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Abstract

Ticks transmit a variety of viral, bacterial and protozoal pathogens, which are often

zoonotic. The aim of this study was to identify diverse tick microbiomes, which may contain as-

yet unidentified pathogens, using a metagenomic approach. DNA prepared from

bacteria/archaea-enriched fractions obtained from seven tick species, namely Amblyomma

testudinarium, Amblyomma variegatum, Haemaphysalis formosensis, Haemaphysalis longicornis,

Ixodes ovatus, Ixodes persulcatus and Ixodes ricinus, was subjected to pyrosequencing after

whole-genome amplification. The resulting sequence reads were phylotyped using a Batch

Learning Self-Organizing Map (BLSOM) program, which allowed phylogenetic estimation based

on similarity of oligonucleotide frequencies, and functional annotation by BLASTX similarity

searches. In addition to bacteria previously associated with human/animal diseases, such as

Anaplasma, Bartonella, Borrelia, Ehrlichia, Francisella and Rickettsia, BLSOM analysis

detected microorganisms belonging to the phylum Chlamydiae in some tick species. This was

confirmed by pan-Chlamydia PCR and sequencing analysis. Gene sequences associated with

bacterial pathogenesis were also identified, some of which were suspected to originate from

horizontal gene transfer. These efforts to construct a database of tick microbes may lead to the

ability to predict emerging tick-borne diseases. Furthermore, a comprehensive understanding of
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tick microbiomes will be useful for understanding tick biology, including vector competency and

interactions with pathogens and symbionts.

Introduction

Ticks (Acari: Ixodida) are amongst the most well-known blood-sucking arthropods. They
can transmit a variety of pathogens, including viruses, bacteria and protozoa, to humans and
animals. Opportunities for human/animal contact in natural foci of tick-borne infection are
increasing, along with expanded distributions of vector ticks due to environmental changes
(Beugnet and Marié 2009; Parola 2004). Meanwhile, reports of novel tick-borne pathogens are
also increasing (Spolidorio et al., 2010; Yu et al., 2011). Above all, many of the emerging
rickettsial pathogens identified in recent decades were first discovered in ticks and subsequently
recognized as the causative agents of animal or human diseases (Parola et al., 2005). This
indicates that active surveillance for potential pathogens in ticks may be a feasible approach to
predict and combat emerging tick-borne diseases. Given the diversity of tick species and their
wide geographic distribution (Bowman and Nuttall, 2008), it is likely that as-yet unidentified

pathogens are harboured by ticks.
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Morphological detection by electron microscopy has shown that Rickettsia- and
Wolbachia-like bacteria infect a variety of tick species (Lewis, 1979; Roshdy, 1968), although
these bacteria are not necessarily pathogenic in either mammalian hosts or ticks. The availability
of molecular genetic tools such as PCR and real-time PCR has increased the number of reports on
a variety of microorganisms in ticks (Benson et al., 2004; Noda et al., 1997; van Overbeek et al.,
2008); however, their biological roles and potential to cause disease in mammals remain poorly
understood. Interactions between arthropods and their symbionts have been relatively well
studied in aphids. A variety of symbionts are reported to have detrimental, neutral or beneficial
effects on the aphid hosts; for example, through pathogenicity (Grenier et al., 2006), providing
nutrition (Nakabachi and Ishikawa, 1999), altering gene expression associated with body colour
(Tsuchida et al., 2010) and, most intriguingly, displaying protective functions against pathogens
and predators (Scarborough et al., 2005). It has been suggested that certain symbiotic microbes
might also affect the vector competency of their arthropod host (Weiss and Aksoy, 2011). A full
characterization of microorganisms harboured by ticks will provide valuable information towards
a better understanding of tick biology in terms of the relationship between ticks and their
microbiomes, including microbes that are potential pathogens in mammals.

Recent progress in second generation sequencing technologies has led to the discovery of

previously unknown organisms in a variety of samples, including arthropods (Cox-Foster et al.,
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2007; Suen et al., 2010; Warnecke et al., 2007), since uncultured microorganisms represent the

vast majority of symbiotic, commensal and pathogenic microorganisms. Attempts to assess the

microbial diversity in two tick species, Rhipicephalus microplus and Ixodes ricinus, using novel

sequencing technologies, resulted in the identification of microbes (including bacterial species)

previously unreported in ticks (Andreotti et al., 2011; Carpi et al., 2011). However, since the data

processing methods used in these two studies were based on conventional homology-based

sequence searches, the discoveries were limited to microorganisms for which genomic

information was already available in the database used. An alternative approach to characterizing

DNA fragments might offer improvements for investigating microbial diversity in ticks that are

expected to harbour poorly characterized microorganisms.

Batch Learning Self-Organizing Map (BLSOM) is a bioinformatics method that follows a

learning process and generates a map independently of the order of data input (Abe et al., 2003;

Kanaya et al., 2001). This method was designed to separate and cluster genomic sequence

fragments based on the similarity of oligonucleotide frequencies without any other taxonomical

information. Since BLSOM does not require orthologous sequence sets and sequence alignments,

it could provide a new systematic strategy for revealing the microbial diversity and relative

abundance of different phylotype members of uncultured microorganisms in a wide variety of

environmental metagenomic samples (Abe et al., 2005; Uehara et al., 2011). Of note, similar
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SOM-based methods were recently used to obtain clear phylotype-specific classification of

metagenomic sequences (Chan et al., 2008; Dick et al., 2009; Martin et al., 2008; Weber et al.,

2011).

In the present study, we used BLSOM to characterize diverse microbiomes in seven tick

species. The ticks harboured a variety of bacteria, including those previously reported to be

associated with human and animal diseases, and others not previously reported from ticks. This

study was intended as a first step towards the discovery of emerging tick-borne pathogens and a

systematic understanding of the relationship between ticks and their microbiomes.

Materials and methods

Tick species.

Ticks were collected from the field by dragging flannel sheets over the vegetation. Three

tick species, namely Amblyomma testudinarium (AT), Haemaphysalis formosensis (HF) and

Haemaphysalis longicornis (HL) were collected in March 2009 in Miyazaki, Japan. This is an

area where Rickettsia japonica, the causative agent of Japanese spotted fever and Rickettsia

tamurae, the spotted fever group rickettsia recently associated with human disease (Imaoka et al.,
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2011), are known to be endemic (Morita et al., 1990; S Yamamoto, personal communication).

Two Ixodes species, Ixodes ovatus (I0) and Ixodes persulcatus (IP), were collected in June 2010

in Hokkaido, Japan, where Borrelia burgdorferi sensu lato (s.l.) and Anaplasma

phagocytophilum, the causative agents of Lyme disease and human granulocytic anaplasmosis,

respectively, are endemic (Miyamoto et al., 1992; Murase et al., 2011). Ixodes ricinus (IR) was

collected in August 2010 in Soesterberg, The Netherlands, where Lyme disease is endemic

(Hofhuis et al., 2006). Amblyomma variegatum (AV) ticks were collected in The Gambia in 2005

and subsequently maintained under laboratory conditions at the Utrecht Centre for Tick-borne

Diseases, The Netherlands. Adult AV ticks from the second laboratory generation were used in

this study. The collected ticks were pooled according to species, life stage and sex (except for HF

and HL) and specific pool IDs (AVf, AVm, 10f, IOm, IPf, IPm, IRf, ATn, HFfmn and HLfmn)

were provided as indicated in Table 1 (“f”, “m” and “n” represent female, male and nymph,

respectively).

DNA preparation.

