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Abstract
Obligate symbionts allow many arthropod lineages to thrive on a restricted diet. An interesting model for
the study of these symbiosis are ticks, as they are dependent on - mostly - maternally inherited bacteria to
complement their blood diet.
For my PhD I studied the bacteria association in three different ticks: Coxiella endosymbiont with
Amblyomma nuttalli, Midichloria and Francisella endosymbiont with Hyalomma marginatum,
Spiroplasma and Midichloria with Ixodes frontalis.
In the first project, I characterised the bacterial symbiont present in the tick, and then did a comparative
genomic and phylogenomic analysis of the Coxiella endosymbionts, comparing them to the pathogen
Coxiella burnetii to infer an evolutionary scenario, including the Coxiella common ancestor traits, to
clarify if the symbionts are deriving from a pathogen, or pathogenicity is a specific novel trait of the C.
burnetii lineage.
For the second project, I studied the presence of a multi-partite symbiosis that involves the tick H.
marginatum with two different bacteria for a complete provision of nutrients. Our analysis shows that the
Francisella endosymbiont in H. marginatum has lost part of the pathway for biotin, and the co-presence
with Midichloria restores the genomic capability for biotin synthesis. At same time the biosynthethic
capabilities of Midichloria are not sufficient to replace Francisella, making the presence of both bacteria
necessary for the host's survival.
For the third, I characterise the symbiont population in I. frontalis, considering also if there is relation of
the two different sublinages of the tick with a specific symbiont. We observed the presence of Midichloria
and Spiroplasma in both sublineages, but with a limited presence for Midichloria in one lineage.
Then, for the last project I studied the deep phylogeny of the order Rickettsiales which includes some of
the tick pathogens and mutualists, but also many other bacteria with a wide range of hosts. According to
the newly inferred scenario, Rickettsiales evolved intracellularity parallelly in different lineages,
developing a dependance on their host through horizontal transfers of transporter genes.

The results presented here show how similar selective pressures, due the symbiotic relationship with ticks,
in phylogenetically close systems can results in different outcomes: Coxiella is present as a single
symbiont derived after convergent reduction from a pathogen, in H. marginatum we have a dual bacterial
symbiosis with interlocking genomic capabilities, and in I. frontalis we have two very different symbionts
alternating their presence to provide the same metabolic capabilities. This diversity of outcomes becomes
even starker when we enlarge our analysis to the whole Rickettsiales order, where we have different
cellular localisations, metabolic capabilities, host species preference and relation with the host.
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Abbreviations
A. phagocytophilum: Anaplasma phagocytophilum
B. aphidicola: Buchnera aphidicola
B. burgdorferi: Borrelia burgdorferi
CDS: Coding Sequence
CE: Coxiella endosymbiont
CoA: Coenzyme A
COG: Clusters of Orthologous Genes
COI:  Cytochrome c oxidase I
DDG-clade: clade including the three families Diomedesiaceae, Jistubacteraceae, Arkhamiaceae
ECDC: European Centre for Disease Prevention and Control
FE: Francisella endosymbiont
FECH: ferrochelatase
F. tularensis: Francisella tularensis
HGT: horizontal gene transfer
H. marginatum: Hyalomma marginatum
I. frontalis: Ixodes frontalis
I. ricinus: Ixodes ricinus
Ma: million years (ago)
ML: Maximum Likelihood
M. mitochondrii: Midichloria mitochondrii
PAMP: pathogen associated molecular patterns
PG: peptidoglycan
R. aeschlimannii: Rickettsia aeschlimannii
SCO: Single Copy Orthologs
SOD: superoxide dismutase
S. ixodetis: Spiroplasma ixodetis
TBE: tick-borne encephalitis
TBEV: tick-borne encephalitis virus
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I Introduction

1.1 Bacterial symbionts and their evolution
Symbiosis has been originally described by Anton de Bary’s as “the living together of two differently
named organisms” (Bary, 1879), independently of the effects on the organisms involved, so including in
the definition mutualism, parasitism, and commensalism.
Among a plethora of different symbiosis, mutualistic associations between bacteria and eukaryotes are
widespread, enabling adaptation to different situations, often even allowing the colonisation of new
ecological niches (Bennett & Moran, 2015).

There are two routes of transmission and the maintenance of the symbiotic bacteria in the host species:
horizontal and vertical (Bright & Bulgheresi, 2010). Horizontal transfer is the acquisition of a symbiont
from an environment, often a free-living symbiont, otherwise one still capable of surviving in the
environment. Often the host has a life phase aposymbiotic, without the presence of the symbiont, that is
acquired in a specific stage of development. That is the case of Hawaiian bobtail squid Euprymna
scolopes, that acquires its symbiont Vibrio fischeri filtering it from the sea, selecting the correct species
between all the possible environmental bacteria, and hosts it in its light organ (Nyholm & McFall-Ngai,
2004). An environment shared by different generations and life stages of the host species can act a s
multigenerational bacterial reservoir, such as Acetobacter thailandicus that is residing in the gut
Drosophila melanogaster: A. thailandicus is shed in the environment, and from which Drosophila can
acquire it (Pais et al, 2018)
Vertical transfer is the inheritance of the symbiont from a parent, usually the mother (with transovarial
route), or rarely from both parents. This is typical of permanent symbiotic relationships, such as
“Candidatus Riesia pediculicola”, the bacterial symbiont of Pediculus humanus, the human head/body
louse (Allen et al, 2007).

These associations can be facultative, offering advantages to their host, but not required for its survival or
reproduction. And at the same time, these associations can be facultative for the symbiotic bacteria that
remain able to live and reproduce outside their host. However, the optional nature of the relation can be
true only for one partner, as the term “facultative symbiont” is often used regarding the host that can
survive without the bacteria, whether the bacteria is able to survive and reproduce without a host (Husnik
& Keeling, 2021).
One example is Serratia symbiotica, that is an Enterobacterales, that, depending on the strain, can be a
facultative or an obligate symbiont for the host, be able to survive or not to outside its host (Foray et al,
2014). In Acyrthosiphon pisum (the pea aphid) S. symbiotica is a facultative symbiont, conferring
resistance to Aphidius ervi, a parasitoid wasp, by causing high mortality of the developing parasitoid
larvae (Oliver et al, 2003).

An alternative situation is that of obligate symbiosis, in which both the host and the symbiont require
each other for their survival, to the point that they present a congruent co-phylogeny (Moran et al, 2008).
These are typically the results of long term associations, in which facultative symbionts lose their
capability to survive in the environment: living within an host some functions are no more necessary, such
as the complete biosynthesis capabilities, or thicker membranes, so there are no selective pressures on the
conservation of these capabilities. Such conditions have been described especially for nutritional
symbionts that are particularly common in arthropods. Metazoa have lost the capabilities to synthesise
different amino acids early in the evolution (Costa et al, 2014),but this is not an issue when the
eukaryotes can retrieve them from the environment. However this can be difficult when there are limited
choices of sources, like in a restricted diet. A way to overcome this restriction is through intracellular
bacterial mutualists that provide essential nutrients that are absent in the host's diet (Douglas, 1998). That
is the case of insects that have a diet based on sap, rich on sugars but poor in amino acids, and tackle the
need through their bacterial symbionts, usually maternally transmitted (Sandström & Moran, 1999).
Blood feeding arthropods are an analogous case, as they are dependent on provision of nutrients absent in
blood. For example tsetse flies that are dependent on B-group vitamin provision by their symbiont
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(Nogge, 1976), Wigglesworthia glossinidia (Aksoy, 1995).

The long lasting symbionts typically are considered to have evolved from formerly free-living bacteria,
but they differ from them for peculiar traits. Typically long term symbiont present genome reduction,
limited metabolism to supply their host with essential nutrients, change in the cellular shape and
compositional bias with - usually - an increase of the AT content.
One example can be the aforementioned case of the tsetse fly: its obligate symbiont, W. glossinidia, has
had a long association with its host of at least 50 millions years and has a streamlined genome of 700 kb.
Instead, Sodalis glossinidius, another symbiont in the tse-tse fly, is facultative, has a genome of 4.2 Mb,
can live extracellularly, and is capable of growth in culture (Pais et al, 2008).

In the nutritional symbionts the genome modifications undergo different phases (McCutcheon, 2012): the
early stages have an increase in mobile elements, with a very “plastic” genome, with a high number of
rearrangement, formation of pseudogenes and loss of some fragments. These characteristics lead to the
loss of the genes necessary to survive freely, and the symbiont can thus become host-dependent. With
time there is a reduction of mobile elements, with stabler and smaller genomes after having lost some of
the pseudogenes, till arriving to extremely limited “tiny” genomes.
This genome evolution pattern is the consequence of the vertical transfer of the symbiont between
generations that can lead to what has been defined as a potential “Evolutionary Rabbit-Hole” (Bennett &
Moran, 2015). Each host generation transfers a limited population of bacterial symbionts to the offspring,
leading to a series of population bottlenecks. Also often the transmission is matrilinear, resulting in a
clonal population of symbionts. So the symbionts, being shielded by their host, are no longer under strict
purifying selection, and through time, slightly deleterious mutations can be accumulated in the bacteria
with limited costs, without the possibility to recombine, leading to high rate of fixation of deleterious
mutations (Moran 1996). Some losses have limited effect, such as genes involved in survival outside the
host, like osmotic resistance. However, even without deletions, there is accumulation of point mutations,
with a bias to AT bases, in the whole genome, reducing the codon and folding efficiency in all genes
(RCHJ van Ham, et al 2003. The folding efficiency loss is partially rescued by conservation and high
expression of chaperones proteins, even if the process is metabolically costly (Kupper et al, 2014).
However, a long-time genome erosion can lead to a reduction of the symbionts' beneficial role for their
host. For example the symbiont provision capabilities could decrease, narrowing the host ecological
range. This symbiont decay pressures the host to compensate (e.g. through host expression of symbiont
proteins lost or inefficiently expressed), increasing the permissibility for further symbiont decays, leading
the lineage into a symbiosis rabbit hole of genetic drift and host compensation (Bennett & Moran, 2015).
One way to escape this situation is the acquisition of a new symbiotic bacterium, with a more ‘apt’
genome, which can complement or in even replace the previous endosymbiont.
In the case of the co-presence of symbionts, it is common for the new symbiont to have redundant
biosynthetic capabilities, already present in the old symbiont. Through time this can result in the loss of
the supernumerary genes, potentially locking both the old and the new bacteria as obligate symbionts,
giving rise to a tripartite system. For example, the mealybug Planococcus citri is dependent on symbionts
for aminoacid supplementation, but instead of interacting with one single species of symbiont, it has
Tremblaya princeps, a betaproteobacterium, that itself is nested within the cells of Moranella endobia, a
gammaproteobacterium. The biosynthetic pathways required by the host are composed by a patchwork of
genes from both symbionts and even from the host itself (McCutcheon, 2012).
Different examples of these dynamics can be found in aphids: usually one symbiont is the
gammaproteobacterium Buchnera aphidicola, providing amino acids and vitamins absent in the diet
(Manzano-Marín et al, 2016). This relation is very ancient but, especially taking into consideration
aphids outside the Aphidinae, is less stable than initially thought (Manzano-Marín et al, 2022) . In some
cases Buchnera has been replaced by other symbionts capable of providing the needed nutrients, in one
case by a yeast (Vogel & Moran, 2013) and in another by a Bacteroidetes representative (Chong &
Moran, 2018).
Moreover, complementation by a second symbiont is relatively common (~10% the species) in aphids.
This usually happens without replacement, with the second symbiont often providing for the biosynthesis
of biotin and riboflavin, less usually providing for tryptophan and histidine (Manzano-Marín et al, 2022)
. In the Lachninae subfamily for example the Buchnera symbiosis is often complemented by a second
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symbiont usually represented by Serratia symbiotica. In some cases there had also been a further
replacement of S. symbiotica with a new other bacterium, keeping the “old” B. aphidicola. Interestingly,
these replacements are not associated with any change in the ecological niche, so the new acquisitions are
more probably dependent on genetic drift and degradation of the already present bacteria more than by
new opportunities for the host offered by the new bacteria (Meseguer et al, 2017). Instead, it is the
Buchnera lifestyle in the evolutionary rabbit hole of the symbiosis that opens new ecological niches for
the new symbionts. This process does not occur through pervasive events and big genome rearrangements
in the Buchnera genome, but just through small-scale mutations such as inactivation of a few genes
(Manzano-Marín et al, 2022) .
One of the few ways to escape the evolutionary rabbit-hole is to shelter the genes needed to support the
symbiosis from the genome erosion, that means having these genes integrate in the host genome. That can
happen with a direct horizontal gene transfer from the bacteria to the host, or otherwise acquiring the
needed genes through a third source. In time this will lead to the stabilisation of the symbiont as a
proto-organelle, likely what happened to plastids and mitochondria (Husnik & Keeling, 2021).

The adaptation in long term partnerships also affects the host: keeping beneficial bacteria and passing
them down to the next generation increases the host fitness. One important step for the host is to control
the colonisation of the symbiont, keeping a useful bacterial load, avoiding a more profound colonisation.
In that regard, the regulation of the immune system is fundamental: if fully active it could lead to an
immune targeting of symbionts, but an excessive inactivation would make the host unable to fight off
infections (Zug & Hammerstein, 2015). Another layer to be considered is that a chronic activation of the
immune system can be damaging to the host by itself (He et al, 2013).

Three different modalities are currently described (Ferrarini et al, 2022) to allow the host to have a
functional balance between sufficient immune response and  avoiding the loss of the symbionts:

● Compartmentalization of the symbionts in specialised niches
● Modifications in the bacterial symbionts promoting immune tolerance
● Host capability to differentiate between the microbe-associated molecular patterns in the

symbionts from the ones present in pathogens

The compartmentalisation not only avoids unnecessary immune activation, but has other advantages such
as keeping the bacteria in organs in which the symbiont has a functional role (ex. digestive organs), and
transfering to the next generations (e. g. localisation in the ovaries).
Some hosts have specialised cells that host bacteria, namely bacteriocytes, in particular insects such as
aphids (Buchner et al, 1965), planthoppers (Wang et al, 2021b), cicadas (Wang et al, 2021a) and beetles
(Pierantoni, 1927).
One example of the role of bacteriocytes and how compartmentalisation works is the beetle Sitophilus
oryzae, a rice pest: this insect has an intracellular symbiont, Sodalis pierantonius, an Enterobacterales
which is responsible for the provision of amino acids like tyrosine and phenylalanine, that are needed for
cuticle synthesis (Vigneron et al, 2014). The bacteria are kept in specialised cells, the bacteriocytes, that
are localised in the foregut-midgut junction during larval stages (Heddi et al, 1999).
The host immune system of S. oryzae does not discriminate S. pierantonius from pathogenic bacteria, and
is active against it outside the bacteriocyte, as the symbiont presence in the hemolymph causes the
production of antimicrobial peptides (Anselme et al, 2008). So, the control of the immune reaction relies
upon the bacteriomes: they are able to physically separate the bacteria from the antimicrobial peptides,
controlling the localisation of the bacteria and the antimicrobial compounds (Ferrarini et al, 2022).

An important part of the response of the innate immune system in metazoa, both in vertebrates and
invertebrates, is the reaction to pathogen associated molecular patterns (PAMPs). One of the most
important PAMP is peptidoglycan (PG), as it is present in most bacteria, and absent from almost every
eukaryote (Björn, 2020). In the genome reduction of intracellular bacteria, including mutualistic
symbionts and pathogens, it is common to lose components of the peptidoglycan biosynthesis, making the
bacteria less targeted by the immune system. These losses are possible thanks to their localisation inside
the cell in an isotonic environment that makes them less susceptible to osmotic shocks, and also in
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proximity of the cell immune receptors. So, losing components of the PG biosynthesis has a limited cost,
and more advantages, compared to free living bacteria, and occurs multiple times in different organisms,
resulting in no PG, or a partial reduced synthesis, described as PG-intermediate. Intracellular Chlamydia
and Coxiella endosymbionts are examples of such cases (Otten et al, 2018).

Differentiating between symbionts and other potentially pathogenic bacteria can be difficult, and in some
cases the host is so dependent on its symbiont that it is more favourable to have a generally less efficient
immune system than to risk losing the symbiont. For example, aphids lack genes like defensins,
peptidoglycan receptors, immune deficiency signalling pathway, that are present in other insects, and have
a role to contain gram-negative bacteria infections (Gerardo et al, 2010). This is a sort of specular
situation, even if limited, to the genome reduction in the bacterial symbionts, in which the symbiosis is
taking a toll on the genomic content of the host (Bennett & Moran, 2015).

1.2 Ticks
An important system to study symbiosis, and the most prominent in my PhD work, is the tick (Ixodida).

The most ancient fossil of a tick, Carios jerseyi, dates back to 90-94 Ma ago (Klompen & Grimaldi,
2001), and had been proposed (Walter & Proctor, 1998) that ticks originated from an ancestral mite
scavenger that feeded on lymph fluids and only later on blood.
One of the first historical reports about ticks is attributed to Homer in the Odyssey (Philip, 1953), and
then by Aristoteles and Pliny the Elder. The first possible representation dates to the 1500 BCE, in the
tomb No. 155, Dra Ahn el-Nago, Western Thebes, where a hyena head infested by ticks is represented
(Arthur, 1965).
Among blood-feeding arthropods, ticks are extensively studied due to their prominent role as disease
vectors for both humans and domestic animals (Dantas-Torres et al, 2012). The reported cases of
tick-borne disease have been increasing, with a doubling of reported cases between 2004–2016 in the
USA, mostly Lyme disease infections. Over 30 000 cases of Lyme were reported in 2016, but this is
considered a gross underestimation due to the chronic and aspecific nature of the disease and to the
difficulties in obtaining a reliable diagnosis. The true numbers are estimated to be 10 times higher
(Rosenberg et al, 2018). The increase of cases is influenced by the variation of population size and the
geographic range of both the reservoir hosts and their ticks (Paules et al, 2018).

There is a high diversity in the pathogens vectored by ticks, which include bacteria, viruses and protozoa,
affecting wild and domestic animals, and humans, that are often dead-end hosts (Kernif et al, 2016).
The most important and prevalent disease is Lyme disease, caused by Borrelia burgdorferi sensu lato, a
complex that includes at least 20 different bacterial species. In Europe the principal etiological agents are
Borrelia afzelii and Borrelia garinii, while in North America is Borrelia burgdorferi sensu stricto (Stanek
& Strle, 2018).
Among the other bacterial pathogens there are various members of the Rickettsia genus, causing spotted
fevers, various Anaplasmataceae including Ehrlichia, causing ehrlichiosis, or Anaplasma, Coxiella
burnetii, agent of the Q-fever, and Francisella tularensis that causes tularemia (Madison-Antenucci et al,
2020).
Between these bacteria, C. burnetii has received more attention, as it is capable of causing large outbreaks
such as in the Netherlands, in which more than 4000 people were infected between 2007 to 2010
(Delsing et al, 2010). That can happen as C. burnetii is capable of surviving in the environment so
Q-fever cases in humans are usually acquired from domestic animals (cattle, sheeps and goats) through
contaminated aerosol, and not directly from the tick bite (Eldin et al, 2017).
Babesia is a protozoa transmitted by ticks, mostly by Ixodidae (Yabsley & Shock, 2013), and it is a
pathogenic agent of increasing importance, affecting both human and veterinary health (Gray et al, 2010).
Human babesiosis has a wide spectrum of effects, depending on the Babesia species, and the patient’s
immunocompetence: Babesia divergens, common in Europe, often causes an acute disease with severe
symptoms, while B. microti, the most common species in North America, in one third of the cases is
asymptomatic, but can also lead to severe disease especially in immunocompromised or splenectomised
patients (Krause et al, 2003).

8

https://www.zotero.org/google-docs/?OWQpst
https://www.zotero.org/google-docs/?3qmMBD
https://www.zotero.org/google-docs/?nRIoRp
https://www.zotero.org/google-docs/?wH9VzP
https://www.zotero.org/google-docs/?wH9VzP
https://www.zotero.org/google-docs/?7d99zr
https://www.zotero.org/google-docs/?LL31kK
https://www.zotero.org/google-docs/?RTfe08
https://www.zotero.org/google-docs/?d3kCXY
https://www.zotero.org/google-docs/?mctHkK
https://www.zotero.org/google-docs/?GquXUN
https://www.zotero.org/google-docs/?yS0aBM
https://www.zotero.org/google-docs/?ujP5Hn
https://www.zotero.org/google-docs/?ujP5Hn
https://www.zotero.org/google-docs/?dKXc47
https://www.zotero.org/google-docs/?dKXc47
https://www.zotero.org/google-docs/?E2EdBK
https://www.zotero.org/google-docs/?YWiKkT
https://www.zotero.org/google-docs/?nboE7h
https://www.zotero.org/google-docs/?xFAHoZ
https://www.zotero.org/google-docs/?ynKW3W


Viruses include in particular the group of tick-borne encephalitis viruses, such as the tick-borne
encephalitis virus (TBEV) in Asia and Europe (Süss, 2011) and the Powassan virus (POWV), the only
known North American tick-borne encephalitis-causing flavivirus (Krow-Lucal et al, 2018), and viral
hemorrhagic fevers like the Alkhurma hemorrhagic fever (Al-Tawfiq & Memish, 2017).
Of particular importance is the TBEV, a flavivirus divided in three subtypes: Far-Eastern, Siberian and
European. It is transmitted by ticks of Ixodes genus - or rarely consuming unpasteurized milk - , in Europe
mostly by Ixodes ricinus, in part of eastern Europe, Russia, and the far-east Asia by Ixodes persulcatus,
and in Japan by Ixodes ovatus. TBEV affects many European countries, especially Baltic and Central
European countries, with a peak in the warm season, and since 2017 there is a gradual increase of TBE
cases reported by the European Centre for Disease Prevention and Control (ECDC 2022). Most of the
infections are asymptomatic, but can result in non-specific symptoms, or meningitis, meningoencephalitis
and meningoencephalomyelitis with possible post-encephalitic syndrome (Bogovic & Strle, 2015).

