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Preamble

Chlamydiae are an assemblage of exclusively obligate intracellular bacteria that show a
characteristic biphasic developmental cycle [1]. Their best known representatives are
human pathogens but they are gradually recognized as been associated with a wide
range of eukaryotic hosts spanning from unicellular protist to human [2]. The explosive
increase in described hosts and diversity of the Chlamydiae phylum over the last
decade raises the questions of what the genetic basis of this extensive symbiosis
success and its actual boundaries really are. Genomic evidences support the view that
at the time of speciation leading in the emergence of the chlamydia lineage the
progenitor was already associated with eukaryotes [2]. This ancient relation had further
implications since data suggest a role of chlamydia as mediators of the establishment of
chloroplasts within the early eukaryotes that led to the emergence of modern plants [3-
5]. Itis becoming apparent that chlamydia had been a close partner of eukaryotes from
their cradle, shaping their evolution in an extent that remains yet to be revealed. It is
the goal of this work to add insights in the evolutionary history of the phylum
Chlamydiae and to help answering the question of current phylogenetic diversity and

environmental distribution of members of this intriguing phylum.

Based on 16S rRNA phylogenetic trees, it has been shown that the phylum Chlamydiae
shares a common evolutionary origin with the phyla Planctomycetes, Verrucomicrobia
and Lentisphaera. Together with the candidate phyla Poribacteria and Omnitrophica
(OP3) these phyla were proposed to constitute the so called PVC superphylum [6]. In
order to verify and consolidate this result and conclusively resolve the phylum’s
evolutionary history a comparative analysis among all members of the proposed
superphylum was performed. Following the striking finding of a single protein that was
uniquely shared among all members of the superphylum, the investigation was
extended in the evolutionary and functional characterization of this protein. The

conclusions of this part of investigation are presented in Chapter III.

By the time this thesis started, the common knowledge of the phylogenetic diversity of

the phylum Chlamydiae was restricted to 8 described families [2]. Nevertheless,

Page 9



sequence evidence for unknown chlamydial species had already pointed to the
existence of far greater phylum diversity [7, 8]. Instead of embarking into sequencing
hundreds of new samples, a meta-analysis approach of existing data was deemed to
yield better results. Data from next generation sequencing projects of metagenomes
(genomic sequencing of microbial communities) or amplicons (sequencing of amplified
targeted regions like parts of the 16S rRNA gene) from thousands of samples have
been accumulating for the past decade in sequence depositories like the Sequence
Reads Archive [9]. Based on this realization, the primary aim was the assessment of the
chlamydial diversity through the utilization of the accumulated metagenomic and
amplicon wealth. The analysis goal was further extended to the actual profiling of the
predicted novelty in order to identify ecological and phylogenetic patterns. Chapter 1V
describes the efforts spend in this direction and presents the results of these aspects of

chlamydia evolution.

For a better understanding of members of the Chlamydiae phylum, representative
isolates across all families are necessary. Amoebae, that act both as primary and
transient hosts of several chlamydia, had served for many years as a convenient tool for
isolation of chlamydia and other symbionts by isolating them directly from environmental
samples or as proxy hosts in co-cultivation approaches [10]. Nevertheless the utilized
isolation method was only slightly improved during the last 50 years following its
introduction by Neff [11]. The realization of the vast non represented chlamydial families
in the culture collections made apparent the importance of better isolation methods. In
this direction a project aiming for the development of a more flexible and effective
system for isolation and axenization of amoeba and their associated symbionts was

undertaken and the results are presented in chapter V.

It has been suggested that amoebae serve as genomic melting pots [12, 13] facilitating
the lateral gene transfer between amoeba-associated microbes. Nevertheless, the lack
of genome information of chlamydia associated amoeba like Acanthamoeba, impairs
the estimation of the amount of lateral gene transfers among amoebae and their
symbionts. Furthermore, due to the fact that Acanthamoeba had been adopted as a

model for the investigation of symbiosis and as a convenient proxy for macrophage
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research the need of a quality reference genome became imperative. In order to answer
these questions we joined a collaborative effort focused on the sequencing and analysis

of the genome of Acanthamoeba castellanii, outlined in chapter VI.

Overall the set goals of this work were the elucidation of the evolutionary history of the
Chlamydiae phylum through the investigation of its origin and the estimation of its
current expansion in terms of diversity and environmental distribution. Furthermore we
deemed important to invest in improving the available isolation and axenization of
amoeba as a tool for the recovery of yet unknown chlamydial species. Finally, through
the investigation of the genome of the versatile chlamydia host Acanthamoeba
castellanii, the expansion of the experimental possibilities and the contextual linking with

the genomic content of chlamydia will be possible.
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Synopsis of the Publications

The manuscript in Chapter Ill describes the discovery of a single protein (PVC
signature protein) that is uniquely shared among all members of the Planctomycetes,
Verrucomicrobia and Chlamydiae superphylum. This comparative genomic based
finding, that effectively adds a unifying link among all members of the superphylum, was
then further investigated by functionally characterizing this signature protein. The
experimental analysis revealed a protein with unspecific nucleic acid binding properties
that is expressed in representatives of all three major phyla. Reverse conservation
analysis showed that among the bacteria-wide conserved proteins that lack homologs in
members of the PVC superphylum the ribosomal protein L30 has extended similarities
in its physicochemical characteristics and expression profile with the signature protein.
Based on this finding, a role for the signature protein as an L30 analog was proposed.
Moreover, the possible application of the signature protein as taxonomic and
phylogenetic marker was explored.

Authors: llias Lagkouvardos, Marc-André Jehl, Thomas Rattei and Matthias Horn
Manuscript Title: Signature protein of the PVC superphylum.

Journal: Applied Environmental Microbiology 80: 440-445 (2013).

Contributions: All the biological experiments were performed by IL. M-AJ and TR
performed the initial comparative study that identified the signature protein. TR provided
a COG presence or absence matrix for all PVC and representative non-PVC bacteria.
The rest of the bioinformatics analysis was performed by IL. The draft manuscript was
composed by IL and then edited by all authors. MH initiated and supervised the project.
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Chapter IV contains a publication representing the most thorough sequence-based
exploration of the Chlamydiae phylum diversity so far. Using all available genomic,
metagenomic and amplicon data, estimates about the supported family, genus and
species diversity were calculated. This eventually led in great expansion of our current
perception of the actual chlamydial diversity in the environment. Moreover, in this
analysis using the metadata related with the identified sequences it was inferred that the
biggest and most diverse chlamydial families are the arthropod related
Rhabdochlamydiaceae and the protists related Parachlamydiaceae. In addition the
marine and marine derived habitats were shown to contain most of the so far unseen
diversity indicating the role of these environments as underestimated reservoirs and

targets for future chlamydia research.

Authors: llias Lagkouvardos, Thomas Weinmaier, Federico M Lauro, Ricardo

Cavicchioli, Thomas Rattei and Matthias Horn.

Manuscript title: Integrating metagenomic and amplicon databases to resolve the
phylogenetic and ecological diversity of the Chlamydiae

Journal: ISME Journal 8: 115-125 (2014)

Contributions: The data collection and analysis was performed by IL. TW and TR help
with the extraction of chlamydial proteins from databases and the calculation of
phylogenetic trees for each one of them. FL and RC provided DNA samples. The draft
manuscript was composed by IL and edited by all authors. MH initiated and supervised

the project.
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Chapter V includes a manuscript with the description of a modification of a standard
amoeba isolation technique that is shown to improve the time and success of the
method. This modification is based on the utilization of an E. coli mutant (tolC knockout)
that is hypersensitive to antibiotics. Adding this mutant as a food source instead of the
wild type that is commonly used during amoeba isolation enabled the immediate
transfer of amoeba from agar plates with E. coli to culture media without the risk of
contamination by supplementation with otherwise sub-lethal amounts of ampicillin. Such
low amount of antibiotics is safe for any potential amoeba symbionts, eventually
enhancing the possibility of isolates with such associations. In such an experiment it
was shown that by using this method a wide variety of amoeba harboring symbionts
could be isolated from two adjacent sampling sites. In many cases two phylogenetically

distinct symbionts were found to reside in a single amoeba.
Authors: llias Lagkouvardos, Jie Shen and Matthias Horn

Manuscript title: Improved axenization method reveals complexity of symbiotic
associations between bacteria and acanthamoebae

Journal: Environmental Microbiology Reports DOI: 10.1111/1758-2229.12162 (2014)

Contributions: The method was developed by IL. JS collected the samples and help
with the time comparison experiment. The draft manuscript was composed by IL and

edited by all authors. IL initiated the project and MH supervised it.

Page 17



The manuscript in Chapter VI represents the cumulative effort of several authors in the
analysis of the genome of the free living amoeba Acanthamoeba castellanii. The
analysis of the above mentioned genome revealed that at least 450 genes show
phylogenetic evidences for prokaryotic origin, a number that exceeded all previous
lateral gene transfers (LGT) in other eukaryotic organisms. These genes mostly encode
proteins involved in metabolic processes and their phylogenetic profiles indicate an
origin mainly from bacteria encountered in the ecological niche of the amoeba. An
extensive sensory repertoire and a capacity for facultative anaerobic metabolism were
also encoded in Acanthamoeba genome, revealing the genetic background of the

flexibility of this highly successful amoeba.

Authors: Michael Clarke, Amanda J. Lohan, Bernard Liu, llias Lagkouvardos, Scott
Roy, Nikhat Zafar, Claire Bertelli, Christina Schilde, Arash Kianianmomeni, Thomas R.
Burglin, Christian Frech, Bernard Turcotte, Klaus O. Kopec, John M. Synnott, Caleb
Choo, Ivan Popanov, Aliza Finkler, Chris Soon Heng Tan, Andrew P. Hutchins, Thomas
Weinmeier, Thomas Rattei, Jeffery S. C. Chu, Gregory Gimenez, Manuel Irimia, Daniel
J. Rigden, David A. Fitzpatrick, Jacob Lorenzo-Morales, Alex Bateman, Cheng-Hsun
Chiu, Petrus Tang, Peter Hegemann, Hillel Fromm, Didier Raoult, Gilbert Greub, Diego
Miranda-Saavedra, Nansheng Chen, Piers Nash, Michael L. Ginger, Matthias Horn,

Pauline Schaap, Lis Caler, Brendan Loftus

Manuscript title: Genome of Acanthamoeba castellanii highlights extensive lateral

gene transfer and early evolution of tyrosine kinase signaling

Journal: Genome Biology, 14:R11 (2013)

Contributions: TR performed the original SIMAP searches and calculated the
phylogenetic trees for the Acanthamoeba proteins. IL filtered the trees and analyzed the
results of LGT. IL performed the functional, environmental and statistical analysis of the
LGT result. The contributed section was composed and edited by IL, TR and MH. For

more details on the contributed work please refer to the Appendix I.
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AEM

Signature Protein of the PVC Superphylum

llias Lagkouvardos,® Marc-André Jehl,”> Thomas Rattei, Matthias Horn?

Division of Microbial Ecology, Department of Microbiology and Ecosystem Science, University of Vienna, Vienna, Austria®; Department of Genome Oriented
Bioinformatics, Wissenschaftszentrum Weihenstephan, Technische Universitat Minchen, Freising, Germany®; Division of Computational System Biology, Department of
Microbiology and Ecosystem Science, University of Vienna, Vienna, Austria®

The phyla Planctomycetes, Verrucomicrobia, Chlamydiae, Lentisphaerae, and “Candidatus Omnitrophica (OP3)” comprise bac-
teria that share an ancestor but show highly diverse biological and ecological features. Together, they constitute the PVC super-
phylum. Using large-scale comparative genome sequence analysis, we identified a protein uniquely shared among all of the

known members of the PVC superphylum. We provide evidence that this signature protein is expressed by representative mem-

bers of the PVC superphylum. Its predicted structure, physicochemical characteristics, and overexpression in Escherichia coli
and gel retardation assays with purified signature protein suggest a housekeeping function with unspecific DNA/RNA binding
activity. Phylogenetic analysis demonstrated that the signature protein is a suitable phylogenetic marker for members of the
PVC superphylum, and the screening of published metagenome data indicated the existence of additional PVC members. This
study provides further evidence of a common evolutionary history of the PVC superphylum and presents a unique case in which
a single protein serves as an evolutionary link among otherwise highly diverse members of major bacterial groups.

he bacterial phyla Planctomycetes, Verrucomicrobia, Chlamyd-

iae, Lentisphaerae, “Candidatus Omnitrophica (OP3),” and
“Candidatus Poribacteria” were proposed to share an ancestor on
the basis of their monophyletic grouping in 16S rRNA-based phy-
logenetic trees (1). This diverse assemblage of phyla was termed
the PVC superphylum and later received additional support from
genomic and phylogenetic analysis of conserved proteins (2—4).
Most recently, 16 housekeeping and ribosomal proteins were used
to infer evolutionary relationships among the members of the
PVC superphylum (5). This further established the common evo-
lutionary origin of the members of the PVC superphylum.

Despite their common origin, the members of the PVC super-
phylum differ greatly with respect to life-style, physiology, and
ecology (1). Each phylum includes members that attracted signif-
icant research interest because of their importance in carbon and
nitrogen cycling (e.g., Rhodopirellula and “Candidatus Kuenenia”
species [6, 7]), as pathogens or symbionts (e.g., Chlamydia and
Protochlamydia species [8—10]), or as environmental microbes in
aquatic and soil habitats (e.g., Verrucomicrobia [11, 12]). In addi-
tion to their ecological, biotechnological, and medical relevance,
some members of the PVC superphylum show genetic and cellular
features that are unusual for bacteria but reminiscent of eu-
karyotes or archaea (13-15). Because of these similarities,
members of the PVC superphylum have been implicated in the
emergence and evolution of eukaryotes, a hypothesis that is con-
troversially discussed (14, 16-20).

In this study, we performed an extensive comparative genomic
analysis in order to identify unifying links among the diverse
members of the PVC superphylum. We describe the analysis and
characterization of a protein, independently identified very re-
cently (5), that is shared by all of the members of the superphylum
but absent from all other bacteria. Computational analysis and
functional assays provided evidence of a putative housekeeping
function for this protein. Because of its conservation among the
members of the PVC superphylum, we were able to use this pro-
tein to extract information about the occurrence and diversity of
the members of the PVC superphylum from the available environ-
mental metagenomes.

440 aem.asm.org
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MATERIALS AND METHODS

Identification of the signature protein (SP). Predicted coding sequences
from completely sequenced PVC and representative non-PVC genomes
were obtained from the INSDC (21) and NCBI RefSeq (22) databases.
All-versus-all pairwise sequence similarities were precalculated by the
SIMAP database (23). From SIMAP we obtained all of the bidirectionally
best-matching protein pairs (BBH) between all of the genomes, in which
the alignment covered at least 50% of both protein sequences and the E
value was not higher than le-04. The score of each BBH was additionally
used as the threshold to determine inparalogs from the respective ge-
nomes. In order to cluster BBHs from the PVC superphylum into clusters
of orthologous groups (COGs), we first determined all of the three-cliques
(triangles) formed by PVC BBHs. Triangles were grouped into COGs if
they shared a BBH. The remaining PVC BBHs were added to COGs if one
of the proteins was already a member of a COG and the other was not. All
of the other PVC BBHs were considered individual COGs. Inparalogs
associated with BBH proteins were added to the respective COGs in all of
the clustering steps mentioned above.

For each COG, we determined the presence or absence of the proteins
encoded in PVC genomes. For COGs occurring in all of the PVC genomes,
we determined their presence or absence in the representative non-PVC
genomes from BBHs between PVC and non-PVC genomes. Only one
COG, the PVC SP, was present in all of the PVC genomes and absent from
all of the non-PVC genomes.

COG-based presence-or-absence analysis. The COGs of all of the
bacterial genomes were obtained from the eggNOG (24) database. The
BBHs between the PVC and non-PVC genomes described above were
used to determine the presence or absence of each COG in the PVC ge-
nomes not yet contained in eggNOG. A matrix was then created with all of
the COGs in the first column and the organism names in the top row.

Received 8 August 2013 Accepted 25 October 2013
Published ahead of print 1 November 2013
Address correspondence to Matthias Horn, horn@microbial-ecology.net.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/AEM.02655-13.
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Then the table was filled with a 1 or a 0 for each COG for each genome on
the basis of its presence or absence, respectively, allowing a quick overview
of COG conservation across PVC and non-PVC bacteria as selective sums.

For each COG without representatives in the PVC superphylum, the
Escherichia coli representative was found and used as the query in searches
against the NCBI Refseq database (22) with BLAST (25). The first 10
proteins of nonredundant origin (different organisms) were collected.
With these sets, the average protein size and isoelectric point (pI) were
calculated for each COG. The pI was calculated by solving the Henderson-
Hasselbach equation by a local Perl script.

Screening of metagenome data. All of the assembled metagenomes
available at the JGI Genome Portal (26) were downloaded and organized
into BLAST databases with makeblastdb (included in the BLAST+ suit)
according to their originating environments. The nucleotide sequence
databases were searched for the presence of the SP by using tBLASTx (25)
with default settings and all of the known SP sequences as queries. The
output files were then merged, and the matching translated sequences
were collected. All of the redundant sequences (exact or substring match)
and those that contained stop codons or were shorter than 45 amino acids
were removed. The remaining sequences were submitted to the Con-
served Domains Database (27), and the presence of the SP domain was
verified in all of them.

Phylogenetic analysis. Amino acid sequences from sequenced mem-
bers of the PVC superphylum with or without metagenomic proteins were
aligned by using MUSCLE (28) in MEGAS5 (29), and their evolutionary
history was inferred by the unweighted-pair group method using average
linkages (UPGMA) (30) or FastTree (31). The evolutionary distances
were computed with the JTT (32) for UPGMA and the WAG model (33)
for FastTree, while a gamma value of 20 was used for both. Phylogenetic
trees were visualized with iTOL (34).

Reverse transcriptase PCR. Verrucomicrobium spinosum DSM 4136
and Rhodopirellula baltica SH1 were inoculated from colonies grown on
agar plates to flasks containing 100 ml of the appropriate media described
by Schlesner (35, 36), respectively, and grown while shaking at 22°C. Ini-
tially, growth characteristics were determined by measuring optical den-
sity at 600 nm (ODy,) in a spectrophotometer. Cultures were harvested
after 3 days (exponential growth phase) and 5 to 6 days (stationary phase),
respectively. Cells were lysed by bead beating (FastPrep FP120, Savant),
and total RNA was extracted with TRIzol (Molecular Research Center,
Inc.) according to the manufacturer’s instructions. Primers were designed
to target the genes encoding the V. spinosum and R. baltica SPs, respectively
(VssignF, 5'-TCCCAGCATCGTAGTCTCAA-3'; VssignR, 5'-TAAGCTTC
CGGCTTGGTCT-3"; RbsignF, 5'-TAAGAGTCGCAACGTCCTGA-3';
RbsignR, 5’ -TTCTTCTTGTCGTCGGCTTC-3"). The housekeeping gene
coding for glyceraldehyde 3-phosphate dehydrogenase from V. spinosum was
used as a positive control (37) (VsqapdhF, 5'-CGGTCTCTTTACCGAAGC
TG-3'; VsqapdhR, 5'-CGTTGGAGATGATGTTGTGG-3'). Reverse trans-
criptase PCR was performed with Moloney murine leukemia virus polymer-
ase (Invitrogen) and an annealing temperature of 55°C for 35 cycles.

Cloning, expression, and purification of recombinant proteins. The
genes coding for the SP of R. baltica (GenBank/EMBL/DDBJ accession
number KF733603) and Protochlamydia amoebophila (YP_008052) were
synthesized (GenScript Corp.) flanked by restriction sites for EcoRI
(Thermo Scientific) and Xhol (Thermo Scientific) that were used for sub-
sequent cloning into the pGEX 4T-1 vector (GE Healthcare) containing
an N-terminal glutathione S-transferase (GST) tag at the multiple cloning
site. The final constructs were then transformed into electrocompetent E.
coli strain BL21 (A\DE3). Transformed E. coli cells were grown overnight in
5 ml of Luria-Bertani (LB) medium containing 50 p.g/ml ampicillin (LB-
Amp) at 37°C on a shaker (120 rpm), and the next day, 1 ml of each culture
was used to inoculate flasks containing 100 ml of LB-Amp. The cells were
incubated for 2 h (ODg, of ~0.4), and then the expression of the proteins
was induced by 100 M (final concentration) isopropyl-f-p-thiogalacto-
pyranoside. After 2 h of induction, cells expressing the GST signature
fusion protein were collected by centrifugation in 50-ml tubes at 6,000
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rpm for 10 min at 4°C. The supernatant was discarded, and the tubes
containing the cell pellets were stored at —20°C.

For protein purification, the collected cell pellets were resuspended by
vortexing in 4.5 ml binding buffer (125 mM Tris, 150 mM NaCl, 1%
Triton X [pH 8], protease inhibitors [Roche Diagnostics]) plus 0.5 ml
lysozyme from a 2-mg/ml stock solution. The tubes were incubated hor-
izontally on a rocking platform for 15 min at room temperature and then
placed onice. The final cell disruption was performed with three rounds of
sonication for 30 s at 70% strength (Bandelin Electronic) with intervals of
cooling. The lysates were centrifuged at 12,000 rpm for 10 min, and the
supernatant was transferred to new tubes. After three rounds of washing
in 20 ml of binding buffer, 2 ml of a glutathione-coated magnetic bead
slurry (Pierce) was mixed with the lysate and kept shaking horizontally for
1 h. With an appropriate magnetic stand, the beads were washed three
times with washing buffer (125 mM Tris, 500 mM NaCl, 1% Triton X [pH
8]). Finally, 4 ml of elution buffer (125 mM Tris, 500 mM NaCl, 50 mM
reduced glutathione [pH 9], protease inhibitors) was added and the beads
were incubated for an additional 15 min before elution, three times, keep-
ing the eluates separated. The purity and quantity of purified proteins
were determined by 12.5% SDS-PAGE and staining with colloidal Coo-
massie blue (Invitrogen).

For desalting, 2-ml volumes of pooled protein purifications were
placed in an Ultracell 10K spin column (Millipore) and phosphate-buft-
ered saline (PBS; pH 7.4) was used to fill the column to 15 ml. The column
was centrifuged for 30 min at 5,000 X g. The desalting was repeated with
another 15 ml of PBS, resulting in 200 pl of desalted and concentrated
protein.

Electrophoretic mobility shift assay. To evaluate the effect of SP on
the mobility of nucleic acids, purified proteins were mixed with DNA
or RNA samples and gel loading dye (New England BioLabs). The
mixtures were then loaded onto 1% agarose gels, run for 1 h at 120 V,
and visualized by staining with ethidium bromide. When cleaved pro-
tein was used, 3 pl of thrombin (GE Healthcare Life Sciences) was
added to 30 l of a desalted and concentrated stock of fusion protein
and left overnight at room temperature. Complete cleavage was then
verified by SDS-PAGE.

Nucleotide sequence accession number. The gene sequence coding
for the SP of R. baltica was deposited in GenBank/EMBL/DDBJ under
accession number KF733603.

RESULTS AND DISCUSSION

To investigate the evolutionary history of the PVC superphylum,
early after the original proposal, we performed a comparative ge-
nome analysis to identify orthologous genes conserved among all
of the PVC members. We discovered a single protein-coding gene
of unknown function that is uniquely shared among all of the
members of the superphylum that we refer to as the SP of the PVC
superphylum (I. Lagkouvardos, T. Rattei, and M. Horn, 8th
German Chlamydia Workshop, Munich, Germany, 24 to 26
February 2010). In the following, we verified its presence in all
of the further sequenced PVC genomes published since with
PSI-BLAST (25) and found the SP in all of the 55 available
genome sequences. The only exceptions were (i) missing gene
predictions (e.g., for R. baltica SH1) that we identified only
with tblastn and (ii) incomplete genome sequences (e.g., the
Poribacteria draft genome that has been estimated to represent
75% of the complete genome [38]) that we did not consider
suitable for presence-or-absence analysis (see Table S1 in the
supplemental material). Recently, 16 housekeeping and ribo-
somal proteins were used to infer evolutionary relationships
among the members of the PVC superphylum (5), which fur-
ther established the common evolutionary origin of the PVC
superphylum. By searching for conserved signature insertions

aem.asm.org 441
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Lagkouvardos et al.

FIG 1 Features of the PVC superphylum SP. (A) Conservation of the SP amino acid sequence. A sequence logo based on a MUSCLE alignment of all of the known
SPs generated by WebLogo 3 is shown (28, 48). The overall height of the alignment positions indicates sequence conservation, while the height of each symbol
indicates the relative frequency of each amino acid at the respective position. Symbol colors reflect amino acid chemical properties. Highly conserved positions
can be observed along the complete length of the alignment, with a longer conserved region in the middle, corresponding to a predicted a-helix. (B) Predicted
secondary and tertiary structures of representative SPs compared to those of small DNA/RNA binding proteins of E. coli. Predictions were performed with
I-TASSER (49) (i to iii) and the QUARK server (50) (iv to vi). Structures: i and iv, SP of Protochlamydia amoebophila. UWE25 (GenBank/EMBL/DDBJ accession
number YP_008052); ii and v, SP of V. spinosum (WP_009960041); iii and vi, SP of R. baltica (KF733603); vii, E. coli ribosomal protein L30 (Protein Data Bank
accession number 2AW4); viii, E. coli DNA binding protein H-NS (Protein Data Bank accession number 1HNS); ix, E. coli histone like protein HU (Protein Data
Bank accession number IMUL). Pink, alpha-helix; yellow, beta-sheet; blue, turn; gray, unstructured. Independently of the software, a central alpha-helix is
predicted for all of the SPs. The SP of all of the Planctomycetes shows a C-terminal lysine-rich extension that forms additional secondary-structure elements. (C)
Nucleic acid mobility retardation by SP of R. baltica and P. amoebophila. Agarose gel i, retardation assay with sheared genomic DNA. Lanes: 1, molecular size
markers; 2, empty; 3, genomic DNA with GST-tagged SP of R. baltica, 4: GST-tagged SP of R. baltica without DNA; 5, genomic DNA only. Agarose gel ii,
retardation assay with purified total RNA. Lanes: 1 and 5, molecular size markers; 2, RNA only; 3, RNA with GST-tagged SP of R. baltica; 4, RNA with GST-tagged
SP of P. amoebophila; 6, RNA with GST only. Arrows indicate bands representing the 16S and 23S rRNAs, respectively. (Bottom agarose gel) retardation assay
with PCR products. Lanes: 1, molecular size markers; 2, only PCR product; 3 to 7, PCR product with increasing concentrations of GST-tagged SP of P.
amoebophila; 8, PCR product with GST only. The same molecular size marker was used in all of the experiments, and fragment sizes in base pairs are shown on
the left. The retardation assays suggest unspecific binding of SP to DNA and RNA.

or deletions, the same study independently recovered the SP to
be encoded in all of the known members (except for Poribacte-
ria) (5). The presence of a protein in all of the PVC members
that does not show any sequence similarity to other known
proteins serves as a unifying link among the members of this
diverse assemblage of microbes and suggests a conserved func-
tion.

Asking whether the SP is expressed, we searched available tran-
scriptomic and proteomic data on members of the PVC superphy-
lum. Members of the phylum Chlamydiae are represented the best
in such studies, with few reports on Planctomycetes. We found
evidence of its expression only in members of the phylum Chla-
mydiae, where the SP seems to be expressed constitutively in small
amounts similar to those of some housekeeping proteins (see Ta-
ble S2 in the supplemental material). To compensate for the lack
of evidence of transcription in Planctomycetes and Verrucomicro-
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bia, we performed reverse transcriptase PCR assays with RNA
from R. baltica SH1 and V. spinosum DSM 4136 isolated in the
logarithmic and stationary growth phases, respectively. This dem-
onstrated that the SP is also expressed in these organisms (see Fig.
S1 in the supplemental material). Taken together, these findings
are evidence of the expression of SP by representatives of all of the
major phyla within the PVC superphylum.

The SP is a small, 50- to 60-amino-acid protein exhibiting con-
siderable conservation of its sequence (55% average amino acid
sequence similarity among all of the representatives; Fig. 1A) and
physicochemical properties. In silico prediction of its localization,
isoelectric point, and secondary structure revealed a highly basic
cytosolic protein (pI 10 to 11) (39) consisting of an alpha helix
followed by a putative second alpha helix, depending on the
prediction software (Fig. 1B), which is reminiscent of the DNA
binding helix-turn-helix motif (40). Structure prediction and

Applied and Environmental Microbiology

Page 23



physicochemical characteristics thus point toward a nucleic
acid-associated protein such as histone-like proteins, tran-
scription factors, or ribosomal proteins. Consistent with this
observation, the SP has been recognized as a protein family in
TIGRFAM (TIGR04137 [41]), where a possible rRNA interac-
tion is proposed.

To verify the in silico prediction and to investigate the in vitro
activity of the SP, we heterologously expressed the SPs of P. amoe-
bophila (as a representative of Chlamydiae) and R. baltica (Planc-
tomycetes) as glutathione S-transferase (GST) fusion proteins in E.
coli. The expressed proteins were purified with glutathione-coated
magnetic beads and subsequently used for gel retardation assays.
When the fusion proteins were incubated with various DNA and
RNA products (sheared genomic DNA, total RNA, or PCR prod-
ucts), the mobility of the nucleic acids in agarose gels was retarded
(Fig. 1C). This was also observed after the removal of the GST tag
by protease treatment but never when only the GST tag was used
(Fig. 1C; see Fig. S2 in the supplemental material). Dose-depen-
dent retardation was observed when increasing amounts of SP
were added to PCR products (Fig. 1C). Together, these findings
demonstrate an unspecific and concentration-dependent DNA
and RNA binding activity of the SP from R. baltica and P. amoe-
bophila in vitro. This mode of nucleic acid interaction seems to
rule out a role for the SP as a transcription factor, which typically
shows highly specific DNA binding activity.

To investigate whether the SP could function as a histone-like
protein, we analyzed E. coli cells overexpressing R. baltica or P.
amoebophila SP. Overexpression of histones generally leads to nu-
cleation of chromatin, which can be detected by staining with
DNA-specific dyes (40). However, no nucleation was observed
during the overexpression of both SPs in E. coli (see Fig. S3 in the
supplemental material). Although we cannot exclude a histone
function for the SP in vivo in R. baltica or P. amoebophila, expres-
sion in the heterologous host does not support such a role. In
addition, P. amoebophila, showing a condensed nucleoid in the
elementary body stage, encodes other histone-like proteins that
are likely to be involved in chromatin condensation (42, 43).

