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Abstract 1

2

The Coxiellaceae family is composed of five genera showing lifestyles ranging from free-living to symbiosis.
Among them, Coxiella burnetii is a well-known pathogen causing Q fever in humans. This bacterium
presents both intracellular (parasitic) and environmental (resistant) forms. Recently, several environmental
Coxiella genomes have been reported, among which several have come from intracellular mutualistic
symbionts of ticks, termed Coxiella-like endosymbionts. We sequenced two new Coxiella-LE genomes from
Dermacentor marginatus (CLEDm) and Ornithodoros maritimus (CLEOmar) ticks, the latter belonging to the
C. burnetii lineage. Using these newly sequenced Coxiella-LEs and 43 Coxiellaceae genomes, we conducted
comparative genomic and phylogenomic analyses to increase our knowledge of C. burnetii pathogenicity
and the emergence of Coxiella-LEs. Results highlight the probably parasitic nature of the common ancestor
of the Coxiellaceae. Indeed, the virulence factor Dot/Icm T4 Secretion System is present in most, but not
all, Coxiellaceae. Whereas it is part of a putative pathogenic island in C. burnetii, it has been entirely lost
or inactivated in Coxiella-LEs, suggesting its importance in pathogenesis. Additionally, we found that a
Sha/Mrp antiporter was laterally acquired in the C. burnetii lineage. This antiporter might be involved in
alkali resistance and the development of the resistant form that is able to persist in the environment for
long periods of time. The Sha operon is eroded or absent in Coxiella-LEs. Finally, we found that all Coxiella
representatives produce B vitamins and co-factors indicating a pre-adaptation of Coxiella to mutualism with
hematophagous arthropods. Accordingly, the ancestor of C. burnetii and Coxiella-LEs was likely a parasitic
bacterium able to manipulate its host cell and to produce vitamins and co-factors for its own use.
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Introduction 23

Our current view of the Coxiellaceae family (Gammaproteobacteria: Legionellales) is largely limited to Cox- 24

iella burnetii. This intracellular pathogen of vertebrates, including humans, is the causative agent of Q fever, 25

a worldwide zoonosis of concern to domestic ruminants, which has a high economic burden (Kampschreur 26

et al., 2014; Madariaga et al., 2003). However, recent ecological surveys have highlighted that the Coxiellaceae 27

family is very diverse, with at least five genera mainly composed of bacteria found in aquatic environments or 28

associated with arthropods (Duron, Doublet, et al., 2018). The emerging picture is that members of this family 29

can interact in various ways with animal hosts, ranging from obligatory mutualism with arthropods (Duron 30

and Gottlieb, 2020) to obligate parasitism with vertebrates, as described for C. burnetii (Voth and Heinzen, 31

2007). Other species, such as those of the genera Aquicella and Berkiella, are associated with amoebae living 32

in aquatic environments (Mehari et al., 2016; Santos et al., 2003), while still others are defensive symbionts, 33

such as Rickettsiella viridis in aphids (Łukasik et al., 2013; Tsuchida et al., 2010). Several putative environmen- 34

tal Coxiellametagenome-assembled genomes (MAGs) have also been reported frommarine and groundwater 35

samples (Anantharaman et al., 2016). 36

37

Coxiellaceae showing high homology to C. burnetii have been identified within ticks (Acari: Ixodida) and 38

classified as Coxiella-like endosymbionts (hereafter Coxiella-LE) (Buysse and Duron, 2021; Klyachko et al., 2007; 39

Lalzar, Harrus, et al., 2012; Liu et al., 2013; Mediannikov et al., 2003). C. burnetii and allCoxiella-LE together form 40

a monophyletic clade separated from other members of the Coxiellaceae family (Duron, Noël, et al., 2015; Got- 41

tlieb et al., 2015; Smith et al., 2015). Contrary to the pathogenic lifestyle of C. burnetii, Coxiella-LEs are obligate 42

nutritional endosymbionts required for the completion of the tick life cycle, supplementing the tick bloodmeal 43

diet with essential B-vitamins and co-factors (Ben-Yosef et al., 2020; Duron and Gottlieb, 2020; Guizzo et al., 44

2017; Li et al., 2018; Zhong et al., 2007). All known Coxiella-LEs are vertically transmitted from tick females to 45

their offspring during egg maturation and are thus naturally present in most tick neonates (Buysse, Plantard, 46

et al., 2019; Duron, Noël, et al., 2015; Klyachko et al., 2007; Lalzar, Friedmann, et al., 2014). As a consequence 47

of their intracellular lifestyle and their vertical transmission, all Coxiella-LEs sequenced genomes are reduced 48

(∼ 0.6Mb to ∼1.7 Mb) when compared to C. burnetii (∼ 2.0Mb). Contrasting genomic variation between C. 49

burnetii and Coxiella-LEs can therefore enable us to investigate the evolution of host-associated bacteria along 50

the parasitism-mutualism continuum and the mechanisms underlying pathogenicity of C. burnetii. 51

52

The infectious risk and pathogenicity of C. burnetii depends on key biological functions, including the pro- 53

duction of an environmentally-resistant morphotype, the ability to manipulate the host cell, and the ability 54

to survive in phagosomes within acidic microenvironments (Schaik et al., 2013). C. burnetii indeed presents a 55

biphasic life cycle, where each phase is characterized by a specialized morphotype (Coleman, Fischer, Howe, 56

et al., 2004; Coleman, Fischer, Cockrell, et al., 2007; Minnick and Raghavan, 2012; Voth and Heinzen, 2007). 57

The Small Cell Variant (hereafter SCV) morphotype can resist extreme pressure, temperature, hydric and os- 58

motic stress, UV radiation, and even disinfectants. Thismorphotype can be considered an endospore because 59

it presents a complex intracellular membrane system, a condensed nucleoid, and a dormant metabolism. Be- 60

cause of these traits, the SCV can persist for long periods in the environment and then infect hosts by inhala- 61

tion (Coleman, Fischer, Howe, et al., 2004; Coleman, Fischer, Cockrell, et al., 2007). The other morphotype, the 62

Large Cell Variant (LCV), presents the common structure and metabolism of a gram-negative bacterium. In 63

contrast to the SCV, the LCV is sensitive to physical and chemical stress (Minnick and Raghavan, 2012). Due 64

to their resistance, SCVs are considered the primary infective cells, while LCVs correspond to the replicative 65

forms. Indeed, after SCVs are internalized, they fuse to lysosomal vesicles and start to acidify, forming the 66

Coxiella-Containing Vacuoles (CCVs). While intracellular pathogens generally hijack the phagocytosis defense 67

system to avoid acidification of the endosome, C. burnetii is an acidophilic bacterium able to exploit its host’s 68

phagolysosome. Indeed, C. burnetii maintains higher cytoplasmic pH than the phagolysosome: between 5.1, 69
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when the external pH is around 2, and 6.9, when the external pH is almost neutral (Hackstadt, 1983). To 70

achieve this, C. burnetti uses both active (e.g. acid-resistance systems) and passive (e.g. proteomes enriched 71

in basic residues) mechanisms in order to avoid protein denaturalization (Baker-Austin and Dopson, 2007; 72

Krulwich et al., 2011; Lund et al., 2014). When the pH of the CCV drops to ∼ 4.5, SCVs start to switch to LCVs 73

and replicate, occupying most of the host cell space and depleting all nutrients. New SCVs forms are then 74

produced, the host cell is lysed and the released SCVs infect new cells or host fluids, facilitating the spread of 75

C. burnetii (Minnick and Raghavan, 2012; Schaik et al., 2013). Importantly, host cell manipulation by C. burnetii 76

depends on a Dot/Icm type IV Secretion System (SS), also present in other Legionellales pathogens such as Le- 77

gionella spp., to translocate different effectors outside the Coxiella-Containing Vacuoles (CCV) and inhibit host 78

cell apoptosis (Minnick and Raghavan, 2012; Voth and Heinzen, 2007). 79

80

Unlike C. burnetii, Coxiella-LEs do not form resistant forms. Moreover, they cannot replicate in vertebrate 81

host cells, nor in acidic axenic media, suggesting they are unable to colonize acidic cell environments (Duron, 82

Noël, et al., 2015). The identification of the genomic bases of these differences and the evolutionary origin 83

of the functions required for C. burnetii pathogenesis may help us understand the specific biology of the 84

pathogen and the evolutionary transition that occurred during the evolution of the Coxiellaceae family. Re- 85

cently, aCoxiella-LE from the soft tickOrnithodoros amblus, which is closely related toC. burnetii, was sequenced 86

(Brenner et al., 2021) The analysis of this genome highlighted different features, and notably the presence of 87

an inactive Dot/Icm T4SS, also detected in some other Coxiella-LEs (Buysse and Duron, 2021; Gottlieb et al., 88

2015). This suggests that Coxiella-LEs derive from pathogenic ancestors (Brenner et al., 2021). 89

90

To test this hypothesis and better understand evolution within the Coxiellaceae, we sequenced two novel 91

Coxiella-LE genomes from two tick species, the first associated with the soft tick O. maritimus and the second 92

with the hard tick Dermacentor marginatus. Hard and soft ticks refer to the two major tick families (Ixodidae 93

and Argasidae, respectively). Coxiella-LEs associated with these two families have different evolutionary histo- 94

ries (Brenner et al., 2021; Duron, Binetruy, et al., 2017; Duron, Sidi-Boumedine, et al., 2015). While Coxiella-LE 95

from D. marginatus is closely related to other Coxiella-LEs from hard ticks, the Coxiella-LE from O. maritimus is 96

included in the lineage of C. burnetii. These newly sequenced genomes were compared with other available 97

Coxiellaceae genomes, including other arthropod symbionts (Rickettsiella), a human pathogen (Diplorickettsia), 98

and different environmental (aquatic) bacteria (Aquicella, Berkiella, and several CoxiellaMAGs). 99

100

Material and methods 101

Coxiella DNA Enrichment and Sequencing 102

Dermacentor marginatus adult ticks were collected by flagging the vegetation in fields near Poleymieux, 103

France (GPS location: 45.866312, 4.803687). Ornithodoros maritimus specimens were sampled in bird nests 104

on Carteau islet, France (GPS location: 43.377769, 4.857693). Both tick species were kept alive at 20oC and 105

80% humidity until use. Genomic DNA extractions enriched in Coxiella-LE DNA were obtained as previously 106

described (Duron, Morel, et al., 2018; Gottlieb et al., 2015). Briefly, Malpighian tubules and ovaries were 107

dissected from 10 adult ticks of each species, pooled, and then homogenized in 100µl sterile double-distilled 108

water. The obtained homogenate was diluted and incubated for 1h at 20oC in 10ml sterile double-distilled 109

water. To remove host nuclei and other cell debris, the homogenate was filtered using a 5µm Minisart filter 110

(Sartorius). The remaining cells in the homogenate were pelleted by centrifugation (15min at 20,000 x g at 111

4oC). Total genomic DNA (gDNA) was extracted from the obtained pellet using the DNeasy Blood and Tissue 112

Kit (Qiagen). The obtained gDNA was quantified on Qubit using the dsDNA high-sensitivity kit (Invitrogen). 113

Coxiella-LE DNA enriched samples were sequenced using HiSeq2000 technology by Genotoul DNA Services 114
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Facility (Castanet-Tolosan, France) using the TruSeq Nano DNA library construction and HiSeq SBS v3 kits 115

(Illumina). For each sample, a total of ∼15 Gb of 2x100 bp paired-ended sequences were obtained. 116

Assembly and Annotation 117

The Illumina readswere quality screened and trimmedusingUrQt v1.0.18 (Modolo and Lerat, 2015). Cleaned 118

reads were assembled into contigs with SPAdes v1.12 (Bankevich et al., 2012) to create a draft genome se- 119

quence. Obtained contigs were collapsed with SiLiX v1.2.11 at 95% nucleotide identity (Miele et al., 2011). 120

Bandage v0.8.1 was used to visualize the SPAdes graph assembly and discard contigs from bacteria other 121

than Coxiella and to identify repeated regions (Wick et al., 2015). The Coxiella-LE genome of O. maritimus was 122

left at the draft status because large amounts of repetitive regions were present. For the genome of Coxiella- 123

LE from D. marginatus, PCR-gap closing was performed as previously described Gottlieb et al. (2015). 124

125

Genome annotation of Coxiella-LE from O. maritimus (named strain CLEOmar) and D. marginatus (strain 126

CLEDm) was performed by running a DIYA v1.0 custom pipeline (Stewart et al., 2009), as described in Ellegaard 127

et al. (2013). Briefly, the DIYA pipeline included an initial gene calling step using Prodigal (Hyatt et al., 2010), 128

followed by tRNA and rRNA prediction using tRNAscan-SE (Lowe and Eddy, 1997) and RNAmmer (Lagesen 129

et al., 2007), respectively. Pseudogene prediction was performed by GenePrimp (Pati et al., 2010). Potential 130

functions of predicted protein-encoding genes were assigned using BLASTp (Camacho et al., 2009) against the 131

