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Abstract

The family Chlamydiaceae currently comprises a single genus Chlamydia, with 11 validly published species and seven
more taxa. It includes the human pathogens Chlamydia (C.) trachomatis, C. pneumoniae and C. psittaci, a zoonotic
agent causing avian chlamydiosis and human psittacosis, as well as other proven or potential pathogens in ruminants,
birds, snakes, reptiles and turtles. During routine testing of 15 apparently healthy captive flamingos in a zoo in 2011, an
atypical strain of Chlamydiaceae was detected by real-time PCR of cloacal swab samples. Sequence analysis of the
16S rRNA gene revealed high similarity to the uncultured Chlamydiales bacterium clone 122, which previously had
been found in gulls. As more samples were collected during annual campaigns of the flamingo ringing program in
southern France from 2012 to 2015, Chlamydiaceae-specific DNA was detected by PCR in 30.9% of wild birds. From
these samples, three strains were successfully grown in cell culture. Ultrastructural analysis, comparison of 16S and
23S rRNA gene sequences, whole-genome analysis based on de novo hybrid-assembled sequences of the new

strains as well as subsequent calculation of taxonomic parameters revealed that the relatedness of the flamingo
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isolates to established members of the family Chlamydiaceae was sufficiently distant to indicate that the three strains
belong to two distinct species within a new genus. Based on these data, we propose the introduction of Chlamydiifrater
gen. nov., as a new genus, and Chlamydiifrater phoenicopteri sp. nov. and Chlamydiifrater volucris sp. nov., as two

new species of the genus.

Keywords : Chlamydiifrater phoenicopteri; Chlamydiifrater volucris; Chlamydiaceae; Hybrid de novo assembly; 16S

rRNA gene sequence; Comparative genome analysis

Introduction

The family Chlamydiaceae currently comprises a single genus, Chlamydia, with 11 validly published species and an
additional seven proposed species, four of which at Candidatus rank. These obligate intracellular bacteria include the
zoonotic agent Chlamydia (C.) psittaci, as well as the recently discovered C. avium, C. gallinacea and C. buteonis that
all have a preference for avian hosts [42]. These four avian chlamydiae are now easily identifiable thanks to molecular
tools designed for their rapid and specific detection [35, 54, 55]. However, several studies have reported the detection
of non-classified chlamydial organisms in avian samples. Since chlamydiae have been detected in 465 different bird
species [18], it is not surprising that our knowledge on the diversity of chlamydial species occurring in wild birds is
steadily expanding. For instance, isolation of two related strains from ibis specimens led to the proposal of Candidatus
C. ibidis as an additional genus member [51]. A new species found in hawks, C. buteonis, has just been reported [23].
In addition, C. abortus strains were recently isolated from wildfowl [48]. From non-avian hosts, recent descriptions of
new taxa include C. serpentis and C. poikilothermis from snakes [46], the Candidatus species of C. sanzinia and C.
corallus from reptiles [49], as well as C. testudinis from tortoises [22].

The high genetic diversity of chlamydial strains of avian origin belonging to the order Chlamydiales has been
mentioned in various studies [1, 3, 17, 56]. The main obstacle to comprehensive genetic characterization of these
chlamydial organisms is their obligate intracellular lifestyle, which requires cell culture for recovery of isolates. As
numerous failed attempts in various experienced laboratories have shown, these atypical chlamydial strains are
extremely difficult to grow. As a consequence, most of the studies published so far have been unable to classify and
comprehensively characterize atypical avian chlamydial organisms.

In the present paper, we report the identification and description of new chlamydiae from captive and wild flamingos.
Initially, diagnostic testing during their introduction into a zoo revealed the occurrence of an atypical chlamydial agent.
Follow-up investigations led to the isolation and detailed characterization of three chlamydial strains, which will be

classified as two new species belonging to a new genus of the family Chlamydiaceae.

Materials and Methods

Samples
Cloacal swabs were taken from both captive (Phoenicopterus chilensis) and wild birds (Phoenicopterus roseus).

Captive flamingos sampled in 2011 were from the Bioparc zoo (Doué-la-Fontaine, France) (n=18) and those sampled
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in 2014 were from the Paris Zoo (n=37). Wild specimens (n= 404) were collected during the annual round-ups that are
organized each summer in the Camargue region of France for the purpose of banding flamingos chicks. In 2012, 2013
and 2015, catches took place in the Etang du Fangassier, whereas in 2014, due to the nesting change of the group,
they took place in the saline of Aigues-Mortes near the Mediterranean coast of Southern France.

Duplicate swabs were collected from each bird. The first swab was stored dry at -20°C until being subjected to DNA
extraction and the other was stored in SPG medium [44] at — 80°C until inoculation for isolation. Key data are

summarized in Table 1.

Direct detection of Chlamydiaceae DNA from avian samples

Cloacal swabs were subjected to DNA extraction using a QlAamp DNA Mini Kit, following the buccal swab protocol
(Qiagen, Courtaboeuf, France). DNA was eluted with 150 pL of AE buffer and stored at —20°C before analysis. A
Chlamydiaceae-specific real-time PCR targeting the 23S rRNA gene was used in this study [9]. An exogenous positive
control was included in each sample to test for the presence of PCR inhibitors (Exogenous internal positive control,
TagMan, Life technologies). All samples with a quantification cycle (Cq) over 40 were considered negatives.

PCR assays specifically identifying C. psittaci, C. avium, C. gallinacea or Candidatus C. ibidis species were conducted

as previously described [35, 54, 55].

Isolation and propagation in cell culture

Buffalo green monkey (BGM) cells in minimal essential medium (MEM, Lonza, France) with 5% fetal calf serum were
seeded into Trac bottles containing glass coverslips (Thermo Scientific, France) and incubated at 37°C with 5% COz in
a fully humidified cabinet for 2 days. Swabs in 2 mL of SPG medium were ultrasonicated (ten 0.8s pulses at an
amplitude of 80%; Branson 450D Sonifier) and medium (30 to 300 uL) was inoculated into six Trac bottles with
confluently grown BGM monolayers. After inoculation, the bottles were centrifuged at 3000 g for 60 min at 37°C and
subsequently incubated for 2 h in the CO2 cabinet. The MEM medium was then replaced with serum-free medium
UltraMDCK (Lonza, France) containing the antibiotics amphotericin B (2.5 ug/mL), gentamicin (10 ug/mL) and
vancomycin (25 pg/mL). Medium was renewed at 18 h post infection. Three days after inoculation, a single coverslip
was fixed with methanol, and the monolayer was stained with IMAGEN Chlamydia (Oxoid, France). A sample was
considered positive when inclusions of typical chlamydial morphology appeared as bright apple-green spots after a

maximum of two passages.

Transmission electron microscopy (TEM)

BGM cells were infected with isolates 14-2711_R47 and 15-2067_050. Infected cells were harvested at 24, 48 and 72
hours post-infection. After washing, cells were fixed in 2.5% glutaraldehyde in cacodylate buffer (0.1 M, pH 7.2) with
1.8% glucose for 6 h at 4°C. Then they were gently scrapped off the culture plate, transferred into an Eppendorf tube
and the fixative replaced by cacodylate buffer. For embedding, cells were centrifuged for 5 min at 1.500 x g. The cell
pellet was embedded in 2% agarose and sectioned to 1 mm3 cubes. Cubes were post-fixed in 2% osmium tetroxide,

dehydrated in acetone and embedded in araldite Cy212. Relevant areas were selected in Toluidine blue-stained semi-
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thin sections. Ultrathin sections (85 nm) were stained with uranyl acetate and lead citrate, examined by transmission
electron microscopy (Tecnai 12; FEI) and representative micrographs documented (TEMCAM FX416, TVIPS, Gauting,

Germany).