Differently from many other metazoa, which usually have digestive tracts colonised by a wide and
numerous range of bacteria, ticks midguts usually have limited bacterial presence, which has been
reported to be unstable, without a common bacterial core (Ross et al 2018, Guizzo et al, 2020). Instead,
other organs have a stable, abundant and simple bacterial community with a single or very few bacteria in
high numbers: in the ovaries we have Midichloria in I. ricinus (Sassera et al, 2008) and Coxiella
endosymbionts in the R. microplus (98,2% of the 16S rDNA) of engorged females (Andreotti et al, 2011).
Thus, most tick species tend to maintain a single species of bacteria as principal endosymbiont, in high
numbers, usually present in the ovaries and vertically transmitted. These bacteria, being maternal
inherited, form long-lasting bonds with their hosts, showing partial co-phylogeny. However, compared to
what happens in other arthropods with restricted diet, tick symbiotic communities present relatively fluid
structures. Other bacteria can be acquired through horizontal transfer, for example through tick co-feeding
on the same vertebrate, and a novel symbiont can replace the original one. Also, closely related tick
species, and even different individuals of the same species, may harbour different sets of bacterial
symbionts, having acquired them through vertical or horizontal transfer (Duron et al, 2017).

Some species of bacteria show a partial exclusion pattern, namely the presence of two different bacteria in
the same individual host less often than expected by chance. For example, individual ticks seldomly have
both Coxiella and Francisella endosymbionts or Coxiella and Rickettsia endosymbionts (Duron et al,
2017). This has been proposed to be a way for the tick to control the costs of harbouring these bacteria: a
single species would be sufficient to provide what the host needs, and could be generally better than
maintaining multiple infections that would provide limited advantages for the host, but increased costs
(Oliver et al, 2006; Vautrin & Vavre, 2009).

The transmission of symbionts is dependent on three transmission routes: through transovarial
transmission (maternal inheritance) (Lalzar et al, 2014), transstadial transmission - the maintenance from
a tick life stage to the subsequent- (Kalmár et al, 2015), and horizontal transfer (e.g. through co-feeding)
(Randolph et al, 1996).
In relation with the transmission mode, specific tick organs are colonised by the bacteria: vertically
transferred symbionts usually localise inside ovaries. Instead, localising in the salivary glands is typical of
tick-borne pathogens (such as Anaplasma or Borrelia) as through tick bites they can reach their next host.
However, also nutritional symbionts can localise in the salivary glands, so that they can be transferred
horizontally to other ticks, probably mainly through co-feeding. Is not unusual that nutritional symbionts
localise in both ovaries and salivary glands, so that they can be transferred in both ways.
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1.3 Bacterial mutualists in ticks
The most common, and more deeply investigated, tick bacterial symbionts are: the Coxiella
endosymbionts (CE), Candidatus “Midichloria” symbionts, the Francisella endosymbionts (FLE), the
Rickettsia symbionts, and more sporadically, Rickettsiella and Spiroplasma (Duron et al, 2017).

1.3.1 Coxiella endosymbionts (CEs)
CEs belong to the Coxiella genus, which is part of the Legionellales order. This order, which encompasses
a vast number of symbionts and pathogens of eukaryotes, is divided in two families, the Legionellaceae,
which include Legionella pneumoniae, the principal agent of Legionnaires’ disease, and Coxiellaceae,
encompassing the agent of Q fever, Coxiella burnetii. All described members of the order are capable of
invading eukaryotic cells, establishing replication vacuoles, with mammal pathogens often infecting
alveolar macrophages (Duron et al, 2018a).
CEs are the most common tick symbionts (Duron et al, 2017), widely distributed in various tick genera
including Rhipicephalus, Amblyomma, Haemaphysalis, Ornithodoros, Argas and Carios (Guizzo et al,
2017).
CEs genomes present genes for the provision of vitamins and co-factors, including biotin, CoA, FAD,
riboflavin (B2), pyridoxine (B6), folic acid (B9) and pantothenate (B5), as well as, depending on the
strain, thiamine (B1) and nicotinate (B3) (Guizzo et al, 2017).
Through Fluorescence fluorescence in situ hybridization (FISH) and TEM, it has been shown that CEs
localise in the ovaries, salivary tissues, midgut, and Malpighian tubules (Klyachko et al, 2007). As the
ovarian localisation suggests, the vertical transovarial transmission of CE was confirmed by the presence
in eggs and larvae. Horizontal transmission should be also possible, considering the CEs presence in the
granular acini of the salivary glands (Klyachko et al, 2007). The presence in Malpighian tubules and
midgut supports the CEs role in provision of supplementary nutrients and in nitrogen metabolism. The
administration of tetracycline, both through injection into the tick’s hemocoel and through treatment of
the vertebrate host, reduces the presence of CEs, causing the interruption of tick development at the
metanymph stage, and, when treating adult females, inhibition of oviposition and hatching, demonstrating
the necessity of the CE presence (Guizzo et al, 2017).
The CEs phylogeny shows a partial pattern of co-cladogenesis, but does not evidence a strict co-evolution
with their tick hosts. Closely related CEs can be associated with very divergent host species, and also
inside some species multiple CEs strains with different phylogenetic localisation are present, possibly
caused by multiple events of horizontal transfer (Machado-Ferreira, 2016).

1.3.2 “Candidatus Midichloria” bacteria
“Candidatus Midichloria”, hereafter Midichloria, are bacteria from the order Rickettsiales, belonging to
the family "Candidatus Midichloriaceae" (Montagna et al, 2013). The namesake of the species derives
from the unique trait of certain strains (Floriano et al, 2022) to colonise the intermembrane space of
mitochondria of its host cell. With the exception of a closely related bacterium that arguably causes the
Red Mark Syndrome in farmed rainbow trout (Galeotti et al, 2021), hosts of Midichloria species are ticks.
In particular, “Candidatus Midichloria mitochondrii” is hosted by the castor bean tick Ixodes ricinus,
widespread and common in the whole Europe and North Africa, and an important vector of various
pathogens of medical and veterinary importance, in particular Borrelia burgdorferi sensu lato, Rickettsia,
Anaplasma, Francisella tularensis, Babesia, and tick-borne encephalitis virus. The prevalence of
“Candidatus Midichloria mitochondrii” in females and immatures of I. ricinus is 100%, but the presence
in males is limited to less than half of the individuals, usually with a lower load, probably due to the loss
of the symbiont during development (Lo et al, 2006). Midichloria spp. are also present in other tick
species, in particular other of the Ixodes genus (Duron et al, 2017).
Through the use of FISH, it has been shown that Midichloria is localised primary in the ovaries (Sacchi et
al, 2004), and using other techniques, such as whole-mount in situ hybridization (Epis 2013), and mass
spectrometry (Di Venere et al, 2015)) was shown  the presence also in the salivary glands.
The ovary localisation is typical for vertically transmitted bacteria, as Midichloria is. The presence in the
salivary glands is instead typical for horizontally transferred bacteria and tick-borne pathogens, as the
bacteria could be injected during the blood meal, and infect the bitten vertebrate host or other ticks
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co-feeding on the same host. Indeed, it has been shown that more than half of the people bitten by I.
ricinus have anti-Midichloria antibodies, indicating at least a contact with Midichloria proteins
(Mariconti et al, 2012).
Concerning the role of Midichloria for the tick, based on genome predictions it has the capability to
synthesise biotin and B9 vitamin, and considering also the presence of Midichloria in the Malpighian
tubules, this suggests a metabolic mutualism (Sassera, 2011). Also, a role in energy metabolism and
oxidative stress response is possible, as genes are present, such as superoxide dismutase (SOD),
ferrochelatase (FECH), haem exporter proteins, and transporters involved in ions translocation (Olivieri et
al, 2019).

1.3.3 Francisella endosymbionts
Francisella endosymbionts (FEs) belong to the Francisella genus in the Thiotrichales order. The genus is
composed by pathogens with a broad range of hosts: F. tularensis, the agent of tularemia, infects
mammals - including humans -, F. noatunensis infects fishes but a subspecies infects the marine ciliate
Euplotes raikovi (Schrallhammer et al, 2011).

FEs have been reported in multiple tick species, mostly in the genus Hyalomma, Amblyomma and
Dermacentor (Duron et al, 2017).
FEs were firstly described as coccoid bacteria in Ornithodoros moubata in the Malpighian tubules and
ovaries (Reinhardt et al, 1972). FEs is thought to have superseded the original Coxiella symbiont in
various tick species, and it has been firstly sequenced and characterised in Amblyomma maculatum, even
if the most of Amblyomma genus present Coxiella endosymbionts. The replacement of Coxiella has been
hypothesised to be possible thanks to FEs having all the required metabolic capabilities of the “old”
symbiont, and with more amino acid provision capabilities (Gerhart et al, 2016).
FEs are phylogenetic close to F. tularensis, with a slightly reduced genome - around 80% of the size of
the pathogen - but with less signs of reductive genome evolution compared to symbionts with longer
associations, and differently from other symbionts they present no sign of AT skewness (Gerhart et al,
2016). A third of the genes shows pseudogenisation, including various virulence genes. So, all these
elements suggest that the FEs have been recently acquired, that their ancestor could have been a pathogen
similar to F. tularensis, having lost through time its virulence genes. The process could be described as a
domestication of a vector-borne pathogen, that was already adapted to live inside the tick host, with
limited activation of the immune system and limited damage to the host, that was capable of replacing the
previous Coxiella symbiont present, that had a genome already reduced by Muller’s ratchet (Gerhart et al,
2018).
Coherent with the FEs presence in ovaries and salivary glands, both horizontal and vertical transfer play a
role in maintenance of FEs in the tick hosts. Usually FEs of the same tick species are phylogenetically
close, but there is only a partial co-cladogenesis comparing the phylogeny of FEs from different host
species with the host phylogeny. Strains that are phylogenetically closer usually share the geographic
location, or their tick hosts feed on the same animals. Therefore, this is likely the result of multiple
horizontal transfers between species through co-feeding of their hosts (Buysse et al, 2022).

1.3.4 Rickettsia endosymbionts
The Rickettsia genus is composed by intracellular bacteria, which exhibit different roles, from
vector-borne human pathogens to symbionts of diverse range of hosts, including non-hematophagous
arthropods, and have been divided in groups: Rhizobius, Meloidae, Belli, Adalia, Canadensis, Helvetica,
Scapularis, Transitional, Typhus, and Spotted Fever (Weinert et al, 2009; Davison et al, 2022).
Initially the genus was considered composed only of pathogens. One of the first identified symbionts was
Rickettsia peacockii in the ovaries of the tick Dermacentor andersoni and was transmitted transstadially
and transovarially (Niebylski et al, 1997). Interestingly, the presence of the tick symbiont was associated
with a reduced diffusion of spotted fever caused by Rickettsia rickettsii (Burgdorfer et al, 1981), as the
symbiont presence was interfering with the presence of the pathogen in the tick. A comparison of the
genomes of R. peacockii and R. rickettsii showed a loss of virulence genes in the former, inactivated
through a diffusion of transposons (Felsheim et al, 2009).
Various Rickettsia species are maternally transmitted, with no evidence of pathogenicity in vertebrates,
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and were found in various tick species, such as R. buchneri in Ixodes scapularis (Kurtti et al, 2015) and
Rickettsia species phylotype G021 In Ixodes pacificus, that is capable of providing folates (Bodnar et al,
2018), and together they form a clade of Rickettsia species that acts a nutritional symbiont in ticks.

1.3.4 Rickettsiella
Rickettsiella are bacterial symbionts with a wide variety of arthropod hosts, including ticks (Anstead &
Chilton, 2014), but also insects, other arachnids, and crustaceans (Cordaux et al, 2007). Bacterial
replication takes place in cell vacuoles in the fat body, the hepatopancreas, and other organs. As evident
from the name, it was initially considered affiliated with the Rickettsiales order, due to its association with
arthropods and intravacuolar localisation. However, with the first 16S rRNA gene sequence from
Rickettsiella grylli, a parasite of the cricket Gryllus bimaculatus, it was identified as a member of the
Legionellales (Roux et al, 1997).
Rickettsiella has different roles in the different hosts. In some cases it is a pathogen (Cordaux et al, 2007),
in others it is a nutritional symbiont, for example the symbiont of poultry red mite has the genomic
capabilities to synthesise B vitamins and co-factors (Price et al, 2021), and in the spider Mermessus
fradeorum it is a reproductive manipulator, causing cytoplasmic incompatibility (Rosenwald et al, 2020).
In ticks, Rickettsiella does not show a pathogenic role, nor an effect on the fertility(Duron et al, 2016).
Rickettsiella is present in various Ixodes ticks, in other hard tick genera such Amblyomma and
Haemaphysalis and also in soft ticks, with a wide geographic localisation, from North America, to
Australia and Europe (Garcia-Vozmediano et al, 2022). Rickettsiella presence shows an exclusion
pattern, as no individuals were identified with a dual infection of Rickettsiella and other endosymbionts
(Duron et al, 2017). The rate of infection is variable, with the highest rate in western Europe, and lower
rates for northern and southern latitudes. This distribution in the various ticks is probably dependent both
on the horizontal and vertical transfer (Garcia-Vozmediano et al, 2022). The Rickettsiella strains are often
phylogenetically closer to strains from other arthropods than to other tick strains, suggesting frequent
horizontal transfers between different arthropods (Duron et al, 2016).

1.3.5 Spiroplasma ixodetis

Spiroplasma is a gram-positive bacterium characterised by the absence of a cell wall. The genus includes
bacteria that exhibit different behaviours, including pathogens, mutualists, and commensals of various
species of arthropods and plants (Gasparich, 2002). Some Spiroplasma in insects are reproductive
manipulators with male killing capabilities (Anbutsu & Fukatsu, 2006), a behaviour never observed in
ticks (Binetruy 2019). In the same insect hosts, they can also confer protection to parasites through the
production of ribosome-inactivating proteins (RIPs) (Hamilton et al, 2016).
Concerning the phylogeny, they are divided in three clades, based on 16S rRNA gene sequences: Apis,
Citri-Chrysopicola and Ixodetis, with symbiont of tick in the Apis and Ixodetis clade (Ogata et al, 2021).
The first Spiroplasma in ticks was isolated in a I. pacificus (Tully et al 1981), and this bacterium was later
found in various hard ticks, but never in soft ticks (Duron et al, 2017),with prevalences depending on tick
species, but also on the localisation (Klubal et al, 2016).
In different tick species the Spiroplasma symbionts are genetically quite similar, probably due to a
vertical transmission. However, there is not a single monophyletic clade of symbionts of ticks, with some
strains that are closer to Spiroplasma hosted in other arthropods than to symbionts of other tick species,
indicating possibly a multiple horizontal transfer events to or from ticks, and limited horizontal transfer
between different tick species (Ogata et al, 2021).
The potential pathogenicity of tick-associated strains to humans is unclear, as there are limited direct
proofs. However some tick-borne Spiroplasma strains are very similar to S. mirum that cause brain
damage in mice (Clark, 1974), and can cause neurological damage in ruminants (Nakao et al, 2021).

1.4 The role of bacteria on tick physiology
The mutualistic role of bacterial symbionts in tick physiology has experimental evidence: their depletion
resulted in impaired growth and reproduction in multiple tick species belonging to different genera
(Zhong et al, 2007; Guizzo et al, 2017; Ben-Yosef et al, 2020).
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The symbiont localisation is informative also to understand the role in the tick physiology, as nutritional
symbionts usually localise in Malpighian tubules, which are organs involved in tick osmoregulation and
excretion. Therein, metabolic waste is usually concentrated (Sonenshine & Roe, 2013), and can be used
by the endosymbiotic bacteria to produce the required nutrients, detoxificate the compounds in blood and
more generally participate in the adaptation of the tick to its specialised diet.
Supplementation of nutrients to overcome the limits of the restricted diet is a common role for symbionts
of blood-feeding arthropods. The genome of ticks appears to present some adaptation, as it contains genes
involved in various physiological systems, such as in osmotic homeostasis or haemoglobin digestion (Jia,
2020), but many functions are “outsourced” in the genome of their bacteria.

One important task for the tick is the management of its sole food: vertebrate blood: has high quantity of
proteins (90% of the dry weight), in particular haemoglobin and albumin, and is ingested in high volumes,
up to one hundred times the weight of the tick before the blood-meal, requiring adaptation to scarce
vitamin and lipid presence, haem oxidative stress and osmotic stress (Sterkel et al, 2017).

1.4.1 Vitamin and co-factors provision
The provision of vitamins and co-factors not available in blood is a fundamental contribution of bacterial
symbionts to the adaptation to blood-feeding lifestyle of ticks. Almost all symbionts of blood-feeding
arthropods have the genes to provide a core group of vitamins and co-factors: biotin, B2 (riboflavin) and
B9 (folate) (Duron, 2020). Biotin is required for various carboxylases, including enzymes involved in
fatty acid synthesis and degradation, and gluconeogenesis. B2 is required in flavoproteins that are
necessary for electron transport chain, citric acid cycle and β-oxidation of fatty acids. Folate is required in
nucleic acids and amino acid metabolism (Douglas, 2017).
The bacterial mutualists could have acquired these pathways in different ways, through different
ecological constraints: the biosynthetic capability could have been present in an ancestor of the current
mutualist, already adapted to a mutualistic lifestyle with another eukaryotic partner, possibly in a
facultative symbiosis, as it happened various time in the Enterobacteriaceae lineage (Duron, 2020). In
some case the provision of vitamins is an exaptation of pathways that had other functions: in Francisella
pathogens the synthesis of biotin is required for virulence (Feng et al, 2014), but in non-pathogenic
mutualistic FEs the bacteria provide vitamins to their tick host (Gerhart et al, 2018). There are also more
complex situations: in the Rickettsiales ancestor the biosynthetic pathway for B9 (folate) was present,
then it was lost in several sublineages, but still kept in the mutualist taxa (Sassera, 2011).
Another possibility is to acquire these genes through horizontal transfer, such as the case of Legionella
polyplacis, symbiont of the louse Polyplax serrata: it acquired the full biotin operon from another distant
bacteria, enabling the mutualistic lifestyle (Ríhová, 2017).
The role of B vitamins in ticks had been demonstrated in one case: the removal of the FEs through
antibiotics in the soft tick Ornithodoros moubata reduced strongly - completely in females - the adult
emergency, and reduced the size of the survivors. Moreover, treating by providing B vitamins rescued the
effects of the antibiotic intervention (Duron et al, 2018b).

1.4.2 Energy provision
Another possible role is the provision of ATP: M. mitochondrii has the gene cbb3, an oxidase which
reduces O2 with lower efficiency but higher affinity, working also in limited oxygen conditions. During
the oogenesis there is an increase of metabolic and biosynthetic activity causing a high oxygen and energy
use (Aboul-Nasr & Bassal, 1972). So, it is possible that Midichloria in ovaries provides additional ATP in
this phase (Sassera, 2011).

1.4.3 Haem
Haem is a fundamental prosthetic group in all aerobic life forms, and the biosynthesis pathway is highly
conserved in the whole tree of life, with the exception of a few parasites (Panek & O’Brian, 2002). These
include ticks, which are dependent on the haem they get through blood-feeding to generate viable eggs
(Perner, 2016). Ticks’ genomes lost most of the haem biosynthesis and degradation genes, keeping only
the last three steps of the pathway (Jia, 2020).

13

https://www.zotero.org/google-docs/?zncVrP
https://www.zotero.org/google-docs/?UaLGPZ
https://www.zotero.org/google-docs/?UaLGPZ
https://www.zotero.org/google-docs/?yglmCi
https://www.zotero.org/google-docs/?uaaUlK
https://www.zotero.org/google-docs/?4fDkMT
https://www.zotero.org/google-docs/?QIKo86
https://www.zotero.org/google-docs/?hz3mm9
https://www.zotero.org/google-docs/?mwtdbh
https://www.zotero.org/google-docs/?8YaLZm
https://www.zotero.org/google-docs/?JPdo5y
https://www.zotero.org/google-docs/?SezVA3
https://www.zotero.org/google-docs/?uZVQva
https://www.zotero.org/google-docs/?FOT8Yw
https://www.zotero.org/google-docs/?IVYK3C
https://www.zotero.org/google-docs/?M1oRUt
https://www.zotero.org/google-docs/?TffFhs


Some of the symbionts possess the genomic capabilities for haem biosynthesis: Midichloria mitochondrii
(Sassera, 2011), Francisella endosymbionts (Gerhart et al, 2016), but not the Coxiella endosymbionts,
that have pseudogenised forms of most the genes (Gottlieb 2015). That would suggest that the synthesis
from the endosymbionts is not required by all ticks, and when present is still not sufficient to cover the
host needs: otherwise M. mitochondrii in I. ricinus would be able to rescue the haem starvation in (Perner,
2016).

A peculiarity of the tick haemoglobin digestion has been shown in Rhipicephalus microplus, in which the
haem is digested within midgut cells, where is precipitated inside a specialised membrane-delimited
organelle, called hemosome (Lara et al, 2003). The haem detoxification in the hemosome requires
adequate redox balance, as inhibition of catalase reduces the tick life-span and the rate of egg-laying,
impairing haem aggregation (Citelli et al, 2007).

These functions could be supplemented by the bacterial symbionts: M. mitochondrii possesses various
genes involved in anti-oxidative response, including superoxide dismutase, peroxiredoxins, lipoic acid
and thioredoxins, and genes involved in the iron metabolism such as protohaem ferro-lyase and haem
transporter proteins. These genes are also present in other symbionts, suggesting a common role
conserved in the tick symbionts, though with small differences, as protohaem ferro-lyase is absent in
CEs, and genes encoding for haem exporter proteins are absent in FEs (Olivieri et al, 2019).