Uniprot database (The UniProt Consortium, 2012) and PfamScan with the PFAM database (Punta et al., 2012). 132

Manual curation was conducted using Artemis (Rutherford et al., 2000). 133

134

Insertion Sequences (hereafter IS) were predicted with ISsaga (Varani et al., 2011). CLEOmar IS copy num- 135

bers were estimated by mapping Illumina reads with Bowtie2 v2.4.2 (--very-sensitive-local preset) (Langmead 136

and Salzberg, 2012) against a database containing a reference copy for each IS and five single copy house- 137

keeping genes (Table S2). Coverage and associated descriptive statistics were calculated with Qualimap v2.2.1 138

(Okonechnikov et al., 2015). The relative copy numbers of IS elements were obtained using the average cov- 139

erage of housekeeping genes as a reference. 140

141

BUSCO v4.0.6 and the corresponding legionellales_odb10 database (creation date 24-04-2019) were used 142

to assess genome completeness (Seppey et al., 2019). The complete genome of Coxiella sp. CLEDm and the 143

draft genome of CLEOmar were deposited at the European Nucleotide Archive (ENA) under accession num- 144

bers GCA_907164955 and GCA_907164965, respectively. 145

146

Comparative Genomics, Clusters of Orthologous Proteins Inference, and 147

Phylogenomic Reconstruction 148

The general functions of proteomeswere assignedusingBLASTp against theClusters ofOrthologousGroups 149

(COG) database (Tatusov et al., 2003). The metabolic potential was assessed by using the proteomes as input 150

for KAAS (Moriya et al., 2007). Homology between CLEOmar pseudogenes and C. burnetii RSA 493 genes was 151

assessed by a reciprocal best hit search strategy using MMseq2 (rbh --search-type 3 --max-seqs 100 --max- 152

accept 10) (Steinegger and Söding, 2017). 153

154

The core, shared, and specific Clusters of Orthologous Proteins (hereafter COPs) were inferred for 44 Cox- 155

iellaceae from all five genera: Coxiella (including four C. burnetii, nine Coxiella-LE, and 23 environmental Cox- 156

iella MAGs proteomes), Aquicella (two), Berkiella (two), Diplorickettsia (one), and Rickettsiella (three) (Table S1). 157

Legionella pneumophila str. Philadelphia 1 was included as an outgroup since this bacterium belongs to the Le- 158

gionellaceae, the sister family to the Coxiellaceae. Annotated Coxiellaceae genomes were downloaded from 159
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RefSeq. Gene calling of unannotated Coxiella MAGs was performed with Prokka v1.14.5 (--mincontiglen 200 160

--gram neg) (Seemann, 2014). COPs were inferred with OrthoFinder v2.3.12 (-M msa -T iqtree) (Emms and 161

Kelly, 2019). Obtained COPs table was queried to retrieve specific subsets of COPs and to check for the pres- 162

ence/absence of COPs in different Coxiellaceae. UpSetR v1.4.0 package available in R v3.6.3 (R Core Team, 163

2020) was used to plot the different COPs intersections between genomes (Conway et al., 2017). Putatively 164

horizontally transferred genes in C. burnetii RSA493 were detected with HGTector v2.03b (-m diamond --aln- 165

method fast) (Zhu et al., 2014). 166

167

A first species tree was obtained with OrthoFinder. In brief, 348 individually aligned COPs were selected 168

by OrthoFinder to build a concatenated alignment. Then, the species tree of the Coxiellaceae dataset was in- 169

ferred using the STAG algorithm (Emms and Kelly, 2019). To obtain node support values, a second species tree 170

was computed as follows: (i) positions with more than 50% of the sequences being gaps in the OrthoFinder 171

concatenated alignment (107812 positions) were filtered out with Gblocks v0.91b (21499 selected positions 172

in 143 blocks) (Castresana, 2000); (ii) IQ-TREE v2.0.3 was used to infer the Maximum Likelihood phylogenomic 173

tree using the best suggested evolutionary model (-m MFP) and ultrafast bootstrap (-bb 1000) and SH-like 174

approximate likelihood ratio test (-alrt 1000) (Kalyaanamoorthy et al., 2017; Nguyen et al., 2015). 175

176

Single gene phylogenies were obtained by aligning homologous sequences with MAFFT v7.310 (linsi algo- 177

rithm) (Katoh et al., 2002), computing the Maximum Likelihood tree with IQ-TREE (same options as described 178

above). FigTree v1.4.4 and InkScape v0.92 were used respectively to plot and modify phylogenetic trees to 179

their final version. 180

181

A synteny plot of 458 single copy COPs shared between C. burnetii RSA493 and Coxiella symbionts of Ambly- 182

omma, Dermacentor, and Rhipicephalus tick species was generated with the genoPlotR v0.8.9 R package (Guy 183

et al., 2010). A synteny plot of the Sha/Mrp antiporter and Dot/Icm T4SS region in selected Coxiella was pro- 184

duced with genoPlotR. 185

186

Synteny between C. burnetii strains was computed using OrthoFinder (Emms and Kelly, 2019). IslandViewer 187

4 database was used to visualize and predict genomic (pathogenic) islands in Coxiella burnetii strains (Bertelli 188

et al., 2017). genoPlotR was used to plot synteny and the genomic location of the Sha/Mrp antiporter, the 189

Dot/Icm T4SS region, and IslandViewer 4 results in C. burnetii strains. Figures were adjusted with InkScape. 190

191

Isoelectric Point Prediction 192

To test for proteome-wide adaptation to acid pH, the Isoelectric Points (pI) of all proteins encoded by the 193

different Coxiellaceae were estimated using IPC v1.0 (Kozlowski, 2016). The IPC 2.0 web-server was used to 194

predict pI and charge of glutamate decarboxylase A (GadA) and B (GadB), and Aspartate 1-decarboxylase PanD 195

from all Coxiellaceae, several acidophiles (Listeria monocytogenes, Lactococcus lactis, Shigella flexneri Mycobac- 196

terium tuberculosis, andHelicobacter pylori), and Escherichia coli as a neutrophile (Kozlowski, 2021). All statistical 197

tests were performed in R (R Core Team, 2020). 198

199

Results 200

Coxiella spp. CLEOmar and CLEDm Genomic Features 201

The genome of Coxiella-LE from D. marginatus (hereafter CLEDm), was recovered as nine contigs (142X). 202

CLEDm gaps were closed by PCR, resulting in a circular genome of 0.9 Mb with 659 predicted protein-coding 203
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genes (CDS), one ribosomal operon, a complete set of tRNAs, 15 putative pseudogenes, and no signal of mo- 204

bile elements (Table 1). 205

206

The genome of Coxiella-LE from O. maritimus (hereafter CLEOmar) was assembled in 112 contigs (426X av- 207

erage coverage). CLEOmar was left as a draft given the high number of Insertion Sequences (IS), many of 208

which are found at contig edges, and of duplicated regions (Table 1). It contains 976 predicted CDS, 608 pseu- 209

dogenes, and signatures of active, or recent, IS transposition. A total of four IS families were detected (Table 210

S2). IS1111, from the IS110 subgroup (ssgr), was the most widespread IS with 27 copies. The relative coverage 211

of this IS compared to that of several single-copy genes supports the number of detected copies. The other 212

families presented between one and two copies. However, the number of copies of IS4 ssgr IS10 is underes- 213

timated due to its fragmented presence at contig edges. The difficulty in recovering full IS4 ssgr IS10 copies 214

suggests that the identical, or highly similar, copies of this IS are associated with recent transposition events. 215

216

Before conducting further analyses, we assessed CLEOmar and CLEDm genome completeness by compar- 217

ing their BUSCO results to that of selected Coxiellaceae genomes (Table S1, Fig S1). Despite its draft status, the 218

CLEOmar BUSCO score was close to Coxiellaceae genomes of similar size, including Coxiella-LE genomes from 219

Rhipicephalus tick species. CLEOmar encoded a few more BUSCO genes compared to Coxiella-LE AB428 from 220

O. amblus. This difference is expected since the latter presents a more reduced genome. Hence, we consider 221

the CLEOmar genome as complete or almost complete. 222

223

Genome Strain Host Size (Mb) Genes (CDS) Pseudogenes rRNA/tRNA/other RNA IS families/copies %GC Contigs
Coxiella-LE CLEDm Dermacentor marginatus 0.9 658 15 3/40/3 0/0 35.1 1
Coxiella-LE CLEOmar Ornithodoros maritimus 1.83 976 608 3/42/8 4/31 41.5 112
Coxiella-LE AB428 Ornithodoros amblus 1.56 889 660 3/42/4 ND 40.6 101
C. burnetii RSA493 Mammals 1.99 1833 207 3/42/NA 6/32 42.6 1
Coxiella-LE CRt Rhipicephalus turanicus 1.73 1293 337 3/47/4 0/0 38.2 1
Coxiella-LE C904 Amblyomma americanum 0.66 565 3 3/39/2 0/0 34.6 1
Table 1. General Genomic Features of representative Coxiella and Coxiella-LE genomes compared to Coxiella-
LE of O. maritimus and D. marginatus.Only tick species names are displayed. All tick-hosts belong to the hard
ticks family with except O. maritimus, a soft tick. ND: No families/copies detected by ISSaga.

Inferring the Coxiellaceae Family Phylogeny 224

To understand the evolutionary history of the Coxiellaceae family, we first obtained an updated phylogeny 225

of its differentmembers. Phylogenetic relationships between Coxiellaceae were inferred using 348 COPs com- 226

puted from available Coxiellaceae and environmental relatives (Fig 1). Aquicella, Rickettsiella, andDiplorickettsia 227

were recovered as a sister clade to Coxiella. Berkiella was the most basal Coxiellaceae clade. The phylogeny 228

obtained placed C. burnetii, all Coxiella-LEs, and the environmental CoxiellaMAGs as amonophyletic clade with 229

robust node support (100% SH-aLRT and 93% ultrafast bootstrap). Two environmental (groundwater) Coxiella 230

MAGs (GCA_001795425 and GCA_001797285) were basal to the subclade containing C. burnetii and all Cox- 231

iella-LEs. Although monophyletic, this subclade was also divided into two groups: one including all C. burnetii 232

strains plus Coxiella-LEs CLEOmar and AB428 (from Ornithodoros soft ticks) and another solely formed by the 233

rest of available Coxiella-LEs (from Amblyomma, Dermacentor, and Rhipicephalus hard ticks). 234

Coxiella and Coxiella-Like Comparative Genomics 235

The evolution of gene content between related species with different lifestyles can help us understand 236

transitions between pathogenic and mutualistic relationships. We thus compared the distribution of COPs 237

within the genus Coxiella (Table S3). The number of core COPs accounted for up to 21% of the protein-coding 238
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Figure 1. Maximum Likelihood phylogenomic tree of selected Coxiellaceae genomes. The tree was inferred
from a concatenated alignment of 348 Clusters of Orthologous Proteins (COPs) under the LG+R6 model.