DNA-based characterization

Amplifications and 16S rRNA sequence analysis

Primers 16S1 and rp2 were used for amplification of approximately 1500 nucleotides of the 16S rRNA gene as
previously described [41]. Sequences were combined in an alignment with previously published sequences relevant for
phylogenetic and epidemiological studies. The first 16S rRNA sequence obtained from sample 11-261_B096 was
searched (BLASTN) against the NCBI non-redundant nucleotide database for identification. Other sequences were
analyzed using the Bionumerics software package version 7.6.2 (Applied-Maths, Belgium). A similarity matrix was
calculated using a pairwise alignment with a Jukes and Cantor correction. A phylogenetic tree was constructed using
RAXML v8 [45], with the GTRGAMMA model and 1000 bootstrap replicates based on an alignment of all 16S rRNA
sequences using MAFFT v7 [19]. The 16S rRNA nucleotide sequences of samples 11-261_B96, 13-234 189, 13-234
194, 13-234 199, 13-3212_BE60, 14-2711_R45, 14-2711_RA47_isolate, 14-2711_R79, 15-2711_050_isolate, 15-
2711_077, 15-2711_099_isolate have been deposited under accession numbers LR777664 to LR777674 at the ENA

database.

DNA preparation for genome sequencing
Genomic DNA of isolates 14-2711_R47, 15-2067_050 and 15-2067_099 was prepared from 14 mL of BGM cell

culture harvested from a 75-cm? culture flask. Each suspension was centrifuged at 20,000 g at 8°C for 45 min, and the

supernatant was discarded. The pellet was re-suspended in 40 mL of PBS buffer and centrifuged at 500 g for 15 min to
remove cell debris. The supernatant was transferred to a fresh tube and high-speed centrifuged as above. The pellet
was re-suspended in 200 pL of PBS. Prior to DNA extraction, a DNAse | (NEB, France) treatment was performed to
remove potential DNA from cells. Genomic DNA was extracted using the Qiamp DNA Mini kit (Qiagen, France), with an
additional RNase A (Roche) treatment after lysis, according to the cell protocol of the manufacturer. DNA was eluted in

50 L of water and re-purified using the NEBNext Microbiome DNA enrichment kit (NEB, France).

Genome sequencing, hybrid de novo assembly, annotation and comparative analysis

Libraries were prepared using the Nextera XT kit (lllumina) and the Native barcoding genomic DNA kit (Oxford
Nanopore Technologies; ONT). Whole-genome sequencing was performed using the lllumina MiSeq platform and the
MinION with a R9.4.1 flowcell according to the manufacturers' instructions. The MiSeq run was carried out on the DNA
preparation, yielding paired-end reads of 150 bp using MiSeq V2 reagents. Nanopore raw signal Fast5 files were
basecalled and then demultiplexed using Guppy v3.4.4 (ONT). A de novo hybrid assembly was done with long reads
from MinlON and short reads from lllumina using Unicycler v0.4.8 with default parameters [52]. Resulting contigs were
subsequently blasted on the nucleotide database of NCBI to remove residual mammalian sequences from cell culture

constituents. Assembled genomes were annotated using Prokka v1.14.5 [43]. Short reads from lllumina were mapped
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back to the assembly using BWA v0.7.12-5 [25] and long reads from Nanopore were mapped with minimap2 v2.17-
r941 [24]. Statistics of the assemblies were generated using Qualimap v2.2.2-dev [10]. Genome sequences of all three
isolates have been deposited in the ENA database under the following accession numbers: ERZ1300893 (14-
2711_R47), ERZ1300894 (15-2067_050), and ERZ1300895 (15-2067_099). lllumina raw reads are available at ENA
under accession numbers ERR3950885 (14-2711_R47), ERR3950886 (15-2067_050), and ERR3950887 (15-
2067_099) and ONT raw reads under accession numbers ERR3950922 (14-2711_R47), ERR3950921 (15-
2067_050), and ERR3950920 (15-2067_099).

For comparative genome analysis, the novel Roary ILP Bacterial Annotation Pipeline (RIBAP) was used
(github.com/hoelzer-lab/ribap). Based on annotations provided by Prokka, the pipeline combines various core gene
sets calculated by Roary [34] with a newly adapted Integer Linear Programming (ILP) algorithm [28]. The combination
of Roary and ILP results led to the creation of the final interactive RIBAP table, which allows systematic searches for
common and specific features in the genomes, as well as downloads of multiple-sequence alignments and
phylogenetic trees.

RIBAP is implemented using the workflow management system Nextflow [6] and all used tools are encapsulated in
Docker images [30] to allow easy installation and execution of the pipeline (see GitHub for further instructions). We ran
the pipeline in v0.3 from a set of three genomes of the new flamingo isolates and twelve genomes of selected type and
reference strains of Chlamydia spp. All 15 input genomes and the interactive RIBAP output table are available at the
Open Science Framework (https://osf.io/d8yk3). The following command was used to execute the pipeline: nextflow run
hoelzer-lab/ribap -r v0.3 --fasta “.fasta’. The POCP values and the UpSet plots described below are based on the

RIBAP output and the defined homologous groups.

UpSet diagrams
The UpSetR package is a scalable tool for visualizing intersecting sets and their properties [4]. As an input for UpSetR,

we selected the homologous gene groups identified with RIBAP for the 15 input genomes. The UpSet visualization of

all 15 strains was restricted to the largest 40 intersecting sets.

Real-time PCR for detection of the new genus and the two new species

A new real-time PCR was designed to specifically detect the members of the new genus. Briefly, primers Chlfr_F (5'-
ACCTGGTACGCTCAAGTTTTC -3'), Chifr_R (5- GCGTGTGTGATGAAGGCTTT -3') and probe Chlfr_P (5-FAM-
TCCCTTATTCCCAGGCGAAA -TAMRA-3') targeting the 16S rRNA gene locus were used in a TagMan assay. Real-
time PCR was performed using the 2x TagMan Fast Advanced Master Mix supplemented with ROX (Applied
Biosystems), 0.625 uM of each primer, 0.1 uM of probe and 2 pl of DNA sample in a 20-pl final volume.

Amplification was carried out on a Viia 7 thermocycler (Applied Biosystems) using the following cycling parameters:
initial step 50°C for 2 min followed by heating at 95 °C for 20 s, and 45 cycles of 95 °C/3 s and 61 °C/30 s. The
quantification cycle (Cq) was calculated automatically. In addition, two real-time PCRs were designed to detect each
species of the new genus. For the new species comprising isolate 14-2711_R47, primers Chlfr_ph_F (5-
TACAGACCAGTCGGAGCAAAA -3'), Chlfr_ph_R (5- TTGCAGCAGCCAATGTTCTCT -3’) and probe Chlfr_ph_P (5-
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FAM- TCCCTTAGGCGTGGCATCCTTCAACT -TAMRA-3') targeting the RNA polymerase sigma-54 factor gene rpoN
were used in a TagMan assay. For another new species comprising isolates 15-2067_050 and 15-2067_099, primers
Chlfr_vo_F (5'- TCCTGCTCCTTGAGAAAAGCT -3'), Chlfr_vo_R (5- CATTGTCCTTCATGCTCTCGT -3') and probe
Chlifr_vo_P (5'- FAM-TCCTCTAAGACCGCCATTGCCTGATGT-TAMRA-3') targeting the rpoN gene of this species
were designed for the species-specific TagMan assay. Mix concentrations and cycle parameters are the same as
described above except the annealing/elongation step, which is performed at 95°C for 3s and 60°C for 30 s. The

specificity of each assay was evaluated on 30 samples of different Chlamydiaceae DNA (Table $1).

Phylogenetic analysis

A similarity matrix of the 16S and 23S rRNA genes was calculated using a pairwise alignment with a Jukes and Cantor
correction of the three genomes and other established species. Moreover, nine phylogenetic markers previously
described [36] were extracted from the 11 Chlamydiaceae reference sequences, from Candidatus C. ibidis, form the
three isolates 14-2711_R47, 15-2067_050 and 15-2067_099 and from seven non-Chlamydiaceae. Amino acid
sequences were aligned with MAFFT v7 [19] and concatenated to build a reference phylogeny using RAXML v8 [45],
with the LG+G+l model and 100 bootstrap replicates. Pairwise amino acid sequence identities were calculated based
on the MAFFT alignment using Geneious v10 (www.geneious.com).

Plasmids of 11 Chlamydiaceae reference strains and the three new flamingo isolates were aligned using MUSCLE
v3.8.31 [8], and a phylogenetic tree was built using RAXML v8 with the GTRGAMMA model and 100 bootstrap
replicates.

The plasmids of the three new strains were annotated manually by identifying the ORFs using Geneious v10. Each
ORF was searched (BLASTX) against the NCBI non-redundant protein sequence database for annotation. Linear
comparison of plasmids was constructed using Easyfig v2.2.3 [47] with the C. psittaci plasmid pCps6BC serving as a

reference.

