe, and Africa, and two orders: Diptera and Lepidoptera (Figure 1, Table 2).

Based on the ancestral node state reconstructions, there are two distinguishable
patterns: 1) there is sequence similarity across diverse insect orders and diverse
continents 2) there are different directions of transfer based on the likely ancestral state;
however, there is no particularly dominant direction between different orders and
different continents (Tables 1, 2, 3,and 4). In most of the clades, the most likely
ancestral state corresponds to the highest percentage of the host order or continent in the
clade, for example clades: C1, C2, C11, and others. Nevertheless, there are multiple
clades where the descendants end up in other continents or in other host orders than the
most likely ancestral node state, suggesting that even among sets of closely related
sequences there is relatively frequent transfer across orders and continents. For wsp, the
ancestral host order of clade C1 is Lepidoptera and the ancestral continent is Europe,

which means that the Wolbachia must have spread from a lepidopteran species in
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Europe to other continents and to the dipteran hosts Culex pipiens, Culex modestis,
Culex quinquefasciatus, and Aedes albopictus (Table 1 and 2). Other horizontal
transfers occurred from Lepidoptera to Hymenoptera and Diptera in clades C1, C3, C4,
and C5 and from Hymenoptera to Diptera, and to Lepidoptera in clades C6 and C8,
respectively (Table 1).

Based on the patterns and posterior probabilities of the reconstructed ancestral
states, one can infer the direction of the host shift. For instance, the phylogenetic position
of the dipteran Rhagoletis cerasi in a clade containing identical sequences from
Lepidoptera hosts, and ancestral node reconstruction suggests that the ancestral state of
this clade is Lepidoptera with a posterior probability of 0.91 (Tablel, C5). Thus, the host

shift likely occurred from a lepidopteran species to Rhagoletis cerasi.
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C8
C9
C10
C11
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Figure 1 Bayesian MCMC inference phylogeny of Wolbachia based on wsp gene
sequences. The tree was rooted with wsp from the host Brugia malayi. Posterior
probabilities are shown at nodes.
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Figure 2 Bayesian MCMC inference phylogeny of Wolbachia based on fisZ gene
sequences. The tree was rooted with fisZ from the host Anaplasma marginale.
Posterior probabilities are shown at nodes.
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Percentage of Host Orders Within Clades

Clade Posterior Maximum  Diptera ~ Hymenoptera Lepidoptera Hemiptera Ancestral Node of
Probability Divergence Highest Probability

C1 100% 1.20%  18.75% 0.00% 81.25% 0.00% Lepidoptera: 98 %

C2 99.50% 0% 0.00% 100.00% 0.00% 0.00% Hymenoptera: 98.4%

C3 100% 0.02%  11.11% 22.22% 66.66% 0.00% Lepidoptera: 66.1 %

4 100% 0.04%  16.66% 16.66% 66.66% 0.00% Lepidoptera: 58.1 %

C5 100% 0%  14.28% 0.00% 85.71% 0.00%  Lepidoptera: 91.3 %

Cé6 100% 0.24%  83.33% 16.66% 0.00% 0.00% Hymenoptera: 79.5%

C7 89.20% 0.00% 100.00% 0.00% 0.00% 0.00% Diptera: 99.71%

C8 100% 0.74% 0.00% 75.00% 25.00% 0.00% Hymenoptera: 96.1%

C9 100% 3.73%  15.78% 63.15% 21.05% 0.00% Diptera: 87.2%

C10 100% 0%  85.71% 14.28% 0.00% 0.00% Diptera: 93.4%

C11 100% 2.98% 88% 12.50% 0.00% 0.00% Diptera: 43.2%

Table 1 Ancestral node states of orders in clades of similar wsp sequences. The posterior
probability, maximum divergence between descendants, and percentage of each insect order
within the clades is shown. In the last column, only the percentage of the most likely
ancestral insect order is shown.

