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Abstract

Recently, a new Chlamydia-related organism, Protochlamydia naegleriophila KNic, was discovered within a Naegleria amoeba. To

decipher the mechanisms at play in the modeling of genomes from the Protochlamydia genus, we sequenced the full genome of Pr.

naegleriophila, which includes a 2,885,090 bp chromosome and a 145,285 bp megaplasmid. For the first time within the

Chlamydiales order, we describe the presence of a clustered regularly interspaced short palindromic repeats (CRISPR) system, the

immune system of bacteria, located on the chromosome. It is composed of a small CRISPR locus comprising eight repeats and

associated cas-cse genes of the subtype I-E. A CRISPR locus is also present within Chlamydia sp. Diamant, another Pr. naegleriophila

strain, suggesting that the CRISPR system was acquired by a common ancestor of Pr. naegleriophila, after its divergence from Pr.

amoebophila. Both nucleotide bias and comparative genomics approaches identified probable horizontal gene acquisitions within

two and four genomic islands in Pr. naegleriophila KNic and Diamant genomes, respectively. The plasmid encodes an F-type

conjugative system highly similar to 1) that found in the Pam100G genomic island of Pr. amoebophila UWE25 chromosome, as

well as on the plasmid of Rubidus massiliensis and 2) to the three genes remaining in the chromosome of Parachlamydia acantha-

moebae strains. Therefore, this conjugative system was likely acquired on an ancestral plasmid before the divergence of

Parachlamydiaceae. Overall, this new complete Pr. naegleriophila genome sequence enables further investigation of the dynamic

processes shaping the genomes of the family Parachlamydiaceae and the genus Protochlamydia.
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Introduction

The order Chlamydiales is very diverse, as suggested by the

discovery of a large number of Chlamydia and Chlamydia-re-

lated bacteria belonging to nine different families (Everett

et al. 1999; Greub 2010; Horn 2011) and further broadened

by cross examination of metagenomics data (Lagkouvardos

et al. 2014). The family Parachlamydiaceae comprises

five genera that are each represented by a small number of

isolated strains. The genus Protochlamydia was enriched by

the isolation of a Naegleria endosymbiont (Michel et al.

2000) that presented 97.6% identity in the 16S rRNA

with Pr. amoebophila UWE25 and was thus named

Pr. naegleriophila strain KNic (Casson et al. 2008). Because

other members of the Parachlamydiaceae family are suspected

to be associated with lung infections (Greub 2009), a diag-

nostic PCR specific for Pr. naegleriophila was then developed

and applied to bronchoalveolar lavages. Pr. naegleriophila

DNA was detected in the bronchoalveolar lavage of an immu-

nocompromised patient with pneumonia by two PCRs target-

ing different genomic regions and the presence of the

bacterium in the sample was confirmed by direct immunoflu-

orescence (Casson et al. 2008). These results indicate a poten-

tial role of Pr. naegleriophila in lower respiratory tract

infections.
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A recent study including Chlamydia genomes and other

members of the Planctomycetes-Verrucomicrobia-Chlamydia

superphylum suggested that the branch leading to the order

Chlamydiales is shaped mainly by genome reduction and dis-

played limited occurrence of gene birth, duplication, and

transfer within the chlamydial clades (Kamneva et al. 2012),

as is the case in other strict intracellular pathogens (Darby et al.

2007). On the contrary, the occurrence of large families of

paralogs in the genome of various families within the order

Chlamydiales, and particularly in Parachlamydiaceae, sug-

gested evolution by extensive gene duplication (Eugster

et al. 2007; Domman et al. 2014). The chromosome sequence

of Pr. amoebophila UWE25 exhibits little evidence for the oc-

currence of lateral gene transfer (Horn et al. 2004). However,

a number of probable lateral gene transfers were identified

between Parachlamydia and other amoeba-infecting bacteria

such as Legionella (Gimenez et al. 2011), a process that may

take place within the amoeba itself (Bertelli and Greub 2012).

The Pr. amoebophila genome has a genomic island

(Pam100G) that encodes a type IV secretion system of the

F-type that might be involved in conjugative DNA transfer

(Greub et al. 2004). A similar system is also found on the

plasmid of Simkania negevensis (Collingro et al. 2011) and a

partial operon was described in Parachlamydia acanthamoe-

bae (Greub et al. 2009), suggesting active DNA transfer capa-

bilities in the ancestor of the Chlamydiales and some of its

descendants.

