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Introduction 

 
Bacteria are truly fascinating creatures. They occupy nearly every ecological niche conceivable, 

from Antarctic soil, deep-sea hydrothermal vents, and the human gut. Host-associated bacteria 
occupy a rather intriguing niche, as their evolution and ecology is inextricably linked to that of 

the host. Whether these bacteria are true symbionts or more parasitic, the exploitation of the 
eukaryotic cell as a niche has profound implications at a basic level of understanding how 

organisms interact, but also on a more anthropocentric level has lent  much  insight into 
pathogen interactions. This thesis focuses on a unique group of obligate intracellular bacteria, 

the phylum Chlamydiae, which have global importance in human health. Utilizing the power of 
genomics we uncovered answers to key questions about the evolution and ecology of this 

phylum.   

 
The amazing Chlamydiae 

In 1903 the German radiologist Ludwig Halberstädter and the Austrian zoologist Stanislaus von 
Prowazek joined a research expedition to the island of Java, Indonesia to unravel the agent 

responsible for syphilis. While in the city of Jakarta in 1907, they took scrapings from an eye 
infection, which lead to the discovery of peculiar inclusions within the cytoplasm of these cells, 

which were called ‘Halberstädter- Prowazek bodies’ (Black 2013). Back in Berlin these 
inclusions had unusual Giemsa-staining patterns in which they observed small, condensed 

particles surrounding the nucleus of infected cells. These “Chlamydozoa” were so named from 
the ancient Greek word “chlamys” which means cloak-like mantle, in that these organisms 

appeared to “cloak” the nucleus of the infected cell. Although Halberstädter and von Prowazek 

thought these organisms were protozoa and not bacteria, they had nevertheless isolated the 
causative agent of “trachoma”, meaning ‘rough eye’. The “Chlamydozoa” then embarked on a 

complicated taxonomic journey over the next 50 years, as they were reclassified as not 
protozoan, but as a virus due to their intracellular lifestyle. It wasn’t until the late 1950’s and 

early 1960’s that these organisms were correctly classified as bacteria. Despite the identity 
crisis, the name “chlamy” was kept throughout and thus today the causative agent of blinding 

trachoma is known as Chlamydia trachomatis.  
 

Fascinating history aside, Chlamydia trachomatis remains particularly relevant today as it 

affects nearly 84 million people globally; a number that is greater than all other infectious 
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disease combined. In the developing world, C. trachomatis is responsible for the largest cause 

of preventable blindness in the world (i.e. blinding trachoma), affecting around 8 million people.   
Within the developed world, C. trachomatis is the leading cause of bacterial sexually transmitted 

infections, with approximately 92 million new cases a year. Additionally, C. trachomatis is part of 
a family of chlamydial organisms called the Chlamydiaceae, which contain other important 

human and animal associated pathogens. Chlamydia pneumoniae, for example, is a causative 
agent of pneumonia in humans and also infects a wide variety of other mammals, marsupials, 

reptiles, and amphibians (Horn 2008; Taylor-Brown et al. 2015). Chlamydia abortus an agent 
responsible for fetal abortion in a variety of animals (cattle, horse, rabbit, mice), and Chlamydia 

psittaci the agent responsible for chlamydiosis in avian hosts (Horn 2008; Taylor-Brown et al. 
2015). However, for nearly the entire century since the characterization of Chlamydia 

trachomatis, the perception was that this handful of pathogens was limited to primarily to human 

and animal hosts. A big surprise came in 1997 when chlamydia-like organisms were discovered 
within amoeba cells isolated from human nasal mucosa (Amann et al. 1997), suggesting that 

these may be a novel reservoir for chlamydial organisms. Today, there are seven other 
described families of chlamydiae that are associated with a dizzying array of eukaryotic hosts 

(Figure 1). However, a recent study of the diversity of chlamydiae estimated that there may be 
upwards of 350 chlamydial families (Lagkouvardos et al. 2013). These colloquially termed 

“environmental chlamydia” (Figure 1) are associated with hosts ranging from a wide variety of 
protists, insects, arthropods, fish, enigmatic marine worms, cattle, and possibly even humans 

(Horn 2008; Lagkouvardos et al. 2013; Taylor-Brown et al. 2015). 
 