Percentage of Host Continents Within Clades

Clade Posterior Maximum  America Australia Africa  Asia Europe  Ancestral Node Of
Probability Divergence Highest Probability

C1 100% 1.20%  15.62% 0.00%  3.12% 34.37% 46.87% Europe: 51.8%

C2 99.50% 0% 100.00% 0.00%  0.00%  0.00%  0.00% America: 96%

C3 100% 0.02%  22.22% 0.00%  0.00% 33.33% 33.33% Europe: 89.5%

C4 100% 0.04%  16.66% 0.00%  0.00% 83.33%  0.00% Asia: 95.6%

C5 100% 0% 0.00% 0.00%  0.00% 14.28% 85.71% Europe: 96.7%

Co 100% 0.24% 0.00% 0.00%  0.00% 16.66% 83.33% Asia: 60.19%

Cc7 89.20% 0.00% 0.00% 0.00%  0.00%  0.00% 100%  Europe: 99.46%

C8 100% 0.74%  25.00%  12.50% 12.50% 50.00%  0.00% Europe: 50%

C9 100% 3.73%  21.05%  15.78%  5.26% 47.36%  5.26% America: 88.41%

C10 100% 0%  28.57%  28.57%  0.00% 28.57%  0.14% Australia: 54.2%

C11 100% 2.98% 0%  87.50%  0.00%  0.00% 12.50% Australia:67.42%

Table 2 Ancestral node states of continents in clades of similar wsp sequences. The
posterior probability, maximum divergence between descendants, and percentage of
each continent is shown. In the last column, only the percentage of the most likely
ancestral insect continent is shown.
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Percentage of Host Orders Within Clades

Clade Posterior Maximum Diptera Hymenoptera  Lepidoptera ~ Hemiptera  Ancestral State
Probability ~ Divergence Of Highest

Probability

C1 100.00% 0.00% 0.00% 25.00% 75.00% 0.00% Lepidoptera:
0.97%

C2 100.00% 0.00% 16.66% 0.00% 50.00% 33.33% Lepidoptera:
0.62%

C3 100.00% 0.00%  100.00% 0.00% 0.00% 0.00% Diptera: 0.96%

C4 89.30% 0.00% 33.33% 50.00% 16.66% 0.00% Hymenoptera:
0.54%

Table 3 Ancestral node states of orders in clades of similar f#sZ sequences. The
posterior probability, maximum divergence between descendants, and percentage of
each insect order within the clades is shown. In the last column, only the percentage of
the most likely ancestral insect order is shown.

Percentage of host continents within each clade

Clade Posterior Maximum  America Australia Africa  Asia Europe  Ancestral Node Of
Probability ~ divergence Highest
Probability
C1 100.00% 0.00%  12.50% 0.00%  0.00% 25.00% 37.50% Europe: 0.88%
C2 100.00% 0.00%  16.66% 0.00%  0.00% 83.33%  0.00% Asia: 0.98%
C3 100.00% 0.00% 0.00% 100.00%  0.00%  0.00%  0.00% Australia: 0.97%
C4 89.30% 0.00% 0.00% 33.33%  16.66% 16.66%  33.33%  Australia: 0.53%

Table 4 Ancestral node states of continents in clades of similar ftsZ sequences. The
posterior probability, maximum divergence between descendants, and percentage of
each continent is shown. In the last column, only the percentage of the most likely
ancestral insect continent is shown.
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B. Unidirectional Transfer Between Specific Insect Orders

To investigate the transition rates of Wolbachia and whether there is a
preference of transfer between certain orders, the MCMC with reversible jump analysis
in BayesTraits was carried separately for each gene. The most favorable model of
transfer of the wsp gene was supported by a posterior probability equal to 0.6. In this
model, the rates of transfer from: Diptera to Lepidoptera (¢p.) and to Hemiptera (¢gpp),
Hymenoptera to Hemiptera (qunp), and Hemiptera to Diptera (gpp) are zero and the

remaining rates are all equal (gup = gpr = qLp= quL= qrL= qpu= qrL= qLP= 26.6)

(Figure 3).
wsp ftsZ
D L D | — e
H P H |2 P

Figure 3 Rates of transfer of wsp and ftsZ between host orders. Missing arrows indicate
a rate of transfer equal to zero. Same size arrows indicates equal rates of transfer. The
dashed arrow indicates an additional rate from the second most favorable model. D:
Diptera, H: Hymenoptera, L: Lepidoptera, P: Hemiptera.

The second most favorable model was supported by 0.4 posterior probability,
and is analogous to the previous model except that it does not set gpp to zero.
Combining these two models, the posterior probability for a model where gp. = gpp =
gup = 0 would have a posterior probability very close to 1.

The fact that the reciprocal transfer rates from Lepidoptera to Diptera (q.p), and

Hemiptera to Hymenoptera (gp#) are non-zero, indicates unidirectional transfer in these
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orders. In addition, the most supported model, suggests that horizontal transfer may be
incompatible between Diptera and Hemiptera, as the rates of transition are zero in both
directions (gpp = qrp=0).