SH-aLRT/ultrafast bootstrap support values numbers are displayed at each node if they are below 99. Newly
sequenced Coxiella-LE genomes are highlighted in blue. Only those environmental CoxiellaMAGs highlighted

in green were used in further analyses.

genes in C. burnetii. This small percentage was expected as the number of core COPs is driven by the most 239

reduced genomes: Coxiella-LE strains from Amblyomma and CLEDm. The 631 species-specific COPs of C. bur- 240

netii represented around 34% of its protein-coding genes (Fig 2). The majority of C. burnetii specific proteins 241

were assigned to clusters without a defined function (R, S, X) according to COG categories (Fig S2). Out of the 242

631 species-specific COPs of C. burnetii, 300 were identified as pseudogenes in the CLEOmar genome, which 243

indicates their presence in their Most Recent Common Ancestor (MRCA). Genes belonging to R, S, and X COG 244

categories are poorly defined and are generally related to environmental responses. As a large proportion 245

of CLEOmar pseudogenes are in these categories, it seems that these bacteria may be losing their ability to 246

respond to environmental variations. This pattern of genome reduction is similar to the one described in Cox- 247

iella-LE AB428 (Brenner et al., 2021). 248

249

In C. burnetii, 15 horizontally acquired genes were reported to increase its fitness and virulence (Moses 250
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Figure 2. Upset plot displaying shared and specific Clusters of Orthologous Proteins (COPs intersections)
between selected Coxiella symbionts of ticks and C. burnetii. Tick genera and families are displayed on the
left. Colored bars denote shared COPs by all included Coxiella (yellow), and CLEOmar (blue), AB428 (brown),
CLEOmar and AB428 (orange), and CLEDm (purple) specific COPs. Other abbreviations: C. burnetii RSA 493,

Coxiella-LEs AB428 (Ornithodoros amblus), C904 (from A. americanum), CeAs-UFV (A. sculptum), CRt
(Rhipicephalus turanicus), and CLE-RmD (R. microplus). The cladogram on the left represents the phylogenetic

relationships of Coxiella species based on Fig 1. Species color coding is as in Fig 1.

et al., 2017). These genes were assigned to lipopolysaccharide (five genes), fatty acid (seven), biotin (one), 251

and heme (two) biosynthesis pathways (Table S4). As only a few of these are present in Coxiellaceace outside 252

the Coxiella clade (Aquicella lusitana contains one and Aq. siphonis three), most of the genes were probably 253

acquired in the Coxiella lineage (Table S4). However, as most were also present in different environmental 254

species of Coxiella, they are not specific to C. burnetii. Among these genes, only fabA and a putative toxin- 255

antitoxin system (CBU_0284-5), likely involved in heme biosynthesis, seem to have been acquired specifically 256

by the Coxiella/Coxiella-LE lineage (Moses et al., 2017). Several of these horizontally acquired genes are de- 257

tectable as pseudogenes in reduced Coxiella-LE species, suggesting that they are not required for mutualistic 258

relationships. 259

260

Core COPs represented more than half of the proteome in highly reduced Coxiella-LEs, roughly 58% and 261

68% in CLEDm and strains from Amblyomma tick species, respectively. For larger Coxiella-LEs, the percentage 262

was lower but still represented an important part of the proteome: 39% and 30% in CLEOmar and CRt, re- 263

spectively. Species-specific COPs represented a variable, but relatively small fraction of Coxiella-LE proteomes 264

compared to the 34% (631) in C. burnetii: 14% (177) in CRt, ∼2% in CLEOmar (16) and AB428 (20), and < 1% 265

in CLEDm (1) and C904 (1). COG classification of the COPs showed that basic cellular processes, such as trans- 266

lation and transcription (J); replication, recombination, and repair (L); or post-translational modifications and 267

chaperonines (O) are retained in reduced Coxiella-LE genomes compared to C. burnetii (Fig S2). Additionally, 268

co-enzyme transport and metabolism (H) is also retained in reduced Coxiella-LE genomes (Fig S2), as already 269

reported in other facultative symbionts suffering a genomic shrinkage and evolving towards a more obliga- 270

tory status (Manzano-Marín, Lamelas, et al., 2012). For shared COPs, macrosynteny is only conserved between 271

Coxiella-LE from Amblyommatick species, except for one re-arrangement detected between strain CoAs and 272

the rest (Fig S3). CLEDm is partially syntenic to Coxiella-LE strains from Amblyomma. Nonetheless, some con- 273

served regions were detected among C. burnetii and all Coxiella-LE bacteria. 274

275
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Diversity of Coxiellaceae B Vitamin Biosynthesis Potential 276

Figure 3. Biosynthetic pathways for B vitamins and co-factors in Coxiellaceae genomes. Three major groups
are highlighted according to their metabolic potential: large (purple), medium (green), and reduced (orange).
Gene names denoted in gray are rarely found in symbionts providing B vitamins to hematophagous hosts,
suggesting unknown alternative enzymatic steps in the pathway. Species color coding is as in Fig 1. Only C.
burnetii RSA 493 is displayed since all C. burnetii strains present the same B vitamin biosynthetic potential.
The cladograms on the top represent the phylogenetic relationships of Coxiellaceae species based on Fig 1.

Species color coding is as in Fig 1. *: Alternative enzymatic step.
The ability to produce B vitamins and co-factors may have played a major in Coxiella evolution, especially 277

for the endosymbiotic lineages (Duron and Gottlieb, 2020). Themetabolic potential for B vitamin biosynthesis 278

in Coxiellaceae species shows that all are able to produce riboflavin (B2) and lipoic acid. Besides, single-gene 279

phylogenetic trees support the ancestrality of those two pathways despite some incongruencies in the posi- 280

tion of different CoxiellaMAGs (Fig 1, Fig S4, Fig S5, and Supplementary Data). Altogether, our analyses suggest 281

that riboflavin (B2) and lipoic acid production are ancestral traits of the Coxiellaceae family. At the same time, 282

the rest of the B vitamins present a patchy distribution across the family. The most parsimonious explana- 283

tion for the presence of incomplete pathways (Fig 3) across the different Coxiellaceae clades (Fig 1) is that the 284

Coxiellaceae ancestor was able to produce all B vitamins and co-factors. Then, during evolution, this potential 285
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was differentially lost in some genera/lineages (e.g. Rickettsiella), but retained in others (Coxiella) (Fig 1). 286

287

Furthermore, Coxiellaceae can be divided into three major functional groups according to their potential 288

to produce other B vitamins and co-factors (Fig 3 and Table S5). The first functional group includes C. bur- 289

netii, which presents the largest metabolic potential, together with Coxiella-LEs CLEDm, CLEOmar, and AB428, 290

all Coxiella-LEs from Amblyomma tick species, Coxiella MAG GCA_001795425, both Aquicella species, and the 291

L. pneumophila outgroup (Fig 3). All species in this group can produce almost all B vitamins de novo or from 292

intermediate metabolites. While pantothenate (B5), pyridoxine (B6), thiamine (B1), biotin (B7), riboflavin (B2), 293

and lipoic acid pathways are complete in almost all members from this group, nicotinic acid (B3) and folic 294

acid (B9) are only complete in C. burnetii and Coxiella-LEs (Fig 3). In most single-gene trees from the different 295

biosynthetic pathways (Supplementary Data), C. burnetii and Coxiella-LEs lineage topology follows the species 296

tree and have Coxiella MAGs GCA_001795425, GCA_001797285, and GCA_001802485 as basal clades. There- 297

fore, the C. burnetii/Coxiella-LEs ancestor encoded the mentioned metabolic pathways. This is even true for 298

the biotin (B7) pathway which is prone to be acquired by HGT (Duron and Gottlieb, 2020). Indeed, single-gene 299

trees suggest that the biotin pathway has been transferred among Coxiellaceae, or even acquired fromdistant 300

bacterial species. However, the monophyly of biotin genes in the C. burnetii and Coxiella-LEs lineage support 301

their presence in the last common ancestor of this lineage (Fig S6 and Supplementary Data). 302

303

The second and third functional groups present a more restricted metabolic potential. The second group 304

includes Coxiella-LEs from Rhipicephalus tick species, Berkiella, and the two CoxiellaMAGs GCA_001797285 and 305

GCA_001802485 (Fig 3). The thiamine pathway has been lost in almost all members of this group. In addition, 306

nicotinic acid has been almost lost in Berkiella, while Coxiella-LEs from Rhipicephalus tick species need to import 307

nicotinate to produce NAD+/NADP+. The biotin pathway seems to be inactive in Berkiella and both Coxiella 308

MAGs. The third, and last, group includes Rickettsiella and Diplorickettsia species, which lack the ability to pro- 309

duce thiamine, biotin, folic acid, and pantothenate (Fig 3). 310

311

Evolution of Coxiellaceae Virulence: Phase-Specific proteins and the Dot/Icm System 312

It is known that C. burnetii encodes several proteins which are over- or under-expressed in the different 313

morphotypes (SCV or LCV) and may play important roles in pathogenicity (Coleman, Fischer, Cockrell, et al., 314

2007). Those proteins are defined, according to their expression profiles in themorphotypes, as LCVHi/SCVLo
315

and SCVHi/LCVLo. Among these phase-specific proteins, the small cell variant protein A (ScvA) and histone- 316

like Hq1 (HcbA) are thought to be involved in nucleoid condensation in SCVs (Coleman, Fischer, Cockrell, et al., 317

2007). Therefore, we assessed the presence of LCVHi/SCVLo and SCVHi/LCVLo proteins among the different 318

Coxiellaceae genomes (Table S9). The scvA gene was only detected in C. burnetii. A functional gene copy of 319

hcbA (or hq1) was present in CLEOmar, but not in AB428, and a pseudogenized copy was detected in both CRt 320

and CRS-CAT. These two proteins seem to be C. burnetii/Coxiella-LE clade-specific as they were not found in 321

any other Coxiellaceae analyzed here. 322

323

TheDot/Icmhas been classified as a Type 4 Secretion System (T4SS) and is essential for the invasion and sur- 324

vival of C. burnetii and Legionella in their respective hosts. Because of its importance in C. burnetii pathogenicity, 325

we investigated the presence of its 25 core proteins in the different Coxiellaceae (Gomez-Valero, Chiner-Oms, 326

et al., 2019). The Dot/Icm T4SS, or traces of it, was detected in almost all Coxiellaceae (Fig 4, Table S6). A few 327

functional genes were detected in Coxiella-LEs CRt, CRS-CAT, and CLEOmar. While some pseudogenes were 328

detected in Coxiella-LE AB428, no traces of the Dot/Icm T4SS were detected in Coxiella-LEs CLEDm and from 329

Amblyomma ticks (the most reduced). Nonetheless, the presence of the Dot/Icm T4SS in most Coxiellaceae 330

genomes along all their phylogeny indicates its ancestral state. Although single-gene phylogenetic trees do 331

not completely mimic the species tree, in general their pattern supports the ancestrality of the Dot/Icm T4SS: 332
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Figure 4. Dot/Icm Type 4 Secretion System presence among selected Coxiellaceae genomes. Only the 25
core components of the Dot/Icm T4SS were included in the analysis (Gomez-Valero, Rusniok, et al., 2019).
The cladogram on the top represents the phylogenetic relationships of Coxiellaceae species based on Fig 1.

Species color coding is as in Fig 1. Species color coding is as in Fig 1.

Berkiella, Aquicella, and Rickettsiella/Diplorickettsia tend to cluster together in a basal position to a Coxiella group, 333

which included most CoxiellaMAGs and the C. burnetii/Coxiella-LEs clade (Supplementary Data). 334

335

In C. burnetii, the region containing the Dot/Icm T4SS resembles a pathogenic island (PAI), with the presence 336
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of tRNAs, IS elements, direct repeats, horizontally transferred genes (HGT) (Table S7), and virulence factors 337

(Fig 5) (Hacker and Kaper, 2000). Additionally, part of the region is predicted to be a genomic island by Is- 338

landViewer 4 in different C. burnetii strains (Bertelli et al., 2017) (Table S8, Fig S7). The putative PAI seems 339

to be included in a larger region, around ∼144 Kb, which has suffered several translocations and inversions 340

in C. burnetii strains (Fig S7). Among the predicted HGT (Table S7), it is noticeable the presence of a Sodium 341

Hydrogen/Multiple resistance and pH (Sha/Mrp) antiporter. The Sha/Mrp antiporter is located upstream from 342

the Dot/Icm T4SS and is composed by six genes (shaABCDEFG) organized as an operon (Fig 5). This operon 343

might have been acquired from a Coxiella relative, such as Coxiella sp. GCA_001802485, but its origin is prob- 344

ably from Legionella (Fig S8-S14). Indeed, only B. cookevillensis encodes another Sha operon (Fig S15), but one 345

which is unrelated to that one of the C. burnetii lineage (Fig S8-S14), supporting different HGT events. 346

347

In general, the putative PAI containing the Dot/Icm T4SS presents the same gene order (microsynteny) in 348

all C. burnetii strains, except in RSA 331 (Fig S7). This strain has a small inversion of 6.2 Kb containing six genes, 349

four of them belonging to the Dot/Icm T4SS (dotA, icmV, icmW, icmX), and one unrecognizable pseudogene. 350

The inversion is flanked by two identical copies of the same IS, suggesting a relatively recent event. Several 351

regions of the PAI are present in Coxiella MAGs GCA_001802485, GCA_001797285, and Coxiella-LEs CLEOmar 352

(Fig 5) and AB428 (Fig S16). When the PAI region from C. burnetii is compared to Coxiella-LEs CLEOmar and 353

AB428, it is completely reshuffled (Fig S16). Contig edges of both CLEOmar and AB428 correspond, most of the 354

time, to IS. However, its order is unclear due to the draft status of their genomes. Furthermore, the PAI region 355

can be detected in Coxiella-LEs CRt and CRS-CAT but has been almost totally eroded in CLEDm and Coxiella-LEs 356

from Amblyomma ticks. Yet, the tRNA-Ile (the putative insertion-site of the PAI) and a few other genes remain 357

