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Chlamydiae are obligate intracellular bacteria comprising important human pathogens and
symbionts of protists. Molecular evidence indicates a tremendous diversity of chlamydiae particularly
in marine environments, yet our current knowledge is based mainly on terrestrial representatives.
Here we provide first insights into the biology of marine chlamydiae representing three divergent
clades. Our analysis of single-cell amplified genomes revealed hallmarks of the chlamydial lifestyle,
supporting the ancient origin of their characteristic developmental cycle and major virulence
mechanisms. Surprisingly, these chlamydial genomes encode a complete flagellar apparatus, a
previously unreported feature. We show that flagella are an ancient trait that was subject to
differential gene loss among extant chlamydiae. Together with a chemotaxis system, these marine
chlamydiae are likely motile, with flagella potentially playing a role during host cell infection. This
study broadens our view on chlamydial biology and indicates a largely underestimated potential to

adapt to different hosts and environments.
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Introduction

Investigating environmental relatives of bacterial
pathogens has been fundamental for understanding
their evolution and biology, and the emergence of
virulence (Horn, 2008; Gordon et al., 2009; Robins
and Mekalanos, 2014; Khodr et al., 2016; Maury
et al., 2016). The chlamydiae include some of the
most successful bacterial pathogens of humans, such
as Chlamydia trachomatis causing over 100 million
infections worldwide each year (Wright et al., 2008;
Darville, 2013; Roulis et al., 2013; Dal Conte et al.,
2014; Knittler and Sachse, 2015). They likely
represent the most ancient group of obligate intra-
cellular bacteria and are characterized by a biphasic
developmental cycle consisting of the replicative
intracellular reticulate body and the infectious
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extracellular elementary body (Greub and Raoult,
2003; Horn et al., 2004; Schmitz-Esser et al., 2004;
Abdelrahman and Belland, 2005; Collingro et al.,
2011; Nunes and Gomes, 2014). Chlamydiae gener-
ally possess reduced genomes, lack essential bio-
synthesis pathways and thus rely on a variety of
metabolites from their eukaryotic hosts (Omsland
et al., 2014).

No free-living chlamydia has been identified to
date, but chlamydiae are frequently found within
protists and arthropods that are ubiquitous in
terrestrial environments (Horn, 2008; Taylor-Brown
et al., 2015). Chlamydiae have also been identified in
a number of marine animals, including fish in which
they have been associated with the gill disease
epitheliocystis (Karlsen et al., 2008; Draghi et al.,
2010; Mitchell et al., 2010; Fehr et al., 2013; Stride
et al., 2013; Nylund et al., 2015; Steigen et al., 2015;
Pawlikowska-Warych and Deptuta, 2016). Moreover,
metagenomics and amplicon sequencing data indi-
cates the existence of a vast, yet unexplored diversity
of divergent chlamydiae, primarily in marine
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environments (Pizzetti et al., 2012; Lagkouvardos
et al., 2014; Pizzetti et al., 2015; Vanthournout and
Hendrickx, 2015; Bou Khalil et al., 2016). However,
owing to their obligate intracellular lifestyle our
knowledge about chlamydiae is based on a limited
number of representatives, originating exclusively
from non-marine environments.

Single-cell sorting in combination with genome
amplification and sequencing has been used suc-
cessfully to explore yet uncultured microbes
(Stepanauskas, 2012; Rinke et al., 2013). Here, we
applied this approach to study the biology of marine
chlamydiae. Our findings suggest that while basic
features of the chlamydial lifestyle are well con-
served, marine chlamydiae show unique adapta-
tions, indicating that the biology of chlamydiae is
much more variable than currently recognized.