On the other hand, analysis for fzsZ transition showed that rates of transfers
between all orders are equal, except from Hymenoptera to Hemiptera (gxp) which is
zero (Figure 3). Since both genes had a zero gup rate, this suggests that Wolbachia
might not move horizontally between these two orders.

The discrepancies between wsp and ftsZ is also reflected by evidence that the
two genes have significantly different underlying histories of ancestry (P < 0.001,

partition homogeneity test, Figure 4).
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Figure 4 Sum of tree lengths for 1000 random partitions of the Wolbachia sequence
data. Genes wsp and ftsZ have different underlying histories of ancestry. The arrow
indicates the length of the original data.

Notably, the results of ancestral node reconstruction of highly similar Wolbachia

gene sequences were consistent with these Bayesian transition rate models.
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C. Horizontal Transfer Is More likely Within Same Genus, Order, and Continent
For both the wsp and the fisZ gene, the pairs of identical nucleotide sequences
involved more often sequences from the same host genus, host order, or continent than
what would be expected by chance (Figure 5). This indicates that events of Wolbachia
horizontal transfer are more likely to occur within the same geographical region, and
intra-ordinal and intraspecific transfer between phylogenetically related hosts is more
favorable. Nevertheless, it is not impossible to see host shifts among phylogenetically

and geographically distant species.
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Figure 5 Histograms of frequency of insect pairs with identical gene sequences that
have the same order (A and D), same genus (B and E), same continent (C and F). A, B,
and C correspond to wsp gene and D, E, F correspond to ftsZ gene. The arrows indicate
the observed value.
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D. Co-phylogenetic Analysis

A total of 64 and 15 insect species, representing mostly the orders Diptera,
Hymenoptera, Lepidoptera, and to a lower extent, Hemiptera (only 1 species: Bemesia
tabaci) were co-plotted with their corresponding wsp (Figure 6) and ftsZ (Figure7)
sequences of their Wolbachia infections, respectively. On the scale of host order, there
1s an approximate phylogenetic correspondence indicating codivergence through
evolutionary time. Any breaking of the matching clade pattern is an indication of
horizontal transfer of Wolbachia from one species to another. Within Diptera, evolution
of Wolbachia of Drosophila species displays an overall congruence with the evolution
of their host (Figure 6). All insect species in the clade of Drosophila correspond to one
clade on the Wolbachia tree, except for the Wolbachia of Rhagoletis cerasi, which is
positioned with lepidopterans, indicating the occurrence of a horizontal transmission
event in this species. There is also a clade of similar Wolbachia sequences which all
associate to closely related insect species of the order Lepidoptera (butterflies and
moths), except for three which associate with closely related species at a different part
of the insect tree, namely Aedes albopictus, Culex pipiens, Culex modestus, and Culex
quinquefasciatus , of order Diptera.

The Wolbachia phylogeny based on fisZ contains three clades, one is entirely
Diptera (blue), the other is entirely Lepidoptera (red) while the third is mixed and contains
dipterans, lepidopterans and hymenopterans (Figure 7).

Co-plot of the subtrees of the two genes, which contain clades of similar
sequences shows congruency (Figure 8). In other words, all sequences that occurred

together in one clade according to wsp, also occurred together in one clade in the fisZ tree.
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Figure 6 Tanglegram showing the associations between the host insects phylogeny
(right) and their Wolbachia endosymbionts phylogeny based on wsp gene (left). Nodes
have been rotated to maximize matching. Associated taxa are joined by solid lines. The
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Figure 7 Cophylogeny of fisZ (left) and insect hosts (right). Nodes have been rotated to
maximize matching. Associated taxa are joined by solid lines. The major clades are
colored blue and red, corresponding to orders Diptera and Lepidoptera, respectively.
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28

_o===""7__surenda vivama 100 —



E. Congruency of Wolbachia-Insect Co-phylogenies

There is a significant signal of the host ancestry in the wsp and fisZ trees (P <<
0.0001, Procrustean fit test). This provides evidence that similarity between Wolbachia
and their hosts has not arisen by chance, and although there are events of horizontal
transfer they are not strong enough to mask the co-evolutionary signal. Mismatches
which are equivalent to host switches are represented by links with high squared
residuals between within Wolbachia and within host genetic distances on the other
hand. Whereas links that contribute relatively little to squared residuals represent
coevolutionary links equivalent to vertical transfer events. Despite the significant signal
of the host phylogeny, 34% of the links have high residuals that denote horizontal
transfers (22 links out of 64). For example, Aedes albopictus, Fopius arisanus, Bemisia
tabaci, Culex modestus, Culex pipiens, Pheidole vistana, Polistes dominula and fifteen
other host insects are involved in horizontal transfer events (Figure 10). On the other
hand, 66% of the links range from low (44%) to average (14%) contribution to squared

residuals, denoting co-evolutionary events.
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Jacknifed squared residuals (bars) and upper 95% confidence intervals (error bars)
resulting from applying PACo to wsp phylogeny.
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Jacknifed squared residuals (bars) and upper 95% confidence intervals (error bars)
resulting from applying PACo to ftsZ phylogeny.
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CHAPTER IV