1.4.4 Ammonia detoxification
Blood is rich in proteins, and protein degradation produces ammonia (Sterkel et al, 2017). One way to
avoid ammonia toxicity is through storage in non-toxic form, such as proline (Pennington et al, 2003).
Indeed, the flux-balance metabolic analysis of Coxiella endosymbionts (CEs) of Rhipicephalus has shown
an excess production of L-proline, paired with multiple copies of proline/betaine transporter (Tsementzi et
al, 2018). A further confirmation comes from a proteomic analysis of CEs (Cibichakravarthy et al, 2022):
the L-proline synthesising enzyme ornithine cyclodeaminase is present in Malpighian tubules. And at the
same time in ovaries there is the abundant production of proline dehydrogenase PutA, that converts
proline to glutamate, that can be used as a source of carbon and nitrogen (Tanner, 2008). Thus, the tick
symbionts possibly can control the excess of ammonia, and help with the long-term storage and use of
nutrients after the blood meal, in particular for the egg development and symbiont maintenance in the
next generations.

1.4.5 Behaviour

The symbionts can also affect the behaviour of their host, modifying the feeding capability.
The Coxiella endosymbiont of Haemaphysalis longicornis possess genes for production of chorismate, a
precursor of tryptophan. The chorismate made by Coxiella endosymbionts stimulates the biosynthesis of
5-hydroxytryptamine (serotonin) in the tick, inducing the expression of aromatic amino acid
decarboxylase, required for catalysis decarboxylation of 5-hydroxytryptophan to serotonin.
The presence of serotonin in tick synganglion and midgut promotes tick feeding activity, and conversely
inhibiting the chorismate pathway using glyphosate reduces the tick feeding behaviour. A similar result is
obtained using tetracycline, which removes the bacterial community. Administering chorismate,
tryptophan or serotonin to the antibiotic treated population restores the feeding behaviour (Zhong et al,
2021).

Host manipulation is a common strategy of parasites, including vector-borne, to increase their diffusion,
increasing the number of bitten vertebrate hosts (Lefèvre & Thomas, 2008). Even if it is not possible to
change the number of hosts bitten, the tick behaviour can also be affected by some of its tick-borne
pathogens with other means: Borrelia burgdorferi causes an increase of lifespan of I. ricinus, and the time
spent questing, increasing the probability of the transmission (Herrmann & Gern, 2015). This is achieved
by different actions: ticks infected by Borrelia are more resistant to heat and desiccation (Herrmann &
Gern, 2010), tend to move less, staying more often immobile and thus reducing water consumption
(Herrmann & Gern, 2012), and also have higher fat reserves (Herrmann & Gern, 2013). Thus, the infected
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ticks have slower metabolism, and higher energy reserves that they use to spend more time questing,
increasing the chance of pathogen diffusion.

Tick questing speed is affected also by the infection of Anaplasma phagocytophilum, another tick-borne
pathogen. Infected ticks change the expression of the proteins Hsp70 and Hsp90, that cause an increase of
the questing speed during high temperatures (Busby et al, 2012). A. phagocytophilum also has a
protective role, as it causes the expression of the antifreeze glycoprotein IAFGP in its host I. scapularis.
This protein improves the cold tolerance, increasing the tick survival in cold environments (Neelakanta et
al, 2010).

1.5 Interaction between mutualists and  pathogens

The bacteria present in the same host, including mutualists or pathogens, may interact with each other,
with different possible effects. There can be a direct competition for the resources available in the same
niches, or there can be indirect effects as the symbiont can modify the host environment for their needs or
act on the immune system.

In some cases the presence, and the load, of the mutualist can have a protective role:
Coxiella-endosymbionts of Rhipicephalus haemaphysaloides antagonise the transmission of Babesia
microti (Li et al, 2018). Rickettsia symbionts limit pathogenic Anaplasma marginale infection in
Dermacentor andersoni, possibly through competition for host resources or through a direct inhibition of
the competitor (Gall et al, 2016). This case could be similar to the competition between the symbiont
Rickettsia rickettsii and Rickettsia causing spotted fever (Burgdorfer et al, 1981). However, the opposition
effect is not true for all combinations of mutualists and pathogens: reduction in the abundance of
Francisella symbiont in the D. andersoni is associated with a decreasing infection level of the pathogenic
Francisella novicida (Gall et al, 2016).

One case of the multiple effects of host environment modification is the peritrophic matrix (PM): PM
covers the tick gut and protects the epithelium from mechanical damage, and acts as a physical barrier to
infections. A. phagocytophilum, as previously reported, upregulates the expression of the iafgp gene in the
tick host. In the gut IAFGP binds to bacterial peptidoglycan, inhibiting biofilm formation. This causes an
alteration in the gut microbiome, the dysbiosis damages the PM matrix, helping the A. phagocytophilum
infection (Abraham et al, 2017). At the same time, a compromission of the PM structure reduces the
colonisation of the tick by B. burgdorferi (Narasimhan et al, 2014), showing that the interplay between
different bacteria can be complex and with multiple effects.

The observation patterns of co-presence / exclusion of mutualists and pathogens without experimental
settings does not necessarily imply an interaction between them, as it can be caused by ecological
variables (Krawczyk et al, 2022): In I. ricinus nymphs M. mitochondrii is associated with the pathogens
B. burgdorferi s.l. and Neoehrlichia mikurensis, and negatively associated with the pathogen A.
phagocytophilum. The associations can be explained as M. mitochondrii is more common in female ticks
(Lo et al, 2006), which take larger blood-meals from their host (Daveu et al, 2021), that could expose
them more to horizontally transmitted pathogens. The negative association with A. phagocytophilum can
be dependent on its host (the deer), that is predated by nymphs and not larvae, differently from the hosts
(small rodents) of the two other pathogens (Krawczyk et al, 2022).
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Aim
The purpose of my PhD was to provide novel insight towards the characterization of the evolution of
symbiotic bacteria in ticks. In particular, I aimed at understanding how the selective pressures of
symbiotic lifestyle affects these bacteria, reconstructing how the relationship with their host formed and
evolved, through the analysis of  phylogenomics and genomics data.

My work is divided into four different chapters:
● Chapter II: The sequencing the Coxiella symbiont of Amblyomma americanum, and performing

a comparative genomic analysis of the order to clarify the relationship of the symbionts with the
pathogen Coxiella burnetii

● Chapter III: The characterisation of a multipartite symbiosis system in Hyalomma marginatum
that includes Midichloria and Francisella

● Chapter IV: The analysis of the population structure of symbionts of Ixodes frontalis,
Midichloria and Spiroplasma, and how that relate with the two sub-clades of the host

● Chapter V: The analysis of the deep phylogeny of the Rickettsiales order, that is composed only
by host-dependent professional symbionts. The order includes various tick nutritional symbionts
(Midichloria and symbiotic Rickettsia) and tick-borne pathogens (e.g. Ehrlichia, Anaplasma,
Rickettsia spp.), but encompass a much larger variability, with a diverse range of hosts and roles
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II Coxiella endosymbionts, acquired or
ancestral pathogenicity?
Published as: Tiago Nardi, Emanuela Olivieri, Edward Kariuki, Davide Sassera, Michele Castelli,
Sequence of a Coxiella Endosymbiont of the Tick Amblyomma nuttalli Suggests a Pattern of Convergent
Genome Reduction in the Coxiella Genus, Genome Biology and Evolution, Volume 13, Issue 1, January
2021, evaa253, https://doi.org/10.1093/gbe/evaa253

2.1 Introduction
Differently from the scenario inferred for the Francisella endosymbionts (Gerhart et al, 2016) , the origin
of the Coxiella endosymbionts is less clear. Their mutualistic association with ticks is assumed to be of
ancient origin, dating back to early tick evolution (Douglas, 2017). The currently known members of the
genus, other than the Coxiella endosymbionts (CEs), are the pathogen Coxiella burnetii, causative agent
of the Q-fever, and the scantly described Coxiella cheraxi, pathogen of the redclaw crayfish (Cherax
quadricarinatus) (Elliman & Owens, 2020), the only member of the genus that does not have ticks as
primary hosts.

Currently four phylogenetic clades (A-D) are identified in the genus Coxiella, exhibiting only partial
congruence with their hosts’ phylogeny (partial co-cladogenesis). All C. burnetii lie in clade A. Clade C -
also called Coxiella mudrowiae - displays a good degree of co-cladogenesis with Rhipicephalus tick
hosts, while CEs of two unrelated clades (B and D) were found in Amblyomma tick hosts (Duron et al.
2015). Interestingly, the Amblyomma hosts of clade B symbionts came from the African continent, while
clade D hosts are American (Duron et al, 2015; Binetruy et al, 2020).

We can observe a wide distribution of Coxiella symbionts in ticks, across the various species, genera and
families, indicating a long shared evolutionary history. At the same time, all C. burnetii isolates are nested
within a single Coxiella clade, with a more limited diversity that could be compatible with a relatively
recent specialisation. So, it has been proposed that C. burnetii arose from a maternal inherited
endosymbiont, acquiring pathogenic capabilities and becoming a vertebrate parasite (Duron et al, 2015),
an opposite scenario of what happened more recently to Francisella.
At the same time, pathogenic capabilities have been reported for some CEs, in particular from the clade
C, specifically in birds (Needle et al, 2020), but also in humans (Angelakis et al, 2016). Pathogenic
potential has been reported also for other related bacteria: C. cheraxi, assumed to be phylogenetically
basal to the genus, outside all the tick associated Coxiella, is a pathogen (Elliman & Owens, 2020).
Pathogenicity is considered an ancestral trait in the Legionellales order, with different independent
adaptations to symbiotic lifestyle such as (Legionella) and Rickettsiella (Hugoson et al, 2022). However,
a “pathogenic origin” scenario, would assume a series of independent transitions to a (mostly) mutualistic
lifestyle, in all 4 clades of CEs.

A better understanding of the origin and evolution of C. burnetii would describe a scenario of
symbiont/host adaptation from or to pathogenesis, understanding how this relationship started, potentially
providing insights on the origin and evolution of pathogens capable of causing human diseases.
Currently, genomes of representatives of three of the four Coxiella clades have been sequenced: three
genomes from clade D, four from clade C and C. burnetii from clade A. Clade B is the only one without a
sequenced member.
Thus, to have a complete picture of the CEs variability I explored a currently neglected clade of Coxiella
endosymbionts. Good candidates to get a genome from the clade B CEs are the Amblyomma species of
African origin, so we collected an Amblyomma nuttalli tick from Kenya, and sequenced its CE.
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2.3 Aim
The aim of this study is to assemble a genome from Coxiella clade B, annotate it, analyse its
characteristics, and then use it for comparative genomics and phylogenetic analysis with other bacteria
from the Coxiella genus.
Specifically, I aim to understand the phylogenetic relationship between the different symbionts, if there
are differences in their metabolic capabilities and if these differences could highlight specific traits of
their hosts.
Then, I plan to use this information to trace the evolution of these symbiotic relationships including the
development or loss of pathogenicity in the symbionts, that could be used to clarify if the origin of CEs
lies on pathogens or in symbiotic bacteria.

2.4 Methods

2.4.1 Sequencing and assembly
An adult female of Amblyomma nuttalli was collected from a white rhinoceros (Ceratotherium simum) in
the Masai Mara National Reserve, Kenya in February 2016. The tick was morphologically identified
following standard taxonomic keys (Theiler & Salisbury, 1959)(Theiler & Salisbury 1959) and subjected
to DNA extraction, using NucleoSpin® Tissue Kit (Macherey Nagel, Duren, Germany), according to the
manufacturer’s instructions. DNA was subjected to Illumina HiSeq X by Admera Health (South
Plainfield, NJ, USA) using a Nextera XT library, obtaining 27,3511,224 150-nt paired-end reads.
The reads were assembled using SPAdes (3.6.0) (Bankevich et al, 2012), and subjected to a modified
version of the blobology pipeline (Kumar et al, 2013), in order to select only the symbiont sequences
(Figure 1). After excluding contigs with eukaryotic hits, we selected contigs with a log10 coverage higher
than 2.5, extracted and reassembled separately the reads mapping on those contigs(Langmead & Salzberg,
2012), and revised the results manually. Contigs belonging to the symbiont were initially identified by its
rRNA genes, then, other putative contigs were added using the assembly-derived connections between
contig ends and inspected with the Bandage software (Wick et al, 2015).
Finally, in order to close the assembly, PCR reactions were performed with primers designed in proximity
of contig ends, product were sequenced and results processed, as described previously (Castelli et al,
2019).

2.4.2 Genomic and comparative analysis
The completeness level of the genome was confronted with all published CE genomes using Busco 4.0.2
with lineage “gammaproteobacteria_odb10 (2019-04-24)” (Seppey et al, 2019).

Genome annotation was performed using Prokka 1.11 (Seemann, 2014) and manually curated by
inspecting blastp hits of predicted ORFs on NCBI nr, Uniprot, and Legionellales sequences.

ISEScan (Xie & Tang, 2017) and ISfinder (Siguier et al, 2006) were used to identify insertion sequences,
and PHASTER (Arndt et al, 2016) for prophages. Pseudogenes were predicted in the novel genome, as
well as in all published CE genomes and representative C. burnetii genomes, by using Pseudo-finder
(Syberg-Olsen et al, 2020).
COGs were predicted using the NCBI pipeline (Galperin et al, 2015) on validated genes (i.e. ORFs
excluding predicted pseudogenes). COG repertoires were used for comparative analyses. Metabolic
pathways were manually reconstructed employing the BioCyc database reference (Karp et al, 2019) and
KEGG (Kanehisa & Goto, 2000).
The whole bioinformatic workflow is summarised in Figure 2A and figure 2B.
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2.4.3 Phylogenetic inference
To assess the phylogenetic relationship between the various CEs I obtained two different phylogenetic
trees using two different datasets, using for both maximum likelihood (ML) and bayesian inference (BI)
methods. The first dataset is based on a wide number of different CEs, but with few genes, the second
dataset uses only species with a complete genome available, thus with an increased number of genes and
phylogenetic information per organism.

The first dataset consists on the multi locus sequence typing (MLST) of five housekeeping genes, and is
based on a previous dataset (Duron et al, 2015) that included a wide sample of different CEs, enlarged
with CE A. nuttalli and all the CEs with an available genome, thus employing five genes (16S, 23S, dnaK,
rpoB, groEL) from 96 organisms.

For the second dataset, namely the phylogenomic tree, we included all the previously publishedCE
genomes, a selection of C. burnetii, a representative selection of Coxiellaceae, including 1 MAG
(metagenome assembled genome), and two other Legionellales as outgroup. Using OrthoFinder (2.3.3)
(Emms & Kelly, 2019) we identified single copy conserved orthologs that were used for the analysis.
For both sets, respectively on the nucleotide and protein sequences, each single gene was aligned
separately using Muscle (Edgar, 2004), polished with Gblocks (Talavera & Castresana, 2007), and
concatenated with an in-house script.
For each set, I inferred the best model (GTR+I+G and LG+I+G, respectively) using modeltest-ng 0.1.3
(Darriba et al, 2019), built a maximum likelihood tree with RAxML 8.2.4 (Stamatakis, 2014) with 1000
bootstrap pseudo-replicates, and a Bayesian inference tree with MrBayes (Ronquist et al, 2012) using
three independent runs for 1 million and 250,000 generations, respectively, with a burn-in of 25%. The
whole workflow for the phylogenetic analyses is summarised in Figure 7.
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Table 1: List of Genomes Included in the Analyses, with Their Accession Numbers, and for Coxiella Total
Genome Size, Coding DNA Size, and GC Content

Organism Accession Genome
Length (bp)

Coding DNA
(bp)

CG
Content

Coxiella burnetii RSA 493 GCA_000007765.2 2,032,807 1601033 42.6%

Coxiella burnetii Dugway
5J108-111

GCA_000017105.1 2,212,937 1769726 42.4%

Coxiella endosymbiont of
Amblyomma nuttalli

GCA_018107685.1 1,003,026 660534 35.9%

Coxiella endosymbiont of
Amblyomma americanum 1

GCA_000815025.1 656,901 568842 34.6%

Coxiella endosymbiont of
Amblyomma americanum 2

GCA_002850495.1 656,933 566434 34.6%

Coxiella endosymbiont of
Amblyomma sculptum

GCA_009883795.1 622,921 539589 38.1%

Coxiella endosymbiont of
Rhipicephalus microplus 1

GCA_002871095.1 1,194,772 683985 32.6%

Coxiella endosymbiont of
Rhipicephalus microplus 2

GCA_002930125.1 1,296,467 623102 31.7%

Coxiella endosymbiont of
Rhipicephalus sanguineus

GCA_002804145.1 1,715,759 907053 38.0%

Coxiella endosymbiont of
Rhipicephalus turanicus

GCA_001077715.1 1,733,840 917489 38.2%

Aquicella siphonis GCA_902459485.1

“Candidatus Berkiella
cookevillensis”

GCA_001431315.1

Legionella pneumophila GCA_000008485.1

Environmental Coxiellaceae
bacterium

GCA_001795425.1

Rickettsiella grylli GCA_000168295.1

Rickettsiella isopodorum GCA_001881495.1

Rickettsiella viridis GCA_003966755.1

Tatlockia micdadei GCA_000953635.1
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Figure 1: Plot from the blobology pipeline, representing contigs from the preliminary assembly and their
GC content and coverage.
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Figure 2A: Workflow of bioinformatic analyses to obtain CE A. nuttalli genome and comparative
analyses.

Figure 2B: Workflow to obtain the two different phylogenetic trees from the genetic and genomic data.
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2.5 Results and discussion

The genome of the Coxiella endosymbiont of A. nuttalli was sequenced using Illumina technology and
assembled using the blobology pipeline to separate the symbiont and host reads.
The final assembly has a genome length of 1,003,026 bp in a single circular contig, with a
BUSCO completeness score of 79,2% (Figure 3) similar to other Coxiella endosymbionts.

Figure 3: Busco completeness score. Coxiella endosymbiont of Amblyomma nuttalli is comparable to CE
of R. microplus 1

A total of 764 genes were found, including 44 RNA genes (including 38 tRNAs and 3 rRNAs). Among
these, we identified 702 functional CDSs and 18 pseudogenes, accounting for a total of 660,777 bp
(65.8%) coding (including structural RNA genes). Neither prophages nor ISs were found.

MLST phylogeny (Figure 4) provided an overall consistent topology with most previous studies (Duron
et al. 2015; Gottlieb et al. 2015), in particular for the major Coxiella clades and their relationships (clade
A earliest divergent, clade B sister group of clades C + D), with moderate to high support (Figure 4).
Consistently with what could be expected based on geographical origin, the CE of A. nuttalli lies in the
clade B, composed by CEs of African ticks.

23



Figure 4: Maximum Likelihood MLST phylogenetic tree of the Coxiella Endosymbionts and C. burnetii
using as outgroup Rickettsiella and Enterobacterales. The same topology was obtained with Bayesian
Inference. The four clades are indicated with the letters and colours, the highlighted names are the
Coxiella bacteria with an available genome.

The tree, with the same topology in ML and BI (Figure 5), confirmed the relationships observed in the
MLST tree. Interestingly, branch lengths are proportional to the degree of genome reduction within the
Coxiella genus, consistently with previous analyses (Duron et al, 2015; Gottlieb et al, 2015). This would
indicate a higher evolutionary rate in smaller genomes, as predicted for obligate symbionts by genome
reduction models (McCutcheon, 2012).
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Figure 5: Phylogenomic tree of Coxiellaceae. The length of the genomes  are indicated in the barplot.

2.5.1 Genome comparison
The CE of A. nuttalli has traits of a relatively long-term obligate symbiont: compared to free living
bacteria it presents a much smaller genome, has no predicted mobile elements, presents a high number of
pseudogenes, albeit conserving pathways potentially useful for the host, such as biotin biosynthesis.
Compared to the other Coxiella genomes, both genome length (1 Mb) and density (0.66% of the genome
is coding) are at an intermediate level: C. burnetii, a pathogen capable of living in different environments
and hosts (Angelakis and Raoult 2010), presents the largest genome (2 Mb) and, with a high coding
density (79.9%), the highest amount of coding DNA (1.8 Mb). All the host-restricted CEs have smaller
genomes, with similar sizes within each clade: 1.2–1.7 Mb for CEs of Rhipicephalus (clade C), 1.0 Mb for
the novel CE of A. nuttalli (clade B), and 0.6–0.7 Mb for CEs of other Amblyomma species (clade D).
However, the degree of genome reduction does not correlate with the phylogenetic branching pattern
between clades, in particular the CEs with more reduced genomes (clades B, D) do not form a single
monophyletic group (Figure 5). Accordingly, considering also the novel CE of A. nuttalli, a scenario with
parallel independent genome reduction in genus Coxiella (at least for monophyletic CEs of B–D clades
together) appears plausible.
Interestingly, most size variation resides in the noncoding genome (from 88 kb to 816 kb), whereas the
length of the functional coding genome is overall less variable in CEs, ranging from 540 kb of CE of
Amblyomma sculptum (Clade D), to 917 kb of CE of Rhipicephalus turanicus (Clade C). These features
as well are consistent with a recent and still ongoing parallel genome reduction of CEs under similar
constraints, possibly due to an equivalent role for the host. Accordingly, the CE of A. nuttalli has traits of
a relatively long-term obligate symbiont, at an intermediate stage among CEs for its genome size and
coding density (table 1), and having no predicted mobile elements.