Materials and methods

Sampling and sequencing of single-cell amplified
genomes
Samples were collected from 100, 150 and 185 m
depth intervals in Saanich Inlet a seasonally anoxic
fjord on Vancouver Island, British Columbia (Station
S3 48°35’18.0"N, 123°30'13.2"W), on 9 August 2011.
Sample collection and biochemical measurements
were performed as previously described (Zaikova
et al., 2010; Roux et al., 2014). Water column redox
conditions were typical for stratified summer
months. One milliliter aliquots were amended with
5% glycerol and 1x TE buffer (all final concentra-
tions), and stored at — 80 °C until further processing.
Sediment samples were collected in October 2014
from the upper 5cm of sublittoral sediment off the
island of Sylt (North Sea, Germany, 55°05'38.9"N, 8°
15'48.8"E). After immediate transfer to the lab, the
sediment was mixed and 1ml was transferred to a
50ml plastic tube. After adding 3ml of sterile-
filtered seawater, slurries were vortexed at maximum
speed for 3 min. Sand grains were allowed to settle
and the supernatant was filtered through a 5pm
pore-size membrane. The cell extracts were cryopre-
served with  N,N,N-trimethylglycine (‘glycine
betaine’) (Sigma-Aldrich, St Louis, MO, USA) at a
final concentration of 4% according to Cleland et al.
(2004), and stored at — 80 °C until further processing.
Single-cell sorting and whole-genome multiple
displacement amplification were performed at the
Bigelow Laboratory Single Cell Genomics Center
(https://scge.bigelow.org; SCGC) as described pre-
viously (Swan et al., 2011). For Saanich Inlet, a total
of 315 single cells per sample were subjected to
multiple displacement amplification and the taxo-
nomic identity of single amplified genomes (SAGs)
was determined by directly sequencing 16S rRNA
gene amplicons at the SCGC. A single SAG (SAG
AB-751-023) from 150m was affiliated with the
phylum Chlamydiae. A 500+50bp shotgun library
was created with Nextera XT (Illumina) reagents and
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sequenced with NextSeq 500 (Illumina) in 2 x 150 bp
mode using v.1 reagents. The obtained sequence
reads were quality-trimmed with Trimmomatic
v0.32 4 using the following settings: -phred33
LEADING:0 TRAILING:5 SLIDINGWINDOW:4:15
MINLEN:36. Human DNA (>95% identity to the
Homo sapiens reference assembly GRCh38) and low
complexity reads (containing <5% of any nucleo-
tide) were removed. The remaining reads were
digitally normalized with kmernorm 1.05 (http://
sourceforge.net/projects/kmernorm) and  then
assembled with SPAdes v.3.0.0. Each end of the
obtained contigs was trimmed by 100 bp, and then
only contigs longer than 2000 bp were retained. The
accuracy of the resulting assemblies was assessed by
applying the same workflow on previously cultured
and sequenced strains of Prochlorococcus marinus
and Escherichia coli and comparing the obtained
benchmark SAG assemblies against reference gen-
omes with QUAST (Gurevich et al., 2013), see public
benchmark data sets on the SCGC website. North Sea
SAGs were screened for 16S rRNA genes by PCR
using primers 341 f and 907rev (Muyzer et al., 1993;
Muyzer and Smalla, 1998). For the two SAGs
affiliated with chlamydiae (AG-110-P3 and AG-110-
M15) 500 bp shotgun libraries were created with the
NEBNext Ultra DNA Library Prep Kit for Illumina
(NEB, Frankfurt, Germany). These libraries were
sequenced with a HiSeq2500 (Ilumina) in
2x 250 bp rapid mode at the Max Planck Genome
Centre (MP-GC; Cologne, Cologne, Germany, http://
mpgc.mpipz.mpg.de/home/). Reads were trimmed
and adaptors were removed with bbduk (BBMap-
35.07 suite, https://sourceforge.net/projects/bbmap)
using a minimum quality cutoff of 25 and checked
for quality with FastQC (Version 0.11.3, http://www.
bioinformatics.bbsrc.ac.uk/projects/fastqc).  Reads
were assembled de novo using SPAdes 3.6.2
(Bankevich et al., 2012) in single-cell mode (k-mer
sizes: 21, 35, 43, 55, 63, 71, 81, 91, 99). Then all reads
were remapped against the genome scaffold (mini-
mum sequence identity of 97%) and reassembled
iteratively with SPAdes 3.6.2. (Bankevich et al.,
2012) as described previously (MuBmann et al.,
2017). Contigs larger than 2000bp were retained
and assembly quality was assessed with QUAST 3.0
(Gurevich et al., 2013).