The occurrence and documented expression of the SP in all of
the members of the PVC superphylum point toward a highly con-
served function. This function could be unique to the superphy-
lum, or the SP could substitute for the role of an otherwise con-
served and essential protein in non-PVC organisms. To search for
proteins that are well conserved in most other organisms but do
not occur in PVC members, we conducted a COG-based compar-
ative analysis of all of the available PVC genomes and a represen-
tative set of non-PVC genomes. This analysis revealed several
highly conserved bacterial functions with no representation by a
protein homolog in the PVC superphylum (Table 1). Of those
bacterial homologs missing from PVC bacteria, the ribosomal
protein L30, which is also present in archaea and eukaryotes,
shows a striking physicochemical similarity to the SP of the PVC
superphylum. Despite the absence of any amino acid sequence
similarity, the two proteins have similar size, pl, and expression
profiles (Table 1). Together with its observed nucleic acid binding
activity, this suggests the possibility that the SP is a functional
analog of ribosomal protein L30, which is missing from all of the
members of the superphylum. Further experimental investigation
is needed to verify the presence and function of the SP in the
ribosome of PVC members.

The high sequence conservation and exclusive presence of the
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TABLE 1 Functional categories conserved among bacterial genomes
absent from members of the PVC superphylum”

No. found in:

Avg length
Other (amino

COG PVC’  bacteria®  Function acids) Avg pl

COG0806 0 466 165 rRNA processing 182 4.8
protein RimM

COG0779 0 439 Ribosome maturation 154 4.5
factor RimP

COG1559 0 405 Aminodeoxychorismate 339 8.9
lyase

COG1841 0 375 Ribosomal protein L30/L7E 60 11.0

COG1660 0 334 Predicted P loop- 294 5.8
containing kinase

COG2884 0 327 Cell division ATP-binding 224 9.5
protein FtsE

COG2177 0 318 Cell division protein FtsX 304 7.6

COGO0595 0 300 mRNA degradation RNase 537 5.4
J1/72

SP 56 0 DNA/RNA binding 60 11.6

“ COGs absent from all members of the PVC superphylum but conserved in at least
60% of all non-PVC bacteria analyzed are listed together with basic physicochemical
properties. The SP of the PVC superphylum is shown for comparison.

b Total n = 56.

¢ Total n = 490.

SP in all of the members of the PVC superphylum suggest that it
may serve as an additional phylogenetic marker for the superphy-
lum. In fact, the topology of amino acid-based phylogenetic trees
resembles that of the 16S rRNA gene (see Fig. S4 in the supple-
mental material). Simple clustering by UPGMA recovered all of
the PVC phyla with good bootstrap support, and the structures
within the different phyla are largely similar (see Fig. S4A). The
16S rRNA tree topology was less well recovered in approximately
maximume-likelihood SP trees with FastTree (31). Here the Ver-
rucomicrobia SPs were not monophyletic but included the Lenti-
sphaerae sequences (see Fig. S4B). Still, the overall congruence
between 16S rRNA gene- and SP-based trees allowed us to exploit
the SP for the analysis of metagenomic data sets from various
environmental samples to obtain insights into the diversity of the
PVC superphylum. To this end, metagenomic data sets available
in IMG/m (44) and SIMAP (45) were first screened with PSI-
BLAST (46). In addition, tblastx was used to detect the SP even in
the absence of correctly predicted coding sequences. A total of
233 nonredundant SP sequences were detected, mainly in meta-
genomes originating from freshwater (36%), soil (34%), and ma-
rine (21%) samples (see Table S1). Phylogenetic analysis of these
sequences showed that the majority of the metagenomic SPs are
related to one of the known phyla within the PVC superphylum
(Fig. 2). Within the different phyla, however, several novel evolu-
tionary lineages could be observed, significantly expanding the
known diversity of the PVC superphylum as inferred from SP
phylogeny. Lentisphaerae was the least diverse phylum, followed
by Chlamydiae and “Candidatus Omnitrophica (OP3)”; Plancto-
mycetes and Verrucomicrobia were the most diverse. Interestingly,
the majority of the Verrucomicrobia sequences originated from
soil metagenomes, while most of the “Candidatus Omnitrophica
(OP3)” and Chlamydiae sequences originated from freshwater
samples (including sediments); no trend was observed for the
other phyla. Although this analysis cannot be used to quantita-
tively assess the abundance of PVC microbes in the different hab-
itats, the observed ecological patterns are consistent with those of
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FIG 2 Evolutionary relationships of all of the known PVC superphylum SPs
and their metagenomic homologs. The environmental origin of SPs is color
coded at the tips of the tree for metagenomic sequences but not for SPs origi-
nating from complete genome sequences. An approximate maximum-likeli-
hood tree is shown; nodes with less than 70% support are collapsed.

known members of the superphylum. For example, the relatively
low number of metagenomic SPs branching with known members
of the Chlamydiae phylum is consistent with the generally low
abundance of chlamydial protein sequences detected in meta-
genomes in a recent study (47). An explanation for this could be
the low abundance of members of the phylum Chlamydiae (which
are typically associated with eukaryotic hosts) in environmental
samples, which would result in a low coverage of chlamydial ge-
nomes in metagenomic data sets. Overall, the suitability of the SP
as a phylogenetic marker allows the identification of genomic
fragments containing the SP as originating from a PVC member
and thus helps in the binning of metagenomic data and in the
estimation of the overall presence of PVC members in such data
sets. In addition, concatenation of the SP with other conserved
proteins should help in the construction of robust phylogenetic
trees to analyze the diversity and evolutionary history of the PVC
superphylum (5).

In summary, all of the known members of the PVC superphy-
lum produce a small, conserved SP with nucleic acid binding ac-
tivity. There is evidence of the expression of this protein by some
PVC members, and its physicochemical properties, predictions of
its structure, and the absence of ribosomal protein L30 from all of
the members of the superphylum suggest that the SP has a con-
served function and is possibly associated with the ribosome. We
demonstrated that the SP is a useful marker for the analysis of
metagenomic data and that it may serve to investigate the diversity
and ecology of bacteria related to this medically and biotechno-
logically important superphylum.
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The signature protein of the PVC superphylum
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Supplementary Material

Table S1: Signature proteins identified in genome sequences of members of the PVC superphylum
and in metagenomic data. The SP was identified in the genome sequences of all PVC members; only
one representative SP is shown if sequences were identical among the same species.

See file “Table S1.xlsx”.

Table S2: Detection of the PVC signature protein in transcriptomic and proteomic studies. Due to
the missing gene prediction in the genome of Rhodopirellula baltica SH1 the respective SP was never

detected.

Organism Method Detection Reference
Chlamydia trachomatis microarray — Belland, 2003a (1)
Chlamydia trachomatis microarray + Belland, 2003b (2)
Chlamydia trachomatis RNA-Seq + Albrecht, 2010 (3)
Chlamydia trachomatis proteomics - Shaw, 2002 (4)
Chlamydia trachomatis proteomics + Skipp, 2005 (5)
Chlamydia pneumoniae proteomics — Vandahl, 2001(6)
Chlamydia pneumoniae proteomics - Molestina, 2002 (7)
Chlamydia pneumoniae proteomics — Wehr, 2004 (8)
Chlamydia pneumoniae proteomics - Mukhopadhyay, 2006 (9)
Chlamydia pneumoniae microarray + Maurer, 2007 (10)
Chlamydia pneumoniae RNA-Seq + Albrecht, 2011 (11)
Chlamydia pneumoniae proteomics — Saka, 2011 (12)
Protochlamydia amoebophila proteomics — Heinz, 2010 (13)
Protochlamydia amoebophila proteomics — Sixt, 2011 (14)
Protochlamydia amoebophila microarray + Haider, unpublished
Rhodopirellula baltica proteomics — Gade, 2005a (15)
Rhodopirellula baltica proteomics - Gade, 2005b (16)
Rhodopirellula baltica proteomics — Hieu, 2008 (17)
Rhodopirellula baltica RNA-Seq - Wecker, 2009 (18)
Rhodopirellula baltica RNA-Seq — Wecker, 2010 (19)
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Figure S1: The SP of Rhodopirellula baltica (Rb) and Verrucomicrobium spinosum (Vs) is
transcribed. Reverse transcriptase PCR using RNA isolated during logarithmic (3 days) and stationary
growth (6 days). The GAPDH gene of Verrucomicrobium spinosum was used as positive control (left
panel). A PCR using the same RNA samples demonstrates the absence of DNA in the RNA preparations
(right panel). Note that the amount of RNA obtained from V. spinosum in the stationary phase was too
low for successful detection of SP and the control. All RT-PCR products were cloned and verified by
sequencing.
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Figure S2: DNA mobility retardation by GST tagged and untagged SP of R. baltica. 1,6, molecular
marker; 2, DNA (PCR product) only; 3-4 DNA with different doses of GST tagged SP of R. baltica; 5,
DNA with the same amount of protein as in 4 but thrombin digested. The DNA incubated with the
digested mixture of GST and Rb SP didn’t enter the gel (arrow). The complete digestion of the GST tag
was verified by SDS-PAGE.
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Figure S3: Effect of heterologous overexpression of signature proteins in E. coli BL21. A, GST-
tagged SP of P. amoebophila; B, GST-tagged SP of R. baltica; C, GST only; D, non-induced E.coli
cells. E. coli were induced for 2 hours using ImM IPTG. Expression of the SP was verified by SDS-
PAGE. No nucleation was observed after staining with SYBR Green.
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Figure S4. Evolutionary relationships of PVC superphylum signature proteins from published
genome sequences. All SP sequences were aligned using MUSCLE (20) in MEGAS (21) and their
evolutionary history was inferred using (A) UPGMA or (B) FastTree (22). The evolutionary distances
were computed using the JTT(23) for UPGMA and WAG model (23) for FastTree, while a gamma
value of 20 was used for both. Nodes with less than 70% bootstrap support are collapsed in the

maximum likelihood tree.
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Table S1: Signature proteins iden fied in genome sequences of members of the PVC superphylum and in metagenomic data.
The SP was iden fied in the genome sequences of all PVC members; only one representa ve SP is shown if sequences were
iden cal among the same species.
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Source Source Type Identifier Identifier type Sequence
1 Chlamydia muridarum Nigg Genomic AAF39518 NCBI accession [MSRHRSYGKSIKGETKRNVLKRFERIEVLRKLGRWDDATAKKATGLLKTPVIK
2 Chlamydia psittaci M56 Genomic YP_006737146 NCBI accession [MSRHRSYGKSIKGETKRNVLKRFERIDLLRKLGRWNDATAKKATGLPKTPAIK
3 Chlamydia trachomatis D/UW-3/CX Genomic NP_219933 NCBI accession |MSRHRSYGKSVKGETKRNVLKRFERIEVLRKLGRWDDATAKKATGLLKTPAIK
4 Chlamydia trachomatis E/SW3 Genomic YP_006361233 NCBI accession |[MSRHRSYGKSVKGETKRNVLKRFERIEVLRKLGRWDDATAKKATGLLKTPVIK
5 Chlamydia trachomatis la/Sotonlal Genomic YP_007735734 NCBI accession [MSRHRSYGKSVKGETKRNVLKRFERIKVLRKLGRWDDATAKKATGLLKTPVIK
O 6 Chlamydia trachomatis L2b/UCH-1/proctitis Genomic YP_001653764 NCBI accession ([MSRHRSYGKSFKGETKRNVLKRFERIEVLRKLGRWDDATAKKATGLLKTPAIK
= 7 Chlamydophila abortus S26/3 Genomic YP_219659 NCBI accession [MSRHRSYGKSIKGETKRNVLKRFERIDLLRKLSRWNDTTAKKATGLPKTPVIK
o 8 Chlamydophila caviae GPIC Genomic NP_829109 NCBI accession [MSRHRSYGKSIKGETKRNVLKRFERIDVLRKLGRWNDVTAKKATGLPKTPVMK
3 9 Chlamydophila felis Fe/C-56 Genomic YP_515687 NCBI accession [MSRHRSYGKSIKGETKRNVLKRFERIEVLRKLGRWNDATAKKATGLPKTPVMK
§_ 10 Chlamydophila pecorum E58 Genomic YP_004377242 NCBI accession |MSRHRSYGKSVKGVTKRNVLKRFERIEVLRKLGRWDDATAKKATGLPKTPILK
Iy 11 Chlamydophila pneumoniae CWL029 Genomic NP_224704 NCBI accession |[MSRHRSYGKSVKGVTKRNVLKRFERVEVLRKLGRWNDSTAKKVTGLPKTPILK
@ 12 Chlamydophila psittaci RD1 Genomic CBY16774 NCBI accession |MSRHRSYGKSIKGETKRNVLKRFERIDLLRKLGRWNDATAKKATGLPKTPVIK
13 Chlavochlamydia salmonicola Genomic Unpublished local MSRHPSYGKSTKTAKKRNVLKRFERIDVLKKLGRWSKEKNSRVTGLPKTDFIE
14 Parachlamydia acanthamoebae Hall's coccus Genomic EFB41143 NCBI accession |[MSRHPSFGSSSKAATKRNVLKRFERIDVLRKLGRWKDGENKRVTGLPKTLIQQ
15 Protochlamydia amoebophila UWE25 Genomic YP_008052 NCBI accession |MSRHPSFGKAGKTATKRNVLKRFERIDVLKKIGRWKDSENKRITGLPKTPVL
16 Simkania negevensis Z Genomic YP_004671276 NCBI accession |MSRHPSYGKSNKGGKKQNVLKRFQRIDILRKLGRWKDGENKKVTGLPKTPVK
17 Waddlia chondrophila WSU 86-1044 Genomic YP_003709404 NCBI accession |[MSRHPSFGKSNKGGQKRNVLKRFERLDVLKKLGRWEKDKDKKITGLPKTPVM
18 Lentisphaera araneosa HTCC2155 Genomic WP_007281381 NCBI accession |MSIHRSLKVKGNTAGKKNVLKRFERVDQLIQEGRLKPGDQVLGLPKTKVNI
19 Victivallis vadensis ATCC BAA-548 Genomic ZP_06244328 NCBI accession [MSQHPSLRVGGKIRKIRNVMKRYERIDVLLADGRIKEDKVLGLPKTKPTEI
20 Omnitrophica bacterium sp. Genomic A11A17DRAFT_01756 locus_tag MSQHSSLKARGFGVKHRNVLKRFERIKKLKADGRWQDVMSPFGLPKIKSVKIKVKKIKAEAKTDAAAPAGAPAAAAPAKTEAKP)
21 Akkermansia muciniphila ATCC BAA-835 Genomic YP_001876867 NCBI accession |MSKHSSLKATGTVGGKRSVLKRFERVKLLKERGEWKKGQSPLGLPKTKHEA
22 Chthoniobacter flavus Ellin428 Genomic WP_006980537 NCBI accession |MSQHRSLKGQSTIAAKRNVLKRFERVELLQQRGQYKQGDKVVGLRKTKPNE
§ 23 Coraliomargarita akajimensis DSM 45221 Genomic YP_003547466 NCBI accession [MSQHNSFKASGGGGKKNRTVLKRFERVELLRKRGEWKEGDRVIGLKKTQPEA
3 24 Diplosphaera colitermitum TAV2 Genomic Predicted_orf local MSQHNSLQGPRGIVIKRNVLKRFERVALLKKRSQWKEGDRVMGLRKTKPDV
= 25 Methylacidiphilum infernorum V4 Genomic ACD82121 NCBI accession |[MSQHRSYRTGSLLVAKRNVLKRYERINILKKQGKWKEGDKVLGLPKTKPI
8 26 Opitutaceae bacterium TAV1 Genomic EIQ01901 NCBI accession |MSQHNSLQGPRGIVIKRNVLKRFERVALLKKRGQWKDGERVMGLRKTKPDV
3 27 Opitutus terrae PB90-1 Genomic YP_001819597 NCBI accession |MSQHKSLQGSSGIVIKRNVLKRFERVDILKKRGQWKAGDRVQGLRKTKPDV
o 28 Pedosphaera parvula str. Ellin514 Genomic WP_007418645 NCBI accession [MSQHRSLRAVATMGGKRNVLKRFERVGLLKKRGQWKEGDRITGLRKTKPEA
3 29 Rubritalea marina DSM 17716 Genomic ‘WP_018969454 NCBI accession (MSKHSSLKAKGSAQGKRSVMKRFERVKALQESGKWQEGQSPIGLPKTKVTK
o 30 | Verrucomicrobia bacterium SCGC AAA164-M04 Genomic ‘WP_020150039 NCBI accession |MSKHNSLKRKGGATGKRSVMKRFERVKLMKERGDWKEGQSAIGLPKTKAEG
o 31 Verrucomicrobiae bacterium DG1235 Genomic WP_008101174 NCBI accession [MSQHPSYKSNASTGAKRNVLKRFERVELLKKRGEWKDGDRVSGLRKTKPEA
Verrucomicrobium sp. 3C Genomic ‘WP_018290680 NCBI accession |[MSQHRSLRSGSLLAAKRNVLKRLERIALLKKRGRWKDGMRVFGLPKTRPV
Verrucomicrobium spinosum DSM 4136 Genomic ‘WP_009960041 NCBI accession |[MSQHRSLKSSGGSVGTKRSVLKRGERIKLMKARGQWNEGRSLYNLPKTKPEA
Blastopirellula marina DSM 3645 Genomic EAQ82555 NCBI i MTIDKSLKVKI VLTRVERLEQMRKAGKFNPETDSPIGIPKTRVIKISMKKKKKKEEAT
Gemmata obscuriglobus UQM 2246 Genomic WP_010042250 NCBI accession [MSIDKSLKRKAGMSRQRCVLTRAERITKMLENGKFGAESSPYGLPKTRVQKIALKKKAKKEEAEGGDDKAKKKK
Isosphaera pallida ATCC 43644 Genomic ADV63884 NCBI accession |MSIDKSLRKGGGLGGQRNVLKRAERMALLQEDGRWTENHGPYNLPKTKYRKLKPGQSGPKRPESAS
Kuenenia stuttgartiensis Genomic CAJ71823 NCBI accession [MSIDKSLKPKGKLSRPRNVYRKVERIAILKAENRWDQDTSVFGLPKVKVEKLKRKGKAPKKVEPEETGKAGKAGKAGKAKK
Phycisphaera mikurensis NBRC 102666 Genomic BAMO03780 NCBI accession |MSLDSSLKAGGGLKRHRNVLTRPERIELLAKKDAFDKKQGDPLGLPKVGNRKLTTGKK
Pirellula staleyi DSM 6068 Genomic ADB16323 NCBI i MPIDNSLKVK/ TRAERLEKLKEADRWKEGDKVLGMPKVRVVKISMKKKKKVKTEEEGGAAGAKGAKGGKAAPKK
Planctomyces brasiliensis DSM 5305 Genomic ADY61955 NCBI accession |MSLNSSLKTGSKMKRPRNVLKRHERIEQLQKQDRWIEGQAPIGLPKVRVFKAVIGKKKKKTKEEK
Planctomyces limnophilus DSM 3776 Genomic ADG66798 NCBI accession |VSIDKSLKRKGRLARSRNVLSRSERILQMIGEDKLGTQDSPFGLPKLRIVKMVIGKKKKKKAAEDKKDDKKKAAKKK
Planctomyces maris DSM 8797 Genomic EDL57138 NCBI accession [VSLDKSLKSKSTLVRARNVLKRAERIEKLKFEDRWVEGQGALGLPKVRVEKISIGKKKKKKKDDDED
planctomycete KSU-1 Genomic GAB62711 NCBI accession |MSIDKSLKTKGKLVRPRNVLTRIERIKLLREEKKWEPTISVFGIPKVKVLKLKQRGKAEKKAKPEATAAAAGGEVSATAGKEKAKH
Rhodopirellula baltica WH47 Genomic EGF27562 NCBI accession [MTMDRSLKVQAGAIKSRNVLTRAERVERMKDLDKFNEESSIIGMPKTRVLKVSLKKKKKVKKADEADDKKKK
Rhodopirellula europaea 6C Genomic EMB16928 NCBI accession |MTMDRSLKVQAGAIKSRNVLTRAERVERMKDLDKFNEESSIIGMPKTRVLKVSLKKKKKVKKADDADDKKKK
Rhodopirellula maiorica Genomic 'WP_008697985 NCBI accession |MTMDRSLKVQAGAIKSRNVLTRAERIARLTELDRFDPEASIVGMAKVRVPKVSLKRKKKVKKEDDPKDAKKKK
Rhodopirellula sallentina Genomic ‘WP_008684427 NCBI accession |MTMDRSLKVQAGAIKSRNVLTRAERIARLKELDKFDEDASIIGMPKTRVQKISLKKKKKVKKAED
Rhodopirellula sp. SWK7 Genomic 'WP_009093503 NCBI accession [MTMDRSLKVQAGAIKSRNVLTRAERIARLKELDKFDENASIIGMPKTRVQKISLKKKKKVKKAEEK
Schlesneria paludicola DSM 18645 Genomic WP_010588411 NCBI accession |MTIEKSLKRKGRLARLRSVLSRDERITQMKADERWADGTSPFGLPKLRVVRLVVGKKKKKKTAEGDKKDDKKKAAKKK
Singulisphaera acidiphila DSM 18658 Genomic AGA30079 NCBI accession |MSIDKSLKKGGGLSRTRNVLTRPERLALLQEDERWKPAQGVFNLPKTKFRRLAPGQSGPKRPS
Uncultured planctomycete Genomic BAL56385 NCBI i MSLDKSLRRK( TRAERIKQLMQEERWREGMSPFGLPKIRVIKLKKSKRSAKEEKAAAAAGGAAGAAASPTQEKK
Zavarzinella formosa Genomic WP_020474003 NCBI accession |MSIDKSLKRKSGGISNRSVLTRTERINTLKDADKWVEGRSPFGLPKVRVLKISLKKAKKEKEEEDTKAPAKKK
Alaska permafrost Soil 2124908040 Predicted orf local MSLHSSLRXDKAGAAQRTVLTRIERIKELMKKGQWSDESSVTNLPKTKQVRV
Alaska permafrost Soil 2124908041 Predicted orf local MSQHRSLRAASTLGGKRNVLKRFERVELLKKRGQWKAGDRITGLRKTKPEA
Alaska permafrost Soil 2124908043 Predicted orf local MSQHRSLKGASTITAKRNVLKRFERVELLKKRGQWKEGGKVVGLPKTKPDV
Alaska permafrost Soil 2124908044 Predicted orf local MSQHRSLKGASTITAKRNVLKRFERVELLKKRGQWKDGAKVMGLPKTKPDA
Alaska permafrost Soil 2140918006 Predicted orf local MTQHSSLKSANKITAKRNVMKRFERIDFLRASGKWKEGDRGLGLPKTKPQV
Annamox bioreactor Engineered 2017108002 Predicted orf local MSIDKSLKTMGKLVRQRNVLTRPERIKYLMDEGLWDEKKSVYGLPKV
Ant colony Soil 2032320007 Predicted orf local MSLDRSLKTAGSLIKHRNVLTRPERVAKLAAAGKFDLSQDDPVGIPKVLNRRVAAGGK
Ant colony Soil 2038011000 Predicted orf local MTIDKSLKVKGSGIQNRNVLTRAERIEKLVAADKFKEGDKVLGLPKSAF
Ant colony Soil 2038011000 Predicted orf local MSMDPSLKSASSLVRHRNVLTRGERLERLAGQGKWDESKAVFGLPKVGNRKLVVGGKPKKEE
Ant colony Soil 2038011000 Predicted orf local MSIDPSLKTAGNLTTKRSVMKREERIAALKDEKRHDDSKGALNLPKTKVRE
Ant colony Soil 2040502000 Predicted orf local MSLDKSLKKAGSMARARNVLTRAERMAVLQEDDRWRPEQGVYNLPKTKYRRLAPGQSGPKRPD
Ant colony Soil 2040502000 Predicted orf local MTIDKSLKVRRGATSNRSVLTRAERLERLKETDRWTDGMSPLGLPKVRVRKPAM
Ant colony Soil 2040502000 Predicted orf local MTMDQSLKAKKGLARARGVLSRDERLAKLREMDRWSEGDAPVGLPK
Ant colony Soil 2040502000 Predicted orf local MSQHPSFKAGGSGNQKKRNVLKRFERVNLLRKRGQWKDGNRVTGLLKTLPEE
Ant colony Soil 2040502000 Predicted orf local MSQHSSLQGAKGIVIKRNVLKRFERVATLKKRGQWKDGDRIMGLRKTKPDV
Ant colony Soil 2040502000 Predicted orf local MSQHRSLRAASNTGGKRNVMKRFERVAVLKKRGQWKDGDRVTGLRKTKPEV
Antarctic aquatic Marine orf_1032546/47558590 SIMAP name/ID [MSRHRSYGKATTGAKKRNVLKRFERVQLMKDRDQWKERISVFSLPKQSCIIEKTLF
Antarctic aquatic Marine orf_1032914/47562567 SIMAP name/ID |[MSQHKSLQGPKGLVVKRNVLKRFERVELLRKRGQWKEGDRVQGLRKTTPDV
Antarctic aguatic Marine orf_84015/42269853 SIMAP name/ID (MGLHPSLKRAKNLSGSRSVMKRSERLKWLKDKGDWSEKDPVLGLPKIKIVKLKALKKEKAKESEEGATEEKKETSAQTQKPKD
Antarctic Lake Freshwater 2100351015 Predicted orf local MTLDKSLRVRRGLIRSRSVLSRAERLVKLQESERWKEGDSPLGLPKVRVAKLA
Avrabidopsis rhizosphere Soil 2105370224 IMG/m id MSQHRSLRAASTAGAKRNVMKRYERVELLKKRGQWKTGDRVTGLRKTKPEA
Arabidopsis rhizosphere Soil 2105812886 IMG/m id MSQHRSLKGASTIAAKRNVLKRFERVELLKKRGQWKDGQKVVGLPKTKPDV
Arabidopsis rhizosphere Soil 2209111006 Predicted orf local MSQHRSLKGASTIAARRNVLKRFERVELLKKRGQWKEGQKVIGLPKTKPDV
Arabidopsis rhizosphere Soil 2209111006 Predicted orf local MSQHRSLRGASTIAAKRNVLKRFERVDLLKKRGQWKETSKVIGLPKTKPDV
Arctic Sediment Marine 2088090012 Predicted orf local MSIDRSLKIKGALSRHRNVLTRAERIEKLKEEERWSEGESLLGLPKVAHRKSHAGRK
Arctic Sediment Marine 2088090012 Predicted orf local MTIDKSLKIRRGGSGNRSVLTRIERLERLKEADRWKEGDSPLGLPKVRVRKLAM
Arctic Sediment Marine 2088090012 Predicted orf local MTIDRTLKKHGGLKGQRSVLTRAERIAKLTEDGKFDPEKDSVLGLPKVKVKA
Arctic Sediment Marine 2100351001 Predicted orf local MSMHSSLKGAAKIRTRRNVLKRFERVEVLKRRANGRMATVRMACRKPSPKIKLE
Arctic Sediment Marine 2100351001 Predicted orf local MSIDPSLKIKGALTRHRNVLKRAERIEVLKDEERWSEGDSLLGLEKVAHRKSHAGRKEKKAPD
Arctic Sediment Marine 2100351001 Predicted orf local MSIHRSFRSGNRLEKHRNVLSRIERIARLETVHKWEASADSVFKLPKIRNIKIR
Arctic Sediment Marine 2100351006 Predicted orf local MSIDRSLKIKGALSRHRNVLSRAERIEKLKDEERWSEGDSLLGLPKVAHRKSHAGRK
Arctic Sediment Marine 2100351006 Predicted orf local MTMDRTLKIHGGLARARSVLTRTERIQRLTDEGKFDPDQNSPFGLPKTRVHHSKVGVKAKKVEQ
Arctic Sediment Marine 2100351006 Predicted orf local MSIDRSLKIRGALERHRNVLSRAERIERLKDEEQWTEGDSLFGLPKVANRKSHSGR
Arctic Sediment Marine 2100351006 Predicted orf local SIHRSLKSKGKLERHRSVLTRTEQLDTLKNEERWQDGDSVYGLPKVRVIRVKRKKAAKEEE
Arctic Sediment Marine 2100351006 Predicted orf local MSIDRSLKVRGALTRHRNVLTRAERIEQLKDEEKWTEEDSLLGLPKVAHRKSHAGRK
Arctic Sediment Marine 2100351006 Predicted orf local MSIDRSLKIKGALTRHRNVLTRAERVEQLKDEDRWSEENSLLGLPKVAHRKSHAGR
Arctic Sediment Marine 2100351006 Predicted orf local MGLHPSLKRAEKLGGSRSVMKRTERIKWLKERGKWNENDTVLGLPKIKS
Arctic Sediment Marine 2100351011 Predicted orf local MSIDRSLKIKSALQRHRNVLTRAERIEQLKEEERWSEEDSLLGLPKVAHRKSHVGRKAAKEE
Arctic Sediment Marine 2100351011 Predicted orf local MSIDRSLKIKGALERHRNVLSRAERIEKLKEEERWDEGDAVLGLPKVAHRK
Arctic Sediment Marine 2100351011 Predicted orf local MSIDRSLKIKGTLTRHRNVLSRAERIEQLKDEEKWSEGDSVLGMPKVEHRKSHAGKK
Arctic Sediment Marine 2100351011 Predicted orf local VAVDKSLKTKGSLLRRRNVLSREERLQMLEKDGRWQDGDSVFGLPKVA
Arctic Sediment Marine 2100351011 Predicted orf local MSQHSSLKFGSKDKQHRSVLTRAERIKKLKGKDKWQEGNSVFGLPKVKMLRFKVKKEKA
Arctic Sediment Marine 2100351011 Predicted orf local MTIDKSLRVSRSLSRNRSVLTRNERLLRLKEADRWKEGDSPLGLPKVRVQRLVV
Arctic Sediment Marine 2100351011 Predicted orf local MSLHPSLKVDTAGAQQRTVLTRIERIKDLMKRDLWHDEHSVTGLPKT
Arctic Sediment Marine 2100351012 Predicted orf local MSLDKSLKSQNSLVRHRNVLSRAERLEKLEEEQRWSEGASVLGLAKVVHRKAAL
Arctic Sediment Marine 2100351012 Predicted orf local MSKHASLKIAGGAGGKRSVLKRFERIKLLKERGQWKEGKSPIGLPKTKPES
Arctic Sediment Marine 2100351012 Predicted orf local MSIDPSLKIKGALSRHRNVLTRAERIELLKEEERWSEEDSLLGLPKVAHRKSHAGRK
Arctic Sediment Marine 2100351012 Predicted orf local MTIDKSLKIRRGGAGNRSVLTRGERLEKLKETDRWKEGDSPLGLPKVRVRKLVMKKKKKKVEEED
Arctic Sediment Marine 2100351012 Predicted orf local MSIDRSLKIKGALERHRNVLSRAERIEKLKEEERWDEGDSVLGLPKVAH
Benzene i i 2020627003 Predicted orf local MSIHPSLKIAAKGAQQRTVLTRIERIKNLMEKDLWVKDRNVTGLPKLKIL
Benzene degrading bioreactor Engineered 2061766000 Predicted orf local MAIHPSLNFSEKDQKQRSVLKRIERIKHMIEKNEWKEGDKIFGLPKIKSV
Biofuel Engineered 2156126002 Predicted orf local MSQHPSLRVGGKIRKIRNVMKRYERIDVLRAEGRIPEDKILGLPKTKPIEV
Bioreactor Engineered orf_25308/24645314 SIMAP name/ID |[MSQHPSLKGQGAIKARRNVLKRFERVELMKSVASTSPATVSSVFPRPNPRIN
Bioreactor Engineered orf_25309/24645322 SIMAP name/ID [MSQHPSLKASKSVGSKRSVLKRYERVKLLQARGLWKEGRSPIGLPKTKPEE
Bioreactor Engineered orf_25310/24645328 SIMAP name/ID [MSQHPSLKGKGAIKAKRSVLKRFERVELMKKRGVFKEGQRVIGLPKRSP! QFEFRQARL AAAGL
Colorado Soil Soil 2209111000 Predicted orf local MSQHRSLKGASTITAKRNVLKRFERVELLKKRGQWKAGAKVIGLPKTKPDA
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2006207001 Predicted orf
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EBF37225.1
EDJ30329.1
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EBH72892.1
EBT86298.1
ECG67749.1
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orf_97861/16136525
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2035918006 Predicted orf
2044078003 Predicted orf
2044078003 Predicted orf
2162886011 Predicted orf
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2149837004 Predicted orf
2032320002 Predicted orf
2032320002 Predicted orf
2032320002 Predicted orf
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MSQHRSLKGASTIAAKRNVLKRFERVELLKKRGQWKEGQKVIGLPKTKPDV
MSQHKSLQGASGIVVKRNVLKRFERVAVLKKRGQWKEGDRVAGLRKTKPDV
MTMHSSLKNAAKIQIRRNVLKRFERVDQLKAEGRWKDGDRGFGLVKTKPAE
MSLHPSLKVDKAGAQQRTVLSRIERVKDLMKKGQWEDGRDVLSLPKTRIIKIKARKSKAVKEA
MTMDQSLKVQAGAIKSRNVLTRAERVARLIELERFDEEANVVGMPKVRVMKVSL
MSQHKSLQGSSGLVIKRNVLKRFERVDLLKKRGQWKAGDRVQGLRKTKPDV
MTIDKSLKVKAGAAKSRNVLNRTERLTQLKETDRWRDGDSLLGMPKVRVMKISM
MSQHPSLRIKSAGSKHRNVLKRYERIKKLEEAEKWDAEKDSVFNLPKVKSQKVK
MSQHNSLKGSAKITAKRNVLKRFERVDLMRKRGQWKDDSRGFGLPKTKPAE
MTLDKSLKVSGGSIKSRNIMTRVERLTRLKELERWKEGDPVLGIPKTR
MTIDTSLKVRVGGAKTRNVLNRNERLAKLIEAGKWQDGSSVLGMPKVRV
MSQHKSLQGASGIVRKRNVLKRFERVEILKKRGQWKEGDRVQGLRKTKPGV
MTQHNSFKSSASSSGAKRNVLKRFERVELLKKRGTVKDLKRVTKLPKTKPDA
MTLDKSLKVRAGAIKSRNVMTRAERIKRLQDLDKWTDESIVLGMAKVRVPKISL