(e.g. rpoD, dnaG) in CLEDm and Coxiella-LEs from Amblyomma ticks (Fig 5). Therefore, it is possible that erosion 358

and the inactivation of the PAI are mediated by IS mobilization. This suggests that the PAI was ancestral to 359

the divergence of C. burnetii and Coxiella-LEs clades, but also that it is no longer required for the mutualistic 360

relationship established by Coxiella-LEs within ticks. 361

362
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Figure 5. Dot/Icm T4SS genomic region from selected Coxiella species compared to C. burnetii RSA 493. For draft genomes, only contigs, or regions (denoted as dotted
lines) containing Dot/Icm or Sha genes are displayed. Different contigs and regions are separated by double slashes. Gray lines connect orthologous genes. Twisted

gray lines indicate inversions. Genes annotated as hypothetical proteins or without official names are not displayed. The cladogram on the top represents the
phylogenetic relationships of Coxiellaceae species based on Fig 1. Species color coding is as in Fig 1. Species color coding is as in Fig 1.
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Commonalities and Particularities of pH Homeostasis in the C. burnetii Lineage 363

Among the Coxiellaceae, only C. burnetii has been reported as acidophilic, a critical trait for its pathogenic 364

cycle (Schaik et al., 2013). Knowing which mechanisms are common to all Coxiellaceae and which are specific 365

to C. burnetii could help to understand its pathogenic lifestyle. One proposed specific adaption of acidophilic 366

bacteria concerns the modification of their proteomes, through the enrichment of proteins in basic residues. 367

Hence, it is expected that proteomes from acidophilic bacteria present lower average isoelectric point (pI) than 368

non-acidophilic ones (Baker-Austin and Dopson, 2007).We found significant differences in the average pI 369

among Coxiellaceae (Kruskal-Wallis test, χ2 = 1916.1, df = 24, p − value < 2.2e − 16). Yet, the aver- 370

age pI of proteomes from C. burnetii (8.2 ± 1.9 SD) was similar to other Coxiellaceae, including R. grylli 371

(8.3± 1.7 SD) or R. isopodorum (8.1± 1.7 SD) (Pairwise Wilcoxon Rank Sum tests, p− value > 0.05 with 372

false discovery rate adjustment), which are considered non-acidophilic symbionts (Fig S17, Table S10, 373

Supplementary Data). Another acid stress adaptation is the modification of the cell membrane composition, 374

for example, by increasing the percentage of long-chained mono-unsaturated fatty acids (dehydratase FabA) 375

or by synthesizing cyclopropane fatty acids (CFA) (Lund et al., 2014) (Fig 6, Table S11). Only the former mech- 376

anism is present in C. burnetti, suggesting a possible role of FabA in acid resistance. 377

378

In addition, different common mechanisms can help to alleviate acid stress by buffering or extruding H+
379

(Fig 6, Table S11). Among them, acid-resistant (AR) systems play a major role in counteracting acid stress. The 380

AR1 system involves the F1F0-ATPase and other components of the electron transport chain and is present 381

in almost all Coxiellaceae. Likewise, three amino acid-based AR systems were detected among Coxiellaceae: 382

AR2 (glutamate), AR3 (arginine), and AR5 (ornithine). Amino acid-based AR systems import an amino acid 383

molecule, by a specific amino acid antiporter, which is used by a decarboxylase as an H+ receptor (Fig 6). AR2 384

is considered the most efficient AR system and comprises the glutamate antiporter GadC and the glutamate 385

decarboxylase GadB. Most Coxiellaceae encode at least one gadC copy, but no gadB. Indeed, C. burnetii en- 386

codes two gadC-like transporters (CBU_1347 and CBU_2020), but no gadB homolog (Fig 6, Table S11). Since 387

AR2 has been confirmed experimentally as themost important AR in C. burnetii (Hackstadt andWilliams, 1983), 388

some other decarbolixases may have replaced the GadB function. Among all decarbolixases encoded by C. 389

burnetii, only the aspartate 1-decarboxylase PanD seems to be a candidate for replacing the function of GadB: 390

its substrate is close enough to glutamate, and it is present in the C. burnetii lineage but absent in almost all 391

Coxiellaceae (Fig 6 b). Finally, no traces of gadC or gadB genes were detected in most Coxiella-LEs (Fig 6 b), 392

except a pseudogenized copy of gadC in CLEOmar, AB428, CRt, and CRS-CAT. This pattern suggests that the 393

AR2 system is not required by Coxiella-LEs. 394

395

Bacteria often need to face environments where the pH is higher than their cytoplasm. In acidophilic bacte- 396

ria, small increases in external pH can distort their membrane potential, thus, requiring tight control of both 397

cations and anions (Baker-Austin and Dopson, 2007). In such a context, cation antiporters play an important 398

role. Indeed, C. burnetii encodes several cation antiporters which are shared with other Coxiellaceae (Fig 6, 399

Table S11). Already mentioned above, the Na+/H+ Sha/Mrp antiporter, was acquired laterally by the MRCA of 400

the C. burnetii lineage (Fig S15-S15). Besides their role as cation antiporters, Sha/Mrp antiporters have other 401

functions than pH homeostasis (Ito et al., 2017), including virulence and host-colonization (Kosono, Haga, et 402

al., 2005). 403

404
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Figure 6. Putative pH regulation mechanisms encoded by C. burnetii RSA 493 (a)) and their presence in other
Coxiellaceae (b)). Gene names displayed in gray represents alternative steps probably conducted by

co-opted enzymes. Gene names displayed in white represent components not encoded in C. burnetii but
present, or inactive, in Coxiella-LE species. Acid-resistance systems are colored in fuchsia, alkali-resistance in
teal blue, and components working in both kind of resistance are displayed in olive green. The cladogram on
the right represents the phylogenetic relationships of Coxiellaceae species based on Fig 1. Species color

coding is as in Fig 1. Species color coding is as in Fig 1.

Discussion 405

The Parasitism-Mutualism Continuum in Coxiella 406

The Coxiellaceae family is mainly composed of bacteria found in aquatic environments or associated with 407

arthropods or amoebae and involved in different symbiotic relationships. Some species, such as Aquicella 408
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and Berkiella, are facultative parasites of aquatic amoebae (Mehari et al., 2016; Santos et al., 2003). Others, 409

such as R. viridis, are defensive symbionts in aphids (Łukasik et al., 2013). Based on their genome size, Coxiella 410

MAGs could range from free-living aquatic bacteria (genomes generally larger than 4 Mb) to endosymbionts 411

(genomes usually below 1.5 Mb) (Latorre and Manzano-Marín, 2017; Moran and Bennett, 2014). Within the 412

Coxiella genus, two clear examples of opposite symbiotic relationships are C. burnetii and Coxiella-LEs. While 413

the first is an obligate parasite of mammals (Voth and Heinzen, 2007), the latter are considered obligatory 414

mutualistic symbionts of ticks (Duron and Gottlieb, 2020). Based on the monophyly of C. burnetii and all 415

Coxiella-LEs, it was suggested that the former arose from a mutualistic tick symbiont that acquired virulence 416

(Borucinska, 2016; Duron, Noël, et al., 2015). 417

418

To examine this question further, Brenner et al. (2021) sequenced a Coxiella-LE associated with the soft tick 419

Ornithodoros amblus, a close relative of C. burnetii, althoughmore derived than CLEOmar. Indeed, CLEOmar is 420

the basal species of the clade containing Coxiella-LE from O. amblus (Brenner et al., 2021). In their work, Bren- 421

ner et al. (2021) proposed that mutualistic Coxiella-LEs found in ticks derived from a parasitic ancestor able to 422

invade different hosts. Their conclusion was based on several phylogenetic and comparative genomic analy- 423

ses: (i) themonophyletic origin of C. burnetii and Coxiella-LEs after increasing the taxon sampling compared to 424

previous works (Duron, Noël, et al., 2015); (ii) the presence of several pathogenic bacteria across Coxiella-LE 425

lineages; (iii) the universal presence of the Dot/Icm T4SS across Coxiellaceae, except in Coxiella-LEs for which it 426

is pseudogenized; (iv) the fact that Coxiella-LEs are a streamlined version of C. burnetii, including cell walls, pH 427

regulation, free-radical protection, and antimicrobial transporters, which are crucial elements for pathogenic 428

lifestyles; (v)most gene acquisitions took place in the C. burnetii/Coxiella-LEs MRCA suggesting an inability of 429

Coxiella-LEs to acquire new genetic material (Brenner et al., 2021). 430

431

Using an expanded set of Coxiellaceae species including environmental species and two new Coxiella-LEs, 432

our results are in agreement with those presented by Brenner et al. (2021). Our phylogenomic tree corrobo- 433

rates the monophyly of C. burnetii/Coxiella-LEs, but also suggests the clade originated from aquatic bacteria 434

able to establish symbiotic relationships with different hosts. We also observed that Coxiella-LEs are a reduced 435

version of C. burnetii with few species-specific genes. (Gottlieb et al., 2015) proposed that Coxiella-LEs do not 436

face the acidic environment of the Coxiella Containing Vacuole (CCV), a key feature of C. burnetii, because they 437

are harbored inside host-derived vacuoles (Klyachko et al., 2007; Lalzar, Friedmann, et al., 2014), which are 438

thought to be more pH neutral. As also found by Brenner et al. (2021), we found traces of acid-resistance 439

systems (sfcA, gadC, and cfa) in CLEDm and some Coxiella-LE from Rhipicephalus tick species. Their presence 440

suggests that the C. burnetii-Coxiella-LE MRCA was probably a pathogen able to confront acidic environments. 441

442

It has been proposed that Coxiella-LEs play a critical role in tick development as they supply different B 443

vitamins and co-factors lacking from the blood-based diet of ticks (Duron and Gottlieb, 2020; Manzano-Marín, 444

Oceguera-Figueroa, et al., 2015). In their work, Brenner et al. (2021) suggested that the production of B vi- 445

tamins and co-factors triggered the evolution of the C. burnetii/Coxiella-LEs MRCA towards more mutualistic 446

interactions with ticks. We found that these biosynthetic pathways are also encoded in many environmental 447

CoxiellaMAGs, including those closely related to the C. burnetii/Coxiella-LE clade, supporting their presence in 448

the CoxiellaMRCA. Interestingly, B vitamin and co-factor biosynthesis pathways are also found in pathogenic 449

Coxiellaceae such as Rickettsiella, Aquicella, and Berkiella. Biotin synthesis is likewise critical for virulence in 450

some human pathogens, such as Francisella tularensis and Mycobacterium tuberculosis, and may have played 451

similar roles in parasitic Coxiellaceae (Feng et al., 2014; Park et al., 2011). Indeed, blocking biotin biosynthesis 452

inhibits C. burnetii growth on specific axenic media (Moses et al., 2017), suggesting that it is required for the 453

normal development of this pathogen. Thus, the potential to synthesize vitamins and co-factors is not a good 454

predictor ofmutualistic relationships but rathermay have act as a pre-adaptation for establishing interactions 455

with blood-feeding arthropods. 456
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457

The Dot/Icm T4SS is described as a virulence factor in many pathogenic bacteria and its presence can be 458

considered a signature of pathogenicity (Gomez-Valero, Chiner-Oms, et al., 2019; Schaik et al., 2013). We de- 459

tected the Dot/Icm T4SS (or signatures of it) in all Coxiellaceae, including the environmental Coxiella MAGs, 460

confirming its universal presence across this family (Brenner et al., 2021). While most Coxiella-LEs have lost 461

all relevant genes, some pseudogenes are still detectable in Coxiella-LEs from Ornithodoros soft (Brenner et al. 462

(2021) and this work) and hard ticks lineages (Buysse, Duhayon, et al., 2021; Gottlieb et al., 2015). Similar to 463

Brenner et al. (2021), we conclude that the C. burnetii/Coxiella-LEMRCA encoded a functional Dot/Icm T4SS and 464

was able to parasitize different hosts, including amoebae (La Scola and Raoult, 2001). In recently established 465

symbionts, the loss of virulence-associated secretion systems, together with increased vertical transmission 466

and restricted tropism can facilitate the switch towards more mutualistic relationships (Manzano-Marín, Si- 467

mon, et al., 2016; Oakeson et al., 2014; Yamamura, 1993). Therefore, the inactivation of the Dot/Icm T4SS 468

could have facilitated the domestication of facultative parasitic Coxiella by ticks. 469