The live ticks were washed twice with 70% ethanol supplemented with 1% povidone-

iodine (Meiji Seika, Tokyo, Japan) solution and rinsed three times with distilled water to

decontaminate the tick body surface. Ticks were then ground with 4.8 mm stainless steel beads
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(TOMY, Tokyo, Japan) using the Micro Smash MS-100R (TOMY). Tick homogenates were
treated with a membrane lysis buffer [10 mM Tris-HCI (pH 8.0), 150 mM NaCl, 10 mM MgCl,,
0.1% IGEPAL CA-630 (Sigma Chemical Co., St. Louis, MO)] for 10 min on ice and centrifuged
at 400 x g for 25 min. The supernatant was centrifuged at 20,000 x g for 30 min and the pellet
containing the bacterial/archaeal cells was resuspended in a DNase buffer [25 mM Tris-HCI (pH
8.0), 10 mM MgCl,, 0.8 U/uL DNase I (Takara, Shiga, Japan)] to remove any contaminating
host-cell DNA. After 60 min at 37°C, the reaction was stopped by adding 25 mM EDTA (pH 8.0).
The solution was filtered through a 5.0 um pore-size membrane filter (Millipore, Bedford, MA)
by centrifugation at 1,000 x g. The filtrate was centrifuged at 20,000 x g for 30 min and the
resulting pellet was washed twice with PBS. All centrifugation steps were performed at 4°C. To
lyse a wide range of bacterial/archaeal species, this study utilized an achromopeptidase, which is
reported to have broad-spectrum bacteriolytic activity (Ezaki and Suzuki, 1982). The
bacterial/archaeal pellet was treated with an achromopeptidase buffer [10 mM Tris-HCI (pH 8.0),
10 mM NacCl, 1 U/uL achromopeptidase (WAKO, Osaka, Japan)] for 60 min at 37°C.
Bacterial/archaeal DNA was then extracted using the NucleoSpin Tissue XS Kit (Macherey-
Nagel, Diren, Germany) according to the manufacturer's instructions. The genomic DNA was
then subjected to whole-genome amplification using the GenomiPhi™ V2 DNA Amplification

Kit (GE Healthcare, Chalfont St Giles, UK) according to the manufacturer's instructions. The
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DNA concentration was measured using the Quant-iT dsSDNA BR assay with a Qubit

Fluorometer (Invitrogen, Carlsbad, CA). All procedures were conducted under sterile conditions

in a flow cabinet. A schematic flow diagram showing the extraction process of bacterial/archaeal

DNA from ticks is presented in Figure 1.

Pyrosequencing.

Genomic DNA from each tick pool was subjected to pyrosequencing on a Roche/454

Genome Sequencer FLX Titanium (Roche Applied Science/454 Life Science, Brandford, CT) at

Hokkaido System Science (Sapporo, Japan). Two GS FLX shotgun libraries were prepared using

a standard protocol from the manufacturer and analysed in four independent sequencing runs: the

first library contained three pools (ATn, HFfmn and HLfmn) with different multiplex identifiers

and was analysed on 1/8 of the PicoTiterPlate (Roche Applied Science/454 Life Science), while

the second library contained seven pools (AVf, AVm, IOf, 10m, IPf, IPm and IRf) and was

analysed on 1/4 of the plate. The metagenomic sequences were deposited in the DNA Data Bank

of Japan (DDBJ) (http://www.ddbj.nig.ac.jp) Sequence Read Archive under the accession no.

DRAO000590.

BLSOM analysis.
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Self-Organizing Map (SOM) is an unsupervised neural network algorithm that

implements a characteristic nonlinear projection from the high-dimensional space of input data

onto a two-dimensional array of weight vectors (Kohonen, 1990). We used the ‘Batch Learning

SOM’ (BLSOM), which is a modified version of the conventional SOM for genome informatics

that makes the learning process and creation of the resulting map independent of the order of data

input (Abe et al., 2003; Kanaya et al., 2001). The initial weight vectors were defined by principal

component analysis instead of random values. BLSOM learning was conducted as described

previously (Abe et al., 2003), and the BLSOM program was obtained from UNTROD Inc., Japan

(y_wada@nagahama-i-bio.ac.jp).

To estimate phylotypes of the metagenomic sequences, three types of large-scale

BLSOMs, namely Kingdom-, Bacteria/Archaea- and Genus group-BLSOM, were constructed in

advance, using sequences deposited in DDBJ/EMBL/GenBank as previously described (Abe et

al., 2003). The clustering conditions were adopted from the previously optimised parameters to

minimise the computation time without loss of clustering power (Abe et al., 2005). Kingdom-

BLSOM was constructed with tetranucleotide frequencies for 5-kb sequences from the whole-

genome sequences of 111 eukaryotes, 2,813 bacteria/archaea, 1,728 mitochondria, 110

chloroplasts and 31,486 viruses. To obtain more detailed phylotype information for

bacterial/archaeal sequences, Bacteria/Archaea- and Genus group-BLSOM were constructed with

9
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a total of 3,500,000 5-kb sequences from 3,157 species, for which at least 10 kb of sequence was

available from DDBJ/EMBL/GenBank.

Mapping of metagenomic sequences longer than 300 bp on Kingdom-BLSOMs, after

normalization of the sequence length, was conducted by finding the lattice point with the

minimum Euclidean distance in the multidimensional space. To identify further detailed

phylogenies of the metagenomic sequences that had been mapped to the bacterial/archaeal

territories on Kingdom-BLSOM, these sequences were successively mapped on

Bacteria/Archaea-BLSOM. Similar stepwise mappings of metagenomic sequences on the Genus

group-BLSOM were subsequently conducted to obtain further detailed phylogenetic information.

In order to evaluate the accuracy of BLSOMs for taxonomic classification of metagenomic

sequences, the BLSOM analysis was applied to three previously published simulated datasets of

varying complexities (Mavromatis et al., 2007). When sequences longer than 300 bp were

mapped, approximately 90%, 70% and 40%-50% were correctly classified to the kingdom,

phylum and genus levels, respectively (Supplementary Figure S1).

Pan-Chlamydia PCR, sequencing and data analysis.

A pan-Chlamydia PCR was conducted on the tick species in which bacteria belonging to

the phylum Chlamydiae had been detected by BLSOM analysis. PCR amplifications were

10
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performed using three different sets of primers targeting the 16S rRNA gene (Supplementary

Table 1). The successfully amplified products were cloned into a pPGEM-T vector (Promega,

Madison, WI). Each plasmid clone was sequenced using the BigDye Terminator version 3.1

Cycle Sequencing Kit (Applied Biosystems, Foster City, CA) and an ABI Prism 3130x genetic

analyzer (Applied Biosystems) according to the manufacturer’s instructions. The DNA sequences

obtained were submitted to the DDBJ under accession nos. AB725685 to AB725705.

The obtained sequences were aligned using ClustalW2 (Larkin et al., 2007) and the

resulting alignments were used to generate an uncorrected pairwise distance matrix using the

MOTHUR program version 1.25.0 (Schloss et al., 2009). An average neighbour clustering

algorithm in the MOTHUR program was used to assign sequences into operational taxonomic

units (OTUs), with a 97% sequence similarity cut-off. A representative sequence from each OTU

was taxonomically identified using the Classifier tool available on the Ribosomal Database

Project (RDP) database (Cole et al., 2009) and was compared against the NCBI GenBank

database using a BLASTNn search.

Functional annotation and characterization.

The metagenomic sequences were annotated using BLASTX (Altschul et al., 1990)

against the Clusters of Orthologous Groups (COG) database (Tatusov et al., 1997) with an E-

11



value threshold of 1 x 10 and were classified according to COG functional categories. We also
identified putative virulence-associated factors using the MvirDB database (Zhou et al., 2007),
which consists of sequence information from multiple microbial databases of protein toxins,
virulence factors and antibiotic resistance genes. Sequences associated with “antibiotic

195  resistance”, “pathogenicity islands” and “virulence protein” were further phylotyped using
BLSOM as described above. All sequence reads were used to identify putative virulence-

associated factors in BLAST X-based analyses, while only sequences longer than 300 bp were

phylotyped.

200

Results
Kingdom classification.
Bacterial/archaeal cells in tick homogenates were purified using centrifugation, DNase
treatment and filtration. DNA was extracted from bacteria/archaea-enriched fractions and was
205  subjected to pyrosequencing after whole-genome amplification. The total sequence reads for each
species ranged from 21,213 (HFfmn) to 42,258 (AVf), with average lengths between 143.5 bp

(IPm) and 391.4 bp (AVm) (Table 2). The sequence reads longer than 300 bp were classified as

12
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bacterial/archaeal, eukaryotic, virus, mitochondrial or chloroplast using Kingdom-BLSOM

(Figure 2). The percentage of the reads categorized as bacteria/archaea ranged from 37.8%

(AVm) to 72.3% (HLfmn), indicating that the present protocol could efficiently enrich

bacterial/archaeal cells from tick homogenates. An average of 35% of the eukaryotic reads were

clustered together with those of other arthropods, which were included in the Kingdom-BLSOM

construction, while the remaining reads were with a variety of eukaryotes including protists and

mammals (data not shown).

Phylum classification.