MSIt LHGADSL' QLKKEGRFDPEEDSVLGLPKVRTKFR
MSLDRSLKTSGALSRHRNVLSRAERLEKLKEQERWKDGDSVLGLPKVSHRKTGG
MSLDSSLKTGGGLAKHRNVLTRAERIARLTDQEKFDMEGDSPLGLPKVANRKVVIGGKKKKKPGEEGDEDAAE
MSQHRSLRGATTLGAKRNVLKRYERVDMLKKRSEWKEGNRVTGLRKTKPPA
MSIDKSLKRKNTLARARSVLSRGERIKVLTDQEKWVDGRSPFGLPKVRVQKHVVKKAKKEKVEAVEGAEGAAAAPAAA
VPIDKSLRRRGRLVRSRNVLTREERVDQMKREETWIAGRSPMGLPKTRVVKVAAKKKKKAKEEGAEEGAVAPAGVLRPLLLPL
VPIDKSLRRRGRLVRSRNVLTREERVDQMKREETWIAGRSPMGLPKTR
HRSLKGASTITAKRNVLKRFERVELLKKRGQFKEGMKVIGLPETKPDA
MSIDKSLKRKNTLARARSVLSRGERIKVLTDQEKWVDGRSPFGLPKVRVQK
MSQHRSLKGAANVAAKRNVLKRFERIEVLKRRGQWKEGDKVLGLRK
MSQHRSLRAASTSGANRNVLKRFERVALLKKRGQWKTGDRVTGLRKTKADA
MSQHPSLRSDSVGAKHRNVFKRLERVKKLQEMGKWSDRGTAYNLPKVKSLKVKMK
MSQHPSLRSSDKDKAQRSVLKRYERVKILKDKEKWTEEDSVYKLPKLKIIKFKVKKR
MSQHPSLRSSDNDKKQRSVLKRYERISLLKDKEKWKEDDSVFGLPKVKIVKLQS
MSRHPSYGKSSKSAKKRNVLKRFERVDVLRKLGRWKDGENKKVTGLPKTPIL
MSVHKSLRTGGSLVKHRNVLTRSERIKFLEAAGEWREGQHKVLGLRKVKSQ
MSQHPSLRSSDKDKKARSVLKRYERIKTLQDKEKWDEKKDSVFGLPKVKVTRFHL
MSQHPSLRSSDKDKAQRSVLKRFERIKILKDKESWTESDSVYKLPKLKITKFKV
MSQHRSLRAASTLGGKRNVLKRFERVEILKKRGEWKEGGRITGLRKTKAVVA
MSLHRSLRAASTSGANRNVLKRFERVALLKKRGQWKTGDRVTGLRKTKADA
MSQHRSLRAASVLGGKRNVLKRFERVEILKKRGQWKEGDRVTGLRKTRRET
MSQHRSLRAASTLGGKRNVLKRFERTALLEKRGQRKAGDKITGLRKTKPEA
MSQHRSLRAASTLGGKRNVMKRFERVEILKKRGQWKPGDRITGLRKTKADA
MSQHASLKAADRIVEKRNVLKRFERIEIMRANKKWKKGDRGLGLPKTKSE
MSQHRSLRAASTLGGKRNVMKRFERIEVLKKRGQWKAGDRITGLRKTKASV
MSMHSSLKSGTKMAAKRNVMKRFERIDLLKAKGKWKAGDRAFGLPKIKPAA
MTLDKSLRVSTSSIQNRNVLTRAERVLKLKDTERWKEGDQVLGLPKVRVSKVSLKKK
MAQHRSLRAASTLGGKRNVMKRFERIEILKKRGQWKDGDRITGLRKTKADV
MSQHRSLRAASTLGGKRNVLKRFERTAILEKRGQRKAGDKITGLRKTKPDA
MSQHRSLRAASTLGGKRNVLKRFERTAILEKRGQRKSGDKITGLRKTKPDA
MSLHTSLKIDTAGAQQRSVLTRIERMKEMMKKGLWKEDRSAVGLPKTKIVKVKAR
MTMDKSLRTRRGLVRSRSVLTRAERLIQLKESARWKEGDSPLGLPKVRVFKLAM
MSLHPSLKVDLAGAQHKTVYSRIQRVKSLMKKGKWLEGQAVTGLPK
MSQHKSLQGISGLVVKRNVLKRFERVDLLRKRGLWKVGDRVQGLRKTKPDV
MSQHKSLQGSSGLVIKRNVLKRFERVDILKKRGQWKAGDRVQGLRKTKPDV
MSRHPSYGKSNKGATKRNVLKRFERVDVLRKLGRWKDGENKKVTGLPKTPVT
MSRHPSYGKSSKGGKKRNVLKRFERVNVLRELGRWKDGENTRVTGLPKTPIL
MSQHSSLKGSGKITAKRNVLKRFERVNLLKKRGQWKDGDRGLGLRKTKPEV
MSQHRSLRSSGTIAAKRNVLKRFERVDLLTKRGQFKEGRSVLGLPKTKPPE
MSIHPSLTISEKDKKARSVLKRTERIRQMWEKNKWKEGDSVYGLPKIKTLR
MSLDSSLKVKGALTRHRNVLTRAERVEKLKDEEKWDSNSSVLGLPKVGHRKIRAGRK
MSIHSSLKTKSGNLASHRGVFTREERISKLTEAEKFGAGKSPLGLPKVLSVKLGGAKK
'SKHNSLKSNATVGGKRSVLKRFERVKLLKERGEWKAGRSPVGLPKTKHEG
MSIHPSLKSTQKIKKQRSVLKRTERLRMMMEKDQWKEGDDVFGLPKI
MTMDKSLRVRKGSSSARGVLSRAERIAKMKEQERWTEGRSPLGLPKVRVQKLSM
MSQHSSLRGASALGAKRNVLKRFERVDLLKKRGQWKAGDRVTGLRKTKPDA
MSQHRSLKGSNKIQAKRNVMKRFERVEALKKQGRWKDGQRVFGLPKTKPTS
MSIDRSLKVKDALSRHRNVLSRAERLEMLQEQERWQEGGSVLGLPKVAHRKTVAGKK
MSMHPSLKASEKGKKQRSVLGRIERLKVMLDKEQWKEGSAVYGLPKIK
MSLHSSLKAADKIKTRRNVLKRFERIEVLKNRAVSRRASAYSAFRR
MSQHPSLRSASKIASKRNVLKRFERVDLLASRGKWKEGDRGIGLPKTKS
MSRHTSFGKGSKGIKKRNVLKRFERVDKLRSLGRWNEKDNQRVTGLPKTPVS
MSIHPSLVISEKDKMARSVLKRTERIRQMHEKGKWKEGDSVYGLPKMKTLRIKIKKEKVAKAETTT
MSQHPSLRSSEKDKKQRSVLKRYERIKTLQDKEKWDEKKDSVFGLPKVKVTRFKIKKEKAAA
MTQHPSLKGSQLGTKFRAVLKRYEKVKELEEKDKWNEEKGSIYKLPKLRRIKFKI
MSQHPSLRVDKVGARHRNVLKRYERVDRLKEQSKWQEARSVFGLPKVKSQ
MSIHPSFGKASGAMREKRSVMKRFERVEELRKRGQFKPGDRVFGLRKTSCL
MTRHASYGKSTKSSKKRNVLKRYERIDVLRKLGRWIDGANKKVTGLPKTPVV
MSQHPSLRSSDKDKKQRSVLKRYERIKTLQDKEKWDEEKDSVFGLPKVKVTRFKI
MSQHPSLRSSDKDKAQRSVLKRYERVKILKDKEKWTEEDSVYKLPKLKIIKFKVKKEKA
MSQHPSLRSSGKDKKQRSVLKRFERVKTLQDKEKWDEEKDSVFGLPKVKVTRFKI
MSQHPSLRSSDKDKKQRSVLKRYERIKTLQDKEKWDEKKDSVFGLPKVKVTRFKIKKEKAAA
MSRHPSFGKSTASGSKRNVLKRFERVDALKKLGRWKNEATRVTGLPKTPI
MSQHPSLRSSDNDKKNRSVLKRYERISLLKDKEKWKEDDSVFGLPKVRS
MSQHPSLRSSDNDKKNRSVLKRYERISLLKDKEKWKEDDSVFGLPKVRS
VSIDKSLSNKGKLIRHRSVLTRSERVKALTNEGVWGEERSVFGLPKVKTIKMRKKGKSTKEKGEEASSADGKKA
MTMDKSLRARAGLIRSRSVLTRAERIERLKASDRWKEGDSPFGLDKVRVYKLAIKKKKKKKEEE
MTMDKSLRVRKGASRPRGVLTRAERIAKLEELGKWEDGQRPLGLPKVRVYKVVLKKKKKAKT
MTMDKSLRVRKGSSRARGVLTRAERIAKLQELGTWQDGQRPLGLPKVRVYKVVLKKKKKAKEEPEAEGGKKKK

NCBI ac ion
NCBI accession

MTMNKSLRVRI SRAERITKLKELEKWKEGQSPLGLAKVRVQKISMKKKKAKDEPEATEST
MTMDKSLRVRKGATSARGVLTRAERIAKLKEQDIWKDGRSPLGLPKVRVQKMAMKKKVKKKDEAAEGAAAAKPAAGGAAGAK|
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SIMAP name/ID
SIMAP name/ID
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NCBI MTMNKSLRVRI SRAERITKLKELEKWEEGQSPLGLAKVRVEKISMKKKKPAKDEPDATEGK
NCBI MTMNKSLRVRK! SRAERITKLKELEKWEEGQSPLGLPKVRVQKISMKKKKKAKDDSDAAEST
NCBI MTMNKSLRVRK SRAERITKLKELEKWEEGQSPLGLPKVRVQKISMKKKKKAKDDSDTTAEST

MTMNKSLRIRKGGGGSRGVLSRAERITKLKELERWEDGQSPLGLPKVRVYKISLKKKKKTKADEGEEDGKKAKKK
MSRHRSLSSSNKLGAKRNVLKRFERVALLKERGQWKEGERVTGLRKTKPAE
VSLDKSLRRGNKMSGTRNVLKRAERVSQLEAEDRWTEKSTVLGMPKVRVKRTVIGKKEEEEIQGRRFRVI
MTMNKSLRVRKGSGGSRGVLSRAERITKLKDLEKWEEGQSPLGLPKVRVYKISM
MSQHPSLKVGGAAEAKRTVLTRYERVELLRKRGELKEGDRITGLKKTKPGE
MSQHPSLKVGGAAEAKRSVLTRYERVELLRKRGELKEDDRITGLKKTKPEE
MSQHPSLKVGGAAEAKRTVLTRYERVELLRKRGELKEDDRITGLKKTKPGE
MSQHPSLKPPGGLMKKRNVLKRFQRIDLLRQRNQWKEGDRVVSLPKTKPAE
MSQHPSLKVGGAAEAKRTVLTRYERVELLRKRGELKEDDRITGLKKTKPEE
MSQHPSLKVGGAAEAKRSVLTRYERVELLRKRGELKEGDRITGLKKTKPEE
MSIHKSLSLGSGISTERSVFSRRERVDRLIKEGKLSPEDSPIGLPKVRTQFKVVSRKAKKAK
MSLHRSLKTKPAGLNQHRNVLTRAERIEHLADADEFDKESGCPIGLPKVGSR
MTIDKSLKVKRGASRNRSVLTRAERLQKLKIADRWQEGDSPLGLPKVRVRKLTI
MSMHSSLKGAAKIRTKRNVLKRFERIDVLKKDGKWKEGDRAFNLPKTKSEA
MSIDSSLRLKDALVRHRNVLTRAERISKLKDEERWEEDYSVLGLPKSGTQK
MSIHRSLRTVSSALNQHRNVLKRSERITLMTDRDAFDPKNDSPIGLVKYANRKATTGKK
RSLRAASTLGGKRNVLKRFERVELLKKRGQWKSGDRITGLRKTKPDV
MPIDKTLKVKAGGIKNRNVLKRAERVEKLRELEKFQSGMSVLGLPKVRVIKLAI
MTIDKSLKVKRGATRNRSVLTRVERISRLREADRWTEGDSPLGLPKVRVRKLTM
MSQHRSLKGASTIAARRNVLKRFERVELLKKRGQWKKDSKVIGLPKTKPDV
MSQHRSLKGASTIAAKRNVLKRFERVDLLKKRGQWKETSKVVGLPKTKPDL
MTMDKSLRVRKALVRNRSVLTRAERIQRLLAMDRWQEGDSPLGLPKVRVQKISM
MTIDRSLRVRSGSIANRNVLTRGERLQKLKESERWQPGSSVYGLPKV
MSMDRSLKTKGNYSGTRSVLTRAERIAKMQTDKKFDPKKDKALGLPKTLIGKV
MSQHRSLKGQSTIAAKRNVLKRFERVEVLKSRGQYKDGDKVIGLRKTKPNE
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MTIDKSLRTRRGVTRSRNVLTRAERIEKLQQQDRWTEEDGPFSLPKVRVYQVVI
MSMDRSLKAGAGLIRHRNVLTRDERLLRLQGDGKWDETKSVLGLVKVGNRKMIIGGK
MSIDKSLKKASSMARSRNVLTRAERLIILQDDERWTPALGVYNLPKTKYRRLPPGQSGPRRVEPK
MTMDKSLKIRRGLIRARGVLTRDERILRLKEADRWQEGASPLGLPKVRVFKLTM
MSQHRSLRAASTLGGKRNVLKRFERTELLKKRGQWKAGDRITGLRKTKPES
MSQHRSLKGTSTIAARRNVLKRFERVELLKKRGQWKKDSKVIGLPKTKPDV
MSQHRSLRAAATLGGKRNVLKRFERLEILKRRGQWKEGERITGLRKTKADA
MSQHQSLKGANKIQARRNVLKRFERVESLKKQGRWKDGDRVFGLPKTKPE
MSQHRSLKGASTITAKRNVLKRFERVELLKKRGQWKDGAKVLGLPKTKPDA
MSIDKSLRRKNSLQRARNVLTRGERIKTLOQNEERWQVGRSPFGLPKV
MSLDKSLKKAGSLARARNVLSRAERLALLQEDELWKPAAGVYNLPKTKYRRLAPGQSGPKRPAATS
MSQHRSLRSSGTIAAKRNVLKRFERVDLLKKRGQWKEGMRVLGLPKTKPEA
MSQHRSLKGASTITTKRNVLKRFERVELLKKRGIFKPGDKVIGLPKTKPDA
MSQHRSLRAASTLGGKRNVLKRYERTALLKKRNQWKDGDRITGLRKTKPEA
MSQHRSLKGTGTIAARRNVLKRFERVELLKKRGQWKDGQKVIGLPKTKPDV
MSLHKSLIPPSKFGGHRNVLRRSERVAKLESEQKLKPEDSVYGLQKVKMIKVRQKKKPAEEKEAVAPGAAQGAAAPGAPDP
MSQHRSLKGASTIAAKRNVLKRFERVEILKKRGQWKDGQKVIGLPKTKPDV
SLKGTSTIAAKRNVLKRFERVELLKKRGQWKETSKVIGLPKTKPDV
MSQHPSLRAASTTGGKRNVLKRFERVELLKKRGQWKEGDRVVGLRKTKPSE
MTIDKSLKIKAGAAKTRNVLTRPERLTKLIAEDRWEEGDPVYGMPKVRVAKLALKKKKKVKKEDEEEK
MTMDQSLKVKAGAIRSRNVLTRAERVARLKELEKFDENNSIVGMPKVRVQKISLKKKKKVKKADDEK
MAIDKSLKVKAGATANRSVLTRVERIEKLRETGAFDEDSSPFGLQKVRVRKLTMKKKKPKKADEDDK
MSQHRSLKGQSTIAAKRNVLKRFERVEILKSRGQYKQGDKVIGLRKTKPNE
MSQHKSLRGASTIAAKRNVLKRFERVDLMKKRGVWKEGTRVLGLPKTKPEV
MSQHRSLKGASTITVKRNVLKRFERVELMKKRGVWKADSRVIGLPKTKPEE
MSQHPSLKGKGSIQAKRSVLKRFERVELMKKRGQFKPGQRVIGLPKTKPEE
MTRHQSYGKASKQEKKRNVLKRFERIEVLRDMGKWKDGENKRVTGLPKTLIKK
MSQHTSLRGSGKITAKRNVLKRFERVNVLKERGQWKAGDRGLGLRKTKPSV
MTMDKSLRVRKGSASTRGVLTRAERITKLKEQERWQDGRSPLGLPKVRVFKMAMKKKKKAKEEGADAATPAAAGKAAAPAAK|
MSRHSSFGKASKAEQKRNVLKRFERVKVLKKLGKWTEGSNVKVTGLPKTPVK
MSRHPSFGKASKGETKRNVLKRFERVKMLKKLGKWQEGVNTTVTNLPKTPAK
MSRHPSFGKASKGETKRNVLKRFERVKALKQLGKWQEGVNTIVTNLPKTLVK
MSIHPSFKSGKNKQQRSVLKRLARIILLRKENKWNEEKDSIFGLPK
MSIDPSLKIKGALSRHRNVLKRAERIELLKEEDRWTEEDSLLGLPKVAHRKSHAGRK
MSQHRSLRAVATMGGKRNVLKRFERVGLLKKRGQWKEGDRITGLRKTKPDA
MSLDRSLKVSGKLAGKRSVMTRTERIAKLSTDKKFDGAKGSALNLPKT
MSQHRSLKGASTIVAKRNVLKRFERVELLKKRGQWKEGRKVIGLPKTKPDA
MSQHRSLRAASTTGGKRNVLKRFERVALLKKRSQWKEGDRVTGLRKTKPEA
MSIHSSLRGVDTLKGERSVFTRVERLAVLKKAGKFDEKAGSVYGLPKVRTR
MSQHRSLRAAATLGGKRNVLKRFERLEVLQKARPMERGRAHHRPATK
MSQHRSLRAIATVGGKRNVLKRFERVGLLKKRGHWKEGDRITGLRKTKPDA
MSQHRSLRATATLGAKRNVWKRFERVELLKKRGQWKEGDPVTSLRKTKPPI
MSQHKSLQGSSGLVVKRNVLKRFERVDILKKRGQWKAGDRVQGLRKTKPDV
MTIDKSLKVKRGMSRVRNVLTRAERLGKLKDVERWKEGDPVLGLPKVRVM
MSLDRSLKSANALIRHRNVLTRPERLAQLTDEGKWDDKKSVYGLPKVGHRKAAVVK
MSQHRSLKGASTITAKRNVLKRFERVELLKKRGQFKDGQKVLGLPKTKPDV
MSQHRSLKGVSTIAARRNVLKRFERVELLKKRGQWKKGNKVIGLPKTKPDV
MSIDKSLKKASSLARARNVLTRPERLAALQEDDRWTPEKGVYNLPKTKYRRL
MSQHRSLKGASTIITKRNVLKRFERVELLKKRGLFKPGDKVIGLPKTKPDA
MSLDGSLKGKSTLERHRNVLRRGERIDVLEDAEKWTETNGSVFGLVKVG
MSQHKSLQGSSGIVVKRNVLKRFERVDLLKNAANGKPAIASRASARPSPTFEH
MSQHRSLKGASTIAAKRNVLKRFERVDLLKKRGQWKETSKVIGLPKTKPDV
MSQHRSLKGASTIAAKRNVLKRFERVELLKKRSQWKDGQKVIGLPKTKPDV
MSQHRSLRGASTIAAKRNVLKRFERVDLLKKRGQWKETSKKIGLPKTKPDV
VSINKTLKIKNTMVRARNVLKRVERIAGMKENESWKDGQAPIHLPKFRVIKSAL
MSQHRSLKGASTIAAKRNVLKRFERVELLKKRGQWKERQKVLGLPKTKPD
MTIDKSLRVKAGAIKNRNVLSRAERIAKLLETDRWKDGDKVLGLPKVRVQ
MTMDKSLRIRRALVKVRSVLTRAERIKRLQDLDRWGEESSPIGLPKVRVQKISMKKKKKKKEEDTAEQGKGK

local MSLDRSLKVAGGLAAKRSVMTRPERIAKMTEDKKFDPKTGKVLGLPKTLVSK
local MSQHRSLRSAGSTAAKRNVMKRFERVALLKTRGQWKDGDRVTGLRKTKP

local MTMDKSLRVRKALVRNRSVLTRAERIQRLLVMDRWQEGDSPLGLPKVRVQKITM
local SLRAASVAGRKRNVLKRFERIALLKKRGLWKPGDRITGLPKTKPDAL
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Integrating metagenomic and amplicon databases
to resolve the phylogenetic and ecological diversity

of the Chlamydiae
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In the era of metagenomics and amplicon sequencing, comprehensive analyses of available
sequence data remain a challenge. Here we describe an approach exploiting metagenomic and
amplicon data sets from public databases to elucidate phylogenetic diversity of defined microbial
taxa. We investigated the phylum Chlamydiae whose known members are obligate intracellular
bacteria that represent important pathogens of humans and animals, as well as symbionts of
protists. Despite their medical relevance, our knowledge about chlamydial diversity is still scarce.
Most of the nine known families are represented by only a few isolates, while previous clone library-
based surveys suggested the existence of yet uncharacterized members of this phylum. Here we
identified more than 22000 high quality, non-redundant chlamydial 16S rRNA gene sequences in
diverse databases, as well as 1900 putative chlamydial protein-encoding genes. Even when applying
the most conservative approach, clustering of chlamydial 16S rRNA gene sequences into operational
taxonomic units revealed an unexpectedly high species, genus and family-level diversity within the
Chlamydiae, including 181 putative families. These in silico findings were verified experimentally
in one Antarctic sample, which contained a high diversity of novel Chlamydiae. In our analysis, the
Rhabdochlamydiaceae, whose known members infect arthropods, represents the most diverse and
species-rich chlamydial family, followed by the protist-associated Parachlamydiaceae, and a putative
new family (PCF8) with unknown host specificity. Available information on the origin of metagenomic
samples indicated that marine environments contain the majority of the newly discovered chlamydial

lineages, highlighting this environment as an important chlamydial reservoir.

The ISME Journal (2014) 8, 115-125; doi:10.1038/ismej.2013.142; published online 15 August 2013
Subject Category: Integrated genomics and post-genomics approaches in microbial ecology
Keywords: 16S rRNA; next-generation sequencing; amplicon sequencing; metagenomics

Introduction

The introduction of methods using next-generation
sequencing to microbial ecology has enabled high-
throughput assessment of complex microbial com-
munities. This is achieved by sequencing either
PCR-amplified marker genes (amplicon sequencing)
(Huse et al., 2008) or genomic DNA from environ-
mental samples (metagenomics) (Tyson et al., 2004;
Venter et al., 2004). These approaches have changed
how the microbial biosphere is viewed and enabled
novel insights to be gained into the composition and
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function of diverse microbial assemblages in habi-
tats ranging from the deep sea to the human gut
(Eckburg et al., 2005; Sogin et al., 2006). However, a
limitation to effectively utilizing these vast data
sets is their distribution among disparate sequence
repositories, including  GenBank/EMBL/DDB],
IMG/m, CAMERA and VAMPS, (Wheeler et al.,
2008; Sun et al., 2011; Markowitz et al., 2012)
(http://vamps.mbl.edu/). This lack of consolidation
hampers exploration of the total available sequence
information.

Chlamydiae are an assemblage of bacteria that
depend on eukaryotic host cells for their reproduc-
tion. Evidence to date indicates the phylum is
represented by members that are all obligate intra-
cellular bacteria with a unique developmental life
cycle. Their best known representatives are the
human pathogens Chlamydia trachomatis and
Chlamydia pneumonia, which cause trachoma and
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sexually transmitted diseases, and pneumonia,
respectively (Bebear and de Barbeyrac, 2009;
Burillo and Bouza, 2010; Hu et al., 2010). Although
these medically important chlamydiae were
described in 1907 (Halberstddter and Prowazek,
1907), the phylum was only represented by the
single genus Chlamydia until 1995. The limited
perception of chlamydial diversity gradually
changed with the identification of environmental
chlamydiae including Simkania negevensis (Kahane
et al., 1995), Waddlia chondrophila (Rurangirwa
et al., 1999) and amoeba-associated chlamydiae like
Parachlamydia acanthamoebae, Protochlamydia
amoebophila (Fritsche et al., 1993; Amann et al.,
1997; Collingro et al., 2005b) and Criblamydia
sequanensis (Thomas et al., 2006).

Analysis of these environmental chlamydiae
helped to better understand the evolution of
Chlamydiae as a whole (Horn, 2008). It was learned
that the intracellular lifestyle of chlamydiae dates
back to an ancient association with early unicellular
eukaryotes in the Precambrian, hundreds of millions
of years ago (Greub and Raoult, 2004; Horn, 2008;
Kamneva et al.,, 2012). This ancient intracellular
lifestyle specialization might have contributed to
the evolution of plants by facilitating the establish-
ment of primary plastids (Brinkman et al., 2002;
Huang and Gogarten, 2007). In addition, several
mechanisms for host interaction developed in these
early associations are still used by extant chlamydial
pathogens and symbionts (Hueck, 1998). Protists have
thus been suggested to have provided ‘evolutionary
training ground’ for contemporary intracellular bac-
teria (Molmeret et al., 2005). There is evidence that
some environmental chlamydiae are associated with
disease in humans and animals, and their impact on
public health is a source of discussion (Corsaro and
Greub, 2006; Lamoth et al., 2011).

The inability to cultivate chlamydiae outside
eukaryotic host cells has hampered the character-
ization of novel chlamydiae. Co-cultivation with
amoebae has been somewhat successfully used to
facilitate retrieval of chlamydiae directly from
environmental samples, but differences in host
specificity limit the applicability of this approach
(Collingro et al., 2005a; Corsaro and Venditti, 2009;
Corsaro et al., 2010). Chlamydiae have also been
largely missed in traditional 16S rRNA gene-based
diversity surveys based on clone libraries, mainly
because of their low abundance compared with free-
living bacteria, but also because many general
bacterial primers used in these studies have mis-
matches to known chlamydial 16S rRNA genes.
Thus, only the application of primer sets specifi-
cally targeting members of the Chlamydiae enabled
the identification of additional lineages within this
phylum (Horn and Wagner, 2001). Such studies
showed that chlamydiae are not only more diverse
than originally thought, but are present in a variety
of environments (Horn, 2008; Corsaro and Venditti,
2009; Corsaro et al., 2010). To date, the phylum
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Chlamydiae has nine described families that range in
size (Kuo and Stephens, 2008) from the well repre-
sented Chlamydiaceae and Parachlamydiaceae to the
less represented Rhabdochlamydiaceae (Corsaro and
Venditti, 2009), Criblamydiaceae (Corsaro et al., 2009),
Simkaniaceae (Everett et al., 1999) and Waddliaceae
(Rurangirwa et al., 1999). The families with the least
number of representatives (a single species) are
Clavochlamydiaceae (Karlsen et al., 2008), Piscichla-
mydiaceae (Draghi et al., 2004) and the recently
discovered Parilichlamydiaceae (Stride et al., 2013).

In this study, we introduce an approach to
combine all existing metagenomic and amplicon
sequence data to assess the microbial diversity and
ecology of the Chlamydiae. To achieve this, we
collected all chlamydia-like protein and 16S rRNA
gene sequences from publically available sequence
databases by using similarity-based searches, filter-
ing steps and large-scale phylogenetic analyses. Our
study revealed the existence of an enormous,
hidden, family-level diversity of Chlamydiae, parti-
cularly in marine habitats, and provided insights
into the genomic diversity of the different families.
Our approach is applicable to other microbial taxa;
it demonstrates a useful computational strategy to
explore taxonomic and genomic diversity and
ecology of microbes that exist in available metage-
nomic sequence space.