DISCUSSION

This study explored the patterns of Wolbachia horizontal transfers in arthropod
hosts at the scale of host order and continent, based on separate loci wsp and fisZ.
According to Bayesian estimates, there is heterogeneity in a sense that some transitions
do not occur between certain orders according to the best fitting model, and this also
differs between the two genes. This discrepancy between the two genes points to
conflicting underlying histories of ancestry, which was further verified by the partition
homogeneity test. Yet when we look at clades with similar sequences we see the same
patterns between both genes which could suggest that these different histories of
ancestries are more visible on a larger timescale. Within the clades of highly similar
Wolbachia sequences, there were no specific patterns of how the symbiont emerges and
spreads among arthropods of different orders and continents. In such cases, widespread
occurrence of closely related Wolbachia strains in unrelated hosts is due to horizontal
transfers rather than inheritance from common ancestor. Lack of a clear and specific
pattern of horizontal transfer could probably be attributed to highly diversified and
unstable relations. Although, the geography and phylogeny signal of hosts was detected
in the Wolbachia phylogeny, it is not uncommon to see host shifts between
phylogenetically and geographically distant species.

Our phylogenetic analyses support the wide-ranging horizontal movement of
Wolbachia strains between divergent host species. For example, Wolbachia of the
Dipterans Aedes albopictus, Culex pipiens, Culex modestus, and Culex quinquefasciatus
are more closely related to Wolbachia of Lepidopterans than to that of Dipterans and the

ancestral state of this clade is Lepidoptera with a posterior probability equal to 98.3%

32



(Table 1, C1). Analysis of these clades with highly similar Wolbachia sequences
generally revealed that the symbionts originate in various insect orders and continents
as well, and there 1s no particular detected pattern of how they spread among arthropods
worldwide. In most clades, it was more likely that the ancestral state was the same as
the order of the insects that had the highest percentage in this clade. However, there
were clades where the descendants end up in different orders and continents than the
most likely ancestral node. Surprisingly, there are extreme cases such as in clade C9 in
the wsp phylogeny, Diptera has the lowest percentage, but ancestral node reconstruction
suggests that this clade emerged in Diptera and spread to other host orders, including
Lepidoptera. According to the best fit model of the wsp phylogeny, there was evidence
that there is no transfer from the order Diptera to Lepidoptera in a single state. Clade C9
has a particularly long branch in it and according to the model it allows for two
transitions. Another striking clade is C10, which comprises only identical wsp
sequences that are equally distributed in America, Australia, Asia, and some in Europe,
and the most likely ancestral node is Australia, suggesting that this clade emerged from
Australia and spread to the other continents. This clade contains invasive species and
agricultural pests, Drosophila suzukii, and Bactrocera frauenfeldi (Armstrong & Ball,
2005; Bienkowski & Orlova-Bienkowskaja, 2020; Nikolouli et al., 2018). The fact that
this clade contains species with invasive capabilities could explain the spread of
identical strains between different continents. Moreover, another interesting descendant
of this clade is Fopius arisanus, a polyphagous egg-pupal parasitoid of tephritid fruit
flies including most of the genus Bactrocera (Bautista et al., 1998; Rousse et al., 2005).
Such host-parasitoid interactions imply close ecological connections that could explain

why wsp sequences are identical in this clade.
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This lack of a specific pattern of emergence and spread could either mean
randomness of horizontal transfer events, or constraint by some biological and
ecological traits yet to be investigated.

Congruency between the subtrees of closely related wsp sequences and closely
related fisZ sequences, indicates that Wolbachia spread horizontally at relatively short
timescales and recombination between ftsZ and wsp occurs at a larger timescale.