Genome annotation and analysis

For genome analysis only contigs >2 kb were used
unless explicitly mentioned. The quality and con-
tamination of all three assembled SAGs was con-
trolled with CheckM 1.0.6 (Parks et al., 2015).
Automatic genome annotation was performed with
ConsPred 1.24 (Weinmaier et al., 2016). The chla-
mydial origin of the SAGs was verified with CheckM
1.0.6, the taxonomic affiliation of the first blast hit of
each CDS against the GenBank nr database (as in
December 2015) (Camacho et al., 2009; Benson et al.,
2013), and the presence of chlamydial core genes.
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The chlamydial core gene set was determined by
OrthoMCL (version 2.0.9) clustering (Li et al., 2003)
of proteins encoded in 26 genomes from members of
seven chlamydial families. Taxonomic profiles and
gene distributions were illustrated with Circos 0.69
(Krzywinski et al., 2009). The synteny of flagellar
and chemotaxis genes were visualized with the
GenoPlotR package in R (Guy et al., 2010). Affiliation
of proteins encoded in the SAGs with clusters of
orthologous groups was determined by blast against
the eggNOG database (as in December 2015) (Huerta-
Cepas et al., 2016). Prediction of potential effector
proteins of the NF-T3SSs was performed using the
respective tool at EffectiveDB (Eichinger et al., 2016).

Phylogenetic analyses of 16S rRNA genes, ribosomal
and flagellar proteins

Full-length 16S rRNA gene sequences of chlamydiae
were downloaded from GenBank and aligned to the
SILVA SSU Ref database containing preconfigured
high-quality, full-length sequences in ARB (Ludwig
et al., 2004; Quast et al., 2013). Bayesian inference
analysis of 16S rRNA gene sequences was carried out
with MrBayes 3.2.6 using standard settings via the
CIPRES Science Gateway (Miller et al., 2010;
Ronquist et al., 2012). The partial 16S TRNA gene
sequence of AG-110-M15 was added subsequently to
the Bayesian tree using the Quick-Add Parsimony
option in ARB (Ludwig et al., 2004).

A concatenated set of seven ribosomal proteins
and single-copy marker genes present in all three
SAGs (including rl6, rl18, rs5, rs7, rs10, rs12 and Ef-
Tu) was used to verify the affiliation of the SAGs
with the chlamydiae and to exclude potential
contamination of the assemblies. The data set
included sequences from available chlamydial gen-
omes as well as other members of the PVC super-
phylum, which includes the most closely related
free-living relatives of chlamydiae (Wagner and
Horn, 2006). Single proteins were aligned with
MUSCLE 3.8.31 (Edgar, 2004) prior to concatenation.
A Bayesian tree was calculated with MrBayes 3.2.6
using the mixed amino acid model and standard
settings via the CIPRES Science Gateway (Miller
et al., 2010; Ronquist et al., 2012).

Protein sequences encoding components of the
flagellar apparatus were identified with blast and
extracted from genome sequence entries at GenBank
or RefSeq. The data set included genomes used by
Abby and Rocha (2012), available chlamydial gen-
ome sequences as well as selected genome sequences
from the Planctomycetes and Verrucomicrobia com-
prising 126 genome sequences in total (Supple-
mentary Table S3). In addition, FIliPQR amino acid
sequences from the SAG AB-751-023 were extracted
from contigs smaller than 2 kb, which were other-
wise not considered in this study. All protein
sequences were aligned with MUSCLE 3.8.31
(Edgar, 2004). Maximum likelihood phylogenies
were calculated with RAxML 8.2.8 with 100
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bootstrap iterations using PROTGAMMAAUTO for
automatic protein model selection (Stamatakis,
2014) at the Life Science Compute Cluster at the
University of Vienna, and Bayesian inference was
performed using MrBayes 3.2.6 using the mixed
amino acid model and standard settings via the
CIPRES Science Gateway (Miller et al., 2010;
Ronquist et al., 2012). Phylogenetic trees were
visualized with iTOL (Letunic and Bork, 2016).