Materials and methods

Identification and analysis of putative chlamydial
proteins in metagenomic data

The database SIMAP (Rattei et al., 2010) integrates
data from multiple major public repositories of
metagenomic  sequences, such as IMG/M
(Markowitz et al., 2012), CAMERA (Sun et al.,
2011) and the whole-genome shotgun section of
NCBI GenBank (Wheeler et al., 2008). SIMAP
consistently annotates all potential protein-coding
sequences of these metagenomes and currently
contains about 45 million non-redundant metage-
nomic proteins. Metagenomic proteins in SIMAP
with significant similarity to known chlamydial
proteins (E-value <10 2°, alignment coverage
>50% for both query and subject) were extracted,
and phylogenetic trees were calculated with their
closest homologs using PhyloGenie (Frickey and
Lupas, 2004) and a maximum likelihood method
(RAXML; (Stamatakis, 2006)). Phylogenetic trees were
then filtered with the PhyloGenie tool PHAT for well-
supported (bootstrap values >70%) monophyletic
chlamydial clades containing metagenomic proteins.
Only metagenomic proteins from well-supported
clades were considered to be of putative chlamydial
origin, and information on their closest phylogenetic
relatives and their environmental origin were extracted
for further analysis (Figure 1). A complete description
of the method is provided in the Supplementary
information (Supplementary methods).



Identification and analysis of chlamydial 16S rRNA
gene sequences

NCBI (Wheeler et al., 2008), CAMERA (Sun et al.,
2011) and IMG/m (Markowitz et al., 2012) were
searched with megablast using a representative
chlamydial 16S rRNA gene sequence as reference
(Simkania negevensis, NR_029194). All sequences
with similarity greater than 60% to the reference
sequence were collected. In addition, all amplicon
16S rRNA gene sequences obtained using the 454
Titanium technology were retrieved from VAMPS
and SRA (Kodama et al., 2012). Redundant (identical),
low quality (> 0.4% ambiguous sites (N)) and short
sequences (<300 nucleotides) were removed from the
combined data set, and the remaining sequences were
taxonomically classified using RDP classifier (Wang
et al., 2007) (Figure 1). Sequences recognized as
members of the phylum Chlamydiae with confidence
above 80% were then aligned using the SINA
aligner.(Pruesse et al., 2012). The final data set also
included 12 16S rRNA gene sequences obtained in
this study by PCR analysis of a water sample from Ace
Lake in Antarctica (Supplementary Methods).

Two types of analyses were carried out with the
aligned 16S rRNA gene sequences (Figure 1). First,
near full-length sequences (>1100 nucleotides)
were selected, and their phylogenetic relationships
were reconstructed using Mr Bayes (Huelsenbeck
and Ronquist, 2001). The obtained reference tree
was visualized with iTOL (Letunic and Bork, 2007).
Second, the multiple sequence alignment contain-
ing all sequences was trimmed around the region
with the highest coverage. The sequences were again
filtered for length and alignment quality and then
used for the calculation of Operational Taxonomic

Proteins
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Units (OTUs) using MOTHUR (Schloss et al., 2009)
and ESPRIT (Sun et al., 2009). OTUs were classified
according to the environmental origin of the
sequences they include. Size, ecological classifica-
tion and relative distance between OTUs were
visualized in a NMDS (non-metric multi dimension
scaling) plot using R. A more detailed description of
the method is provided in the supplementary
information (Supplementary Methods).

Results

Chlamydial proteins in metagenomic sequence data

To explore the diversity of putative chlamydial
proteins in metagenomic sequence data, we con-
ducted a comprehensive similarity-based search
coupled to extensive phylogenetic analysis. A total
of 31279 proteins from various metagenomes
contained in the SIMAP database (Rattei et al.,
2010) were identified to be most similar to known
chlamydial homologs, representing 0.12% of the
total metagenomic proteins included in these meta-
genomes (25 847 409 non-redundant proteins). After
applying conservative alignment length and E-value
filters, 5525 putative chlamydial protein sequences
remained. This reduction was mainly due to the
high number of short, incomplete protein sequences
typically obtained in metagenomic studies. Phylo-
genetic analyses of those sequences further reduced
this number to 1931 proteins that clustered mono-
phyletically with known chlamydial homologs with
significant bootstrap support (>70%). These pro-
teins formed 1012 homologous groups with an
average of two proteins per group. This indicates a

16S rRNA genes

Collection of metagenomic
proteins (SIMAP) with significant
homology to reference proteome

Query of NCBI, Camera, IMG/m
using a reference sequence
(megablast)

from SRA, VAMPS & classification

Collection of amplicon sequences
by environmental origin

Construction of phylogenetic
trees with closest homologs

|

Quality filtering for length, chimeras (MOTHUR)

& redundancy ]

(PhyloGenie)

Filtering trees for monophyletic

[ Alignment of all collected sequences (SINA) ]

clades containing reference &

metagenomic proteins (PHAT)

|

sequences of interest (RDP classifier)

Taxonomic classification & extraction of l

Extraction of closest neighbors &
ecological classification

Extraction of
near full length sequences

Trimming of alignment to maximal
coverage region

[ Analysis & visualization J
of the results

Construction of phylogenetic trees
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Filtering for alignment quality
(BLAST) & length
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Figure 1 Flow chart illustrating the main steps in the analysis of metagenomic and amplicon sequence data for inferring diversity and
ecology of defined microbial taxa. In this study, this approach was used for investigating the phylum Chlamydiae. A detailed description

of each step is provided in supplementary information.
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shallow representation, that is, a low coverage, of
putative chlamydial homologs in the current extent
of metagenomic sequence data.

For 392 putative chlamydial metagenomic
proteins, only chlamydial homologs were detected.
These proteins were classified as ‘Chlamydiae
specific’. If other proteins exist with lower similarity
than the criteria we used, they would have been
excluded from our analysis. Within the complete set
of putative chlamydial metagenomic proteins, we
searched for homologs to known proteins that have
been associated with host interaction and virulence
of Chlamydiae (Collingro et al., 2011). This search
resulted in 76 metagenomic proteins that group with
29 virulence-associated proteins. Interestingly, at
least one metagenomic protein was identified for
each of the known virulence-associated proteins.
Homologs of the plasmid-encoded protein pGP6 and
the type III secretion system chaperone SctG were
most frequently detected, with 9 and 7 metagenomic
proteins, respectively (Supplementary Table S1).

Based on the closest neighbor in the phylogenetic
trees, the majority of the putative chlamydial metage-
nomic proteins were most closely related to known
proteins from members of the Simkaniaceae and
Parachlamydiaceae, a trend that was also observed
for the subset of ‘Chlamydiae specific’ proteins
(Figure 2). Noticeably, most putative chlamydial
metagenomic proteins originated from marine samples
(86%; Figure 2). Even considering that 60% of the
total number of metagenomic proteins included in the
analysis was of marine origin, this still indicates an
overrepresentation of putative chlamydial proteins in
those samples.

Identification of chlamydial 16S rRNA genes

To identify chlamydial 16S rRNA genes from
amplicon and metagenomic studies, we integrated
data from different sequence databases including

Closest Neighbor

VAMPS, SRA, NCBI, CAMERA and IMG/m
(Wheeler et al.,, 2008; Sun et al., 2011; Kodama
et al., 2012; Markowitz et al., 2012). A similarity-
based search using relaxed criteria and subsequent
taxonomic classification of the 16S rRNA gene
sequences using the RDP classifier (Wang et al.,
2007), resulted in a set of 22 070 unique chlamydia-
like 16S rRNA gene sequences with an average
length of 471 nucleotides (Supplementary Table S2).
Compared with the NCBI nt database alone,
which is generally used to collect TRNA gene
sequences for phylogenetic analysis, the inclusion
of metagenomic-derived data from NCBI env,
CAMERA and IMG/m more than doubled the
number of chlamydial 16S rRNA gene sequences.
However, despite this doubling of sequences, the
vast majority (95%) of all recovered sequences
originated from amplicon data sets in VAMPS and
SRA (Supplementary Table S2).

A phylogenetic framework for the phylum Chlamydiae
To construct a robust phylogenetic framework for
members of the Chlamydiae, we extracted all near
full-length non-chimeric 16S rRNA gene sequences
with at least 1100 nucleotides (n=271) and used
these for tree calculation (Figure 3). This sequence
set was also used for estimation of family-level
OTUs by applying a 10% distance cutoff, as
proposed for the phylum Chlamydiae (Everett
et al., 1999). For clustering of the sequences into
OTUs, two methods were used: ESPRIT (Sun et al.,
2009) and MOTHUR (Schloss et al., 2009), which
determine sequence similarity using pairwise
alignments, and a multiple sequence alignments,
respectively. The numbers of OTUs obtained with
the two approaches differed. Although MOTHUR
predicted 40 family-level OTUs, ESPRIT was
more conservative and estimated 28 OTUs
(Supplementary Table S3). Both tree topology and
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Figure 2 Ecological and taxonomic classification of putative chlamydial proteins in metagenomic sequence data. Proteins were
classified based on their respective closest neighbor in maximum likelihood trees. Environmental origins grouped in four general
categories are color coded. ‘All’ refers to all putative chlamydial proteins; ‘specific’ refers to the subgroup of proteins with exclusively
known chlamydial homologs, ‘virulence’ includes all metagenomic proteins with homology to known chlamydial virulence-associated
proteins. The number of proteins in each group is indicated in parenthesis. Most of the detected putative chlamydial metagenomic
proteins originated from marine environments and are most similar to Simkaniaceae or Parachlamydiaceae homologs.
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known chlamydial families were best represented by
the grouping of sequences using ESPRIT
(Supplementary Table S4, Figure 3). The only
incongruence was observed for the Criblamydiaceae
and the Parachlamydiaceae, which formed inde-
pendent groups at a 9% distance cutoff but grouped
together at 10%. In contrast, MOTHUR split the
Rhabdochlamydiaceae into four separate groups
and the Parachlamydiaceae into two. We thus used
the more conservative approach of ESPRIT for
assigning yet undescribed family-level OTUs as
‘Predicted Chlamydial Families’ (PCF) in the
phylogenetic tree (Figure 3, Supplementary Table S4).
In summary, our analysis of full-length 16S rRNA
gene sequences from various databases showed that
the total number of families in the Chlamydiae is
two times higher (n=17) than described before, or
more than three times higher (n=28) if singletons
are considered (Figure 3, Supplementary Table S4).

The monophyly of all known chlamydial families
is statistically well supported in the 16S rRNA
gene-based phylogenetic tree (>0.90 posterior
probability), but branching order is only partially
resolved (Figure 3). Nevertheless, a phylogenetic
relationship between Parachlamydiaceae, Criblamy-
diaceae and Waddliaceae together with PCF3, PCF5,
PCF7 and PCF9 is well supported (0.97 posterior

probability). Likewise, the families Simkaniaceae,
Rhabdochlamydiaceae and the putative family
PCF8 form a well-supported clade (0.94 posterior
probability). In addition, the previously described
relationships of Clavichlamydiaceae with Chlamydia-
ceae (Horn, 2008) and Piscichlamydiaceae with Parili-
chlamydiaceae (Stride et al., 2013) were recovered in
the tree topology. We noted that three PCFs (PCF1,
PCF4 and PCF2) consisted of sequences originating
from a single environmental source, the marine-
derived Lagoon Paola in Italy (Pizzetti et al., 2012).

Evidence for a vast diversity of Chlamydiae
The near full-length 16S rRNA gene sequences
provide a robust framework for inferring phyloge-
netic relationships and diversity within the
Chlamydiae, yet they represent only a minor frac-
tion (1%) of all collected chlamydial 16S rRNA gene
sequences. Although the majority of sequences
in our data set are too short for robust phylogenetic
analysis, they can be used to estimate the diversity
of the phylum Chlamydiae using sequence similar-
ity-based clustering into OTUs (Kim et al., 2011).
The meta-analysis of short 16S rRNA gene
sequences derived from amplicon-based diversity
surveys is complicated by the fact that not all
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studies target the same regions of the 16S rRNA
gene. We therefore performed a multiple sequence
alignment of all 22070 sequences collected from
diverse sources, in order to identify the region with
the highest coverage. Plotting these data showed
that the variable region from V4 to V6 was best
represented in our data (Supplementary Figure S1).
We then determined whether this ~450 nucleotide
length region was a good proxy for the full-length
16S rRNA gene in similarity-based OTU calcula-
tions for the phylum Chlamydiae. To evaluate this,
the number of OTUs obtained with the full-length
sequences was compared with the number of OTUs
obtained with the same sequences after they were
trimmed to V4 to V6. This analysis showed that the
numbers of OTUs obtained with the full-length
and trimmed data sets were comparable across the
taxonomic levels that were resolved (Supplementary
Table S3), indicating that the V4 to V6 region can be
used for obtaining reasonably stringent and con-
servative predictions of chlamydial diversity. This is
consistent with a previous study that found that the
V4 to V6 region slightly underestimated diversity,
predicting around 10% less OTUs compared with
the full-length 16S rRNA gene for all similarity
levels tested (Kim et al., 2011).

After trimming and additional quality filtering,
14 311 partial 16S rRNA gene sequences remained
in our data set. Removal of redundant sequences
further reduced this data set to 12636 sequences,
which represented the final sequence collection
used for OTU calculations. Clustering into OTUs
using sequence similarity thresholds corresponding
to different taxonomic levels in the phylum
Chlamydiae (Everett et al., 1999), showed that
existing public metagenomic sequence data con-
tained an as yet, undescribed, high level diversity
of the Chlamydiae phylum (Table 1). More than
2000 OTUs were present at the species level,
representing more than 250 chlamydial families.

In general, fewer OTUs were obtained with
ESPRIT compared with MOTHUR (Table 1), which
is consistent with our earlier observation during the
analysis of full-length sequences (see above). As the
pairwise alignment-based method implemented in
ESPRIT resulted in more conservative diversity
estimates of our data set, we only used the OTUs
calculated by ESPRIT in subsequent analyses.

Table 1 Estimated diversity within the phylum Chlamydiae at
different taxonomic levels based on clustering of partial
metagenomic 16S rRNA gene sequences into OTUs

Cutoff levels ESPRIT OTUs MOTHUR OTUs
Species 0.03 2031 (1161) 2276 (1378)
Genera 0.05 1236 (605) 1371 (702)
Families 0.1 262 (81) 349 (127)
Orders 0.15 17 (8) 51 (19)
Phyla 0.2 1 (0) 3 (1)

The number of singletons is indicated in parenthesis.

The ISME Journal

Page 44

Insights into the ecology of Chlamydiae
Entries in public sequence databases generally
contain additional information such as the origin
of the investigated samples. These data can be used
to analyze the environmental distribution of organ-
isms detected in the samples. In our 16S rRNA gene
data set, the majority of unique chlamydial
sequences were derived from freshwater environ-
ments (67.6%), followed by marine environments
(31%), while the number of sequences derived from
terrestrial and engineered environments was negli-
gible (<2%; Supplementary Figure S2). Despite this
overrepresentation of freshwater sequences, at all
taxonomic levels most OTUs contained only marine
sequences (Supplementary Figure S2). Thus,
although the number of freshwater sequences in
our data set was higher, most of those sequences are
more similar to each other and group in fewer OTUs
than the marine sequences. This indicates that
marine environments are more diverse in terms of
Chlamydiae than freshwater or terrestrial habitats.
To illustrate the diversity of Chlamydiae and
to visualize ecological patterns, we plotted family-
level OTUs using non-parametric NMDS (Figure 4).
This analysis shows that, even at the family level,
there are a large number of OTUs (85% of all OTUs,
Supplementary Figure S2) which contain sequences
exclusively from a single environment category.
This may be because these chlamydial families or
their hosts are restricted to growth in specific
environments. The dominance in numbers of marine
OTUs (despite the majority of sequences originating
from freshwater) is apparent in the NMDS plot.
Marine OTUs are highly diverse and are distributed
across the whole range of the plot. Yet, the
largest OTUs comprising the highest numbers of
unique sequences were of mixed origin. The three
largest OTUs are the Rhabdochlamydiaceae (5004
sequences), followed by the Parachlamydiaceae
(1834 sequences) and PCF8 (1594 sequences).

Experimental verification of chlamydial diversity in an
Antarctic sample

We noted that among the samples included in this
study, several contained a high diversity of novel
family-level Chlamydiae. For example, a number of
diverse chlamydial 16S rRNA gene sequences
originated from the marine-derived Ace Lake in
Antarctica (Lauro et al., 2011). We thus chose
this sample to evaluate whether the diversity
of Chlamydiae predicted by our analysis could be
confirmed experimentally. For this, we performed
PCR using a Chlamydiae-specific primer set ampli-
fying almost the complete 16S TRNA gene. From 25
clones showing different restriction fragment length
polymorphism patterns, 12 unique chlamydial
sequences were identified. All of these matched
with 100% sequence similarity to partial metage-
nomic sequences from Ace Lake. The near full-
length sequences that were obtained formed the
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(dark blue circles) indicating a high diversity of marine Chlamydiae (see also Supplementary Figure S2). Three prominent OTUs
comprise the majority of sequences, the Rhabdochlamydiaceae, followed by the Parachlamydiaceae and PCF8.

well-supported novel PCF6 clade (Figure 3), thus
confirming the validity of the respective partial
metagenomic sequences as being chlamydial. There-
fore, the OTU classification of short metagenomic
sequences correctly predicted the existence of a
novel chlamydial family in the data from this lake.

Discussion

The aim of this study was to investigate the diversity
of the phylum Chlamydiae and the genomic reper-
toire of its members using available sequence
databases. However, there is no straight forward
way to search metagenomes in public databases for
proteins assigned to specific taxonomic groups. We
thus used a similarity-based approach to extract an
initial set of putative chlamydial proteins, and then
analyzed them further using phylogenetic methods.
The final set of metagenomic proteins that were
classified as putative chlamydial constituted less
than a tenth of the proteins originally identified by
simple sequence similarity searches to known
chlamydial proteins. This large reduction illustrates
the wuncertainty of similarity-based taxonomic
classification, which is consistent with the notion
that sequence similarity-based searches are often

inadequate for finding the closest phylogenetic
relative (Koski and Golding, 2001). However, a level
of uncertainty remains even in the phylogeny-based
classification of proteins. Phylogenetic monophyly
of individual proteins (no matter how well sup-
ported) does not necessarily reflect organismal
origin. Horizontal gene transfer between distantly
related microbes or the absence of reference
sequences may lead to protein phylogenies that are
inconsistent with the organism tree, thereby provid-
ing mis-leading phylogenetic inference (Boucher
et al., 2003). Despite these limitations, the conser-
vative set of putative chlamydial proteins identified
in this study provides an improved means of
evaluating the genomic diversity of Chlamydiae.
Compared with the total number of metagenomic
proteins included in our analysis, only a small
number of putative chlamydial proteins were iden-
tified, with a low redundancy in terms of homo-
logous groups. This may indicate a low abundance
of chlamydiae in the sampled environments and
thus a low coverage of chlamydial genes in the
available metagenomic sequence data. A low abun-
dance of chlamydiae may reflect the fact that all
known members of the Chlamydiae require a
eukaryotic host (Horn, 2008) and thus may be
expected to be rare members of microbial com-
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munities. In addition, the cell size restriction
imposed by many metagenome-sampling regimes
(for example, 20 um prefilter; Rusch et al., 2007;
Lauro et al., 2011) would bias against hosts that may
harbor intracellular chlamydiae.

It is difficult to isolate chlamydiae (in appropriate
host cells) from environmental samples (Collingro
et al., 2005a; Corsaro and Venditti, 2009; Corsaro
et al., 2009; Hayashi et al., 2010). It is thus possible
that existing genome sequences of members of the
Chlamydiae are not representative of environmental
chlamydiae, as was recently reported for numerous
taxa of marine bacteria by using single-cell genomics
(Swan et al., 2013), making it difficult to identify
chlamydial genes from shotgun metagenome
sequence data. Consistent with this, among the
proteins identified by phylogenetic assignment as
putative chlamydial, none were identical to known
proteins, indicating that uncharacterized Chlamydiae
are present in the source environments. Based on
their closest relatives, the majority of these Chlamy-
diae are most closely related to known members of
the Simkaniaceae or the Parachlamydiaceae
(Figure 2). This either reflects the abundance of
these or related families in the metagenomic samples
or is an effect of the lack of reference genome
sequences from other chlamydial families, such as
the Rhabdochlamydiaceae.

To further explore the diversity of Chlamydiae we
used the 16S rRNA gene as phylogenetic marker.
Major 16S rRNA gene sequence databases such as
SILVA (Pruesse et al., 2007) and RDP (Cole et al.,
2009) mainly include sequence data from the
Genbank/EMBL/DDB]J nt database, which does not
contain metagenomic and amplicon sequences. In
this study, we showed that collecting and integrat-
ing sequence data from different database sources is
possible and facilitates a more comprehensive view
of microbial diversity. In fact, 95% of the chlamydial
sequences we identified originated from the VAMPS
and SRA (Kodama et al., 2012) databases.

Previous analyses of full-length sequences indi-
cated that the diversity of Chlamydiae in these
databases exceeds the diversity of described families
by a factor of two to three (Corsaro et al., 2003; Horn,
2008). In our present study, from the 28 family level
lineages supported by full-length sequences, 21
are not represented by an isolate (Figure 3,
Supplementary Table S4). The lack of matches to
known members of the Chlamydiae was even more
evident when we analyzed the complete data set of
chlamydial 16S rRNA gene sequences, including
also shorter sequences derived from amplicon-based
studies. Even with the most conservative estimates,
our analysis suggests the existence of more than 181
chlamydial families that are supported by at least
two unique sequences (Table 1). Taking into account
that the Chlamydiae included only a single family
with a single genus until 1995, and only nine
families until recently (Corsaro et al., 2003; Horn,
2008), this discovery is highly unexpected—

The ISME Journal

Page 46

particularly as molecular, cultivation-independent
tools for the identification of microbes has been
available for more than two decades (Lane et al.,
1985; Amann et al., 1995).

We selected one of the new family-level OTUs that
was supported only by short metagenomic 16S
rRNA gene sequences and analyzed the original
sample using a Chlamydiae-specific PCR assay. The
full-length sequences obtained by this experimental
approach confirmed the presence of members of this
OTU in the original sample. Subsequent phylo-
genetic analysis demonstrated that they formed an
independent, family-level monophyletic group
(PCF6 in Figure 3). This shows that amplicon-based
OTU predictions can be verified experimentally and
lends further support to the existence of the
observed vast diversity of Chlamydiae.

All known Chlamydiae require a eukaryotic host
for reproduction, and this lifestyle is considered an
ancient feature of members of this phylum. The last
common ancestor of all known Chlamydiae was
thought to be already adapted to an intracellular
lifestyle (Horn et al., 2004; Kamneva et al., 2012),
and primordial chlamydiae might have contributed
to the acquisition of primary plastids and the
evolution of plants some 1.2 billion years ago
(Huang and Gogarten, 2007; Ball et al., 2013). If
the members of the family-level chlamydial OTUs
detected in our analysis have the same lifestyle as
their known relatives, they also rely on eukaryotic
hosts. As known chlamydiae show varying degrees
of host specificity with many of them being
restricted to a single host species (Horn et al,
2000; Hayashi et al., 2010; Coulon et al., 2012), there
should be a large number of eukaryotes that have not
yet been identified as hosts for chlamydiae (Moon-
van der Staay ef al., 2001). Interestingly, the most
diverse chlamydial family with the highest number
of unique sequences in our analysis is the Rhabdo-
chlamydiaceae, whose known members infect
arthropods (Kostanjsek et al., 2004; Corsaro et al.,
2007), the most species-rich animal phylum com-
prising more than 80-90% of all described animals
(Odegaard, 2000; Snelgrove, 2010). On the other
hand, in agreement with our analysis of putative
chlamydial proteins in metagenomic data sets, the
majority of novel chlamydial families contain only
sequences derived from marine environments, indi-
cating an association with marine hosts. This would
be consistent with the view that marine environ-
ments host an immense animal biodiversity that is
comparable or even surpasses that to terrestrial
habitats (Gray, 1997; Jaume and Duarte, 2006;
Snelgrove, 2010).

In summary, arthropods might be important and
so far neglected hosts for Chlamydiae, and there is a
high diversity of novel, unexplored Chlamydiae
particularly in marine environments. The absence of
representative isolates for most chlamydial families
and the lack of specific information about their
actual hosts illustrate the huge gap we are facing in



studying and understanding chlamydial biology and
evolution. Closing this gap will be a major challenge
requiring the application of novel approaches and
techniques such as single-cell genomics (Woyke
et al., 2009; Bruns et al., 2010; Wang and Bodovitz,
2010; Siegl et al., 2011; Li et al., 2012; Stepanauskas,
2012; Seth-Smith et al., 2013) and host-free cultiva-
tion and analysis of Chlamydiae (Haider et al., 2010;
Omsland et al., 2013; Sixt et al., 2013).

In more general terms, our study provided novel
insights into the diversity and ecology of a selected
group of microbes. This approach should be applic-
able to any other clade that is phylogenetically well
defined. Standardized meta-information for metage-
nomics (Hirschman et al., 2010; Gilbert et al., 2011;
Yilmaz et al.,, 2011), and automatic retrieval and
classification of publicly available sequences from
different database sources would greatly facilitate this
effort and would help to provide a more comprehen-
sive and up-to-date estimate of microbial diversity.
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Integrating metagenomic and amplicon databases to resolve
the phylogenetic and ecological diversity of the Chlamydiae

Supplementary information

Supplementary methods

Identification of putative chlamydial proteins in metagenomic data

The database SIMAP (Rattei et al, 2010) integrates data from multiple major public repositories of
metagenomic sequences, such as IMG/M (Markowitz et al, 2012), CAMERA (Sun et al, 2011) and the
whole genome shotgun section of NCBI GenBank (Wheeler et al, 2008). SIMAP consistently annotates
all potential protein-coding sequences of these metagenomes and currently contains about 45 million non-
redundant metagenomic proteins. All predicted proteins from environmental metagenomic datasets in
SIMAP (October 2009) that showed highest similarity to a protein from sequenced chlamydial organisms
were extracted using an E-value cutoff of 10’ and an alignment coverage of at least 50% for both query
and subject. To exclude incidental homologs that show a comparable homology to chlamydial and to
other bacterial proteins, we included only those proteins that showed an E-value for the chlamydial
homolog at least 10 times lower than the E-value for the closest non-chlamydial homolog. Subsequently,
maximum likelihood phylogenetic trees [using RAXML (Stamatakis, 2006) and a JTT substitution model,
discrete gamma distribution, 100 bootstrap resamplings] were calculated for all proteins in the quality-
filtered, reduced set of metagenomic proteins. SIMAP was used to extract the closest homologs for each
metagenomic protein. Alignment and tree calculations were performed using PhyloGenie (Frickey and
Lupas, 2004). The tool PHAT included in the PhyloGenie package was then used to select all those trees
in which the metagenomic protein formed a monophyletic group with known chlamydial homologs
(bootstrap support >70%). Only those metagenomic proteins that were monophyletic with known
chlamydial homologs in this analysis were considered of putative chlamydial origin. Metagenomic
proteins were classified as chlamydia specific if the respective phylogenetic tree only contained
chlamydial homologs as determined by PHAT. The published list of virulence associated chlamydial
genes from the study of Collingro et al. (Collingro et al, 2011) was used as reference for the detection of
virulence associated metagenomic chlamydia-like proteins using an in-house Perl script. Putative
chlamydial metagenomic proteins that were shared between more than one tree were grouped together
and considered orthologs potentially serving similar functions.

To identify the closest neighbors of putative chlamydial metagenomic proteins in phylogenetic trees, an
in-house Perl script was used to analyze the tree topology. Briefly, a path of nodes was created connecting
the leaf representing the metagenomic protein to the root of the tree (determined by midpoint rooting).
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Starting from the leaf, the first internal node comprising a leaf represented by a non-metagenomic protein
was determined. Then the distances, as sum of branch lengths, of all non metagenomic leaves branching
from this internal node were calculated, and the leaf with the shortest distance was returned as the closest
neighbor.

Identification of chlamydial 16S rRNA gene sequences

To search for chlamydial 16S rRNA genes in different sequence repositories, the full-length 16S rRNA
gene sequence of Simkania negevensis (NR 029194) was used as a representative of the phylum
Chlamydiae (other known chlamydial 16S rRNA gene sequences were also used and generated the same
results). A very relaxed initial filtering step including all sequences with at least 60% nucleotide sequence
identity ensured that no chlamydial 16S rRNA gene was missed, and the initial dataset consequently also
comprised a large, redundant fraction of clearly non-chlamydial 16S rRNA genes. The NCBI databases nr
and env_nr (Wheeler et al, 2008) and the CAMERA nucleotide databases Sanger and 454 (Sun et al,
2011) were queried using the blastn service provided by CAMERA. For IMG/m (Markowitz et al, 2012)
metagenome sequences were downloaded and queried locally with the same settings. Since there is a
redundancy in the metagenomic datasets in CAMERA and IMG/m, only those samples unique for IMG/m
were analyzed. Other NCBI databases (EST, GSS, WGS, and TSA) were queried using megablast
(Wheeler et al, 2008) at the NCBI website. All searches were performed in September 2011.

In addition, all amplicon 16S rRNA gene sequences spanning through variable regions V4 and V6 in the
VAMPS database (http://vamps.mbl.edu/; (Huber et al, 2007)) and amplicon 16S rRNA gene sequences
obtained from environmental sources using the 454 Titanium technology in the SRA database (Kodama et
al, 2012) were downloaded in April 2012. The low quality ends of the SRA reads were trimmed to
remove ambiguous nucleotides (N) at or close to the end of the sequence reads using an in-house Perl
script.

Sequences shorter than 300 nucleotides and sequences containing one or more ambiguous positions (Ns)
over 300 nucleotides were removed from all datasets. Finally, redundant sequences (identical or
substrings) in each set of sequences collected from the different databases were removed using a Perl
script. The final sets of sequences were then submitted to a local installation of the Ribosomal Protein
Project (RDP) classifier (version 2.5 training set 9) (Wang et al, 2007), and those that were assigned to
the phylum Chlamydiae with a confidence value of at least 80% were further analyzed. The final dataset
also included twelve 16S rRNA gene sequences obtained in this study from PCR products of DNA
extracted from water of Ace Lake in Antarctica (see Detection of chlamydial 16S rRNA genes in a water
sample from Ace Lake below).

Check for chimeric sequences and calculation of operational taxonomic units (OTUS)

The complete set of the chlamydial 16S rRNA gene fragments was aligned using the SINA aligner
(Pruesse et al, 2012). The coverage for each position of the multiple sequence alignment was calculated
using a Perl script and plotted. This analysis showed that the region with the highest coverage spanned
across the variable regions V4 and V6 (Figure S1), mainly due to the large proportion of sequences
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originating from VAMPS that cover this region. Two conserved positions flanking this region were
selected as anchors for the alignment (E. coli pos 573-1045), and all sequences were trimmed around
these positions, resulting in an alignment consisting of 885 columns and including around 450
nucleotides.