Small interspaced repetitions were initially observed in

Escherichia coli (Ishino et al. 1987) and they were then

named CRISPR, an acronym for clustered regularly interspaced

short palindromic repeats (Jansen et al. 2002). Although

found in 50% of bacteria and in 90% of archaea

(Weinberger et al. 2012), a CRISPR system has never been

reported before in a member of the order Chlamydiales

(Makarova et al. 2011). The CRISPR locus usually consists of

a variable number of 23–47 bp repeats (up to 587) with some

dyad symmetry, but not truly palindromic, interspaced by 21–

72 bp spacers (Horvath and Barrangou 2010). Associated with

these repeats are two core cas genes and additional subtype-

specific genes putatively providing mechanistic specificity

(Koonin and Makarova 2013). Similarity between spacers

and extrachromosomal elements first suggested a role in im-

munity against phage infection and more generally against

conjugation or transformation by acquisition of external

DNA (Bolotin et al. 2005). The CRISPR-Cas system was

shown to mediate an antiviral response thus inducing resis-

tance to phage infection (Deveau et al. 2010), notably in E. coli

(Brouns et al. 2008). More recently, CRISPR-Cas systems were

shown to regulate stress-related response, changing gene ex-

pression and virulence traits in several pathogens, including

the intracellular bacteria Francisella novicida (Louwen et al.

2014; Sampson and Weiss 2014).

In this study, we sequenced and analyzed the complete

genome of Pr. naegleriophila strain KNic and discovered two

potentially antagonistic systems, a type IV secretion system

likely implicated in conjugative DNA transfer and a CRISPR

system that generally controls foreign DNA acquisition.

Furthermore, the complete genome sequence of a new spe-

cies within the genus Protochlamydia offered the possibility to

look into the genome dynamics throughout evolution by com-

paring Pr. naegleriophila KNic gene content and genome ar-

chitecture to its closest relatives within the family

Parachlamydiaceae.

Results

Chromosome Features

Pr. naegleriophila KNic possesses a 2,885,090 bp circular chro-

mosome with a mean Guanine-Cytosine (GC) content of

42.7%. The genome size and the GC content are surprisingly

high compared with the most closely related species, Pr.

amoebophila (table 1), but it is consistent with its closest rel-

ative Chlamydia sp. Diamant, another so far unpublished Pr.

naegleriophila strain (hereafter referred to as Pr. naegleriophila

Diamant). The chromosome of Pr. naegleriophila strain KNic

was predicted to encode 2,415 proteins and exhibited four

ribosomal operons and 43 tRNAs, more than any other

Chlamydiales (table 1). Two types of spacers were found be-

tween the 16S and the 23S rRNA: Either a simple intergenic

spacer or a spacer containing two tRNAs for Ala and Ile.

The cumulative G versus C nucleotide bias (GC skew) pre-

sented a typical pyramidal shape (supplementary fig. S1,

Supplementary Material online) that is expected in the ab-

sence of particular large genomic islands and confirmed the

assembly accuracy. The GC skew of Pr. naegleriophila was

smoother than that of Pr. amoebophila, and did not present

the small inversion in the slope that is caused by the Pr. amoe-

bophila genomic island (supplementary fig. S1,

Supplementary Material online) (Greub et al. 2004). The

origin of replication (ori) and the terminus of replication

(ter), at the minimum and maximum of the curve (supplemen-

tary fig. S1, Supplementary Material online), respectively,

showed an almost perfectly balanced chromosome with

49.8% of the base on one arm, that is, between ori and ter,

and 50.2% on the other arm, that is, between ter and ori.

Genomic Rearrangements, Genomic Islands, and Indels

The alignment of available complete and nearly complete (<5

contigs) genomes of the family Parachlamydiaceae (fig. 1A),

showed that the two strains of Pr. naegleriophila are highly

collinear and presented no rearrangement, except for a small

unplaced contig in the Pr. naegleriophila Diamant sequence.

Within genus comparison of Pr. naegleriophila and Pr. amoe-

bophila showed the occurrence of 24 recombination and in-

version events. As expected, further distantly related

organisms from a different genus exhibited less collinearity

and an increasing number of recombination events (>180).

The Protochlamydia CRISPR System GBE
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The number of rearrangements was positively correlated

(Rho = 0.96; P-value 0.04) to the cophenetic distance (fig. 1B).

Genomic islands are generally defined as large regions

(>10 kb) that were likely acquired by horizontal gene transfer.