The bacterial/archaeal sequence reads were further classified at the phylum level using

Bacteria/Archaea-BLSOM. Between 97.2% (AVT) and 99.4% (HLfmn) of the reads were

successfully assigned to specific phyla (Table 2). The number of different phyla obtained from a

single library ranged from 20 (HLfmn) to 28 (AVm, 10f and IPf). The composition of

bacterial/archaeal phyla in each tick pool is shown in Figure 3. Each tick species had a different

microbial composition. Differences were also found between males and females within the same

tick species. Sequences classified into the phyla Firmicutes and Gammaproteobacteria constituted

nearly half of the total sequences in most tick species. Sequences classified into the phylum

13
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Alphaproteobacteria were also observed in all tick species, while those classified into the phylum

Chlamydiae were observed at high abundance only in IPf, IPm and HFfmn.

Genus classification.

Between 85.4% (AVm) and 92.3% (ATn) of the sequences characterized into certain

bacterial/archaeal phyla were successfully characterized to the genus level using Genus group-

BLSOM (Table 2). The number of different genera obtained from a single library ranged from

133 (IRf) to 223 (AVm). The twenty most prevalent bacterial/archaeal genera within each tick

species are listed in Table 3, while a complete list of bacterial/archaeal genera recovered from

each tick pool is shown in Supplementary Table 2. A total of 64 different genera were detected

and some of the dominant bacterial/archaeal genera were commonly observed between tick

species. Some of the sequences could not be assigned to known taxa. For example, 4.7% of the

sequences in AVm were characterized to the phylum Euryarchaeota, but could not be

characterized at the genus level (Table 3). In accordance with the results of phylum classification,

many of the dominant bacteria belonged to genera within the phyla Firmicutes and

Gammaproteobacteria. The sequences of known tick-borne pathogens such as Anaplasma,

Bartonella, Borrelia, Ehrlichia, Francisella and Rickettsia, as well as those of known tick-

symbionts such as Coxiella, Rickettsiella and Wolbachia, were also listed as top 20 genera (Table

14
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3). Only three pools (IPf, IPm and HFfmn) contained bacterial sequences classified into the

family Chlamydiaceae (genera Chlamydia and Chlamydophila) as dominant taxa/populations.

Pan-Chlamydia PCR and sequencing analysis.

DNA extracted from five tick pools, IPf, IPm, HFf, HFm and HFn, was tested by pan-

Chlamydia PCR using three different primer sets. Only one primer set (16S FOR2 and 16S

REV2) produced PCR products of the expected size (approximately 260 bp) in all tested samples

(data not shown). A total of 14 different clones of partial 16S rRNA gene sequences were

recovered, four of which were identified in both tick species (Table 4). The MOTHUR program

assigned these 14 sequences into five OTUs, the representative sequences of which were

predicted to belong to the genera Neochlamydia, Parachlamydia or Simkania based on RDP

database classification. BLASTn analysis of a representative sequence for each OTU showed

highest similarity (88%-98%) to Chlamydial 16S rRNA gene sequences recovered from various

animal sources including cockroach, sea bass, koala, cat and leafy seadragon (Table 4).

Functional annotation.

Functional annotation of the bacterial/archaeal sequences using BLASTX against the

COG database indicated similar functional gene compositions between pools, except for AVm

(Supplementary Figure 2). More than 80% of the AVm sequences were annotated as “Replication,

recombination and repair”-related genes. This result may indicate that the sequences in this

15
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library were not randomly amplified during the whole-genome amplification process. Sequences
associated with putative virulence-associated factors were identified using BLASTX against the
MvirDB database. The number of identified sequences differed greatly between libraries: 10m
showed the highest number (6,715) and ATn the lowest (365) (Figure 4). Most of these were
categorized as either “antibiotic resistance”, “pathogenicity island” or “virulence protein”-related
genes. Both IOm and IPf contained a large number of sequences associated with “virulence
protein” (n = 6,515 and 2,189, respectively), in comparison to other pools. Sequences associated
with “pathogenicity island” were observed to some extent in all pools, with the highest number
obtained from IPf (n = 2,072), followed by 10f, AVm and HLfmn. The origins of these virulence-
associated sequences were predicted using Bacteria/Archaea-BLSOM, and five of the most
dominant origins of the sequences associated with “antibiotic resistance”, “pathogenicity island”
and “virulence protein” in each tick pool are shown in Table 5. The most common phyla were

Firmicutes, Alphaproteobacteria, Gammaproteobacteria and Chlamydiae, while many of the

sequences could not be phylotyped by BLSOM and remained unclassified.

16
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Discussion

The present study investigated the diversity of microbial communities in ticks using

pyrosequencing technology coupled with a composition-based data processing approach called

BLSOM. In order to provide an overview of microbiomes associated with different tick species,

ticks were pooled according to species and subjected to the analyses. We showed that ticks

harboured a variety of bacteria, including those previously associated with human/animal

diseases such as Anaplasma, Bartonella, Borrelia, Ehrlichia, Francisella and Rickettsia, as well

as potential pathogens such as Chlamydia. This is a first attempt to apply BLSOM to the

detection of potential pathogens. Since this approach can be directly applied to other vector

arthropods of medical and veterinary importance, it has great potential for the detection of diverse

microbes, including as-yet unidentified microorganisms, and to pre-empt emerging infectious

diseases.

Unlike the conventional sequence homology searches used in most metagenomic studies,

BLSOM does not require orthologous sequences for phylogenetic classification of metagenomic

sequences. This is a great advantage, especially when applied to a group composed of poorly

characterized microorganisms (Abe et al., 2005). In addition, ticks have highly variable genome

sizes, ranging from nearly one third to over two times the size of the human genome, but only

one whole-genome sequencing project is underway (Nene, 2009). This indicates that alignment-

17
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based techniques may encounter difficulties in sorting out tick-derived sequences in the

metagenomic libraries. On the other hand, BLSOM can separate bacterial/archaeal sequences

from those of eukaryotes with high accuracy (Supplementary Figure S1) and thus have great

potential for detecting symbiotic and commensal microorganisms in eukaryotic hosts with scarce

or no genomic information. Despite the fact that Kingdom-BLSOM did not include tick genome

sequences as these were not available at the time of construction, an average of 35% of the

eukaryotic sequences were clustered together with those of other arthropods and thus likely to be

derived from tick cells. Once it becomes available, the inclusion of a tick genome in BLSOM

construction would facilitate the identification of eukaryotic reads as being tick-derived.

In a previous pyrosequencing study, in which the whole bodies of I. ricinus were directly

subjected to DNA and RNA extraction, only 0.095% of the genomic DNA and 0.30% of the

cDNA-derived sequences were assigned to known bacterial taxa (Carpi et al., 2011). Although

this shotgun strategy seems ideal for capturing a snapshot of a microbial community with

minimum bias introduced during sample preparation, there is a concern that genomic data for

bacteria/archaea present in very low numbers may be masked by the huge amount of host-

genome sequences. To address this, our strategy included a process of microbial enrichment

using centrifugation, DNase treatment and filtration, to enrich bacterial/archaeal cells from tick

homogenates prior to pyrosequencing. The microbial profiles obtained in this study, therefore,

18
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may not completely reflect the whole picture regarding microbial composition in the tested ticks

due to the biases introduced during the microbial enrichment and whole-genome amplification

processes, especially in the case of AVm, where the sequences in the library were not likely to be

randomly amplified (Supplementary Figure 2). Nonetheless, the fact that nearly half of the

sequence reads were identified as bacterial/archaeal, and were associated with a diverse range of

bacterial/archaeal phyla, indicated sufficient coverage by our method to obtain an overview of

tick microbiomes.

Sequences of genera containing several tick-borne pathogens, such as Anaplasma,

Borrelia and Rickettsia, were present in the tested samples (Table 3 and Supplementary Table 2).