The filtering step using the RPD classifier should have eliminated the majority of chimeric sequences in
the sequence data set as chimeric sequences generated from 16S rRNA genes of distantly related
microbes would not have been assigned to the Chlamydiae with the high confidence threshold used.
However, the trimmed dataset was also analyzed for the presence of chimeric sequences using the
respective programs UCHIME and Chimera Slayer (Edgar et al, 2011; Haas et al, 2011) that are available
in the MOTHUR software package (Schloss et al, 2009), but none were detected using default settings.
As an additional check for chimeras and other sequencing artifacts, all sequences were analyzed using
Megablast against a small local database containing 16S rRNA gene sequences from all characterized
species in the phylum Chlamydiae (n=22). Based on the assumption that any sequence fragment
representing a non-chimeric, high-quality chlamydial 16S rRNA gene sequence should align perfectly
with the reference Chlamydiae 16S rRNA gene sequences, all sequences were trimmed at the observed
Megablast alignment positions. The resulting set of sequences was again filtered for size, and any
sequences shorter than 400 nucleotides were omitted; all redundant sequences that may have arisen due to
refining the analysis to a shorter region, were removed.

OTUs were calculated based on the multiple sequence alignment by MOTHUR (Schloss et al, 2009)
using average linkage clustering. As an alternative approach we used the software ESPRIT (Sun et al,
2009), which does not rely on multiple sequence alignments but calculates OTUs based on a similarity
matrix obtained from pairwise alignments. Default settings were used for alignments, and complete
linkage and average linkage were used for clustering. Data were extracted for OTUs at 97%, 95%, 90%,
85% and 80% similarity levels corresponding roughly to the species, genus, family, class, and phylum
level, respectively, used for taxonomic classification of members of the Chlamydiae (Everett et al, 1999).

Phylogenetic analysis

All near full-length 16S rRNA sequences (> 1100 nucleotides) classified as chlamydial were checked for
chimeras with UCHIME and Chimera Slayer (Edgar et al, 2011; Haas et al, 2011) available in MOTHUR
(Schloss et al, 2009), and only non-chimeric sequences were used for phylogenetic analysis. Sequences
were aligned with SINA (Pruesse et al, 2012), and the obtained alignment was further refined manually.
The tree calculation was performed with MrBayes (version 3.2) (Huelsenbeck and Ronquist, 2001) using
10 million generations, sampling every 1 000 generations and 25% “burn in” per sampling keeping all
other default options . The Newick formatted tree with the highest score was extracted and visualized
with iTol (Letunic and Bork, 2007). Nodes with posterior probability values less than 50% were
collapsed.
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Ecological classification of sequences and OTUs

To analyze general habitat patterns, metadata describing the sample origin was kept for each individual
sequence throughout the analysis. For simplification, diverse environmental origins were unified into four
main categories (terrestrial, marine, freshwater, and engineered) based on their principal characteristics.
For example, all samples that were not from water saturated environments like farm soil, land animal
samples, or any sample collected from dry land were considered “terrestrial”. Water saturated
environments were divided based on salinity. Therefore marine sediments, marine water column, saline
lakes, hypersaline mats, samples of marine animals and other saline environments were considered
“marine”, while river and lake water and their sediments, drinking water and other general water supply
samples were classified as “freshwater”. Samples from chemostats, waste water treatment plants and
other engineered systems that couldn’t be otherwise classified were considered as “engineered”.

After clustering OTUs were assigned an environmental classification based on the origin of the sequences
they contained. In order for an OTU to be classified in any of the four main categories a unanimous
agreement of all its sequences’ environmental classification was required. OTUs were classified as
“mixed” if they contained sequences from different environmental categories.

Statistical analysis

Non-metric multi dimension scaling (NMDS) was used to visualize environmental origin of, and
similarities between, the observed chlamydial OTUs. Based on ESPRIT average linkage OTUs, a matrix
containing distances between all OTUs was constructed by calculating the average sequence
dissimilarities of their members. This distance matrix was processed with metaMDS (package vegan) in R
to create the NMDS matrix (default options; http://cran.r-project.org/web/packages/vegan/index.html).
The NMDS matrix together plus a list containing the environmental classification as a color code and a
list containing the size of each OTU, served as input parameters for visualization of similarity, diversity
and ecology, using ggplot (package ggplot2) in R.

Detection of chlamydial 16S rRNA genes in a water sample from Ace Lake

16S rRNA gene targeted PCR was performed on DNA obtained from the upper aerobic layer (5m) of the
water column of Ace lake (Lauro et al, 2011) using the chlamydia-specific primer SigF2
(5’CRGCGTGGATGAGGCAT) (Haider et al, 2008) and the wuniversal primer 1492R (5°-
GGYTACCTTGTTACGACTT) (Loy et al, 2005). Reaction conditions were 5 min of initial denaturation
at 95°C followed by 40 cycles of 30 sec denaturation at 95°C, 30 sec annealing at 54°C and 1.5 min of
elongation at 72°C. A final step of 4 min at 72°C was added for the final elongation of the incomplete
products. PCR products were purified and cloned with a commercial kit following the manufacturer’s
instructions (TopoXL cloning Kit, Invitrogen Life Technologies). Clones were screened by restriction
fragment length polymorphism using Mspl and Haelll, and 25 unique RFLP patterns were selected for
sequencing. The cloned inserts were reamplified using M13 primers, and the products were sequenced on
an ABI 3130 XL genetic analyzer. Newly recovered 16S rRNA gene sequences were deposited in
Genbank/EMBL/DDBJ (accession numbers KC902441-KC902452).
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Supplementary Figures
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Figure S1. Number of nucleotides per alignment position in the multiple sequence alignment of all
collected chlamydial 16S rRNA sequences. The region with the highest coverage that was used for
OTU calculation spans through variable regions V4 to V6 and corresponds to E. coli positions 573-1045
(~ 450 nt).
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Figure S2. Ecological classification of chlamydial 16S rRNA sequences. A: Relative abundance of
ungrouped sequences and OTUs based on their environmental classification. Bars represent the
contribution of each environment (see color code) to the total amount of sequences or OTUs.
“ungrouped” refers to the final set of sequences that was used for OTU calculation; 0.03 to 0.15 represent
the different cut-off values used for OTU formation. B: Over/under representation of environmental
categories at different OTU levels. The panel is based on the same data shown in panel A; bars indicate
the difference between the relative abundance of OTUs compared to the relative abundance of
(ungrouped) sequences for each environmental category. Despite the higher number of freshwater
sequences (A, “ungrouped”) they form fewer OTUs than the marine sequences (B), indicating a higher
diversity of marine sequences.
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Table S1: Metagenomic proteins that group monophyletically with known chlamydial virulence-
associated proteins. Proteins were taxonomically classified at the family level using their closest
neighbor in maximum likelihood trees. The described function of chlamydial homologs and the
environmental origin of the metagenomic proteins are indicated. See Excel file.

Table S2: Number of unique chlamydial 16S rRNA sequences in different databases. Only
sequences longer than 300 nt and classified as Chlamydiae by the RDP classifier (ref) with confidence
higher than 80% were considered. Sequence redundancy among datasets collected from different
databases was not assessed. See Excel file.

Tables S3. Clustering of full length 16S rRNA sequences and their V4-V6 region, respectively, into
OTUs by two different methods. See Excel file.

Table S4. Full length 16S rRNA sequences used for phylogenetic analysis and their clustering into
OTUs. See Excel file.
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Table S2: Number of unique chlamydial 16S rRNA sequences in different databases

No. of sequences Average seq. length Max seq. length
NCBI nr 519 935 1538
NCBI env 368 728 1517
NCBI est 3 604 632
NCBI GSS 2 861 866
NCBI WGS 2 1014 1308
IMG/m 13 674 1527
CAMERA sanger 25 991 1145
CAMERA 454 243 305 555
VAMPS 14340 481 517
SRA 6543 399 827
Ace Lake clones 12 1473 1491
Total 22070 471

Tables S3. Clustering of full length 16S rRNA sequences and their V4-V6 region, respectively, into OTUs by two different meth

>1100 bp (271 seq) >400 bp no filter (217 seq) >400 bp filtered (210 seq)
Tax. Order Cutoff ESPRIT MOTHUR ESPRIT MOTHUR ESPRIT MOTHUR
Species 0.03 108 112 107 108 102 104
Genera 0.05 82 90 85 86 79 80
Families 0.1 28 40 38 43 27 31
Classes 0.15 3 8 9 12 4 8
Phyla 0.2 1 1 1 2 1 1
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Table S4. Full length 16S rRNA sequences used for phylogenetic analysis and their clustering into OTUs

OTU number/
accession number

FR714417.1

Family name/
sequence name

clone IP| 854-950-1046

Environmental origin, host

marine derived lake, Lago di Paola, Italy

AY082465.1

clone 44a-B1-34

subsurface acid mine drainage system

FR714409.1

clone IP1 817-913-1009

marine derived lake, Lago di Paola, Italy

NR_026266.1

Verrucomicrobium spinosum strain DSM 4136

DQ444409.1

clone LT100PIH9

tropical freshwater lake Tanganyika

JN502883.1

clone SBZA 4032

Guerrero Negro hypersaline microbial mat

JN530146.1

clone SBZO 1546

Guerrero Negro hypersaline microbial mat

JN536584.1

clone SBZP 2308

Guerrero Negro hypersaline microbial mat

EU491566.1

clone EPR4059-B2-Bc66

seafloor lavas, Pacific Ocean

DQ903996.1

clone PRPR83

marine sponge, Hawaii ,USA

JN607058.1

clone GAS25401b0O5

lava tube, Azores, Portugal

AY390429.1

Lentisphaera araneosa

EF012750.1

Rhodopirellula baltica strain OJF6

EU050949.1

clone SS1 B 01 04

arctic sediment from the Kings Bay, Svalbard

AY462244.1 Piscichlamydia salmonis clone C093-1 Sea farmed Atlantic salmon, Norway
JQ065096.1 Piscichlamydia salmonis clone P28 Sea farmed Atlantic salmon, Norway
EU326495.1 Piscichlamydia salmonis clone Pch-D261006 Sea farmed Atlantic salmon, Norway
EF153480.1 Piscichlamydia salmonis clone BR281005-25 Fresh water salmon, Norway

FR714401.1

clone IPI 769-865-961

marine derived lake, Lago di Paola, Italy

FR714402.1

clone IPI 772-868-964

marine derived lake, Lago di Paola, Italy

FR714416.1 clone IPI 853-949-1045 marine derived lake, Lago di Paola, Italy
FR714404.1 clone IP| 779-875-971 marine derived lake, Lago di Paola, Italy
FR714420.1 clone IP| 884-980 marine derived lake, Lago di Paola, Italy
FR714410.1 clone IP1 821-9017 marine derived lake, Lago di Paola, Italy
FR714408.1 clone IPI 807-903-999 marine derived lake, Lago di Paola, Italy
FR714415.1 clone IPI1 844-940-1036 marine derived lake, Lago di Paola, Italy
FR714414.1 clone IPI 842-938-1034 marine derived lake, Lago di Paola, Italy
FR714407.1 clone IP1 800-896-992 marine derived lake, Lago di Paola, Italy
FR714418.1 clone IPI 862-958-1054 marine derived lake, Lago di Paola, Italy

AF364575.1 clone P-9 Waste water treatment plant, Germany
AB504658.1 clone K29C2-29 methane oxidizing DHS reactor
AF364569.1 clone P-7 Waste water treatment plant, Germany
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AF364564.1

clone P-4

Waste water treatment plant, Germany

FR714406.1 clone IPI1 796-892 marine derived lake, Lago di Paola, Italy
FR714405.1 clone IPI 789-885-981 marine derived lake, Lago di Paola, Italy
FR714413.1 clone IPI 831-927-1023 marine derived lake, Lago di Paola, Italy
FR714419.1 clone IP1 864-960-1056 marine derived lake, Lago di Paola, Italy
FR714403.1 clone IPI 778-874-970 marine derived lake, Lago di Paola, Italy
FR714412.1 clone IPI 830-926-1022 marine derived lake, Lago di Paola, Italy

JF706724.1

clone cvE71

fresh water systems, France

EU488135.1

clone CK 2C2 23

sediment from Thalassia sea grass bed, Florida, USA

JQ480303.1 clone ON26 gills of Oreochromis niloticus (Nile tilapia), Lake Victoria, Uganda
JQ480299.1 clone CF3 gills of Clarias gariepinus (African catfish), Lake Victoria, Uganda
JO673516.1 Parilichlamydia carangidicola clone 25YTK11 gills of Seriola lalandi (Yellowtail Kingfish), Australia

JQ480302.1 clone ON3 gills of Oreochromis niloticus (Nile tilapia), Lake Victoria, Uganda

EU090708.1 clone CN761 clinical respiratory samples, Germany
AF346001.1 Waddlia chondrophila strain 2032/99 septic stillborn calf, Germany

NR_074886.1 Waddlia chondrophila strain WSU 86-1044 aborted bovine foetus

JF706723.1 clone cvE65 fresh water systems, France

FJ479189.1 clone p22m060k undisturbed tall grass prairie, Oklahoma, USA
NR_028697.1 Waddlia chondrophila WSU 86-1044 aborted bovine foetus

AY184804.1 Waddlia malaysiensis strain G817 urine of Eonycteris spelaea (fruit bat)

AY140911.1 Fritschea eriococci strain EIm Eriococcus spurious (scale insect), California, USA
AF400484.1 Fritschea bemisiae strain Jatropha Bemisia tabaci biotype Jatropha, Arizona, USA
FJ976094.1 clone cvE38 fresh water systems, France

FJ976095.1 clone cvE419 fresh water systems, France

AF448723.3 clone cvE9 fresh water systems, France

NR_074932.1 Simkania negevensis strain Z

JQ009299.1 Fritschea bemisiae strain EIm Bemisia tabaci biotype Q, GuangZhou, China
NR_029194.1 Simkania negevensis strain Z

EF177461.1 clone UUZM Xenoturbella westbladi UUZM 57848, Cost of Sweden
EU326493.1 clone D261006 gills of Salmo salar (Atlantic salmon), Norway
JN606076.1 clone NS16 human nasal sample

KC902441.1 clone AAL4c3 marine derived lake, Ace, Antarctica
KC902442.1 clone AAL4c6 marine derived lake, Ace, Antarctica
KC902443.1 clone AAL4c8 marine derived lake, Ace, Antarctica
KC902444.1 clone AAL4cl1 marine derived lake, Ace, Antarctica
KC902445.1 clone AAL4c23 marine derived lake, Ace, Antarctica
KC902446.1 clone AAL4c19 marine derived lake, Ace, Antarctica
KC902447.1 clone AAL4c20 marine derived lake, Ace, Antarctica

DQ019308.1 Chlamydia trachomatis strain L1/440
NR_027576.1 Chlamydophila pecorum strain E58
NR_036835.1 Chlamydia muridarum strain MoPn/Wiess-Nigg
NR_036876.1 Chlamydophila felis strain Fe/Pn-1
AB001774.1 Chlamydophila pecorum strain B0-1485
AB001775.1 Chlamydophila pecorum strain BO-Maeda
AB001776.1 Chlamydophila pecorum strain BO-Yokohama
AB001777.1 Chlamydia pecorum strain SPV789
AB001779.1 Chlamydophila psittaci strain Bud-1
AB001784.1 Chlamydophila psittaci strain Cal-10
AB001787.1 Chlamydia psittaci strain Itoh

AB001791.1 Chlamydophila psittaci strain Ohmiya
AB001795.1 Chlamydophila psittaci strain P1307
AB001801.1 Chlamydophila psittaci strain P1888
AB001802.1 Chlamydophila psittaci strain PgAu46
AB001804.1 Chlamydia psittaci strain PCM27

AB001806.1 Chlamydophila psittaci strain PCM44
AB001813.1 Chlamydophila psittaci strain Sugawara
AB001815.1 Chlamydophila psittaci strain T4

AB285329.1 Chlamydophila psittaci strain CPX0308 fecal sample from an oriental white stork
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AY661794.1 Chlamydia suis strain 13VII piglet colon

AY661797.1 Chlamydia suis strain 32XI| piglet colon

D85702.1 Chlamydophila felis strain Fe/145 Felis catus (cat)

D85703.1 Chlamydophila felis strain Fe/B166 Felis catus (cat)

D85704.1 Chlamydophila felis strain Fe/C164 Felis catus (cat)

D85705.1 Chlamydophila felis strain Fe/C454 Felis catus (cat)

D85706.1 Chlamydophila felis strain Fe/Cello Felis catus (cat)

D85707.1 Chlamydophila felis strain Fe/C429 Felis catus (cat)

D85708.1 Chlamydophila caviae strain Gp/Ic Cavia porcellus (guinea pig)
D85709.1 Chlamydophila abortus Ov/B577 Ovis aries (sheep)

D85711.1 Chlamydophila psittaci strain Hu/Borg Homo sapiens (human)

D85712.1 Chlamydophila psittaci strain Frt-Hu/Cal110 Homo sapiens (human) & Mustela putorius (ferret)
D85713.1 Chlamydophila psittaci strain Prt/GCP-1 parot

D85714.1 Chlamydophila pecorum strain Bo/Shizuoka Bos taurus (cattle)

D85715.1 Chlamydophila pecorum strain Bo/Maeda Bos taurus (cattle)

D85716.1 Chlamydophila pecorum strain Ov/IPA Ovis aries (sheep)

D85717.1 Chlamydophila pecorum strain Koala type Il Phascolarctos cinereus (koala)
D85719.1 Chlamydia trachomatis strain B/TW-5/0T Homo sapiens (human)

D85720.1 Chlamydia trachomatis strain C/TW-3/0T Homo sapiens (human)

D85722.1 Chlamydia trachomatis strain E/lUW-5/Cx Homo sapiens (human)

DQO019291.1 Chlamydia trachomatis strain A/Har-1 Homo sapiens (human)

DQ019293.1 Chlamydia trachomatis strain B/Tunis-864 Homo sapiens (human)

DQ019299.1 Chlamydia trachomatis strain D/IC-CAL8 Homo sapiens (human)

DQ019310.1 Chlamydia trachomatis strain L4/404 Homo sapiens (human)

DQ444323.1 Chlamydophila pneumoniae strain WBB Perameles bougainville (marl)
EF486854.1 Chlamydophila abortus strain FAG Capra hircus (goat)

EF486857.1 Chlamydophila abortus strain POS Ovis aries (sheep)

U73782.1 Chlamydia pecorum strain BE Phascolarctos cinereus (koala)
U73783.1 Chlamydia pneumoniae strain P1 Homo sapiens (human)

L06108.1 Chlamydia pneumoniae strain TW183 Homo sapiens (human)

GQ398026.1 strain 08-1274 Flock3 Gallus gallus (chicken)

GQ398030.1 strain 08-1274 Flock22 Gallus gallus (chicken)

NR_029196.1 Chlamydia suis strain S45 Sus scrofa (pig)

GU068510.1 clone 122 Larus glaucescens (gall)

AY334528.1 Chlamydophila psittaci clone cvCps4 human bronchial aspirate
AY334530.1 Chlamydophila psittaci clone cvCps2 human sputum

AY334532.1 Chlamydophila felis clone cvCfel human bronchoalveolar lavage
AY334533.1 Chlamydophila felis clone cvCfe2 human bronchial aspirate
AY334534.1 Chlamydophila felis clone cvCfe3 human nasal wash

JF756077.1 clone 09-489/LP23 Columba livia (pigeon)

HQ662953.1 Chlamydophila psittaci strain 10-1398/28 Threskiornis aethiopicus (Sacred Ibis)
HQ662955.1 clone 10-1398/6 Threskiornis aethiopicus (Sacred Ibis)
IN426966.1 Chlamydophila psittaci strain HB1043 Sus scrofa (pig)

JN606072.1 Chlamydia psittaci strain NS7 human nasal sample

JN606073.1 Chlamydophila felis strain NS9 human nasal sample

JN392919.1 Amphibiichlamydia salamandrae strain AMCS11/1|Neurergus crocatus (salamander)
JN392920.1 Amphibiichlamydia salamandrae strain AMCS11/2 [Neurergus crocatus (salamander)
JN402380.1 Amphibiichlamydia ranarum strain AMCS11/3 Lithobates catesbeianus (bullfrog)
HE660094.1 clone 10-1957/2 Gallus gallus (chicken)

NR_074946.1 Chlamydophila caviae strain GPIC

NR_074947.1 Chlamydophila felis strain Fe/C-56

U68420.2 Chlamydia suis strain R22 Sus scrofa (pig)

AY661795.1 Chlamydia suis strain 14V piglet colon

AY661796.1 Chlamydia suis strain 14VII piglet colon

U68426.2 Chlamydophila pneumoniae strain N16 Equus caballus (horse)

FJ976107.1 clone cvE60 fresh water systems, France
AY114316.1 clone LD1-PA25 anoxic marine sediment, UK
AY114327.1 clone LD1-PA42 anoxic marine sediment, UK
GQ850567.1 clone d98 bottom water in the northern Bering Sea, China
AF364568.1 clone P-6 Waste water treatment plant, Germany
EF577392.1 Clavochlamydia salmonicola gills of Salmo trutta (brown trout ), Norway
DQO011662.1 Clavochlamydia salmonicola strain CH301104 gills of Salmo salar (Atlantic salmon), Norway
JN123362.1 Clavochlamydia salmonicola isolate Br25 gills of Salmo trutta (brown trout ), Norway
FJ976097.1 clone cvE21 fresh water systems, France
AF448722.3 clone cvE6 fresh water systems, France
DQ903997.1 clone PRPR85 marine sponge, Hawaii ,USA
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EU363464.1 clone CRIB 32 water network biofilm, Spain
FJ976096.1 clone cvE16 fresh water systems, France
FJ976098.1 clone cvE18 fresh water systems, France
HM063023.1 clone KK135A0008 lava tube, Hawaii, USA

HM444977.1 clone EP912A0005 lava tube, Hawaii, USA

HM444986.1 clone EP912A0051 lava tube, Hawaii, USA

FR714411.1 clone IPI 825-921-1017 marine derived lake, Lago di Paola, Italy
JN701140.1 clone MD20401h0O5 lava tube, Azores ,Portugal
IN606074.1 clone NSlle human nasal sample

IN606075.1 clone NS13 human nasal sample

IN615791.1 clone GTM2313b10 lava tube, Azores, Portugal
IN616122.1 clone GP27807904 lava tube, Azores, Portugal
JN616169.1 clone GP27808908 lava tube, Azores, Portugal
JQ675408.1 clone CC01f45b05 cave water, New mexico, USA
JX279901.1 clone W-Pla-28 wastewater, China

JX317585.1 clone 49-m13 f.1.abl freshwater aquarium, USA
DQ444442.1 clone LT110PIE2 tropical freshwater lake Tanganyika
JN051145.1 isolate NS3 human nasal sample

AF364560.1 clone P-1 Waste water treatment plant, Germany
AF364561.1 clone P-2 Waste water treatment plant, Germany
AF364562.1 clone P-13 Waste water treatment plant, Germany
AF364566.1 clone P-14 Waste water treatment plant, Germany
AF364567.1 clone P-15 Waste water treatment plant, Germany
AF364570.1 clone P-16 Waste water treatment plant, Germany
AF364571.1 clone P-17 Waste water treatment plant, Germany
AF364572.1 clone P-18 Waste water treatment plant, Germany
AF364573.1 clone P-19 Waste water treatment plant, Germany
AF364574.1 clone P-8 Waste water treatment plant, Germany
AF364576.1 clone P-10 Waste water treatment plant, Germany
AF364577.1 clone P-11 Waste water treatment plant, Germany
AF364578.1 clone P-12 Waste water treatment plant, Germany
AY223862.1 Rhabdochlamydia porcellionis Porcellio scaber (rough woodlouse)
AY928092.1 Rhabdochlamydia crassificans Blatta orientalis (oriental cockroach )
DQ903988.1 clone PRPR10 marine sponge, Hawaii ,USA
EU090707.1 clone CN554 human respiratory samples , Germany
EU090709.1 clone CN808 human respiratory samples , Germany
EU133918.1 clone FFCH17845 soil, Oklahoma, USA

EU363465.1 clone CRIB 34 river water, Spain

EU683887.1 clone CRIB33 Waste water treatment plant, Spain
FJ976099.1 clone cvE5S8 fresh water systems, France
FJ976100.1 clone cvES5 fresh water systems, France
EF445478.1 clone KF-9 Soil, Himalaya, India

GQ287585.1 clone P1s-222 Soil, Himalaya, India

HM445488.1 clone GP27685902 lava tube, Azores, Portugal
JF513056.1 clone cvE88 fresh water systems, France
JF513057.1 clone cvE99 fresh water systems, France
JN167597.1 Renichlamydia lutjani strain ELO Lutjanus kasmira (bluestripe snapper)
JN616113.1 clone GP27807e09 lava tube, Azores, Portugal
JN616229.1 clone GP71172e05 lava tube, Azores, Portugal
JN850423.1 clone GP27685c03 lava tube, Azores, Portugal

AF083614.1 Parachlamydia acanthamoebae strain UWE1 amoeba symbiont

AB359005.1 clone AnDHS-P22 annamox reactor

AB506677.1 isolate S13 amoeba symbiont

AB506678.1 isolate S40 amoeba symbiont

AB506679.1 isolate R18 amoeba symbiont

AF083615.1 Protochlamydia amoebophila strain UWE25 amoeba symbiont

AF083616.1 isolate UWC22 amoeba symbiont

AF098330.1 isolate TUME1 amoeba symbiont

AF177275.1 Neochlamydia hartmannellae strain A1Hsp amoeba symbiont

AF308693.1 clone corvenA4 human corneal sample

AF364563.1 clone P-3 Waste water treatment plant, Germany
AF364565.1 clone P-5 Waste water treatment plant, Germany
AF366365.1 Parachlamydia acanthamoebae strain Hall's coccugamoeba symbiont

AF478463.2 clone cvC7 human nasal sample

AF478473.2 clone cvC15 human sputum

AJ715410.1 Parachlamydia acanthamoebae strain UV-7 amoeba symbiont

AM408788.1 isolate EI1 amoeba symbiont

AM408789.1 isolate EI2 amoeba symbiont
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AM408793.1 isolate EI6 amoeba symbiont

AM941720.1 isolate Bergl7 amoeba symbiont

AY220545.2 clone cvES freshwater pond, Italy

AY326517.1 clone 3-1 soil, Amazon

AY326519.1 clone 530-2 soil, Amazon

DQ124300.1 Criblamydia sequanensis strain Seine river water, France

DQ309029.1 Parachlamydia acanthamoebae strain Seine river water, France

DQ632609.1 Protochlamydia naegleriophila strain KNic amoeba symbiont

EU074225.1 Estrella lausannensis strain CRIB 30 river water, Spain

EU090706.1 clone CN823 human respiratory samples , Germany
EU363463.1 clone CRIB 31 river water, Spain

EU384664.1 Protochlamydia naegleriophila strain CRIB 36 Waste water treatment plant, Spain
EU683885.1 clone CRIB37 Waste water treatment plant, Spain
EU683886.1 clone CRIB38 river water, Spain

EU707854.1 Protochlamydia naegleriophila strain CRIB35 Waste water treatment plant, Spain
FJ529996.1 clone MABRDTU43 nitrifying biofilm reactor

FJ532290.1 clone CRIB44 river water, Spain

FJ532291.1 clone CRIB43 river water, Spain

FJ532292.1 clone CRIB39 Waste water treatment plant, Spain
FJ532293.1 clone CRIB40 Waste water treatment plant, Spain
FJ532294.1 clone CRIB41 Waste water treatment plant, Spain
FJ532295.1 Protochlamydia naegleriophila strain CRIB42 Waste water treatment plant, Spain
FJ976092.1 clone cvE12 river water, France

FJ976093.1 clone cvE14 fresh water, France

FJ976101.1 Protochlamydia naegleriophila strain cvE27 fresh water, France

FJ976104.1 clone cvE22 soil, France

FJ976105.1 Parachlamydia acanthamoebae strain cvE20 fresh water, France

FJ415740.1 clone SOY123 soil, China

NR_026357.1 Parachlamydia acanthamoebae strain Bn9 amoeba symbiont

AB504586.1 clone K26G1-12 methane oxidizing DHS reactor
AB504644.1 clone K29C2-11 methane oxidizing DHS reactor
GQ221847.1 Metachlamydia lacustris strain CHSL amoeba symbiont

JF706725.1 clone cvE70 fresh water, France

JN051144.1 Parachlamydia acanthamoebae strain NS2 human respiratory samples , France
JN093034.1 clone cvE4b fresh water, France

JN112799.1 Mesochlamydia elodeae strain KV amoeba symbiont

JN478120.1 clone SBYT 1825 Guerrero Negro hypersaline microbial mat
JN489825.1 clone SBYX 4984 Guerrero Negro hypersaline microbial mat
JN538005.1 clone SBZP 4742 Guerrero Negro hypersaline microbial mat
JQ346728.1 Protochlamydia amoebophila strain UWE25 amoeba symbiont

JX846629.1 Protochlamydia naegleriophila strain Pcb1 amoeba symbiont

NR_074271.1 Protochlamydia amoebophila strain UWE25 amoeba symbiont

orpgwFw301_C1167

orf C1167

freshwater metagenome

EU491150.1

clone P9X2b3G08

seafloor lavas, Pacific Ocean

JQ013360.1

clone W5-15h

deep-sea sediment
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Summary

Bacteria associated with free-living amoebae have
attracted considerable attention because of their role
in human disease and as models for studying
endosymbiosis. However, the identification and
analysis of such novel associations are hindered by
the limitations of methods for isolation and
axenization of amoebae. Here, we replaced the heat-
inactivated Escherichia coli, which is typically used
as food source during axenization, with a live E. coli
tolC knockout mutant strain hypersensitive to antibi-
otics. Together with the addition of otherwise suble-
thal amounts of ampicillin, this approach tripled the
success rate and reduced the time required for
axenization by at least 3 days. Using this method for
two environmental samples, 10 Acanthamoeba
strains were isolated, seven of which contained bac-
terial symbionts. In three cases, amoebae harbouring
two phylogenetically distinct symbionts were recov-
ered, supporting a more widespread occurrence of
multi-partner symbiotic associations among free-
living amoebae.

Introduction

Amoebozoa (amoebae) represent an ubiquitous and
diverse group of unicellular eukaryotes with a predatory
lifestyle that serve an important ecological role by control-
ling microbial communities and linking trophic levels in
food webs (Rodriguez-Zaragoza, 1994; Rosenberg et al.,
2009). However, some bacteria, including pathogens of
humans and animals, have developed mechanisms to
survive phagocytosis and to persist or even proliferate
intracellularly in these protists (Barker and Brown, 1994;

Received 13 December, 2013; accepted 30 January, 2014.
*For correspondence. E-mail horn@microbial-ecology.net; Tel.
(+43) 1 4277 76608; Fax (+43) 1 4277 876608.

© 2014 Society for Applied Microbiology and John Wiley & Sons Ltd

Greub and Raoult, 2004). Amoebae have thus been con-
sidered as training grounds and vectors of pathogenic
bacteria (Molmeret etal., 2005; Corsaro and Greub,
2006; Thomas et al., 2006; 2010; Greub, 2009; Anacarso
etal., 2012). They also serve as models for the study of
host—pathogen interactions (Swanson and Hammer,
2000; Sandstrom et al., 2011) and for the analysis of the
evolution of endosymbiosis and the intracellular lifestyle
(Horn, 2008).