Pairwise comparison of genome sequences, percentage of conserved proteins (POCP), and average amino acid
identity (AA).

The parameters of the tetranucleotide signature frequency correlation coefficient (tetranucleotide regression) and

average nucleotide identity (ANIb) were determined as described previously [38] using the program JSpecies v1.2.1
with default parameters. The percentage of conserved proteins (POCP) was calculated using a Ruby implementation of
the formula given by Qin [37] (https://github.com/hoelzer/pocp) and the average amino acid identity (AAI) was
calculated using the MiGA program [39].

Additional long-read-based analysis of major outer membrane protein (MOMP) and in-silico assessment

Nanopore long reads spanning the region of interest with multiple copies of ompA-like genes were visualized from the
long read mapped to the hybrid assembly using the matplotlib library [16].The underlying python script can be found in
the OSF repository (https://osf.io/zwgc9/). Besides, we performed draft assemblies for all three flamingo strains with

the ONT long-reads only using Flye [20] to reduce errors possibly induced by an initial short-read graph as used by
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Unicycler. First, the longest ONT reads were selected with Filtlong v0.2.0 (https://github.com/rrwick/Filtlong) to achieve
a coverage of approximately 100X per strain and subsequently assembled with Flye using the parameters —plasmids,
—meta, and a genome size of 1 Mbp. The draft assemblies were then polished in one round of Racon v1.4.7 [50] using
minimap2 v2.17 to align the long reads followed by a final polishing with Medaka v1.0.3
(https:/lgithub.com/nanoporetech/medaka) using the r941_min_high_g360 model. Sequences identified as MOMP
based on the Prokka annotation were extracted for each of the new Chlamydiifrater isolates. Subsequently, these
sequences were aligned to a full-length reference MOMP of Chlamydia pneumoniae CWL029 (AE001363.1) using

Mafft v7.402 with default parameters. The alignments were visualized using Clustalx 2.1.

Results

Detection of atypical chlamydiae during routine examination of captive flamingos

In 2011, a flock of 15 flamingos (Phoenicopterus chilensis) was acquired by the Bioparc zoo and kept in quarantine
until diagnosed negative for avian chlamydiosis and other diseases. Cloacal swabs were taken from these birds and,
using a Chlamydiaceae-specific PCR, three samples tested positive (id 11-261) in a private diagnostic laboratory. In
the National Reference Laboratory, positivity for the family Chlamydiaceae was confirmed, but these samples tested
negative for C. psittaci, C. avium, C. gallinacea and Candidatus C. ibidis using species-specific real-time PCR assays.
While still in quarantine, all 15 birds were re-sampled (id 11-324) and 10 of them tested positive for Chlamydiaceae,
with a mean Cq value of 36.8 (Table 1). Using BLASTN search, the 16S rRNA gene sequence of one of the high-titer
samples (11-261_B096) showed highest identity (97%) to an uncultured Chlamydiales bacterium (clone 122) detected
from a seabird. Unfortunately, no isolate was recovered from these sample sets. In 2014, another 37 captive flamingos
(Phoenicopterus roseus) from the Paris Zoo (id 14-1167) were sampled, with only one detected as a weak positive
(Table 1).

Detection of atypical chlamydiae in wild flamingo chicks

In France, catches of juvenile flamingos for banding are organized on a yearly basis. Between 2012 and 2015, 404
birds were submitted to cloacal swabbing. PCR examination of the samples showed 30.9% (125/404) of the birds
harboring chlamydiae in their digestive tract (Table 1). When re-tested for C. psittaci, C. avium, C. gallinacea and
Candidatus C. ibidis, none of the samples proved positive. From 5 PCR-positive samples subjected to cell culture,
chlamydiae were successfully cultured in three of them: 14-2711_R47 (from Salins d’'Aigues Mortes, 2014), 15-
2067_050 (Etang du Fangassier, 2015) and 15-2067_099 (Etang du Fangassier, 2015).

Molecular characterization of the Chlamydiaceae detected in flamingos

To determine the genealogical position of the chlamydiae encountered in the flamingos, nearly complete 16S rRNA
gene sequences (964 to 1546 nt) were obtained from eight chlamydia-positive samples. Later, complete 16S and 23S
rRNA sequences of the three isolates 14-2711_R47, 15-2067_050 and 15-2067_099 were extracted from whole-

7
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genome sequences. The phylogenetic tree inferred from multiple alignments of the 16S rRNA gene sequences shows
the flamingo isolates forming a distinct cluster that is clearly separated from the established Chlamydia spp., but still
within the family Chlamydiaceae (Figure 1). Numerical analysis revealed that the three flamingo isolates shared less
than 96% 16S rRNA identity with the other chlamydial species (Table 2), with the closest genetic relatedness found to
Candidatus C. ibidis, i.e. 95.64% identity for isolate 14-2711_R47 and 95.57% for isolates 15-2067_0O50 and 15-
2067_099. Comparison of 23S rRNA gene sequences revealed that the most closely related species was also
Candidatus C. ibidis with identities of 95.39% and 95.60% (Table 2). Interestingly, ribosomal sequences of isolates 15-
2067_050 and 15-2067_099 proved identical, but different from those of 14-2711_R47, with 16S and 23S rRNA
identity values of 99.55% and 99.32%, respectively.

Genome data and comparison with other species of the Chlamydiaceae

The three new flamingo isolates were subjected to lllumina and Nanopore sequencing. De novo hybrid assembly of
raw reads produced a single scaffold representing the entire chromosome for each of the three isolates. Assembly
parameters, such as percentage of mapped reads, error rate and coverage of chromosomes and plasmids are given in
Table S2.

Basic parameters of whole-genome sequences as compiled in Table 3 are similar to those of the established
Chlamydia spp. In particular, the number of CDS identified in isolates 14-2711_R47, 15-2067_050 and 15-2067_099
are 981, 980, and 983, respectively; G+C values are slightly above 40%, and only one rRNA operon and one plasmid
were found. Genome sizes of the flamingo isolates are between 1,182 and 1,195 kbp and thus slightly larger than
Chlamydia spp. genomes, except C. pneumoniae (1,225 kbp).

The values of average nucleotide identity (ANIb) and tetranucleotide signature correlation index (TETRA) presented in
Table 4 confirm that the flamingo isolates are genetically different from currently known Chlamydia spp. For instance,
isolate 15-2067_050 showed ANIb values ranging from 65.70 (C. pecorum E58T) to 66.20 (Cand. C. ibidis 10-1398/6),
and TETRA indexes from 0.6294 (C. pneumoniae TW-183T) to 0.8379 (Cand. C. ibidis 10-1398/6). Typical values
between members of the genus Chlamydia are in the range from 66.76 (C. suis SWA-2 vs. C. pecorum E58T) to 92.58
(C. psittaci 6BCT vs. C. abortus S26/3) and 0.7106 (Cand. C. ibidis 10-1398/6 vs. C. pneumoniae TW-183T) to 0.9864
(C. gallinacea 08-1274/3T vs. C. avium 10DC88T).

As this distant relatedness raised the question of whether the flamingo strains could belong to a distinct genus, further
analyses were performed. The percentage of conserved proteins (POCP) ranged from 66.55 (15-2067_099 vs. C.
pneumoniae TW-183T) to 71.29 (14-2711_RA47 vs. C. pecorum E58T) (Table 5, upper triangle), confirming the previous
findings on the genetically distant position of the three isolates compared to currently known Chlamydia spp., as well as
near genetic identity of isolates 15-2067_050 and 15-2067_099. Another parameter tested to assess the taxonomic
rank of these new isolates was the average amino acid identity (AAl). Previous findings [21, 27] indicated that,
preponderantly, organisms grouped at genus level share between 60 and 80% AAI and are clearly distinguishable from
those grouped at species level, which display more than 85% AAI. As can be seen from Table 5, lower triangle, isolate
14-2711_R47 compared to isolates 15-2067_050 and 15-2067_099 shows 80.45 and 80.51% AAl, respectively. The
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three isolates share less than 60% AAI with the members of genus Chlamydia, while closely related isolates 15-
2067_050 and 15-2067_099 are at 99.58% AAl.