2.5.1.1 COG analysis
In the COG analysis (Figure 4) the pattern of genome reduction is clearly visible. The pathogen C.
burnetii, capable of living in different environments, has the highest number of functional COGs, the
highest density of genes, and the largest genome (2 Mb). Instead, all CEs present lower numbers of
COGs, proportionally to their genome reduction: among CEs, the symbionts of R. turanicus and R.
sanguineus have a high number of COGs, while the CEs of clade D have the most reduced genomes, and
the others, including the novel CE of A. nuttalli, have an intermediate situation.

Some categories are conserved even in highly reduced genomes, such as translation machinery (J
category), coenzyme (H) and nucleotide (F) metabolism, energy production (C), protein modification and
chaperones (O), lipid synthesis (I), cell cycle regulation (D). This is consistent with their expected major
role for bacterial survival and/or host-support (coenzymes). On the other side, all CEs are more

25



pronouncedly depleted in accessory and regulative functions, including poorly characterised ones (R and
S), signal transduction (T), secondary metabolite metabolism (Q), cell motility (N), secretion systems (U),
extracellular and defence structures (W and V). Such functionalities are probably less important in strictly
host-associated bacteria as the CEs. Notable is the case of type IV secretion system, probably ancestral in
Legionellales (Hugoson et al, 2022), and an important virulence factor in C. burnetii (Luedtke et al,
2017), but absent in all CEs. Some functions display gradients of conservation along the genome size, for
example, membrane structure biogenesis (M), which correlates with decrease in lipopolysaccharide
complexity, whereas peptidoglycan synthesis is conserved.
Such a scenario is reflected at the level of single COGs (Figure 7), as C. burnetii (clade A) presents the
highest number of unique COGs. CEs of all clades are a substantial subset of C. burnetii, which lacks
only 60 of the 1,207 total COGs in the data set. Similar observations can be drawn among progressively
more reduced CE clades, with the CE of A. nuttalli at an intermediate level between clade B and D CEs.
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Figure: 6: Heatmap showing variations in number of pseudogenes (blue, indicated with the Ψ), the size
of coding DNA (green) and COG (Clusters of Orthologous Groups) repertoire for each functional
category (orange-purple) in the Coxiella genus.

Figure 7: Venn diagram representing COG distribution on Coxiella clades. For each clade, COGs
identified in at least one of the listed genomes are counted.
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2.5.1.2 Metabolic capabilities
The results from COG functional category analyses were confirmed at the single gene level. For example,
all CEs lack the biosynthetic pathways for most of the amino acids - namely phenylalanine, tyrosine,
aspartate, cysteine, serine, threonine, isoleucine, leucine, alanine, methionine, arginine, asparagine,
glutamate, histidine and  proline.
However, as expected, all CEs have maintained the pathways for the biosynthesis of vitamins and
co-factors, such as biotin, and vitamins B2 (riboflavin), B5 (pantothenate), B6 (pyridoxine), B9.
For biotin (and lipid) synthesis, missing fabI functionality is possibly replaced by FabV (Massengo-Tiassé
& Cronan, 2008).
Similar metabolic capabilities are present in other tick endosymbionts, such as Francisella
endosymbionts, which are devoid of amino acid synthesis capabilities but have conserved the biosynthesis
of biotin (Gerhart et al, 2018).
The CEs of Amblyomma (clade D), despite having the smallest genomes of all CEs, display an almost
complete biosynthetic pathway for thiamine (B1) and NAD (B3). This is also true for the CE of A.
nuttalli, even if not phylogenetically close to the other Amblyomma CE. Instead, symbionts of
Rhipicephalus retain only partial pathways. Such differences could be explained by the presence of not
yet identified transporters or non-canonical enzymes, or, else, could be the effect of different metabolic
requirements of the tick hosts, with Amblyomma species requiring a full pathway while Rhipicephalus
species being permissive for the loss of some genes.

CEs are depleted in DNA repair abilities (COG category L), as expected in the symbiotic condition
(McCutcheon, 2012), with lineage-specific features.
The loss of these genes is a driver of high mutation rate, pseudogenisation and genome reduction.
Noteworthy seems to be the loss of the MutSL pathway, which is absent in all the CEs of Amblyomma, in
both B and D clades, that are the ones with smaller genomes. The pathway is also possibly incomplete in
the CE of R. microplus 2, which has a truncated copy of the mutS - possibly with partial or none
functionality. This CE is characterised by a high genome reduction compared to the other CE of R.
microplus. Considering the phylogenetic trees we can identify parsimoniously at least three independent
losses of the MutSL pathway, complete in the clades B and D, and still ongoing within clade C.
The loss of the RecFOR pathway and RecA, involved in homologous recombination (Kuzminov, 1999) ,
happened in the CEs of R. microplus, and this loss can explain their medium sized genome, smaller than
other Rhipicephalus CEs.
Another repair pathway that could be involved in genome reduction is addAB: it is a functional equivalent
of RecBCD involved in the recombinational repair system. It is present in many Gram-positive bacteria
and also in C. burnetii (Mertens et al, 2008). Both genes are present in CEs, excluding all CEs of clade D,
namely other CEs of Amblyomma from the new world, that are characterised by the smallest genomes.
Thus, the larger genome CE Amblyomma nuttalli, compared to other Amblyomma CEs, could be
explained by the conservation of addAB, and/or by a more recent loss of MutSL.

Concerning the presence of pathogenic capabilities in the order, it has been hypothesised that the last
Legionellales common ancestor existed 1.9 Ga, and possessed already some components of the infection
machinery, in particular a type IV secretion system, two effectors, and the ability to resist digestion
(Hugoson et al. 2022). Thus the whole lineage would be already equipped to interact and use eukaryotic
cells, leading to common patterns of evolution to become pathogens (such as Coxiella burnetii and
Legionella pneumophila). In some cases the machinery could be exapted to a symbiotic relationship, as
the case of the Legionellacae louse symbiont Polyplax serrata (Ríhová, 2017). This could be the situation
of the CEs, where multiple adaptations could have taken place.

2.6 Conclusions
From the comparative genomic and phylogenetic analyses it can be concluded that the CEs are currently
undergoing parallel patterns of genome reduction, with a progressive loss of DNA repair genes,
happening independently in the different clades. The constraints seem similar (i.e. keeping the genes for
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vitamin provision useful for their host), even if it is possible that some hosts can be more permissive to
certain losses (ex. Amblyomma genus for B1 biosynthesis).

Concerning the evolution of C. burnetii pathogenicity we do not have a “smoking gun” in this situation:
notwithstanding the high variability of the CEs clades, according to the COG analysis all CEs have only a
subset of C. burnetii COGs, and more specifically, slightly lesser metabolic capabilities. As we are
observing a convergent genomic reduction, it is possible that the Coxiella ancestor had pathogenic
capabilities retained only in C. burnetii, as it is under different selective pressures. Considering that we
see some pathogenic capabilities in CEs of clade C, in C. cheraxi, and more generally in the order, it is
plausible that the ancestor had pathogenic capability. The multiple adaptations to symbiosis can be
explained also as the whole Legionellales order is considered composed by “professional symbionts” they
have the potential to exapt the various adaptations to survive as a pathogen for creating a symbiotic
relationship.

After the publication of this work another research (Brenner et al, 2021) analysed the genome of a CE of
the soft tick Ornithodoros amblus, from the clade A, supporting multiple origins of the CEs from
pathogens, and the presence of pathogenic capabilities in the last common ancestor.
Further insight on the evolution of the relationship between the ticks and CEs, and the development of
pathogenic capabilities in C. burnetii could come from the analysis of other Coxiella with hosts different
from ticks such as C. cheraxi or other undiscovered lineages.
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III A multiple partner symbiosis in
Hyalomma marginatum
Published as: Marie Buysse, Anna Maria Floriano, Yuval Gottlieb, Tiago Nardi, Francesco Comandatore,
Emanuela Olivieri, Alessia Giannetto, Ana M Palomar, Benjamin L Makepeace, Chiara Bazzocchi,
Alessandra Cafiso, Davide Sassera, Olivier Duron (2021) A dual endosymbiosis supports nutritional
adaptation to hematophagy in the invasive tick Hyalomma marginatum eLife 10:e72747

3.1 Introduction
In the previous chapter I investigated a symbiotic relation between a single bacterium and an eukaryotic
host, but it is also possible to have more than one symbiotic bacteria. In these situations the interplay
between different symbionts in a single host can have different results: there can be competition between
the symbionts, in particular with the “newer” bacterium, not yet affected by the Muller’s ratchet,
outcompeting the old symbiont, but the cooperative coexistence of different bacteria is also possible.
As an example of symbiont replacement in ticks, we previously described as an example in tick
Amblyomma maculatum, where the Francisella endosymbiont (FE), a more recent symbiont with a less
pseudogenised genome, is replacing the ancestral Coxiella endosymbiont (Gerhart et al, 2016).
FE is present also in another tick species, Hyalomma marginatum, but the structure of the symbiont
community present in this species was, before this work, unclear.

Hyalomma marginatum is a tick that feeds on humans, various other mammals, and birds. It is usually
found in the Mediterranean climatic zone, - i.e. Albania, Algeria, Croatia, Greece, Italy, Morocco, Spain,
Tunisia, Turkey (EFSA Panel on Animal Health and Welfare (AHAW), 2010), but has recently expanded
its range to the north, being isolated in Western Europe (Vial, 2016). H. marginatum is a vector for
various diseases, as it can transmit Crimean-Congo hemorrhagic fever virus, protozoan parasites, and
intracellular bacterial pathogens such as Rickettsia aeschlimannii (Vial, 2016).

Previous studies on the symbionts' presence in H. marginatum focused on searching a single species each
time, for example detecting only FE (Azagi et al, 2017). The only study investigating both symbionts
shows co-infection, but only in a single examined individual (Di Lecce et al, 2018). Thus, to understand
the symbiont population in H. marginatum, different tick individuals were collected from different
geographical locations, and tested for the presence of symbionts, seeing the prevalence of the different
bacteria, if there is a pattern of exclusion with competition between them, or other scenarios, including
the co-symbiosis.

3.2 Aims
In this specific work my objective was to investigate the symbiosis of Midichloria and Francisella
endosymbionts in Hyalomma marginatum and to identify the nature of this tripartite association.

3.3 Methods

3.3.1 Tick collection and DNA extraction
Adult females of H. marginatum were collected from domestic animals from three countries (Italy, Spain,
and Israel). For the sequencing, the whole body of one female from Italy was analysed , while ovaries
from females collected in Spain and Israel were used for genome sequencing (and for qPCR in the case of
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samples from Spain). For each sample, total DNA was extracted using either the DNeasy Blood and
Tissue Kit (QIAGEN) or the NucleoSpin Plant II Kit (Macherey-Nagel).

3.3.2 qPCR assays
A molecular screening was performed by qPCR (iQ5 system, Bio-Rad) on Spanish samples to evaluate
the bacterial load of Francisella and Midichloria symbionts in ovaries. For each specimen, three SYBR
Green-based qPCR (Bio-Rad) assays were performed:

1. cal gene for the H. marginatum
2. rpoB gene for the FLE
3. gyrB gene for the Midichloria

The following thermal protocols were used:
● For the cal gene: primers concentration 150 nM; thermal profile: 95 °C for 3 min, and 40 cycles

at 95 °C for 15 sec, 55 °C for 20 sec, 72 °C for 10 sec
● For rpoB: primers concentration 250 nM; thermal profile: 95 °C for 3 min, and 40 cycles at 95 °C

for 15 sec, 58 °C for 30 sec;
● For gyrB: primers concentration 250 nM; thermal profile: 95 °C for 3 min, and 40 cycles at 95

°C for 15 sec, 58°C for 30 sec

3.3.3 Genome sequencing and assembly, and annotation
Metagenomes were sequenced on Illumina HiSeq 2500, after a library preparation performed with
Nextera XT.
For the Italian and the Spanish samples, the raw paired-end reads quality was evaluated with FastQC..
Paired-end reads were trimmed via Trimmomatic (v0.40) (Bolger, 2014) and then assembled using
SPAdes (v3.10.0) (Bankevich et al, 2012) following the Blobology pipeline (Kumar et al, 2013) (thus
separating reads according to G+C content, coverage, and taxonomic annotation). Discarding of
contaminating sequences and refining of the assemblies were performed manually through the analysis of
the assemblies’ graphs with Bandage (v0.8.1) (Wick et al, 2015). Bacterial reads were separated from the
tick reads, allowing the assembling of different bacterial genomes (‘filtered’ assemblies).
For the Israeli sample, reads were trimmed using Cutadapt (v1.13) (Martin, 2011) and contaminants’
reads were removed through a mapping against Coliphage phi-X174 (GenBank: NC_001422) and
Staphylococcus aureus (NC_010079) genomes with BWA (v0.7.17-r1188) (option mem) and SAMtools
(v1.10)(Li, 2009). Remaining reads were further assembled using SPAdes (v3.11.1) (Bankevich et al,
2012) with default parameters. These ‘raw’ assembled scaffolds were compared to different reference
genomes separately (FE of O. moubata FLEOm, M. mitochondrii, and R. aeschlimannii; table 3) to
discard unspecific scaffolds using RaGOO (v1.02) (Alonge, 2019), and, for each reference genome
separately, the assignment of the remaining scaffolds (‘filtered’ assembly) was confirmed using the NCBI
BLAST tool. The quality assessment and the completeness of the ‘filtered’ assemblies from all H.
marginatum metagenomes were estimated using QUAST (v4.6.3) (Gurevich, 2013) and miComplete
(v1.1.1) (Hugoson, 2020) with the --hmms Bact105 setting.

3.3.4 Genomic annotation

The newly obtained genomes were annotated using Prokka (v1.13.1) (Seemann, 2014) with default
parameters. The new Midichloria genomes were annotated using a manually revised annotation of M.
mitochondrii as a reference.
Genes involved in biosynthesis pathways (B vitamins and heme), Francisella pathogenicity island (FPI),
and mismatch repair systems (mutSL and uvrABCD) were retrieved using BLASTn, BLASTp, and
tBLASTx on both newly obtained and reference FE and Midichloria genomes.
To identify mobile elements, we used ISEScan (Xie & Tang, 2017) to predict insertion sequences and
PhySpy (Akhter, 2012) for prophage detection. Pseudogenes prediction was performed using
Pseudofinder (version downloaded in date April 1, 2020) (Syberg-Olsen et al, 2020) on each genome,
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including newly obtained and reference genomes of FE and Midichloria. The FE and Midichloria data
sets were filtered excluding pseudogenes from the subsequent analyses. Clusters of orthologous groups of
proteins (COGs) were predicted using the NCBI pipeline (Galperin et al, 2015) and COGs presence was
then plotted with an in-house R script. Then, two different data sets were created: (i) a FE data set
including the three newly sequenced FLE-Hmar genomes and other published FE genomes; and (ii) a
Midichloria data set including the three newly sequenced Midi-Hmar genomes and M. mitochondrii. For
each data set, Single Copy Orthologs (SCOs) were identified using OrthoFinder (v2.3.12) (Emms &
Kelly, 2019) , then SCO lists were retrieved on a R environment (v3.6.2) to build Venn diagrams using the
‘VennDiagram’ R package (Chen, 2011), and UpSetR packages to build Upset plots (Conway et al, 2017).

The FE and Midichloria whole-genome alignments were obtained separately using Mauve (Darling et al,
2004). Graphical representations of newly sequenced genomes were produced using CGView (v1.5)
(Stothard, 2004).

To check for the presence of B-vitamin biosynthesis genes of other origin than FE, Midichloria, and
Rickettsia, we used the following procedure: we predicted the genes present in the preliminary assemblies
of the three tick metagenomes using prodigal (using the setting ‘-p meta’), and annotated them with
GhostKOALA (Kanehisa, 2015). For biotin, we checked for the presence of the bioA, bioD, bioC, bioH,
bioF, and bioB genes searching for ‘K00833, K01935, K02169, K02170, K00652, and K01012’
sequences in the annotations, setting a cutoff to exclude contigs shorter than 500 bp or with a kmer
coverage below 4. The hits above cutoff were manually examined with BLAST for functional and
taxonomic classification.

3.3.5 Phylogenomics

The FE, Midichloria, and Rickettsia data sets were created using the predicted genes from the genomes
assembled in this study, filtered excluding the pseudogenes, and each one were added to the gene
predicted from a taxonomically representative dataset of relative, and were then used for the phylogenetic
analyses. For each symbiont data set, SCOs were identified using OrthoFinder (v2.3.12) (Emms & Kelly,
2019) and then aligned with MUSCLE (v3.8.31) (Edgar, 2004). Poorly aligned positions and divergent
regions were removed by Gblocks (v0.91b) (Talavera & Castresana, 2007) prior to concatenation of
individual alignments using an in-house script. Finally, the most suitable evolutionary model was
determined using modeltest-ng (v0.1.5) (Darriba et al, 2019) according to the Akaike information
criterion, and maximum likelihood (ML) trees were inferred using RAxML (v8.2.9) (Stamatakis, 2014)
with 1000 bootstrap pseudo-replicates.

3.3.6 Biotin operon phylogeny and structure

Nucleic and protein sequences of the six genes of the biotin biosynthesis pathway were retrieved using
BLASTn, BLASTp, and tBLASTx on all Midichloria genomes. Sequences from biotin genes from other
symbionts (retrieved from GenBank) were included in the data set. All protein sequences of the six biotin
genes were manually concatenated and aligned with MAFFT (v7.450)(Katoh, 2002) and ambiguous
positions were removed using trimAl (v1.2rev59) (Capella-Gutierrez, 2009). The appropriate substitution
model, and then ML-tree, were determined as described above. Meanwhile, 16S rRNA sequences from all
organisms included in this data set were retrieved from GenBank and aligned with MEGA software. The
Gblocks program with default parameters was used to remove uninformative sites in the alignments.
Phylogenetic analyses were performed with MEGA software, by determination of the appropriate
substitution model using Akaike information criterion, ML-tree inference. Clade robustness was assessed
by bootstrap analysis using 1000 pseudo-replicates.

Contigs carrying the streamlined biotin operon were retrieved from newly obtained and reference
genomes of different intracellular bacteria. Contigs were annotated using Prokka (v1.13.1) (Seemann,
2014) with default parameters. Prokka GenBank outputs were imported in R (v3.6.2) and analysed using
the ‘genoplotR’ R package (Guy, 2010). Sequences of ribH and folD genes from bacteria carrying the
streamlined biotin operon and from other selected bacteria were secondarily separately analysed.
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Phylogenetic analyses on these two genes were performed as described above for biotin genes.

3.3.7 Bibliographic survey and phylogeny of Hyalomma
To assess the associations between Hyalomma species with FE and Midichloria, we performed an
extensive bibliographic survey of published studies. For Hyalomma species for which presence/absence
of FE and Midichloria is documented, we retrieved cytochrome c oxidase I (cox1) gene sequences from
GenBank and further performed a ML phylogenetic analysis with MEGA software as described above.

3.3.8 Statistical analyses
Statistical analyses were carried out using the R statistical package (v3.6.2) and the ‘lme4’ R package
(Bates, 2015). The FE load was analysed using linear mixed-effects models on a data set containing loads
measured in ovaries from adult engorged ticks. The normality of the data distribution was tested through a
Shapiro-Wilk test with a 95% confidence interval. Outliers were removed from data sets. To build models,
Midichloria load was fitted as a fixed explanatory variable. The best-fitted model was determined with
the following procedure: the maximal model, including all higher-order interactions, was simplified by
sequentially eliminating interactions and non-significant terms to establish a minimal model. A likelihood
ratio test (using a chi-square distribution and a p-value cutoff of 0.05) was performed to establish the
difference between sequential models. The comparison between the densities of FE and Midichloria of H.
marginatum was tested by a paired t-test.

3.4 Results

A total of 46 H. marginatum samples were screened for the presence of symbionts. Among those, 44
were positive for Midichloria, 41 for FEs, and 34 for Rickettsia.
Nine samples resulted infected by Midichloria and FLE, but not Rickettsia; two samples by Midichloria
and Rickettsia, but not FLE; one by FE and Rickettsia, but not Midichloria; and 31 were infected by
Midichloria, FE and Rickettsia. So most ticks had a dual or triple infection, with no signs of exclusion
patterns between Midichloria and FEs.
The nine samples of dissected ovaries infected by both Midichloria and FE were quantified by qPCR
assays for both symbionts. The results (FIGURE 8A) indicated that FE and Midichloria target genes are
abundant in the tick ovaries, with higher quantities for FE (686.09 ± 206.89 FE rpoB gene copies per tick
cal gene copies) than Midichloria (88.72 ± 28.41 Midichloria gyrB gene copies per tick cal gene copies).
The FE and Midichloria densities were positively correlated in individual ticks (χ² = 23.937, p = 0.003).
This positive association indicates that the increase of one of them does not impair the growth of the other
(FIGURE 8B), excluding a competitive interaction. This association could indicate a positive effect of
one symbiont on the other, however a simple explanation could also be that the advancement of the ovary
development leads to the growth of the population of both symbionts.
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FIGURE 8: 8A quantities of the bacteria detected by qPCR. 8B covariance of the load of the two
symbionts.
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3.4.1 Genomics
We sequenced three metagenomes from three single H. marginatum, collected in Italy, Spain and Israel,
respectively named Hmar-IT, Hmar-ES, Hmar-IS.
We obtained 68,515,944 paired-end reads from Hmar-ITA, 57,592,510 paired-end reads from the
Hmar-ESP, and 10,807,740 paired-end reads from Hmar-IS.
With the blobology pipeline (Kumar et al, 2013) we were able to extract a complete genome of
Francisella (FLE-Hmar-IT, FLE-Hmar-ES, FLE-Hmar-IS), with a >99% estimated completeness from
each metagenome, and Midichloria (Midi-Hmar-IT, Midi-Hmar-ES, Midi-Hmar-IS) with >95% estimated
completeness from each isolate. We detected the presence of the pathogen Rickettsia aeschlimannii in
Hmar-IT and Hmar-IS, and we were able to obtain a complete genome (RAES-Hmar-IT), with a 94%
estimated completeness, and a partial genome for a second one (RAES-Hmar-IL ).
The data about the assembled genomes are in Table 2.
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Genome Isolate
Origi
n

Genome
size (bp)

Cont
igs
num
ber N50 L50

Complete
ness (%)

GC
conte
nt (%) Genes

Pseudo
genes

Coding
density (%)

Francisella
Endosymbiont of H.
marginatum

FLE-Hmar-
ES Spain 1509603 13 254696 3 0,9905 31,1 1732 618 56

Francisella
Endosymbiont of H.
marginatum

FLE-Hmar-
IT Italy 1509840 11 382079 2 0,9905 31,1 1725 336 60

Francisella
Endosymbiont of H.
marginatum

FLE-Hmar-
IS Israel 1536710 25 106485 5 0,9905 31,22 1762 821 53

Midichloria of H.
marginatum

Midi-Hmar-
ES Spain 1161684 137 19210 20 0,981 35,02 1272 164 74

Midichloria of H.
marginatum

Midi-Hmar-
IT Italy 1116804 272 9983 32 0,9524 35,25 1234 158 71

Midichloria of H.
marginatum

Midi-Hmar-
IS Israel 1144281 123 12627 30 0,981 35,03 1243 198 70

Rickettsia
aeschlimannii of H.
marginatum

RAES-Hma
r-IT Italy 1344438 71 67640 4 0,9429 32,28 1592 446 70

Table 2: Genomics data of the genomes obtained in this study

Genome Isolate Origin Accession Reference Genome size
(bp)

Contigs
number

GC
conten
t (%)

Francisella
Endosymbiont of
Ornithodoros
moubata

FLE-Om Czechia(Lab
colony)

LVCE00000000 (Gerhart et al,
2018) 1564190 8 31,7

Midichloria
mitochondrii IricVA Italy CP002130.1 Sassera et al.,

2011 1183732 1 36,55

Rickettsia
aeschlimannii RAES France GCA_001051325.1 - 1312196 16 32,1

Table 3: Reference genomes used in this study.