Further identification to the species level can be achieved by the use of traditional methods such

as conventional species-specific PCR. This can be done to confirm the presence of tick-borne

bacterial species such as A. phagocytophilum, B. burgdorferi s.1., R. japonica and R. tamurae,

which have previously been detected in the tested tick species (Hofhuis et al., 2006; Miyamoto et

al., 1992; Morita et al., 1990; Murase et al., 2011). The data obtained in the present study,

however, are useful for broadening our understanding of phylogenetic diversity among bacterial

genera, and the extent of their habitats. For example, the genera Chlamydia and Chlamydophila

were predicted to be harboured by IPf, IPm and HFfmn in high abundance (Table 3). Further pan-

Chlamydia PCR and sequencing analysis supported the existence of microorganisms possibly

19
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related to the genera Neochlamydia, Parachlamydia and Simkania (Table 4). Some
representatives of these genera are implicated in diseases affecting their host animals (Corsaro et
al., 2007; Meijer et al., 2006; von Bomhard et al., 2003). Since only the sequences of the genera
Chlamydia and Chlamydophila were available from the phylum Chlamydiae at the time of
BLSOM construction, those of the genera Neochlamydia, Parachlamydia and Simkania were not
included in Genus group-BLSOM, so sequences from the phylum Chlamydiae were allocated to
either genus Chlamydia or Chlamydophila. This technical limitation will be overcome as
sequence data from a wider range of microorganisms become available. Although possible
transmission of Chlamydial bacteria to cattle and humans through ticks was reported in several
previous studies (Caldwell and Belden, 1973; Facco et al., 1992; McKercher et al., 1980), there
has been no molecular genetic evidence to support these observational studies. Thus, this is the
first molecular genetic evidence supporting the presence of Chlamydial organisms in ticks. Given
the wide genetic diversity and host range, including several arthropods, of members of this
phylum of bacteria (Horn, 2008), further research is warranted to improve the understanding of
their biology, especially with respect to their pathogenic potential for humans and animals.
Genus group-BLSOM identified 133 to 223 different genera from each single tick pool
(Table 2). The presence of a variety of bacterial/archaeal genera in ticks was demonstrated in

previous metagenomic studies; in R. microplus and I. ricinus, 120 and 108 different genera were

20



350

355

360

365

identified, respectively, using a rDNA-based amplicon pyrosequencing approach (Andreotti et al.,

2011; Carpi et al., 2011). This discrepancy may be explained by the fact that these two

approaches rely on different analytic principles. One possible explanation is that BLSOM might

have misclassified genome segments introduced through horizontal gene transfer (HGT) (Abe et

al., 2005). Tamames and Moya (2008) reported evidence of HGT in 0.8%-1.5% and 2%—8% of

the sequences in environmental metagenomic libraries using phylogenetic and composition-based

methods, respectively, indicating that the present approach may require further refinement; for

example, by combining BLSOM with rDNA-based phylogenetic classification as proposed

elsewhere (Abe et al., 2005). It is also possible that the Genus group-BLSOM has overestimated

the microbial diversity in the tested samples as a result of a decreased classification specificity on

the genus level (Supplementary Figure S1). This drawback can be remedied by using only longer

sequences to improve the specificity of the analysis or by using more genome sequences

associated with the habitat under study during BLSOM construction (Abe et al., 2005; Weber et

al., 2011).

The present study included the ticks maintained under laboratory conditions. The

microbial diversity of those ticks was comparable to that of those collected in the field in terms of

the number of different genus identified (Table 2). Environmental factors and developmental

stages were reported to affect microbial communities in ticks (Andreotti et al., 2011; Carpi et al.,
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2011; Clay et al., 2008; van Overbeek et al., 2008). Therefore, a further comparison of microbial

diversity between laboratory colony and field ticks of the same species may be useful to elucidate

environmental factors playing key roles on microbial compositions. 10 and IP were sampled at

the same site and time and have a common host preference for sika deer (Cervus nippon) in the

sampling area (Isogai et al., 1996), allowing a comparison of microbial compositions between

these two tick species. 10 harboured Rickettsia and Ehrlichia, but IP harboured Bartonella, at

high abundance, despite the presence of Borrelia and Francisella in both tick species at similar

abundance (Table 3). These findings may be useful for improving the understanding of the vector

potential of different tick species. In addition to these species differences, microbial communities

are expected to vary between individual ticks as reported elsewhere (Andreotti et al., 2011; Carpi

et al., 2011). One aspect to be addressed, which may help to explain these differences, is the

interaction between microbial lineages. Indeed, antagonistic interactions between microbial

lineages in ticks, including pathogenic Rickettsia, were demonstrated previously (de la Fuente et

al., 2003; Macaluso et al., 2002). Thus, one of the most interesting challenges for future studies

on tick microbiomes might be the association between microbial composition in ticks and the

potential for pathogen transmission. The pictures of whole microbiomes harboured by each tick

species generated in the present study provide the foundation for a statistical correlation analysis

between pathogens and certain microbial lineages in individual ticks. Such studies could lead to
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400

the identification of microbiological factors affecting the prevalence and persistence of

pathogenic lineages in ticks.

The sequences associated with putative virulence-associated factors were identified from

metagenomic libraries using BLASTX-based methods (Figure 4). It should be noted, however,

that some of the factors, such as type Il secretion systems, are responsible for both bacterial

pathogenesis and symbiosis, including mutualism and commensalism (Coombes, 2009), and thus

not all factors are directly or necessarily related to human/animal pathogens. The present study

predominantly identified sequences related to antibiotic resistance (Figure 4). It has been

recognized for some time that antibiotic resistance genes are not only associated with pathogens

but also with a wide variety of environmental microbes (Allen et al., 2010). Several lines of

evidence indicate that some of the clinically relevant resistance mechanisms in pathogenic

organisms originated from such environmental bacteria through HGT (Wright, 2010). Direct

contact between pathogens and resistance genes in commensals harboured by ticks could

therefore represent a mechanism for the emergence of resistant pathogens.

Several studies described mutualistic relationships between microbes and host arthropods

(Currie et al., 1999; Kaltenpoth et al., 2005; Scott et al., 2008). It is plausible that the tick

microbiome also affects aspects of tick physiology. This was for example demonstrated by a

reduction in reproductive fitness of Amblyomma americanum females following antibiotic

23



treatment, suggesting that the microbe plays a role in tick growth and development (Zhong et al.,

405  2007). Further studies should consider the potential contributions of tick microbiomes to the

survival of ticks in the environment; this could provide novel targets for the control of ticks and

tick-borne pathogens.

BLSOM was used to estimate the phylogenetic origins of the sequences associated with

putative virulence-associated factors; however, many of these remained unclassified (Table 5).

410  This may indicate that those sequences had retained their functions, but lost sequence

characteristics such as oligonucleotide frequency. One possible explanation is that the

unclassified sequences were introduced through ancient HGT, and lost their oligonucleotide

frequency in the recipient genome (either tick or other microbes). Indeed, the oligonucleotide

composition of sequences introduced through ancient HGT drift over time (Brown, 2003), makes

415 it difficult to correctly phylotype those sequences using composition-based methods such as

BLSOM. Furthermore, numerous reports have associated bacterial virulence factors with HGT

(Ho Sui et al., 2009; Juhas et al., 2009; Pallen and Wren, 2007). Another explanation is that these

sequences simply originated from as-yet unclassified microorganisms. Regardless, the detection

of virulence-associated factors in ticks may suggest either the existence or possible emergence of

420 tick-borne pathogens and, thus, warrants further investigation to assess potential risks to human

and animal health.
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In conclusion, these results provide a foundation for the construction of a database of tick
microbes, which may aid in the prediction of emerging tick-borne diseases. The present approach
can be extended to detect or predict emerging pathogens in other vector arthropods such as
mosquitoes and flies. A comprehensive understanding of tick microbiomes will also be useful for

understanding tick biology, including vector competence and interactions with pathogens.
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Figure 1. Workflow for bacterial/archaeal purification and metagenomic analysis.

[ Sterilization of tick surface |

| Homogenization with stainless steel beads |

| Host cell lysis by detergent treatment |

| Removal of host-derived DNA by DNase | treatment |

| Removal of host-derived debris using a 5.0 um membrane filter ‘

I}

| Bacteral/Archaeal cell lysis by Achromopeptidase treatment |

| Bacterial/Archaeal DNA extraction |

| Whole genome amplification |

Pyrosequencing

Data processing

The present strategy employed a process for purifying of bacteria/archaea, which comprised
610  centrifugation, DNase treatment and filtration, to enrich bacterial/archaeal cells from tick
homogenates prior to whole-genome amplification and pyrosequencing.
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Figure 2. Kingdom classification of the metagenomic sequences from each tick pool.