Acanthamoeba species, found typically in soil and fresh-
water, are frequently associated with obligate intracellular
symbionts (Horn and Wagner, 2004). These bacteria
belong to either of four distinct evolutionary lineages, the
Alphaproteobacteria (Horn etal., 1999; Birtles etal.,
2000), the Betaproteobacteria (Horn etal., 2002), the
Bacteroidetes (Horn etal, 2001) or the Chlamydiae
(Amann et al., 1997; Collingro et al., 2005b). Acantha-
moeba isolates containing endosymbionts have been
repeatedly recovered from geographically distant
samples, with their symbionts often displaying high genetic
similarity (Schmitz-Esser et al., 2008; Matsuo et al., 2010).
In most cases, amoebae were associated with a single
symbiont phylotype, but there have been a few reports in
which two phylogenetically distinct symbionts were found
co-occurring in a single amoeba host, raising questions
about extent and implications of such multi-partner asso-
ciations (Heinz et al., 2007; Matsuo et al., 2010).

There are two main methods for the discovery and
identification of bacterial symbionts of amoeba. Either
amoebae are directly isolated from environmental
samples, or the samples are co-cultivated with amoeba
lab strains (Horn etal.,, 1999; Collingro etal., 2005a;
Thomas et al., 2006; Schmitz-Esser et al., 2008; Corsaro
et al., 2009). Only the former method is able to recover
bacterial symbionts together with their natural amoeba
hosts. The isolation of amoebae was first described by
Neff (1958). In this approach, environmental samples are
applied to non-nutrient agar (NNA) plates covered with
live Escherichia coli, and amoebae are then isolated as
they graze and move away from the inoculation site. To
facilitate a more detailed analysis of bacterial symbionts,
the availability of axenic cultures, i.e. amoeba cultures in
a nutrient-rich medium without bacteria as food source, is
essential. The use of antibiotics to eliminate live E. coli
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during axenization is, however, not recommended as anti-
biotics may also inhibit intracellular symbionts. Therefore,
prior to adaptation to the axenic medium, amoeba are
generally first transferred to and passaged multiple times
on NNA plates seeded with heat-inactivated E. coli to
avoid bacterial growth in the medium. Because amoebae
often grow poorly on heat-inactivated E. coli (de Moraes
and Alfieri, 2008), this step is time-consuming, and
amoebae often fail axenization.

In this study, we show that the use of E. coli tolC knock-
out mutants eliminates the need for the adaptation of
amoebae to heat-inactivated E. coli and increases the
success of axenization. Using this method, 10 amoeba
isolates were obtained from two environmental samples.
The prevalence and diversity of bacterial symbionts in
these isolates suggests that associations of amoeba with
symbiotic bacteria are more complex and dynamic than
currently recognized.

Results and discussion
Using hypersensitive E. coli for axenization of amoebae

In order to bypass the limiting step of amoebal passage on
heat-inactivated E. coli, we tested the use of E. coli strain
JW5503-1 AtolC732::kan, one of the single-gene knockout
mutants constructed in the Keio collection (Baba et al.,
2006) (E. coli Genetic Stock Center). In this strain, the
gene coding for the outer membrane transporter TolC is
replaced with a kanamycin resistance cassette. The
deletion of tolC renders E. coli hypersensitive to ampicillin
(minimum inhibitory concentration, MIC = 2 ug ml~' com-
pared with 6 ug ml~' for the wild type) and gentamicin
(MIC =0.3 ug mI' compared with 0.8 ug ml~") without
otherwise negative growth effect (Tamae et al., 2008). This
facilitates the selective elimination of E. coli using other-
wise sublethal amounts of antibiotics and allows immedi-
ate transfer of amoebae from NNA plates seeded with the
E. coli tolC knockout strain to culture flasks containing
nutrient-rich axenic medium. In addition, it should be pos-
sible to supplement the axenic medium with live E. coli
during the initial stages of axenization in order to facilitate
adaptation to axenic growth conditions. In this set-up,
growth of the hypersensitive E. coli tolC knockout strain in
the axenic medium is controlled with low concentrations of
ampicillin that are subinhibitory for intracellular symbionts.

Improved axenization of amoebae

We isolated amoebae from two samples collected at the
Danube river bank (DRB) and from Danube river sediment
(DRS) near the city of Vienna, Austria and compared
axenization protocols with heat-inactivated E. coli K-12
and hypersensitive E. coli AtolC732::kan respectively. The

environmental samples were placed on NNA plates
covered with live hypersensitive E. coli. Plates were incu-
bated at room temperature, and five agar pieces contain-
ing amoebae were excised for each sample and
transferred to new NNA plates. The isolates (hamed DRB
1-5 and DRS 1-5 respectively) were passaged several
times on NNA plates covered with live hypersensitive
E. coli. Subsequently, amoebae were transferred either
directly into axenic media amended with 10 ug mi~! of
ampicillin or to NNA plates covered with heat-inactivated
E. coli prior to the transfer to axenic media (see Support-
ing Information Appendix S1 for additional details).

Nine out of the 10 isolates transferred directly to axenic
culture media could be successfully axenized. In contrast,
only three isolates could be adapted to axenic growth
when first transferred to heat-inactivated E. coli (Fig. 1). In
more detail, two isolates (DRS2, DRB4) displayed
immediate growth inhibition and eventual encystation on
NNA with heat-inactivated E. coli. Five isolates grew on
heat-inactivated E. coli but could then not be adapted to
axenic conditions. Using hypersensitive compared with
heat-inactivated E. colithus increased the number of suc-
cessfully axenized isolates by a factor of three.

Transfer to and growth on heat-inactivated E. coli
required an average of 3 days to achieve a distance from
the transfer site (approximately 2 cm) to ensure no trans-
mission of live E. coli to the axenic media. In addition, for
one isolate (DRS4), adaptation to axenic media via heat-
inactivated E. coli took 5 days longer than when directly
transferred to media supplemented with ampicillin (Fig. 1).
Thus, omitting the passage on heat-inactivated E. coliand
using hypersensitive E. coli and ampicillin saved between
3 and 8 days for axenization. Taken together, our novel
approach minimizes axenization time and significantly
increases the success rate.

Diversity and co-occurrence of bacterial symbionts

All of the nine amoeba isolates where axenization
was successful could be assigned to the genus
Acanthamoeba based on morphological characteristics.
Sequencing of 18S rRNA genes revealed that all but one
are highly similar to each other and most closely related to
A. castellanii Neff (GenBank Acc. U07416) (GenBank
Acc. KF924599, KF92601, KF92605). The 18S rRNA
gene of one isolate (DRS2, GenBank Acc. KF92600) was
most similar to A. polyphaga Nagington (GenBank Acc.
AF019062) (Supporting Information Appendix S1). Seven
isolates contained bacterial symbionts, which could be
readily detected by staining with 4,6-diamidino-2-
phenylindole dihydrochloride and subsequent fluores-
cence in situ hybridization (FISH) (Daims et al., 2005)
(Supporting Information Appendix S1). Sequencing of
bacterial 16S rRNA genes and phylogenetic analysis
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Fig. 1. Comparison of traditional and E. coli

DRS5 AtolC-based methods for the isolation and
DRS4 axenization of free-living amoebae. The
DRS3 E—— course of isolation and axenization is shown
o DRS2 for 10 amoeba strains obtained from two
— DRS1 different samples (DRS1-5, DRB1-5) using
¥' DRB5 either a traditional protocol and
DRB4 heat-inactivated E. coli or the improved
DRB3 protocol with live hypersensitive E. coli cells
DRB2 as food source. The time required for each
DRB1 step is colour-coded. Blue is the time required
for growth on NNA plates (isolation phase);
DRS5 red is the time required for adaptation and
DRS4 growth on NNA plates covered with
DRS3 heat-inactivated E. coli (cleaning phase, only
necessary in the traditional approach); green
O DRS2 is the ti ded for adaptation to growth |
= DRS1 IS the lime needed Tor aagaptation 1o growtn in
(@) DRB5 liquid axenic media (axenization phase). A
Z DRB4 broken end indicates failure (encystation) at
the respective stage of isolation/axenization.
DRB3
DRB2
DRB1
0 5 10 15 20 25 30 35
Days spent in each step
[l isolation [l clearing || axenization
demonstrated that the bacterial symbionts show a intracellular location of all symbionts was confirmed by
remarkable identity (> 99%) to known bacterial symbionts FISH using specific probes for each taxonomic group
of Acanthamoeba species recovered previously from (Fig. 2).
diverse samples and locations (Table 1, Supporting Infor- The amoeba isolates recovered in this study are
mation Appendix S1). In total, six phylogenetically distinct remarkable in two respects. First, the large diversity of
symbionts were identified, including representatives from symbionts in different isolates obtained from the same
all major taxonomic groups of Acanthamoeba symbionts environmental sample, or from two samples that were
(Table 1). Three out of seven amoeba isolates contained taken in close spatial proximity, is in sharp contrast with
two phylogenetically different bacterial symbionts, with a previous studies that generally reported single symbiont-
different combination of symbionts for each case. The containing amoeba isolates per sample (Collingro et al.,

Table 1. Taxonomic affiliation of bacterial symbionts.

Amoeba isolate Symbiont taxonomy Acc. no. Closest neighbour (Acc. no.) % identity
DRB1 Paraceadibacter KF924589 Paracaedibacter sp. UWC9 99.5
(AF132137) (Horn et al., 1999)
DRB2 Neochlamydia KF924590 Endosymbiont of Acanthamoeba sp. S13 99.6
(AB506677) (Matsuo et al., 2010)
DRS1 Protochlamydia KF924591 Protochlamydia sp. CRIB40 99.5
(FJ532293) (Thomas et al., 2006)
Procabacter KF924592 Procabacter sp. UNE2 98.6
(AF177424) (Horn et al., 2002)
DRS2 Neochlamydia KF924593 Endosymbiont of Acanthamoeba sp. S13 99.5
(AB506677) (Matsuo et al., 2010)
DRS3 Rickettsiales KF924595 Endosymbiont of Acanthamoeba sp. UWC36 99.1
(AF069962) (Fritsche et al., 1999)
Amoebophilus KF924594 Amoebophilus asiaticus US1 99.5
(HM159369) (Schmitz-Esser et al., 2010)
DRS4 Protochlamydia KF924597 Protochlamydia sp. CRIB40 99.7
(FJ532293) (Thomas et al., 2006)
Amoebophilus KF924596 Amoebophilus asiaticus US1 99.6
(HM159369) (Schmitz-Esser et al., 2010)
DRS5 Protochlamydia KF924598 Protochlamydia sp. CRIB40 99.6

(FJ532293) (Thomas et al., 2006)

The closest neighbours in 16S rRNA gene-based phylogenetic trees were used to determine the taxonomic affiliation of bacterial symbionts found
in seven axenized amoeba isolates.
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Fig. 2. Identification of bacterial symbionts by fluorescence in situ hybridization. The bacterial symbionts of the recovered Acanthamoeba
isolates were identified by 16S rRNA gene sequencing (Table 1) and FISH using general probes for eukaryotes (EUK516, blue) and bacteria
(EUB338I-IlI, green in DRB1, DRB2, DRS5), and group-specific probes for the symbionts: Caedibacter (CC23a, red in DRB1), Chlamydiales
(Chlis523, red in DRB2, DRS1, DRS4, DRS5), Procabacter (Proca438, green in DRS1), Amoebophilus (Aph1180, green in DRS3, DRS4) and
rickettsiae (AcRic90, red in DRS3). Additional information on the probes is available at the oligonucleotide database probeBase (http:/
www.microbial-ecology.net/probebase; (Loy et al., 2007). The overlap of red and green fluorescence signals appears yellow. Bar, 10 um.
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2005b; Schmitz-Esser etal, 2008). Second, the
co-occurrence of two phylogenetically different symbionts
in three out of seven Acanthamoeba isolates is unexpec-
ted, as the majority of amoeba isolates investigated so far
contain only a singly symbiont phylotype (Heinz et al.,
2007; Corsaro et al., 2010; Matsuo et al., 2010).

In order to investigate whether the co-occurrence of
phylogenetically different symbionts represents a natural
phenomenon or an artefact of the isolation and
axenization method, single cysts were picked using a
micromanipulator from the first NNA plates from which
three isolates originated (DRS1, DRS3 and DRS5), and
clonal cultures were established (Supporting Information
Appendix S1). In total, nine clonal cultures were obtained,
and the analysis of these isolates by FISH confirmed the
presence and co-occurrence of the bacterial symbionts
detected earlier (data not shown). This suggests that
co-infections of amoebae are likely not artefacts of
the isolation method but that amoebae containing
phylogenetically different symbionts occurred naturally in
the investigated sample.

In summary, the recovery of different amoeba isolates
from two related environmental samples using the
improved isolation and axenization protocol revealed a
surprising diversity of bacterial symbionts and an unex-
pected large fraction of isolates containing more than one
symbiont phylotype.

Conclusions

The occurrence of nearly identical bacterial symbionts in
Acanthamoeba isolates obtained from geographically dis-
tinct regions has been noted earlier and suggested a
global distribution of the major lineages of Acanthamoeba
symbionts (Fritsche et al., 2000; Molmeret et al., 2005;
Schmitz-Esser et al., 2008). Here, we could show that a
similar diversity of symbionts may exist at a much smaller
scale, within two adjacent environmental samples. More-
over, 40% of the amoeba isolates recovered here con-
tained not only a single but two different symbiont
phylotypes. This suggests that bacterial symbionts of
acanthamoebae are more promiscuous than previously
recognized and that the interaction between these
amoebae and their diverse symbionts is much more
complex under natural conditions. The role of the bacterial
symbionts for the biology and ecology of acanthamoebae
is, however, currently unknown. While many of them
seem to tap their host's metabolism (Trentmann et al.,
2007; Haferkamp et al., 2013), which is indicative for a
parasitic lifestyle, a potential benefit for the host cannot be
excluded and might explain their prevalence, even at
small spatial scales.

The recovery of multiple amoeba isolates and their
diverse symbionts in this study was facilitated by an

An improved method for the axenization of amoebae 5

improved isolation and axenization protocol. The use of a
live hypersensitive E. coli strain reduced the time and
labour required for axenization and importantly increased
the success rate. The method introduced here thus allows
for a deeper screening of environmental samples for free-
living amoebae. lts application in future studies and the
combination of limited dilution or flow cytometry-based
sorting with the hypersensitive E. coli strain as food
source will help to further illuminate the diversity and
complexity of symbiotic associations between bacteria
and amoeba in nature.
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Supplementary Experimental Procedures

Media recipes

Page Amoeba Saline (PAS) (10 x) PYNFH (pH 6.4)
(Page, 1967) (De Jonckheere, 1993)
NaCl 12¢g Peptone, Bacto 10g
MgSO0,*7 H,O 0,04 g Yeast Extract 10g
CaClL,*2 H,O 0,04 g Yeast nucleic acid lg
Na,HPO, 1,42 g Folic acid 15 mg
KH,PO, 1,36 g Hemin I mg
Distilled water 1L Buffer Solution 20 ml
Non Nutrient Agar (NNA) Distilled water 880 ml
PAS (10 x) 100 ml | *add 100ml FBS after autoclave
Agar 15-20 g Buffer Solution (pH 6.5)
Distilled water 900 ml KH,PO, 18.1¢g
PYG (pH 6.5) Na,HPO, 250¢g
Peptone 20g Distilled water 1L
Glucose 18 ¢ LB (pH 7)
Yeast Extract 2g Tryptone 10g
Sodium citrate lg Yeast Extract 5¢g
MgSO04*7 H,O 980 mg NaCl 5¢
Na,HPO,*7 H,0O 355 mg Distilled water 1L
KH,PO, 340 mg TSY (pH 7.3)
Fe(NH,4),(SO,4),* 6H,O 20 mg Trypticase Soy Broth 30g
Distilled water 1L Yeast Extract 10g
Distilled water 1L

PYNFH and PYG were autoclaved at 110 °C; PAS, NNA, and TSY at 120 °C
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Preparation of E. coli cells

Escherichia coli strain JW5503-1 AtolC732::kan (Baba et al., 2006) was obtained from
the culture collection of the E. coli Genetic Stock Center at Yale University and streaked on
Lysogeny Broth agar (LB) plates. Single colonies were picked and tested for their resistance to
kanamycin (50 pg/ml) and susceptibility to ampicillin (10 pg/ml) (Tamae et al., 2008). Finally a
single colony with the correct phenotype was selected and a glycerol stock was made. For
preparation of E. coli cultures for plating on non-nutrient agar (NNA) plates, a flask containing
100 ml of LB medium was inoculated and incubated overnight at 37 °C. Bacteria were harvested
by centrifugation (8000 rpm), washed once and resuspended in 10 ml Page’s Amoebic Saline
(PAS). For heat inactivation, E. coli K-12 cells resuspended in PAS were placed in a water bath
for 1h at 95°C. An aliquot of this preparation was tested for growth on LB plates to ensure
complete inactivation. Live and heat-inactivated E. coli cells were stored at 4 °C until usage.

Isolation and axenization of amoebae

The isolation of amoebae was based on the “walk out” method described by Neff (Neff,
1958). Aliquots of the suspension containing live E. coli cells (200 ul) were spread on NNA
plates. Environmental samples were added in the middle of the plate and incubated at room
temperature. Amoebae that have migrated away from the environmental sample were identified
using an inverted light microscope and excised as agar pieces (around 0.5 cm?), which were
placed upside down on fresh NNA plates covered with live E. coli. The plates were incubated
until the amoebae almost reached the rim of the plates at which time point they were transferred
again. This procedure was carried out three times in total to ensure that contaminants from the
samples would not be carried over.

For axenization six agar pieces containing amoebae with live E. coli cells were excised
per plate and transferred to a 6-well cell culture plate containing 10 ml of growth medium per
well (2 x TSY, 2 x PYG and 2 x PYNFH) supplemented with 10 ul of the live E. coli cell
suspension and a final concentration of 10 pg/ml ampicillin.

Alternatively, agar pieces containing amoebae were transferred to fresh NNA plates
covered with heat-inactivated E. coli. The plates were incubated, and amoebae were allowed to
migrate before the transfer to 6-well cell culture plates containing the same growth media but
supplemented with heat-inactivated E. coli and without antibiotics.

The cell culture plates were examined by microscopy every two days, and when an
increase in the number of amoebae was observed they were transferred to 25 cm? cell culture
flasks.

If live E. coli was used the axenic medium was replaced after one day and supplemented
with ampicillin to prevent growth of residual live E. coli. No ampicillin was added during
subsequent medium exchanges. A culture was considered axenic if amoebae continued to grow
in the absence of extracellular bacteria.
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Establishment of clonal amoeba cultures

A piece of agar was removed from NNA plates and the amoeba trophozoites or cysts
were washed into the agar hole applying 1 ml of PAS repeatedly on the surface of the plate. The
plate was then placed under an inverted microscope (Axio Observer.D1 Zeiss) with a
micromanipulator (TransferMan NK2 & CellTram vario, Eppendorf). Single amoeba cysts or
trophozoites were picked using glass capillaries (TransferTip, Eppendorf) and placed
individually on new NNA plates seeded with live E. coli.

Identification of amoeba hosts and bacterial symbionts

Amoeba isolates were fixed on microscope slides and initially screened for the presence
of bacterial symbionts using the DNA stain 4’,6-diamidine-2’-phenylindole dihydrochloride
(DAPI). Cultures containing symbionts were harvested from 25 m? culture flasks by
centrifugation at 7500 rpm, and total DNA was isolated using the DNeasy Blood & Tissue Kit
(Qiagen). PCR was performed using primers targeting the 16S ribosomal RNA gene (616v, 5’-
AGAGTTTGATYMTGGCTC (Juretschko et al., 1998), and 1492R, 5°-
GGYTACCTTGTTACGACTT (Loy et al., 2005)) and an annealing temperature of 52 °C. Since
the forward primer 616v does not cover members of the phylum Chlamydiae well, the alternative
forward primer SigF2 (5°CRGCGTGGATGAGGCAT, (Haider et al., 2008) was used in
addition. For 18S rRNA of the hosts, the primer JDP1 (5'-GGCCCAGATCGTTTACCGTGAA)
and the reverse primer JDP2 (5'-TCTCACAAGCTGCTAGGGAGTCA) (Schroeder et al., 2001)
were used with an annealing temperature of 62 °C. All PCR products were purified and cloned in
TopoXL vectors (TopoXL cloning Kit, Invitrogen Life Technologies). Cloned 16S and 18S
rRNA gene fragments were then re-amplified using M 13 primers and sequenced on an ABI 3130
XL Genetic Analyzer.

Obtained 16S rRNA gene sequences were used to search against the NCBI nt database
using BLAST (Altschul et al., 1990). The 20 best hits for each sequence were collected, aligned
by the SILVA aligner (Quast et al., 2013) and used for the calculation of phylogenetic trees with
the maximum likelihood method (GTR model, 16 gamma categories, 100 bootstraps)
implemented in MEGAS (Tamura et al., 2011). The closest neighbors of the newly obtained
sequences were determined based on the tree topology.

Fluorescence in situ hybridization

Axenized amoebae grown in culture flasks were harvested in 50 ml tubes and centrifuged
at 5000 rpm for 5 min. After discarding the supernatant and re-suspension of the amoeba pellet
in 10 ml PAS, the amoeba cells were centrifuged again at 5000 rpm for Smin. The final pellet
was re-suspended in 5 ml PAS, 15 ul were placed on a glass slide, and amoebae were allowed to
attach to the glass surface. After 30 min buffer was removed and amoeba trophozoites were fixed
using 4% paraformaldehyde (PFA) for 15 min at room temperature. After fixation PFA was
removed and the cells were washed using double distilled water. Hybridization was carried out
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as described elsewhere. Slides were examined by epifluorescence and confocal laser scanning
microscopy (Axioplan 2 Zeiss, CLSM LSM 510 Meta Zeiss).
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Abstract

Background: The Amoebozoa constitute one of the primary divisions of eukaryotes, encompassing taxa of both
biomedical and evolutionary importance, yet its genomic diversity remains largely unsampled. Here we present an
analysis of a whole genome assembly of Acanthamoeba castellanii (Ac) the first representative from a solitary free-
living amoebozoan.

Results: Ac encodes 15,455 compact intron-rich genes, a significant number of which are predicted to have arisen
through inter-kingdom lateral gene transfer (LGT). A majority of the LGT candidates have undergone a substantial
degree of intronization and Ac appears to have incorporated them into established transcriptional programs. Ac
manifests a complex signaling and cell communication repertoire, including a complete tyrosine kinase signaling
toolkit and a comparable diversity of predicted extracellular receptors to that found in the facultatively multicellular
dictyostelids. An important environmental host of a diverse range of bacteria and viruses, Ac utilizes a diverse
repertoire of predicted pattern recognition receptors, many with predicted orthologous functions in the innate
immune systems of higher organisms.

Conclusions: Our analysis highlights the important role of LGT in the biology of Ac and in the diversification of
microbial eukaryotes. The early evolution of a key signaling facility implicated in the evolution of metazoan
multicellularity strongly argues for its emergence early in the Unikont lineage. Overall, the availability of an Ac
genome should aid in deciphering the biology of the Amoebozoa and facilitate functional genomic studies in this
important model organism and environmental host.

Background

Acanthamoeba castellanii (Ac) is one of the predominant
soil organisms in terms of population size and distribu-
tion, where it acts both as a predator and an environmen-
tal reservoir for a number of bacterial, fungal and viral

* Correspondence: brendan.loftus@ucd.ie

t Contributed equally

1Convvay Institute, University College Dublin, Belfield, Dublin 4, Ireland
Full list of author information is available at the end of the article

( ) BiolVled Central

species [1]. Selective grazing by Ac in the rhizosphere
alters microbial community structure and is an important
contributor to the development of root architecture and
nutrient uptake by plants [2]. Ac can also be isolated
from almost any body of water and manifests in a wide
variety of man-made water systems, including potable
water sources, swimming pools, hot tubs, showers and
hospital air conditioning units [3,4]. Acanthamoebae are
frequently associated with a diverse range of bacterial

© 2013 Clarke et al,; licensee BioMed Central Ltd. This is an open access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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symbionts [5,6]. A subset of the microbes that serve as
prey for Ac have evolved virulence stratagems to use Ac
as both a replicative niche and as a vector for dispersal
and are important human intracellular pathogens [7,8].
These pathogens utilize analogous strategies to infect and
persist within mammalian macrophages, illustrating the
role of environmental hosts such as Ac in the evolution
and maintenance of virulence [9,10]. Commonalities at
the level of host response between amoebae and macro-
phages to such pathogens have led to the use of both Dic-
tyostelium discoideum (Dd) and Ac as model systems to
study pathogenesis [11,12].

Published Amoebozoa genomes from both the obligate
parasite Entamoeba histolytica (Eh) and the facultatively
multicellular Dd have both highlighted unexpected com-
plexities at the level of cell motility and signaling
[13,14]. As the only solitary free-living representative,
the genome of Ac establishes a unique reference point
for comparisons for the interpretation of other amoe-
bozoan genomes. Experimentally, Ac has been a more
thoroughly studied organism than most other free living
amoebae, acting as a model organism for studies on the
cytoskeleton, cell movement, and aspects of gene regula-
tion, with a large body of literature supporting its mole-
cular interactions [15-18].

Results and discussion

Lateral gene transfer

Lateral gene transfer (LGT) is considered a key process
of genome evolution and several studies have indicated
that phagotrophs manifest an increased rate of LGT
compared to non-phagotrophic organisms [19]. As a
geographically dispersed bacteriovorous amoebae with a
penchant for harboring endosymbionts, Ac encounters a
rich and diverse supply of foreign DNA, providing
ample opportunity for LGT. Homology-based searches
of the proteome illustrate the potential for diverse con-
tributions to the genome (Figure 1).

We therefore undertook a phylogenomic analysis to
determine cases of predicted inter-domain LGT in the
Ac genome (Section 2 of Additional file 1). Our analysis
identified 450 genes, or 2.9% of the proteome, predicted
to have arisen through LGT (Figure 2; Section 2 of
Additional file 1). To determine the fate and ultimate
utility of the LGT candidates within the Ac genome, we
examined their expression levels across a number of
experimental conditions using RNA.seq (Table S1.6.1 in
Additional file 1). Our results show that most of the
LGT candidates are expressed in at least some of the
conditions tested (Additional file 2).

Genetic exchange is also thought to occur between phy-
logenetically disparate organisms that reside within the
same amoebal host cell [20,21]. Ac contains three copies
of a miniature transposable element (ISSoc2) of the
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IS607 family of insertion sequences related to those pre-
sent in genomes of thermophilic cyanobacteria [22] and
several giant nucleocytoplasmic large DNA viruses
(NCLDVs). In the Mimivirus genome the IS elements
are found within islands of genes of bacterial origin,
some of which appear to have been contributed by a
cyanobacterial donor. This data underscores the com-
plex intermediary role that Ac, as host to both NCLDVs
and cyanobacteria [17] may play in facilitating genetic
transfer between sympatric species.

Comparison of predicted LGT across amoeboid genomes
In order to compare the impact and scale of LGT across
Ac and other amoeba, we applied the same phyloge-
nomic approach used to identify LGT in the Ac genome
to published genomes of other amoeboid protists,
including Dd, Eh, Entamoeba dispar (Ed) and Naegleria
gruberi (Ng). Our findings predict that Ac and the exca-
vate Ng encode a notably higher number of laterally
acquired bacterial genes than either of the more closely
related parasitic Entamoeba or the social Dd amoebozo-
ans (Figure 2a). The taxonomic distribution of putative
LGT donors is broadly similar for both Entamoeba spe-
cies, but surprisingly also between Ac and Ng (Figure 2b,c;
Section 2 of Additional file 1). The genomes of both Eh
and Ed are predicted to have experienced a proportio-
nately higher influx from anaerobic and host-associated
microbes than their free-living counterparts Ac and Ng
(Figure 2¢; Additional file 2), likely reflecting the composi-
tion of microbes within their habitats. Many of the LGT
candidates across all of the amoebae have predicted meta-
bolic functions, suggesting that LGT in amoebae is reflec-
tive of trophic strategy and driven by the selective pressure
of new ecological niches. Our data illustrating LGT as a
contributing factor in shaping the biology of a diversity of
amoeboid genomes provide further evidence supporting
an underappreciated role for LGT in the diversification of
microbial eukaryotes [23].

Introns

Intron-exon structures exhibit complex phylogenetic pat-
terns with orders-of-magnitude differences across eukar-
yotic lineages, which imply frequent transformations
during eukaryotic evolution [24]. Some researchers have
argued that intron gain is episodic with long periods of
stasis [25] punctuated by periods of rapid gain while
others argue for generally higher rates [26]. Strikingly, Ac
genes have an average of 6.2 introns per gene, among the
highest known in eukaryotes [27]. Genes predicted to have
arisen through LGT have slightly lower but broadly com-
parable intron densities, offering an opportunity to study
the evidence for proposed mechanisms underpinning
post-LGT intron gain [28]. An analysis of LGT introns,
however, did not provide support for any of the proposed
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mechanisms of intron gain (Section 2 of Additional file 1).
Thus, while the preponderance of introns in LGTs clearly
indicates substantial intron gain at some point, it appears
that, for Ac, these events have been very rare in recent
times, consistent with a punctate model of intron gain.

Cell signaling

As a unicellular sister grouping to the multicellular Dic-
tyostelids, Ac provides a unique point of comparison to
gain insight into the molecular underpinnings of multicel-
lular development in Amoebozoa. Cell-cell communication
is a hallmark of multicellularity and we looked at putative
receptors for extracellular signals and their downstream
targets. G-protein-coupled receptors (GPCRs) represent
one of the largest families of sensors for extracellular sti-
muli. Overall, Ac encodes 35 GPCRs (compared to 61 in
Dd), representing 4 out of the 6 major families of GPCRs
[29] while lacking metabotropic glutamate-like GPCRs or
fungal pheromone receptors. We identified three predicted
fungal-associated glucose-sensing Git3 GPCRs [30] and an
expansion in the number of frizzled/smoothened receptors
[31] (Figure S3.1.1 in Additional file 1). We identified seven
G-protein alpha subunits and a single putative target, phos-
pholipase C, for GPCR-mediated signaling. The number
and diversity of receptors in Ac raises the question of what
they are likely to be sensing. Nematodes employ many of
their GPCRs in detecting molecules secreted by their bac-
terial food sources [32], and given the diversity of Ac’s

feeding environments, many of the Ac GPCRs may fulfill a
similar role.