Presence of chlamydial FIhA proteins in metagenomic
data sets

Around two million FIhA amino acid sequences
from metagenomic data sets available at the IMG/M
database in December 2015 (Markowitz et al., 2012)
excluding metagenomes from human and mouse
microbiomes were downloaded. Only sequences
longer than 450 amino acids were kept and clustered
with CD-HIT 4.6.5 (Fu et al., 2012) at 40% sequence
identity. This threshold was used because flagellar
proteins encoded in the SAGs showed sequence
identity values ranging from 39% to over 60%.
A large cluster containing 1264 protein sequences
together with the FIhA sequence of AB-751-023 was
again filtered for nearly full-length sequences (>650
amino acids). The resulting 667 sequences were
aligned to the data set used for FIhA/SctV phyloge-
netic analysis, and the affiliation of the metagenome-
derived sequences was determined with Neighbor
Joining (1000 bootstraps) in ARB (Ludwig et al., 2004).

Data availability

The assemblies and annotations of the three SAGs
have been deposited under the accession numbers
FLYF01000001-FLYF01000089 (AB-751-023), FLYO
01000001-FLYO01000054 (AG-110-M15) and FLYPO
1000001-FLYP01000096 (AG-110-P3) at the European
Nucleotide Archive (ENA). Additional sequences used
in phylogenetic analyses were deposited under acces-
sion numbers LT629158-LT629194 at the European
Nucleotide Archive (ENA).

Results and discussion

Novel representatives of deeply branching chlamydial
clades

Owing to their host-associated lifestyle, chlamydiae
are generally rare in complex microbial commu-
nities. Still, we were able to recover three chlamydial
SAGs from contrasting marine environments con-
nected to the Pacific and the Atlantic Ocean,
respectively. The high-quality SAG assemblies com-
prised around 1 Mbp each, reflecting around 40% of
the predicted genome sizes based on the presence of
chlamydial core and single copy genes (Table 1).
Phylogenetic analysis of small subunit ribosomal
RNA (SSU or 16S rRNA) genes and seven concate-
nated single-copy marker genes present in all three
SAGs demonstrated their affiliation with the phylum



Chlamydiae. They represent deeply branching evo-
lutionary lineages within the phylum, clearly dis-
tinct from known chlamydiae but related to
sequences previously detected in marine samples
(Figure 1, Supplementary Figures S1 and S2,
Supplementary Text S1) (Pizzetti et al., 2012;
Lagkouvardos et al., 2014). Further lines of evidence
support their affiliation with chlamydiae: All SAGs
encode a high number of chlamydial proteins (~46%
show a chlamydial protein as the first blast hit; Table 1),

Table 1 Overview of general genome statistics of the chlamydial

SAGs

AB-751- AG-110- AG-110-
023 Mi15 P3

Assembly size (bp) 986 924 929 816 1 299 662
Average G+C (%) 35 42 47
No. of contigs 89 54 96
N50 contig size (bp) 25 740 34 883 20 541
Longest contig size (bp) 69 107 74 346 84 452
No. of predicted CDS 876 851 1235
Genome recovered (%)? 41 42 43
Estimated genome 2.4 2.2 3.0
size (Mbp)
rRNAs present 3 o° 3
tRNAs present 12 13 20
Hypothetical proteins 245 202 361
First blast hit chlamydiae 393 394 563
Chlamydial core genes 141 145 147
Predicted to be T3-secreted 185 178 287
Contamination® 0.67 0 0

*Based on the presence of chlamydial core genes (n=343). "Partial 16S
rRNA gene sequence from screening PCR of MDA products.®According
to CheckM analysis.
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and the respective genes are homogeneously distributed

among the contigs (Figure 2). These also include ~42%
of the chlamydial core genome, that is, orthologs present
in all known chlamydiae (Figure 2). The three SAGs are
highly similar with respect to their taxonomic profile
(Figure 2) and assignment of genes to functional
categories (Supplementary Figure S3), and they share
between 179 and 230 pairwise orthologs (Figure 2).
Taken together, the three SAGs represent novel, deeply
branching marine chlamydiae and provide first insights
into their genetic repertoire and biology.