" Bacteria/Archaea
¥ Eukaryotes

= Viruses

" Mitochondria

" Chloroplasts
“UNCLASSIFIED

Sequence reads longer than 300 bp were classified into bacteria/archaea, eukaryotes, viruses,
mitochondria or chloroplasts using Kingdom-BLSOM. The percentage of sequences in each

category is provided. The pool ID is shown in the centre of each pie chart.
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630  Figure 3. Phylum classification of the metagenomic sequences from each tick pool.
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Sequence reads classified as bacterial/archaeal using Kingdom-BLSOM were further classified at
the phylum level using Bacteria/Archaea-BLSOM. Thirty-three phyla are indicated by different

635  colours. The pool ID is shown on the left of the graph.
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Figure 4. Sequences associated with virulence-associated factors.

AVF
AVm
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Virulence protein
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640  Sequences associated with putative virulence-associated factors were identified by BLASTX
against the MvirDB database (Zhou et al., 2007), applying a cut-off value of 1e-5. The resulting
data are shown in seven categories denoted by different colours. The numbers at the bottom of
the graph indicate the number of sequences. The numbers in parentheses indicate the percentage
of total sequence reads. The pool ID is shown on the left of the graph.
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650  Table 1. Collection details for the ticks used in the present study.

Adult

Pool ID Tick species Collection site Female  Male Nymph  Total
AVF Amblyomma variegatum Laboratory colony® 20 20
AVm Amblyomma variegatum Laboratory colony® 20 20
1Of Ixodes ovatus Hokkaido, Japan 59 59
IOm Ixodes ovatus Hokkaido, Japan 110 110
IPf Ixodes persulcatus Hokkaido, Japan 56 56
IPm Ixodes persulcatus Hokkaido, Japan 75 75
IRf Ixodes ricinus Soesterberg, The Netherlands 55 55
ATn Amblyomma testudinarium Miyazaki, Japan 57 57
HFfmn Haemaphysalis formosensis Miyazaki, Japan 32 24 513 569
HLfmn Haemaphysalis longicornis Miyazaki, Japan 16 20 84 120

®This laboratory colony was originally obtained from The Gambia and has been maintained at Utrecht Centre for Tick-borne Diseases,
Utrecht University, The Netherlands.
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Table 2. Summary of pyrosequencing and BLSOM classifications.

AVf AVm 10f 10m IPf IPm IRf ATn HFfmn HLfmn
Total no. of reads 42,258 27,582 37,667 35,544 37,136 33,789 39,810 21,639 21,213 24,249
Average read length (nt) 163.6 391.4 379.8 154.6 371.7 1435 149.9 149.0 185.0 187.5
No. of long reads (2300 bp) 8,160 22,201 29,804 2,962 28,618 4,210 5,438 2,906 4,502 5,186
. . 3,951 8,389 16,239 1,620 18,711 2,468 3,782 1,222 2,946 3,750
0/,)2 1 ’ ’ ’ ’ ’ ] ] ’ ]
No. of reads assigned to bacteria/archaea ()" 1gy  (378)  (545)  (547)  (654)  (586)  (69.5)  (421)  (654)  (72.3)
No. of reads assigned to a bacterial/archaeal 3,841 8,272 16,088 1,598 18,556 2,439 3,748 1,213 2,925 3,728
phyla (%)° (97.2) (98.6) (99.1) (98.6) (99.2) (98.8) (99.1) (99.3) (99.3) (99.4)
No. of phyla obtained 27 28 28 23 28 25 22 27 24 20
No. of reads assigned to known 3,419 7,068 14,410 1,410 16,566 2,131 3,398 1,119 2,605 3,319
bacterial/archaeal genera (%)° (89.0) (85.4) (89.6) (88.2) (89.3) (87.4) (90.7) (92.3) (89.1) (89.0)
No. of reads assigned to candidate 700
bacterial/archaeal genera (%) 71(1.8) 62(0.7) (4.4) 66 (4.1) 669(3.6) 98(4.0) 76(2.0) 13(1.1) 89(3.0) 75(20)
No. of bacterial/archaeal genera obtained 158 223 215 143 185 162 133 201 138 156

660

“Calculated using the formula: (No. of reads assigned to bacteria/archaea)/{No. of long reads (=300 bp)} x 100. °Calculated using the

formula: (No. of reads assigned to any phyla)/(No. of reads assigned to bacteria/archaea) x 100. “Calculated using the formula: (No. of

reads assigned to any genera)/(No. of reads assigned to any phyla) x 100.
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Table 3. Top 20 genera associated with the metagenomic sequences from each tick pool.

AVF AVm 10f 10m IPf IPm IRf ATn HFfmn HLfmn
1 Borrelia (8.6) Clavibacter (13.4) Rickettsia (19.7) Ureaplasma (11.0) Chlamydophila (8.8) Ureaplasma (7.6) Borrelia (5.3) sPseudoaIteromona (17.2) Chlamydophila (10.5) Lactobacillus (7.1)
2 Mycoplasma (6.2) :’seudoalteromona (5.1) Ureaplasma (15.4) Rickettsia (7.3) Streptococcus (8.5) Chlamydophila (5.4) Lactobacillus (5.3) Rickettsia (10.0) Streptococcus (8.5) z;;iz:?;pm_ (5.1)
3 Staphylococcus  (4.0) ;;)Euryamhae' (4.7) Mycoplasma (8.2) Mycoplasma (7.1) Helicobacter (6.9) Streptococcus (5.0) Streptococcus (4.7) Synechococcus  (2.1) Chlamydia (6.7) Salmonella (4.6)
4 Actinobacillus (4.0) Treponema (3.6) Clostridium (5.8) Clostridium (3.1) Chlamydia (5.9) Campylobacter  (4.7) Ureaplasma (4.3) Wigglesworthia (2.1) Helicobacter (5.5) Grimontia (4.3
. s . . U (Gammapro- - . .
5 Coxiella (4.0) Synechococcus  (3.2) Ehrlichia (4.0) Helicobacter (3.1) Campylobacter (5.5) Helicobacter (4.4) teobacteria) (4.1) Clostridium (1.8) Prochlorococcus (4.2) Providencia 3.7)
. . U (Gammapro- . - . . U (Alphapro- .
6  Grimontia 3.7 3.1) Francisella 3.4) Desulfovibrio 3.1) Prochlorococcus (3.5) Prochlorococcus (3.9) Grimontia 3.9 1.6) Campylobacter 3.5) Coxiella 3.4
@n teobacteria) @D G4 @1 @9 @9 @9 teobacteria) 6 Py @9 @4
. . . . U (Gammapro- . " A "
7  Thiocystis (3.7) Arcanobacterium (2.9) Borrelia (2.9) eobacteria) (3.1) Borrelia (3.0) Mycoplasma (3.4) Bacillus (3.8) Orientia (1.6) Bacillus (3.3) Cyanothece (3.1)
. . . U (Euryarchae- . . . -
8  Luteimonas (3.4) Actinobacillus 2.7) ota) (2.1) Streptococcus (2.7) Clostridium (2.7) Borrelia (3.1) Luteimonas (3.0) Bordetella (1.5) Clostridium (3.0) Streptococcus (3.0)
9  Dichelobacter (2.7) Micromonospora (2.6) Campylobacter ~ (2.0) Phytoplasma (2.6) Bacillus (2.7) Chlamydia (3.0) Vibrio (2.9) Bacillus (1.4) ;I::ermoanaerobac (2.8) Staphylococcus  (2.7)
10  Phytoplasma (25) Salmonella (2.6) Staphylococcus  (L.9) Francisella (24) Thermoanaerobac ., o U (Buryarchae- ., g iy oricia 27y Y(Gammapro- ) 4y porelia (25) Bacillus @7
ter ota) teobacteria)
11 Campylobacter (2.4) [L:r(igcllnobac- (2.6) Orientia (1.9) Borrelia (2.3) Eumlfurlhydrogenlbl (2.4) Bacillus (2.4) Thiothrix (2.5) Amycolatopsis (1.2) Lactobacillus (2.3) Acinetobacter (2.5)
12 U (Tenericutes) (2.4) Hydrogenovibrio (2.5) it()bGaaclrr?;)pm- (1.5) Thiothrix (2.2) Francisella (2.3) Clostridium (2.3) Actinobacillus (2.4) Micromonospora (1.2) :)Jt;)Euryarchae» (2.2) Mycoplasma (2.5)
13 Lactobacillus (2.4) Aeromonas (23) Streptococcus  (L.4) Ehrlichia (1.9) :Jt;)E“rya“hae' (2.0) tTehrermOa”aembac (2.0) Coxiella (2.4) Francisella 12 i:ﬂ'f“”hydmge”'b' (2.1 :Sse“d"xa”‘h"mon (2.4)
14  Thiothrix (2.1) g;@?g:g;_ (1.9) Wolbachia (1.3) Staphylococcus  (1.6) C(Chlamydiae) (2.0) Bartonella (1.6) Enterococcus (2.3) Streptococcus (1.2) Bartonella (1.5) Xenorhabdus 2.2)
15 Salmonella (2.1) Streptococcus (1.7) Bacillus (1.2) Campylobacter  (1.4) Wolbachia (1.9) Lactobacillus (1.6) Mycoplasma (2.3) Xanthomonas (1.2) C(Chlamydiae) (1.4) Actinobacillus (1.9
16 ;;)E“ryamhae' (2.0) Hafnia (1.6) Buchnera (1.2) Lactobacillus (1.4) Bartonella (18) [L;Oﬁir;:;pm' (16) Colweliia (2.3) Aeromonas (1.0) Wolbachia (1.3) Rickettsia (19
N U (Gammapro- B . . . . - A
17 Neisseria (2.0) Geobacter (1.4) teobacteria) (1.1) Listeria (1.4) Sulfurimonas (1.2) Francisella (1.5) Francisella (1.9) Borrelia (1.0) U (Firmicutes) (1.2) Thiothrix (1.8)
U (Gammapro- . . C (Alphapro- . Sulfurihydrogenibi . .
18 1.8) Rickettsiella 1.4) Phytoplasma 1.1 1.3) Lactobacillus 1.2 1.4) Salmonella 1.7) Methylobacillus 1.0) C(Bacteroide-tes) (1.2) Campylobacter 17
wobactorigy 9 (14) Phytop A () ay o (14) (A7) Methy (1) c( ) (12) Campy (17)
19 Providencia (18) Methylobacterium (1.3) C (Bacteroide-tes) (1.1) ;J[;)E“'yamhae' (13) Alkaliphilus (11) C(Chlamydiae) (L3) Acinetobacter  (1.7) Shigella (10) Cyanothece (12) Listeria (15)
20 Vibrio (1.8) Actinoalloteichus  (1.2) C(Tenericutes)  (1.0) Bacillus (1.3) Lamprocystis (1.1) Phytoplasma (1.3) Clostridium (1.7) Staphylococcus  (1.0) Sulfurimonas (1.2) Nostoc (1.5)