With the advent of whole genome sequencing, it became possible to study the diversity between 

organisms on a sequence level. The first chlamydial genome sequenced was Chlamydia 

trachomatis, which revealed a reduced genome consisting of ~1 Mb and displayed limited 

metabolic capabilities, a reflection of the long evolutionary history of the chlamydiae exploiting 
host cell resources (Stephens et al. 1998). Soon after the 1.2 Mb genome of Chlamydia 

pneumoniae was sequenced and revealed over 200 genes not present in C. trachomatis 
(Kalman et al. 1999). As of writing, there are twelve species of Chlamydiaceae with sequenced 

genomes, many of which with multiple sequenced strains. The amoeba-associated 
Protochlamydia amoebophila was the first chlamydiae sequenced outside of the 

Chlamydiaceae, which revealed a genome double in size (~2.4 Mb) to that of C. trachomatis or 

C. pneumoniae, but still shared many of the genomic characteristics such as the presence of 
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nucleotide and ATP transporters to scavenge these resources from the host, host manipulation 

machinery (Type III secretion system), and reduced metabolic capabilities (Horn et al. 2004). An 
additional five genomes, adding genomes to two unrepresented families (Waddliaceae and 

Simkaniaceae) appeared fairly recently (Greub et al. 2009; Bertelli et al. 2010; Collingro et al. 
2011) allowing much needed insights into the genomic diversity of these organisms. 

Comparative genomic analysis of the phylum revealed 560 genes were conserved throughout 
the phylum, and also that there was extensive gene content variation within the environmental 

chlamydia (Collingro et al. 2011). For instance, the environmental chlamydia isolated as a 
contaminant of cell culture, Simkania negevensis, harbors a genome of 2.5 Mb and contains 

more unique genes (i.e. those that are not found in any other member of the phylum) than the 
total number of genes present in Chlamydia trachomatis (1340 to 894, respectively) (Collingro et 

al. 2011).  

 

 
 

Figure 1. Phylogeny of the Chlamydiae and host diversity. The phylum can be dived into 

the family Chlamydiaceae (in red), which includes many human and animal pathogens, and the 

environmental chlamydia (in blue), which have a tremendous host range. Many of the fully 
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sequenced environmental chlamydiae are associated with free-living protists. The species tree 

phylogeny was adapted from Domman et al. (2014).  
 

Despite a tremendous diversity in host range and phylogenetic breadth, a paramount unifying 
feature of all chlamydiae, aside from their obligate host-association, is that of a bi-phasic 

developmental cycle (Figure 2). The cycle consists of the uptake of the extracellular, non-
replicative form of chlamydia, termed elementary bodies (EBs) by a eukaryotic host cell. Once 

within a host cell, the EBs differentiate into the fully metabolically active and replicative form, 
called reticulate bodies (RBs) within an inclusion membrane. RBs divide within the chlamydial 

inclusion until, via a still unknown mechanism, they begin to differentiate back into EBs. The 
EBs are then released from the host cell either as a result of host cell lysis, or via extrusion of 

host cell vesicles. Though this feature unites the Chlamydiae, a developmental cycle is certainly 

unique among obligate, intracellular bacteria.  
 

As Chlamydiae represent some of the most successful groups of bacteria that can exploit the 
intracellular niche of eukaryotes they remain a fascinating case study on the evolutionary path 

towards the specialization of this habitat. The main theme of this thesis revolves around 
understanding this evolutionary path. In Chapter One we explore how changes in gene content 

have lead to the exploitation of different hosts. In Chapter two we examine the commonalities 
and differences in how chlamydial organisms regulate gene expression. In Chapter Three we 

explore an intriguing hypothesis that ancient chlamydia donated key genes that facilitated the 
endosymbiotic capture of a cyanobacteria within the proto-plant host.  

�

&KDSWHU�,



 
 

Figure 2. Chlamydial developmental cycle. The bi-phasic chlamydial developmental begins 

when an extracellular elementary body (EB) is taken up by a host cell. Once internalized, the EB 
is encapsulated by host derived edosomal membrane to form an inclusion. Within the inclusion, 

the EB differentiates into the fully metabolic and replicative form, termed reticulate bodies (RB). 
RBs divide and the inclusion increases in size. The signal for RB to EB conversion is unknown, 

but RBs asynchronously convert back to EBs. The cycle is completed when EBs are released 
from the host cell, typically as a result of lysis. 