These data are also supported by genome analysis using a classification scheme recently proposed for members of
the order Chlamydiales [36]. In this scheme, the percentage of amino acid sequence identity is calculated for nine
conserved gene products (RpoN, FtsK, PepF, Adk, HemL, DnA, SucA, protein_325 and Fabl) extracted from the
proteome sequences of the flamingo isolates and the other 11 chlamydial species, plus Candidatus C. ibidis and seven
non-Chlamydiaceae. The phylogenetic tree based on these nine proteins in Figure 2 clearly indicates that the flamingo
isolates are clustered in a single clade (bootstrap value 100%) that is clearly separated from the main clade harboring
all known members of the genus Chlamydia. Within the flamingo clade, isolate 14-2711_R47 forms its own branch
apart from 15-2067_050 and 15-2067_099 (bootstrap value 100%). Pairwise amino acid identity of the three flamingo
isolates (Table S3) shows that they belong to the family Chlamydiaceae with values above cut-off for the 16S rRNA
and 23S rRNA, but clearly outside the genus Chlamydia, as indicated by low sequence homologies of the protein_325
(56.75 to 61.91%), DnaA (58.70 to 62.17%), SucA (55.20 to 59.55%) and FabL (74.58 to 82.27%) proteins with their
homologs in the genus Chlamydia. In contrast, isolate 14-2711_R47 shares low sequence similarities of the RpoN,
PepF, Adk and FtsK proteins with the isolates 15-2067_050 and 15-2067_099, thus suggesting that they represent
different species. Finally, the two nearly identical isolates 15-2067_050 and 15-2067_099 share 100% amino acid
identity for most of the taxonomically relevant proteins, except for SucA and FtsK (99.79% and 99.76% identity,
respectively), indicating that they belong to the same species.

Further comparative genome analysis of the flamingo isolates and type strains of 11 members of the genus Chlamydia
plus Candidatus C. ibidis included the use of UpSetR, a software package for visualization of shared and unique
genomic items (Figure 3). While the new strains share a core genome of 756 genes with the species of the genus
Chlamydia, a set of 110 genes, roughly 11 % of their coding capacity, is exclusively encountered in the three flamingo
strains. In addition, 29 genes are present only in strains 15-2067_050 and 15-2067_099, and another 31 genes are
unique to strain 14-2711_R47. This illustrates the separate genetic position of the three flamingo isolates apart from
the genus Chlamydia, and also the close relatedness of strains 15-2067_050 and 15-2067_099 as well as their
distinction from 14-2711_R47 within the new entity.

Moreover, plasmids sized 6,358 bp, 6,320 bp and 6,319 bp were found in strains 14-2711_R47, 15-2065_050 and 15-
2067_099, respectively. The phylogenetic tree in Figure S1 shows a distinct clade containing the flamingo isolates at
a bootstrap value of 100. Comparison of linearized plasmids revealed completely conserved synteny in all three

flamingo strains but in comparison with the C. psittaci plasmid, the integrase pGP7-D gene is missing (Figure $2).

All flamingo strains possess one copy of a full-length ompA with 56.10 to 58.82 % nucleotide sequence similarity
(53.47 to 55.86 % aa similarity) to C. pneumoniae ompA as its closest relative (Tables S4 and S5). Among Chlamydia
spp. these minimal similarity values are at 64.02% (C. gallinacea ompA vs. C. suis) and, at aa level, 62.44% (C.
pecorum vs. C. suis). In addition, all flamingo strain genomes were found to harbor a group of truncated OmpA-like
porins (n=15, 5 or 9) that are arranged in two clusters and lack the N-terminal conserved domain of the chlamydial

major outer membrane proteins (MOMPs). Their sequences are variable, but they share the general OmpA/MOMP
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structure of alternating variable and conserved domains (Figure 83). Among these items, nucleotide sequence
similarities to C. pneumoniae ompA are typically 40-55% (35 to 50% at aa level), while individual OmpA-like proteins of
the same strain share less than 80% sequence similarity (data not shown). To rule out the possibility of truncated
ompA-like genes being due to assembly artifacts, we mapped the ONT read data to the corresponding hybrid
assemblies using minimap2 with parameter settings specific for ONT long-reads. Figure S4 provides a schematic
overview of selected Nanopore long reads spanning the region of interest with multiple copies of ompA-like genes,
exemplary for strain 15-2067_099 and thus providing strong evidence for the correctness of the assembly. In addition,
we performed draft assemblies only based on the ONT long-reads to avoid misassemblies derived from an initial short-
read graph (as used in the hybrid-approach in Unicycler). As in the hybrid-assembly approach, we also observed

multiple ompA-like genes in these long-read-based assemblies (data not shown).

Morphological features of flamingo isolate 14-2711_R47

In BGM-cell culture samples collected at 24h p.i., no chlamydial structures were detected in TEM images. At 48h p.i.
inclusions were present in a few cells. Infected cells were either of elongated and slender or round shape (Figure 4A).
The cytoplasm of infected cells was replaced with inclusions that were incompletely separated by thin strands of
cytoplasm (Figure 4A, B). These may either represent multiple inclusions or a large convoluted inclusion. Aggregates
of small round electron-dense elementary bodies (EBs, 190-290 nm), aggregates of large, pleomorphic or elongated,
less electron-dense reticulate bodies (RBs, 580-780 x 190-580 nm), and mixed aggregates were observed in the same
cell (Figure 4A, B). Overall, EBs predominated at 48h p.i., but there were a few cells with multiple inclusions containing
predominantly RBs (Figure 4C). Intermediate bodies (IB) with a central electron-dense core, as seen in Chlamydia
spp., were not detected. In some cells, vacuoles with flocculate material were located adjacent to inclusions.
Comparable vacuoles were also present in non-infected cells. At 72h p.i., inclusions were present in numerous cells.
Most infected cells were slender and elongated. The morphology of inclusions was similar to that described at 48h p.i.
and both cells with predominantly EBs as well as with RBs were seen (Figure 4D). EBs were round, and RBs
appeared elongated or pleomorphic (Figure 4D, E, F). Vacuolization of cells was more pronounced than at 48h p.i.
(Figure 4E). In many cells, areas of debris and membrane whirls were present between aggregates of EBs and RBs
(Figure 4E, F).

Morphological features of chlamydial isolate 15-2067_050

As above, chlamydial inclusions were not seen in BGM-cell culture at 24h p.i. At 48h p.i., inclusions appeared in a few
cells that were often round and contained large vacuoles (Figure 5A). A few bacteria were present within those
vacuoles and many spread throughout the remaining cytoplasm (Figure 5A). Whirls of membranes that might
represent disintegrated bacteria (empty shells) or cellular organelles were identified in some of the cells (Figure 5B).
EBs predominated at that stage (Figure 5C), but there were also a few cells containing predominantly RBs (Figure
5D). EBs were round to crescent-shaped and had a wide periplasmic space (Figure 5C), RBs were pleomorphic or
elongated (Figure 5B, D). Again, no intermediate bodies (IB) with a central electron-dense core were found. At 72h

p.i., chlamydial bodies were present in numerous cells that were often rounded. Numerous EBs and RBs were evenly
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distributed throughout the cytoplasm (Figure 5E). Small groups or single bacteria were separated by thin strands of
cytoplasm (Figure 5F). EBs (190 — 290 nm) were of variable electron density. Wide periplasmic spaces separated cell
wall and cytoplasm of EBs. EBs displayed a highly variable morphology ranging from round to crescent-shaped to
irregular. RBs (580 -780 nm x 190 — 390 nm) were less electron dense than EBs and pleomorphic or elongated (Figure

5F). In many cells, vacuoles of various sizes were observed in the cytoplasm.

Detection assays for the new genus and the new species

A specific real-time PCR assay for the new genus comprising the flamingo strains described in this study was
developed based on the 16S rRNA gene locus (see Materials and Methods). This locus is well characterized for
organisms of the order Chlamydiales and contains specific targets for most, if not all, genera. To validate the assay,
DNA aliquots of C. abortus, C. avium, C. caviae, C. gallinacea, C. felis, Candidatus C. ibidis, C. muridarum, C. suis, C.
trachomatis C. pecorum and C. psittaci strains and all samples positive in Chlamydiaceae-specific real-time PCR of
this study were run using the present protocol. The experiments revealed 115 positive samples out of 136
Chlamydiaceae-PCR positives. Those 21 samples classified as negative (below detection limit) still had Cq values
ranging from 37.10 to 39.97 (Table1).

