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ABSTRACT

Endosymbiosis in arthropods involves intracellular bacteria that supply an array of
benefits to the host. Endosymbionts likely enhance the health of ticks by provisioning
amino acids such as cysteine and tyrosine, and cofactors such as biotin and folic acid that
are not available in blood — the sole nutrient source of ticks. Endosymbionts of ticks are
of special interest due to their close evolutionary relationship with tick-vectored
pathogens that impact livestock and human health. For example, ticks typically contain
Coxiella-like endosymbionts (CLEs) that are the closest relatives of the human pathogen
Coxiella burnetii. In order to understand the evolutionary relationship between the
mammalian pathogen Francisella tularensis, which is vectored by ticks, and the
Francisella-like endosymbionts (FLEs) present in several ticks, we assembled the
genomes of the FLEs in the hard tick Amblyomma maculatum and the soft tick
Ornithodoros moubata using high-throughput sequencing. While this project was in
progress, another group described the genome of an FLE in the soft tick Argus
(Persicargas) arboreus. Utilizing the three genomes, we show that all FLEs evolved from
a mammalian pathogen, a relationship that is converse to that of C. burnetii, which likely
evolved from a tick-associated non-pathogenic ancestor. Additionally, our analyses
indicate that FLEs are horizontally transferred between ticks, and due to their superior

metabolic capabilities could replace ancestral endosymbionts with reduced genomes.
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INTRODUCTION

Symbiotic relationships with bacteria have been observed in all domains of life, including
intestinal symbionts that aid animals in digestion of complex foods, endophytic bacteria
that support plants and fungi, and specialized arrangements such as bioluminescence in
squid photophores (Moreira & Lopez-Garcia 1998; Hooper 2001; Nyholm & McFall-
Ngai 2004). In arthropods, endosymbiosis, a specialized form of intracellular symbiosis,
is observed where bacteria persist in the cytoplasm of host cells and provide a wide range
of adaptive traits to the hosts, including nitrogen fixation, synthesis of complex vitamins
and cofactors, provisioning of amino acids, and immune defense (Baumann 2005; Sabree
et al. 2009; Weiss et al. 2011; Hansen & Moran 2011). Because the endosymbionts are
sequestered within the rich media of the cytoplasm in comparatively low density, the lack
of competition coupled with the access to abundant resources available within the host
cell lead to a loss of selective pressure to retain superfluous genes (Moran 1996; Dale
2003). This downward spiral of genome decay is an “evolutionary rabbit hole” because
the endosymbiont is sequestered in an environment that it cannot escape due to gene loss,
and will continue to lose genes as it remains, leading to further dependency on the host.
This decay will eventually lead to the loss of increasingly significant elements that
support the host, eventually driving the host to replace the symbiont either through the
acquisition of a new endosymbiont, or the supplementation of a reduced symbiont with a
second endosymbiont (Bright & Bulgheresi 2010; Bennett & Moran 2015).

Among arthropods, endosymbionts of Ticks (order Ixodida) are an area of
increasing interest. Ticks are organized into two major families: (1) Ixodidae, or hard

ticks, which possesses a hardened chitinous scutum that anchors the head and serves as a
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protective structure prior to feeding, and (2) Argasidae, or soft ticks, which do not have a
rigid scutum, instead have mouthparts located on the underside of the body, and a thick,
leathery coating that protects the tick. Hard ticks are thought to have arisen between 90
and 120 million years ago, as a derivative of arachnid insectivores that hunted prey using
a set of spear-like mouthparts. Soft ticks are thought to have diverged from hard ticks
approximately 30 million years ago, trading the armored scutum and segmented legs for
greater mobility and blood capacity (Nava et al. 2009).

Ticks depend on an imbalanced diet consisting entirely of blood, which lacks
several vital nutrients (Noda et al. 1997; Smith et al. 2015). Hence, tick endosymbionts
are thought to ensure the health of the host through the synthesis of amino acids such as
cysteine, the metabolism of highly concentrated amino acids such as serine and the
synthesis of cofactors such as biotin (Smith et al. 2015). Unlike most primary insect
endosymbionts, tick endosymbionts do not persist within specialized compartments
called bacteriocytes (e.g. as observed in aphids), or among major structures of the
carapace as seen in weevils (Baumann 2005; Lamelas et al. 2011). Instead,
endosymbionts of ticks can be found in a large number of tissues, most importantly in the
midgut tissues and in the salivary glands (Klyachko et al. 2007; Budachetri et al. 2014).
Critically, the colonization of salivary glands is a common vector stage for bacterial
pathogens borne by ticks, and saliva introduced to the host during feeding is the primary
method of transmission of tick borne pathogens such as Borriella and Rickettsia

(Spielman et al. 1987; Wright et al. 2015).



All ticks sequester endosymbionts mostly from the genera Coxiella, Rickettsia or
Francisella. In addition to these three primary endosymbionts (i.e. necessary for host
survival), secondary symbionts that are not strictly necessary for survival are found in
varying prevalence throughout both hard and soft ticks, including Midichloria,
Arsenophonus, Rickettsiella, Wolbachia, Spiroplasma, Cardinium and Lariskella species
(Black & Piesman 1994; Klompen 2000; Ahantarig et al. 2013; Duron et al. 2017).

Endosymbionts of ticks are of special interest due to the agricultural impact of
ticks through the destruction of cattle and other livestock (Jongejan & Uilenberg 2005;
Fitzpatrick 2013), and the medical impact of their vectored diseases (Randolph et al.
1996). Additionally, the three primary endosymbionts of ticks share close evolutionary
relationships with tick-borne pathogens Rickettsia parkeri, Coxiella burnetii and
Francisella tularensis, making their investigation potentially medically significant
(Ahantarig et al. 2013). CLEs are a paraphyletic group that is divided into three clades,
each containing representatives from multiple genera of hard and soft ticks (Duron et al.
2014). All pathogenic Coxiella, such as C. burnetii, are clustered within one clade of
endosymbionts, with only a few CLEs sharing a recent common ancestor with C.
burnetii, suggesting that endosymbiosis predated the pathogenic phenotype (Smith et al.
2015). Because of this, it has been proposed that C. burnetii potentially arose from a tick
symbiont (Duron et al. 2015). The other two primary tick endosymbionts, Rickettsia- and
Francisella—like endosymbionts (FLEs) are thought to have undergone multiple

transitions between symbiosis and pathogenesis (Duron et al. 2017).



FLEs are the third most common endosymbionts described in ticks, after Coxiella
and Rickettsia (Scoles 2004; Budachetri et al. 2014). It is important that we understand
the evolution of this clade of endosymbionts in more detail because of the symbiont’s
potentially close relationship to the human pathogen F. tularensis, the etiological agent of
tularemia, which is vectored by ticks. Advances in next generation sequencing now
enable us to assemble the genomes of endosymbionts without first isolating the bacterium
in culture, which is a difficult task due to degradation of their genomes (Dale 2003;
Pontes & Dale 2006). We assembled the genomes of the FLEs in the hard tick
Amblyomma maculatum and the soft tick Ornithodoros moubata (Gerhart et al. 2016;
Gerhart et al. in preparation) from whole genome shotgun reads. While this project was
in progress, another group described the genome of an FLE in the soft tick Argus
(Persicargas) arboreus (previously referred to as Argas persicus) Hinrichs et al. 2016).
By utilizing the three genomes, we reveal that FLEs evolved from a mammalian
pathogen, and are potentially horizontally transferred between ticks. Additionally, our
data indicate that the superior metabolic capabilities of FLEs could have resulted in them
replacing ancestral CLEs with degraded genomes in several lineages of hard and soft

ticks.