Nucleotide bias-based methods predicted three and four

genomic islands in Pr. naegleriophila strain KNic and

strain Diamant, respectively (supplementary table S1,

Supplementary Material online), that generally exhibited par-

ticularly high- or low-GC content (fig. 2 and supplementary

fig. S1, Supplementary Material online). A comparative geno-

mics approach identified two large genomic islands of 37 kb

and 15 kb, respectively, in Pr. naegleriophila KNic (table 2). The

first and largest PnaK_GI1 contained hallmarks of genomic

islands: an integrase, seven transposases, as well as many hy-

pothetical proteins and genes with poorly determined func-

tion, such as short chain dehydrogenases (supplementary

table S2, Supplementary Material online). A deoxyribodipyri-

midine photolyase-like protein was also present and could play

a role in DNA damage repair, as was described for other bac-

teria (Oberpichler et al. 2011). PnaK_GI1 encompassed two of

the three regions predicted as genomic islands by

IslandViewer, the third probably being a false positive due to

particular codon usage in two close U-box domain containing

proteins. PnaK_GI2 is situated directly downstream of tRNA-

Thr—tRNAs, which are preferential sites for genomic island

integration—and encoded hypothetical proteins, a probable

transporter for potassium, as well as a putative phage termi-

nase large subunit. Interestingly, some genes had best BLAST

hits to genes with similar broad functions in other bacteria of

the Chlamydiales order, raising the question of their origin.

Pr. naegleriophila Diamant possessed five regions absent

from strain KNic ranging from 5.5 to 11.3 kb (table 2). All of

them contained mobility genes: Three harbored one or two

integrases, one had a number of transposases and another

one encoded a recombinase (supplementary table S3,

Supplementary Material online). Several mobility genes

seemed to have evolved toward pseudogenisation as they

harbored frameshifts. PnaD_GI1 and PnaD_GI5 were also pre-

dicted as genomic islands by IslandViewer (Dhillon et al. 2015).

PnaD_GI1 and PnaD_GI4 were found close to tRNAs-Leu and -

Met, respectively. PnaD_GI4 presented an interesting case as it

is partially conserved with Pr. naegleriophila KNic, from the

integrase to gene BN1093_RS01990 (supplementary table S3,

Supplementary Material online). The region unique to Pr. nae-

gleriophila Diamant included a putative chloramphenicol acet-

yltransferase which is an antibiotic resistance gene, as well as

an OMP-like protein—a member of a large and diverse family

of Chlamydial outer membrane proteins that were not ex-

pected to be found in genomic islands.

The pairwise alignment of both Pr. naegleriophila strains

also enabled the identification of multiple smaller gaps (sup-

plementary tables S4 and S5, Supplementary Material online)

representing other events of insertions, deletions, or possibly

gene acquisitions. Some of these gaps might also reflect errors

in sequencing, such as homopolymers or misassemblies in re-

petitive regions as well as poorly aligned regions. Respectively,

30% and 25% of gaps identified in strains KNic and Diamant

fell within or included a coding region. Four tandem duplica-

tions that arose after the divergence of KNic and Diamant

strains were identified, all of which involved hypothetical

Table 1

Genomics characteristics of bacteria belonging to the family Parachlamydiaceae

Species Strain Status Scaffolds Genome

Size

GC

Content

CDS tRNAs rRNA

Genes

Plasmid

Size

Plasmid

CDS

Plasmid GC

Content

Pr. amoebophila UWE25 Complete 1 2,414,465 34.7 1,855 35 7 — — —

Pr. amoebophila EI2 Draft 178 2,397,675 34.8 1,797 36 3 NA — —

Pr. amoebophila R18 Draft 795 2,881,499 34.8 2,025 41 13 NA — —

Pr. naegleriophila KNic Complete 1 2,885,090 42.7 2,415 43 12 145,285 160 37.2

Pr. naegleriophila Diamant Draft 4a 2,864,073 42.8 2,424 39 7 91,928 98 40.9

P. acanthamoebae UV7 Complete 1 3,072,383 39 2,531 40 10 — — —

P. acanthamoebae Hall’s coccus Draft 95 2,971,261 39 2,474 35 3 NA — —

P. acanthamoebae OEW1 Draft 162 3,008,885 39 2,321 38 4 NA — —

P. acanthamoebae Bn9 Draft 72 2,999,361 38.9 2,498 NA NA NA — —

Parachlamydiaceae

bacterium

HS-T3 Draft 34 2,307,885 38.7 2,003 39 3 NA — —

R. massiliensis Rubis Draft 3a 2,701,449 32.4 2,446 36 5 80,697 107 40.2

— — — — — — — — — 39,075 40 29.8

Neochlamydia sp. EPS4 Draft 112 2,530,677 38.1 1,843 36 4 NA — —

Neochlamydia sp. TUME1 Draft 254 2,546,323 38 1,834 36 4 NA — —

Neochlamydia sp. S13 Draft 1342 3,187,074 38 2,175 42 10 NA — —

NOTE.—As available on NCBI database on September 22, 2015, all genomes except KNic have been reannotated by the NCBI Prokaryotic Genome Annotation Pipeline.
aFollowing removal of the plasmid(s) present, according to our analyses. NA: information not available.
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proteins (supplementary table S6, Supplementary Material