The same DNA aliquots were tested against newly developed real-time PCRs to detect the new species comprising a)
strain 14-2711_R477 or b) strains 15-2065_050T and 15-2067_099, respectively. These two assays proved more
sensitive than the genus-specific PCR as we detected among the 21 negatives four more positive samples for the
former and two for the latter new species. Interestingly, four samples from the preliminary investigation showed a
positive signal for both species, possibly indicating dual infection.

The test results yielded detection rates of 9.6% (13/136) and 86.8% (118/136) for a) and b), respectively (Table 1).

Discussion

The present study was undertaken as part of the routine precautionary biosafety measures to protect birds in a large
aviary. To reduce the risk of infection(s), it is mandatory for new entries to undergo appropriate diagnostic testing and
quarantine. When a group of quarantined Chilean Flamingos destined to be integrated into a large aviary complex was
examined, Chlamydiaceae-positive individuals were identified. These initial findings prompted further samplings in this
group, as well as in another group of captive Greater Flamingos from another zoo and in wild Greater Flamingos.
Altogether, 52 captives and 404 wild birds were sampled yielding a PCR-based Chlamydiaceae prevalence of 21.1 and
30.9%, respectively. Notably, the usual avian chlamydial species, i.e. C. psittaci, C. avium and C. gallinacea were
absent in these birds. In further testing of Chlamydiaceae-positive samples, newly developed real-time PCR assays
revealed detection rates of 86.8% for a new species represented by flamingo isolates strains 15-2067_050 and 15-
2067_099 and 9.6% for another new species comprising strain 14-2711_R47.

All chlamydia-positive flamingos in the present study were visually found to be in good health, independently of their
habitat (captive or wild). Therefore, we hypothesize that chlamydiae of the new taxa behave as (gastro-intestinal)

commensal bacteria in healthy birds. Further investigations are required to find out whether they bear the potential of
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causing disease under specific circumstances as is the case with other avian members of the Chlamydiaceae. Future

studies will also have to show whether flamingos are the only natural host of these new agents.

The 16S rRNA sequences from captive and wild flamingos were highly similar to a sequence detected in a seabird that
had been caught in the Behring Sea (Uncultured Chlamydiales bacterium clone 122, from a glaucous-winged gull [3]),
as well as to sequences from seabirds sampled from common murres (12-3998_A0053 and 12-3998_A0018) and a
European herring gull (12-1761_J072) in France [1]. Closely related non-classified Chlamydiaceae were also
sporadically detected in two flocks of farmed ducks [15], thus suggesting that, even though encountered only
temporarily at one farm, these chlamydiae are not confined to seabirds. All 16S rRNA sequences from cultured and
uncultured flamingo specimens formed a distinct clade outside the genus Chlamydia, but within the family
Chlamydiaceae. The above-mentioned Uncultured Chlamydiales bacterium clone 122 and other seabird specimens
proved to be their closest relative (Figure 1).

According to currently accepted rules, "sequence identity of 94.5% or lower for two 16S rRNA genes is strong evidence
for distinct genera" [53], this suggests that the present flamingo isolates should be assigned to a new genus. In this
context, POCP has become a widely accepted parameter for delimiting genus boundaries in prokaryotic genome-
based taxonomy. It involves comparison of proteome sequences including all proteins of a species or strain, and a
POCP value of 50% was proposed as a genus boundary [37]. This means that two strains would share less than half of
their protein repertoires if they belong to different genera. Here, POCP values determined for the flamingo isolates
proved considerably higher than the 50% cut-off (Table 5), thus impeding formal introduction of a separate genus in
the family Chlamydiaceae. However, this parameter has been used by microbiologists and taxonomers for only five
years, so that there is little or no experience on the possibility of a more flexible use of the cut-off in particular cases. At
the same time, the average amino acid identity (AAl) has been used since 2005 [21] and is considered a robust
measure of genetic relatedness between two strains. The values ranging from 55.30 to 56.54% for the flamingo strains
are clearly below the recommended level of approximately 70% for genus boundaries, thus supporting the idea of a

separate genus.

TEM revealed that both isolates 14-2711_R47 and 15-2067_050 replicated intracellularly and developed EBs and
RBs, which is characteristic for the biphasic replication cycle of Chlamydiaceae. Notably, inclusion morphology differed
from other members of the genus Chlamydia, e.g. C. psittaci, C. abortus, C. pecorum, C. trachomatis, C. avium, or C.
gallinacea. In most late infected host cells, aggregates of bacteria separated by variably thick strands of cytoplasm
filled the entire cell. This was interpreted as multiple inclusions fusing and forming large branching inclusions. The
inclusion morphology could reflect differences in intracellular trafficking [11]. In addition, no intermediate bodies (IBs)
with the characteristic morphology described for the genus Chlamydia were observed alongside EBs and RBs in both
type strains. Since differences in inclusion and EB/RB morphology were reported between the various families of
Chlamydiales [2, 5, 7, 12-14, 26], between species of Chlamydia [33], and even between isolates of the same species

[31], the detection of such morphological distinctions between flamingo strains and other Chlamydiaceae is not entirely
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surprising. Within the species of C. pneumoniae, wide periplasmic spaces were detected only in the Koala strain
LPCoLN, but not the human isolate AR39 [31].

Other aspects to be considered when interpreting the particular morphology of strains 14-2711_R47 and 15-2067_050
are treatment prior to fixation [29] and influence by the preparation. Although standardized methods were used, an
effect cannot be excluded, since conventional electron microscopy relies on fixation and embedding of samples into
resin. Different osmolarities of fixatives and buffers caused changes in morphology, particularly in the family
Parachlamydiaceae, with higher osmolarity resulting in shrunken, star-shaped or crescent-shaped EBs [40]. This was
interpreted as an indication of a distinct membrane composition or intracellular structure [40]. Crescent-shaped EBs
and wide periplasmic spaces were observed in isolate 15-2067_050 only, although both isolates were treated under
identical conditions. Thus, potential differences between the type strains should be explored further. Interestingly, only
the metabolically inactive EBs were affected. Whole-cell cryo-electron tomography revealed polarization of the type 3
secretion system on EBs during distinct stages of their development [32]. This may increase their susceptibility to
deformation. Finally, both strains were cultured in BGM cells, which may not be as optimal as cells from their natural
host, the flamingo. Conceivably, this could also have contributed to the differences to classical chlamydial morphology
observed here. The influence of culture conditions, e.g. temperature, on inclusion morphology has been demonstrated
for various veterinary and human chlamydial species, especially those causing infections in reptiles [33]. Some of the
vacuoles and membrane whirls observed in isolates 14-2711_R47 and 15-2067_050 may represent remnants of

degraded bacteria.

Concerning species assignment, the current recommendation for the genomic circumscription of species by means of
pairwise comparison prescribes ANI higher than 96% and TETRA values above 0.999 [38]. While the present isolates
15-2076_050 and 15-2076_099 seem to belong to the same species (ANI 99.46 and TETRA 0.9997; Table 4), isolate
14-2711_RAT7 shows distinct parameters (e.g. 75.53 and 0.9460 to strain 15-2067_050), the latter indicating that it
probably represents a different species. This notion is confirmed by POCP values of 99.85 for the closely related
strains, as compared to 95.41 (14-2711_R47 vs. 15-2076_050) and 95.26 (14-2711_R47 vs. 15-2076_099),
respectively (Table 5). POCP values between different chlamydial species can be as high as 98.64 (C. psittaci vs. C.
abortus) and 96.65 (C. avium vs. C. gallinacea), although it should be noted that the parameter is not regarded valid for
species circumscription.

The present data from comparative genomic analysis clearly illustrate i) the distinct genetic position of the flamingo
strains compared to members of the genus Chlamydia and ii) the nearly identical genome composition of new strains
15-2076_050 and 15-2076_099 compared to strain 14-2711_R47. While the flamingo strains share 756 homologous
CDS, i.e. roughly three-fourths of their genomes, with 12 members of the genus Chlamydia, there is also a
considerable portion of 176 CDS occurring only in these three isolates (Figure 3). Besides, the genome of isolate 14-
2711_RA4T7 harbors 31 unique genes, which illustrates its distinction from the other two flamingo isolates. Based on
shared genomic items, no particularly close relationship to certain individual Chlamydia spp. can be derived from these

data, which is in accordance with the phylogenetic tree in Figure 2.
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Analysis of a validated panel of nine conserved taxonomically relevant proteins was also fully in line with the genome
data (Figure 2), thus suggesting assignment of the three isolates to two different species.