METHODS

Sequencing and bacterial identification

A female O. moubata procured from the Institute of Parasitology, Czech Republic, and a
female 4. maculatum obtained from Oklahoma State University Tick Rearing Facility
were used in this study. DNA was extracted from each tick as follows: Tick outer
surface was sterilized using 70% ethanol, and midgut tissue was extracted by
dissection followed by gentle pressure applied to the anterior of the tick. Ejected
material was washed in PBS, treated with protease, and DNA was extracted using a
gDNA kit and protocol (Qiagen). Purified DNA samples were prepared with a standard
[llumina adapter library and sequenced using [llumina Hi-Seq 2500 (100 bp, paired-end
reads) at Oregon Health and Science University’s Massively Parallel Sequencing Shared
Resource (MPSSR), yielding approximately 180 million read pairs per sample. Low
confidence reads were removed using Trimmomatic (Bolger et al. 2014) with an [llumina
clip of four seed mismatches, a 30 bp palindrome clip threshold, and simple clip
threshold of 10, using a standard adapter library. Quality trimming was performed using a
sliding window of 4 with a score average of 20 and a minimum read length of 50%
(50bp). The identity of bacteria present in the tick microbiome were determined after the
first round of de novo assembly with IDBA (Peng et al. 2012) utilizing >1 kb contigs
identified via Blastn and binned according to the genus of closest hit using MEGANS’s
taxonomy browser (Huson et al. 2007).

Genome assembly

Trimmed reads were assembled into contigs using IDBA-UD (Peng et al. 2012), using a



k-mer range of 49:121, a step size of two, and a minimum contig length of 1kb. Putative
FLE contigs were identified through Blastn against a library of Francisella genome
sequences obtained from NCBI. All trimmed reads were mapped to these contigs using
bowtie2 and Samtools (Langmead & Salzberg 2012) and then reassembled with IDBA-
UD and IDBA-hybrid into final sets of nine and seven contigs for FLE-Om and FLE-Am,
respectively. The genomes sequences are publically available on GenBank (accession
numbers: LVCE00000000 and LNCTO00000000). The completeness of the assembled
genomes were examined using a single-copy gene database (Albertsen et al. 2013),
yielding identical results for FLE-Om, FLE-Am, F. persica, and F. tularensis, indicating
that both FLE genomes are mostly complete.

Genome annotation

FLE-Om and FLE-Am contigs were annotated using NCBI’s prokaryotic genome
annotation pipeline, and pseudogenes were verified manually. Protein-coding genes were
binned into categories based on their roles in primary metabolism, amino acid and nucleic
acid synthesis, or vitamin and cofactor metabolism using KEGG (Manyam et al. 2015)
and MEGANS. Genes present in FLE-Am, FLE-Om and F. persica were compared to
illustrate similarities and differences in their metabolic capabilities. A list of genes
critical to the pathogenicity of F. tularensis (Meibom & Charbit 2010; Rowe & Huntley
2015) was used to identify functional and pseudogenized versions of virulence genes
present in FLE-Om, FLE-Am and F. persica.

Pan-genome construction

The pan-genome of FLEs was constructed using a Blastn database created from the genes



present in all three genomes using a criteria of at least 80% nucleotide identity over a
region of at least 90% to be considered homologous. Biochemical, metabolic and cellular
functions where assigned to each group by utilizing KEGG pathways viewer in MEGAN.
Diagrams and figures where generated using CircOS (Krzywinski et al. 2009) and Adobe
[lustrator.

Metabolic reconstruction

Metabolic reconstruction was performed on the groups of genes identified in the pan-
genome construction. The groups of shared and unique genes were separately loaded into
MEGANS’s KEGG mapping function and the completeness of metabolic pathways was
inferred. If a few genes within a larger pathway were missing from the original analysis,
it was confirmed or corrected using Blastp searches against the genomes of F. tularensis
tularensis and F. tularensis novicida.

Phylogenetic analysis

In addition to FLE-Om, FLE-Am and F. persica, we included 39 fully sequenced
Francisella genomes to generate a robust phylogenetic tree. Using reciprocal Blastp, a
subset of 419 orthologous genes were identified. Sequences were aligned using Clustal
Omega (Sievers et al. 2014) and trimmed using Gblocks (Talavera and Castresana 2007).
jModelTest2 selected the GTR+I+G (General Time Reversible plus Invariant sites plus
Gamma distribution) evolution model (Darriba et al. 2012) as the best fit for the data.
Maximum Likelihood and Bayesian trees were constructed using RAXML (Stamatakis

2014) and MrBayes (Huelsenbeck and Ronquist 2001), respectively.



RESULTS

Genome features of FLEs

The genome of FLE-Am (1.56 Mb) is ~80% the size of the genome of the mammalian
pathogen F. tularensis (1.89 Mb) (Table 1). The nucleotide composition of FLE-Am’s
genome is very similar to that of pathogenic strains. A significant portion (~33%) of its
protein-coding genes contain inactivating mutations (Figure 1), Similarly, the genome of
FLE-Om is 1.57 Mb, contains similar coding density as FLE-Am (55.5% and 56.9%,
respectively) and around 35% of its genes are pseudogenes (Table 1). FLE-Om encodes
fewer coding genes than FLE-Am, but has a marginally larger genome. The third FLE
genome available is of F. persica (Hinrichs et al. 2016), and updated by Sjodin ef al.
(NZ_CP013022.1). Interestingly, unlike FLE-Am and FLE-Om, F. persica’s genome
(1.54 Mb) contains fewer inactivating mutations, a higher coding density and a longer

average gene size (Table 1).



Table 1. Genome features of Francisella species.

Feature FLE-Om FLE-Am F. persica F. tularensis
Contigs 9 7 1 1

Length (bp) 1,574,786 1,556,255 1,540,154 1,892,772
%G+C 31.80% 31.80% 31.39% 32.30%
Coding 992 1,001 1,096 1,556
domains

Coding density  55.51% 56.90% 68% 92%

Avg. gene 881 bp 886 bp 964 bp 937 bp
length

Pseudogenes 543 484 205 227

Single copy 106/111 106/111 106/111 106/111
genes?

rRNAs 4 7 9 10

tRNAs 34 32 38 38
Accession # LVCEO00000000 LNCTO00000000 NZ CP013022 NC_006570

2 Albertsen et al. 2013
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Figure 1: Comparison of the three FLE genomes. From the outside: (1) coding domains
in both forward and reverse directions in blue, (2) pathogenic genes in orange and
pseudogenized pathogenic genes in black, (3) identified ribosomal RNA genes, and (4)
read coverage for FLE-Om and FLE-Am in green and blue, respectively. The inner Venn
diagram depicts the FLE pan-genome, showing conserved, peripheral and unique genes

in each bacterium.
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The three FLE genomes were used to determine their pan-genome, which consists
of 1395 genes, with the majority (751 genes) in the core genome common between all
three strains. In addition, all three genomes show clear evidence of their pathogenic
heritage, encoding functional and pseudogenized virulence genes (Figure 1). We
examined the metabolic potential of the FLEs (Figure 2) and found that F. persica
encodes a large, unique biosynthetic pathway for nicotinamide, while lacking complete
pathways for pantothenate and heme that are present in FLE-Om and FLE-Am. FLE-Am
produces the most diverse group of amino acids, while FLE-Om has no unique pathways.
All endosymbionts have a TCA cycle & electron transport chain, a glutamine/glutamate
synthesis pathway that is a potential waste nitrogen processing pathway, and cysteine,
cystathione and glycine conversion enzymes. Within the auxiliary genomes, serine and
chorismate synthesis pathways are shared between FLE-Om and FLE-Am, whereas
glutamate semialdehyde dehydrogenase and asparagine deaminase are shared between
FLE-Am and F. persica. Furthermore, FLE-Om shares a larger number of pseudogenes
with FLE-Am than with Francisella persica. Collectively, our data show that while all
three FLEs have the potential to provide several critical nutrients to their respective hosts,

FLE-Om and FLE-Am seem to encode similar functionalities.
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Francisella persica

Figure 2: Comparison of metabolic features of FLEs. Arrows indicate simple one- or

two-enzyme processes, boxes indicate larger, multi-step biosynthetic pathways.
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FLEs descended from a common pathogenic ancestor

I generated a Francisella phylogeny using the complete orthologous gene content of all
available Francisella genomes, including FLE-Am, FLE-Om and F. persica. The final
gene set contains 419 single copy orthologous genes, and shows that all FLEs evolved
from a common ancestor related to the mammalian pathogen F. tularensis (Figure 3).
Further, the data also suggest that horizontal transfer of endosymbionts likely occur in
ticks: the FLE in the soft tick O. moubata is more closely related to the FLE in 4.
maculatum, a hard tick, than to the FLE in the other soft tick Argus (Persicargas) arboreus
(also referred to as Argas persicus) (Figure 4).