Environmental sensing

We identified 48 sensor histidine kinases (SHKs), of which
17 harbor transmembrane domains and may function as
receptors (Figure S3.2.1 in Additional file 1). Remarkably,
there are also 67 nucleotidyl cyclases consisting of an
extracellular receptor domain separated by a single trans-
membrane helix from an intracellular cyclase domain
flanked by two serine/threonine kinase domains. This
domain configuration is present in a number of the
amoeba-infecting giant viruses but thus far appears unique
for a cellular organism (Figure S3.3.1 in Additional file 1).
Ac is able to survive under microaerophilic conditions
such as those found in the deeper layers of underwater
sediments or within the rhizosphere. The genome encodes
a number of prolyl 4-hydroxylases that likely mediate oxy-
gen response; however, Ac also contains a number of
heme-nitric oxide/oxygen binding (H-NOX) proteins that,
unlike those in other eukaryotes, are not found in con-
junction with guanylyl cyclases [33]. The Ac H-NOX pro-
teins lack a critical tyrosine residue in the non-polar distal
heme pocket, making it likely that they are for nitric oxide
(NO) rather than oxygen signaling [34]. Both Dd and Ac
are responsive to light, although the photoreceptor that
mediates phototaxis in Dictyostelium has yet to be identi-
fied [35]. We identified two rhodopsins both with
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Figure 2 Predicted LGT-derived genes from Bacteria, Archaea and viruses encoded in the genomes of free-living and parasitic
amoebae. LGT-derived genes were predicted using a phylogenomics approach consisting of an initial similarity-based screening using SIMAP
[111], several filtering steps to extract amoebal proteins with prokaryotic best hits, followed by automatic calculation and manual inspection of
phylogenetic trees using PhyloGenie and PHAT [112]. (a) Percentage of lineage-specific LGT candidates in each genome; the absolute number of
LGT candidates per genome is indicated next to each bar. (b) Heat map illustrating the Bray-Curtis similarity of the taxonomic affiliation (at the
level of classes within the domain Bacteria) of putative LGT donors. (c) Ecological classification of putative LGT donors with respect to their
oxygen requirement and association with a host. The ecology of putative donors was extrapolated from the lifestyles of the respective closest

extant relatives.

carboxy-terminal histidine kinase and response regulator
domains with homology to the sensory rhodopsins of the
green algae that represent candidates for light sensors in
Ac (Figure 3).

Cellular response

Modulation of cellular response to environmental cues is
enacted by a diversity of protein kinases and Ac is predicted
to encode 377, the largest number predicted to date for any

amoebozoan (Section 4 of Additional file 1). In Ac, the
mitogen-activated protein kinase (MAPK) kinase pathway
has been shown to be involved in encystment [36] and its
genome encodes homologues of both of Dd’s two MAPK
proteins, ErkA and ErkB [37]. Phosphotyrosine (pTyr) sig-
naling mediated through tyrosine kinases was until recently
thought to be generally absent from the amoebozoan line-
age [38]. This signaling capacity has been associated with
intercellular communication, the evolutionary step towards
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Bacterial rhodopsins

\

Figure 3 Phylogenetic tree of rhodopsins from Amoebozoa, algae, bacteria and fungi. The tree was constructed by the neighbor-joining
method based on the amino acid sequence of the rhodopsin domain using MEGA version 5 [113]. The scale bar indicates the number of
substitutions per site. Detailed rhodopsin information is listed in Table S3.6.1 in Additional file 1.

multicellularity and the expansion of organismal complexity
in metazoans [39]. pTyr is thought to depend upon a triad
of signaling molecules; tyrosine kinase ‘writers’ (PTKs), tyro-
sine phosphatase ‘erasers’ (PTPs) and Src homology 2 (SH2)
‘reader’ domains that connect the phosphorylated ligand-
containing domains to specify downstream signaling events
[39]. Remarkably, the genome of Ac encodes 22 PTKs, 12
PTPs, and 48 SH2 domain-containing proteins (Figure 4a),

revealing a primordial yet elaborate pTyr signaling system
in the amoebozoan lineage (Figure 4b).

The Ac PTK domains are highly conserved in key cat-
alytic residues, resembling dedicated PTKs found in
metazoans (Figure S4.2.1 in Additional file 1), and are
distinct from Dd and Eh PTKs that are more tyrosine
kinase like (TKL) (Figure S4.2.2 in Additional file 1). Ac
PTK homologues are present in the apusomonad
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Figure 4 The phosphotyrosine signaling circuitry of Ac. (a) Phosphotyrosine signaling is modulated by the writers (PTKs), erasers (PTPs) and
readers (Src homology 2 (SH2); phosphotyrosine binding (PTB)). (b) The total number of PTKs, classical PTPs (total PTPs) and SH2 encoded genes
across multiple eukaryote genomes. Highlighted in yellow are branches that compose a complete phosphotyrosine signaling circuit. The
branched divergence times and lengths in millions of years (mya) are indicated. (c) The percentage of the genome devoted to encoding PTKs
and SH2 domains. (d) Ac displays the greatest ratio of SH2:PTKs compared to other eukaryotes.

Ratio SH2:PTK

Thecamonas trahens and have also recently been
described in two filasterean species, Capsaspora owczar-
zaki and Ministeria vibrans [38]. One unusual feature of
the pTyr machinery in Ac is the 2:1 ratio of SH2 to
PTK domains as comparisons across opisthokonts show

a strong correlation and co-expansion of these two
domains with a ratio close to 1:1 (Figure 4c,d) [40]. This
increased ratio in Ac indicates either an expansion to
handle the cellular requirements of pTyr signaling or
that aspects of PTK function are accomplished by TKL
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or dual specificity kinases as appears to be the case in
Dd [41]. We also found that Ac has fewer tyrosine resi-
dues in its proteome in comparison to Dd, which lacks
PTKs (Figure S4.3.1 in Additional file 1). This result is
in line with recent analysis of metazoan genomes, sug-
gesting increased pressure for selection against disad-
vantageous phosphorylation of tyrosine residues in
genomes with extensive pTyr signaling [42].

Domain organization and composition of pTyr com-
ponents reveal the selective pressures for adapting pTyr
signaling into various pathways. Seven PTKs have pre-
dicted transmembrane domains and may function as
receptor tyrosine kinases hinting at their potential for
intercellular communication. The majority of PTKs in
Ac, however, show unique domain combinations; six
PTKs contain a sterile alpha motif (SAM) domain,
which is found in members of the ephrin receptor
family (Figure S4.4.3 in Additional file 1). The Ac SH2
proteins are conserved within the pTyr binding pocket
and resemble SH2 domains from the SOCS, RIN, CBL
and RASA families (Figure S4.4.2 in Additional file 1);
however, the domain composition within these proteins
differs between those of Monosiga brevicollis and metazo-
ans (Figure S4.4.3A in Additional file 1). Approximately
half of the Ac SH2 proteins share domain architectures
with Dd, including the STAT family of transcription fac-
tors (Figure S4.4.3B in Additional file 1). The presence of
homologous SH2 proteins in Dd coupled with the com-
plete facility in Ac predicts an emergence of the complete
machinery for pTyr early in the Unikont lineage. This
finding is in contrast with models that posit a complete
pTyr signaling machinery emerging late in the Unikont
lineage [39] and has important implications for under-
standing the relationship between pTyr signaling and the
evolution of multicellularity. The lack of clear metazoan
orthologues makes it difficult to trace the evolutionary
paths of pTyr signaling networks [43] or to accurately
predict the cellular functions and adaptations of pTyr in
Ac. However, with phosphoproteomics and sequence
analysis, insights into ancient pTyr signaling circuits may
be revealed through future studies in Ac (Figure S4.5.1 in
Additional file 1).

Cell adhesion

Ac is not known to participate in social activity yet must
adhere to a diversity of surfaces within the soil and
practice discrimination between self and prey during
phagocytosis [44]. Ac shares some adhesion proteins
with Dd (Table S5.1.1 in Additional file 1) but homolo-
gues of the calcium-dependent, integrin-like Sib cell-
adhesion proteins are absent. Surprisingly, Ac contains a
number of bacterial-like integrin and hemagglutinin
domain adhesion proteins that may improve its ability
to attach to bacterial cells or biofilms [45]. Ac encodes
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two MAM domain-containing proteins, a domain found
in functionally diverse receptors with roles in cell-cell
adhesion [46]. Ac has a copy of the laminin-binding pro-
tein (AhLBP) first identified in Acanthamoeba healyi,
which has been shown to act as a non-integrin laminin
binding receptor [47]. Remarkably, Ac also encodes pro-
teins containing cell adhesion immunoglobulin domains
(Section 5 of Additional file 1). Both show affinity to the
I-set subfamily [48] and contain weakly predicted trans-
membrane domains (Figure S5.1.1 in Additional file 1).

Microbial recognition through pattern recognition
receptors
Ac grazes on a variety of micro fauna, which requires
the mobilization of a set of defense responses initiated
upon microbial recognition. In vertebrates molecular
signatures often termed microbe-associated molecular
patterns (MAMPs) [49] are detected by pattern-recogni-
tion receptors (PRRs) that activate downstream tran-
scriptional responses. As Ac practices selective feeding
behavior we looked for the presence of predicted PRRs
in the Ac genome (Figure 5). One of the best-studied
MAMPs is lipopolysaccharide and discrimination
mediated through lectin-mediated protein-carbohydrate
interactions is an important innate immunity strategy in
both vertebrates and invertebrates [50]. Ac contains six
members of the bactericidal permeability-increasing pro-
tein (BPI)/lipopolysaccharide-binding protein (LBP)
family and two peptidoglycan binding proteins (Figure 5;
Section 6 of Additional file 1). Ac also encodes a mem-
brane bound homologue of an MD-2-related protein
that, in vertebrate immunity, has been implicated in
opsonophagocytosis of Gram-negative bacteria through
its interactions with lipopolysaccharide [51].
Receptor-mediated endocytosis of Legionella pneumo-
phila in Ac is mediated by the c-type lectin mannose
binding protein (MBP) [52]. MBP also represents the
principal virulence factor in pathogenic Acanthamoebae
[53]. In addition to MBP, the Ac genome encodes two
paralogues of MBP with similarity to the amino-terminal
region of the protein. Rhamnose-binding lectins serve a
variety of functions in invertebrates, one of which is their
role as germline-encoded PRRs in innate immunity [54].
They are absent from other Amoebozoa, although Ac
encodes 11 D-galactoside/L-rhamnose binding (SUEL)
lectin domain-containing proteins. Approximately half of
the SUEL lectin domain proteins harbour epidermal
growth factor domains, a combination reminiscent of
the selectin family of adhesion proteins found exclusively
in vertebrates [55]. An L-rhamnose synthesis pathway
thought to contribute to biosynthesis of the lipopolysac-
charide-like outer layer of the virus particle has recently
been identified in Mimivirus that may facilitate its uptake
by Ac [56,57]. Ac also encodes a protein where multiple
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copies of H-type lectin are joined with an inhibitor of
apoptosis domain. The H-lectin domain is predicted to
bind to N-acetylgalactosamine (GalNAc) and is found in
Dictyostelium discoidin I & II [58] and other inverte-
brates where it plays a role in antibacterial defense [59].
In the brown algae Ectocarpus leucine-rich repeat (LRR)
containing GTPases of the ROCO family and NB-ARC-
TPR proteins have been proposed to represent PRRs that
are involved in immune response [60]. Ac encodes a NB-
ARC-TPR homologue with a disease resistance domain
(IPR000767) and an LRR-ROCO GTPase.

Antimicrobial defense

Ac encodes proteins with potential roles in antiviral
defense including homologues of NCLDV major capsid
proteins [61] as well as homologues of Dicer and Piwi,
both of which have been implicated in RNA-mediated
antiviral silencing [62]. Our data also illustrate early evolu-
tion of a number of interferon-inducible innate immunity
proteins absent from other sequenced Amoebozoa. These
include a homologue of the interferon-y-inducible lysoso-
mal thiol reductase enzyme (GILT), an important host fac-
tor targeted by Listeria monocytogenes during infection in
macrophages [63]. In addition, Ac encodes two interferon-
inducible GTPase homologues, which in vertebrates pro-
mote cell-autonomous immunity to vacuolar bacteria,

including Mycobacteria and Legionella species [64]. Ac
also contains a natural resistance-associated macrophage
protein (NRAMP) homologue, which has been implicated
in protection against L. pneumophila and Mycobacterium
avium infection in both macrophages and Dd [65].

Metabolism

Ac has traditionally been considered to be an obligate
aerobe, although the recent identification of the oxygen-
labile enzymes pyruvate:ferredoxin oxidoreductase and
FeFe-hydrogenase perhaps pointed towards a cryptic capa-
city for anaerobic ATP production [66]. Predictions for
nitrite and fumarate reduction, hydrogen fermentation,
together with a likely mechanism for acetate synthesis,
coupled to ATP production indicate a considerable capa-
city for anaerobic ATP generation. This clearly sets Ac
apart from Dd, which hunts within the aerobic leaf litter,
but provides parallels with Ng, the alga Chlamydomonas
reinhardtii and other soil-dwelling protists that are likely
to experience considerable variation in local oxygen ten-
sions [67]. These protists achieve their flexible, facultative
anaerobic metabolism, however, using different pathways
(Figure S7.1 in Additional file 1). In addition, the classic
anaerobic twists on glycolysis provided by pyrophosphate-
dependent phosphofructokinase and pyruvate phosphate
dikinase [68] are absent from Ac. This suggests that
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although multiple pathways are available for oxidation of
NADH to NAD+ in the absence of oxygen, including a
capacity for anaerobic respiration in the presence of nitrite
(NOy), a shift to a more ATP-sparing form of glycolysis is
not necessary under low oxygen-tension. Given genome-
led predictions of facultative anaerobic ATP metabolism,
as well as extensive use of receptors and signaling path-
ways classically associated with animal biology, we also
considered the possibility of a hypoxia-inducible factor
(HIF)-dependent system for oxygen sensing, similar to
that seen across the animal kingdom, including the simple
animal Trichoplax adhaerens [69,70]. However, despite
conservation of a Skpl/HIFa.-related prolyl hydroxylase in
Ac, we found no genes encoding proteins with the typical
domain architecture of animal HIFa or HIFB. Currently,
therefore, HIF-dependent oxygen sensing remains
restricted to metazoan lineages.

Ac also retains biosynthetic pathways involved in ana-
bolic metabolism that are absent in Dd (for example, the
shikimic acid pathway and a classic type I pathway for
fatty acid biosynthesis; Table S7.1 in Additional file 1),
although investment in extensive polyketide biosynthesis
[71] is not evident. An autophagy pathway, as defined by
genetic studies of yeast, Dd and other organisms [72], is
present in Ac with little paralogue expansion or loss of
known autophagy-related (ATG) genes evident (Figure 7.2
in Additional file 1) and likely contributes to both intracel-
lular re-modeling in response to environmental cues and
the interaction with phagocytosed microbes.

Transcription factors

Ac shares a broadly comparable repertoire of transcription
factors with Dd excepting a number of lineage-specific
expansions (Table S8.1 in Additional file 1). Ac encodes 22
zinc cluster transcription factors compared to the 3 in Dd
(Figure S8.2.1 in Additional file 1) [73]. It has almost dou-
ble the number of predicted homeobox genes (25) com-
pared to the 13 in Dd [74]. Two are of the MEIS and PBC
class respectively, with an expansion in a homologue of
Wariai, a regulator of anterior-posterior patterning in
Dictyostelium [75] comprising most of the additional
members (Figure $8.3.2 in Additional file 1). Strikingly, we
also identified 22 Regulatory factor x (RFX) genes, the first
identified in an Amoebozoan [76]. The Ac REX repertoire
is the earliest branching yet identified and forms an out-
group to other known RFX genes (Section 8 of Additional
file 1). Ac has been proposed to affect plant root branching
in the rhizosphere via its effects on auxin balance in plants
[77]. It encodes a number of genes involved in auxin
biosynthesis as well as those involved in free auxin
(indole-3-acetic acid (IAA)) de-activation via formation of
IAA conjugates (Table S9.1 in Additional file 1). These
data suggest that Ac plays a role in altering the level of
IAA in the rhizosphere through a strategy of alternative
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biosynthesis and sequestration. Ac may also respond tran-
scriptionally to auxin as it encodes a member of the cal-
modulin-binding transcription activator (CAMTA) family
(Figure S8.4.1 in Additional file 1), which in plants co-
ordinate stress responses via effects on auxin signaling
[78,79].

Conclusions

Comparative genomics of the Amoebozoa has until now
been restricted to comparisons between the multicellular
dictyostelids and the obligate parasite Ei [80,81]. Ac,
while sharing many of their features, enriches the reper-
toire of amoebozoan genomes in a number of important
areas, including signaling and pattern recognition. LGT
has significantly contributed to both the genome and
transcriptome of Ac whose accessory genome shares
unexpected similarities with a phylogenetically distant
amoeba. The presence of prokaryotic TEs in Ac illus-
trates its role in the evolution of some of the earth’s
most unusual organisms [82] as well a number of
important human pathogens [7,8][83].

Ac has adopted bacterial-like adhesion proteins to facili-
tate adherence to biofilms and H-NOX based nitric oxide
signaling which likely aids in their dispersal [84]. Overall
the adaptive value conferred by LGT is highlighted by the
expression of the large majority in Ac across multiple con-
ditions, which points to their adoption into novel tran-
scriptional networks. Given the feeding behavior of Ac, it
seems plausible that eukaryote-to-eukaryote gene transfers
may also have provided adaptive benefits [23]. Increased
sampling will be necessary to establish the extent to which
such gene transfers made their way into the Ac genome
and whether ‘you are what you eat’ equally applies to a
diet of eukaryotes [23].

Ac participates in a myriad of as yet unexplored interac-
tions, as reflected in the diversity of genes devoted to sen-
sory perception and signal transduction of extracellular
stimuli. Ac’s survival in the rhizosphere is likely contingent
on interactions not only with other microbes but also on a
cross-talk with plant roots through manipulation of the
levels of the plant hormone auxin. LGT may also have
provided Ac with some of its recognition and environmen-
tal sensing components. An interesting parallel is the
planktonic protozoan Oxyrrhis marina, which utilizes
both MBP and LGT-derived sensory rhodopsins, to enable
selective feeding behavior through prey detection and
biorecognition [85]. We predict that host response of Ac
to pathogens and symbionts is likely modulated via a
diversity of predicted PRRs that act in an analogous man-
ner to effectors of innate immunity in higher organisms.
Given the close association of Ac with a number of impor-
tant intracellular pathogens, it will be interesting to deter-
mine which host-pathogen interactions can trace their
origins to encounters with primitive cells such as Ac.
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Ac shares protein family expansions in signal trans-
duction with other Amoebozoa while introducing new
components based on novel domain architectures
(nucleotidyl cyclases) [86]. The presence of the complete
pTyr signaling toolkit especially when contrasted with
its absence in the multicellular dictyostelids is a remark-
able finding of the Ac genome analysis. However the
role of tyrosine kinase signaling in both amoebozoan
and mammalian phagocytosis [87-89] indicates that it
likely represents an ancestral function. The most parsi-
monious interpretation predicts the supplanting of func-
tions originally carried out by tyrosine kinases by other
kinases in the Amoebozoa. This emphasizes the impor-
tance of representative sampling and in its absence the
inherent difficulties in re-constructing ancestral signal-
ing capacities.

Transcriptional response networks can be re-pro-
grammed either through expansion of transcription factors
or their target genes [90]. Ac and Dd share a conserved
core of transcription factors with any differences between
them largely accounted for by lineage-specific amplifica-
tions. These may result in sub- or neo-functionalization
contributing to the adaptive radiation of Acanthamoebae
into new ecological niches.

Comparison of Ac with Dd highlights a broadly similar
apparatus for environmental sensing and cell-cell com-
munication and implies that the molecular elements
underpinning the transition to a multicellular lifestyle
may be widespread. Such transitions would likely have
involved co-option of ancestral functions into multicellu-
lar programs and have occurred multiple times. Our ana-
lysis suggests that many signal processing and regulatory
modules of higher animals and plants likely have deep
origins and are balanced with subsequent losses in cer-
tain lineages including tyrosine kinases in fungi, plants
and many protists.

The availability of an Ac genome offers the first opportu-
nity to initiate functional genomics in this important con-
stituent of a variety of ecosystems and should foster a
better understanding of the amoebic lifestyle. Utilizing the
genome as a basis for unraveling the molecular interac-
tions between Ac and a variety of human pathogens will
provide a platform for understanding the contributions of
environmental hosts to the evolution of virulence.

Materials and methods

DNA isolation

Ac strain Neff (ATCC 30010) was grown at 30°C with
moderate shaking to an ODs5( of approximately 1.0. Total
nucleic acid preparations were depleted of mitochondrial
DNA contamination via differential centrifugation of cell
extracts [91]. High molecular weight DNA was extracted
from nuclear pellets either on Cesium chloride-Hoechst
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33258 dye gradients as per [92] or by utilizing the Qiagen
Genomic-tip 20/G kit (Qiagen, Hilden, Germany).

Genomic DNA library preparation and sequencing

All genomic DNA libraries were generated according to
the Illumina protocol Genomic DNA Sample Prep Guide -
Oligo Only Kit (1003492 A); sonication was substituted for
the recommended nebulization as the method for DNA
fragmentation utilising a Biorupter™ (Diagenode, Liége,
Belgium). The library preparation methodology of end
repair to create blunt ended fragments, addition of a 3’-A
overhang for efficient adapter ligation, ligation of the adap-
ters, and size selection of adapter ligated material was car-
ried out using enzymes indicated in the protocol. Adapters
and amplification primers were purchased from Illumina
(Ilumina, San Diego, CA, USA); both Single Read Adap-
ters (FC-102-1003) and Paired End Adapters (catalogue
number PE-102-1003) were used in library construction.
All enzymes for library generation were purchased from
New England Biolabs (Ipswitch, MA, USA). A limited 14-
cycle amplification of size-selected libraries was carried
out. To eliminate adapter-dimers, libraries were further
sized selected on 2.5% TAE agarose gels. Purified libraries
were quantified using a Qubit™ fluorometer (Invitrogen,
Carlsbad, CA, USA) and a Quant-iT™ double-stranded
DNA High-Sensitivity Assay Kit (Invitrogen). Clustering
and sequencing of the material was carried out as per the
manufacturer’s instructions on the Illumina GAII platform
in the UCD Conway Institute (UCD, Dublin, Ireland).

RNA extraction and RNA.seq library preparation and
sequencing

For all tested conditions (Table S1.6.1 in Additional file 1)
except the infection series, RNA was extracted from a
minimum of 1 x 10° cells using TRIzol® (Invitrogen/Life
Technologies, Paisley, UK). For infection material the
detailed protocol is published in [93]. Strand-specific
RNA.seq libraries were generated from total RNA using a
modified version of [94] which is detailed in [93]. Briefly,
total RNA was poly(A) selected, fragmented, reverse tran-
scribed and second strand cDNA marked with the addi-
tion of dUTP. Standard Illumina methodology was
followed - end-repair, A-addition, adapter ligation and
library size selection - with the exception of the use of
‘home-brew 6-nucleotide indexed’” adapters as per Craig et
al. [95]. Prior to limited amplification of the libraries, the
dUTP marked second strand was removed via Uracil
DNA-Glycosylase (Bioline, London, UK) digestion. Final
libraries were quantified using the High Sensitivity DNA
Quant-iT™ assay kit and Qubit™ Fluorometer (Invitro-
gen/Life Technologies). All sequencing was carried out in
UCD Conway Institute on an [llumina GAII as per the
manufacturer’s instructions.
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Sequencing and assembly

Genome assembly was carried out using a two-step pro-
cess. Firstly, the Illumina reads were assembled using
the Velvet [96] short read assembler to generate a series
of contigs. These assembled contigs were used to gener-
ate a set of pseudo-reads 400 bp in length. These
pseudo reads were then assembled in conjunction with
the 454 FLX and Sanger sequences using version 2.3 of
the GS De Novo Assembler using default parameters
(Table S1.1.1 in Additional file 1). The assembly con-
tained 45.1 Mb of scaffold sequence, of which 3.4 Mb
(7.5%) represents gaps and 75% of the genome is con-
tained in less than 100 scaffolds. For assembly statistics
see Table §1.2.1 in Additional file 1. In order to deter-
mine the coverage of the transcriptome, we aligned our
genome assembly to a publicly available EST dataset
from GenBank (using the entrez query acanthamoeba
EST) AND ‘Acanthamoeba castellanii’ [porgn:txid5755]).
Of the 13,784 EST sequences downloaded, 12,975 (94%)
map over 50% of their length with an average percent
identity of 99.2% and 12,423 (90%) map over 70% of
their length with an average percent identity of 99.26%.

Gene structure prediction

Gene finding was carried out on the largest 384 scaffolds
of the Ac assembly using an iterative approach by firstly
generating gene models directly from RNA.seq to train a
gene-finding algorithm using a genome annotation pipe-
line followed by manual curation. Firstly, predicted tran-
scripts were generated using RNA.seq data from a variety
of conditions (Table S1.4.1 in Additional file 1) in con-
junction with the G.Mo.R-Se algorithm (Gene Modelling
using RNA.seq), an approach aimed at building gene mod-
els directly from RNA.seq data [97] running with default
parameters. This algorithm generated 20,681 predicted
transcripts. We then used these predicted transcripts to
train the genefinder SNAP [98] using the MAKER genome
annotation pipeline [99,100]. MAKER is used for the
annotation of prokaryotic and eukaryotic genome projects.
It identifies repeats, aligns ESTs (in this case the tran-
scripts generated by the G.Mo.R-Se algorithm) and pro-
teins from (nr) to a genome, produces ab-initio gene
predictions and automatically synthesizes these data into
gene annotations. The 17,013 gene predictions generated
by MAKER were then manually annotated using the
Apollo genome annotation curation tool [101,102]. Apollo
allows the deletion of gene models, the creation of gene
models from annotations and the editing of gene starts,
stops, and 3’ and 5’ splice sites. Models were manually
annotated examining a variety of evidence, including
expressed sequence data and matches to protein databases
(Section 1 of Additional file 1). Out of a total of 113,574
exons, 32,836 are exactly covered and 64,724 are partially
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covered by transcripts and 7,193 genes have at least 50%
of their entire lengths covered by transcript data.

Functional annotation assignments

Functional annotation assignments were carried out
using a combination of automated annotation as
described previously [103] followed by manual annota-
tion. Briefly, gene level searches were performed against
protein, domain and profile databases, including JCVI
in-house non-redundant protein databases, Uniref [104],
Pfam [105], TIGRfam HMMs [106], Prosite [107], and
InterPro [108]. After the working gene set had been
assigned an informative name and a function, each
name was manually curated and changed where it was
felt a more accurate name could be applied. Predicted
genes were classified using Gene Ontology (GO) [109].
GO assignments were attributed automatically, based on
other assignments from closely related organisms using
Pfam2GO, a tool that allows automatic mapping of
Pfam hits to GO assignments.

Data access

This whole genome shotgun project has been deposited
at DDBJ/EMBL/GenBank under the accession
AHJI00000000. The version described in this paper is
the first version, AHJI01000000. The RNA.seq data are
available under accessions SRA061350 and SRA061370-
SRA061379.

Additional material

Additional file 1: Supplementary online material.

Additional file 2: Supplementary material supporting the LGT
analysis.
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Synthesis

The identification of a single protein that is uniquely shared among all sequenced
members of the phyla Planctomycetes, Verrucomicrobia, Chlamydia, Lentisphaera and
Omnitrophica (i.e the PVC superphylum), described in Chapter Ill, acts as a genetic
link unifying those phyla. On the other hand, the absence of this signature protein (SP)
homolog in the draft genomes of Poribacteria is arguing against the inclusion of this
phylum within the PVC superphylum as it was initially postulated [1]. This suggestion
was recently verified by systematic phylogenetic analysis of the phylum establishing the
exclusion of Poribacteria from the superphylum [2]. Based on the accumulated
evidence, the evolutionary origin of Chlamydiae is now conclusively placed within the
PVC superphylum clade of bacteria although the exact evolutionary history and relation
to the other bacterial phyla still remains to be determined.

The conservation level of the PVC SP is also suggesting a conserved function. Based
on all available experimental and informatics data we hypothesize that the PVC
signature protein represents an analog of the L30 ribosomal protein. Similar cases of
non-homologous proteins that have converged to perform similar functions have been
shown before but never for such a fundamental function as a ribosomal protein [3].
Targeted experiments like cellular fractioning, mass spectrometry or immunogold

staining, are necessary to help verify this claim.

At a more theoretical level, concerning the hypothesized genetic link among
Planctomycetes and eukaryotes, a PVC specific ribosomal SP would favor the
eukaryogenesis fusion hypothesis postulated by Forterre [4]. According to this
hypothesis in a rapid fusion event an ancient PVC bacterium merged with an archaeum
resulting in a chimeric live form, the first eukaryote. In this fusion the PVC bacterium
contributed the complex membrane system and metabolism and the archaeum the
translation machinery. Following the fusion, the SP together with all the other ribosomal
proteins of the PVC partner were replaced by their analogs or homologs from the
archaeum leading to the absence of the signature (ribosomal) protein from the

eukaryotes and the presence of the archaeal L30 instead.
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This highly conserved nature of the SP across all members of the PVC superphylum
was exploited for the screening of metagenomic data for the presence of PVC
members. The successful extraction and phylogenetic reconstruction of signature
protein homologs from available metagenomes supports the suitability of the SP for the
taxonomic characterization of metagenomic fragments as a genomic marker. This
search although resulted in an overall dramatic increase of available SP homologs,

brought only few novel sequences that could be characterized as of chlamydial origin.

The low diversity of phylogenetically affirmed chlamydial SPs in environmental
metagenomes was reconfirmed in a later study (Chapter 1V) were all known chlamydial
proteins were used for phylogeny based identification of chlamydial proteins in
metagenomic datasets. In contrast to the low diversity of chlamydial proteins, the
exploration of chlamydial diversity based on 16S rRNA amplicon studies resulted in the
discovery of a massive, previously unrecognised, diversity of chlamydia. Using the most
conservative estimations the sequences were supporting the existence of an at least 10

-20 times higher family level diversity within the phylum Chlamydiae.

Given that the depth of amplicon sequencing far exceeds that of metagenomic studies it
can be anticipated that rare microbes would not be as adequately represented in
microbial metagenomes as in 16S rRNA based amplicon studies. This logic is partly
explaining the discrepancies among the detected chlamydial diversities within amplicon
and metagenomic data as a result of low abundance of chlamydia in the investigated
samples. Furthermore, especially since all known chlamydia are strict intracellular
symbionts, sample preparation technics employing size fractionation effectively
eliminate non-microscopic eukaryotic organisms from analyzed samples and together
their associated chlamydia. Therefore the observed diversity from environmental
samples is still a minor piece of the real diversity and it is likely to represent mostly
chlamydia associated with microbial eukaryotes (e.g. amoebae or zooplankton) and
only a fraction of the chlamydia in transmission among larger hosts (e.g. insects, fishes

or mammals).

From the families formed using all the available genomic, metagenomic, and amplicon

16S rRNA sequences, the Rhabdochlamydiaceae was by far the one containing the
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most unigue sequences. The second largest family, in terms of diversity, was the
Parachlamydiaceae, but it contained less than half of the sequences of the
Rhabdochlamydiaceae. Considering the association of all known members of the
Rhabdochlamydiaceae with arthropods and that of Parachlamydiaceae with protists
there is a distinguishable pairing of the largest “animal” groups and their associated
chlamydia families’ in terms of diversity. Given the evidences for host specificity, this
pairing is supportive of a view anticipating a chlamydial counterpart for almost every
eukaryotic species (plants excluded).