470

We identified a genomic region in C. burnetii which resembles a pathogenic island (PAI). Generally, PAIs are 471

defined as genomic islands (10-200 Kb) enriched in genes related to virulence, antibiotic resistance, symbiosis, 472

and environmental fitness. PAIs are typically horizontally acquired (exogenous DNA) and often include tRNAs, 473

which act as integration sites for the PAI. The presence of repeats and mobile elements make PAIs dynamic, 474

favoring recombination and gene exchanges, but also leads to rapid gene losses when they are no longer re- 475

quired (Hacker and Kaper, 2000). The putative PAI region in C. burnetii contains a tRNA that could have served 476

as an integration point (isoleucine 2 anticodon), several mobile elements (ISs), other repeats, different hori- 477

zontally acquired genes, the Dot/Icm T4SS (considered a virulence factor) and different effectors associated 478

with it. In Coxiella-LEs CLEOmar and AB428, this region is distributed among several contigs flanked by ISs and 479

shows partial synteny with C. burnetii. Syntenic regions to the PAI, including the isoleucine tRNA, are also de- 480

tected in Coxiella sp. GCA_001802485 and GCA_001797285MAGs. However, all four of these genomes are still 481

drafts and the full PAI structure is unknown. Interestingly, a similar PAI-like region, with the same isoleucine 482

tRNA and adjacent genes and with remnants of the Dot/Icm T4SS, was detected in Coxiella-LEs CRt and CRS- 483

CAT. In the smallest Coxiella-LEs, CLEDm and those from Amblyomma ticks, only the putative insertion site of 484

the PAI, the isoleucine tRNA and adjacent genes, are maintained. Assuming the most parsimonious scenario, 485

our results support a single acquisition of the PAI by the C. burnetii/Coxiella-LEs MRCA and its progressive loss 486

in non-pathogenic Coxiella-LEs. 487

488

Coxiella-LEs CLEOmar and AB428 are, like other recent host-associated symbionts, overrun by mobile el- 489

ements (Latorre and Manzano-Marín, 2017). Their PAI-like and adjacent regions could therefore have been 490

reshuffled and many genes inactivated by the activity of mobile elements. This could have resulted in the 491

rapid loss of functions no longer required by the symbiont, such as the Dot/Icm T4SS or the Sha (Hacker and 492

Kaper, 2000; Latorre and Manzano-Marín, 2017). Thus, we can speculate that the fast inactivation of genes 493

related to virulence, pathogenicity, or environmental response might have played a significant role during the 494

transition towards more mutualistic interactions in Coxiella-LEs (Yamamura, 1993). 495

496

In summary, the C. burnetii/Coxiella-LEs MRCA was likely more similar to C. burnetii: an acidophilic pathogen 497

with a putative PAI encoding a virulence factor (theDot/IcmT4SS) andother functions related to environmental 498

fitness (H+ antiporters). The ability to produce B vitamins and co-factors, together with a reduction in its 499

virulence, could have aided Coxiella bacteria to evolve towardsmoremutualistic interactions in some lineages. 500

C. burnetii Specialization: Acid Resistance and Biphasic Life Cycle 501

C. burnetii is the only known acidophilic bacteria (Hackstadt, 1983) among Legionellales pathogens. It 502

presents three amino acid Acid Resistance (AR) systems that work in a pH range of 4-6, close to that of the 503
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different Coxiella Containing Vacuole (CCV) phases (Foster, 2004). The glutamate system (AR2) is the most 504

effective (Lund et al., 2014) with optimal AR2 decarboxylase activity at pH 4, close to the CCV pH (Foster, 505

2004). Interestingly, C. burnetii encodes two GadC-like transporters, CBU_1347 and CBU_2020. According to 506

the TCDB classification engine, CBU_1347 presents the highest identity to GadC from Escherichia coli (Gen- 507

Bank: BAI30440.1). In addition, CBU_1347 is up-regulated during the transition from SCV to LCV (Sandoz et al., 508

2016), suggesting it may be the main AR2 antiporter. It may be that additional GadC copies in C. burnetii and 509

CoxiellaMAGs provide a broader substrate range by assuming the function of AdiC (AR3) or PotE (AR5). 510

511

Almost no Coxiellaceae, including C. burnetii, encode the AR2 decarboxylase cognate GadB, which uses the 512

negatively charged amino acid L-glutamate as proton receptor. However, C. burnetii, CLEOmar, several Coxiella 513

MAGs, and Aquicella species encode an aspartate 1-decarboxylase PanDwhichmay decarboxylate L-aspartate, 514

another negatively charged amino acid (Williamson and Brown, 1979). This enzyme presents the lowest pI (4.7) 515

in C. burnetii (CBU_0422) when compared to almost all other PanD from the Coxiellaceae. Indeed, its pI and 516

predicted charge at 5.5 pH (the pH of the lysosome) are closer to those of GadB from some acidophile bacteria 517

(Table S12). Therefore, we propose that PanD might have been co-opted to work as part of the AR2 system 518

by decarboxylating L-glutamate under acidic conditions (Kelkar and Ochman, 2013). However, the ability of 519

PanD from C. burnetii to perform in acidic environments should be empirically validated. 520

521

Similarly, when Coxiellaceae genomes encoding the AR3 are compared, the ornithine decarboxylase Odc 522

and the arginine decarboxylase SpeA present a mutually exclusive pattern, suggesting that ornithine decar- 523

boxylase may provide a broader substrate range and decarboxylate both arginine (AR3) and ornithine (AR5). 524

Co-opting enzymes, such as PanD or Odc, can result as a consequence of the genome reduction process and 525

the trend to minimize functional redundancy in symbionts (Manzano-Marín, Oceguera-Figueroa, et al., 2015; 526

Murray et al., 2020). That being the case, AR systems from C. burnetii and other Coxiellaceae species could be 527

based on the co-option. 528

529

Interestingly, C. burnetii uses glutamate as a primary energy source within an effective range between 2 to 530

5.5 pH, a range similar to the phagosomes/CCV (Hackstadt and Williams, 1981, 1983; Omsland et al., 2008). 531

The phagosome may present low nutrient levels and using non-essential amino acids as an energy source is 532

a common adaptation in pathogens (Omsland et al., 2008). Therefore, it might be that the glutamine present 533

in the SCV phase-specific ScvA protein (∼ 23%) can be converted directly to glutamate for energetic purposes 534

(catabolism) or pH regulation (decarboxylation) during the early phagosome invasion. If so, C. burnetii can 535

overcome acid stress without the need to scavenge glutamate from its host. In this context, we can think of 536

ScvA as a unique adaptation of C. burnetii to pathogenicity, where ScvA plays a role in both SCV formation 537

(Minnick and Raghavan, 2012) and acid-resistance. 538

539

Another particularity ofC. burnetii is that it presents a biphasic life cycle (Coleman, Fischer, Howe, et al., 2004; 540

Coleman, Fischer, Cockrell, et al., 2007; Minnick and Raghavan, 2012; Schaik et al., 2013; Voth and Heinzen, 541

2007). The PAI of C. burnetii presents a Sha/Mrp antiporter (organized as an operon) located∼25 Kb upstream 542

from the Dot/Icm T4SS. The Sha/Mrp is a Na+/H+ antiporter involved in the establishment and maintenance 543

of Na+ electrochemical potential, extrusion of Na+/Li+ for avoiding toxic concentrations, cell volume regula- 544

tion, and pHmaintenance under alkaline stress. Also, it has been shown to play several roles in addition to pH 545

homeostasis (Ito et al., 2017). While in Bacillus subtilis the disruption of shaA resulted in sporulation-deficient 546

phenotypes (Kosono, Ohashi, et al., 2000), in P. aeruginosa strain PAO1 it reduced bacterial virulence and col- 547

onization capabilities (Kosono, Haga, et al., 2005). The Sha/Mrp antiporter seems to also play an important 548

function in establishing the Rhizobiummeliloti-plant symbiotic relationship, where only symbionts able to grow 549

in alkaline environments can colonize the plant roots (Putnoky et al., 1998). Our results suggest that the sha 550

operon was acquired by the MRCA of the C. burnetii lineage. However, it is not clear if the acquisition was 551
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from a close relative, such as Coxiella sp. GCA_001802485 MAG, or more directly from a Legionella bacterium. 552

Based on the reported functions of the Sha/Mrp antiporter, we propose that in C. burnetii it is not only related 553

to alkali resistance but could also be involved in the SCV formation, hence, pathogenesis. If this is so, the 554

inactivation of the Sha/Mrp antiporter may produce attenuated phenotypes in C. burnetii as in P. aeruginosa, 555

but may also limit transmission and dispersal potential by compromising SCV formation (Kosono, Haga, et al., 556

2005). 557

558

Concluding Remarks 559

Based on comparative genomic approaches using Coxiellaceae species with different lifestyles, ranging 560

from free-living to obligate mutualist symbionts, we propose a scenario for the origin of mutualistic Coxiella 561

endosymbionts in ticks. An environmental, and probably pathogenic, Coxiella ancestor invaded different hosts, 562

thanks to the presence of the Dot/Icm T4 Secretion System, and other genes, included in a putative pathogenic 563

island and adjacent regions. This ancestor evolved into two lineages, one including C. burnetii and the other 564

including mainly tick-associated symbionts. The ability of the Coxiella-LE ancestor to produce B vitamins and 565

co-factors contributed to its domestication in some tick species, evolving later on towards more mutualistic 566

symbiosis. 567

568

A more recent process of transition towards mutualism from parasitism can be observed within the C. 569

burnetii lineage. In this lineage, its ancestor laterally acquired a Sha/Mrp antiporter close to the Dot/Icm re- 570

gion. Based on previously reported functions of the Sha/Mrp antiporter, we hypothesize that its acquisition 571

might have enabled C. burnetii to resist alkaline environments found outside the host. Moreover, the Sha 572

operon might be involved in the development of the Small-Cell Variant resistant form of C. burnetii (Ito et al., 573

2017; Kosono, Ohashi, et al., 2000). In Coxiella-LE CLEOmar and AB428, members of the C. burnetii lineage, 574

the Dot/Icm T4SS, the Sha/Mrp antiporter, and the acid-resistance systems are inactive, or almost inactive. 575

Their combined inactivation probably reduced the virulence, dispersion, and tropismof the CLEOmar ancestor 576

thereby increasing the benefits for the host harboring a symbiont able to supplement its diet with B vitamins 577

and co-factors (Manzano-Marín, Oceguera-Figueroa, et al., 2015; Manzano-Marín, Simon, et al., 2016). Selec- 578

tion would then have increased the vertical transmission of the symbiont, aligning both host and pathogen 579

fitness, thus facilitating the emergence of mutualism in CLEOmar (Yamamura, 1993). As the Dot/Icm T4SS is 580

widespread in the Coxiella genus, it could have allowed them to exploit different hosts, such that, the emer- 581

gence of mutualistic representatives could occur on multiple occasions in the Coxiella genus, as is the case for 582

CLEOmar and Coxiella-LEs which belong to different lineages. 583

584

Acknowledgments 585

DSGwas supported by the EuropeanUnion’s Horizon 2020 research and innovation programunder aMarie 586

Skłodowska-Curie Individual Fellowship (GuardSym, grant agreement no. 885583). 587

Funding 588

This research was partially supported by (1) the projects ANR Hmicmac 16-CE02-0014 to FV and ANR MI- 589

CROM21-CE02-0002 to FV andODgranted by the FrenchNational Research Agency (ANR); (2) the PHYLOTIQUE 590

from the RIVOC-KIM RIVE intiative of the University of Montpellier and the Exploratory grant MISTICKS from 591

the LABEX CeMEB (Centre Mediterraneen de l’Environnement et de la Biodiversite) to OD; (3) the Exploratory 592

grant DISTIC from the LABEX CeMEB with the support an ANR “Investissements d’Avenir” program (ANR-10- 593

LABX-04–01) to KM; (4) the Israel Science Foundation (ISF) #1074/18 to YG; (5) the international grant EVOSYM 594

19



co-managed by theMinistry of Science, Technology and Space (Israel) and the French National Center of Scien- 595

tific Research (CNRS, France) to OD and YG; (6) the LABEX ECOFECT (ANR-11-LABX-0048) of University Lyon 1, 596

within the program “Investissements d’Avenir” (ANR-11-IDEX-0007), operated by ANR; (7) the “Investissements 597

d’Avenir - Laboratoire d’Excellence” CEBA ANR-10-LABX-25-01. 598

Conflict of Interest Disclosure 599

The authors declare that they comply with the PCI rule of having no financial conflicts of interest in relation 600

to the content of the article. 601

Data, Script, Code, and Supplementary Information Availability 602

RAWreads generated for thiswork andCoxiella-LE CLEOmar (GCA_907164965) andCLEDm (GCA_907164955) 603

genomeassemblies are available EuropeanNucleotideArchive (ENA) under theBioProject number PRJEB44453. 604

Coxiella-LE CLEOmar and CLEDm annotated genomes, relevant performed analysis, scripts, and used data are 605

available FigShare https://doi.org/10.6084/m9.figshare.12563558.v3. All phylogenetic trees can be accessed 606

at https://itol.embl.de/shared/dsantosgarcia 607

References 608

Anantharaman K, CT Brown, LA Hug, I Sharon, CJ Castelle, AJ Probst, BC Thomas, A Singh, MJ Wilkins, U Karaoz, 609