To confirm the relationship between pathogenic Francisella and FLEs, 1
examined the FLE genomes for the presence of virulence genes described in F. tularensis
(Thomas et al. 2007; Meibom & Charbit 2010; Rowe & Huntley 2015). Both FLE-Am
and FLE-Om contained pseudogenized versions of several virulence genes, including a
Type VI Secretion System present on a pathogenicity island in F. tularensis, and in a
Type 4 pili that is critical to mammalian infection (Table 2). In contrast, the F. persica
genome contained a higher number of potentially functional virulence genes, including
important systems such as lipopolysaccharide (LPS) and the structural and anchoring
components of the Type VI secretion system, suggesting that it is still pathogenic to
mammals. In fact, F. persica (previously wrongly identified as Wolbachia persica) was

found to cause fever and death in guinea pigs (Suitor & Weiss 1961).
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Figure 3: Phylogeny of FLEs using 419 single copy orthologous genes conserved in 39
fully sequenced strains of Francisella. FLEs appear as a sister taxon to Francisella

tularensis, a clade pathogenic to mammals.



—— [FLE-Om| 0. moubata] ———

—— [FLE-Am]| | A. persicus| —————

Francisella tularensis Pholcus phalangioides

Figure 4: Comparison of FLE and host phylogenies. Phylogenetic placement of FLEs
based on 419 orthologous genes (left) do not correspond to the host phylogeny (right)
based on an 18S rDNA sequences, suggesting that FLEs in soft ticks did not diverge
along with their hosts, but instead were acquired recently from another host or from the
environment. Soft ticks and their FLEs are highlighted in yellow boxes. The hard tick and
its FLE are in blue boxes. Black dots indicate >90% bootstrap value (top) or posterior

probability (bottom).
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Table 2. Virulence genes in FLEs compared to F. tularensis.

F. tularensis F. persica FLE-Am FLE-Om
Coding  Psecudo | Coding  Pseudo Coding  Pseudo Coding  Pseudo
genes genes genes genes genes genes genes genes
LPS, capsule
& membrane 22 0 13 1 8 6 9 2
synthesis
Antigen 1 1 5 2 6 I 5 3
synthesis
Type 4 Pili 17 0 8 4 4 10 2 6
Hypothetlcal ) 0 ) 0 1 3 1 0
porins
Outer
membrane 8 0 8 0 6 2 5 0
proteins
Inner
membrane 10 0 8 0 8 0 8 1
proteins
Type VI
Secretion 17 0 16 0 3 4 1 6
System

16



DISCUSSION

FLEs could potentially replace ancestral CLEs

The geographical range of A. maculatum (Gulf coast tick) overlaps with that of 4.
americanum (Lone Star tick) in the southwest United States. Interestingly, the primary
endosymbiont of 4. americanum is a CLE, termed CLEAA (Smith et al. 2015) and not an
FLE, as observed in A. maculatum (FLE-Am). Bacteria with extensive metabolic
proficiency are known to replace ancient endosymbionts with reduced metabolic prowess
(Koga & Moran 2014; Bennette and Moran 2015), hence we compared the metabolic
pathways present in CLEAA and FLE-Am. As shown in Figure 5, the metabolic
capability of FLE-Am is much more extensive than in CLEAA. For instance, FLE-Am
can produce heme in addition to every cofactor synthesized by CLEAA, and while both
FLE-Am and CLEAA share the ability to produce aspartate from pyruvate and to
metabolize it into ATP, only the FLE synthesizes cysteine, threonine, tyrosine,
tryptophan, and phenylalanine, and can synthesize serine from pyruvate, and metabolizes
glutamate, glutamine, and asparagine into ATP. Of these amino acids, FLE-Am most
crucially provides a reliable source of the amino acid cysteine, which is found in very low
concentrations in bovine blood (Duarte et al. 1999). FLE-Am can also synthesize
glutamine from glutamic acid and ammonia, thus recycling cellular ammonia waste to
useful products (Sabree et al. 2009). In sum, our data suggest that the superior
biosynthetic capability of FLE-Am confers a selective advantage, which could have led
to FLE-Am recently replacing an ancestral symbiont such as CLE with reduced metabolic

capacity in A. maculatum.
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Figure 5: Comparison of metabolic potentials of FLE-Am (black arrows) and CLEAA
(grey arrows). FLE-Am is capable of synthesizing every major metabolite that CLEAA
can provide to the host, along with several other potentially beneficial compounds that

CLEAA is unable to provide (yellow boxes).
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This scenario is supported by the observation that CLEs are much more prevalent in ticks
than FLEs but appear to have been competitively excluded by FLEs in several tick
species (Duron et al. 2017).

Our phylogenetic analyses indicate that FLEs share a recent common ancestor
with Francisella species that are pathogenic to mammals, suggesting that FLEs likely
arose by the domestication of a mammalian pathogen that was vectored by ticks. This
process could occur rapidly because the bacterium does not have to ‘learn’ anew how
to circumvent the tick’s immune response and there is no need to attenuate bacterial
virulence towards the tick (Clayton et al. 2012). Additionally, because genes that
promote pathogenesis through amino acid scavenging (e.g., FTT 0968c, xasA4),
macrophage survival (e.g., car4, carB, bioF), and intracellular replication
(aroEl, purMCD, purL, and purF) (Rowe & Huntley 2015; Meibom & Charbit
2010) are retained in FLEs, they could be key to its endosymbiotic lifestyle.
Contrasting this, in Coxiella, previous studies indicate that pathogen-symbiont transition
occurred in the reverse direction: the mammalian pathogen C. burnetii probably
originated from a tick-associated ancestor, which acquired genes required for
successfully infecting mammalian cells via horizontal gene transfer (Duron et al. 2015;
Moses et al. 2017).

Previous studies have shown that the provisioning of nutrients such as amino
acids and vitamins, or processing waste nitrogen are some of the major roles of
endosymbionts ( Sabree et al. 2009; Hansen & Moran 2011; Nikoh et al. 2014; Wilson &

Duncan 2015). We examined the metabolic pathways present in FLEs and found that they
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have the ability to both synthesize several amino acids and coenzymes present in very
low concentrations in blood, and to recycle ammonia into amino acids (Figure 2, Figure
5), indicating that they could improve host fitness by functioning as nutrient provisioning
endosymbionts (Gerhart et al. 2016; Gerhart et al. in preparation). The extensive
metabolic capabilities of FLEs could be a selective advantage over other endosymbionts
with limited metabolic potential such as ancestral CLEs with degraded genomes, thereby
resulting in FLEs replacing older endosymbionts (Gerhart et al. 2016; Duron et al. 2017).

Unlike congruent host and symbiont phylogenetic trees observed in many insects
(e.g. Baumann et al. 1997; Russell & Moran 2005), host-endosymbiont coevolution is
rare across ticks, probably due to horizontal transfer of symbionts between unrelated tick
species. A recent survey of 81 species of hard and soft ticks showed that FLEs in several
soft ticks were more closely related to FLEs in hard ticks than to each other, suggesting
that FLEs were acquired multiple times by ticks (Duron et al. 2017). In accordance with
this observation, it is likely that the two FLEs in soft ticks analyzed in our study were
acquired independently: FLE-Om from a hard tick, and F. persica from an unknown
source. Horizontal transfer of endosymbionts appears to be more prevalent in ticks than
in insects. This is probably because tick endosymbionts are not restricted to specialized
cells as seen in insects, but are present in several tissues including in the salivary glands
(Budachetri et al. 2014), which could facilitate transfer between blood-feeding arthropods
while co-feeding on the same vertebrate host (Wright et al. 2015; Rudolf et al. 2016).