3.4.1.1 Francisella Endosymbionts
The three FE genomes are similar in size, (1.51–1.536 Mb), protein coding genes (937–961 genes),
degree of pseudogenisation (789–798 pseudogenes), GC content (31.11–31.23%), and absence of
prophages.
For the phylogenomic analysis of the FEs we obtained 436 SCOs, which we used to generate the
concatenated alignment. In the resulting tree (Figure 9) the novel FEs cluster all together, in a close
relationship with other tick FEs, in particular the symbionts of Hyalomma asiaticum, and are more distant
from FEs of other genera of ticks, such as Amblyomma, Argas or Ornithodoros.
The FE clade is embedded in the Francisella genus and shares a common origin with pathogenic species,
including the tularemia agent, F. tularensis, and an opportunistic human pathogen, F. opportunistica.
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The FLE-Hmar genomes are similar in genome structure, with an almost preserved synteny, and overall
content, apart from a 127,168 bp inversion in FLE-Hmar-ES and a 4165 bp inversion in FLE-Hmar-IL
(Figure 10). Compared to other FE genomes (i.e., FLEOm and FLEAm), they are slightly reduced in size
and exhibit substantial rearrangements (Figure 2B).
Based on gene orthologs, the core-genome of all FEs shares 743 genes, while the core genome of the FE
of H. marginatum contains 796 genes because the FLE-Hmar genomes share 53 genes that are not present
in other FE genomes. Interestingly, pseudogenes are highly abundant in the three genomes of FEs of H.
marginatum, compared with other FE genomes, and most functional categories are impacted by this
advanced pseudogenisation process. Most of the genes associated with virulence in pathogenic
Francisella species, including the Francisella pathogenicity island (FPI) and type VI Secretion System,
are pseudogenised or completely missing in FLE-Hmar genomes, consistent with previous observations in
other FEs. Furthermore, FLE-Hmar genomes contain fewer genes involved in replication, recombination,
and repair than any other FEs analysed (Figure 11). The nucleotide excision repair system (uvrABCD) in
FLE-Hmar genomes is conserved; however, the DNA mismatch repair system (mutSL) is fully
pseudogenised. In other FEs, these systems are conserved, with the exception of the mutSL system in the
FE of Ornithodoros moubata and H. asiaticum genomes (Figure 16).

Figure 9: Phylogenomic tree of the Francisella genus, including FEs. The three coloured leaves are the
FEs of this study.
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Figure 10: Genome alignments of the FEs. The three coloured samples are the one of this study.

Figure 11: Heatmap with COGs identified in each genome. The presence is represented as the percentage
of the highest number present in the sample for each column, with black being the highest value.

Figure 12: Shared COGs in the Francisella endosymbiont genomes. In the UpSet the bars represent the
COGs in common between each set, the dot matrix represents the sets of intersections considered for each
bar.

38



This loss could explain the slightly smaller genomes of FEs of this study, with a higher number of
pseudogenes.

3.4.1.2 Midichloria
The three Midichloria genomes Midi-Hmar-ES, Midi-Hmar-IT, and Midi-Hmar-IL, were assembled in
179, 359, and 123 contigs, respectively. The genomes size are between 1.13–1.16 Mb, with GC content of
35.03– 35.23%, 1032–1071 protein coding genes, 190–192 pseudogenes, no prophages, 10 insertion
sequences. These characteristics make them consistent between them and to the reference from I. ricinus.
Their average coding density (76%) is higher than the FEs of H. marginatum (54%) and to the other FEs
(57%-69%).
In total 242 SCOs are conserved between Midichloria and the other Rickettsiales sequences used in the
dataset, and in the consequent phylogenetic tree (Figure 13) Midi-Hmar cluster in a highly supported
monophyletic group, sister to the reference Midichloria strain IricVA (IricVA hereafter) .
The comparison of genome structure was not possible due to the fragmentation of the genomes. Based on
gene orthologs, the pan-genome of Midichloria shared 745 genes, and Midi-Hmar genomes shared 181
genes that are not present in IricVA, showing a strong similarity between the Midi-Hmar genomes.
Pseudogenisation only impacted a few functional categories and genes of the mobilome, across
Midi-Hmar genomes.

Figure 13: Phylogenomic tree of Midichloria, including as outgroup other Rickettsiales. The three
coloured leaves are the Midichloria of this study.

Figure 14: Heatmap with COGs identified in each genomes. The presence is represented as the
percentage of the highest number present in the sample for each column, with black being the highest
value.
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Figure 15: Single copy orthologs in the Midichloria genomes. In the UpSet the bars represent the COGs
in common between each set, the dot matrix represents the sets of intersections considered for each bar.

FIGURE 16: Repair systems in the genomes of the studied.

3.4.1.3 Rickettsia aeschlimannii
The recovered genome RAES-Hmar-IT of Rickettsia aeschlimannii is 1.35 Mb long, with 1122 genes,
472 pseudogenes and a GC content of 32%, and for RAES-Hmar-IL we were able to retrieve only 0.215
Mb.

The only sample from which we recovered the full genome of R. aeschlimannii was a full tick, while the
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other two were ovaries. This could indicate that the main population of this Rickettsia is located in other
organs, with only low density - if any - in the ovaries. The putative absence from the ovaries, together
with the low abundance, and its phylogenetic positioning in the spotted fever Rickettsia group, suggest
that R. aeschlimannii could be a tick-borne pathogen, rather than a nutritional symbiont.

3.4.2 Biosynthetic pathways
While all previously sequenced FE genomes contain complete pathways for biotin, riboflavin, and folic
acid, the FLE-Hmar genomes only retain part of them. The pathways for riboflavin and folate are fully
conserved, but not that of biotin: out of 6 genes, the same 4 contain frameshifts in all FLE-Hmar, so are
deemed pseudogenes, and one, bioA, is fully absent.
While bioA, bioD, bioC, and bioF contain multiple indels or mutations (introducing premature stop
codon, or missing start codon), bioB shows a low level of pseudogenisation with a unique indel
Specifically, a stop codon results from a reading frame shift due to the insertion of one adenine base on a
poly(A) zone. Since infidelity at poly(A) tracks can rescue pseudogenes in endosymbionts (Tamas, 2008),
the bioB gene could be thus functional, but leaving the pathway incomplete anyway.
Concerning the other B vitamin pathways, all FE genomes have no genes for the biosynthesis of B1, and
only partial pathways for B3, B5, B6.

Figure 17: Complemented biosynthetic pathways (Biotin, Riboflavin and Folic Acid)

Figure 18: Other partial or absent biosynthetic pathways for B vitamins (B2, B3, B6,B1)
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Figure 19: Haem biosynthesis pathway

The B-vitamin pathways in Midi-Hmar genomes are similar to those of M. mitochondrii. A complete
pathway of biotin was consistently recovered in Midichloria genomes (Figure 17). For folate, five of the
six biosynthesis genes (folE, folB, folKP, folC, and folD) were present but the sixth gene, folA (encoding
for a dihydrofolate reductase), was not. However, we detected an alternative dihydrofolate reductase gene,
folM (also known as ydgB), that was shown in other bacteria to provide the same metabolic function as
folA (Giladi, 2003) suggesting that the folate pathway is functional in Midi-Hmar genomes. Only partial
pathways were detected for riboflavin and pantothenic acid with three and four missing genes,
respectively.

No B vitamin pathway seems complete in the RAES-Hmar genome. In the RAES-Hmar-IT genome,
partial pathways of biotin and folate were detected with three missing genes each (Figure 17). For
pantothenic acid, only one of the five biosynthesis genes is present (Figure 18). No genes for other B
vitamin pathways were found in the RAES-Hmar-IT genome. So, we assume that RAES-Hmar is not
providing B-vitamin to its host.

We further searched for B vitamin genes of other origins than FLE, Midichloria, and Rickettsia genomes
in tick metagenomes. In the Hmar-ES and Hmar-IL metagenomes (obtained from ovary samples), we
found no significant hits, indicating that neither an additional B vitamin provisioning microorganism was
present, nor did the tick genome itself encode B vitamin pathways. In the Hmar-IT metagenome (obtained
from a whole tick), we found four biotin genes (bioA, bioD, bioF, and bioB) in low abundance contigs of
Staphylococcus bacteria. Previous studies reported the presence of Staphylococcus, a common
skin-associated bacteria, on tick exoskeletons and midguts and hypothesised this to be due to
contamination, or acquisition during feeding (Greay, 2018).

Ticks differ from other eukaryotes in that they lack most of the genes encoding proteins required to
produce and degrade haem (Gulia-Nuss, 2016; Jia, 2020). We thus searched for relevant pathways in the
symbiont genomes and found that the FLE-Hmar and Midi-Hmar genomes contain genes involved in
haem and iron homeostasis. The haem biosynthetic pathway was consistently detected, as well as a gene
encoding haem oxygenase that catalyses the degradation of haem and the subsequent release of iron
(Figure 19). In these genomes, we detected similar genetic patterns as those observed in the other FEs and
Midichloria genomes. However, the haem pathway is partially degraded in FLE-Hmar genomes since
their hemN gene is pseudogenised, a pattern not observed in other FE genomes, suggesting an early stage
of degradation for the haem pathway. This gene is present and not pseudogenised in the Midi-Hmar
genomes (Figure 19), suggesting these symbionts may compensate for the FEs haem pathway. The three
other genes, hemL, hemY, and hemG as expected were not found in Midichloria genomes, as they follow
the Shemin’s pathway as other alphaproteobacteria.
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3.5 Discussion
In this study, we show that the tick H. marginatum is a complex symbiotic system, combining genes of
diverse phylogenetic origins to generate nutritional adaptations to obligate hematophagy. This tick
harbours a microbiome functionally analogous to those observed in other tick species, dominated by
intracellular bacterial symbionts producing the core set of B vitamins (biotin, riboflavin, and folate),
essential for tick growth and survival. However, in other tick species, production of all three core B
vitamins is performed by a single nutritional symbiont. Instead, H. marginatum harbours two bacterial
partners whose core B vitamins biosynthetic capacities depend on a combination of genes. This
multi-partner nutritional symbiosis is stably maintained at least at the tick species level, as supported by
our founding of genetically similar FE and Midichloria present in H. marginatum populations from
geographically distant regions. Up to now, a similar situation of interlocking biosynthetic pathways has
never been described in ticks, but it could be an explanation for the presence of coinfections in some tick
species.

Genome reconstructions suggest the key role of symbionts in H. marginatum nutrition, but contrary to
other tick species, no single symbiont has the genomic potential to compensate for all nutritional needs.
The FLE-Hmar genomes contain the genes to synthesise folate and riboflavin, but its biotin synthesis
pathway is degraded, and thus non-functional. Genome reduction is a common trait in all FEs, but this
process has extended in the FEs of H. marginatum, with an additional loss of genes in most COG
functional categories. This process could have been triggered by the pseudogenisation of the mismatch
repair system (mutSL), leaving the FEs of H. marginatum with only one DNA repair system, nucleotide
excision repair (uvrABCD). Absence of the mutSL system, coupled with strict clonality and a small
population size during transovarial transmission, have probably led the FLE- Hmar genomes to
accumulate deleterious mutations, that resulted in maladaptation, and ultimately limited their beneficial
contributions to ticks.

In the context of FE genome degradation, co-infection with Midichloria prevents the breakdown and
collapse of nutritional symbiosis in H. marginatum; that is, the Midichloria genome contains an intact
biotin biosynthesis operon, and thus compensates for genome decay of FLE. Inversely, Midichloria has
only partial pathways for riboflavin and folate and hence cannot meet the nutritional needs of H.
marginatum for these B vitamins. Consequently, the co-infection of FE with Midichloria forms a
cooperative system essential for the nutritional symbiosis in H. marginatum. In addition, complementary
haem synthesis genes are present in the FEs and Midichloria genomes, and these symbionts may be an
additional source of haem, perhaps conferring a fitness advantage to H. marginatum during periods of
starvation. In animals, haem is essential for the function of all aerobic cells, playing an important role in
controlling protein synthesis and cell differentiation. Complete biosynthetic haem gene pathways exist in
most animals, but not in ticks that need an exogenous source of haem (Gulia-Nuss, 2016; Jia, 2020).
Vertebrate blood is usually considered to be their unique source for this essential cofactor (Perner, 2016),
however ticks spend most of their life off host, and thus the presence of haem genes in FE and
Midichloria genomes may also indicate a beneficial symbiont provisioning of haem in H. marginatum.

The co-localisation of FE and Midichloria in tick ovaries suggests that vertical transmission has led to
their stable co-inheritance through tick generations, linking their evolutionary fate. This co-transmission
fidelity creates the conditions under which cooperative interactions can emerge. The stable coexistence of
FE and Midichloria genomes makes various genes redundant, as we observed for B vitamin and haem
synthesis pathways. FE is more abundant than Midichloria, which can be suggestive of some form of
competition, and can be the effect of a host control on their numbers, as the tick can provide limited
resources (nutrients, and physical space) for the bacterial symbionts. But the covariance of FE and
Midichloria densities in ticks is positive, indicating at least that the two symbionts are not in a direct and
strict competition. The asymmetrical abundance of the symbionts could imply that lower abundance of
Midichloria are enough to bridge the biotin requirements, as the host could require a lesser quantity than
riboflavin and folate, or a different efficiency of Midichloria biotin biosynthesis.

While the nutritional association of FEs with Hyalomma species has persisted for millions of years (Azagi
et al, 2017), the nutritional role of Midichloria seems more recent in this tick genus. Co-infection with
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Midichloria was reported in at least nine Hyalomma species, but in most species, such as H. excavatum
and H. impeltatum (Azagi et al, 2017; Selmi, 2019), Midichloria is present at much lower frequencies
than would be expected for an obligate nutritional mutualist, suggesting that it is instead a facultative (i.e.,
not essential for the tick) association. Interestingly, the Hyalomma species apparently devoid of
Midichloria, H. asiaticum, harbours a FE with intact biotin, folate, and riboflavin synthesis pathways
(Buysse, 2021). In H. marginatum, the decay of the FE genome may have been accelerated by the
presence of Midichloria and the redundancy of biotin biosynthesis, a process also reported in sap-feeding
insects (Husnik & McCutcheon, 2016; Manzano-Marı́n et al, 2020). While it is clear that two events have
led to the current status (loss of biotin genes and acquisition of Midichloria), the order by which these
happened is unclear. Midichloria could have rescued a decaying symbiosis, or could have led, with its
entrance in the system, to relaxation of selective constraints on FEs.
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IV Correlating population structure with
symbiont presence in Ixodes frontalis
This is an ongoing project, not yet publishe.

4.1 Introduction
Ixodes frontalis is an understudied ornithophilic tick species, present in a vast area, namely widespread in
Europe, western Asia and northern Africa, but more frequent in warmer regions (Hoogstraal et al, 1963;
Keve et al, 2022).

I. frontalis is associated with many common birds in Europe: it mainly parasitises blackbirds (Turdus
merula), but it has been reported also on many other birds species, such long-eared owl (Asio otus),
common buzzard (Buteo buteo), booted eagle (Hieraaetus pennatus), blackcap (Sylvia atricapilla),
redwing (Turdus iliacus), reed bunting (Emberiza schoeniclus), large tomtit (Parus major), greenfinch
(Carduelis chloris), whitethroat (Sylvia communis), robin (Erithacus rubecula), and song thrush (Turdus
philomelos) (Hornok et al, 2016; Santos-Silva et al, 2006, 2011; Schorn et al, 2011).
Some of these birds (Turdus merula and Erithacus rubecula) are commonly found in urban areas, and can
pose a risk of tick transfer to humans and pets in populated areas (Sándor et al, 2014).

Different screenings in Europe have reported the presence of I. frontalis in various areas, including
peri-urban parks (Drehmann et al, 2019). However, I. frontalis was often found in small numbers, usually
directly on birds (Estrada-Peña et al, 2017). Numbers are especially low when compared to other more
common ticks, in particular Ixodes ricinus. As I. frontalis has a different phenology from I. ricinus, its
numbers are possibly underestimated: with a presence peak in autumn between October-November, and
almost no activity in summer, sampling not directed specifically at I. frontalis may risk to retrieve very
few individuals (Agoulon et al, 2019). Sampling on vegetation has recently been reported to be an
efficient way to obtain I. frontalis individuals, as many of the birds parasitised by this tick species feed
from the ground level, in both open and forested habitats (Keve et al, 2022) (Gillingham et al, 2020; Kahl
et al, 2019). A specifically good location to sample I. frontalis is under bamboo bushes, where the
highest numbers of this species have been reported (Plantard et al, 2021).

I. frontalis is implicated in the transmission of bird pathogens, such as the avian tick-related syndrome
(TRS) (Monks et al, 2006), but its direct pathogenicity potential to humans is generally considered very
limited, as I. frontalis is specialised on feeding on birds, with extremely rare occurrence of reports of
bitten humans (Cull et al, 2018). I. frontalis is host of the Chizé virus, that is capable of infecting mice in
laboratory conditions, but is of unclear pathogenicity (Chastel et al, 1999), and hosts and transmits to
birds various bacterial pathogens, including: “Candidatus Neoehrlichia mikurensis” (Movila et al, 2013),
Anaplasma phagocytophilum (Jahfari et al, 2014) and Borrelia burgdorferi sensu lato (Heylen et al,
2017). Considering that I. frontalis occupies a very wide area, infesting many different bird species, and is
often transported on long distances by migratory birds (Hoogstraal et al, 1963), it could be an agent of
horizontal transfer of pathogens, for example through co-feeding, as it shares the environment and hosts
with other ticks with direct human pathogenic potential, such as I. ricinus (Agoulon et al, 2019). The risks
of pathogen transmission must be monitored also because they could increase, including even in northern
Europe, due to climate warming, with an increase of the area exposed to tick dispersal by migratory birds
(Estrada-Peña et al, 2017).

Hornok and colleagues recently showed that there are two genetic lineages Ixodes frontalis, that present
no morphological differences, defined as Haplotype A and B, based on the divergence between the
sequences of cytochrome oxidase subunit I (COI) (Hornok et al, 2016). The mean COI gene sequence
difference between the two haplotypes is 9%, a value that exceeds the 6,1% threshold normally used to
define species boundaries in ticks (Lv et al, 2014).
A subsequent study performed in Hungary observed (Reynolds et al, 2022) that the two lineages were
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present in one single sampling place, but with different prevalence, as haplotype A was more common.
The COI sequence variability inside the haplotype A was limited, with one predominant internal
haplotype. The haplotype B had the opposite situation, with less individuals, but contained more different
internal haplotypes. These different patterns were hypothesised to indicate that the haplotype A could be
the local population in Central Europe, and haplotype B could be composed only of ticks introduced
through migratory birds.

Bacterial symbionts have been shown to be fundamental for ticks populations (see previous chapters).
The currently available screening of symbionts present in I. frontalis (Duron et al, 2017) found the
presence of Rickettsia, Spiroplasma and Midichloria, but the sample used was very limited (5 individuals)
so a more targeted screening could give a more realistic picture of the situation.

4.2 Aim
The aim of the work presented in this chapter is to add more data on the presence of the understudied tick
I. frontalis in France and Italy. We investigate the prevalence of the two haplotypes, and characterise the
population of symbiotic bacteria in the tick species, looking for differences in the presence of symbionts
between the two genetic lineages of the tick.