Numbers in parentheses indicate the percentage. U, Unclassified; C,

Candidatus.



Table 4. Phylogenetic analysis of 16S rRNA gene sequences amplified by pan-Chlamydia PCR.

Operational Sequence Clones assigned to each OTU RDP result® BLASTN search result®
taxonomic i i Accession
unit (OTU) ID IPf  IPm HFf HFm HFn  Family (%)° Genus (%)” Identity (%)° Source o
1-1* Yes Yes Yes
1-2 Yes Simkaniaceae  Simkania Rhabdochlamydia  Cockroach
1 1-3 Yes (80%) (80%) crassificans strain (Blatta AY928092
1-4 Yes CRIBO1 (98%) orientalis)
1-5 Yes
2-2 Yes Y i i i ca bass
2 es Yes Parachlamydiac Neochlamydia Chlqmydlae (Dicentrarchus ~ FJ376381
2-3 Yes eae (53%) (22%) bacterium clone labrax)
3-1* Yes Uncultured Koala
Parachlamydiac Neochlamydia Chlamydiales
3 3-2 Yes Yes eae (89%) (73%) bacterium isolate ((:Fi>:eallrsecaosl)arctos AY167120
UKC7 (90%)
4-1* Yes . . Uncultured clinical ~ Cat
4 4.2 v Eggazgt;!;r)nydlac (I\:;%;:f;lamydla Neochlamydia sp. (Felis silvestris ~ AY225593
; & 0 ° clone WB13 (92%)  catus)
Parachlamydiac Parachlamydia Uncultured Leafy seadragon
5 5-1% Yes y Y Chlamydiales CRG20  (Phycodurus AY013396
eae (76%) (74%)
(88%) eques)

670

*Representative sequence. *Analysis was conducted using a representative sequence for each OTU. "Percentages indicate bootstrap

values. “Percentages indicate the similarity between two sequences.



Table 5. Origins of the sequences of virulence-associated factors.

AVF AVm 10f 10m 1Pf 1Pm IRf ATn HFfmn HLfmn
Antibiotic resistance
Gammaproteobacteri Gammaproteobacteri Gammaproteobacteri
10U (424) Actinobacteria (1)  Alphaproteobacteria (90) U ® U (130) Firmicutes ® P (68) P ® U (15) P (50)
a a a
Gammaproteobacteri Gammaproteobacteri L L . .
2 (85) 1) u (82) Firmicutes 5) Firmicutes (110) Chlamydiae 6) u (20) U @ Firmicutes 9) u (39)
a a
L . Gammaproteobacteri Gammaproteobacteri ) R Epsilonproteobacter L
3 Firmicutes (73) Firmicutes 49) @ (50) U (5)  Alphaproteobacteria (6)  Alphaproteobacteria (5) . 4) Firmicutes (16)
a a ia
R Gammaproteobacteri . . Gammaproteobacteri L R . Gammaproteobacteri .
4 Spirochaetes (38) (44) Alphaproteobacteria (2)  Chlamydiae (49) ) Firmicutes (5)  Actinobacteria 1) 4) Cyanobacteria (5)
a a a
5 Euryarchaeota (26) Crenarchaeota (17) Cyanobacteria (1)  Cyanobacteria (44) Cyanobacteria 3) Cyanobacteria (@] Betaproteobacteria (1)  Chlamydiae (3)  Tenericutes @)
Pathogenicity island
Gammaproteobacteri Gammaproteobacteri Gammaproteobacteri Gammaproteobacteri
46) U (505) U (329) U 86) U (546) U (61) (164) (30) U (69) (183)
a a a a
I G proteobacteri . - - _— - N -
2 Firmicutes (28) (98)  Alphapro ia (293) Firmicutes (29) Firmicutes (346) Firmicutes (37) Firmicutes (149) U (24)  Firmicutes (38) Firmicutes (88)
a
. X - Gammaproteobacteri . . " : i
3 U (16)  Actinobacteria (29) Firmicutes (152) a (12) Chlamydiae (286) Chlamydiae 36) U (59) Actinobacteria (15) Chlamydiae 36) U (58)
R R Gammaproteobacteri R Gammaproteobacteri . . R . .
4 Betaproteobacteria (9)  Alphaproteobacteria (18) a (80) Tenericutes ©9) a (165) Bacteroidetes (19) Alphaproteobacteria (12) Alphaproteobacteria (13) Alphaproteobacteria (23) Alphaproteobacteria (13)
. R . . Epsilonproteobacter Epsilonproteobacter . . Epsilonproteobacter .
5 Alphaproteobacteria (3)  Cyanobacteria (12) Bacteroidetes (32) Alphaproteobacteria (8) . (140) | (17) Cyanobacteria (11) Betaproteobacteria  (7) . (19) Cyanobacteria (13)
ia ia ia
Virulence protein
Gammaproteobacteri Gammaproteobacteri Gammaproteobacteri Gammaproteobacteri Gammaproteobacteri
1 P (192) P (51)  Alphaproteobacteria (291) P @) U (©625) U (60) P @4 u @) u (96) P (197)
a a a a a
Gammaproteobacteri
2 U (55) U (14) U (238) U (34)  Firmicutes (411) Firmicutes (44) U (14) P (28)  Firmicutes (68) U (116)
a
3 Firmicutes (34) Firmicutes (12) Firmicutes (92) Alphaproteobacteria (23) Chlamydiae (285) Chlamydiae (27)  Firmicutes (9)  Alphaproteobacteria (8)  Chlamydiae (46)  Firmicutes (86)
R R ) Gammaproteobacteri R Epsilonpro Gammapro i . L ) .
4 Betaproteobacteria  (22) Actinobacteria ®3) (90) Deltaproteobacteria (21) . (159) (24) Alphaproteobacteria (4) Firmicutes (8)  Cyanobacteria (26) Cyanobacteria (35)
a ia a
R . . L Gammaproteobacteri Epsilonproteobacter . . Gammaproteobacteri .
5 Bacteroidetes @ Betaproteobacteria  (2)  Tenericutes (25) Firmicutes (15) (117) | (19) Cyanobacteria (€3] Betaproteobacteria  (6) (18) Alphaproteobacteria (15)
a ia a

675  Numbers in parentheses indicate the total number of sequences. U, Unclassified.
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Supplementary Figure S1. Evaluation of BLSOM-based classification using simulated datasets.
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0% - 0% -
simHC simMC simLC simHC simMC simLC

Evaluation of Kingdom-, Bacteria/Archaea- and Genus group BLSOM-based classification using simulated datasets of high (simHC),
medium (simMC) and low (simLC) complexities (Mavromatis et al., 2007) on contigs longer than 300 bp after normalization of
sequence length. The left graph shows the sensitivity {true positives/(true positives + false negatives)} (%) and the right graph shows

the specificity {true positives/(true positives + false positives)} (%) of the BLSOM classification. Different taxonomic levels are

shown in different colours.