In conclusion, we describe both the unusual genomic features of three

endosymbionts of genus Francisella, and provide many avenues for future research in the
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field of tick endosymbiosis, which is an understudied area with important implications to
human health. Going forward, more extensive sampling and careful sequencing will be
required to deduce the ancestor of FLEs, to describe FLE diversity across ticks, to
confirm horizontal transfer of FLEs, and to test the competitive model of endosymbiont

replacement in ticks.
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OFEN" A Francisella-like endosymbiont in
‘the Gulf Coast tick evolved from a
mammalian pathogen

Recewed: 27)une 2016 jonathan G. Gerhart, Abraham S. Moses & Rahul Raghavan
Accepted: 30 August 2016
Published: 20September 2016 Ticks (order Ixo<!|da) vect_or pathogenic bacteria that cause diseases in hur_nans and other rr_lammals.
. They also contain bacteria that are closely related to pathogens but function as endosymbionts that
. provide nutrients that are missing from mammalian blood—their sole food source. For instance,
¢ mammalian pathogens such as Coxiella burnetiiand Francisella tularensis, as well as Coxiella-like and
: Francisella-like endosymbionts (CLEs and FLESs, respectively) occur in ticks worldwide. However, it is
. notclear whether the pathogens evolved from symbionts or symbionts from pathogens. Recent studies
i have indicated that C. burnetii likely originated from a tick-associated ancestor, but the origins of FLEs
: are not clear. In this study, we sequenced the genome of an FLE, termed FLE-Am, present in the Gulf
¢ Coast tick, Amblyomma maculatum. We show that FLE-Am likely evolved from a pathogenic strain
. of Francisella, indicating that tick endosymbionts can evolve from mammalian pathogens. Although
i the genome of FLE-Am is almost the same size as the genomes of pathogenic Francisella strains,
: aboutone-third of its protein-coding genes contain inactivating mutations. The relatively low coding
: capacity and extensive metabolic capabilities indicate that FLE-Am transitioned recently to its current
: endosymbiotic lifestyle and likely replaced an ancient endosymbiont with degraded functionality.

: Blood is the sole source of nutrition for ticks; however, it contains minimal amounts of several amino acids
: and cofactors required for normal development'. Similar to insects that thrive on unbalanced plant diets?, ticks
. depend on symbiotic bacteria such as Coxiella-like and Francisella-like endosymbionts (CLE and FLE, respec-
¢ tively) that likely provision nutrients missing from their diet>*. In addition to containing endosymbionts, ticks
¢ often vector closely related mammalian pathogens, including Francisella tularensis and Coxiella burnetii®®, but
¢ the evolutionary relationship between the two clades is not clear. Among Amblyomma species (hard-backed tick,
¢ family Ixodidae), the most prevalent endosymbionts are CLEs, which have reduced genomes, a feature associated
¢ with long-term endosymbiosis’. Interestingly, unlike most other Amblyomma species, the primary endosymbiont
¢ of A. maculatum (Gulf Coast tick) is a FLE, termed FLE-Am?®. We sequenced its genome and show that it likely
. evolved from a pathogenic ancestor, thereby showing that tick endosymbionts could evolve from mammalian
: pathogens. Unlike the highly reduced genomes of CLEs, FLE-Am has undergone minimal genome reduction,
: but asubstantial number of its protein-coding genes, including virulence genes, contain inactivating mutations.
. This low coding capacity indicates that the endosymbiont originated recently, and additionally, by virtue of its
: superior metabolic and biosynthetic capabilities, FLE-Am most likely replaced an ancestral CLE with degraded
¢ functionality, thereby allowing A. maculatum to escape the “symbiosis rabbit hole™.

: Results and Discussion

: FLE-AM evolved from a pathogenic ancestor. We analyzed the A. maculatum microbiome and dis-
¢ covered that FLE-Am dominates the tick microbiome. Out of the 4,603 (> 1kb) contigs assembled from the
* sequencing reads, a vast majority was of host origin. Only 48 contigs were of bacterial origin, and out of those
. 46 belonged to Francisellacae (Supplementary Table S1). FLE-Am has been previously shown to be the major
i bacterium present in A. maculatum®, and FLEs are maternally transmitted*’, indicating that it is essential to the
: normal development of A. maculatum. We estimated the phylogenetic position of FLE-Am using 442 orthologous
: proteins present in 44 fully sequenced Franciseila genomes. As shown in Fig. 1, FLE-Am shares a recent common
. ancestor with Francisella species that are pathogenic to mammals, with the exclusion of aquatic Francisella species

Department of Biology and Center for Life in Extreme Environments, Portland State University, Portland, Oregon,
i 97201, USA.Correspondence and requests for materials should be addressed to R.R. (email: rahul.raghavan@pdx.edu)

SCIENTIFIC REPORTS |6:33670 | DOI: 10.1038/srep33670 1

31



(%)
FLE-Am %1
{2 is novicida 3523
F tularensis novicida D9876
F tularensis novicida Fx1
F tularensis novicida U112-1
° F tlarensis novicida U112-2
]| F. tularensis novicida F6168
F tilarensis tlarensisWY96
F. tularensis holarctica PHIT-FT049
F. tularensis holarctica 425
* F tularensis holarctica F92
F. tularensis holarctica FINF002-00
F tularensis holarctica FSC200
F. tularensis holarctica LVS-1
e F tularensis holarctica LVS-2
F. tularensis holarctica FTT_1
F. tularensis holarctica V168
®| | F twiarensis holarctica OSU18-1
F. tlarensis holarctica OSU-18-2
- F tularensis mediasiatica FSC147
F twiarensis tularensis MA00-2987
F tularensis tularensis TI0902
F tularensis tularensis TIGB0O3
F. tularensis tularensis FSC 198
F. tularensis tularensis NEO61598
F tularensis tularensis NR-28534
F. tularensis tularensis SCHU S4-1
by F. tularensis tufarensis SCHU $4-2
F wilarensis tularensis WY996-3418
F. tufarensis tularensis NIH B-38
F. tularensis novicida WY-00W4114
F. tufarensis tularensis DPG 3A-1S
F. noatunensis orientalis LADL-07-285A
olr is orientalis FNC190
F. noatunensis orientalis Toba 04
F. noatunensis orientalis FNOO1
B * F. noatunensis orientalis FNO24
F. noatunensis orientalis FNO12
: F phifomiragia philomiragia GAO1-2794
F. philomiragia philomiragia ATCC 25015 O#319L
F. philomiragia philomiragia GA01-2801
F. phifomiragia phiforniragia 0#319-036 [FSC 153]
F. philomiragia philomiragia ATCC 25017
F. philomiragia philomiragia O%#319-067
F. philomiragia philomiragia 0#319-029
0.04 nucleotick ilutions per site

olo
Mammalian pathogens

bootstrap/ post. prob
®: 090
9081-090
®0.71-080

Fish pathogens

Figure 1. FLE-Am is a sister taxon of mammalian pathogens. Phylogenetic tree based on 442 orthologous
genes in FLE-Am and 44 fully sequenced Franciseila genomes is shown. Bootstrap and posterior probability
values are provided on top and bottom of each node, respectively.

that are pathogenic to fish. Our multi-protein tree clarifies earlier phylogenetic trees based on partial FLE-Am 165
rRNA sequences that showed it to be a sister taxon of F. tularensis'.

Virulence genes have been inactivated in FLE-AM.  As shown recently for C. burnetii, nammalian
pathogens could evolve from non-pathogenic ancestors by acquiring virulence genes'?; conversely, avirulent sym-
bionts could arise from pathogenic ancestors by losing virulence genes, but no clear examples of this process have
been documented. To identify the evolutionary relationship between pathogenic Francisella and FLE-Am, we
examined the FLE-Am genome for the presence of virulence genes described in F. tularensis and F. novicida'>'%.
We discovered that FLE-Am contained pseudogenized versions of several virulence genes, including genes for
a Type VI Secretion System present on a pathogenicity island in F. tularensis and for Type 4 pili that are criti-
cal to mammalian infection (Fig. 2, Supplementary Table S2). Collectively, our data denotes that the ancestor
of FLE-Am was most likely a mammalian pathogen that contained functional versions of virulence genes. The
absence of intact secretion and effector gene systems in FLE-Am suggests that it is avirulent to humans despite
its presence in the salivary glands and saliva of A. maculatun’. Intriguingly, salivary glands of other Ambiyomma
species such as A. americanum contain CLEs'. Although its functional significance is not understood, being
secreted in saliva could facilitate the exchange of endosymbionts between ticks while co-feeding on the same
host'®.