Nonetheless, recombination might be a frequent event during horizontal transfer
and this can be inferred from the fact that ftsZ can move across orders in directions
where wsp movement does not take place. For example, a transfer from Diptera to
Lepidoptera, or Hymenoptera to Hemiptera, occurs in fisZ gene but not in wsp (Figure
3), and this suggests that a Diptera-adapted wsp gene undergoes recombination upon
entry into a lepidopteran host. Whereas the bidirectional zero transition rates between
Diptera and Hemiptera based on the wsp gene phylogeny only, indicate that horizontal
transfer between these orders necessitates the recombination of wsp but not ftsZ. This is
consistent with what is known about the wsp gene in being highly recombinant and fisZ
more conserved (Baldo et al., 2002). The estimated horizontal transfer rates of
Wolbachia from Hymenoptera to Hemiptera are zero for both genes. This could be due
to a failure in any of the steps of horizontal transfer. As reviewed by Sanaei et al.
(2021), host shifting of Wolbachia could be summarized in four essential steps: physical
transfer, overcoming immunity, successful vertical transfer, and spread within the host
population. Many insects from the order Hymenoptera are parasitoids to hemipterans
suggesting presence of ecological interactions between the two orders that can allow for
physical transfer to be achieved. Accordingly, possible explanations why gzp = 0 could

be that there is no evolved resistance mechanism of the Hymenoptera-adapted symbiont
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against immunity of hemipteran species, or it may be that the transfer of Wolbachia
occurs but the infection in hemipterans does not constitute a significant and negative
selective pressure. Alternatively, the pattern could be attributed to characteristics of
hemipterans in general such as being hemimetabolous. Trans-infection
experimentations can shed light on this observed pattern and elucidate the different
immune reactions or physiological responses of hemipteran hosts against Wolbachia
strains from a hymenopteran source.

Notably, there are two likely explanations why the results differ between both
genes. Either there is no strong phylogenetic signal of fisZ, or wsp and fisZ have
different underlying histories of ancestry and thus different phylogenies. In order to
tease these two reasons apart we implemented the partition homogeneity test. Because
none of the random partitions yields pairs of trees that are as short as the original tree,
we have good reason to conclude that the original partitions are nonrandom, suggesting
that partitions for wsp and ftsZ have distinct phylogenetic signals. This would argue that
the two partitions do not share the same phylogenetic history, which is also consistent
with the analysis of Jiggins et al. (2001). Given the obvious conflict between these two
data partitions, they should not be concatenated into a single data matrix.

Closely related host species are similar in several aspects, ranging from their
intra- and extracellular environments to their immunity (Gilbert & Webb, 2007;
Perlman & Jaenike, 2003). The concept of the ‘phylogenetic distance effect’ (PDE)
would accordingly be expected, where the symbiont tends to switch more easily
between close relatives (Baldo et al., 2008; Charleston & Robertson, 2002). Although
this expectation was observed in our study (Figure 5), it was not always the case;

numerous parts of the analysis indicate it is not uncommon to have Wolbachia with
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identical sequences in two unrelated hosts from different geographical regions.
Sequence similarity and horizontal transfers are therefore not strongly constrained; even
if it is easier to spread to most related hosts, it is not impossible to spread to entirely
different hosts within a short time. This is consistent was previous studies, which
reported both presence (Haine et al., 2005; Russell et al., 2009) and lack of signals of a
PDE (Ahmed et al., 2016; Gerth et al., 2013; Shoemaker et al., 2002) in different
arthropods ranging from ants to butterflies to wasps, to drosophila and more. Although
there is evidence for a PDE, it is imprecise to exclusively refer host shifts to close
relatedness as it could be stemming from ecological niche similarity and interactions
such as common predators, parasitoids, and food sources.

While lack of exact geographic coordinates prevents us from presenting a more
pinpointed and quantitative analysis of geographic transfers of Wolbachia, but there
seems to be no evidence that host shifts are constrained by geography. For example,
several clades contain closely related strains stemming from a single continent and
spreading to other continents (Tables 2 and 4). Means of human activities might have
driven this global spread, especially in the cases where insect hosts have invasive
abilities, as discussed previously. Mobility of hosts might also play a role, especially in
lepidopteran species which are able of migration and flights traversing thousands of
miles (Straatman, 1963). More investigations are needed to understand the contributions
of host mobility, geographic barriers, and phylogenetic distance effect to host shifts of
Wolbachia endosymbionts.

In conclusion, Wolbachia horizontal transfers are occurring relatively frequently
on an evolutionary timescale, without any detected pattern of transmission across

geographical regions or host orders. On the insect order scale, host shifts could be
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unidirectional and some genes are more constrained and host specific than others.
Overall, there is no preferential movement across orders. While it might be more
convenient for host shifts to occur between closely related species, it is not rare to

observe such events between phylogenetically and geographically distant species.
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