Marine chlamydiae with characteristic features of
chlamydial biology

All three SAGs include hallmark chlamydial genes
(Supplementary Table S1). One of the master
regulators of the chlamydial developmental cycle is
encoded (Euo, Rosario et al., 2014), which is
consistent with microscopical evidence for develop-
mental stages in marine, fish-infecting chlamydiae
(Draghi et al., 2004, 2010; Karlsen et al., 2008;
Mitchell et al., 2010; Schmidt-Posthaus et al., 2012;
Fehr et al., 2013; Stride et al., 2013; Nylund et al.,
2015; Steigen et al., 2015; Pawlikowska-Warych and
Deptuta, 2016). The major chlamydial virulence
mechanism, the type three secretion system (also
referred to as non-flagellar type three secretion
system, NF-T3SS) (Peters et al., 2007; Stone et al.,
2010; Ferrell and Fields, 2016), is represented by
structural components, associated chaperones and a
number of common chlamydial effector proteins
(Ser/Thr protein kinase Pkn5, the macrophage
infectivity potentiator Mip; Supplementary Table S1).
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Figure 1 Marine SAGs representing deeply branching chlamydiae. A Bayesian 16S rRNA-based phylogenetic tree is shown, indicating
the relationship of the three marine SAGs with known chlamydiae. SAG AG-110-M15 is represented by a partial sequence added to the
main tree (dashed line), which included only near full-length sequences. Circles indicate nodes with posterior probabilities >95%.
A dendrogram of the tree including branch lengths, posterior probabilities and accession numbers of terminal node sequences is available

as Supplementary Figure S1.

The ISME Journal



Marine chlamydiae encode flagella
A Collingro et al

2338

I W/ﬂ” :

;/ /

Circle 1:

n»w GC content

Circle 2:

. Chlamydiae
No hit
Proteobacteria
Other phyla

Firmicutes

Bacteroidetes/Chlorobi
. PVC superphylum
Circle 3:
. Chlamydial core genes

Circle 4:
3 D ’/ v I R\ i;\\\ N\ X agellar genes
'4@”‘:///////,/;//// 0 T A \\ \\\\\\\\\\\\\\\O&\ - ;ItrL?ctILI,lralg NF-T3SS genes
O TR MW A B cromoess geres
'v;qum /[i/ﬂ///l /M‘“Il \m\‘\\\\\ o Lln.ks:.
AG-1 1 O-M 1 5 MM""”"*%-&-mMWMM Pairwise orthologous genes
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between two SAGs.

In addition, a large number of predicted effectors, some
of which have the potential to interfere with the host
ubiquitination system (Domman et al., 2014) and the
highly conserved chlamydia protease-like activity
factor CPAF (Grieshaber and Grieshaber, 2014) were
identified (Table 1, Supplementary Table S1 and
Supplementary Text S2).

Chlamydiae are characterized by reduced meta-
bolic pathways, and although the SAGs represent
incomplete genomes, the gene sets found with
respect to electron transport chain, amino acid
biosynthesis and vitamin biosynthesis resemble
those in known chlamydial genomes (Omsland
et al., 2014). Notably, each SAG encodes at least
two nucleotide transport proteins employed by
known chlamydiae to exploit their host cells regard-
ing energy, nucleotides and the cofactor nicotina-
mide adenine dinucleotide (NAD*) (Tjaden et al.,
1999; Haferkamp et al., 2006, 2004; Knab et al., 2011;
Fisher et al., 2013; Elwell et al., 2016).