FLE-Am evolved recently and likely replaced an ancestral endosymbiont.  The genome of FLE-Am
(1.56 Mb) is ~80% the size of the genome of the mammalian pathogen F. tularensis (1.89Mb) (Table 1), and a
significant portion (~33%) of its protein-coding genes contains inactivating mutations (Fig. 2, Supplementary
Dataset 1). The degree of reductive genome evolution in FLE-Am is much lower than what is usually observed
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Pseudo|Functional
| Category genes
LPS and capsule
synthesis
6@@ synthesis|

Figure 2. Comparison of FLE-Am and F. fularensis genomes. FL.E-Am genome is on the right and

I tularensis tularensis SCITU-$4 genome is on the lefl. The outer two rings show protein-coding genes (blue
in FLE-Am and green in I fularensis). Rings 3 and 4 contain virulence genes (intact genes in orange and
pseudogenes in black). Amino acid biosynthesis genes (green) are in ring 5. Cofactor synthesis and transport
genes (purple) are in ring 6, and IRNAs (black) and rRNAs (red) are in ring 7. Sequencing read coverage for
FLE-Am is shown in the innermost black semi-circle. Notice that the coverage for the rRNA operon is double
that of the rest of the genome. 'Lhe table in the center highlights the inactivation and loss of virulence genes in
FLE-Am.

Genome size (bp) 1,892,772

GC% 323 31L&
Protein coding genes 1,556 1,001
Pseudogenes 227 484
rRNAs 10 7

IRNAs 38 32

Single copy genes 1067111 106/111
Average Gene Size 942 bp 886 bp
GenPank Accession NC_006570.2 LNCTO0000000

Table 1. Genome features of FLE-Am and F. tularensis SCHU-$4.

in long-term endosymbionts such as a CLE in A. americanum (CLEAA)?, and the presence of large number of
pseudogenes imply that the bacterium is in the initial stages of reductive evolution, as superfluous genes are first
pseudogenized and then ultimately deleted from the genome when a bacterium shifts from a free-living to a
host-associated lifestyle. Additionally, endosymbiont genomes tend to be much more A+T biased than closely
related pathogens or environmental bacteria; however, the nucleotide composition (G—C%) of FLE-Am is very

SCIENTIFICREPORTS | 6:33670 | DOI: 10.1038/srep33670 3

33



www.nature.com/scie

ificreports/

[Sucrose/Fructose/Glucose |

a-D Glucose 6-P

Pentose Phosphate Pathway FAD

|Thteonine| ITryplophanl u GTP%
Glyceraldehyde 2-P Folate —— Riboflavin

Glycine T u TT
R T ¢ Phenylalaning

Serine «—— Pyruvate ——3 Chorismate ——3» yrosine

x &Co A —7 u Fatty acid \

Pantothenate
Aspartate Glutamate| —7
NH* HE S
Heme
NAD/NADP ATP

Figure 3. Comparison of metaboli bilities of FLE-Am and CLEAA. Black arrows mark pathways

2

Biotin

2

present in FLE-Am, and grey arrows depict CLEAA pathways. Metabolic products exclusively produced by
FLE-Am are highlighted in yellow.

similar to that of E. tularensis (32. 3% and 31.8%, respectively)”’. These features collectively indicate that FLE-Am
transformed recently into an endosymbiont.

Because bacteria with extensive metabolic proficiency are known to replace ancient endosymbionts with
reduced metabolic prowess’, we compared the metabolic pathways present in FLE-Am to that of CLEAA, the
cofactor provisioning endosymbiont found in A. americanum®. As shown in Fig. 3, the metabolic capability of
FLE-Am is much more extensive than in CLEAA. For instance, FLE-Am can produce heme in addition to cofac-
tors (except thiamine) synthesized by CLEAA. Furthermore, while both FLE-Am and CLEAA share the ability
to produce aspartate from pyruvate, and to metabolize it into ATP, only the FLE synthesizes cysteine, threo-
nine, tyrosine, tryptophan, phenylalanine, and serine from pyruvate, and can metabolize glutamate, glutamine,
and asparagine into ATP. Of these amino acids, FLE most crucially provides a reliable source of the amino acid
cysteine, which is found in very low concentrations in bovine blood'. FLE-Am can also synthesize glutamine
from glutamic acid and ammonia, thus recycling cellular ammonia waste to useful products. In sum, our data
indicate that the superior biosynthetic capability of FLE-Am confers a selective advantage, which could have led
to FLE-Am recently replacing an ancestral symbiont (e.g. CLE) with reduced metabolic capacity in A. maculatum.

Symbiosis with bacteria allows arthropods to thrive on nutrient-poor diets’. However, the absolute reliance
ona symbiont could eventually become disadvantageous to the host because massive gene loss and accumulation
of mildly deleterious mutations will corrode the symbiont’s metabolic capability””. One solution to escaping this
symbiosis “rabbit hole” is to supplement or replace the ancient symbiont with new bacteria acquired from the
environment®. This process has occurred in several lineages of insects (e.g. ref. 17). In A. maculatum, FLE-Am
seems to have recently replaced an older endosymbiont, whose identity is unknown, but based on the current
bacterial prevalence data it was most probably a CLE or a Rickettsia'?. FLE-Am likely arose by the domestication
of a mammalian pathogen that was vectored by the tick. This process could occur rapidly because the bacterium
doesn’t have to learn anew how to circumvent the tick’s immune response, and there is no need to attenuate bac-
terial virulence towards the tick'®. Additionally, because genes that promote pathogenesis through amino acid
scavenging (e.g., FTT 0968c, xasA), macrophage survival (e.g., carA, carB, bioF), and intracellular replication
(aroE1, purMCD, purL, and purF)'>* are retained in FLE-Am (Fig. 1), they could be key to its endosymbiotic life-
style. Further evolutionary, functional and genomic studies of FLEs and CLEs from a wide array of soft and hard
ticks will help us to better understand how pathogenic Francisella evolved into endosymbionts that supports the
blood-dependent lifestyle of ticks, and how tick-associated Coxiella evolved into pathogenic C. burnetii'? (Fig. 4).

Methods
Sequencing and bacterial identification. DNA was extracted from a female A. maculatum procured
from Oklahoma State University Tick Rearing Facility, as described previously?, and was sequenced using
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Figure 4. Evolution of pathogens and tick symbi Mammalian pathogens could evolve
from tick-associated bacteria by acquiring virulence genes (c.g., Coxiella burnetii). Conversely, evolution of tick
endosymbionts from mammalian pathogens is associated with loss of virulence genes (e.g., FLE-Am).

Tllumina Hi-Seq 2500 (100 cycles, paired-end) at OHSU MPSSR, yielding approximately 180 million read pairs.
Low confidence reads were removed, and the identify of bacteria present in the tick microbiome were determined
utilizing > 1 kb contigs binned using MEGAN',

Genome Assembly.  Trimmed reads were assembled into contigs using IDBA-UD®, and by comparing them
to Francisella genome sequences, FLL contigs were identified. All trimmed reads were mapped to these contigs
and then reassembled with IDBA-UD and IDBA-hybrid into a final set of seven contigs (Supplementary Table $3),
which were submitted to NCBI (Accession: LVCE00000000). The completeness of the assembled genome was
examined using a single-copy gene database®', and as a control, an identical single-copy gene analysis was per-
formed on F. tularensis subsp. tularensis SCHU $4 genome (NC_006570.2) (Table 1).