4.3 Methods

4.3.1 Sampling
Tick sampling was conducted between November 2017 and October 2022, in different localities
characterised by the presence of bamboo bushes in France and northern Italy. Six sampling locations were
near Nantes (Parc de la Chantrerie, Parc Floral de la Beaujoire, La Hérinière, Grand Blottereau, Jardin des
Plantes Rezé, Orvault Provotiere), one in Angers, two in Paris (Parc Floral de Vincennes, and Jardin de
Plantes), and one sampling location was in Lombardia, Italy (Parco della Sora). All field samples were
collected using the flagging technique, sweeping between bamboo stems. 10 other ticks were collected
from live birds in France, 7 at Le Loroux Bottereaux (Passer domesticus), 1 at Treillières (Turdus
philomelos), 1 at Sucé sur Erdre (Turdus merula), and 1 at Vigneux de Bretagne (Columba palumbus).
Collected ticks were morphologically identified following the keys previously reported (Agoulon et al.,
2019; Pfäffle et al., 2017). Ticks were then preserved in ethanol (70%) at 4°C.

4.3.2 DNA extraction
DNA was extracted using the NucleoSpin Plant II (Macherey-Nagel GmbH and co. KG, Düren,
Germany), following the manufacturer’s protocol, optimised for ticks. The extracted DNA was stored at
-20°C until use.

4.3.3 PCR and sequencing

To confirm the morphological identification of ticks, a previously published PCR protocol was performed
for the mitochondrial COI gene (Hornok et al, 2016). Briefly, a fragment of 710 bp was amplified with
the universal primers HCO2198 (5′-TAA ACT TCA GGG TGA CCA AAA AAT CA-3′) and LCO1490
(5′-GGT CAA CAA ATC ATA AAG ATA TTG G-3′). The amplification protocol was the following: an
initial denaturation step at 95 °C for 5 min was followed by 40 cycles of denaturation at 94 °C for 40 s,
annealing at 48 °C for 1 min, and extension at 72 °C for 1 min. Final extension was performed at 72 °C
for 10 min.
The DNA was subjected to Sanger sequencing at Eurofins genomics.

4.3.4 Phylogenetics
The sequences of COI genes were aligned with muscle (Edgar, 2004), and the alignment was used to infer
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a tree withIQ-TREE 2.2.0.3 (Nguyen et al, 2015), with 1000 ultrafast bootstraps (Minh, Nguyen, and von
Haeseler 2013) and 1000 SH-aLRT replicates, using the model inferred by IQ-TREE (HKY+F).

4.3.5 16S Amplicon metagenomics
A subset of nine samples were selected for a 16S metagenomic analysis.
For the procedure the V3-V4 region of 16S rDNA was amplified using the universal primers for
prokaryotes (including the 5’ adapters for sequencing): Pro341F (5’-AAT GAT ACG GCG ACC ACC
GAG ATC TAC ACT CTT TCC CTA CAC GAC GCT CTT CCG ATC TCC TAC GGG AGG CAG
CAG CCT ACG GGN BGC ASC AG-3’) and Pro805R (5’-CAA GCA GAA GAC GGC ATA CGA GAT
NNN NNN GTG ACT GGA GTT CAG ACG TGT GCT CTT CCG ATC TGA CTA CNV GGG TAT
CTA ATC C-3’).

For the PCR reaction, 3μL of DNA was amplified in a total volume of 40 μL, containing the following
reagents: 24,74 μL of distilled water, 4 μL of Ex Taq Buffer 10X (20 mM Tris HCl - pH 8.0, 100mM KCl,
0.1 mM EDTA, 1 mM DTT, 0.5% Tween 20, 0.5% NP-40, 50% Glycerol, 20 mM Mg2+ ), 4 μL of dNTP
(2.5 mM each of dATP, dTTP, dGTP and dCTP), 2 μL of each primer (0,5mM), 0.26 μLof TaKaRa Ex
Taq polymerase (Takara Bio, Japan).

The PCR reaction conditions for amplification of DNA were as follows: initial denaturation at 95°C for 3
min, followed by 30 cycles of denaturation at 95° for 30 sec, annealing at 55°C for 30 sec, and extension
at 72°C for 30 sec. Final extension was performed at 72 °C for 5 minutes.

The PCR products were sent to MBR Genetics (Italy) for sequencing, and I analysed the sequences
through the R package DADA2 (1.26.0), using the Silva 16S sequence database SSU 138.1.

4.4 Results
4.4.1 Tick samples and lineage identification

233 specimens of different instars were collected from vegetation in different locations. Ten other ticks
were collected from live birds in France, seven at Le Loroux Bottereaux (Passer domesticus), one at
Treillières (Turdus philomelos), one at Sucé sur Erdre (Turdus merula), and one at Vigneux de Bretagne
(Columba palumbus).
2022 ticks were collected in France, 47 ticks were collected in Italy. 165 were larvae, 53 nymphs and 15
adults.

All the collected specimens were morphologically identified as I. frontalis, and thus COI PCRs were
performed to assess the ticks’ genetic lineage. The results indicate that the majority of ticks belong to the
lineage A: overall, 165 ticks (70%) belong to the lineage A (Hu-A), and 68 specimens (30%) are of the
lineage B (Hu-B). The full results are in Table 4.

Most of the ticks sampled in France were of the lineage A, with a minority of lineage B, and that situation
holds true for most sampling locations in France,with the opposite situation was found for the Italian
sampling site and Rezè in France.
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Location Haplotype A Haplotype B Total

Angers_(FR) 17 4 21

Beaujoire_(FR) 19 4 23

Chantrerie_(FR) 18 1 19

Grand Blottereau_(FR) 36 4 40

Jardin des Plantes
(Paris-FR)

17 3 20

La_Hérinière_(FR) 14 0 14

Orvault Provotiere_(FR) 5 0 5

Rezé_(FR) 5 15 20

Sora_PV 13 33 46

Vincennes (Parc
Floral)_(FR)

12 3 15

Sampled from birds (FR) 9 1 10

Total 165 68 233

Table 4: Haplotypes of the I. frontalis samples in the different sampling locations

4.4.2 Phylogenetics
We used the COI sequence data from 82 individuals to obtain a ML tree (Figure 23). The branch lengths
inside the lineage B are on average longer than the branches on lineage A, confirming the higher sequence
variability within this lineage observed previously (Reynolds et al, 2022). This result is compatible with
the scenario of multiple importation of ticks of lineage B from locations through bird migration.

4.4.3 Symbionts screening

Concerning the screening for the detection of symbionts, the results indicate that the frequencies of
Midichloria and Spiroplasma are quite similar in the analysed I. frontalis populations (18% and 19%
respectively).
Results of the frequencies in Nantes (Figure 20): La Herinière (36% of ticks carries S. ixodetis, while
none resulted positive for Midichloria), Parc de la Chantrerie (11% of samples carries Midichloria, 21%
carries S. ixodetis, while 5% carries both symbionts), Orvault Provotiere (80% of samples carries
Midichloria, while the 20% carries S. ixodetis), Beaujoire (21% of samples carries Midichloria, 25%
carries S. ixodetis) and Grand Blottereau (22,2% of ticks carries Midichloria, 2,5% carries S. ixodetis,
while 2,5% carries both symbionts), all the ticks from Rezè are devoid of any known symbionts.
As regards to the other sites in France and Italy(Figure 21): Angers (41,6% of samples carries
Midichloria, 12,5% carries S. ixodetis, while 4,3% carries both symbionts), Jardin de Plantes (5% of ticks
carries Midichloria, 20% carries S. ixodetis, while 5% carries both symbionts), Parc Floral (7% of
samples carries Midichloria, 13% carries S. ixodetis, while 7% carries both symbionts); Sora (9% of ticks
carries Midichloria, and 38% carries S. ixodetis).
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Figure 20. Pie-charts for the lineages’ prevalences for the six sampling sites in Nantes. Light green
indicates the lineage A, light blue indicates the lineage B.

Figure 21. Pie-charts of the two genetic lineages' prevalences for the other sampling sites in Italy and in
France. Light green indicates the A lineage, light blue indicates the B lineage.
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Concerning the Rickettsia screening, all the tested samples resulted negative to the presence of this
bacterium.
A high number of screened ticks resulted negative for all tested symbionts, the percentages are listed
below, divided per locations: Parc de la Chantrerie (63%), Parc Floral de la Beaujoire (54%), La Hérinière
(64%), Grand Blottereau (72,5%), Jardin des Plantes Rezé (100%), Angers (41,6%), Parc Floral de
Vincennes (73%) and Jardin de Plantes and Sora (53%).

Lineage Null S+M Midichloria S. ixodetis Total

A 92 (55.7%) 13 (7.8%) 36 (15.4%) 24 (14.5%) 165

B 54 (77.9%) 0 1(1,5%) 14(20.6%) 68

233

Table 5: all individuals screened in this work, positives for Midichloria or S. ixodetis include samples that
were only positive for that bacteria, and not samples positive for both (S+M)

4.4.5 16S metagenomics

In order to investigate why a high portion of the samples resulted negative to the PCR screening for the
presence of symbionts, a subset of nine samples were selected for a 16S metagenomic analysis. We
analysed one sample positive for both symbionts (VIN1), one sample carrying only Midichloria (OP3),
one carrying only S. ixodetis (AN3), six samples that were PCR-negative for the three bacterial symbionts
tested, and  a negative control (NS) was added (Figure 22).

Figure 22: taxa composition of the 16 amplicon metagenomics sample. The negative sample (NS)
has a teal coloured square.

The analysis confirmed the presence of Midichloria and Spiroplasma in the first three samples, while no
other known symbiont was detected in the others. Pathogenic bacteria belonging to the genera Borrelia
and Ehrlichia were also detected in two ticks (OP3 and SORA3). The other genera detected are known
environmental bacteria that are commonly found in 16S amplicon metagenomics, and probably represent
environmental contaminants. The samples that were negative for the presence of symbionts present a
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bacterial community similar to that of the negative control, with the differences ascribable to
environmental bacteria (i.e. Massilia taxon in SORA5). As the samples were composed mostly from
nymphs, it is possible that DNA was present at low quantity, not enough to be amplified by the PCR, and
that could have happened to all PCR samples negative for the presence of any symbionts.

Figure 23: phylogenetic tree of COI sequences. In blue Lineage A, in red Lineage B.
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Figure 24: phylogenetic tree of COI sequences including only I. frontalis adults, with the screened
symbionts. In light blue Lineage A, in light red Lineage B. In green are indicated positive samples, in red
negative and in grey samples that were not tested.

4.5 Discussion

In this work we investigated the bacterial symbionts in the ornithophilic hard tick I. frontalis, and tried to
correlate their presence with the genetic structure of this tick, divided in two lineages.

We observed a different presence of the two lineages of I. frontalis in the sampling sites in France and
Italy. Lineage A was the majority of sampled ticks in (Reynolds et al, 2022) and it was proposed that in
Hungary the lineage A was the local population, and lineage B arrived mostly through migratory birds.
Considering our data, we can propose that the two different lineages represent an allopatric separation
between the two lineages, with one more common in Central/Western Europe (Haplotype A), and one
more common in southern countries (Haplotype B), possibly due to geographical barriers such as the
Alps. Phylogenetic analysis confirmed the higher variability within lineage B, and slightly more
variability for the lineage A samples from Italy. An explanation for the presence of a majority of lineage
B also in a French site could be a low presence of “local” ticks, possibly for some preference of migratory
birds for that location.
Analysing these data in conjunction with the available information on tick migratory routes could provide
additional clues on the population structure of I. frontalis.

We screened all the collected individuals for S. ixodetis, Midichloria and Rickettsia, detecting a low
overall prevalence of symbionts. To evaluate whether this was due to PCR issues (e.g. primer specificity)
or to the presence of other symbionts, we performed 16S metabarcoding on a subset of samples. This
screening confirmed the results of the PCRs, suggesting that the high number of negative samples could
be due to insufficient amounts of DNA. Indeed symbiont prevalence in adults was much higher. We know
that the Midichloria population in I. ricinus blooms after blood-meal (Sassera et al, 2008), thus it is
possible that our I. frontalis negative samples had a long time since the last blood-meal before being
collected, with a low bacterial load, sufficient for expanding again at the next blood-meal, but not enough
to be identified.
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Considering the high number of sampled nymphs for which we could not identify the presence of
bacterial symbionts, further attempts to screen the I. frontalis for symbionts should focus on adults, or on
sampling ticks directly from the birds.

Among tick mutualists, we found both Spiroplasma ixodetis and Midichloria in I. frontalis. We did not
find any sample positive for Rickettsia endosymbiont, differently from what previously reported (Duron
et al, 2017). It is possible that the presence of Rickettsia in I. frontalis is dependent on the sample origin,
as with other Rickettsia symbionts and pathogens in ticks (Niebylski et al, 1997). Considering the results
from the 16S amplicon metabarcoding, we exclude the presence of symbionts other than S. ixodetis and
Midichloria in I. frontalis. In lineage A, taking into consideration samples that were positive for one
symbiont, we had a similar prevalence for S. ixodetis and Midichloria. Instead, for the lineage B only one
sample was positive for Midichloria out of 68, but we were not able to detect any symbionts for most of
them. Taking into account only the data from adults, from which we were able to detect a symbiont in 13
over 15 samples, we have a high prevalence of S. ixodetis (12 samples), and a close value for Midichloria
(9 samples).

For this ongoing project, in the future we aim to first expand the number of adults sampled, to have a
more fitting and solid idea of the composition of the symbiont population in I. frontalis, seeing if the
sampled larvae and nymphs that presented a symbiont were representative of the population, or if was
present some bias (e.g. if one the two symbionts is difficult to detect in non adult stages). Also, we aim to
detect which pathogens are present in the ticks, if their presence is similar in the different sampling sites,
or if geography plays a role into the population of pathogens in I. frontalis. Also, we want to see if there is
a relation between the presence of one the two mutualists and the pathogenic bacteria, such as exclusion
pattern or a positive correlation.
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V Deep evolution of Rickettsiales:
independent development of host association
and intracellularity
Currently available on pre-print as: Michele Castelli, Tiago Nardi, Leandro Gammuto, Greta Bellinzona,
Elena Sabaneyeva, Alexey Potekhin, Valentina Serra, Giulio Petroni, Davide Sassera
Host association and intracellularity evolved multiple times independently in the Rickettsiales
bioRxiv 2022.10.13.511287; doi: https://doi.org/10.1101/2022.10.13.511287
Supplementary material available at https://www.biorxiv.org/content/10.1101/2022.10.13.511287v1

The previous three chapters are focused on specific relationships of single lineages of mutualistic
bacteria with tick hosts, by identification and comparative evolutionary analyses of the bacteria. In this
case, the focus of the project will be from an enlarged evolutionary perspective, namely starting from the
whole variability available among Rickettsiales. This bacterial order was initially defined as composed of
tick - and other vector- borne pathogens, but the views have changed by the progressive discovery of new
members of the taxon, associated with a wide range of eukaryotes with variegated interactions. A better
understanding of the evolution of the whole Rickettsiales will provide insights on the evolution of the
tick-associated lifestyle in many representatives, including vertebrate pathogens (e.g. Rickettsia spp, Chap
1.1), and mutualists (Midichloria spp. Chap. 1.3.2).

5.1 Introduction

Rickettsiales are an early diverging (Muñoz-Gómez et al, 2019) and ancient (Wang & Luo, 2021)
alphaproteobacterial order. All the experimentally characterised members of this group engage in obligate
associations with eukaryotic host cells (Salje, 2021). The most long-term and thoroughly studied
Rickettsiales include vector-borne pathogens, e.g. Rickettsia and Anaplasma, causing various diseases in
humans and vertebrates (Walker & Ismail, 2008; Rikihisa, 2010; Renvoisé et al, 2011), as well as
Wolbachia, that can establish complex interactions with arthropod and nematode hosts (Werren et al,
2008), chiefly reproductive manipulation and mutualism.
In recent years, our knowledge and understanding of the origin, evolution and diversification of
Rickettsiales have been remarkably improved. We can identify in particular three main advances. The first
is the finding of a plethora of novel lineages (over 30 total genera described, grouped into seven families
(Castelli et al, 2019; Montagna et al, 2013; Schön et al, 2022; Dumler et al, 2015), living in association
with a wide variety of hosts (Carrier et al, 2021; Davison et al, 2022; Gruber-Vodicka et al, 2019). Most
of those hosts are diverse aquatic unicellular eukaryotes (e.g. ciliates, amoebae, algae) (Yurchenko et al,
2018; George et al, 2020; Hess, 2017; Castelli et al, 2021; Muñoz-Gómez et al, 2019; Giannotti et al,
2022; Schulz et al, 2016), which have been deemed as probable ancestral hosts (Vannini et al, 2005;
Wang & Luo, 2021; Weinert et al, 2009), even though these associations are still poorly investigated.

Second, “Candidatus Deianiraea vastatrix” (from now on, Candidatus will be omitted from taxonomic
names, e.g. Deianiraea vastatrix), a fully extracellular Rickettsiales bacterium equipped with an
unexpectedly large biosynthetic repertoire for amino acids, was discovered (Castelli et al, 2019), opening
a new perspective on the evolution of Rickettsiales. While previous views implied that obligate
intracellular association dated back to the last common ancestor of the order (“intracellularity early”
hypothesis), this discovery opened a novel alternative scenario. Accordingly, obligate intracellularity
could have evolved later and multiple times independently in different sublineages (“intracellularity late”
hypothesis), together with a stronger dependence on host cells.

Third, metagenome binning recently allowed the discovery of further Rickettsiales sublineages, in
particular two early-diverging families (Schön et al, 2022). Their genetic repertoire (including nutrient
uptake, detoxification, and multiple biosynthetic pathways) led the authors to hypothesise that these
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bacteria could be free-living, implying that adaptation to the interaction with host cells would have
occurred in more “derived” Rickettsiales lineages.

However, many open points still exist on the origin and evolution of the interaction between Rickettsiales
and their hosts, in particular for what concerns the process(es) of transition between facultative/obligate
association and between extracellular/intracellular condition, and whether those were “early” or “late”
phenomena. In order to address such salient questions, in this study we collected an unprecedentedly large
and representative genomic dataset of Rickettsiales, thanks to de novo sequencing and selection of
metagenomic sequences, thus identifying three novel families and remarkably extending the available
diversity within previously known lineages. This allowed us to get a view on the diversity and evolution
of host adaptation among Rickettsiales, finding multiple and convincing lines of evidence supporting the
intracellularity late hypothesis.

5.2 Methods

Sample preparation and sequencing
In this work, the nine novel Rickettsiales genome sequences were assembled (for a detailed account on
sample preparation, sequencing, and genome assembly, see Supplementary text 3; Supplementary table 1,
4), starting from eight protist host samples. Six of those samples were characterised in previous studies
(Vannini et al, 2010; Lanzoni et al, 2019; Szokoli et al, 2016; Boscaro et al, 2013; Glöckner et al, 2014;
Mironov & Sabaneyeva, 2020), while two others, namely the ciliates Plagiopyla frontata IBS-3 and
Euplotes woodruffi NDG2, were newly isolated. Each sample was differentially processed. Briefly, for
Illumina sequencing most samples were subjected to whole-genome amplification (WGA) with the
REPLI-g Single Cell Kit (Qiagen), either directly from few ciliate host cells (four samples: Paramecium
biaurelia US_Bl 11III1, Paramecium nephridiatum Sr 2-6, E. woodruffi NDG2, P. frontata IBS-3) or
from a previously obtained DNA extract (one sample: Euplotes harpa BOD18(Claudia Vannini et al.
2010); Supplementary table 1). Two additional samples (P. biaurelia USBL-36I1 and Paramecium
multimicronucleatum Kr154-4) were processed for bulk DNA extraction (over 200,000 ciliate host cells
each), with CTAB and phenol-chloroform protocols, respectively. Each of those seven DNA samples was
processed through a Nextera XT library and sequenced by Admera Health (South Plainfield, NJ, USA) on
a Illumina HiSeq X machine, producing 2x150 bp paired-end reads. Read quality was assessed with
FastQC. NDG2 sample was also subjected to Nanopore sequencing. For this purpose, a bulk (~ 300,000
Euplotes cells) extract with the NucleoSpin™ Tissue Kit (Macherey-Nagel™) was processed through a
SQK-LSK109 ligation-sequencing library, and sequenced in a FLO-MIN106 flow cell. Basecalling was
then performed with guppy 5.0.11. Then, reads were processed with Porechop 0.2.4 (Wick et al, 2017b)
with default options. Quality of the reads was assessed with NanoPlot 1.23.0 (De Coster et al, 2018). The
eighth sample consisted in a Rickettsiales bacterium associated with the foraminiferan Reticulomyxa
filosa, already sequenced together with its host in a previous study (Glöckner et al, 2014). Sequencing
reads were kindly provided by the original authors.

Genome assembly
For each sample, the total Illumina reads were assembled using SPAdes 3.6 (Bankevich et al, 2012) with
default settings, obtaining a “preliminary assembly”. Then, a multi-step procedure was applied, in order to
select only those contigs belonging to the symbiont of interest and discard those belonging to the host or
to additional organisms present in the sample (e.g. residual food, additional associated bacteria), as
described previously (e.g(Castelli et al, 2019)). For this purpose, the blobology pipeline was applied
(Kumar et al, 2013), followed by extensive manual curation. Briefly, preliminary contigs were classified
according to their length, GC% content, sequencing coverage, and taxonomy. Reads mapping (Langmead
& Salzberg, 2012) on selected contigs were reassembled separately with SPAdes 3.6, or, for NDG2, with
Unicycler (Wick et al, 2017a) in a hybrid assembly with the respective Nanopore reads. Two samples (P.
multimicronucleatum 12 and P. biaurelia US_Bl 11III1) were subjected to genome finishing, performing
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PCR reactions with TaKaRa Ex Taq and reagents (Takara Bio, Japan). Successful results were confirmed
by bidirectional Sanger sequencing performed by GATC Biotech (Germany).

Annotation
The newly obtained genomes were all annotated with Prokka 1.10 (Seemann, 2014), using the --rfam
option. Afterwards, annotation of the genomes of ciliate symbionts was manually curated by a detailed
inspection of blastp hits on NCBI nr and on Rickettsiales proteins as described previously (Castelli et al,
2019).