 
Gene family evolution 

There is a great disparity of genome size among bacteria, ranging from the 13 Mb genome of 
the soil bacterium Ktedonobacter racemifer (Chang et al. 2011) to the 144 Kb genomes of sap-

feeding insect symbionts (McCutcheon and Dohlen 2011).  Even between organisms within the 

same species can differ in hundreds of genes. This was typified when the genomes of three 
strains of Escherichia coli were sequenced and though they were identical at the 16S rDNA 

level, they only shared 39% of their gene content (Welch et al. 2002). These genomic 
fluctuations are the cumulative result of mutation, gene flow, genetic drift, and selection. As 

mentioned above, the members of the Chlamydiae have reduced genomes, especially the 
animal and human pathogens.  Genomic reduction in host-restricted bacteria is commonly 

attributed to the effect of small population size and the inherent deletion bias in most bacteria 

EB
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(McCutcheon and Moran 2012). The power of genetic drift is greatly increased as population 

size and the ability to recombine is limited. As such, deleterious mutations are fixed in these 
genomes in a higher proportion than in large populations where purifying selection and 

recombination can reverse these effects. The cumulative effect of this population structure is 
that genes are inactivated and deleted, even if they might be even mildly advantageous 

(McCutcheon and Moran 2012).  Thus, the cumulative effect on a genomic level for obligate 
host-associated microbes is to have reduced genomes. 

 
As a corollary of genome reduction, these host-restricted microbes tend to have little 

redundancy in their gene content. That is to say, there are few gene duplications or gene 
families that have multiple members. Most of the genome, therefore, consists of single copy 

genes. The process of genomic reduction, as described above, is well known for these 

microbes, but as the genome sizes in members of the Chlamydiae span from 1 Mb to over 3Mb, 
we queried if genomic expansions, either via gene duplication or horizontal gene transfer, were 

also contributing to the overall genomic architecture within this phylum. Using all of the available 
fully sequenced chlamydial genomes, we clustered all proteins into gene families. Our analysis 

of gene family histories, suggest that gene family expansions, have had pronounced effects on 
gene content within the phylum. We discovered that the largest gene families within the phylum 

are largely the result of gene duplication events and appear to evolve via a unique mode of gene 
family evolution (rapid gene birth-and-death model). We find that variations copy number of 

gene between related individuals might suggest that non-adaptive processes, such as genomic 
drift, influence the evolution of large gene families. This mode of evolution may represent a 

previously unexplored mechanism by which isolated bacterial populations, such as bacterial 

symbionts, diversify in gene content and adapt to novel ecological niches. 
 

Gene regulation in Chlamydiae 

All organisms control the expression of genes in response to environmental and developmental 

signals.  As mentioned, all Chlamydiae undergo a complex temporally regulated developmental 
cycle. These developmental transitions require massive tracts of genes to be activated or 

silenced in a precise manner (Belland et al. 2003; Nicholson et al. 2003; Mäurer et al. 2007; 
Albrecht et al. 2011). While there are a number of ways that bacteria regulate gene expression, 

such as RNA silencing and DNA topological properties, the primary mechanism is via DNA-

binding transcription factors that either activate or repress transcription via interactions with 
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RNA polymerase. Transcription factors recognize and bind to specific motifs found within the 

promoter regions of the genes they regulate. Despite having a complex developmental cycle, 
the Chlamydiae appear to harbor a small number of transcription factors. The third chapter of 

this thesis explores how we can use comparative genomics to explore the diversity and 
evolution of regulatory networks within the Chlamydiae. In this chapter we provide the most 

comprehensive list of predicted transcription factors and their evolutionary history within the 
phylum. Additionally, we constructed the first predicted co-regulatory networks for all fully 

sequenced chlamydial genomes (n=17) and explored the similarities and differences between 
these networks at multiple taxonomic levels. This analysis provides the first comprehensive 

picture of gene regulation in these organisms and offers a unique perspective to this otherwise 
under-explored area of chlamydial biology.  

 

Chlamydiae and the evolution of plants 

A chapter on the evolution of plants might seem quite out of place within a thesis focusing on 

the evolution of the Chlamydiae; however, rest assured it is perfectly in line with this theme.  As 
with all bacteria, the Chlamydiae are not immune to the effects of horizontal gene transfer, and 

they are donors and receivers both (Collingro et al. 2011; Bertelli and Greub 2012; Clarke et al. 
2013). The Chlamydiae represent a particularly ancient group of bacteria that have been 

estimated to be at least 700 million years old (Horn et al. 2004) with more recent estimates of up 
to 1.6 billion years old (Kamneva et al. 2012). This tremendous time scale would place the last 

common ancestor of the Chlamydiae within timeframe of the origin of the plastid, which is 
estimated to have occurred around 1.6 -1.9 billion years ago (Yoon et al. 2004; Parfrey et al. 