Genome Annotation. FLE-Am contigs were annotated using NCBI Prokaryotic Genome Annotation
Pipcling, and pseudogenes were verified manually. Protein-coding genes were binned into categories based on
their role in primary metabolism, amino acid and nucleic acid synthesis, or vitamin and cofactor metabolism,
and then subsequently compared to CLEAA to illustrate differences in their metabolic capabilities. A list of genes
critical to the pathogenicity of E fularensis'*!* was used to identify both functional and pseudogenized versions
of virulence genes present in FLE-Am (Supplementary Table $2). Intact protein-coding genes present in FLE-Am
but not in E tularensis SCHU-$4 are provided in Supplementary Table $4.

Phylogenetic Analysis. In addition to FLE-Am, we included all 44 fully sequenced Francisella genomes to
generate a robust phylogenetic tree. Using reciprocal BLASTP, a subset of 442 orthologous genes (Supplementary
Dataset 2) that were conserved in all genomes was identified. Nucleotide sequences were aligned using Clustal
Omega*’, ambiguously aligned regions were removed using Gblocks®, and jModelTest2 was used to select the
GTR+I+G (General Time Reversible plus Invariant sites plus Gamma distribution) evolution model*!. Using
concatenated sequences, Maximum Likelihood trees with 1,000 bootstrap replicates were constructed using
RAXMI#, Bayesian trees with a chain length of 500,000 and a burn-in fraction of 25% and sampling every 100
trees were constructed using MrBayes.
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ABSTRACT

Endosymbiosis in arthropods involves intracellular bacteria that supply an array
of benefits to the host. In ticks, endosymbionts likely supply essential amino
acids and cofactors, and recycle ammonia into amino acids. Endosymbionts of
ticks are of special interest due to their close evolutionary relationships with tick-
vectored pathogens that impact livestock and human health. For instance, ticks
contain Coxiella-like endosymbionts (CLEs) or Francisella-like endosymbionts
(FLEs) that are closely related to human pathogens Coxiella burnetii and
Francisella tularensis, respectively. We recently sequenced the genome of the FLE
present in the hard tick Amblyomma maculatum (FLE-Am) and showed that it
evolved from a pathogenic ancestor. In order to expand our understanding of the
evolutionary histories of FLEs in ticks, in this study, we sequenced and analyzed
the genome of the FLE in the soft tick Ornithodoros moubata (FLE-Om). While this
project was in progress, the genome of an FLE in another soft tick Argqus
(Persicargas) arboreus was published. Utilizing the three genomes, we establish
that all FLEs evolved from a common pathogenic ancestor, a relationship that is
converse to that observed in Coxiella where the human pathogen likely evolved

from a tick-associated non-pathogenic ancestor. Additionally, we show that the
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FLEs in the two soft ticks were likely acquired independently, probably via

horizontal transfer between arthropod hosts or from environmental sources.
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INTRODUCTION
Bacterial endosymbionts allow arthropods to subsist on unbalanced diets. For
example, Buchnera aphidicola provides amino acids missing in the diet of aphids
that feed exclusively on phloem (Baumann 2005; Bennett & Moran 2015).
Similarly, ticks that depend solely on blood, a poor source for several amino
acids and cofactors, contain Coxiella-like or Francisella-like endosymbionts
(referred to as CLEs and FLEs, respectively) (Smith et al. 2015; Gottlieb et al.
2015; Gerhart et al. 2016). Ticks also vector mammalian pathogens Coxiella
burnetii and Francisella tularensis that are closely related to the endosymbionts
(Ahantarig et al. 2013; Petersen et al. 2009; Duron et al. 2015). The evolutionary
relationships between endosymbionts and pathogens carried by ticks are not
completely understood. Previous studies indicate that pathogen-symbiont
transitions could occur in either direction: the mammalian pathogen C. burnetii
probably originated from a tick-associated non-pathogenic ancestor (Duron et al.
2015; Moses et al. 2017), whereas the FLE in the hard tick Amblyomma maculatum
(FLE-Am) likely evolved from a mammalian pathogen (Gerhart et al. 2016).

In this study, to better understand the evolution of FLEs in ticks, we
sequenced the genome of an FLE found in the soft tick Ornithodoros moubata

(FLE-Om), and compared it to the genome sequences of FLE-Am and Francisella
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persica — an FLE present in the soft tick Argus (Persicargas) arboreus (previously
referred to as Argas persicus) (Hinrichs et al. 2016). Our analyses show that all
FLEs evolved from a common pathogenic ancestor, but the FLEs in the two soft

ticks were likely acquired independently.

RESULTS AND DISCUSSION

FLE-Om has a reduced genome

Intracellular “coccoid” bacteria were described in the malphigian tubules and
ovaries of O. moubata more than four decades back using electron microscopy
(Reinhardt et al. 1972). Recently, 165 rDNA PCR was used to confirm that the
endosymbiotic bacterium was closely related to the human pathogen F. tularensis
(Noda et al. 1997). Using high-throughput sequencing, we analyzed genomic
DNA isolated from an adult female O. moubata obtained from a long-term
laboratory colony (Rego et al. 2005). Out of the ~180 million sequencing reads, a
vast majority was of host origin, with ~15 million reads contributing to
assembling the nine FLE-Om contigs (Table S1). In addition, low amounts of
Clostridium spp. and Burkholderia spp. were also present in the tick (<0.5% of
reads). No other bacterium was detected at significant levels, including the

Coxiella-like “Symbiont A” described previously from another O. moubata
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laboratory colony (Noda et al. 1997). We screened several male and female O.
moubata adults using both bacterial and Coxiella-specific 165 rDNA PCR primers
to confirm that FLE-Om but not the Coxiella-like “Symbiont A” has been retained
in the O. moubata laboratory colony (Klyachko et al. 2007; Klindworth et al. 2013).
As shown previously in insects, this observation suggests that while FLE-Om is
likely a primary endosymbiont that provides a critical function to O. moubata, the
Coxiella-like “symbiont A” is likely a secondary symbiont or a transient
bacterium (Hall et al. 2016).

The ~1.57 Mb genome of FLE-Om is similar in size to that of other FLEs
(FLE-Am and F. persica) but substantially smaller than the ~1.90 Mb genome of
the human pathogen F. tularensis (Table 1). Similarly, the G+C content and the
number of protein-coding genes are also considerably lower in the FLEs in
comparison to F. tularensis, signifying a more intimate association between FLEs
and their hosts, which leads to smaller, A+T-biased genomes (McCutcheon &
Moran 2010). Intriguingly, FLE-Am and FLE-Om have significantly higher
number of pseudogenes, and contain lower number of rRNA operons than F.
persica, indicating that F. persica’s evolutionary history is different from that of

the other two FLEs.
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All FLEs evolved from a common pathogenic ancestor, but F. persica and FLE-
Om were acquired independently

We estimated the phylogenetic positions of FLEs using 404 orthologous genes in
49 fully sequenced Franciselln genomes (Supplemental Dataset 1). Our data
shows that all FLEs originated from a common potentially pathogenic ancestor
(Figure 1A). However, FLE-Om is more closely related to FLE-Am than to F.
persica, although the hosts of FLE-Om and F. persica are more closely related to
each other (both are soft ticks) (Figure 1B). This incongruence between tick
phylogeny and FLE phylogeny indicate that the FLEs in the two soft ticks are
likely of independent origin. This observation is not surprising because unlike
matching host and symbiont phylogenetic trees observed in many insects (e.g.
Chen et al. 1999; Bennett & Moran 2015; Jousselin et al. 2009), host-endosymbiont
coevolution is rare across ticks, probably due to horizontal transfer of symbionts
between unrelated tick species (Duron et al. 2015). A recent PCR survey of 81
species of hard and soft ticks showed that FLEs in several soft ticks were more
closely related to FLEs in hard ticks than to each other, denoting that FLEs were
acquired multiple times by soft ticks (Duron et al. 2017). Based on these
observations, it is likely that the two FLEs in soft ticks were acquired recently

from independent sources: FLE-Om likely from a hard tick, and F. persica from an
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as yet unknown (environmental) source. Horizontal transfer of endosymbionts
are probably more prevalent among ticks than among insects because tick
endosymbionts are not restricted to specialized host cells such as bacteriocytes,
but are usually present in several tissues including in the salivary glands
(Klyachko et al. 2007; Budachetri et al. 2014). The presence of FLEs in the salivary
glands of ticks could be a holdover from their previous pathogenic lifestyle, and
it could facilitate horizontal transfer between blood-feeding arthropods while co-

teeding on the same vertebrate host (Wright et al. 2015; Lee et al. 2016).