EL Brodie, KH Williams, SS Hubbard, and JF Banfield (2016). Thousands of Microbial Genomes Shed Light 610

on Interconnected Biogeochemical Processes in an Aquifer System. Nat Commun 7, 1–11. https://doi.org/ 611

10.1038/ncomms13219. 612

Baker-Austin C and M Dopson (2007). Life in Acid: pH Homeostasis in Acidophiles. Trends Microbiol 15, 165– 613

171. https://doi.org/10.1016/j.tim.2007.02.005. 614

Bankevich A, S Nurk, D Antipov, AA Gurevich, M Dvorkin, AS Kulikov, VM Lesin, SI Nikolenko, S Pham, AD Prji- 615

belski, AV Pyshkin, AV Sirotkin, N Vyahhi, G Tesler, MA Alekseyev, and PA Pevzner (2012). SPAdes: a New 616

GenomeAssembly Algorithmand its Applications to Single-Cell Sequencing. J Comput Biol 19, 455–77. https: 617

//doi.org/10.1089/cmb.2012.0021. 618

Ben-Yosef M, A Rot, M Mahagna, E Kapri, A Behar, and Y Gottlieb (2020). Coxiella-Like Endosymbiont of Rhipi- 619

cephalus sanguineus Is Required for Physiological Processes During Ontogeny. Front Microbiol 11, 1–16. 620

https://doi.org/10.3389/fmicb.2020.00493. 621

Bertelli C,MR Laird, KPWilliams, BY Lau, GHoad, GLWinsor, and FS Brinkman (2017). IslandViewer 4: Expanded 622

Prediction of Genomic Islands for Larger-Scale Datasets. Nucleic Acids Res 45, W30–W35. https://doi.org/ 623

10.1093/nar/gkx343. 624

Borucinska J (2016). The Rasputin Effect: When Commensals and Symbionts Become Parasitic. Ed. by Hurst CJ. 625

Vol. 3. Advances in Environmental Microbiology. Cham: Springer International Publishing, p. 357. https : 626

//doi.org/10.1007/978-3-319-28170-4. 627

Brenner AE, S Muñoz-Leal, M Sachan, MB Labruna, and R Raghavan (2021). Coxiella burnetii and Related Tick 628

Endosymbionts Evolved from Pathogenic Ancestors. Genome Biol Evol 13, 1–15. https://doi.org/10.1093/ 629

gbe/evab108. 630

Buysse M, M Duhayon, F Cantet, M Bonazzi, and O Duron (2021). Vector Competence of the African Argasid 631

Tick Ornithodoros moubata for the Q Fever Agent Coxiella burnetii. PLoS Negl Trop Dis 15, e0009008. https: 632

//doi.org/10.1371/journal.pntd.0009008. 633

Buysse M and O Duron (2021). Evidence that Microbes Identified as Tick-Borne Pathogens are Nutritional 634

Endosymbionts. Cell 184, 2259–2260. https://doi.org/10.1016/j.cell.2021.03.053. 635

20

https://doi.org/10.6084/m9.figshare.12563558.v3
https://itol.embl.de/shared/dsantosgarcia
https://doi.org/10.1038/ncomms13219
https://doi.org/10.1038/ncomms13219
https://doi.org/10.1038/ncomms13219
https://doi.org/10.1016/j.tim.2007.02.005
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.3389/fmicb.2020.00493
https://doi.org/10.1093/nar/gkx343
https://doi.org/10.1093/nar/gkx343
https://doi.org/10.1093/nar/gkx343
https://doi.org/10.1007/978-3-319-28170-4
https://doi.org/10.1007/978-3-319-28170-4
https://doi.org/10.1007/978-3-319-28170-4
https://doi.org/10.1093/gbe/evab108
https://doi.org/10.1093/gbe/evab108
https://doi.org/10.1093/gbe/evab108
https://doi.org/10.1371/journal.pntd.0009008
https://doi.org/10.1371/journal.pntd.0009008
https://doi.org/10.1371/journal.pntd.0009008
https://doi.org/10.1016/j.cell.2021.03.053


Buysse M, O Plantard, KDMcCoy, O Duron, and CMenard (2019). Tissue Localization of Coxiella-Like Endosym- 636

bionts in Three European Tick Species through Fluorescence in Situ Hybridization. Ticks Tick Borne Dis 10, 637

798–804. https://doi.org/10.1016/j.ttbdis.2019.03.014. 638

Camacho C, G Coulouris, V Avagyan, N Ma, J Papadopoulos, K Bealer, and TL Madden (2009). BLAST+: Archi- 639

tecture and Applications. BMC Bioinf 10, 421. https://doi.org/10.1186/1471-2105-10-421. 640

Castresana J (2000). Selection of Conserved Blocks from Multiple Alignments for Their Use in Phylogenetic 641

Analysis. Mol Biol Evol 17, 540–52. https://doi.org/10.1093/oxfordjournals.molbev.a026334. 642

Coleman SA, ER Fischer, D Howe, DJ Mead, and Ra Heinzen (2004). Temporal Analysis of Coxiella burnetii Mor- 643

phological Differentiation. J Bacteriol 186, 7344–7352. https://doi.org/10.1128/JB.186.21.7344-7352.2004. 644

Coleman SA, ER Fischer, DC Cockrell, DE Voth, D Howe, DJ Mead, JE Samuel, and RA Heinzen (2007). Proteome 645

and Antigen Profiling of Coxiella burnetii Developmental Forms. Infect Immun 75, 290–298. https://doi.org/ 646

10.1128/IAI.00883-06. 647

Conway JR, A Lex, and N Gehlenborg (2017). UpSetR: An R Package for the Visualization of Intersecting Sets 648

and their Properties. Bioinformatics 33, 2938–2940. https://doi.org/10.1093/bioinformatics/btx364. 649

Duron O, F Binetruy, V Noël, J Cremaschi, KD McCoy, C Arnathau, O Plantard, J Goolsby, AA Pérez de León, 650

DJA Heylen, AR Van Oosten, Y Gottlieb, G Baneth, AA Guglielmone, A Estrada-Peña, MN Opara, L Zenner, 651

F Vavre, and C Chevillon (2017). Evolutionary Changes in Symbiont Community Structure in Ticks.Mol Ecol 652

26, 2905–2921. https://doi.org/10.1111/mec.14094. 653

Duron O, P Doublet, F Vavre, and D Bouchon (2018). The Importance of Revisiting Legionellales Diversity. 654

Trends Parasitol 34, 1027–1037. https://doi.org/10.1016/j.pt.2018.09.008. 655

Duron O and Y Gottlieb (2020). Convergence of Nutritional Symbioses in Obligate Blood Feeders. Trends Par- 656

asitol 36, 816–825. https://doi.org/10.1016/j.pt.2020.07.007. 657

Duron O, O Morel, V Noël, M Buysse, F Binetruy, R Lancelot, E Loire, C Ménard, O Bouchez, F Vavre, and L Vial 658

(2018). Tick-Bacteria Mutualism Depends on B Vitamin Synthesis Pathways. Curr Biol 28, 1896–1902.e5. 659

https://doi.org/10.1016/j.cub.2018.04.038. 660

Duron O, V Noël, KD McCoy, M Bonazzi, K Sidi-Boumedine, O Morel, F Vavre, L Zenner, E Jourdain, P Durand, 661

C Arnathau, F Renaud, JF Trape, AS Biguezoton, J Cremaschi, M Dietrich, E Léger, A Appelgren, M Dupraz, E 662

Gómez-Díaz, G Diatta, GK Dayo, H Adakal, S Zoungrana, L Vial, and C Chevillon (2015). The Recent Evolution 663

of a Maternally-Inherited Endosymbiont of Ticks Led to the Emergence of the Q Fever Pathogen, Coxiella 664

burnetii. PLoS Pathog 11, e1004892. https://doi.org/10.1371/journal.ppat.1004892. 665

Duron O, K Sidi-Boumedine, E Rousset, S Moutailler, and E Jourdain (2015). The Importance of Ticks in Q 666

Fever Transmission: What Has (and Has Not) Been Demonstrated? Trends Parasitol 31, 536–552. https : 667

//doi.org/10.1016/j.pt.2015.06.014. 668

Ellegaard KM, L Klasson, K Näslund, K Bourtzis, and SGE Andersson (2013). Comparative Genomics of Wol- 669

bachia and the Bacterial Species Concept. PLoS Genet 9, e1003381. https://doi.org/10.1371/journal.pgen. 670

1003381. 671

EmmsDMandSKelly (2019). OrthoFinder: PhylogeneticOrthology Inference for ComparativeGenomics.Genome 672

Biol 20, 238. https://doi.org/10.1186/s13059-019-1832-y. 673

Feng Y, BA Napier, M Manandhar, SK Henke, DS Weiss, and JE Cronan (2014). A Francisella Virulence Factor 674

Catalyses an Essential Reaction of Biotin Synthesis. Mol Microbiol 91, 300–314. https://doi.org/10.1111/ 675

mmi.12460. 676

Foster JW (2004). Escherichia coli Acid Resistance: Tales of an Amateur Acidophile. Nat Rev Microbiol 2, 898–907. 677

https://doi.org/10.1038/nrmicro1021. 678

Gomez-Valero L, A Chiner-Oms, I Comas, C Buchrieser, and R Hershberg (2019). Evolutionary Dissection of the 679

Dot/Icm System Based on Comparative Genomics of 58 Legionella Species. Genome Biol Evol 11, 2619–2632. 680

https://doi.org/10.1093/gbe/evz186. 681

Gomez-Valero L, C Rusniok, D Carson, S Mondino, AE Pérez-Cobas, M Rolando, S Pasricha, S Reuter, J Demir- 682

tas, J Crumbach, S Descorps-Declere, EL Hartland, S Jarraud, G Dougan, GN Schroeder, G Frankel, and 683

21

https://doi.org/10.1016/j.ttbdis.2019.03.014
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1093/oxfordjournals.molbev.a026334
https://doi.org/10.1128/JB.186.21.7344-7352.2004
https://doi.org/10.1128/IAI.00883-06
https://doi.org/10.1128/IAI.00883-06
https://doi.org/10.1128/IAI.00883-06
https://doi.org/10.1093/bioinformatics/btx364
https://doi.org/10.1111/mec.14094
https://doi.org/10.1016/j.pt.2018.09.008
https://doi.org/10.1016/j.pt.2020.07.007
https://doi.org/10.1016/j.cub.2018.04.038
https://doi.org/10.1371/journal.ppat.1004892
https://doi.org/10.1016/j.pt.2015.06.014
https://doi.org/10.1016/j.pt.2015.06.014
https://doi.org/10.1016/j.pt.2015.06.014
https://doi.org/10.1371/journal.pgen.1003381
https://doi.org/10.1371/journal.pgen.1003381
https://doi.org/10.1371/journal.pgen.1003381
https://doi.org/10.1186/s13059-019-1832-y
https://doi.org/10.1111/mmi.12460
https://doi.org/10.1111/mmi.12460
https://doi.org/10.1111/mmi.12460
https://doi.org/10.1038/nrmicro1021
https://doi.org/10.1093/gbe/evz186


C Buchrieser (2019). More than 18,000 Effectors in the Legionella Genus Genome Provide Multiple, Inde- 684

pendent Combinations for Replication in Human Cells. Proc Natl Acad Sci U S A 116, 2265–2273. https : 685

//doi.org/10.1073/pnas.1808016116. 686

Gottlieb Y, I Lalzar, and L Klasson (2015). Distinctive Genome Reduction Rates Revealed by Genomic Analyses 687

of Two Coxiella-Like Endosymbionts in Ticks. Genome Biol Evol 7, 1779–1796. https://doi.org/10.1093/gbe/ 688

evv108. 689

GuizzoMG, LF Parizi, RD Nunes, R Schama, RM Albano, L Tirloni, DP Oldiges, RP Vieira, WHCOliveira, MdS Leite, 690

SA Gonzales, M Farber, OMartins, IdS Vaz, and PL Oliveira (2017). A CoxiellaMutualist Symbiont is Essential 691

to the Development of Rhipicephalus microplus. Sci Rep 7, 17554. https://doi.org/10.1038/s41598-017- 692

17309-x. 693

Guy L, JR Kultima, and SGE Andersson (2010). genoPlotR: Comparative Gene and Genome Visualization in R. 694

Bioinformatics 26, 2334–5. https://doi.org/10.1093/bioinformatics/btq413. 695

Hacker J and JB Kaper (2000). Pathogenicity Islands and the Evolution of Microbes. Annu Rev Microbiol 54, 641– 696

679. https://doi.org/10.1146/annurev.micro.54.1.641. 697

Hackstadt T (1983). Estimation of the Cytoplasmic pH of Coxiella burnetii and Effect of Substrate Oxidation on 698

Proton Motive Force. J Bacteriol 154, 591–597. https://doi.org/10.1128/jb.154.2.591-597.1983. 699