Taken together, the presence of well-conserved
chlamydial genes in the three SAGs suggests that
these marine chlamydiae show a developmental
cycle characteristic for chlamydiae. They use
mechanisms for host interaction and exhibit a host-
dependent metabolism similar to other members of
the phylum (Omsland et al., 2014; Elwell et al,
2016). This is fully consistent with our general
notion that the intracellular lifestyle of chlamydiae
is ancient and has evolved over a long evolutionary
time scale (Greub and Raoult, 2003; Schmitz-Esser
et al., 2004; Collingro et al., 2011).
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Metabolic adaptations of marine chlamydiae

Yet different chlamydial groups show distinct
adaptations (Collingro et al., 2011; Domman et al.,
2014; Omsland et al., 2014). In this context, an ABC-
transporter for the import of taurine and other
sulfonates encoded in one SAG is noteworthy
(TauAABC, SCG7086_BT 00100-00070). Taurine is
present in high concentrations in most animals
including marine invertebrates, molluscs and fish
(Huxtable, 1992). Although we could not identify
additional genes for taurine usage, taurine could still
serve as an energy, carbon, nitrogen or sulfur source
for marine chlamydiae (Briiggemann et al., 2004;
Denger et al, 2006; Baldock et al, 2007)
(Supplementary Text S3).

Most chlamydiae rely on host-derived nucleotides
(Tjaden et al., 1999; Haferkamp et al., 2006, 2004;
Knab et al., 2011; Fisher et al., 2013; Elwell et al.,
2016). Yet, some have the genetic repertoire for
pyrimidine de novo synthesis (Bertelli et al., 2015,
2010). This pathway is also complete in one SAG,
which in addition contains a nearly full set of genes
for purine de novo synthesis (Supplementary
Figure S4 and Supplementary Text S4). Thus, this is
the first known chlamydia with the potential to thrive
completely independent from host-derived nucleo-
tides. However, we found no evidence for the
presence of further metabolic pathways, which are
generally lacking in other chlamydiae. We thus
predict that these marine chlamydiae are still auxo-
trophic for essential metabolites such as amino acids
and cofactors and thus depend on a eukaryotic host.
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Figure 3 Flagellar genes detected in chlamydial SAGs. (a) Schematic overview of components of the flagellar apparatus encoded in three
different chlamydial SAGs of marine origin. Notably, they contain orthologs for both the flagellar system and the NF-T3SS (which
originally evolved from the flagellar system). All other known chlamydiae lack the majority of flagellar genes. (b) Illustration of the
syntenic region of a flagellar gene cluster in two SAGs. Contig ends are indicated.

Flagellar gene sets in marine chlamydiae

The most unexpected finding was the detection of
various flagellar genes in addition to genes encoding
the NF-T3SS in all three SAGs (20 genes in AB-751-
023 and AG-110-M15, respectively, and 5 genes in
AG-110-P3; Figures 2 and 3a). This is highly
surprising, because chlamydiae are considered
non-motile; there is no evidence that any extant
chlamydiae possess flagella or require motility for
infectivity. Flagella are composed of components at
the cytoplasmic face of the cytoplasmic membrane
energizing flagella synthesis and movement, the
transmembrane basal body including the motor,
and the hook and the (rotating) filament located on
the cell surface (Chevance and Hughes, 2008). Few
genes with homology to flagellar genes were pre-
viously noted in members of the Chlamydiaceae, but
those encode exclusively cytoplasmic components,
and their role has been cryptic (Peters et al., 2007;
Stone et al., 2010; Ferrell and Fields, 2016)
(Supplementary Text S5). One SAG (AB-751-023)

is particularly noteworthy, if contigs smaller than
2 kbp are considered in genome reconstruction. With
28 flagellar genes this SAG contains the most
complete gene set ever detected in chlamydiae
(Figure 3a). The few flagellar genes missing in this
SAG are encoded in a syntenic region in one of the
other SAGs (AG-110-M15) in which the respective
contig spans a larger genomic interval (Figure 3b and
Supplementary Text S6). Together this would make
up a complete flagellar apparatus including all
cytoplasmic, transmembrane and extracellular com-
ponents (Figure 3a).