Metabolic and virulence features of FLEs

The FLE pan-genome consists of 1395 genes, with the majority (751) present in
the core genome (Figure 2). We examined the metabolic potential of FLEs (Figure
3) and found that F. persica encodes a large, unique biosynthetic pathway for
nicotinamide, while lacking complete pathways for pantothenate and heme,
which are present in FLE-Om and FLE-Am. FLE-Am produces the most diverse
group of amino acids, while FLE-Om has no unique pathways. All
endosymbionts have a TCA cycle, electron transport chain, a
glutamine/glutamate synthesis pathway that could recycle waste ammonia into

amino acids, and cysteine, cystathione and glycine conversion enzymes. Lastly,
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within the auxiliary genomes, serine and chorismate synthesis pathways are
shared between FLE-Om and FLE-Am, whereas glutamate semialdehyde
dehydrogenase and asparagine deaminase are shared between FLE-Am and F.
persica. In sum, the FLEs have the potential to synthesize several amino acids and
cofactors present in very low concentrations in their hosts” blood meal (Table
S2), indicating that they could improve host fitness by functioning as nutrient
provisioning endosymbionts. Furthermore, the extensive metabolic capabilities
of FLEs could provide them a selective advantage over endosymbionts with
limited metabolic potential such as ancestral CLEs with degraded genomes,
thereby resulting in FLEs replacing older endosymbionts (Bennett & Moran 2015;
Gerhart et al. 2016; Duron et al. 2017). Lastly, unlike for most other arthropod
endosymbionts, the broad biosynthetic capability of F. persica has allowed its
laboratory culture (Hinrichs et al. 2016), and it should be possible to develop
axenic growth media for FLE-Am and FLE-Om using our genomic data, as
previously done for other obligate intracellular bacteria (Omsland et al. 2009).
Reflective of their pathogenic heritage, all three FLEs encode several genes
required for virulence in pathogenic Francisella (Rowe & Huntley 2015; Meibom
& Charbit 2010). As expected in nutrient provisioning endosymbionts, most

virulence genes have been inactivated or deleted in FLE-Am and FLE-Om (Table
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2, Table S3). F. persica, however, contains considerably higher number of
potentially functional virulence genes, including in important structures such as
LPS and Type VI secretion system, suggesting that it is still pathogenic to
mammals. In fact, F. persica (previously misidentified as Wolbachia persica) was
found to cause fever and death in guinea pigs (Suitor & Weiss 1961).
Intriguingly, MA067296, a strain of Francisella that caused an opportunistic
human infection (Kugeler et al. 2008; Challacombe et al. 2017), is more closely
related to the FLEs than to the human pathogen F. tularensis (Figure 1A),
supporting our conclusion that the ancestor of FLEs was a mammalian pathogen.

In conclusion, we show that while all three FLEs originated from a
common pathogenic ancestor and could function as nutrient-provisioning
endosymbionts, the two FLEs in soft ticks have divergent evolutionary histories
and dissimilar virulence potentials, indicative of independent acquisition events,
probably of preexisting endosymbionts or from environmental sources (Clayton
et al. 2012; Duron et al. 2017). Further studies are required to understand the
functions of FLEs in ticks, to delineate the evolutionary histories of all FLEs in
hard and soft ticks, and to define the possible relationship between FLEs and

environmental Francisella (Barns et al. 2005; Keim et al. 2007).

46



MATERIALS AND METHODS

Sequencing and bacterial identification.

A female O. moubata from a laboratory colony maintained at the Institute of
Parasitology, Czech Republic was used in this study. Tick outer surface was
sterilized using 70% ethanol, and midgut tissue was extracted and subjected to
Protease K digestion, followed by DNA extraction using a DNeasy kit and
protocol (Qiagen). Purified DNA was sequenced in a single lane of Illumina Hi-
Seq 2500 (100 bp, paired-end) at Oregon Health and Science University’s
Massively Parallel Sequencing Shared Resource, yielding approximately 180
million read pairs. Low confidence reads were removed using Trimmomatic
(Bolger et al. 2014). The identity of bacteria present in the tick microbiome were
determined after the first round of de novo assembly with IDBA (Peng et al.
2012) utilizing >1 kb contigs identified via Blastn and binned according to the

genus of closet hit using MEGANS’s taxonomy browser (Huson et al. 2007).

Genome assembly.
Trimmed reads were assembled into contigs using IDBA, using a k-mer range of
49:121, a step size of two, and a minimum contig length of 1 kb. Putative FLE

contigs were identified through Blastn against a library of Francisella genome
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sequences obtained from NCBI. All reads were mapped to these contigs using
bowtie2 and Samtools (Langmead & Salzberg 2012), and the mapped reads along
with 20% of original reads were reassembled into a final set of nine contigs,
which have been submitted to NCBI (accession: LVCE00000000). The
completeness of the assembled genome was examined using a single-copy gene
database (Albertsen et al. 2013), yielding identical results for FLE-Om, FLE-Am,

Francisella persica, and Francisella tularensis (106/111 genes).

Genome annotation and assessment of metabolic and virulence potential.

FLE-Om contigs were annotated using NCBI's prokaryotic genome annotation
pipeline, and pseudogenes were verified manually. Protein-coding genes were
binned into categories based on their roles in primary metabolism, amino acid
and nucleic acid synthesis, or vitamin and cofactor metabolism using KEGG
(Manyam et al. 2015) and MEGANS. Genes present in FLE-Am, FLE-Om and F.
persica were compared to illustrate similarities and differences in their metabolic
capabilities. A list of genes critical to the pathogenicity of F. tularensis was used
to identify functional and pseudogenized versions of virulence genes present in
FLE-Om, FLE-Am and F. persica (Rowe & Huntley 2015; Meibom & Charbit

2010). For metabolic reconstruction, groups of shared and unique genes where
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separately loaded into MEGAN5's KEGG mapping function and the
completeness of metabolic pathways was inferred. If a few genes within a larger
pathway were missing from the original analysis, it was confirmed or corrected

using Blast searches.

Pan-genome construction.

The pan-genome of FLEs was constructed using a Blastn database created from
the genes present in all three genomes using a criteria of at least 80% nucleotide
identity over a region of at least 90% to be considered homologous. Biochemical,
metabolic and cellular functions where assigned to each group by utilizing
KEGG pathways viewer in MEGANS. Diagrams and figures were generated

using Circos (Krzywinski et al. 2009), and Adobe Illustrator.

Phylogenetic analysis.

In addition to FLE-Om, FLE-Am and F. persica, we included 46 fully sequenced
Francisella genomes to generate a robust phylogenetic tree (Gerhart et al. 2016).
Using reciprocal Blastp, a subset of 404 orthologous genes were identified.
Sequences were aligned using Clustal Omega (Sievers et al. 2014) and trimmed

using Gblocks (Talavera & Castresana 2007). jModelTest2 was used to select the
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GTR+I+G (General Time Reversible plus Invariant sites plus Gamma
distribution) evolution model (Darriba et al. 2012). Maximum Likelihood and
Bayesian trees were constructed using RAxML (Stamatakis 2014) and MrBayes

(Huelsenbeck & Ronquist 2001), respectively.
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FIGURE LEGENDS

Figure 1. FLEs evolved from a pathogenic ancestor but were acquired multiple
times. (A) Phylogenetic tree based on 404 orthologous genes in 49 fully
sequenced genomes of Francisella. MA067296 is an opportunistic human

pathogen, and TX077308 is an environmental strain isolated from seawater
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(Challacombe et al. 2017). (B) FLEs phylogeny (left) does not correspond to the
host phylogeny (right; based on an 185 rDNA sequences), indicating that FLEs
did not diverge along with their hosts. Branch lengths are not representative of

evolutionary distance. Soft ticks and their FLEs are highlighted in green boxes.