Full Rickettsiales dataset construction and phylogenomic analyses

Phylogenomic analyses were aimed to collect a representative and comprehensive view on the evolution
and diversity of Rickettsiales. All sequences were downloaded from NCBI GenBank via ftp
(ftp.ncbi.nlm.nih.gov/genomes/all/GCA), and are updated to July 2021. We manually selected a
representative set of 36 Rickettsiales genomes, including at least one representative per genus. For the
phylogeny, other 89 representative non-Rickettsiales Alphaproteobacteria, as well as 8
Gammaproteobacteria and Betaproteobacteria as outgroup were employed, taking inspiration from the
selection by Muñoz-Gómez and co-authors (Muñoz-Gómez et al, 2019). We then aimed to identify all
MAGs (metagenome-assembled genomes) which could be assigned to known “core” Rickettsiales
lineages as of July 2021 (i.e. the four families Rickettsiaceae, Anaplasmataceae, Midichloriaceae,
Deianiraeaceae), or to any lineage forming a supported monophyletic group with Rickettsiales with the
exclusion of other (alpha)proteobacterial orders. Identification and representative selection of
Rickettsiales MAGs was performed by a multi-step procedure (detailed in Supplementary text 4). Briefly,
all MAGs assigned to Rickettsiales by NCBI taxonomy, those assigned to deep-branching
alphaproteobacterial lineages (Martijn et al, 2018), plus all additional monophyletic relatives from the
gtdb tree (Parks et al, 2022), were downloaded (394 total MAGs). MAGs were first filtered by assembly
quality, retaining only 314 MAGs having ≥50% single-copy and <5% duplicated of 219 proteobacterial
orthologs according to BUSCO 5.0.0 (Simão et al, 2015) (Supplementary table 3).

All phylogenomic analyses were performed on concatenated alignments of 179 orthogroups
(Supplementary table 5), which were manually selected on purpose (i.e. presence, after manual polishing
of paralogs and poorly aligned sequences, in at least 85% of Rickettsiales -MAGs excluded-, 85%
Alphaproteobacteria, 50% outgroup) from the eggNOG orthogroups (Huerta-Cepas et al, 2019) predicted
with eggnog-mapper 2.0.6 (Cantalapiedra et al, 2021). For each organismal dataset (see below),
orthogroups were separately aligned (Katoh & Standley, 2013), polished (Criscuolo & Gribaldo, 2010)
and concatenated (Borowiec, 2016). All phylogenies were performed with IQ-TREE (Nguyen et al,
2015), with 1000 ultrafast bootstraps (Minh et al, 2013) and 1000 SH-aLRT replicates, employing the
LG+C60+F+R6 model unless specified. A first phylogeny was performed on the full organismal dataset
for an initial classification of MAGs, employing ModelFinder (Kalyaanamoorthy et al, 2017) for model
selection. In order to avoid artefacts due to compositional heterogeneity in the dataset (in particular
potential “erroneous” phylogenetic proximity of MAG lineages to “core” Rickettsiales due GC/AT biases)
(Muñoz-Gómez et al, 2019; Viklund et al, 2012; Martijn et al, 2018), the approach by Muñoz-Gómez and
co-authors (Muñoz-Gómez et al, 2019) was applied, thus removing 10%, 20%, 30%, 40% or 50% of most
heterogeneous sites from the alignment, and performing a separate phylogeny on each trimmed alignment
(Supplementary figure 11). Based on resulting monophyly and Average Amino acid Identity (AAI) >0.85,
phylogenetically-redundant MAGs were discarded (Supplementary figure 12). Thirteen clades were
identified, grouping all those MAGs which could not be directly assigned to “core” Rickettsiales or other
orders. In order to minimise potential artefacts (e.g. due to long-branch attraction), the phylogenetic
position of the MAGs belonging to each clade was tested separately, with respect to core Rickettsiales
lineages and other Alphaproteobacteria (Supplementary figure 13, 14). Phylogenies were performed
accounting for compositional heterogeneity as above, and only MAGs in a monophyletic relationship with
Rickettsiales were retained. Therefore, 68 total Rickettsiales MAGs were selected for all the successive
analyses, totalling 210 organisms in the final dataset (113 Rickettsiales). For the final dataset, we aimed to
“balance” the well-ascertained artefacts in alphaproteobacterial phylogeny due to compositional
heterogeneity (e.g(Muñoz-Gómez et al, 2019; Viklund et al, 2012; Martijn et al, 2018)) and the loss of a
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considerable amount of phylogenetic information (Fan et al, 2020), due to the removal of the
most-compositionally heterogeneous sites, and likely important for the reconstruction of the inner
relationships within Rickettsiales. Therefore, we employed the full alignment, using a guide tree (-g
option in IQ-TREE) with a minimal set of just two constrained bipartitions (namely those separating
Rickettsiales from the AT-rich Holosporales and Pelagibacterales), thus considering the
non-compositionally biassed topology among the alphaproteobacterial orders, and leaving at the same
time freely unconstrained tree search for what concerns the inner relationships within Rickettsiales.

Creation of a set of orthogroups for gene content comparisons

In order to perform gene content comparisons and reconstruct variations along the inferred species tree, a
set of orthogroups was obtained for the 210 total organisms in the final phylogeny, starting from the
previously obtained eggNOG orthogroups (see Supplementary text 5). The eggNOG database is
hierarchically organised by taxonomy, namely each lineage (at domain, phylum, class, order, family
levels) has a dedicated set of orthogroups, linked to those of higher level taxa. We aimed to maximise the
advantages of such a system (chiefly lineage-specific annotations), and at the same time minimise
potential disadvantages, such as, in particular, potential lack of identification of orthologs due to
assignment to eggNOG orthogroups belonging to distinct taxa, which may be especially relevant for
organisms displaying high sequence evolutionary rates, such as the Rickettsiales (Castelli et al, 2019). For
this purpose, we designed a “telescopic” approach, in order to merge genes into large meaningful
orthogroups, while still keeping as much as possible lineage-specific refined annotation. Briefly (see
Supplementary text 5 for details), we compared taxonomic paths of all the identified eggNOG
orthogroups, and grouped together all the orthogroups sharing at least a partial taxonomic path, assigning
each group to the orthogroup at lowest possible shared rank in the taxonomic path leading to Rickettsiales
(root; Bacteria; Proteobacteria; Alphaproteobacteria; Rickettsiales). Applying such a “telescopic”
approach, a total of 444,226 genes were assigned to 20,041 orthogroups, 4009 of which present in at least
one member of Rickettsiales, and 2990 of those present in 4 or more organisms of the total dataset, and
thus considered for the following analyses.

Reconstruction of ancestral states of gene copy number

Reconstruction of ancestral states (in terms of gene copy number in each orthogroup) was performed by a
tree-reconciliation approach, employing ALE 0.4 (Szöllõsi et al, 2013). Briefly, each of the 2990
orthogroups was aligned (Katoh & Standley, 2013), and trimmed(Criscuolo & Gribaldo, 2010). Then,
only the 2871 orthogroups ≥30 amino acids after trimming were kept, and, for each of those, a sample of
gene trees was obtained running 10000 iterations with PhyloBayes 4.1 (Lartillot & Philippe, 2004). Then,
amalgamated likelihood estimation was performed with ALEobserve, run with 10% burn-in, followed by
ALEml_undated (Szöllősi et al, 2015). For each node of the species tree, predicted events and predicted
(or observed at tips) copy numbers were rounded using a 0.3 threshold (Martijn et al, 2020), and then
summed considering the whole dataset, as well as separately for each eggNOG functional category.

Phylogenetic analyses on biosynthetic pathways for amino acids and
nucleotides

Reference biosynthetic pathways for amino acids and nucleotides were obtained from the Biocyc database
(Karp et al, 2019) (Supplementary table 6). The datasets for the respective phylogenies were extensively
manually curated (see Supplementary text 5 for details). Briefly, for each gene the corresponding
eggNOG orthogroup was identified by a blastp search, and its composition was refined (e.g. excluding
paralogs and poorly aligned sequences) by inspection of the respective alignment and of the respective
single-gene tree (Nguyen et al, 2015). In order to get more phylogenetically informative datasets for more
robust and reliable inferences, we concatenated together the sequences involved in the same pathway, as
well as in pathways sharing common reactions. Under similar assumptions, single (or two) gene pathways
were not employed in the analyses. We noticed some potential “false positives”, namely organisms
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(including Rickettsiales) displaying only few genes of a given pathway. Alternatively, the apparently
missing steps might be “filled” by additional non-specific enzymes, as hypothesised for other pathways in
Rickettsiales (Driscoll et al, 2017). Anyway, due to the “unbalanced” availability of sites, those cases
could potentially hamper the accuracy of the phylogenetic inference. Therefore, for each concatenated
alignment we opted for two alternative strategies in parallel, namely phylogeny on “full organism
dataset”, or on a “selected organism dataset”, keeping only those organisms displaying at least 50% of the
included genes, or, alternatively, at least a significant proportion of selected sub-branches of the pathway
(Supplementary table 6). Genes were aligned, trimmed and concatenated as described above, and each
concatenated alignment was also processed as described above (“Full Rickettsiales dataset construction
and phylogenomic analyses”) in order to account for compositional heterogeneity (Muñoz-Gómez et al,
2019). On each resulting alignment, phylogeny was inferred with IQ-TREE and the LG+C60+F+R6
model, as described above.

Identification of amino acid transporters

All the proteins of the 113 Rickettsiales of our final dataset were blasted against the full TCDB database
(Saier et al, 2021). Then, for each Rickettsiales genome the number of proteins having a best significant
hit (e-value threshold of 1e-5) on each selected entry were counted (see Supplementary text 5 for details
on the selection and refinement of TCDB entries representing putative amino acids transporters and on
the rationale for the blast search).

Identification and phylogenetic analysis of the tlc nucleotide translocases

Analyses were focused on the tlc nucleotide translocase transporters (see Supplementary text 5 for
details), common in Rickettsiales and in other host-associated lineages (Major et al, 2017). Briefly, the
corresponding eggNOG orthogroup was identified by a blastp search. Then, it was joined together with a
selection of the phylogenetic dataset of tlc translocases by Major and co-authors (Major et al, 2017),
corresponding to the clade of sequences consisting only of the nucleotide transport protein domain. The
sequences were then aligned and trimmed as described above, and phylogeny was inferred as described
above, employing the LG+C60 model as in (Major et al, 2017).

Identification of genes involved in the interaction with host cells

For getting information on the presence and multiplicity of genes involved in multiple features of the
interaction of Rickettsiales with host cells, the VFDB core reference database was employed (Liu et al,
2022)(see Supplementary text 5 for details). The VFDB is quite redundant for orthologs identified in
different included pathogens. Thus, in order to make it suitable for analyses on our non-model bacteria,
for each VFC (Virulence Factor Class) separately, orthologs were identified within the database with
OrthoFinder 2.5.4 (Emms & Kelly, 2019), and manually curated. Then, all proteins of our dataset of
Rickettsiales were blasted on the full VFDB core database. For each Rickettsiales genome, proteins were
counted as “assigned” to each curated orthogroup if displaying a significant (evalue 1e-5) best blastp hit
on any sequence belonging to the orthogroup.
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5.3 Results

5.3.1 Novel genomes

In this work, we obtained nine complete genome sequences of Rickettsiales bacteria (belonging to nine
species, eight genera, two families). These represent the first sequences for the respective species, with
the exception of Megaira polyxenophila (Davison et al, 2022) . Thus, the evolutionary representativity of
available Rickettsiales genomes results significantly improved, also considering that all the newly
sequenced organisms are hosted by ciliates or other protists. All the assemblies were highly curated,
resulting in most cases in a very high quality (or even full closed, with five genomes having L50=1, and
one L50=2) (Supplementary table 1). In four cases, the quality of the assembly allowed to clearly
determine the presence of plasmids (respectively in two Rickettsiaceae and one among Midichloriaceae,
Supplementary table 1).

5.3.2 Phylogeny
For the successive analyses, we aimed to capture and analyse the widest available diversity of
Rickettsiales from published sequences, including under-explored (e.g. Deianiraeaceae) and possibly yet
uncharacterised lineages. To do so, together with a representative set of 36 available Rickettsiales
genomes, we selected a total of “high-quality” 314 potential Rickettsiales
metagenome-assembled-genomes (MAGs) from various sources. Their affiliation to Rickettsiales was
tested by a multi-step phylogeny-based approach, taking advantage of multiple organismal selections
tailored on each different MAG lineage to be investigated, as well as of a site-selection approach to
counterbalance compositional heterogeneity (Muñoz-Gómez et al, 2019). After filtering out
phylogenetically redundant MAGs, we identified 68 Rickettsiales MAGs, ending up with 113 total
Rickettsiales for the final analysis, including the nine novel high-quality genomes.
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Figure 25: Maximum likelihood phylogenomic tree of 113 Rickettsiales inferred on 179 concatenated
orthologs. Each Rickettsiales family is highlighted by a differently coloured box. At tips, round shapes
indicate genome assemblies, while triangular shapes indicate metagenome-assembled-genomes (MAGs).
Shape fillings show the sample source, namely light blue for freshwater, dark blue for marine, and orange
for terrestrial. Due to space constraints, only the names of the nine newly obtained genome assemblies
were reported, and non-Rickettsiales lineages (including other Alphaproteobacteria, Magnetococcia, and
outgroup) are represented by collapsed triangular shapes, with the respective number of organisms
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reported (full tree is shown in Supplementary figure 1). On each branch, support values by SH-aLRT with
1000 replicates and by 1000 ultrafast bootstraps are reported (full support values were omitted). The tree
scale stands for estimated sequence divergence. Ca. is an abbreviation for Candidatus.

The final Rickettsiales topology resulted quite robust, with most nodes finding full support, and only eight
nodes below the bootstrap threshold of 90% (Figure 25; Supplementary figure 1). The four families that
include at least one characterised organism were highly supported, and mostly with a much increased
representativity, thanks to novel genomes sequenced and MAGs identified in this study (novel taxa: 14/29
Rickettsiaceae; 10/17 Midichloriaceae; 1/14 Anaplasmataceae; 5/6 Deianiraeaceae). The inner
relationships within Rickettsiaceae and Anaplasmataceae are overall consistent with previous
phylogenetic and phylogenomic studies (Castelli et al, 2019, 2016; Schön et al, 2022; Yurchenko et al,
2018; George et al, 2020; Carrier et al, 2021). For Midichloriaceae, it was possible to infer a novel inner
topology with a much higher support with respect to previous studies (Giannotti et al, 2022; Castelli et al,
2016; Schulz et al, 2016; Gruber-Vodicka et al, 2019). Furthermore, it was possible to determine that the
Midichloriaceae bacterium associated with Plagiopyla represents a novel genus and species (Figure 25;
from now on, Vederia obscura, see Supplementary text 1 for taxonomic description).

The three recently described families composed only by MAGs (Schön et al, 2022), namely
Gamibacteraceae, Athabascaceae, and Mitibacteraceae, were retrieved with a comparatively higher
representativity (Figure 25). Besides, three further MAG-only families were identified for the first time in
this study: i) Diomedesiaceae, ii) Jistubacteraceae, and iii) Arkhamiaceae, the first being sister group of
Deianiraeaceae+Gamibacteraceae (we will name these three families together as the “DDG”-clade),
while the latter two forming a sequential branching pattern between Athabascaceae and Mitibacteraceae
(Figure 25; Supplementary figure 1, see Supplementary text 1 for taxonomic descriptions).

The phyletic relationships among the families are in general consistent with the most recent and
comprehensive studies (Castelli et al, 2019; Schön et al, 2022), with a single partial exception. The
present study indicates a closer relationship between the DDG-clade and Anaplasmataceae with respect to
Midichloriaceae, consistent with 16S rRNA gene phylogenies and some phylogenomic analyses (Castelli
et al, 2019, 2021), while another study placed Anaplasmataceae and Midichloriaceae as sister groups
(Schön et al, 2022). It should be considered that the number of available members of the DDG-clade
progressively and largely increased in successive studies (in particular, this is the first study considering
Diomedesiaceae), with a potential significant influence on the results.

In terms of origin, the vast majority of samples derived from aquatic environments (both freshwater and
marine), especially in deeper nodes of the tree (Figure 26). The same holds true within each family, with
the significant exceptions of Anaplasmataceae and Deianiraeaceae, mostly derived from terrestrial
environments. Many characterised hosts resulted to be protists (most abundant in all families, except for
Anaplasmataceae, all hosted by metazoans). For all MAGs, including in particular deeply branching
lineages, no conclusive information is available on potential hosts, while in few cases there is loose
indication of association, e.g. as originating from rumen (Xie et al, 2021; Parks et al, 2017, 2).

5.3.3 General genome comparisons

Based on phylogeny, we hereby define as “crown Rickettsiales”, the smallest monophylum that comprises
all characterised organisms (i.e. the one including the six families Rickettsiaceae, Midichloriaceae,
Anaplasmataceae, Deianiraeaceae, Gamibacteraceae, Diomedesiaceae), thus corresponding to the
classical Rickettsiales as defined previously (Schön et al, 2022). Conversely, the four other early
diverging families will be defined as “basal Rickettsiales”.

Genome sizes are quite variable between and within Rickettsiales families (Supplementary table 2).
Crown Rickettsiales genomes are mostly in the range 1-1.5 Mb, with some appreciable differences
between families, in particular on average Anaplasmataceae (1.1 Mb) and Deianiraeaeaceae (1.0 Mb),
are smaller than others (all averages ≥1.3Mb). Genomes from basal families are much larger (frequently
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>2 Mb, and on average ≥1.8 Mb, except Arkhamiaceae). It should be taken into account that the likely
incompleteness of some MAGs (Supplementary table 3) may influence the average size estimates,
especially in DDG-clade and basal families. GC content is in general inversely correlated with genome
size (32-36% on average in classical families and 40-52% in basal ones, with a maximum of 61%, in
Mitibacteraceae).

As expected, gene numbers are consistent with respective genome sizes (Supplementary table 2). Our
analyses supported the notions from previous studies that Rickettsiales have globally experienced genome
reduction trends (Supplementary figure 2), as a putative consequence of adaptation and specialisation to
host-associated lifestyles (Driscoll et al, 2017; Min et al, 2008; Castelli et al, 2019; Schön et al, 2022;
Salje, 2021). In order to investigate on the origin and evolution of such interactions with host cells from a
functional and metabolic perspective, we selected a number of relevant traits/functions, in particular
biosynthesis and uptake of metabolic precursors (i.e. amino acids and nucleotides),
secretion/adhesion/motility apparatuses and putative effector molecules. A detailed overview of gene
content variation and evolution in Rickettsiales, with a special focus on general “family-level” trends, as
well as on the single newly characterised genomes, is presented in (Supplementary text 3).

5.3.4 Secretion, attachment, and motility

Secretion systems are among the components that may exert a central role in regulating interactions with
host cells (Green & Mecsas, 2016), potentially enabling specific stages of the bacterial life cycle through
the delivery of effectors. In Rickettsiales, the hallmark apparatus is type IV secretion system
(Supplementary figure 3), representing a probable ancestral horizontal acquisition (Gillespie et al, 2010),
and a possible prerequisite for establishing interactions with host cells (Schön et al, 2022). Only few
genomes among Rickettsiales are devoid of this apparatus (George et al, 2020; Floriano et al, 2022), and
few others display an incomplete gene set, possibly indicative of ongoing loss, in particular Bandiella and
the Midichloriaceae symbiont of Reticulomyxa (Supplementary figure 3). Type VI secretion system is
very rare, being found only in two Rickettsiaceae (Supplementary figure 3), in both cases encoded on
plasmids, a probable indication of horizontal acquisition. In Sneabacter this system has possibly
functionally replaced the type IV secretion system (George et al, 2020), while in Trichorickettsia both
systems coexist.

Among putative secreted effector proteins (Supplementary figure 4), the “repeat-bearing” ones (ankyrin,
tetratricopeptide, leucine-rich or pentapeptide repeats) are overall abundant and enriched in crown
families, with many lineage-specific patterns, but are also present in basal families. On the other side,
RTX toxins (Linhartová et al, 2010; Benz, 2016) are quite abundant in basal families, and uncommon in
crown ones. Interestingly, proteins involved in the intracellular invasion of eukaryotes, such as
hemolysins, patatin-like and other phospholipases (Borgo et al, 2022), are common in some crown
families such as Rickettsiaceae and Midichloriacae, and not uncommon in basal families, while they are
rare in DDG clade, especially Deianiraeaceae (Supplementary figure 4). Several other putative
toxins/effectors, characterised in Rickettsiales (Niu et al. 2010) and/or in other bacteria (Lobato-Márquez
et al, 2016; Davison et al, 2022; Alix et al, 2012; Nwasike et al, 2016; Billington et al, 2000;
Padmalayam et al, 2000; Swart et al, 2020; Veyron et al, 2018), were found more rarely, showing patterns
of presence/absence that appear to be quite lineage-specific, and without sharp differences between basal
and crown Rickettsiales.

Flagellum might be important especially during horizontal transmission in Rickettsiales (Sassera, 2011;
Schulz et al, 2016). Flagellar genes are common in basal Rickettsiales (Supplementary figure 5), likely
representing ancestral traits (Sassera, 2011). Conversely, they are absent in the DDG-clade, and very rare
in Anaplasmataceae (found just in the aquatic Echinorickettsia and Xenolissoclinum). Within families
Rickettsiaceae and Midichloriaceae, they are extremely rare in terrestrial representatives (the only cases
being Midichloria mitochondrii and the Rickettsiaceae symbiont of Amblyomma Ac37b), but quite
common in aquatic ones, in particular basal Rickettsiaceae and Midichloriaceae in general, thereby also
confirming the few experimental observations of flagella (Boscaro et al, 2013; Lanzoni et al, 2019;
Mironov & Sabaneyeva, 2020). The poor correlation of the presence of flagellar genes with Rickettsiales
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phylogeny (including differential cases within the same genus, such as Megaira and Midichloria
(Floriano et al, 2022)) would be indicative of multiple independent reduction/loss events (Supplementary
figure 5). Similar considerations may hold for chemotaxis, which possibly works in conjunction with
flagella for host targeting (Keegstra et al, 2022), and is present only in basal Rickettsiales and in the basal
members of the family Rickettsiaceae (Supplementary figure 5).