In addition, the new strains described here proved distinct from Chlamydia spp. by the presence of multiple truncated
sequences of ompA-like genes besides a 'classical' ompA. As this is a completely new finding, possible functions of the
truncated proteins, if expressed and translated, have yet to be elucidated. It is conceivable that they could enhance
functions known from the main outer membrane protein encoded by ompA, i.e. cytoadhesion and immunogenicity, as

well as contribute to the bacterium's outer membrane stability.

Compilation of the main characteristics and distinctive features between the present flamingo strains and the
organisms classified in the genus Chlamydia (Table 6) clearly illustrates the separate taxonomic position of the former.
Therefore,

we propose the introduction of a new genus Chlamydiifrater gen. nov. with two new species, i.e. Chlamydiifrater
phoenicopteri sp. nov. with type strain 14-2711_R47T and Chlamydiifrater volucris sp. nov., with strains 15-2067_0507

(type strain) and 15-2067_099. The formal proposal of the new genus and species is given in the protologue (Table 7).
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TABLES AND FIGURES

Table 1: Summary of test results of flamingo specimens involving four different real-time PCR assays with specificities
for the family Chlamydiaceae, the proposed new genus and the two new species.

Table 2: Pairwise sequence identity values for complete 16S (lower triangle) and 23S (upper triangle) ribosomal RNA
gene loci of the flamingo isolates and representative strains of 12 species of the genus Chlamydia (extracted from
whole-genome sequences).

Table 3: Basic features of de novo sequenced flamingo strain genomes and representative strains of 12

Chlamydia spp.
Table 4: Pairwise comparison of genome sequences of the new flamingo strains and 12 representative trains of

Chlamydia spp. based on average nucleotide identity (ANI; lower triangle) and tetranucleotide signature correlation
index (TETRA,; upper triangle).

Table 5: Average amino acid identity (AAl; lower triangle) and percentage of conserved proteins (POCP; upper
triangle) of the new flamingo strains and 12 representative strains of Chlamydia spp.

Table 6: Characteristic traits and features of Chlamydiifrater gen.nov. in comparison to the genus Chlamydia

Table 7: Protologue on the proposal of Chlamydiifrater gen. nov. and Chlamydiifrater phoenicopteri sp. nov. and

Chlamydiifrater volucris sp. nov.

Figure 1: Phylogenetic reconstruction based on almost complete 16S rRNA sequences of 12 field samples (marked
with an *), complete 16S rRNA sequences of the three flamingo isolates and type or reference strains of established
Chlamydia spp. Simkania negevensis was used as an outgroup. The tree has been reconstructed using RAXML v8.
Bootstrap values indicate stability of the branches based on 1000 replicates. The lower bar indicates the percentage of
divergence.

Figure 2: Phylogenetic tree of the genus Chlamydia and the new Chlamydiifrater isolates. The phylogeny was
reconstructed based on the concatenated alignment of DnaA, SucA, protein_325, Fabl, RopN, FtsK, PepF, Adk and
HemL [36]. Bootstrap values are shown as percentages. The scale bar indicates the number of amino acid
substitutions per site. The taxa from outside the family Chlamydiaceae have been included for comparison.

Figure 3: UpSet bar diagram showing the numbers of genes shared by various groups of chlamydial strains involved in
this study. Calculations are based on whole-genome sequences of the flamingo strains and type or reference strains of
12 members of the genus Chlamydia. Orthologous groups were calculated using the RIBAP pipeline and used as input
for UpSetR. Cfph = Chlamydiifrater phoenicopteri, Cfvo = Chlamydiifrater volucris, Cab = Chlamydia abortus, Cps =
Chlamydia psittaci, Cca = Chlamydia caviae, Cfe = Chlamydia felis, Cav = Chlamydia avium, Cga = Chlamydia
gallinacean, Cib = Candidatus Chlamydia ibidis, Cpe = Chalmydia pecorum, Cpn = Chlamydia pneumoniae, Csu =
Chlamydia suis, Cmu = Chlamydia muridarum, Ctr = Chlamydia trachomatis.

Figure 4: BGM cells infected with Chlamyadiifrater phoenicopteri strain 14-2711_RA47T for 48 hours (A, B, C) and 72
hours (D, E, F). (A) Infected cells are elongated and slender Most of the cytoplasm is filled by either multiple confluent
chlamydial inclusions or one large branching inclusion. EB predominate. (B) Higher magnification of (A): thin strands of
cytoplasm (dotted lines, examples) extend between aggregates of bacteria. Some aggregates consist predominantly of
EBs (E), some of RBs (R), and some of both EBs and RBs (M). (C) Cell with multiple inclusions (outlined by dotted
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lines) that contain predominantly RBs. RBs are pleomorphic. (D). Adjacent infected cells may contain predominantly
RBs (1) or EBs (2). Both cells are elongated. The cytoplasm is replaced with numerous bacteria. Delicate strands of
cytoplasm separate aggregates of bacteria. (E) Vacuole (V) with flocculate material adjacent to inclusions with EBs (E)
and RBs (R). Some RBs are particularly slender and elongated (arrowheads). The cytoplasm between inclusions
contains small vacuoles, membrane whirls and cellular debris (D). (F) Higher magnification of EBs (E, examples), RBs
(R, examples) and cellular debris (D) in an infected cell. RBs are elongated (L) and pleomorphic (P). Barin A =2 um,
bars in B-F =1 pm.

Figure 5: BGM cells infected with Chlamydiifrater volucris strain 15-2067_050T for 48 hours (A, B, C) and 72 hours (D,
E). (A) Infected cell with large vacuoles (V) containing a few EBs and with numerous bacteria throughout the
cytoplasm.

(B) Inclusions with predominantly EBs and few RBs (R). Some EBs are crescent-shaped (arrowheads, examples) and
some have wide periplasmic spaces (arrows, examples). (C) RBs predominate in a few cells. RBs are separated by
strands of cytoplasm. RBs are pleomorphic to elongated (L). (D) Higher magnification of EBs (E), RBs (R) and whirls of
membranes (arrows, examples) within a cell. (E) Confluent inclusions fill the cytoplasm of an infected cell. Both EBs
and RBs are present. (F) Higher magnification of EBs and RBs in an infected cell. EBs are round to crescent-shaped
(arrowheads, examples) and have a wide periplasmic space (arrows, examples). RBs are pleomorphic (P) or elongated
(L). Bacterial aggregates are separated by delicate strands of cytoplasm (dotted lines, examples). Barsin A, E = 2 um,
barsinB,C,D, F=1um.
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Chlamydiaceae PCR

Chlamydiifrater genus-specific PCR

Chlamydiifrater phoenicopteri species-

Chlamydiifrater volucris

specific PCR species-specific PCR
Batch ID Date Sampling site otal otal fotal Isolation
+ves/tota +ves/tota +ves/total no.
+ves/totalno.  mean Cq Cqrange 0. +Ves mean Cq Cqrange 0. +Ves mean Cq Cqrange +ves mean Cq Cq range
Preliminary investigation
11-261  31/01/2011 Zoo - Doué la Fontaine 3/3 31.9 [31.4 - 32.6] nd nd nd nd nd nd nd nd nd nd
Catches
11-324  04/02/2011 Z00 - Doué la Fontaine 10/15 36.8 [33.6-39.6] 8/10 36.7 [33.6 - 39.8] 8/10 34.3 [31-37.3] 6/10 354 [33.9-371] -
13-234  08/08/2012 Etang du Fangassier 48/99 37.0 [31.0-39.9] 40/48 374 [32.2 - 40.0] 0/48 44/48 34.0 [29.1-36.9] nd
13-3212  07/08/2013 Etang du Fangassier 19/68 36.8 [30.6-40.0] 16/19 36.7 [31.5-39.0] 0/19 17119 33.7 [27.9 - 37.6] -
14-1167  21/03/2014 Zoo - Paris 1/37 36.3 111 35.8 on 11 33.1 -
14-2711  06/08/2014 Salins d'Aigues mortes 17/96 33.6 [26.9-39.0] 14/17 35.2 [30.2- 39.7] 4117 33.3 [29.2 - 38.1] 1117 31.3 [26.4-35.7] +(1isolate)
15-2067  29/07/2015 Etang du Fangassier 41141 35.3 [27.6-39.9]  36/41 35.2 [28.3 - 39.7] 0/41 39/41 324 [25.0-37.7] +(2isolates)
Total 136/456 (29.8%) 115/136 (84.6%) 13/136 (9.6%) 118/136 (86.8%)
wild birds 125/404 (30.9%) 106/125 (84.8%) 4/125 (3.2%) 111/125 (88.8%)

captive birds

11/52 (21.1%)