Flagella as ancient feature of chlamydiae

We investigated the phylogeny of the chlamydial
flagellar apparatus using selected proteins encoded
on different contigs, including proteins from all three
SAGs (Figure 4,Supplementary Table S2 and
Supplementary Text S7). None of the chlamydial
flagellar proteins showed a close relationship with
those of other bacteria, indicating that the
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chlamydial flagellar apparatus is phylogenetically
distinct from recognized flagella. Out of four differ-
ent data sets analyzed, the SAG flagellar proteins
formed a monophyletic group with high support in
three trees (Figure 4). In the FlgL tree, only two of the
SAGs clustered together (Figure 4d). However, the
flagellar hook-associated protein FlgL is located
extracellularly and thus shows an elevated evolu-
tionary rate (Nogueira et al., 2012), rendering this
particular protein less suitable as a marker to infer
evolutionary distant relationships. Together the
reconstructed phylogeny of selected flagellar pro-
teins of three chlamydial SAGs favors a scenario in
which the flagella of marine chlamydiae share a
common evolutionary history. We propose that the
flagellar genes of these chlamydiae have not been
acquired by (recent) lateral gene transfer, but
represent an ancient chlamydial trait that was lost
in other known chlamydial lineages.

Our analysis included the cryptic flagellar bio-
synthesis protein FlhA also found in the Chlamy-
diaceae, which otherwise lack almost all other
flagellar genes (Figure 3a and Figure 4b). In the FIhA
tree, the Chlamydiaceae proteins formed a mono-
phyletic group, which, however, was markedly
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divergent from those of flagellated bacteria. This
indicates that the Chlamydiaceae FIhA functions in a
different context and might rather be used for non-
flagellar protein secretion as part of the NF-T3SS.
This would be consistent with a current model,
suggesting that in Chlamydiaceae flagellar proteins
serve to build an alternative NF-T3SS at certain
stages in the developmental cycle (Peters et al., 2007;
Stone et al., 2010; Ferrell and Fields, 2016). Notably,
in this analysis the SAG FIhA protein is most closely
related to the FIhA proteins of flagellated free-living
bacteria, and well separated from those of the
Chlamydiaceae (Figure 4b). This strongly suggests
that the SAG F1hA protein is not involved in NF-T3S
but indeed functions in a flagellar apparatus.

Chemotaxis systems in marine chlamydiae

In free-living bacteria flagellar motility is regulated
by chemotaxis systems, which include transmem-
brane receptors sensing environmental cues and a
two component system controlling flagellar rotation
(Wuichet and Zhulin, 2010). All three SAGs contain
genes involved in the chemotaxis system (Figure 2),
with two SAGs only lacking two genes involved
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Figure 4 Common origin of flagellar proteins of marine chlamydiae. Bayesian inference of the phylogeny of selected flagellar proteins
encoded at different genomic loci in the chlamydial SAGs. Phylogenetic trees obtained with a concatenated protein data set (a) as well as
with individual proteins (b—e) are shown. Homologs of flagellar proteins in the NF-T3SS (SctRSTV) were included if possible. Dotted lines
represent branches that have been shortened to enhance clarity. The monophyly of flagellar proteins is well supported in all trees
(posterior probability=1), suggesting they are derived from a common ancestor and represent an ancient chlamydial trait. The only
exception is the FIgL tree (d), which however is in general inconsistent with the 16S rRNA-based phylogeny of the organisms included
(note that other coherent taxonomic groups such as the Proteobacteria or the Firmicutes are also not monophlyetic in this analysis). The
original tree files and maximum likelihood phylogenies are available as Supplementary Data 1.
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in intracellular signaling cascades (the methyl-
transferase CheR and the methylesterase CheB;
Supplementary Figure S5). A complete chemotaxis
gene set has been previously reported in Parachla-
mydia acanthamoebae (Collingro et al., 2011). In
addition, we also identified full gene complements
in the environmental chlamydiae Protochlamydia
naegleriophila, Criblamydia sequanensis and
Estrella lausannensis (Supplementary Figure S5)
(Bertelli et al., 2015, 2014). These chlamydiae lack
flagellar genes, and it was thus proposed that the
chemotaxis genes represent a chemosensory system
involved in the regulation of yet unknown cellular
functions (Collingro et al., 2011). As complete
chemotaxis systems are present in other chlamydiae,
and because CheR and CheB are not necessary in all
chemotaxis systems (Wuichet and Zhulin, 2010), it
seems highly likely that the chemotaxis systems in
the marine chlamydiae represented by the SAGs are
in fact complete.