online). The frequency of gaps differed along the chromo-

some, suggesting the existence of hot spots for genome evo-

lution by insertion or deletion. Pr. naegleriophila KNic

harbored two hot spots between 1.46 Mb and 1.58 Mb as

well as between 1.99 Mb and 2.01 Mb, which include a ge-

nomic island each. Pr. naegleriophila Diamant contained mul-

tiple regions with a slightly higher frequency of gaps, the most

prominent being located between 1.93 Mb and 1.99 Mb

where one of the genomic islands was found. In both cases,
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FIG. 1.—Genomic rearrangements in the Parachlamydiaceae family. (A) Left side, the phylogenetic branching of bacterial strains as inferred by a

neighbor-joining tree reconstruction based on five conserved proteins (DnaA, FtsK, HemL, FabI, and SucA). Right side, visualization of genomic rearrange-

ments in the family Parachlamydiaceae. The two strains of the species Pr. naegleriophila are highly collinear, with no apparent rearrangement except for

differences in the choice of the genome start. (B) With increasing cophenetic distances between organisms, the genomes show increasing number of

rearrangements.
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FIG. 2.—Pr. naegleriophila genomic islands. Probable genomic islands identified in both Pr. naegleriophila by IslandViewer (green) and by comparative

genomics (blue) are located in regions with low- or high-GC content compared with the genomic mean GC content. The similarity between the two strains is

indicated by red shading, and regions differing between the two strains appear in white. Only one region in Pr. naegleriophila strain KNic and two in

Pr. naegleriophila strain Diamant were identified by both methods.
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gap size seemed randomly distributed along the chromosome,

with no observable pattern.

pPNK Is an F-Type Conjugative Megaplasmid

The bacterial chromosome was circularized, leaving behind

several contigs with a 23-fold coverage, 1.4 times higher

than the 16� average chromosomal coverage. These contigs

formed a 145,285 bp large plasmid—the largest known plas-

mid in the order Chlamydiales. The plasmid pPNK presented a

GC content of 37.2% and included 160 genes among which

are several transposase and integrase remnants, doc proteins,

and systems for the maintenance of the plasmid (parA and

PNK_p0119) that are all characteristic of extrachromosomal

elements.

The plasmid also encoded a type IV secretion system with

highest similarity to the F-type system found in the genomic

island of Pr. amoebophila UWE25 chromosome (Greub et al.

2004), the plasmids of S. negevensis (Collingro et al. 2011)

and Rubidus massiliensis, and the remnants traU, traN and traF

present in members of the family Parachlamydiaceae (Greub

et al. 2009; Collingro et al. 2011) (fig. 3). The type IV secretion

system of R. massiliensis is located on plasmid pRm1 that con-

tains almost exclusively the tra operon as well as core genes for

plasmid replication, such as parA. R. massiliensis and KNic tra

operons shared a striking collinearity. The comparison of gene

conservation showed that traN has undergone different rear-

rangements in both Pr. amoebophila strains, and traC was split

in strain Pr. amoebophila R18. On the other hand, R. massi-

liensis, S. negevensis, and Pr. naegleriophila KNic, the three

bacteria that possess the tra operon on a plasmid, retained

intact genes. Moreover, these bacteria presented Ti-type traA

and traD genes downstream that shared similarity to other

amoeba-infecting bacteria, such as Rickettsia bellii and

Legionella spp.

Gene Content of the Parachlamydiaceae Family

Orthologous groups of proteins were reconstructed to inves-

tigate the gene content of members of the

Parachlamydiaceae, both for chromosomes and plasmids

(fig. 4 and supplementary table S7, Supplementary Material

online). All members of the family Parachlamydiaceae shared

753 groups of orthologs encoded on their chromosomes,

some groups including more than one paralog. The genus

Protochlamydia shared 1,265 groups of orthologs, whereas

at the species level Neochlamydia sp., Pr. naegleriophila, Pr.

amoebophila, and P. acanthamoebae shared 1,382, 2,109,

1,476, and 2,032 groups of orthologs, respectively. The

number of groups of orthologs shared among different sub-

groups of bacteria was significantly correlated to the cophe-

netic distance between the subgroups (Pearson coefficient

�0.82, P-value = 0.0001).

Only one orthologous protein was shared by all four plas-

mids, ParA, an essential component for plasmid partitioning.