9/11 (81.8%)

9/11 (81.8%)

7111 (63.6%)



Chlamydiifrater ~ Chlamydiifrater ~Chlamydiifrater
phoenicopteri 14 volucris volucris
2711_R047 15-2067_050 15-2067_099

C. avium C. gallinacea C. psittaci C. abortus C. caviae C. felis C. pecorum C. pneumoniae C. trachomatis C. muridarum C. suis C. ibidis
10DC88"  08-1274/3" 6BC” S26/3 GPICT Fe/C-56" E58' TW-183" D/UW-3/CX MoPn/Nigg' SWA-2 10-1398/6

Chlamydiifrater phoenicopteri 14-2711_R047 94.81 94.80 95.43 95.13 94.69 94.77 95.03 95.09 93.71 95.39
Chlamydiifrater volucris 15-2067_050 94.52 94.48 95.28 94.99 94.45 94.81 95.03 94.98 95.60
Chlamydiifrater volucris 15-2067_099 94.52 94.48 95.28 94.99 94.45 94.81 95.03 94.98 95.60
C. avium 10DC88" 94.89 9447 94.47 97.19 96.87 96.27 96.48 95.83 96.44 96.18
C. gallinacea 08-1274/3" 94.66 94.66 94.66 96.69 96.53 95.99 96.17 95.47 96.06 95.75
C. psittaci 6BC' 94.85 94.50 94.50 96.19 97.26 96.76
C. abortus S26/3 94.06 93.84 93.84 96.19 96.99 96.58
C. caviae GPIC' 94,57 94.36 94.36 95.51 96.85 96.30
C. felis Fe/C-56" 94.21 93.76 93.76 95.69 96.95 96.62
C. pecorum E58' 94.35 94.20 94.20 96.28 96.07 96.43 96.00 95.99 95.92 96.15 95.83
C. pneumoniae TW-183" 93.93 93.79 93.79 94.59 94.48 95.97 95.39 95.03 94.79 95.32 96.26
C. trachomatis D/UW-3/CX 93.91 93.77 93.77 95.29 94.94 95.67 95.33 95.33 94.67 95.04 94.80

C. muridarum MoPn/Nigg" 93.86 93.99 93.99 95.51 95.11 96.02 95.63 95.75 95.34 95.41 94.38

C. suis SWA-2 . 9357 9329 9329 9501 94.27 95.46 94.93 94.97 9487 94.27

C. ibidis 10-1398/6 95.64 95.57 95.57 96.53 96.73 97.22 96.81 96.68 96.23 96.58 96.25 95.31 95.65 95.00




Chlamydiifrater Chlamydiifrater Chlamydiifrater

phoenicopteri volucris volucris C.avium C. gallinacea C. psittaci C. abortus C.caviae C. felis C. pecorum C. pneumoniae C. trachomatis C. muridarum C. suis C. ibidis
T T T T T T T . T - .
14-2711 R047  15-2067 050  15-2067 099 10DC88 08-1274/3 6BC S26/3 GPIC'  FelC-56 ES58 TW-183 D/UW-3/CX  MoPn/Nigg' SWA-2 10-1398/6
Genome size [bp] 1,187,976 1,182,155 1,195,261 1,041,170 1,059,583 1,171,667 1,144,377 1,173,390 1,166,239 1,106,197 1,225,935 1,042,519 1,072,950 1,075,789 1,146,066
G+C [mol-%] 40.30 40.42 40.41 36.92 37.94 39.06 39.87 39.22 39.38 41.08 40.58 41.31 40.34 42.08 38.32
CDS 981 980 983 945 904 988 1002 989 981 938 1050 892 887 895 961
5S, 16S, 23S rRNA 1, 1,1 1, 1,1 1,1,1 1, 1,1 1, 1,1 1,1,1 1, 1,1 1, 1,1 1, 1,1 1, 1,1 1,1,1 2,2,2 2,2,2 2,2,2 1,1,1
tRNA 39 38 38 39 39 39 38 38 38 38 38 37 37 37 38
tmRNA 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
plasmid 1 1 1 1 1 1 0 1 1 0 0 0 1 1 1




Chlamydiifrater ~ Chlamydiifrater ~Chlamydiifrater

phoenicopteri volucris volucris C. aviunl C. gallinaceTa 08- C. psittfci C. abortus C. cavizTae C. felisT C. pecoTrum C. pneumorTriae C. trachomatis C. muridarurTn C.suis C. ibidis
14-2711_R047 15-2067_050 15-2067_099 10DC88 1274/3 6BC S26/3 GPIC FelC-56 E58 TW-183 D/UW-3/CX MoPn/Nigg SWA-2  10-1398/6
Chlamydiifrater phoenicopteri 14-2711_R047 0.7126 0.7520 0.7348 0.7458 0.7523 0.7956 0.8097 0.8370 0.7590
Chlamydiifrater volucris 15-2067_050 75.53 0.7540 0.7467 0.7632 0.7508 0.7480 0.7588 0.7662 0.8006 0.7932 0.8379
Chlamydiifrater volucris 15-2067_099 75.58 0.7554 0.7473 0.7633 0.7509 0.7485 0.7592 0.7661 0.8005 0.7928 0.8389
C. avium 10DC88" 0.8983 0.9007 0.8114 0.8093 0.7645 0.8060 0.7785
C. gallinacea 08-1274/3" 81.09 0.9114 0.8332 0.8325 0.7869 0.8217 0.8001
C. psittaci 6BC’ 73.86 73.34 0.8831 0.8961 0.8410 0.8546 0.8332 0.8865
C. abortus S26/3 73.57 73.33 0.8832 0.9039 0.8334 0.8357 0.8213 0.8565
C. caviae GPIC' 74.01 73.83 0.8921 0.9114 0.8334 0.8440 0.8198 0.8488
C. felis Fe/C-56" 73.70 73.50 80.75 80.44 81.96 0.8739 0.8769 0.8292 0.8433 0.8365 0.8836
C. pecorum E58' 68.39 68.19 68.84 68.87 69.08 68.83 0.9022 0.7881 0.7761 0.7761 0.7294
C. pneumoniae TW-183" 68.97 68.87 69.74 69.66 69.85 69.76 69.32 0.7864 0.7968 0.7855
C. trachomatis DIUW-3/CX 68.12 67.97 68.38 68.23 68.62 68.20 67.13 67.52
C. muridarum MoPn/NiggT 68.30 68.06 68.39 68.17 68.72 68.43 67.13 67.57 80.23
C. suis SWA-2 67.78 67.77 68.12 67.97 68.02 68.13 66.76 67.29 79.14 81.41 0.7728
C. ibidis 10-1398/6 69.91 69.87 70.72 70.57 70.81 70.66 67.88 68.52 68.01 68.05 67.78




Chlamydiifrater
phoenicopteri
14-2711_R047

Chlamydiifrater ~ Chlamydiifrater

15-2067_050

15-2067_099

Chlamydiifrater phoenicopteri 14-2711_R047
Chlamydiifrater volucris 15-2067_050
Chlamydiifrater volucris 15-2067_099

C. avium 10DC88"

C. gallinacea 08-1274/3"
C. psittaci 6BC'

C. abortus S26/3

C. caviae GPIC'

C. felis Fe/C-56"

C. pecorum E58"

C. pneumoniae TW-183
C. trachomatis DIUW-3/CX
C. muridarum MoPn/NiggT
C. suis SWA-2

C. ibidis 10-1398/6

80.45
80.51

C.avium C. gallinacea C. psittaci  C. abortus C. caviae C.felis C.pecorum C. pneumoniae C. trachomatis C. muridarum C. suis C. ibidis
10DC88"  08-1274/3 6BC’ $26/3 GPIC"  FelC-56' E58' TW-183" DIUW-3/CX  MoPn/Nigg" SWA-2 10-1398/6
70.82 71.19 71.25 70.70 70.46 70.23 71.29 67.65 69.41 69.16 69.03  70.70
70.65 70.91 70.53 69.17 69.68 69.76 70.70 66.65 69.34 68.88 68.64 7043
70.54 70.80 70.27 69.07 69.62 69.65 70.59 66.55 69.33 68.77 68.53  70.32