Hackstadt T and JC Williams (1981). Biochemical Stratagem for Obligate Parasitism of Eukaryotic Cells by Cox- 700

iella burnetii. Proc Natl Acad Sci U S A 78, 3240–3244. https://doi.org/10.1073/pnas.78.5.3240. 701

— (1983). pH Dependence of the Coxiella burnetiiGlutamate Transport System. J Bacteriol 154, 598–603. https: 702

//doi.org/10.1128/jb.154.2.598-603.1983. 703

Hyatt D, GL Chen, PF LoCascio, ML Land, FW Larimer, and LJ Hauser (2010). Prodigal: Prokaryotic Gene Recog- 704

nition and Translation Initiation Site Identification. BMC Bioinf 11, 119. https://doi.org/10.1186/1471-2105- 705

11-119. 706

Ito M, M Morino, and TA Krulwich (2017). Mrp Antiporters Have Important Roles in Diverse Bacteria and Ar- 707

chaea. Front Microbiol 8, 1–12. https://doi.org/10.3389/fmicb.2017.02325. 708

Kalyaanamoorthy S, BQ Minh, TKF Wong, A von Haeseler, and LS Jermiin (2017). ModelFinder: Fast Model 709

Selection for Accurate Phylogenetic Estimates. Nat Methods 14, 587–589. https://doi.org/10.1038/nmeth. 710

4285. 711

Kampschreur LM, CEDelsing, RHHGroenwold,MCAWegdam-Blans, CPBleeker-Rovers,MGLde Jager-Leclercq, 712

AIM Hoepelman, ME van Kasteren, J Buijs, NHM Renders, MH Nabuurs-Franssen, JJ Oosterheert, and PC 713

Wever (2014). Chronic Q Fever in the Netherlands 5 Years after the Start of the Q Fever Epidemic: Results 714

from the Dutch Chronic Q Fever Database. J Clin Microbiol 52, 1637–1643. https://doi.org/10.1128/JCM. 715

03221-13. 716

Katoh K, K Misawa, Ki Kuma, and T Miyata (2002). MAFFT: a Novel Method for Rapid Multiple Sequence align- 717

ment Based on Fast Fourier Transform. Nucleic Acids Res 30, 3059–66. https://doi.org/10.1093/nar/gkf436. 718

Kelkar YD and H Ochman (2013). Genome Reduction Promotes Increase in Protein Functional Complexity in 719

Bacteria. Genetics 193, 303–7. https://doi.org/10.1534/genetics.112.145656. 720

Klyachko O, BD Stein, N Grindle, K Clay, and C Fuqua (2007). Localization and Visualization of a Coxiella-Type 721

Symbiont within the Lone Star Tick, Amblyomma americanum. Appl Environ Microbiol 73, 6584–6594. https: 722

//doi.org/10.1128/AEM.00537-07. 723

Kosono S, K Haga, R Tomizawa, Y Kajiyama, K Hatano, S Takeda, Y Wakai, M Hino, and T Kudo (2005). Char- 724

acterization of a Multigene-Encoded Sodium/Hydrogen Antiporter (Sha) from Pseudomonas aeruginosa: Its 725

Involvement in Pathogenesis. J Bacteriol 187, 5242–5248. https : / / doi . org / 10 . 1128 / JB . 187 . 15 . 5242 - 726

5248.2005. 727

Kosono S, Y Ohashi, F Kawamura, M Kitada, and T Kudo (2000). Function of a Principal Na+/H+ Antiporter, 728

ShaA, is Required for Initiation of Sporulation in Bacillus subtilis. J Bacteriol 182, 898–904. https://doi.org/ 729

10.1128/JB.182.4.898-904.2000. 730

22

https://doi.org/10.1073/pnas.1808016116
https://doi.org/10.1073/pnas.1808016116
https://doi.org/10.1073/pnas.1808016116
https://doi.org/10.1093/gbe/evv108
https://doi.org/10.1093/gbe/evv108
https://doi.org/10.1093/gbe/evv108
https://doi.org/10.1038/s41598-017-17309-x
https://doi.org/10.1038/s41598-017-17309-x
https://doi.org/10.1038/s41598-017-17309-x
https://doi.org/10.1093/bioinformatics/btq413
https://doi.org/10.1146/annurev.micro.54.1.641
https://doi.org/10.1128/jb.154.2.591-597.1983
https://doi.org/10.1073/pnas.78.5.3240
https://doi.org/10.1128/jb.154.2.598-603.1983
https://doi.org/10.1128/jb.154.2.598-603.1983
https://doi.org/10.1128/jb.154.2.598-603.1983
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.3389/fmicb.2017.02325
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1128/JCM.03221-13
https://doi.org/10.1128/JCM.03221-13
https://doi.org/10.1128/JCM.03221-13
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1534/genetics.112.145656
https://doi.org/10.1128/AEM.00537-07
https://doi.org/10.1128/AEM.00537-07
https://doi.org/10.1128/AEM.00537-07
https://doi.org/10.1128/JB.187.15.5242-5248.2005
https://doi.org/10.1128/JB.187.15.5242-5248.2005
https://doi.org/10.1128/JB.187.15.5242-5248.2005
https://doi.org/10.1128/JB.182.4.898-904.2000
https://doi.org/10.1128/JB.182.4.898-904.2000
https://doi.org/10.1128/JB.182.4.898-904.2000


Kozlowski LP (2016). IPC - Isoelectric Point Calculator. Biol. Direct 11, 55. https://doi.org/10.1186/s13062-016- 731

0159-9. 732

Kozlowski LP (2021). IPC 2.0: Prediction of Isoelectric Point and pKa Dissociation Constants. Nucleic Acids Res. 733

49, W285–W292. https://doi.org/10.1093/nar/gkab295. 734

Krulwich TA, G Sachs, and E Padan (2011). Molecular Aspects of Bacterial pH Sensing and Homeostasis. Nat 735

Rev Microbiol 9, 330–343. https://doi.org/10.1038/nrmicro2549. 736

La Scola B and D Raoult (2001). Survival of Coxiella burnetiiwithin Free-Living Amoeba Acanthamoeba castellanii. 737

Clin Microbiol Infect 7, 75–79. https://doi.org/10.1046/j.1469-0691.2001.00193.x. 738

Lagesen K, P Hallin, EA Rødland, HH Stærfeldt, T Rognes, and DW Ussery (2007). RNAmmer: Consistent and 739

Rapid Annotation of Ribosomal RNA Genes. Nucleic Acids Res 35, 3100–3108. https://doi.org/10.1093/nar/ 740

gkm160. 741

Lalzar I, Y Friedmann, and Y Gottlieb (2014). Tissue Tropism and Vertical Transmission of Coxiella in Rhipi- 742

cephalus sanguineus and Rhipicephalus turanicus Ticks. Environ Microbiol 16, 3657–3668. https://doi.org/10. 743

1111/1462-2920.12455. 744

Lalzar I, S Harrus, KY Mumcuoglu, and Y Gottlieb (2012). Composition and Seasonal Variation of Rhipicephalus 745

turanicus and Rhipicephalus sanguineus Bacterial Communities. Appl Environ Microbiol 78, 4110–4116. https: 746

//doi.org/10.1128/AEM.00323-12. 747

Langmead B and SL Salzberg (2012). Fast Gapped-Read Alignment with Bowtie 2. Nat Methods 9, 357–359. 748

https://doi.org/10.1038/nmeth.1923. 749

Latorre A and AManzano-Marín (2017). Dissecting Genome Reduction and Trait Loss in Insect Endosymbionts. 750

Ann N Y Acad Sci 1389, 52–75. https://doi.org/10.1111/nyas.13222. 751

Li LH, Y Zhang, and D Zhu (2018). Effects of Antibiotic Treatment on the Fecundity of Rhipicephalus haema- 752

physaloides Ticks. Parasit Vectors 11, 242. https://doi.org/10.1186/s13071-018-2807-7. 753

Liu L, L Li, J Liu, Y Hu, Z Liu, L Guo, and J Liu (2013). Coinfection of Dermacentor silvarum olenev (Acari: Ixodidae) 754

by Coxiella-Like, Arsenophonus-Like, and Rickettsia-Like Symbionts. Appl Environ Microbiol 79, 2450–2454. 755

https://doi.org/10.1128/AEM.03575-12. 756

Lowe TM and SR Eddy (1997). tRNAscan-SE: A Program for Improved Detection of Transfer RNA Genes in 757

Genomic Sequence. Nucleic Acids Res 25, 0955–964. https://doi.org/10.1093/nar/25.5.0955. 758

Łukasik P, M van Asch, H Guo, J Ferrari, and HCJ Godfray (2013). Unrelated Facultative Endosymbionts Protect 759

Aphids Against a Fungal Pathogen. Ecol Lett 16, 214–8. https://doi.org/10.1111/ele.12031. 760

Lund P, A Tramonti, andDDeBiase (2014). Copingwith LowpH:Molecular Strategies in Neutralophilic Bacteria. 761

FEMS Microbiol Rev 38, 1091–1125. https://doi.org/10.1111/1574-6976.12076. 762

Madariaga MG, K Rezai, GM Trenholme, and RA Weinstein (Nov. 2003). Q Fever: A Biological Weapon in Your 763

Backyard. Lancet Infect Dis 3, 709–721. https://doi.org/10.1016/S1473-3099(03)00804-1. 764

Manzano-Marín A, A Lamelas, AMoya, and A Latorre (2012). Comparative Genomics of Serratia spp.: Two Paths 765

Towards Endosymbiotic Life. PLoS One 7, e47274. ISSN: 1932-6203. https://doi.org/10.1371/journal.pone. 766

0047274. 767

Manzano-Marín A, A Oceguera-Figueroa, A Latorre, LF Jiménez-García, and A Moya (2015). Solving a Bloody 768

Mess: B-Vitamin Independent Metabolic Convergence among Gammaproteobacterial Obligate Endosym- 769

bionts from Blood-Feeding Arthropods and the Leech Haementeria officinalis. Genome Biol Evol 7, 2871– 770

2884. https://doi.org/10.1093/gbe/evv188. 771

Manzano-Marín A, JC Simon, and A Latorre (2016). Reinventing the Wheel and Making It Round Again: Evolu- 772

tionary Convergence in Buchnera - Serratia Symbiotic Consortia between the Distantly Related Lachninae 773

Aphids Tuberolachnus salignus and Cinara cedri. Genome Biol Evol 8, 1440–1458. https://doi.org/10.1093/ 774

gbe/evw085. 775

Mediannikov O, L Ivanov, M Nishikawa, R Saito, YN Sidelnikov, NI Zdanovskaya, IV Tarasevich, and H Suzuki 776

(June 2003). Molecular Evidence of Coxiella-likeMicroorganismHarbored by Haemaphysalis concinnae Ticks 777

in the Russian Far East. Ann N Y Acad Sci 990, 226–228. https://doi.org/10.1111/j.1749-6632.2003.tb07367.x. 778

23

https://doi.org/10.1186/s13062-016-0159-9
https://doi.org/10.1186/s13062-016-0159-9
https://doi.org/10.1186/s13062-016-0159-9
https://doi.org/10.1093/nar/gkab295
https://doi.org/10.1038/nrmicro2549
https://doi.org/10.1046/j.1469-0691.2001.00193.x
https://doi.org/10.1093/nar/gkm160
https://doi.org/10.1093/nar/gkm160
https://doi.org/10.1093/nar/gkm160
https://doi.org/10.1111/1462-2920.12455
https://doi.org/10.1111/1462-2920.12455
https://doi.org/10.1111/1462-2920.12455
https://doi.org/10.1128/AEM.00323-12
https://doi.org/10.1128/AEM.00323-12
https://doi.org/10.1128/AEM.00323-12
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1111/nyas.13222
https://doi.org/10.1186/s13071-018-2807-7
https://doi.org/10.1128/AEM.03575-12
https://doi.org/10.1093/nar/25.5.0955
https://doi.org/10.1111/ele.12031
https://doi.org/10.1111/1574-6976.12076
https://doi.org/10.1016/S1473-3099(03)00804-1
https://doi.org/10.1371/journal.pone.0047274
https://doi.org/10.1371/journal.pone.0047274
https://doi.org/10.1371/journal.pone.0047274
https://doi.org/10.1093/gbe/evv188
https://doi.org/10.1093/gbe/evw085
https://doi.org/10.1093/gbe/evw085
https://doi.org/10.1093/gbe/evw085
https://doi.org/10.1111/j.1749-6632.2003.tb07367.x


Mehari YT, B Jason Hayes, KS Redding, PVG Mariappan, JH Gunderson, AL Farone, and MB Farone (2016). De- 779

scription of ‘Candidatus Berkiella aquae’ and ‘Candidatus Berkiella cookevillensis’, two Intranuclear Bacteria 780

of Freshwater Amoebae. Int J Syst Evol Microbiol 66, 536–541. https://doi.org/10.1099/ijsem.0.000750. 781