Reference: Mavromatis K, Ivanova N, Barry K, Shapio H, Goltsman E, McHardy AC, et al. (2007). Use of simulated data sets to
evaluate the fidelity of metagenomic processing methods. Nat Methods 4: 495-500.

6



Supplementary Figure S2. Functional annotation using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database.

AVF AVm 10f IOm

m Translation, ribosomal structure and biogenesis
m RNA processing and modification

m Transcription

® Replication, recombination and repair

m Chromatin structure and dynamics

= Cell cycle control, cell division, chromosome partitioning
® Nuclear structure

IPf IPm IRf ATn m Defense mechanisms

m Signal transduction mechanisms

= Cell wall/membrane/envelope biogenesis

= Cell motility

u Cytoskeleton

m Extracellular structures

m Intracellular trafficking, secretion, and vesicular transport
u Posttranslational modification, protein turnover, chaperones
m Energy production and conversion
m Carbohydrate transport and metabolism
HLfmn HFfmn = Amino acid transport and metabolism
= Nucleotide transport and metabolism
= Coenzyme transport and metabolism
Lipid transport and metabolism
= Inorganic ion transport and metabolism

= Secondary metabolites biosynthesis, transport and catabolism
General function prediction only
Function unknown

690  Sequence reads were annotated by BLASTX against the Clusters of Orthologous Groups (COG) database with an E-value threshold of
1 x 10” and were classified according to COG functional categories. Twenty-four COG categories are indicated by different colours.

The pool ID is shown on the top of each pie chart.
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Supplementary Table S1. Primers amplifying the 16S rRNA gene of pan-Chlamydial bacteria.

Primer name  Sequence (5' to 3') ,(At;?)pllcon SIZ€  Reference
CF1 CGTGGATGAGGCATGC(A/G)AGTCG

about 1500 (Corsaro et al., 2002)
CR6 GTCATC(A/G)GCC(T/C)(TIC)ACCTT(AICIG)(CIG)(A/IG)C(A/G)(TIC)(TIC)TCT
16SIGF CGGCGTGGATGAGGCAT

about 1500 (Thomas et al., 2006)
rP2Chlam CTACCTTGTTACGACTTCAT

16S FOR2 CGTGGATGAGGCATGCAAGTCGA

about 260 (Ossewaarde et al., 1999)
16S REV2 CAATCTCTCAATCCGCCTAGACGTCTTAG

References:
Corsaro D, Venditti D, Valassina M. (2002). New chlamydial lineages from freshwater samples. Microbiology 148: 343-344.

Ossewaarde JM, Meijer A. (1999). Molecular evidence for the existence of additional members of the order Chlamydiales.
Microbiology 145: 411-417.

Thomas V, Casson N, Greub G. (2006). Criblamydia sequanensis, a new intracellular Chlamydiales isolated from Seine river water
using amoebal co-culture. Environ Microbiol 8: 2125-2135.



Supplementary Table S2. Bacterial/archaeal genera recovered from each tick pool.