The two plasmids of R. massiliensis carried each a copy of

ParA, further strengthening the presence of two separate

plasmids. The small R. massiliensis pRm1 39 kb plasmid had

no other protein than ParA in common with Pr. naegleriophila

Diamant plasmid, but it was highly similar to Pr. naegleriophila

KNic plasmid, sharing 72% of groups of orthologs (28/39),

mainly driven by the tra operon. In contrast, the R. massiliensis

pRm2 80 kb plasmid shared most of its orthologs with the Pr.

naegleriophila Diamant plasmid (fig. 4) and Criblamydia

sequanensis plasmid (Bou Khalil et al. 2016).

A CRISPR—Cas System for the First Time
within Chlamydiales

In Pr. naegleriophila, the CRISPR locus comprised eight 28 bp-

long repeats separated by 33 bp-long spacers. The upstream

operon of CRISPR-associated genes from the E. coli subtype I-E

consists of the core genes cas1-2, the type I gene cas3 and

subtype-specific genes cse1-2, cas5, cas6e, and cas7 (fig. 5).

An almost identical cas operon and a CRISPR locus were iden-

tified in Pr. naegleriophila Diamant (fig. 5). This system is

absent from other Parachlamydiaceae, such as strains Pr.

amoebophila UWE25, EI2, and R18. Although a confirmed

CRISPR locus was predicted by CRISPRfinder (Grissa et al.

2007) in the recently released genomes of Neochlamydia sp.

(Domman et al. 2014; Ishida et al. 2014), no cas genes could

be identified and the repeats were found to be due to a highly

repeated protein sequence.

The CRISPR spacers could give an interesting imprint of

recent invasions by extrachromosomal elements, but

Table 2

Genomic islands identified in Pr. naegleriophila

Region_ID Genome Contig Orientation Start Stop Length Predicted tRNA

PnaK_GI1 Pr. naegleriophila KNic LN879502 1 1,493,284 1,530,803 37,519 Y

PnaK_GI2 Pr. naegleriophila KNic LN879502 1 2,793,793 2,808,968 15,175 tRNA-Thr

PnaD_GI1 Pr. naegleriophila Diamant NZ_CCJF01000005 1 984,976 992,323 7,347 Y tRNA_Leu

PnaD_GI2 Pr. naegleriophila Diamant NZ_CCJF01000001 1 4,231 13,743 9,512

PnaD_GI3 Pr. naegleriophila Diamant NZ_CCJF01000005 1 1,796,680 1,802,137 5,457

PnaD_GI4 Pr. naegleriophila Diamant NZ_CCJF01000004 �1 314,516 325,842 11,326 tRNA_Met

PnaD_GI5 Pr. naegleriophila Diamant NZ_CCJF01000004 �1 117,214 125,110 7,896 Y
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unfortunately no significant homology was found by BLASTN

against the nonredundant nucleotide database (nt) for strains

KNic and Diamant (supplementary tables S8 and S9,

Supplementary Material online). Genes surrounding this

locus were found in conserved order in all Protochlamydia

species, indicating that this CRISPR region was most likely ac-

quired by horizontal gene transfer after the divergence of Pr.

naegleriophila and Pr. amoebophila. The gene operon struc-

ture is commonly found in bacteria and two species present

particular homology to Pr. naegleriophila KNic CRISPR locus:

Anaeromyxobacter dehalogenans, a Deltaproteobacteria from

soil and Rhodothermus marinus, a Bacteroidetes (fig. 5).

Discussion

The analysis of the complete genome sequence of Pr. naegle-

riophila enabled us to investigate the genome evolution of this

recently described bacterial genus, and more broadly, the

family Parachlamydiaceae. We described, for the first time,

the presence of a CRISPR-locus in the order Chlamydiales, in

the chromosome of two Pr. naegleriophila strains. In addition,

Pr. naegleriophila harbors the largest known chlamydial plas-

mid that encodes a conjugative type IV secretion system sim-

ilar to that found in the genomic island Pam100G of Pr.

amoebophila UWE25 chromosome (Greub et al. 2004). We

discuss here the current evolutionary scenario in light of these

new key findings.

Based on the complete genome sequence of P. acantha-

moebae UV-7 and Pr. amoebophila UWE25 as well as four

draft genomes, Domman et al. (2014) suggested the occur-

rence of few rearrangements between strains of the same

species and extensive rearrangements between the different

genera of the family Parachlamydiaceae. The addition of new

species, with the complete genome of Pr. naegleriophila strain

KNic and the almost complete genome of strain Diamant now

permits the identification of rearrangements within genera,

that is, between species. Our comparison showed the absence

of rearrangements between the two strains Pr. naegleriophila

KNic and Diamant, but an increasing number of genome

rearrangements with more distantly related organisms. In ad-

dition, comparison of complete genomes is essential to accu-

rately infer rearrangements because highly fragmented

genome sequences tend to show perfect collinearity when

reordered according to a highly similar reference (supplemen-

tary fig. S2, Supplementary Material online).