Miele V, S Penel, and L Duret (2011). Ultra-Fast Sequence Clustering from Similarity Networks with SiLiX. BMC 782

Bioinf 12, 116. https://doi.org/10.1186/1471-2105-12-116. 783

Minnick MF and R Raghavan (2012). Developmental Biology of Coxiella burnetii. Adv Exp Med Biol 984, 231–48. 784

https://doi.org/10.1007/978-94-007-4315-1_12. 785

Modolo L and E Lerat (2015). UrQt: an Efficient Software for the Unsupervised Quality Trimming of NGS Data. 786

BMC Bioinf 16, 137. https://doi.org/10.1186/s12859-015-0546-8. 787

Moran NA and GM Bennett (2014). The Tiniest Tiny Genomes. Annu Rev Microbiol 68, 195–215. https://doi.org/ 788

10.1146/annurev-micro-091213-112901. 789

Moriya Y, M Itoh, S Okuda, AC Yoshizawa, andMKanehisa (2007). KAAS: an Automatic Genome Annotation and 790

Pathway Reconstruction Server. Nucleic Acids Res 35, W182–W185. https://doi.org/10.1093/nar/gkm321. 791

Moses AS, JA Millar, M Bonazzi, PA Beare, and R Raghavan (2017). Horizontally Acquired Biosynthesis Genes 792

Boost Coxiella burnetii’s Physiology. Front Cell Infect Microbiol 7, 1–9. https://doi.org/10.3389/fcimb.2017. 793

00174. 794

Murray GGR, J Charlesworth, EL Miller, MJ Casey, CT Lloyd, M Gottschalk, AW( Tucker, JJ Welch, and LA Weinert 795

(2020). Genome Reduction Is Associated with Bacterial Pathogenicity across Different Scales of Temporal 796

and Ecological Divergence. Mol Biol Evol, 1–10. https://doi.org/10.1093/molbev/msaa323. 797

Nguyen LT, HA Schmidt, A vonHaeseler, andBQMinh (2015). IQ-TREE: A Fast and Effective Stochastic Algorithm 798

for Estimating Maximum-Likelihood Phylogenies. Mol Biol Evol 32, 268–274. https : / / doi . org / 10 . 1093 / 799

molbev/msu300. 800

Oakeson KF, R Gil, AL Clayton, DM Dunn, AC von Niederhausern, C Hamil, A Aoyagi, B Duval, A Baca, FJ Silva, 801

A Vallier, DG Jackson, A Latorre, RB Weiss, A Heddi, A Moya, and C Dale (2014). Genome Degeneration and 802

Adaptation in a Nascent Stage of Symbiosis. Genome Biol Evol 6, 76–93. https://doi.org/10.1093/gbe/evt210. 803

Okonechnikov K, A Conesa, and F García-Alcalde (2015). Qualimap 2: Advanced Multi-Sample Quality Control 804

for High-Throughput Sequencing Data. Bioinformatics, btv566. https://doi.org/10.1093/bioinformatics/ 805

btv566. 806

Omsland A, DC Cockrell, ER Fischer, and RAHeinzen (2008). Sustained AxenicMetabolic Activity by theObligate 807

Intracellular Bacterium Coxiella burnetii. J Bacteriol 190, 3203–3212. https://doi.org/10.1128/JB.01911-07. 808

Park S, M Klotzsche, DJ Wilson, HI Boshoff, H Eoh, U Manjunatha, A Blumenthal, K Rhee, CE Barry, CC Aldrich, S 809

Ehrt, and D Schnappinger (2011). Evaluating the Sensitivity ofMycobacterium tuberculosis to Biotin Depriva- 810

tion Using Regulated Gene Expression. PLoS Pathog 7, 3–12. https://doi.org/10.1371/journal.ppat.1002264. 811

Pati A, NN Ivanova, N Mikhailova, G Ovchinnikova, SD Hooper, A Lykidis, and NC Kyrpides (2010). GenePRIMP: 812

a Gene Prediction Improvement Pipeline for Prokaryotic Genomes. Nat Methods 7, 455–457. https://doi. 813

org/10.1038/nmeth.1457. 814

PuntaM, PC Coggill, RY Eberhardt, J Mistry, J Tate, C Boursnell, N Pang, K Forslund, G Ceric, J Clements, A Heger, 815

L Holm, ELL Sonnhammer, SR Eddy, A Bateman, and RD Finn (2012). The Pfam Protein Families Database. 816

Nucleic Acids Res 40, D290–301. https://doi.org/10.1093/nar/gkr1065. 817

Putnoky P, A Kereszt, T Nakamura, G Endre, E Grosskopf, P Kiss, and Á Kondorosi (1998). The Pha Gene Cluster 818

of Rhizobium meliloti Involved in pH Adaptation and Symbiosis Encodes a Novel Type of K+ Efflux system. 819

Mol Microbiol 28, 1091–1101. https://doi.org/10.1046/j.1365-2958.1998.00868.x. 820

R Core Team (2020). R: A Language and Environment for Statistical Computing. R Foundation for Statistical Com- 821

puting. Vienna, Austria. 822

Rutherford K, J Parkhill, J Crook, T Horsnell, P Rice, MA Rajandream, and B Barrell (2000). Artemis: Sequence 823

Visualization and Annotation. Bioinformatics 16, 944–5. https://doi.org/10.1093/bioinformatics/16.10.944. 824

24

https://doi.org/10.1099/ijsem.0.000750
https://doi.org/10.1186/1471-2105-12-116
https://doi.org/10.1007/978-94-007-4315-1_12
https://doi.org/10.1186/s12859-015-0546-8
https://doi.org/10.1146/annurev-micro-091213-112901
https://doi.org/10.1146/annurev-micro-091213-112901
https://doi.org/10.1146/annurev-micro-091213-112901
https://doi.org/10.1093/nar/gkm321
https://doi.org/10.3389/fcimb.2017.00174
https://doi.org/10.3389/fcimb.2017.00174
https://doi.org/10.3389/fcimb.2017.00174
https://doi.org/10.1093/molbev/msaa323
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1093/gbe/evt210
https://doi.org/10.1093/bioinformatics/btv566
https://doi.org/10.1093/bioinformatics/btv566
https://doi.org/10.1093/bioinformatics/btv566
https://doi.org/10.1128/JB.01911-07
https://doi.org/10.1371/journal.ppat.1002264
https://doi.org/10.1038/nmeth.1457
https://doi.org/10.1038/nmeth.1457
https://doi.org/10.1038/nmeth.1457
https://doi.org/10.1093/nar/gkr1065
https://doi.org/10.1046/j.1365-2958.1998.00868.x
https://doi.org/10.1093/bioinformatics/16.10.944


Sandoz KM, DL Popham, PA Beare, DE Sturdevant, B Hansen, V Nair, and RA Heinzen (2016). Transcriptional 825

Profiling of Coxiella burnetii Reveals Extensive Cell Wall Remodeling in the Small Cell Variant Developmental 826

Form. PLoS One 11, 1–24. https://doi.org/10.1371/journal.pone.0149957. 827

Santos P, I Pinhal, FA Rainey, N Empadinhas, J Costa, B Fields, R Benson, A Veríssimo, and MS da Costa (2003). 828

Gamma-Proteobacteria Aquicella lusitana gen. nov., sp. nov., and Aquicella siphonis sp. nov. Infect Protozoa 829

and Require Activated Charcoal for Growth in Laboratory Media. Appl Environ Microbiol 69, 6533–6540. 830

https://doi.org/10.1128/AEM.69.11.6533-6540.2003. 831

Schaik EJ van, C Chen, K Mertens, MMWeber, and JE Samuel (2013). Molecular Pathogenesis of the Obligate In- 832

tracellular Bacterium Coxiella burnetii. Nat Rev Microbiol 11, 561–73. https://doi.org/10.1038/nrmicro3049. 833

Seemann T (2014). Prokka: Rapid Prokaryotic Genome Annotation. Bioinformatics 30, 2068–2069. https://doi. 834

org/10.1093/bioinformatics/btu153. 835

SeppeyM, MManni, and EM Zdobnov (2019). BUSCO: Assessing Genome Assembly and Annotation Complete- 836

ness. Methods Mol Biol 1962, 227–245. https://doi.org/10.1007/978-1-4939-9173-0_14. 837

Smith TA, T Driscoll, JJ Gillespie, and R Raghavan (2015). A Coxiella-Like Endosymbiont Is a Potential Vitamin 838

Source for the Lone Star Tick. Genome Biol Evol 7, 831–838. https://doi.org/10.1093/gbe/evv016. 839

Steinegger M and J Söding (2017). MMseqs2 Enables Sensitive Protein Sequence Searching for the Analysis of 840

Massive Data Sets. Nat Biotechnol 35, 1026–1028. https://doi.org/10.1038/nbt.3988. 841

Stewart AC, B Osborne, and TD Read (2009). DIYA: a Bacterial Annotation Pipeline for any Genomics Lab. Bioin- 842

formatics 25, 962–963. https://doi.org/10.1093/bioinformatics/btp097. 843

Tatusov RL, MY Galperin, Da Natale, and EV Koonin (2003). The COG Database: a Tool for Genome-Scale Anal- 844

ysis of Protein Functions and Evolution. Nucleic Acids Res 4, 41. https://doi.org/10.1186/1471-2105-4-41. 845

The UniProt Consortium (2012). Reorganizing the Protein Space at the Universal Protein Resource (UniProt). 846

Nucleic Acids Res 40, D71–5. https://doi.org/10.1093/nar/gkr981. 847

Tsuchida T, R Koga, M Horikawa, T Tsunoda, T Maoka, S Matsumoto, JC Simon, and T Fukatsu (Nov. 2010). 848

Symbiotic Bacterium Modifies Aphid Body Color. Science 330, 1102–4. https://doi.org/10.1126/science. 849

1195463. 850

Varani AM, P Siguier, E Gourbeyre, V Charneau, and M Chandler (2011). ISsaga is an Ensemble of Web-Based 851

Methods for High Throughput Identification and Semi-Automatic Annotation of Insertion Sequences in 852

Prokaryotic Genomes. Genome Biol 12, R30. https://doi.org/10.1186/gb-2011-12-3-r30. 853

Voth DE and RA Heinzen (2007). Lounging in a Lysosome: The Intracellular Lifestyle of Coxiella burnetii. Cell 854

Microbiol 9, 829–840. https://doi.org/10.1111/j.1462-5822.2007.00901.x. 855

Wick RR, MB Schultz, J Zobel, and KE Holt (2015). Bandage: Interactive Visualization of de Novo Genome As- 856

semblies. Bioinformatics 31, 3350–3352. https://doi.org/10.1093/bioinformatics/btv383. 857

Williamson JM and GM Brown (1979). Purification and Properties of L-aspartate-α-decarboxylase, an Enzyme 858

that Catalyzes the Formation of β-alanine in Escherichia coli. J Biol Chem 254, 8074–8082. 859

Yamamura N (Aug. 1993). Vertical Transmission and Evolution of Mutualism from Parasitism. Theor Popul Biol 860

44, 95–109. https://doi.org/10.1006/tpbi.1993.1020. 861

Zhong J, A Jasinskas, and AG Barbour (2007). Antibiotic Treatment of the Tick Vector Amblyomma americanum 862

Reduced Reproductive Fitness. PLoS One 2, e405. https://doi.org/10.1371/journal.pone.0000405. 863

Zhu Q, M Kosoy, and K Dittmar (2014). HGTector: an Automated Method Facilitating Genome-Wide Discovery 864

of Putative Horizontal Gene Transfers. BMC Genomics 15, 717. https://doi.org/10.1186/1471-2164-15-717. 865

25

https://doi.org/10.1371/journal.pone.0149957
https://doi.org/10.1128/AEM.69.11.6533-6540.2003
https://doi.org/10.1038/nrmicro3049
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1007/978-1-4939-9173-0_14
https://doi.org/10.1093/gbe/evv016
https://doi.org/10.1038/nbt.3988
https://doi.org/10.1093/bioinformatics/btp097
https://doi.org/10.1186/1471-2105-4-41
https://doi.org/10.1093/nar/gkr981
https://doi.org/10.1126/science.1195463
https://doi.org/10.1126/science.1195463
https://doi.org/10.1126/science.1195463
https://doi.org/10.1186/gb-2011-12-3-r30
https://doi.org/10.1111/j.1462-5822.2007.00901.x
https://doi.org/10.1093/bioinformatics/btv383
https://doi.org/10.1006/tpbi.1993.1020
https://doi.org/10.1371/journal.pone.0000405
https://doi.org/10.1186/1471-2164-15-717