Occurrence of chlamydial flagellar genes in the
environment

In an attempt to assess the occurrence of flage-
llar genes of chlamydiae in diverse environments,
we searched published metagenomic data using
the SAG FIhA sequence as seed. Out of
1200 metagenomic sequences with similarity to
the SAG FIhA, 30 represented a near-full-length
protein and clustered with the SAG FIhA (Supple-
mentary Table S4). These metagenomic sequences
share between 45% and 100% amino acid sequence
identity and originate mainly from the Saanich
Inlet water column (n=22), where one of the SAGs
was isolated (Hawley et al., 2014; Roux et al.,
2014). Notably, FIhA sequences were detected in
metagenomes from different time points (June 2009
to 2014) and various depths (ranging from 10 to
200 m), suggesting that flagella-encoding chlamy-
diae are permanently present in this environment
(Supplementary Table S4). One sequence was
recovered from the northeastern subarctic Pacific
Ocean, and others were found in freshwater, soil
and bioreactor samples (Supplementary Table S4).
As members of the rare biosphere, chlamydiae are
poorly represented in metagenomic data sets. The
low number of chlamydial FIhA genes recovered is
thus not surprising. Nevertheless, this analysis
suggests that chlamydiae-encoding flagella are
phylogenetically diverse and occur in various,
mainly aquatic environments.

Conclusions

In conclusion, this study presents first insights into
the biology of deeply branching marine chlamydiae
found in geographically distant regions. They show
characteristic features of known chlamydial patho-
gens and symbionts, supporting a scenario in which
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the intracellular lifestyle and the biphasic develop-
mental cycle were already established in the last
common chlamydial ancestor (Greub and Raoult,
2003; Horn et al., 2004; Collingro et al., 2011).
Chlamydiae have generally lost redundant genes and
non-essential pathways (Nunes and Gomes, 2014;
Omsland et al., 2014). The detection of genes
encoding flagella thus strongly suggests that this
gene set is indeed required and an important
component of the biology of marine chlamydiae.
Equipped with a flagellar apparatus and a chemo-
taxis system, marine chlamydiae could be motile and
would be able to move actively towards their hosts.
This ability might be important in an environment
characterized by a low host density and by steady
small-scale turbulence and mixing. A conceivable
scenario is that flagella are present at the extra-
cellular stage, and that motility of elementary bodies
is driven by glycogen as an energy source (Sixt et al.,
2013; Gehre et al., 2016). Although the extracellular
stage of chlamydiae was traditionally seen as
metabolically inert, recent evidence suggest that a
limited metabolic activity is maintained in a host-
free environment (Haider et al., 2010; Sixt et al., 2013;
Omsland et al., 2014, 2012). Whether this is particu-
larly pronounced in marine chlamydiae remains to be
explored. In addition, flagella might also facilitate
surface attachment to particles in the marine environ-
ment. Further, flagella have been implicated in various
aspects of bacterial pathogenesis; they are used for
adhesion, for host cell entry, as sensors and secretion
systems (Chaban et al., 2015).

Our phylogenetic analysis suggests that motility is
an ancient chlamydial trait that was subject to
differential loss in many known chlamydial lineages.
Yet, we provide evidence that chlamydiae with
flagella might not be an odd exception, but that
flagella-encoding chlamydiae are diverse and occur
in different environments. Extant chlamydiae with
flagella thus represent a remarkable variation of
chlamydial biology, demonstrating that chlamydiae
are functionally much more diverse than recognized
currently, with potential implications on the struc-
ture of trophic interactions in marine ecosystems.
Additional research is required to investigate the
biology of the many and diverse unknown lineages
of this unique bacterial group.
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