Amoebae were proposed to act as a reservoir of different

amoebae-resisting bacteria where horizontal gene transfer

may preferentially take place (Moliner et al. 2010). The pres-

ence of an F-like conjugation plasmid putatively involved in

DNA transfer in Pr. naegleriophila stresses the likelihood of

gene exchange with other bacteria or with the eukaryotic

host. The maintenance of intact tra genes in bacteria possess-

ing the tra operon on a plasmid leads us to hypothesize that

the system has retained functionality, whereas it has evolved

toward pseudogenisation and deletion after being integrated

FIG. 3.—Chlamydiales order, plasmids, and type IV secretion system. The left panel represents a neighbor joining tree of bacteria belonging to the order

Chlamydiales, whose genome sequences are available, based on four conserved proteins (DnaA, FtsK, HemL, and FabI). The presence of a plasmid in each

strain is represented by a small circular DNA molecule and the draft genomes with no described plasmid are indicated by a question mark as plasmids may be

hidden among the numerous contigs. Orange ovals indicate the presence of a conjugative tra operon on the plasmid or in the bacterial chromosome. The

right panel shows the conservation of the type IV secretion system tra operon and the surrounding genes. Pac: P. acanthamoebae, Nsp: Neochlamydia sp.,

Rma: R. massiliensis, Pna: Pr. naegleriophila, Pam: Pr. amoebophila, Pac HS-T3: Parachlamydiaceae bacterium HS-T3, Wch: Waddlia chondrophila, Cse:

Criblamydia sequanensis, Ela: Estrella lausannensis, and Sne: Simkania negevensis.
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into the genome of Pr. amoebophila strains and P. acantha-

moebae strains.

The presence of an F-type conjugative operon in the plas-

mid or in the chromosome of various strains, combined with

the lack of conjugative operon in the plasmid or in the chro-

mosome of the Waddliaceae, Criblamydiaceae (Bertelli et al.

2014, 2015), and some Parachlamydiaceae (fig. 3) challenges

the most parsimonious scenario proposed by Collingro et al.

(2011) that plasmids evolved from a single conjugative plas-

mid acquired by an ancestor of the Parachlamydiaceae,

Waddliaceae, and Simkaniaceae. In favor of this hypothesis

is the shared presence of the Ti-type traA and traD in the

paraphyletic R. massiliensis, Pr. naegleriophila KNic, as well

as S. negevensis. However, if this hypothesis is correct, the

plasmid and its tra operon were integrated within the chro-

mosome at least twice in the genera Parachlamydia and

Protochlamydia. In addition, the tra operon was completely

lost several times, in the families Waddliaceae and

Criblamydiaceae, in the genus Neochlamydia, and in some

strains of Protochlamydia and Parachlamydia (fig. 3).

Furthermore, it was partially lost in the Parachlamydia

genus, where only a few genes remain. Alternative parsimo-

nious scenarios could involve 1) the separate acquisition of the

tra operon by an ancestor of Simkania and an ancestor of the

family Parachlamydiaceae, after the divergence from the

Parachlamydiaceae sp HS-T3 or 2) a transfer between an an-

cestor of Simkania and an ancestor of the family

Parachlamydiaceae, which likely shared similar ecological

niches or even sympatric intracellular lifestyles in light of

their ability to infect the same hosts. In addition, the striking

pattern of sequence similarity between R. massiliensis plasmids

and Pr. naegleriophila KNic and Diamant plasmids suggest

that the common ancestor of Parachlamydiaceae may have

harbored at least two different large plasmids. In any case, this

highlights the highly dynamic nature of the genomes of

Chlamydia-related bacteria and the potential of the tra

operon to be readily acquired, and lost among these bacteria.

A CRISPR-Cas system has been reported in approximately

50% of bacteria with sporadic distribution patterns suggest-

ing that CRISPR loci are subject to frequent horizontal gene

transfer, a hypothesis supported by the presence of CRISPR

loci on plasmids (Haft et al. 2005). The CRISPR locus of Pr.

naegleriophila and its associated genes have most probably

been acquired horizontally but the proteins have insufficient

homology to infer a direct transfer from a given organism. This

CRISPR-Cas system is of a different subtype than that of an-

other intracellular amoeba-resisting bacteria F. novicida ruling

out the possibility of intra-amoebal transfer between these

organisms. The functionality and the exact role of this

CRISPR-Cas system in Pr. naegleriophila remain to be pheno-

typically determined, but by similarity to the type I-E locus

present in E. coli, we can hypothesize that it plays a role in

preventing DNA acquisition or protecting the bacteria against

phages.