e v or Tom G o et i e Limn
1 bomla (29 Cwbeckr  (0) Rkkese  (GI6) Ureoploma (79 Cllamydophla (1642) Ureplima  (169) Borela (159)  Posudoakeromon (209 Crlamydophla (08 Lacbacils (266)
7 Wycoplsma (23 peewosteomon@20) Urelsma  (2iE1) Rickewia (1) Swepococcus (1559 Chlamydophta (1) Lacobacilus [199) Rickewsa (20 Swepwcoceis Q50) U (Gammaproec1on)
5 saphcocas (59 U (Euyarcheece (089)  ycoplama  (1317) Mycoplsma (13 Welobackr (219 Swepueoceus  (120) Sweprcoceus (076) Syrechococeus (29 Crlmcla (196) Sanonels 172)
% acinoncis {159 Tepmema Qo) Cowidm (M) Cosrdun (50 Clamga (104 Cmpyibacer (15 Ureplsma UG Wiggewiortia @9 elcobocer  (lon) Grimonta (16D
5 coiets 5 smecwococcis o5 Ectia  (69) Heleobacer (50 Compylobacer (1025 Wellcobacur (o) U (Gammapoecsz) Coswdm (@2 Prochlorocaceus (120 Providencia (137
% rmonia (49 U(ummapoecQsn) Fracisls  (5i5) Oesbovbrio () Prochiorococcus (642 Procoseoeeis (04 Grimontia {145) U (Aphprowobe 1) Campylobscer (108 Corieta(127)
Tomoopss T acecsacern Goo orein T UGanmuponclen st (a9 wcoplma Gn ks ey o (9 saihs )
5w (0 acieobecits 20 U(Euyachaeor(sm) Swpococces (69 Cosdum @07 Borela (15 einonas 19 Boeela (9 Cosridun @7 Svepicoccus  (112)
5 Oineiacer (109 Micrononopora (216)  Campyibacir (20) Pyoolma () Bacits 03 Cnamyda (79 v Ty eacines Y —)
To eryoplsna (o9 samorsta  an) Smpblocoscus (12) Fracisln(5) f T meema oo L I )
T conpyotacer T4 U(Actnotocieri 21 Orkenta oy Borela @) Suuriycrogeniblfaa)  Gacitus T momi T Amcowos (15 cobcils (60 Acheobocer 62)
o Ucrenericurs To  yoogenoviro 209 Cloammapowo(z) Tiotwx (@9 Franckels 22 Cwgin (9 Acnobacils 60 Micrmenospora (15 U (uyarchaect 65 ycoplasma  (62)
T tcoscits T deomonws (199 svpococos () Ewiena  OD  U(Enyarcheod37 Temonserooscls®)  Codells () Frciels (4 Subrinarogend 61 Preudocanomor’es)
T momi T Uspoeisn) wobsnia  (12) smskcoceis () C(chamydise) 70) saronels (40)  Emerococcis (o) Swpococcus () Ganonells (e xenortabas  (22)
%o sumonems (9 swpecoccs (131 Becils (o) Canoibacer (22 Wobacha (53 acobcilis  (0) Mycosma @) Xanbomonas () C(Crkmydiae) (@) Actnabacis (72)
%o Euyarcneony  Hania T mwern 99 tcobecils (2 Barerels  [59) UGummapoecEn Cobelia @) Aeonwss (12 wobaha ) Reesa  (0)
T teiseia  Tm Gewer 0 U Gammaproechisy)  tseria T st Ty sl G pcodn T el G2 uemess G mowi o)
%o vGmmaponly ket 15 pryopisna(178) Ty vaciacins T T samonla o0 Mesyibacihs (1) C(@acerodens (1) Conpyiobacer (60
%o provsncia (10 Mebylcbaciern (107 C (Bactride) 159) U (Euryarchasor 1) Aklphius 12 C(Chiamydig) (1) Acheobacer () Stioela T cmorece [ v Ten
%o veo To  aconoatoteichus T01) (Terricue 167 sacitus o uampooss T enyopena Gy cowitn o) Seyicoccs 02 Surinonss (94 oso )
1 eacits T outnoidria 9 UTenricues 7150 Prochorcoceus [19) U Gammaproecuse) ke @0 Cmpylobacer 8)  Arcamoboceron (1) Franchels (@) Lanprocysts 2
% Estercha (59 Cimcoccs 06 Sapyionernus (149) C(Cammapromo{(H) Rickesa (85 C(Gackrodees) (9) Sephyhcoccus () Clvbacer (1) N T peciiciensa
B cmoece T i T tacocibs i Gumonia 1) C(Backeroees 1s1)  Cakielukosip(2s)  Uiseria T powronons Ty u(cammaproeon)  eshericinoa)
% swpococcus (44 Sacchaopragis 07 C (Ao (122) Pueudovio (1) ycoplasma (172 Nosoc Too  suryionemes Ty muntokeia (10 Mycodsna ) U Frmicuey )
% Flvobscurion (43 Ruodoerax (80 Prochorceceus (121) o vemiens Ty R R (CR S CrR—— )
% tpogin (9 Wogewria (o) Fuobecerim (1) Swcimen (16  Cadcluosnpi(110) Lamprocysis () Oigsbrechia[4) et o ameinis @ pecubscerm )
%7 tsera T iskaoela o) Ui 716 Soccharptagus [16)  Flavobocerin 169 Wolbochia @2 Marhobaceer  (13)  Swepialorihus (10 Amplasma @) Borela (9
% Unma G0 e 06 viio Tuo Urewrcues Tio) Nwsirgor sy ewiena ey ol @y Addoers 9 UABwpoecs(z)  Phyoplsna ()
%o Cowdum 9 Memagum (5 Trcnedesmom o) vioe fa  Mosos R R = CRT——— P —)
%o Geowacitis (9 Raboon (3 Bockroks  (8) Ackcobcer (9 Ouobece 099 Aalpniks  (0) Echercha @) Grmowia (9  Lampueysis @5 Prochorsoscus (58)
%1 Cammaouon ) Swpalaeicnus 79 Amplma (72 Akawom (19 Acneobacer (03)  tseria T megss T cosns T usens T rerosesniom T
%2 UEmicw T2 cobcis 0D Echeria (0 Samoreta (19 Liseria ) Ueceitee 0o acococeis  50)  sebmonen (®)  Sogylovemes @9 Cobetia (59
% Emecocos Gy Gumania (o9 icplema (o) Fusbacerom (2 U(Apopoeobil9) Lepowra (D Meisera (50 U(Gempokobac(®  Achewbacer Qi) Flavobacierom (52)
% ewwen T xanvenoras Too sanowla () Tchodemim (2 Edrococcis (20 Samowela (19 Orea (30 Oseecoces ()  Upoa QD Plsononas ()
% Fuchacerm () enorabds ()  Accer () Xenomabds  (12)  Fucbscerim (119 Saphyiobemus (8  Flasscerom (2 Liseria ®  sepococeis (1) C(Chamydine) (1)
% eromwbds () Amobacer (59 Grimowa ()  C(Ouamyda) (1) U(Epsknproiok (119 Achebbucker (15 Helobacer (2 Raboma ()  Cakicellosipt (20)  Enerosoccus (29
3 Achedbacer () Echerchie (9 Ttk (G Siopmma () Awenma (09 Okyogonus (5  C(Chamyde) (D) U(Euyachaeou(  Enercoccis (2 Ureaphema ()
W Olgbrahia () Sermai 69 Nosoc 0 Sutyovemus (1) Ssmerela (07 Subriorss (5  Phyepene (D) C(Gchoiden) () Sanorela () Cosidim (2D
% aniomonss (22 Neokele (59 Flewbacerim (49) U(Fmiue) (1) C(Ablaproeok (169 C(Gammaproeo ()  Buchnera  (8)  Comamonss () Fussbacerom (19 Aleromonas (24
0 UEsoroob (@) C(Fmicues) (51) © Baceroiees) (10 Opmoece (19 Ui (1) Geobecer () Hyoognbocui(19)  Ambaena (23)
AU Temosmus () Osnecaccs (@)  Temomserbacll) Exchershia (1) Ameroccccus () Grivowa (1)  Xevohbds (21 Hahia @ UEsinpoect(16)  Franceets  (2)
@ Clommaomo(is) Desovbrio () U (Aphaposoba(4h  Nosoc (0) Supyiohernis (97) U (Aphaprosche (1) C(Gammaproeo (20)  Providercis () Dievogoms (17)  Lueimenas 29)
@ Helcobockr  (15) Amplama (63 Proviencia (1) UlEmicues) (4)  Greieinera (19 Saphylovermus () Usniacis  (16)  Pedocoscus (29
40 Pedonomas (1) Acdiobcils (4) Tporema @5 Gaonels () Lsnibacis (8 Codeln (3 soiygogenbis) Tt () Grinania (13 Ssccharsnages (25)
& T (8 Aleonos (@) Lseria 9 Cunoece () Polrbacer (%)  Enerous (3 Geobcils  (18) U(Symergietss) (1 U (Backrokkie) (19 kel (22)
4 Clleneries) () Commghacer () Ourofece () Enencoccus () Sephylwoccus (5 Flovobacrom (13 Hyugerabaci (18)  Xenortabis () U (Tererues) (13 U (Euryarchaeoe(22)
@7 Pedoaleromon(t) U (Fimicue () Achewbackr  (0) Orenia () Pewoma (8 Provea (3 Lmwoysis (5 Adnedbacer (9 C(Aruprolobe(12)  Peeodononas (21
@ Temosp () Acwvorms (5 Xeomabds (1) Dicyoglomss  (84) Brcla (§  Merbocer (2 U(Temricve (21)
9 Uscwpomobc () Bwerides () Weliowcer () iikawadln () Oriena ) varo @3 ewica  (7) Canpybacer (5  Polrbwer (12 U(Apnaprosoba(20)
0 Oemcoccss (15 Someln @) Pestonones (7 nproosis () Dok (@) Covia (2 Owcoccus () Ehcha (9  Amercoccus (1) Marnobecer (19
S Rokbackres (19 Temobids () Awerotsis () Nusiupor () Pyopsma (%) Ockdoa (2 Temoamaerobac(7)  Prochbrococcs (9 Nirainpor (1) Mormcla  (19)
% et (1) Ol O (e o4 Avpsma (@) Motk (9 Focerom (2 Merowila  (06)  Scharophgis (9 Ambeena (D) Ao ()
S Ewcia (19 Buela @) Akaphs (D Gaceodes () Lpwpin (79 Mydooenoboculi(12)  Pewonbonon(ls) Trepnema (9 Bacerdes (1) Osmococous (1)
S0 Prochorococcus (19 hcoraceoback (2 Lamprocysts () Civkacer () Tchodemium (7)  Trchodesmium (12)  Aleromonss (15 Desufowirio (5 Corela 00 cGmmaproeo (16
S Rolewels () Rowfeds (9 Chamydophia (0 o () U(Chamydse) (6 U(Tenericus) (1) Cabodobemu(ls) Mycophsma (9  Creebacer ()  Ofgbrachia (15
55 osoc @ viro @9 ol () Peonorss () U(Tererkved ()  Amercoccs () Olofereon (15)  Fhodotems () Mooosis () ool ()
S Rwiheimen () Pamcoscs (29 Pyodcibm (5 U(Elowot(s)  Bacewdes () Coceiacer (10 Rickewil () U(Acinabacers(s)  Oriena 00 tysnbscins ()
S UBceribE)(2) lombum (29 lysebecils (5 Wobsta () Ornoms () Pemoga (0 Agsrepsbecer (13) U(Vemomicro(s)  Peuomorss (D) Meroyss ()
S Lo () lomfbds (@4 U(Epsbmrobot(s) Xantomonss () Pycholexs (6)  Pokrkackr () Akdlgnius  (13)  Veminephvobact(s)  Piyoplma (9 Pelagiobacer  (14)
@ Pobmuckobacer (1) Corietia @9 aciotacius () Aromoras () Ambama (59 Usnbacilis (9 Prodenc (2 Bacrodes (9  Exhercha () Tooyss (W)
G Pewonomor(il) Mesiobm (2  Cadeelospk(2) Pecibackrum (5)  Extercha (5 Psdoraniionor(9)  Gumela (1) Entvobackr (0  Proidencia (1) U (Sackerodetes) (1)
@ syechococcus (1) Syniophoacer (29 Clavbacer () C(Tenercues) (9 Aorhes (49 Buchern (6 Melmirooua(1l)  Geobcilis (9  Tielwx () C(Apmaproeoba (13
@ Sccharogags (10 Vabacum (29 Poerbacer (22 Fcbacieron (0 Evdchla (@) Orena @ Bacewies () Hakmows (6 U(Themoopse) () C(Backrodens) (13)
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Numbers in parentheses indicate the percentage. U, Unclassified; C, Candidatus.