. 965 9022 89.32 8925  89.56 86.09 81.20 83.78 8319 8299 8583
83.71 90.43 88.98 89.96 90.50 87.46 82.65 84.19 83.70 8349  87.13
74.42 74.06 86.09 82.83 82.50 82.56 8242  87.74
7417 73.87 85.15 82.31 81.42 81.00 8113  86.55
74.60 74.10 84.71 84.38 86.30 82.93 82.88 82.89 83.07  86.67
74.45 74.23 84.17 83.98 85.35 87.34 83.36 82.92 83.03 8262  86.77
65.30 65.38 66.73 66.80 66.94 67.02 85.01 82.40 82.52 82.38 8447
66.22 66.19 67.92 67.64 68.38 68.00 67.63 77.34 77.39 7666  80.76
63.72 63.47 64.95 64.78 64.91 65.00 62.05 62.42 81.81
63.82 63.71 65.05 64.72 64.99 65.10 62.16 62.62 85.35 - 82.14
63.69 63.71 64.99 64.67 64.90 64.72 62.13 62.40 84.68 86.06 81.36
67.90 67.91 69.97 69.74 70.13 70.07 65.04 65.86 63.67 63.70 63.60




Table 7 Characteristic traits and features of Chlamydiifrater gen.nov. in comparison to the genus
Chlamydia

Chlamydiifrater Chlamydia
No. species 2 11 spp. validly published + 3 spp. + 4
Candidatus
Natural hosts flamingo (Phoenicopterus spp.) mammals (incl. humans), birds,
amphibians, reptiles
Pathogenicity unknown (no evidence of pathogenicity to severe, mild, non-pathogenic
date)
Lifestyle obligate intracellular obligate intracellular
Morphology numerous confluent inclusions per host cell,  one or a few inclusions per host cell,
each containing only a few chlamydial bodies  each harboring up to 102 chlamydial
bodies
electron-dense elementary bodies of oval or  electron-dense elementary bodies
circular shape and pleomorphic electron- and electron-lucid reticulate bodies,
lucid reticulate bodies of elongated shape both of oval or circular shape
Genome size (Mbp)  1.181t0 1.19 1.04 (C. trachomatis) to 1.23 (C.
pneumoniae)
16S rRNA sequence  93.29-95.64 [reference 100]
identity (%)
Average nucleotide 65.70-66.20 [reference 100]
identity (ANIb)
Average amino acid ~ 55.30-56.54 [reference 100]
identity (AAI)
POCP (%) 66.55-71.29 [reference 100]
ompA locus one ompA locus plus additional truncated one ompA locus

copies




Genus name Chlamydiifrater
Species name - Chlamydiifrater phoenicopteri Chlamydiifrater volucris
Taxon status gen. nov. Sp. nov. Sp. nov.
Etymology Chia.my di..fra terl.\l,_\ll_..l-ﬁ:aez:.. rr]] (C:lelaa,rnn}}// ((jill?frst:ra‘i)tgtlﬁle?z?lé,‘sf;l:/.nn;?i;c. n. frater brother, phoe.ni.co.pte'ri. N.L. gen. n. phoenicopteri of Phoenicopterus vo.lu'cris. L. gen. n. volucris of a bird
;}’fﬁ:g:ﬁﬁi Chlamydiifrater phoenicopteri -
The only currently known host of Chlamydiifrater phoenicopteri is the flamingo
(Phoenicopterus roseus ). The bacterium can be recovered from the contents of the Al strains of Chlamydiifrater volucris isolated so far originated from the flamingo (Phoenicopterus
All members of the genus are obligate intracellular bacteria with a Gram-negative type cell ~ cloaca. Natural routes of transmission have yet to be investigated, but, analogous to roseus ). The bacterium can be recovered from the contents of the cloaca. Natural transmission
wall. They follow a biphasic developmental cycle of generally longer duration compared to  most other chlamydiae, airborne transmission through aerosolized dry feces and dust  routes have yet to be investigated, but, analogous to most other chlamydiae, airborne transmission
. members of the related genus Chlamydia . Along this cycle, inclusions harbor electron- particles seems likely. From the observations made so far, Chlamydiifrater through aerosolized dry feces and dust particles seems possible. It appears likely that
Description . . . . . . . X . . .. L T, . L .
of the new dgnse, |nfect|ye glemehtary bod|e§, which transform mtg electron-lucent, metabolically phoemcopter/ seems to be.a F:ommensal agent. The potential for a facullltatlve Ch/amydzlfrater volucris is a cqmmensal aggnt in led birds. The poFent|aI for zoonotic infection of
active and replicating reticulate bodies. Intermediate bodies are scarce or absent, at least pathogenic role and zoonotic infection of humans is unknown. Chlamydiifrater humans is unknown. Chlamydiifrater volucris strains can be grown in cell culture or embryonated
taxon and . ! p . ) o . . A . . . . . .
diagnostic in the earlly an.d middle phases of the cycle. Chlamyc{ufrater spp. p.os.sesst. a circular phoemcopten stra|n§ can be grgwn |p cell culture or embryonatgd ghlcken eggs. Thelr chlckgn eggs. Thglr growth is characterized by a biphasic developmental cycle, which is gncountered
traits genome sized in the order of 1.2 Mbp. Members of this genus are distinguished from growth is characterized by a biphasic developmental cycle, which is encountered in in Chlamydia spp. and other members of the order Chlamydiales. Elementary bodies and
Chlamydia spp. and other taxa of the family Chlamydiaceae by their ribosomal RNA  the other chlamydial organisms as well. Elementary bodies and pleomorphic reticulate  pleomorphic reticulate bodies are distributed in numerous confluent inclusions throughout the cells.
sequences (less than 96% 16S and 23S rRNA sequence identities) and the following  bodies are distributed in numerous confluent inclusions throughout the cells. Members  Strains belonging to this the species can be specifically identified using real-time PCR targeting the
genomic parameters: ANI (< 67%), Tetra (< 0.84), AAI (< 57%), and POCP (< 72%). of the species can be specifically identified using real-time PCR targeting the rpoN  rpoN (RNA polymerase sigma-54 factor) gene locus. In addition, they can be identified by their 16S
(RNA polymerase sigma-54 factor) gene locus. In addition, strains of the species can rRNA gene sequences.
be identified using 16S rRNA gene sequence analysis.
Cour?tl_'y of France France France
origin
Reg!op of Camargue Camargue Camargue
origin
Date of
isolation 09/09/2014 09/09/2014
(dd/mm/yyyy
Source of Salin d'Aigues-Mortes Salin d'Aigues-Mortes Etang du Fangassier
isolation
Sampling
date 06/08/2014 06/08/2014 29/07/2015
(dd/mm/yyyy
Latitude
(xx°xx'xx"" N/ 43°3328.9'N 43°3328.9'N 43°25'33"'N
S)
Longitude
(xx°xx'xx"E/ 4°10'56.6"E 4°10'56.6"E 4°37'27'E
W)
Altitude
(meters 9 9 9
above sea
level)
16S rRNA
gene LR777670 LR777670 LR777672
accession nr.
Genome
accession
number ERZ1300893 ERZ1300893 ERZ1300894
[RefSeq;
EMBL; ...]
Genome complete complete complete
status
Genome size 1.19 119 1.18
GC mol% 40.3 40.3 40.4
Number of
strains in 1 1 2
study
Source of
isolation of - Etang du Fangassier
non-type
strains
Information
related to the
Nagoya ’
Protocol
Designation
of the Type 14-2711_R47" 14-2711_R47" 15-2067_050"
Strain
Strain
Collection DSMZ: DSM 110503, CSUR: Q1352 DSMZ: DSM 110503, CSUR: Q1352
Numbers

DSMZ: DSM 110504, CSUR: Q1351