Although Pr. naegleriophila is an obligate intracellular bac-

terium, it may still be exposed to phages. Indeed, several

phages of the genus Chlamydiamicrovius were isolated from

classical Chlamydia and shown to grow in various species,

including C. psitacci, C. abortus, C. felis, C. caviae, and

C. pneumoniae (Śliwa-Dominiak et al. 2013). As a bacterium

thriving in amoebal cells, and mostly found in water, Pr. nae-

gleriophila could even be exposed to more diverse phages

A B

FIG. 4.—Core and accessory genome of the Parachlamydiaceae family. Venn diagram representing the number of orthologous groups of proteins

shared by selected representative species of the family Parachlamydiaceae encoded on the chromosome (A) and on the plasmid (B).
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than the classical Chlamydia. Little is known about the diversity

of phages able to infect amoeba-resisting bacteria and most

reports concern the discovery of prophages, that is, phages

integrated into the host genome, and phages remnants. The

analysis of Legionella pneumophila pan genome revealed

the presence of seven genomic islands harboring phage-like

genes (D’Auria et al. 2010). The genome of Candidatus

Amoebophilus asiaticus harbors genomic loci with similarity

to the antifeeding prophage (afp), an essential virulence

factor of the insect pathogen Serratia entomophila (Penz

et al. 2010). In addition, two different coevolution experi-

ments using Pseudomonas or Serratia strains with

Tetrahymena thermophila and Acanthamoeba had diverging

results: in one study protist selection did not increase resis-

tance to phages (Friman and Buckling 2013), whereas in the

second study the bacteria having coevolved with the amoebae

were less susceptible to phage infection than those grown

alone (Ormala-Odegrip 2015). The difference in CRISPR

spacers between Pr. naegleriophila strains KNic and Diamant

clearly highlights the dynamic and likely functional status of

FIG. 5.—CRISPR locus and its associated genes. (A) CRISPR associated genes consist of eight CDS, cas3, cse1, cse2, cas7, cas5, cas6e, cas1, and cas2,

shown in blue within their genomic environment. Green lines connecting the genes in different organisms represent BLAST sequence homology with a

gradient from light green to dark green for low to high percentage sequence identity, respectively. Genes neighboring the CRISPR locus present homology in

Pr. naegleriophila genomes, but not to other genomes showing that the site of CRISPR locus insertion in Pr. naegleriophila genomes is different than in other

bacteria. CRISPR repeats are found directly downstream of the cas operon, as highlighted by the yellow box. (B) Direct repeats and spacer sequences are

detailed in the panel B.
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the system, as well as the exposure of such obligate intracel-

lular bacteria to DNA of foreign origin. The absence of

similarity between CRISPR spacers and sequences of the

non-redundant nucleotide database underlines the currently

limited knowledge on phages and extrachromosomal DNA

circulating in amoebae-resisting bacteria, especially those

growing in the ubiquitous amoeba Naegleria. The presence

of genomic islands in both Pr. naegleriophila strains KNic and

Diamant underlines the current ability of both bacteria to ac-

quire DNA, despite the presence of a CRISPR system. Indeed,

as shown in numerous examples, the CRISPR systems do not

completely inhibit the acquisition of all exogenous DNA but

are a component of the ongoing coevolution of mobile ele-

ments (Croucher et al. 2016). Notably, some bacteriophages

have evolved genes to counter CRISPR activity and can infect

cells with a CRISPR system (Nozawa et al. 2011; Lopez-

Sanchez et al. 2012; Bondy-Denomy et al. 2013). Finally, the

limited number of complete Parachlamydiaceae genomes

available in public databases does not yet allow testing if the

rate of gene and genomic island acquisition is lower in Pr.

naegleriophila that harbor a CRISPR system compared with

its sister phylum Pr. amoebophila that does not have such a

system.

The complete genome sequence of Pr. naegleriophila rep-

resents a first step toward the understanding of mechanisms

triggering genome evolution and evolutionary pressures at

play in the Parachlamydiaceae family.

Materials and Methods

Culture and Purification of Pr. Naegleriophila

Pr. naegleriophila strain KNic was grown in Acanthamoeba

castellanii ATCC 30010 at 32 �C using 75 cm2 cell culture

flasks (Becton Dickinson, Franklin Lakes, USA) with 30 ml of

peptone-yeast extract glucose broth. Pr. naegleriophila were

purified from amoebae by a first centrifugation step at 120�

g for 10 min. Then, remnants from amoebae were removed

from the resuspended bacterial pellet by centrifugation at

6500 � g for 30 min onto 25% sucrose (Sigma Aldrich, St

Louis, USA) and finally at 32000 � g for 70 min onto a dis-

continuous Gastrographin (Bayer Schering Pharma, Zurich,

Switzerland) gradient (48%/36%/28%).