Figure 2. Comparison of the three FLE genomes. From the outside: (1) coding
domains in both forward and reverse directions in blue, (2) pathogenic genes in
orange and pseudogenized pathogenic genes in black, (3) identified ribosomal
RNA genes, and (4) read coverage for FLE-Om and FLE-Am in green and blue,
respectively. The inner Venn diagram depicts the FLE pan-genome, showing

conserved, peripheral and unique genes in each bacterium.

Figure 3. Comparison of metabolic features of FLEs. Arrows indicate simple

one- or two-enzyme processes. Larger, multi-step biosynthetic pathways within

boxes.

58



Table 1. Genome features of Francisella species.

Feature FLE-Om FLE-Am F. persica F. tularensis

Contigs 9 7 1 1

Length (bp) 1,574,786 1,556,255 1,540,154 1,892,772

%G+C 31.80% 31.80% 31.39% 32.30%

Coding 992 1,001 1,096 1,556

domains

Coding 55.51% 56.90% 68% 92%

density

Average 881 bp 886 bp 964 bp 937 bp

gene length

Pseudogenes 543 484 205 227

Single copy 106/111 106/111 106/111 106/111

genes?

rRNAs 7 7 9 10

tRNAs 34 32 38 38

Accession #  LVCE0000000 LNCT000000 NZ_CP01302 NC_006570
0 00 2

a Albertsen et al. 2013
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Table 2. Virulence genes in Francisella species.

FLE-Om FLE-Am F. persica F. tularensis
genes genes genes genes
Codin Pseud | Codin Pseud | Codin Pseud | Codin Pseud
g o g o g o g o

LPS and 9 2 8 6 13 1 22 0

capsule

synthesis

Antigen 5 3 6 1 5 2 11 1

synthesis

Type4Pili |2 4 10 8 4 17

Hypothetic | 1 1 3 2 0 2

al porins

Outer 5 0 6 2 8 0 8 0

membrane

proteins

Inner 8 1 8 0 8 0 10 0

membrane

proteins

Type VI 1 6 3 4 16 0 17 0

Secretion

System
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Figure 2
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Figure 3
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Table S1. Summary of FLE genome assemblies.

Contig ID Length Reads Mapped Coverage Depth
FLE-Am
Full Assembly 1,556,255 1,285,678 82.61

Scaffold 1 454,721 355,833 75.88
Scaffold 2 386,665 341,266 84.30
Scaffold 3 269,887 223,506 77.35
Scaffold 4 250,614 197,334 76.11
Scaffold 5 89,993 77,907 83.26
Scaffold 6 88,538 76,923 84.96
Scaffold 7 15,837 12,909 7721

FLE-Om

Full Assembly 1,574,777 14,652,882 930.47

Scaffold 1 407,560 3,077,041 734.15
Scaffold 2 395,818 3,021,047 741.58
Scaffold 3 315,083 2,255,793 695.16
Scaffold 4 203,407 1,472,195 698.97
Scaffold 5 138,216 1,026,455 720.35
Scaffold 6 83,179 631,584 738.22
Scaffold 7 16,010 120,852 730.51
Scaffold 8 10,589 2,953,267 20,521.68
Scaffold 9 4,915 94,648 1,693.71
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Table S2. Amino acids and cofactors produced by FLEs.

Product FLE-Am FLE-Om F. persica

Glutamine
Glutamate
Glycine
Serine
Asparagine
Alanine
Aspartate
Cysteine
Tryptophan
Threonine

[
+ 4+ o+ o+ o+

+ o+ o+ o+ o o+ o+ o+

]
]

Proline
Phenylalanine
Tyrosine
Riboflavin
FADH
Biotin
Lipoic acid
Folate
Heme

CoA
Nicotinamide - - +
Pantothenate  + v -

R e e T a s S
|
1




Table S3. Virulence genes in Francisella.

Categorya Locus tagb Function F. tularensis*  F. persica FLE- FLE-
Am Om

LPS and

capsule

synthesis
FTT 0286c LPS + + ®» @
FTT 0454 LPS + + ) +
FTT 0455c LPS + % + +
FTT o789 Capsule + + + +
FTT o790 Capsule + + D [0)
FTT o791 Capsule + + @ +
FTT 0792 Capsule + - - -
FTT 0793 Capsule + N = -
FTT 0794 Capsule + = - -
FTT 0795 Capsule + - - -
FTT 0796 Capsule + - - -
FTT 0797 Capsule + = = -
FTT 0798 Capsule + E = =
FTT 0799 Capsule + < = =
FTT o800 Capsule + + ) [
FTT 0805 Unknown + + + +
FTT 0807 Unknown + + + +
FTT 0806 Unknown + + o +
FTTo891 LPS + + + +
FTT 1236 Capsule + + + +
FTT 1237 LPS + + + (0]
FTT 1238 Capsule + + + -
FTT 1450c Both * + ) *
FTT 1453c LPS ’ i - =
FTT 1455c Both * - - -
FTT 1458c LPS + - - -
FTT 1460c LPS + . . :
FTT 1461c LPS + . . .
FTT 1462c Both + + + -
FTT 1463¢ Both + + + +
FTT 1464c Both * ¥ + *
FT'T 1561 LPS + + + +

FTT 1571c LPS + + + +



Type 4 pili

Hypothetic
al porins

Quter
membrane
proteins

Inner
membrane
proteins

FTT 1643c

FTT 1134
FT'T 0890c
FT'T 0889¢
FTT 0888c
FTT 0861c
FTT 0230c
FTT 1341¢
FTT 1133
FTT 0905
FTT 1156¢
FT'T 0088
FTT 0715
FTT 1786¢
FTT 1577
FTN 1186
FTT 1069
FT'T 0580
FTT 1330

FT'T 0025¢
FTT 0119

FTT 0369¢
FT'T 0583
FTT 0831c
FTT 0918
FT'T 1103
FTT 1346
FTT 1416c
FTT 1724c

FTT 0094c
FTT 0181c
FT'T 0345

LPS

Pilin

Pilin

Pilin

Pilin

Pilin

Pilin

Pilin

Assembly ATPase
PilE1 glycolyase
OM unit
Retraction ATPase
Secreted

Secreted

Secreted

Secreted

Secreted

Secreted

Secreted

Outer Membrane
Outer Membrane

Quter Membrane
Outer Membrane
Outer Membrane
Quter Membrane
Outer Membrane
Outer Membrane
Outer Membrane
Outer Membrane

Inner Membrane
Inner Membrane

Inner Membrane

+ + 868 B8 B8 B

e BB B

OOP

e e

e e e <)

<]

e e e e *
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Secretion
systems

FTT 0398¢c
FTT 0399¢
FT'T 0404
FT'T 0715
FTT 0879
FTT 0891
FTT 1736¢

FTT 0068
FTT 0221
FTT 0484

FTT 0611c
FT'T 0721
FTT 1095
FTT 1258
FTT 1269¢
FTT 1344
FTT 1345
FTT 1346
FTT 1347
FTT 1348
FTT 1349
FT'T 1350
FTT 1351
FTT 1352
FTT 1353
FTT 1354
FTT 1355
FTT 1356¢
FTT 1357¢
FTT 1358¢
FTT 1359¢
FTT 1360c
FTT 1361c
FTT 1441
FTT 1695
FTT 1696
FTT 1724¢

Inner Membrane
Inner Membrane
Inner Membrane
Inner Membrane
Inner Membrane
Periplasm

Inner Membrane

Secreted
Secreted

Secreted
Secreted Beta
Lactamase

Secreted

Type 1 System
Type 1 System
Secreted DNA K
Type 6 System
Type 6 System
Type 6 System
Type 6 System
Type 6 System
Type 6 System
Type 6 System
Type 6 System
Type 6 System
Type 6 System
Type 6 System
Type 6 System
Type 6 System
Type 6 System
Type 6 System
Type 6 System
Type 6 System
Secreted
Secreted
Secreted
Secreted

Type 1 System

e Bt B BB Bt

S ! =)

e e e !

"Based on Meibom et al. 2010 and Rowe et al. 2015.

"From NC 006570.2

“Gene present (+), absent (-), pseudogenized (®).
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