Type 4 pili may be involved in the adhesion/attachment to host cells in Rickettsiales . Their components
are present in basal Rickettsiales, in the DDG clade, and only rarely in the other crown families,
especially in the respective early-divergent and/or aquatic representatives (Supplementary figure 6). Thus,
this apparatus was likely ancestral, experiencing multiple independent losses in crown Rickettsiales.

Proteins homologous to the FhaBC two-partner secretion system, which were tentatively linked to the
attachment and toxicity towards host cells in Rickettsiales (Castelli et al, 2019) and may also participate
in bacterial competition (Guérin et al, 2017), were likely ancestral and lost multiple times among
Rickettsiales, being present in the basal families, Deianiraeaceae, Gamibacteraceae, and very few
representatives of the other crown families (Supplementary figure 6).

For what concerns proteins characterised to be involved in adherence/invasion of host cells (Sears et al,
2012; Kahlon et al, 2013; Seidman et al, 2014) or even immune evasion (Park et al, 2003) in
Rickettsiales, they are present (almost) exclusively in subgroups of the respective families
(Supplementary figure 6).

5.3.5 Nucleotide and amino acid metabolism

Nucleotide biosynthesis is stably present (both purines and pyrimidines) in basal Rickettsiales (Figure 26;
Supplementary figure 7), while, differently from other biosynthetic pathways (Supplementary text 3), its
presence in crown Rickettsiales is “scattered” along the organismal phylogeny. Indeed, it is ubiquitous in
the families Gamibacteraeae, Diomedesiaceae, Anaplasmataceae, present in the earliest diverging
Deianiraeaceae MAG and in few basal Rickettsiaceae (in particular the endosymbiont of Amblyomma
Ac37b, able to synthesise both purines and pyrimidines), but absent in Midichloriaceae and in the
remaining and most numerous Rickettsiaceae and Deianiraeaceae. Phylogenetic analyses of these
pathways indicate that they are likely ancestral in Rickettsiales, with quite good correspondence with
organismal phylogeny at various levels (up to and even above the families) (Supplementary figure 8).

In those crown Rickettsiales lacking nucleotide biosynthesis, this absence is counterbalanced by the
ability to obtain final products (or intermediates) from their hosts. Indeed, the presence/absence pattern of
tlc nucleotide translocases almost perfectly inversely correlates with nucleotide biosynthesis (Figure 26;
Supplementary figure 7). These family of transporters include chloroplastic ATP/ADP translocases, as
well as a vast array of proteins, able to translocate several different nucleotides (Audia & Winkler, 2006;
Daugherty et al, 2004), and previously reported to have experienced multiple horizontal gene transfer
events between phylogenetically unrelated host-associated bacteria (Schmitz-Esser et al, 2004; Major et
al, 2017).
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Figure 26: Heat-map showing the presence and abundance of biosynthetic pathways (blue) of nucleotides
(purines and pyrimidines) and amino acids (grouped by to their mutually shared enzymatic steps
according to BioCyc (Karp et al, 2019)), as well as their respective transporters (red). For biosynthesis,
the proportion of the total genes of the pathway is shown (Supplementary table 6), while for transporters,
the number of genes is reported, in particular for amino acid transporters the sum of the “characterised
hits” (Supplementary figure 10). A cladogram of the organisms is shown on the left, with each
Rickettsiales family highlighted by a differently coloured box. Due to space constraints, selected
monophyletic clades with homogeneous gene content were collapsed. For each clade, the number of
organisms is shown in brackets (if higher than one), and reported values are averaged, while the complete
organism sets are shown in (Supplementary figure 7, 10).

Comparison of tlc and organismal phylogenies (Supplementary figure 9) indicates that these transporters
were acquired multiple independent times by different Rickettsiales lineages (up to ten, once among
Deianiraeaceae, three-five among Midichloriaceae, three-four among Rickettsiaceae, see Figure 27). We
also detected multiple independent events of duplication leading to several paralogs, namely five copies
in classical Rickettsiaceae, two-four in three distinct basal Rickettsiaceae sublineages, and two copies in
the Jidaibacter lineage among Midichloriaceae (Figure 26 and 27; Supplementary figure 7, 8).
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The presence/absence pattern of biosynthetic pathways for amino acids shows significant analogies with
what we detected for nucleotides (Figure 26; Supplementary figure 10). Indeed, they are quite uniformly
present in basal Rickettsiales, Diomedesiaceae, Gamibacteraceae, and partly Deianiraeceae. Conversely,
they are very rare or fully absent in the non-monophyletic assemblage of Rickettsiaceae, Midichloriaceae
and Anaplasmataceae, with very few exceptions, such as arginine in Ehrlichia and Neoehrlichia (and
partly Anaplasma), and proline in endosymbionts of Amblyomma Ac37b and Peranema (Supplementary
figure 10). Our phylogeny indicates an overall vertical descendance of these pathways, with exceptions of
possible horizontal transfer events with some Rickettsiales as recipients for genes belonging to the
pathways of cysteine and histidine (Supplementary figure 8).

65



Figure 27: Reconstruction of the main steps of the evolution of Rickettsiales with a specific focus on the
interactions with and dependence on eukaryotic cells. A cladogram of the main lineages (as represented
in Figure 26) is shown. The case of the biosynthetic pathways (averaged for purines and pyrimidines,
blue) and tlc transporters (red) for nucleotides is represented along the tree by a heat-map-like
representation, showing the inferred ancestral conditions and hypothesised steps of variation on each
branch. In particular, multiple independent acquisitions of transporters by horizontal gene transfer events
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(red circles with inward arrows) would have led to the progressive reduction/loss of the biosynthesis.
Rickettsiales families are highlighted by coloured boxes and by abbreviated names (R: Rickettsiaceae;
Mid: Midichloriaceae; An: Anaplasmataceae; De: Deianiraeaceae; G: Gamibacteraceae; Di:
Diomedesiaceae; At: Athabascaceae; J: Jistubacteraceae; Ar: Arkhamiaceae; Mit: Mitibacteraceae). At
tips, groups of tips, and at selected nodes, the drawings represent the known (classical Rickettsiaceae,
Anaplasmataceae, Midichloriaceae, and Deianiraea) or hypothesised (all other lineages) features of the
bacteria and their interaction with eukaryotic hosts, in particular, intracellular or extracellular
associations, or lack of association, as well as presence/absence of a vacuole and of flagella. Multiple
side-by-side pictures represent alternative conditions/reconstructions for the same organisms.

The array of putative amino acids transporters is more complex than that for nucleotides, considering the
higher numerosity of amino acids and the multiple independent transporter families with variable
substrate specificities (Saier et al, 2021; Burkovski & Krämer, 2002). This impairs precise
homology-based prediction of substrate specificity in Rickettsiales, making it impossible to define with
certainty which amino acid is imported by which transporter. Nevertheless, the total number of
transporters is much higher in the three families that are more deprived in biosynthesis (Supplementary
figure 10). This is especially true for those with a higher similarity with ascertained amino acid
transporters (Figure 26). Moreover, as seen for nucleotide transporters, the presence of homologs of
different amino acid transporters is scattered along the Rickettsiales phylogeny (Supplementary figure
10).

We believe that the above presented data clearly indicate a pattern of multiple independent and successive
acquisitions of nucleotide and amino acids transporters in different lineages of Rickettsiales, events that
would have enabled the recipients to efficiently acquire those compounds from their hosts, thus leading to
the reduction and eventual loss of the respective biosynthesis, an evolutionary scenario consistent with the
intracellularity late hypothesis (Castelli et al, 2019).

Discussion
The knowledge and understanding of the evolution of the typically host-associated Rickettsiales (Salje,
2021; Castelli et al, 2016), in particular its earlier steps, has been hampered by the limited and
phylogenetically unbalanced set of genomes available. Here we present a dataset of over one hundred
phylogenetically-diverse Rickettsiales assemblies, thanks to de novo sequencing of nine high-quality
genomes from underexplored protist-associated representatives, and to an accurate selection of published
genomes and MAGs. We thus obtained an unprecedented representativity of all known families, including
those recently described (Schön et al, 2022)., and identified three further ones, for a total of ten families
in Rickettsiales. Leveraging such an extended taxonomic resolution, we investigated whether the obligate
association with eukaryotic hosts and specifically intracellular lifestyle were “early” conditions with a
single origin, or “late” achievements that evolved multiple times independently in different Rickettsiales
sublineages.

It is a generally accepted notion that metabolic dependence on the hosts is a key feature in obligate
associations such as those involving Rickettsiales (Driscoll et al, 2017; Min et al, 2008; Schön et al,
2022; Castelli et al, 2019), that evolved as the consequence of the possibility to efficiently acquire
metabolites (including precursors and, for energy, ATP). Such ability is likely due to the acquisition of
suitable transporters, making the respective biosynthetic and catabolic pathways dispensable, thus leading
to their reduction and eventual loss. The pattern of gain of transporters and loss of synthesis pathways can
thus be a strong indicator of the state of host dependence through evolution. Based on the herein produced
dataset and analyses, the case of nucleotide synthesis and transport is noteworthy among Rickettsiales.
Indeed, our analysis indicate that the most likely scenario is one of multiple independent horizontal
acquisitions (up to ten) of tlc transporters among crown Rickettsiales, likely “triggering” independent
losses of the ancestral biosynthetic pathways (Figure 26 and 27; Supplementary figure 7, 8, 9). Similar
considerations hold for amino acids, even though the impossibility to predict the precise specificity of all
transporters impairs a clear reconstruction of single events leading to the multiple independent losses of
the ancestral biosynthetic pathways (Figure 26 and 27, Supplementary figure 8, 10).
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Besides these more clear-cut cases, detailed analyses of the presence/absence patterns among genes
involved in multiple other pathways strongly indicate analogous processes of gradual and independent
reduction/losses in different crown Rickettsiales sublineages (Supplementary text 3). Sharp differences
are present even within single families, such as in the metabolically rich basal Rickettsiaceae, as
compared to the classical streamlined ones. Thus, in contrast with the more traditional views (Schulz et
al, 2016; Schön et al, 2022; Weinert et al, 2009), our analyses provide a clear indication that processes of
pathway reduction/loss have not taken place just once in Rickettsiales, but instead occurred (and are still
possibly occurring) multiple independent times in different crown Rickettsiales lineages, also in relation
with the host features.

Secretion systems and attachment/invasion molecules are other paramount bacterial components for
promoting and actively regulating interactions with host cells(Gillespie et al. 2015, 2010; Green and
Mecsas 2016). Interestingly, we found that in crown Rickettsiales the repertoire for such systems, as well
as for flagellar apparatus, is a substantial subset of the one of basal Rickettsiales. This result fortifies
previous notions that the ancestral Rickettsiales already possessed a quite rich set of proteins to interact
with (unicellular) eukaryotes (Gillespie et al, 2010; Schön et al, 2022). It seems reasonable to hypothesise
that such an arsenal could have represented a prerequisite for the establishment of associations with
eukaryotic cells, possibly through a partial process of repurposing (Schön et al, 2022). (e.g. delivery of
effectors molecules active on eukaryotes, motility and chemotaxis involved in horizontal transmission). In
this regard, type IV secretion is a good candidate (Gillespie et al, 2010; Schön et al, 2022), also
considering its almost full conservation among Rickettsiales (Supplementary figure 3). Other apparatuses,
e.g. flagellum and type IV pilus, are more phylogenetically scattered among crown Rickettsiales
(Supplementary figure 5, 6), likely as a result of multiple independent losses as well. This indicates
unique patterns of specialisations along the Rickettsiales evolution, with the concurrent lineage-specific
losses of traits that were dispensable for the interaction with respective host cells. Interestingly, the
correlation with other traits allows the inference of some functional links, such as flagella and chemotaxis
in aquatic environments, likely involved in non host-associated stages such as horizontal transmission
(Schulz et al, 2016), pili for extracellular attachment to host cells in Deianiraea (Castelli et al, 2019) and
possibly other members of the DDG clade. At the same time, alternative/additional functions for these
apparatuses due to their homologies with secretion systems (Mattick, 2002; Abby & Rocha, 2012) could
be possible, and may account for the exceptions to such correlation patterns (Sassera, 2011; Floriano et al,
2022).

Conversely, specialisation in the interaction with host cells has likely implied the expansion of other gene
families, in particular those of putative secreted effectors such as the “repeat-containing” ones or
acquisition/development of novel ones. In particular, several proteins characterised in pathogenic
Rickettsiales (e.g. Rickettsia, Anaplasma) for their direct involvement in the interaction with the host
(Sears et al, 2012; Seidman et al, 2014; Kahlon et al, 2013; Park et al, 2003; Niu et al, 2010), resulted to
be lineage-specific (at the family level or even below) rather than conserved in Rickettsiales as a whole.
Thus, it seems likely that many other still uncharacterised lineage-specific proteins could exist in the other
much less investigated Rickettsiales (e.g. Midichloriaceae, DDG clade). Such a scenario of
lineage-specific sets of “interactors” suggests that the mechanisms and conditions of host-association
have evolved independently among different (crown) Rickettsiales lineages along with their molecular
players.

It is more difficult to precisely infer the condition of basal Rickettsiales (lacking any experimental data) in
terms of potential interaction with eukaryotes. These bacteria are metabolically rich, suggesting
independence from possible host cells (Schön et al, 2022). At the same time, they bear basically all the
putative prerequisite apparatuses for the interaction, and, most significantly, many are also equipped with
homologs of effectors typical of crown Rickettsiales, such as phospholipases (Borgo et al, 2022) and the
“repeat-containing” effectors, and they even are selectively enriched of additional potential effectors
(Linhartová et al, 2010; Benz, 2016)). Conversely, free-living-like traits such as inorganic nutrient
transport and detoxification, previously found only among basal Rickettsiales (Schön et al, 2022)., were
retrieved also in some crown representatives (Supplementary text 3). This may be seen as indicative that
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those crown Rickettsiales retain some “primitive” traits, and, more in general, as another hint at more
complex evolutionary trajectories than a simple transition towards obligate association at the root of
crown Rickettsiales.

Taken together, the above presented data clearly indicate that obligate host-association, as well as
intracellularity, were most likely “late” conditions in Rickettsiales. Under such a scenario, we propose that
at some point in the early Rickettsiales evolutionary history their presumably aquatic free-living ancestors
were engaged in some kind of facultative interaction with eukaryotes. The starting point could have been
defence from protist predators through the release of active effectors, as previously hypothesised (Schön
et al, 2022). It is possible to envision that such defence mechanisms successively paved the way for the
(gradual) development of the (at least occasional) ability to gain further advantages by such interactions,
such as the capability to acquire metabolites from the damaged/killed eukaryotes, somehow reversing and
taking control of the predator-prey interactions. The lifestyle of Deianiraea could be reminiscent of this
hypothetical condition (Castelli et al, 2019). Most likely, such transition towards facultative associations
would have occurred prior to the last common ancestor of crown Rickettsiales, which are all obligatorily
host-associated.

Conversely, it is not straightforward to precisely place an upper bound for such transition, given the
complete lack of direct information on the lifestyles of extant basal Rickettsiales. It could have occurred
sharply in the common ancestor of crown Rickettsiales, or could have been more nuanced, involving also
the ancestors of some basal lineages, possibly up to the ancestor of all Rickettsiales. Nevertheless, it
cannot be excluded that any potential host-associated representative of basal Rickettsiales could be the
result of a convergent and independent evolution with respect to crown Rickettsiales.

In any case, for what concerns crown Rickettsiales, we can envision that a single initial facultative
association would have differentiated in the descendants, becoming tighter and tighter (and at some point
obligate) through parallel successive steps of acquisition/development of metabolite transporters and
interactor molecules. Such further transitions would have occurred separately and independently in
different Rickettsiales lineages, thus supporting the conclusion of a late origin for the obligate association
with hosts. The order and kind of such steps, although somehow similar, would have not been unique in
each of the different crown Rickettsiales phyletic lines, as reflected in the present-day lineages, which
exhibit differential features of metabolic dependence (e.g. for most amino acids but not nucleotides in
Anaplasmataceae, and vice versa in most Deianiraeaceae), as well as differential mechanisms and
conditions of interaction (chiefly intracellularity vs extracellarity).

All the above would specifically support the intracellularity late hypothesis, as this trait would have
evolved multiple independent times and with differential features in some crown Rickettsiales (at least the
Rickettsiaceae, Midichloriaceae, and Anaplasmataceae ancestors, with the exclusion of Deianiraea and
possibly the whole DDG clade). An alternative reconstruction which cannot be excluded is that the
ancestor of crown Rickettsiales had already undergone an early transition towards obligate association
through some yet unidentified step(s). Even in such a case, analysed data would still robustly support the
reconstruction that most further genome reduction/adaptation steps would have occurred later and
independently, so that in particular intracellularity would be anyway designated as a late condition.

Our reconstruction may also provide a novel perspective on the origin and evolution of other
host-associated bacterial lineages that, similarly to Rickettsiales, present the prerogative to “hold the
control” of the interaction and to switch hosts by horizontal transmission, and were thus termed
“professional symbionts” (Husnik & Keeling, 2021) (e.g. Chlamydiae (Dharamshi et al, 2020)),
Legionellales (Hugoson et al, 2022) and Holosporales (Muñoz-Gómez et al, 2019). These lineages could
share similarities in the initial establishment and successive stepwise and “late” evolutionary
development.

From a more general perspective, it seems worthily a comparison of Rickettsiales (and possibly other
“professional symbionts”) with the more “canonical” genome evolution models among obligate
symbionts, namely nutritional mutualists in insects (with some parallels also in protists (Husnik &
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Keeling, 2021)). Such symbionts undergo relatively rapid streamlining as a result of an initial host
restriction, followed by a more or less prolonged stasis, and are somehow “doomed” to extinction after
replacement. Conversely “professional symbionts” would be the controllers of the interaction from its
evolutionary beginning, retaining the ability to horizontally change hosts, and undergoing much more
gradual and “flexible” streamlining processes, depending also on the external environmental conditions
and not just on the features of a single host. Interestingly, the abundance of lineages preferentially
associated with marine invertebrates and showing poor co-cladogenenesis with their hosts (Boscaro et al,
2022, 20) indicates that there may be more bacteria sharing traits of professional symbionts than currently
recognised.

Large-scale comparative genomic analyses such as those presented here and elsewhere (Hugoson et al,
2022; Schön et al, 2022; Dharamshi et al, 2020) have huge potential to provide major advances in our
understanding of functional traits and the underlying evolutionary processes. However, they also face
inherent predictive limits, being quite suitable for deriving metabolic dependencies, and less for the
inference of more complex and possibly not-yet-documented traits, such as mechanisms of interaction and
subcellular (or extracellular) localisation. For example, it could have been burdensome and highly
speculative to infer the so far uniquely observed extracellular condition in Deianiraea (Castelli et al,
2019) (representing the first basis to propose the “intracellularity late” hypothesis) only from its genome.
Therefore, considering that we still completely lack any experimental data for six out of ten Rickettsiales
families (including all basal ones), we strongly invoke the need for further experimental investigations.
As in other cases (Imachi et al, 2020), these may provide additional and otherwise unpredictable insights
on the lifestyle of present-day organisms, and represent the basis for refining existing hypotheses and
inferring novel ones on Rickettsiales evolution.
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VI Conclusions
My work analysed different aspects of the symbiotic interactions between mutualistic bacteria, their hosts,
and other bacteria associated with the same host.
I performed four different projects, mostly focused on symbiosis in ticks. The first one is the
characterisation of a Coxiella endosymbiont in a tick host (Amblyomma nuttalli), and a comparative
analysis of the CEs, which are typically two-partner symbioses. As a result, I saw the effect of a parallel
genome reduction, with indications of multiple independent events of adaptation from a pathogenic
lifestyle to a mutualistic one. Also, observed a typical example of the model of genome erosion in
nutritional symbionts.
The second project considered a multi-partner relationship between the tick Hyalomma marginatum and
two different bacteria, Midichloria and Francisella endosymbionts. In this case, the combination of
selective pressures and Muller’s Ratchet, ended up locking together the two different bacteria and their
host in a mutualistic relationship. The resulting scenario of multiple symbionts locked in an obligatory
co-presence is similar to what is observed in various nutritional symbionts in aphids, but the first one
described in ticks.
The third project, still ongoing, has the aim to characterise the structure of the symbiont population in
Ixodes frontalis. Other than Midichloria, common in the Ixodes genus, is also present Spiroplasma, a
symbiont that some lineages of ticks acquire horizontally, and we are exploring possible differences in the
symbiont presence in relation to the two sub-lineages of I frontalis.
To sum up, I investigated instances of different forms of symbiosis in ticks, characterising different
evolutionary histories of the development and loss of mutualistic interactions, including loss of
pathogenicity, competition and replacement between symbionts or interaction between them.
Finally, the broader and comprehensive evolutionary history of bacteria-eukaryote relationship was the
focus of the last project of my PhD: I obtained a comprehensive evolutionary view of the order
Rickettsiales, to which are affiliated many of the aforementioned tick-associated bacteria investigated in
the other projects on my PhD, and reconstructed the deep phylogeny of this lineage, inferring the origin
from non-host-dependent symbionts, with numerous adaptations to a wide range of hosts.
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