Genome Sequencing, Assembly and Gap Closure

Pr. naegleriophila genomic DNA was isolated with the Wizard

Genomic DNA purification kit (Promega Corporation,

Madison, USA). Reads obtained with Genome Sequencer

20TM by Roche Applied Science (Penzberg, Germany) were

assembled de-novo using Newbler V1.1.02.15 yielding 93

large contigs with a mean 16� coverage. Scaffolding on Pr.

amoebophila strain UWE25 and PCR-based techniques were

used to close the gaps between those contigs. Solexa 35 bp

reads obtained from sequencing with Genome Analyzer GaIIx

(Illumina, San Diego, USA) by Fasteris (Plan les Ouates,

Switzerland) were then mapped to the final assembly with

BWA (Li and Durbin 2009) and visualized with Consed

(Gordon and Green 2013). Homopolymer errors were cor-

rected in the plasmid and the chromosome sequence after

manual inspection of discrepancies covered by>2 reads

with a Phred base quality score of>10. Sequence start was

placed in an intergenic region closest to the minimum of the

GC skew, as determined with a sliding window of 100 nt.

Genome Annotation

GenDB 2.4 pipeline (Meyer et al. 2003) was used for a first

automatic annotation of the genome that was followed by

manual curation of annotation. Coding sequence (CDS) pre-

diction was performed using Prodigal (Hyatt et al. 2010). All

predicted CDS were submitted to similarity searches against

nr, Swissprot, InterPro, Pfam, TIGRfam, and KEGG databases.

Putative signal peptides, transmembrane helices, and nucleic

acid binding domains were predicted using SignalP (Petersen

et al. 2011), TMHMM (Krogh et al. 2001), and Helix-Turn-

Helix (Dodd and Egan 1990), respectively. Protein domain

identification was used to manually curate genome annota-

tions with a scheme as proposed in Bertelli et al. (2015). The

complete and annotated genome sequences have been

deposited in the European Nucleic Archive under the

project PRJEB7990 with accession numbers LN879502 and

LN879503.

Genome Analysis

To identify CRISPR repeats, the genome sequences were sub-

mitted to CRISPRFinder (Grissa et al. 2007). The spacers within

the CRISPR locus of Pr. naegleriophila strains KNic and

Diamant were submitted to BLASTN (Altschul et al. 1997)

homology searches against the nonredundant nucleotide

database.

For phylogenetic reconstruction, multiple sequence align-

ments were performed with Muscle V3.7 (Edgar 2004), and a

neighbor-joining tree was reconstructed using Mega 6

(Tamura et al. 2013) with 1000 bootstrap, Poisson distribu-

tion, and gamma equal to 1.

The two nearly complete genomes of R. massiliensis and Pr.

naegleriophia Diamant were reordered with Mauve (Darling

et al. 2004) by similarity to the closest available complete

genome sequence P. acanthamoebae UV7 and Pr. naeglerio-

phila KNic, respectively. These genomes and the complete

genomes were aligned using Mauve and the alignment was

represented using GenoPlotR (Guy et al. 2010). To investigate

the number of rearrangements between genomes, a list of

collinear block permutations was exported using Mauve

(Darling et al. 2004). Each rearrangement arising after the

divergence of two bacterial strains should lead to two pairs

of subsequent collinear blocks being separated. Therefore, the

number of rearrangements is counted as the number of two
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subsequent collinear blocks in the reference that were sepa-

rated in the query genome, divided by two.

To investigate the occurrence of horizontal acquisition of

genetic material, a prediction of genomic islands in the ge-

nomes of Pr. naegleriophila strains KNic and Diamant and Pr.

amoebophila UWE25 was performed using IslandViewer

(Dhillon et al. 2015). Also, regions unique to each Pr. naegle-

riophila strains were retrieved from a pairwise alignment using

Mauve (Darling et al. 2004). Regions larger than 4000 bp were

considered as potential genomic islands and were manually

inspected. Smaller regions unique to each strain were not

manually curated to remove spurious indels caused by

contig borders or unplaced contigs in the unfinished

genome of strain Diamant. Pr. amoebophila and Pr. naegle-

riophila strains were too distantly related to infer the presence

of genomic islands accurately by comparative genomics.

Groups of orthologous proteins were computed using

OrthoFinder (Emms and Kelly 2015). Home-made scripts for

data analysis and visualization were written in R (Cran 2010).

Supplementary Material

Supplementary figures S1–S2 and tables S1–S9 are available

at Genome Biology and Evolution online (http://www.gbe.

oxfordjournals.org/).
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