Concerning the origin of sequences, for both metagenomic proteins and 16S rRNA
amplicons, the majority of supported novel chlamydial families contained sequences
purely derived from marine environmental samples. This finding points towards the
existence of an equally large number of marine eukaryotes that should act as chlamydia
hosts. The amount of chlamydial novelty to be discovered in the oceans in combination
with the global significance of saline ecosystems should attract researcher’s attention to

unravel the full role of chlamydia in marine life.

Furthermore, the integrative methodology used in this study for the estimation of
chlamydial diversity is by itself an innovative achievement. The described workflow was
applied in other taxonomic groups of bacteria in order to extract relevant information
about their abundance, distribution, and diversity, utilizing the accumulating wealth of
data produced by next generation sequencing platforms. For example the
environmental distribution and diversity of a bacterial symbiont infecting the nucleus of
amoebae [5] or the global distribution of the thermophilic bacteria that were identified by
an amplicon study [6] had been determined using the tools and approach developed in
this study for the investigation of chlamydia diversity. To enhance the usability of data
integration a fully automated web front for the query and analysis of all publically

available 16S rRNA amplicon studies is under development.

In order to fully appreciate the evolutionary and ecological role of the predicted novel
chlamydia diversity, genetic and experimental analysis of actual isolates is necessary.
This wide gap between the numbers of chlamydial species supported by sequence

evidence and the actual chlamydia isolates available illustrates the methodological
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limitations in chlamydia isolation. Amoebae represent both important environmental
reservoirs of chlamydia and also flexible and broadly susceptible co-cultivation hosts
[7]. Therefore, optimization of the isolation and axenization of amoebae would augment
the chlamydia isolation efforts. The proposed usage of hypersensitive Escherichia coli
as a fully controllable food source for bacteriovoric eukaryotes (Chapter V) could serve
to diminish the gap between the number of predicted chlamydia species and the
available isolates. As it was shown in this study, tolC knockout E. coli performs
significantly better than heat inactivated E. coli in the axenization of amoebae and it is
now feasible to perform high-throughput screenings of environments samples using
direct or co-cultivation approaches. This ability, when coupled with the knowledge of
chlamydia diversity patterns by sequence evidences, should help in the targeted
isolation of novel chlamydia from identified sources.

Besides the methodological innovation, the usage of AtolC E. coli already revealed
significant insights into the chlamydia - amoeba association. The isolation of members
of Parachlamydiaceae from every Acanthamoeba containing sample (in this study and
other not published isolation attempts) strengthens the view of Parachlamydiaceae as a
primarily protist symbiotic family. This inherent association, although persistent in the
amoeba populations, lack the pattern of prevalence (100%) of a beneficial symbiosis.
Although a slightly negative effect of chlamydia to infected Acanthamoeba has been
described [8] the occurrence levels in all Acanthamoeba populations suggest a so far
unclear occasionally beneficial role for the Acanthamoeba associated with chlamydia.
Such a role could be, for example, a case of parasite mediated competition were an
amoeba population with members harboring slightly parasitic chlamydia would benefit
when competing against other more susceptible populations [9, 10]. Further
investigations are needed in order to explore this intriguing role and the general
prevalence patterns.

The high rate of isolates recovered from this study containing two taxonomically
different symbionts was also a surprising outcome of the axenization method

development. A widespread trilateral symbiosis puts one more dimension in the
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discussion about the role of Acanthamoeba as a melting pot for lateral gene transfers

among bacteria [11].

It has been proposed that the establishment of primary plastids and the emergence of
plants involved the synchronous association of an early eukaryote with a chlamydium
and a cyanobacterium [12, 13]. According to this hypothesis the chlamydium provided
important molecular machinery (e.g. type Ill secretion system) and mediated the
establishment of communication between the engulfed cyanobacterium and the early
eukaryote. Given the observed abundance of trilateral symbiosis in present-day
amoebae, the closest to the primordial eukaryote, this hypothesis sounds more

plausible at least on the chance and therefore the possibility of such a co-association.

Although obtaining novel chlamydial isolates can enhance our knowledge (e.g. by
genomic sequencing), it is the analysis of the interactions and responses within the host
that would eventually shed light on their actual physiology. The genome of
Acanthamoeba castellanii (chapter VI), a versatile natural host of many chlamydia,
should provide the means for the successful analysis of the functional basis of
symbiosis under different experimental conditions as already done for other symbiotic
bacteria [14].

The analysis of the genome of Acanthamoeba itself gave important insights in the
intriguing process of lateral gene transfer (LGT). Among others, the finding of an
unprecedented number of LGTs in the genomes of Acanthamoeba and Naegleria was a
striking result considering the low number observed in other protists and especially in
multicellular organisms. Nevertheless, the analysis of putative donors did not show an
enrichment of symbiotic bacteria origins for the LGTs. The majority of the LGTs show
homology to proteins from bacteria in the specific environmental niche of each protist.
For example the LGTs identified in the parasitic Entamoeba predominantly originate
from gut associated bacteria. However, a substantial number of genes seem still to
originate from environmentally separated niches. Therefore, we have to assume that an
unknown LGT mechanism exists in Acanthamoeba and, in combination with the
phagocytotic lifestyle, drives this enhanced genetic exchange. It is tempting to

speculate that viral vectors mediate such transfers acting as bridges over the genetic
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pools across non overlapping niches. Such view becomes more appealing especially
under the light of the recent discoveries of the giant viruses and their chimeric genomic
content [15, 16].

Overall, this work helped consolidate the indications for a common Planctomycetes
Verrucomicrobia and Chlamydiae origin and shed more light into the size of the yet
undiscovered members of the Chlamydiae phylum. The discovery of evidence for
hundreds of putative novel chlamydia species and the realization that marine
environments constitute a major chlamydial reservoir shaped new perceptions for the
chlamydia research and broadened the field’s boundaries. By applying novel isolation
techniques like the AtolC E. coli we should now be able to probe this novel diversity and
extract information about its ecological importance. Finally, with the published genome
of the model chlamydia host Acanthamoebae castellanii further functional insights of the

physiology of the chlamydia-host interactions can be revealed.
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Abstract (English)

Chlamydiae represent a bacterial phylum with obligate intracellular members of
important medical relevance. In order to investigate the evolutionary origin of the
phylum, we used comparative genomics among all sequenced members of Chlamydiae
and the proposed sister phyla Planctomycetes, Verrucomicrobia, Lentisphaera and
Omnitrophica (PVC superphylum) to identify their genomic links. A single protein,
unique and universally shared among all members of this superphylum, was identified
and characterized. Based on the accumulated evidence, this protein is proposed to
perform a function analogous to that of the L30 ribosomal protein, which is missing
among all members of this superphylum. This protein proved to be a good taxonomic
and phylogenetic marker as it was successfully used to extract PVC phyla diversity
insights from all available metagenomic datasets. The diversity of the phylum
Chlamydiae was revisited with the collection and analysis of all publicly available
genomic and metagenomic data for chlamydia-like proteins or 16S rRNA genes
sequences. In addition to the eight currently described families in the phylum, this
analysis supports the existence of more than 200 unknown families, the majority of
which contain sequences originating exclusively from marine ecosystems. In order to
probe this yet undiscovered diversity of environmental chlamydia, a novel method for
axenization of amoebae, which serve as natural hosts for chlamydiae, was developed.
Using AtolC Escherichia coli, rendered hypersensitive to antibiotics, control and
elimination of E.coli from amoeba cultures was achieved by the addition of otherwise
sub-lethal amounts of antibiotics. Application of this approach resulted in improved
axenization efficiency of amoebae and suggested that infection with more than one
bacterial symbiont is more frequent than recognized previously. This observation led to
the idea that amoeba hosts may be sites of increased genetic exchange. The possible
effect of symbiosis-mediated lateral gene transfer (LGT) onto host amoeba, were thus
investigated through the genomic analysis of the model host Acanthamoeba castellanii,
as well as four other protists. Using a conservative, phylogeny-based approach it was
shown that the A. castellanii and Naegleria gruberi genomes encode the highest

number of LGTs (450 and 431 genes, respectively) attributed to prokaryotic origins. For
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all analyzed amoeba, the closest phylogenetic neighbors of the identified HGTs, belong
to microorganisms present at the respective ecological niche of each amoeba species,
with a strong selection for genes encoding metabolic functions. Overall this work
improved our evolutionary understanding of the phylum and provided additional means

for the future analysis of its members.

Abstract (German)

Chlamydien sind eine Gruppe an intrazellularen Bakterien, die bedeutende
Krankheitserreger von Mensch und Tier aber auch Symbionten von Einzellern umfasst.
Die vergleichende Analyse der Genome der Chlamydien und ihren freilebenden
Verwandten der Schwesterphyla Planctomycetes, Verrucomicrobia, Lentisphaera und
Omnitrophica (PVC-Superphylum) erlaubte Einblicke in die frihe Evolutionsgeschichte
dieser Mikroorganismen. Wir konnten ein Protein unbekannter Funktion identifizieren,
das in allen Mitgliedern des PVC-Superphylums vorkommt — und nur dort. Die
heterologe Expression dieses Proteins und funktionelle Assays legen den Schluss
nahe, dass dieses Protein DNA und RNA bindet und mdéglicherweise Bestandteil des
Ribosoms ist. Zudem eignet sich das Signaturprotein als phylogenetischer Marker zu
Untersuchung der Diversitat des PVC-Superphylums. Einen umfassenden Uberblick
Uber die Diversitat und Verbreitung der Chlamydien konnten wir mithilfe eines
innovativen Computergestitzten Ansatzes gewinnen. Hierfir wurden zunéchst
verschiedene Sequenzdatenbanken integriert, die neben Genom- auch Metagenom-
und Amplikonsequenzen enthalten. Die detaillierte Untersuchung der Chlamydien-
ahnlichen 16S rRNS-Sequenzen in diesem Datensatz zeigte, dass es neben den
bekannten acht Familien des Phylums Chlamydiae, mehr als 200 weitere Familien gibt,
die vorwiegend in marinen Habitaten zu finden sind. Frei-lebende Amdben sind die
naturlichen Wirte vieler Chlamydien in der Umwelt. In einem nachsten Schritt konnten
wir ein Protokoll fir die Isolierung und Axenisierung von Amoében entwickeln, das durch

die Verwendung eines hypersensitiven AtolC Escherichia coli Stamms deutlich schneller
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und effizienter als traditionelle Methoden ist. Diese Protokoll wird helfen, neue
Chlamydien zu isolieren; erste Untersuchungen sind vielversprechend und zeigten,
dass Amdben oft mit mehr als einer Bakterienart infiziert sind. Im Rahmen der
Sequenzierung und Analyse des Genoms von Acanthamoeba castellanii haben wir den
Einfluss der Interaktion dieser Amodben mit Bakterien — als Symbionten oder
Nahrungsgrundlage — auf deren Genomevolution untersucht. Mithilfe eines
phylogenomischen Ansatzes und konservativer phylogenetischer Analysen konnten wir
zeigen, dass das Genom von A. castellanii in hohem Malf3 von horizontalem Gentransfer
gepragt ist. Mehr als 400 Gene scheinen prokaryotischen Ursprungs zu sein. Der
Vergleich mit den Genomen anderer Amoben zeigte, dass insbesondere Gene die eine
Rolle im Stoffwechsel spielen betroffen sind. Zudem hat die 6kologische Nische einen
entscheidenden Einfluss auf die Herkunft der horizontal erworbenen Gene.
Zusammengefasst fuhrte diese Arbeit zu einem vertieften Verstandnis der Evolution
dieses Phylums und stellt zusatzlich neue Werkzeuge fiur die zukinftige Analyse seiner

Mitglieder bereit.
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Introduction

Lateral gene transfer (LGT) has been well described in prokaryotes as an important
factor for acquisition of novel genes and rapid evolution [1]. For eukaryotes the
separation of somatic to gametic cells together with their highly different genetic
organization form a barrier to the flow of genes among domains although some well
documented cases of such transfers have been reported [2]. An exception to this rule is
the unicellular protists were by default this barrier seizes to exist as all genetic
modifications would pass to the daughter cell. Over the last years the progress in
sequencing technologies enabled a detailed look over representative genomes of
several unicellular protists that revealed numerous cases of laterally acquired genes [3-
8]. The genome sequencing project of a phylogenetic different unicellular protist, the
naked amoeba Acanthamoeba castellanii, enabled the investigation of the extent of
interdomain LGT in this organism and the comparison with the so far known unicellular
eukaryotes. In this work, we analyze the proteomes of Acanthamoeba castellanii,
Naegleria gruberi [8], Dictyostelium discoideum [7], Entamoeba histolytica [9],
Entamoeba dispar, Micromonas sp. [10], Trypanosoma brucei [6] and Cryptosporidium
parvum [4] for the presence of genes with possible microbial origin. Additionally, in order
to estimate the rate and extent of LGT events, the intergenic space of the

Acanthamoeba genome was searched for remnants of past non-utilized foreign DNA.

Identification and analysis of LGT candidates

The complete predicted proteome of Acanthamoeba castellanii was imported to SIMAP
(SImilarity MAtrix of Proteins), a database of precalculated homologies of all against all
proteins based on the FASTA algorithm [11]. For each protein, of all 8 investigated
proteomes, the closest homologs that do not belong to the same family were extracted.
This filter was implemented in order to avoid bias by families with multiple sequenced
representatives that would otherwise mask LGT events that happen prior of the in-family
speciation.  Since the main scope of this analysis was the identification of the extent of
LGT events in the investigated genomes, in the cases were multiple proteins from the
same organism have as best homolog the same prokaryotic protein, only the

representative with the best homology was kept. The rationale behind this selection was
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that multiple homolog proteins in one genome are expected to rise from duplication
rather than multiple LGT events. Therefore, in order not to overestimate the count of
LGT events in the history of each organism we exclude all paralogs from the analysis.
Finally, those proteins with a significant (E value < E™*°) best homology to a non-

eukaryote, were selected for phylogenetic tree calculation and analysis.

The genome-wide screening of the investigated proteomes, revealed a plethora of
candidates with best homologies to proteins of prokaryotic origin. Among the 8 analyzed
unicellular organisms the genomes of Acanthamoeba and Naegleria contain more than
half of all the identified prokaryotic-like genes with around 15% of their proteome falling
into this category. From those genes the vast majority show highest similarity to
bacterial homologs, leaving an accumulative percentage of less than 1% for the

archaeal and viral like genes.

The analysis of the taxonomic distribution of the closest homologs of all the candidate
proteins did not reveal any enrichment of symbiotic/intracellular organisms nor of any
particular taxonomic family but rather a wide range of different phyla. In addition, the
distributions of sequence similarity values to the identified bacterial homologs follow a
normal distribution with the bell peak around 65% protein similarity for all organisms
(Figure 1). Taken together, the absence of an overrepresented non-eukaryotic organism
and the distribution and level of sequence similarity observed vote against a

contamination scenario as the origin of the found homologies.
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Number of genes

Figure 1: Similarity plot of all bacteria like proteins to their best bacterial homolog.

Calculation and filtering of phylogenetic protein trees

The software package PhyloGenie [12] was used for the calculation and analysis of
protein phylogenetic trees. In short, PhyloGenie uses a protein sequence input (seed)
to extract homologs by PSI BLAST [13] searches that are then used to construct a
multiple sequence alignment. This alignment is then used to create a tree based on the
method of choice. In this analysis the minimum of 5 homologs was used as a cut off for
the creation of an alignment and the trees were calculated using a Maximum Likelihood
[14] approach with 100 bootstraps [15].

All the calculated trees were filtered using PHAT (included in the PhyloGenie package)
for nodes, which contain the seed leaf together with bacterial, archaeal or viral leafs and
no more than two other unicellular eukaryotic organisms, with bootstrap support above
75%. The tolerance for eukaryotic leafs was implemented because it was observed that
in many cases the seed proteins were grouping together with other unicellular organism,
that are very distant phylogenetically, inside otherwise prokaryotic clades. The selected
trees were further inspected manually, and the final selection was made based on the

trees topologies.
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From the total set of 4713 candidate proteins, 3476 phylogenetic trees were calculated
and after filtering and manual inspection, 1504 trees remained that support a LGT

scenario (Table 1).

Candidates Calculated Quality Manual

S (SIMAP)  (PhyloGenie) filtering curation

Cryptosporidium
Dictyostelium
E. dispar
E. histolytica

Micromonas
Naegleria
Trypanosoma
Acanthamoeba

Table 1: Numbers of putative and phylogenetically supported LGT proteins.

The selected proteins with trees supportive of a lateral gene transfer scenario were
compared with the published lists of putatively LGT-derived genes when available. In
the publication of the Naegleria genome [8] 184 genes were reported having high
homology to bacteria but no homology to eukaryotes. Using phylogenetic trees
analyses, they reported that 44 of these cases have trees with good bootstrap support
(>75%) and are candidates for prokaryotic LGT origin. The fate of this set of 44
published genes in our LGT identification pipeline was followed in order to estimate the

efficiency of the process.

In the selection of candidates by homology using SIMAP, 42 out of the 44 proteins were
found to still have good homology to bacteria while for two the best hit is now
eukaryotic. From the 42 candidates submitted for tree calculation, 33 have trees
calculated. The 9 missing trees fail to pass the defined PhyloGenie selection criteria,
namely the low coverage to the query protein (<50%) or the low number (< 5) of the

available homologues. From the 33 calculated trees 31 have topologies supportive of
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LGT while two were considered negative. Overall 70% of the reported candidates from

that publication were recovered while 30% was excluded based on our criteria.

There are 96 published LGT candidate trees for Entamoeba histolytica [16] and 78 of
them pass the homology based selection step. The 18 missing genes are due to
annotation changes in the Entamoeba genome that render some proteins obsolete or
difficult to map back to Genebank accession numbers. Only two were excluded in the
analyses based on the tree topology (76 positive) with the reason being our
conservative approach concerning the classification of the trees. Therefore almost all of
the previously proposed LGT candidates from Entamoeba histolytica were rediscovered

in this analysis.

The genome of Cryptosporidium pavum [4] has been reported to contain 24 genes that
appeared to be xenologs with prokaryotic origin. Following the procedure already
described only 7 of this set were rediscovered. The rest had either best homology to
other protists and not included in the analysis or they had tree topologies that was not
favoring a LGT scenario. Nevertheless, 3 previously not detected genes show
consistent LGT supportive tree topologies. Therefore, our findings suggest that the

genome of Cryptosporidium pavum had assimilated only 10 genes of prokaryotic origin.

For the case of Dictyostelium discoideum [7] the situation was similar. Out of the 18
reported LGT candidates, from the genome paper of Dictyostelium, 11 had best
homology to Eukaryotes and only 7 had best homology to bacteria. From those only 4
pass the pipeline to the final list of LGT candidates. In this point it has to be mentioned
that almost all of the 11 genes not included due to Eukaryotic homology are most similar
to other sequenced dictyostelids like Polysphondylium pallidum. Nevertheless, besides
the 4 previously known LGT candidates, 87 novel candidates were suggested by this
analysis. The presence of a sequenced genome of an organism related to
Dictyostelium, due to the design of the study, retrieve only those LGT events that

happen after the divergence of these two organisms. Older LGT events would not be
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detected and it should be kept in mind when the occurrences of LGTs among the

organisms are compared.

Identification and analysis of putative donors

From all the manually verified trees, the closest protein leaf with non-eukaryotic origin
was extracted for each seed protein. The proximity was determined out of the sum of
edge distances of each protein from the seed tree leaf. Based on the assumption that,
the phylogenetically closest protein carries taxonomic information similar to the most
likely donor of the LGT event, the collected sets of putative donors was collected and

analyzed. Two approaches were followed for the analysis of the LGT donors.

In the first approach the taxonomic information was extracted for the phylum and class
level and the results were used for the estimation of the contribution of each phylum or
class in the total number of LGTs (including viruses). These data were then used in
order to calculate the Bray-Curtis [17] similarities among the analyzed organisms. The
similarities tables were then visualized as heat maps using the Java application
JColorGrid [18]. For the second approach environmental information were collected for

each donor species using primarily the information available at NCBI page for

sequenced prokaryotic genomes (http://www.ncbi.nlm.nih.gov/genomes/Iproks.cgi) and

literature research for those missing.

Data were collected for the oxygen requirements (aerobic, facultative and anaerobic),
the preferred habitat (host associated or environmental), the environmental preferences
(aquatic, terrestrial, multiple or special) and the pathogenicity or not of the host
associated donor species. Especially for Entamoeba dispar and Entamoeba histolytica,
the lists of LGTs were compared and the proteins that are uniquely present in one of
them were identified. The analysis of the environmental characteristics of the proposed

donors for these proteins was then repeated for the unique proteins donors.

Due to the nature of the analysis the viral donors were excluded. In addition, given the

low number of LGT identified for Cryptosporidium and Trypanosoma, the results of the
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environmental analysis for them were not shown, as they are not statistically significant

and are prone to biases and misinterpretation.

The taxonomic analysis of the proposed donors of the LGTs showed that the phylum of
Proteobacteria contribute the most for all the organisms besides the Entamoeba sp.
where the intestinal dominant phyla of Firmicutes and Bacteroidetes are the most
prevalent donors. The Bray-Curtis analysis of the phyla and classes contributions as
LGT donors showed that Acanthamoeba and Naegleria have similar taxonomic
distributions at these levels. Besides the expected clustering of the two Entamoeba
species weak but noticeable clustering was observed for the two Apicomplexa species

and for Dictyostelium and Micromonas (Figure 2A).
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Figure 2: Similarity of analyzed protists based on their LGT genes. A) Bray-Curtis
similarity matrix based on the taxonomic assignment of the putative donors (class level)
of the LGT genes. B) Bray-Curtis similarity of the functional profiles of the proteins from
predicted LGTs. The general functional classification of the COGs that each protein was

assigned to was used for the similarity calculations.
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The analysis of the habitat and oxygen requirement of the proposed donors of the LGTs
showed that the two Entamoeba species have 3 times more anaerobic than aerobic
donors when for the other organisms the opposite pattern is observed (Figure 3A). In
addition half of the Entamoeba sp. donors are associated with a host, meaning that their
habitat is a human, an animal or a cellular organism in general (Figure 3B). Half of
these donor species are pathogenic for their hosts. Interestingly, the distribution of
habitats of the environmental donors is similar for all organisms with around 20%
originating from specialized habitats like hydrothermal vents (marine and terrestrial) and
acid mines drainages.

A

Dictyostelium
Micromonas
E. histo

E. dispar
Naegleria

Acanthamoeba

0% 20% 40% 60% 80% 100%
B Aerobic B Facultative [ Anaerobic

Dictyostelium
Micromonas
E. histo
E. dispar
Naegleria
Acanthamoeba
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M Environmental B Host-Associated

Figure 3: Assessment of protists LGT candidate donors. A) Oxygen requirements of
LGT candidate donors of various protists. B) Host association classification of candidate
LGT donors of various protists.
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Functional Analysis of the candidate LGT acquired proteins

The list of candidate LGT proteins were assigned to Clusters of Orthologus Groups of
proteins (COGs) based on the COG assignment of their most similar protein in SIMAP
[11]. In the same way the closest proteins (see Identification and analysis of the most
likely donors) was also assign to COGs. Since in most cases the COG assignments for
the candidate LGTs and the proposed donors were overlapping, the rest of the analysis

was based on the COG assignments of the candidate LGTs only.

For each assigned COG the functional description[19] was extracted from the eggNog
database [20] . Given that each COG can have multiple functional assignments and that
the purposes of this analysis is the identification of the coverage and the extent of
laterally imported functions, when the presence of functions was counted the COGs with
multiple functional assignments were counted multiple times. Similarly to the putative
donor characteristics analysis, the results for Cryptosporidium and Trypanosoma were

not presented as they are not statistically significant.

When the functional profiles of the LGTs are used to calculate a Bray-Curtis similarity
among the analyzed protists, a similar pattern emerges as with the analysis of the donor
phylum taxonomy. A relation of Acanthamoeba and Naegleria emerge as well as the
expected similarity among the two Entamoebas. The pairs of Dictyostelium and
Micromonas and the two Apicomplexa also reveal a higher similarity than to the rest of

the organisms in the analysis (Figure 2B).

Concerning the actual function assignments, the most prominent functional categories
were the “General function prediction only” and “Function unknown” belonging to the
supergroup of “Poorly Characterized Proteins” followed by “Energy production and
conversion”, “Carbohydrate transport and metabolism” and “Amino acid transport and
metabolism” that belong to the supergroup of “Metabolism”. This trend was better
visualized by supergroup level classification comparison that makes clear that the

groups of “Poorly Characterized Proteins” and “Metabolism” have each three times

Page 121



more proteins assigned to them than the groups “Information Storage and Processing”
and “Cellular Processes and Signaling” (Figure 4). Nevertheless, it's noticeable that the
underrepresented groups have some functional categories that are assigned to similar

number of proteins for different organisms.
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Figure 4: Functional categories of the proteins coded by the predicted LGT genes

among different protists.

Search in intergenic space of Acanthamoeba

The intergenic spaces (IGSs) of the Acanthamoeba genome were used in two kinds of
homology search approaches in order to identify regions with significant homology to
genes that can be attributed to remains of LGTs. Firstly the IGSs were blasted (blastX)
against NCBI (nr) and secondly the IGSs were used to construct a local database and
then the UniRef50 protein set was used as tBlastn queries against it. For both analyses
for shake of simplicity only the best pair of IGS and protein hit was considered, although
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meaningful multiple hits can be explained as each IGS can contain multiple sites
homologous to different proteins. To increase the chance to detect these regions the
threshold for both homology searches was set to 10E-4. The combined non redundant
set of IGSs from both approaches was filtered for size, bit score and Expected value.
The cut off values used were >50 amino acids, >50 bit score and <10-5 Expected value

respectively.

From the 10641 IGSs of Acanthamoeba genome, 8578 have a hit to a protein in NCBIs
(nr) database using Blastx and from those for 847 it is significant (E-value < 10-4). The
tBlastn of Uniref50 against the IGS database result in 1498 IGS with significant
homology to Uniref50 proteins. From both approaches combined 1572 unique cases of
IGS with significant hit to proteins was found. Their alignment length plot shows a bell-
like distribution with a peak around 50 bp and a skewed right flank. In order to construct
a set of more robust cases, this list was further filtered for alignment length (>50),
bitscore (>50) and Evalue (<10) ending up on a set 516 cases of relative good
homologies. Overall, depending on the approach used, 5-14% of the Acanthamoeba
intergenic spaces contain remnants of possibly LGT transferred genes with 10-20% of

these being most similar to prokaryotic homologs (Table 2).

Blastx | tBlastn Combined | Filtered
Eukaryotic
Bacterial

Archaeal
Viral

Table 2: The number of intergenic spaces in the genome of Acanthamoeba containing

detectable foreign gene fragments.

Intronization and expression of the candidate LGTs in Acanthamoeba

The number of introns for each LGT protein was inferred based on the predicted

number of exons (Introns = Exons - 1). For the estimation of the expression level, since
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multiple experiments were available, the average value of expression among these
experiments was taken for each LGT protein (Figure 5). The average number of introns
for the 405* LGTs of Acanthamoeba with predicted exons is 6 with only 32 cases with
no predicted introns. The expression of the proteins follows a power low distribution
with a high number of proteins having very low expression and a very low number of
proteins having a very high expression level. Overall the median expression of the LGT

genes was the same with that of the non LGT genes.

14%
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10% |_I
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B Non LGT  JILGT
Figure 5: Relative distribution of the intronization levels across the predicted LGT genes

and the non LGT genes in Acanthamoeba genome.

Discussion

Unicellular protists genomes contain many proteins with non-eukaryotic homologs. For
a third of these proteins, the phylogenetic analysis verify their affiliation to bacterial,
archaeal or viral proteins and the topologies of the constructed trees strongly support a
LGT scenario for their acquisition. Especially for Acanthamoeba, the intronization and

expression levels of these genes indicate that they are fully integrated in their host

biology.

The amount of detected LGTs in the genomes of the bacteriovoric Acanthamoeba and

Naegleria was two times bigger than the parasitic Entamoeba, four times bigger than
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Micromonas and Dictyostelium and 40 times higher than those detected in
Apicomplexa. Therefore, as expected, bacteriovoric amoebas tend to acquire higher
number of proteins laterally due to their diet on prokaryotes. Although the predatory life
style of Acanthamoeba and Naegleria explains the higher number of LGTs in these
organisms, life style itself is not sufficient to explain the presence of prokaryotic origin

LGT to the green algae Micromonas and the eukaryotic parasites.

The methodology followed for the detection of possible LGT proteins in the genomes of
the 8 analyzed unicellular protists succeed in recovering previously published cases and
even increased the total number of candidates. Besides the inevitable differences
arising from the expansion of the available genomic information in public databases, the
methodological difference that explains a major part of the increased number of
detected LGTs is the consideration of homologous replacement. In previous studies, the
screenings of eukaryotic proteins for indications of prokaryotic origin, they exclude those
with significant homology to eukaryotes. In this study, the existence of best homology to
bacteria archaea or viruses was sufficient to include the protein in the pipeline of
phylogenetic analysis. The cases of homologous replacement can then be identified by
the inspection of the phylogenetic trees were the LGT protein cluster for example in a

bacterial clade and away from the eukaryotic clade.

The study of the taxonomy of the putative donors of the verified LGTs show that
Acanthamoeba and Naegleria have acquired proteins from similar donors (at phylum
and Class levels) as also the two Entamoeba, and the two Apicomplexa. The analysis of
the oxygen requirements of the donors showed that the anaerobic Entamoeba contains
significantly more proteins from donors with anaerobic life style and that 50% of the
donors are associated with a host as their proliferation habitat when for the other
amoebas its around anaerobic donors are only about 20%. This finding supports the
hypothesis that the unicellular protists are mostly assimilating genes from donors that
they encounter in their environments. Nevertheless, the high number of cases (30%) of

free living environmental donors that have specialized habitats, like hydrothermal vents,
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and should not be accessible by the protists, indicate the presence of an unknown

vector that shuttle these genes to the protists.

The functional classification of the LGT acquired proteins revealed that what the
organisms assimilate are at large related to metabolism. It seems that irrespectively of
where they live and what they eat, at the end these organisms acquire similar functions.
The analysis of the intergenic space of Acanthamoeba revealed that a high number of
remnants of LGT genes can be detected among the predicted genes. This amount of
degrading foreign DNA supports the observed number of assimilated LGT and explains

the fate of those genes without functional importance for the host.

Overall, it is clear that unicellular protists contain a high number of proteins that are
more likely of bacterial, archaeal or viral origin. Although the diet and the habitat of the
organism can explain some of these acquisitions, only a gene shuttling vector, different
than the proposed donors can account for the rest of the LGTs. It has been proposed
that giant viruses can fulfill this role [21, 22]. Although we find this an attractive idea,
due to the limited sampling of giant virus genomes and the expected high deletion rate
of non-utilized genomic fragments in the virus genomes we could not sufficiently
investigate and verify this claim. Going beyond establishing the importance of LGTs in
the shaping and evolution of the unicellular protist genomes, the new challenge is the

elucidation of the underlying mechanism that makes this surprising rate of LGTs

possible.
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