2011).  Over the past 15 years there has been a growing body of evidence that ~ 60 of genes of 

chlamydial origin have been transferred into members of the Archaeplastida (plants) (Brinkman 
et al. 2002; Huang and Gogarten 2007; Becker et al. 2008; Moustafa et al. 2008; Ball et al. 

2013). This discovery has spurred a hypothesis that the ancient eukaryotic cell was cohabitated 
by both a cyanobacterium and chlamydial endosymbiont and that this tripartite relationship 

facilitated the endosymbiotic capture and subsequent transformation of the cyanobacterial 
partner into the modern day plastid (Huang and Gogarten 2007; Ball et al. 2013). The driver of 

this relationship was that the cyanobacterial partner provided an energy rescue to the host cell 
that was being parasitized by the chlamydia. Key chlamydial enzymes involved in glycogen 

metabolism were the integral component linking the photosynthate derived from the 

cyanobacterial partner to an accessible form for the eukaryotic host (Ball et al. 2013). While 
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locked in this “ménage à trois”, the hypothesis states that these key chlamydial genes were then 

transferred to the host and cyanobacterial endosymbiont which subsequently led to the loss of 
the chlamydial partner (Ball et al. 2013).  

 
The “ménage à trois” hypothesis makes implicit phylogenetic predictions about the directionality 

of gene transfer. Indeed, the aforementioned studies provide evidence from individual gene 
trees that imply transfer of these genes from chlamydiae to members of the Archaeplastida. In 

the third chapter of this thesis we applied sophisticated phylogenetic models to explicitly test the 
origins of the enzymes implicated in the “ménage à trois” hypothesis. Under these better fitting 

models we show that there is a mosaic origin for these enzymes, but do not detect a strong 
argument for a chlamydial origin. Thus, our analysis does not provide compelling evidence that 

Chlamydiae facilitated the plastid endosymbiosis.   
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Abstract

Gene loss, gain, and transfer play an important role in shaping the genomes of all organisms; however, the interplay of
these processes in isolated populations, such as in obligate intracellular bacteria, is less understood. Despite a general
trend towards genome reduction in these microbes, our phylogenomic analysis of the phylum Chlamydiae revealed that
within the family Parachlamydiaceae, gene family expansions have had pronounced effects on gene content. We discov-
ered that the largest gene families within the phylum are the result of rapid gene birth-and-death evolution. These large
gene families are comprised of members harboring eukaryotic-like ubiquitination-related domains, such as F-box and
BTB-box domains, marking the largest reservoir of these proteins found among bacteria. A heterologous type III secretion
system assay suggests that these proteins function as effectors manipulating the host cell. The large disparity in copy
number of members in these families between closely related organisms suggests that nonadaptive processes might
contribute to the evolution of these gene families. Gene birth-and-death evolution in concert with genomic drift might
represent a previously undescribed mechanism by which isolated bacterial populations diversify.

Key words: gene families, birth and death model, intracellular bacteria, effector proteins, F-box.

Introduction
The genomes of organisms reveal complex histories of gene
transfer, loss, gain, and rearrangement. The extent that these
processes play in shaping gene families of both prokaryotes
and eukaryotes are markedly different. Gene gain within eu-
karyotes is largely driven by intragenomic duplication events
(Lynch and Conery 2000; Koonin et al. 2002; Yang et al. 2003;
Kaessmann 2010), and although duplication certainly shapes
bacterial genomes, most gains are the result of horizontal
gene transfer (HGT) events (Ochman et al. 2000; Lerat et al.
2005; Treangen and Rocha 2011). Estimates of the contribu-
tion gene duplication processes play across domains of life
vary from 65% to 30% in the genomes of Arabidopsis and
Escherichia coli, respectively (Zhang 2003). Although genetic
innovation typically arises through gene acquisition from for-
eign sources, gene duplication events are increasingly being
recognized as an important driver of bacterial genome evo-
lution (Goldman et al. 2006; McLeod et al. 2006; Cho et al.
2007).

Comparisons of closely related organisms have revealed a
highly dynamic landscape of gene families, in which the copy
number between species can vary substantially (Pushker et al.
2004; Lerat et al. 2005). Given this background, an intriguing
evolutionary backdrop to study gene family evolution is
within obligate, intracellular bacteria. In these populations,
the fixation of mutations is strongly affected by genetic
drift, with a propensity in these genomes for deletion

(Kuo and Ochman 2009a), and thus gene family expansions
within these genomes are generally rare (Hooper and Berg
2003; Gevers et al. 2004). Insightful analysis on gene family
evolution is best approached when comparing multiple ge-
nomes from closely related species, facilitating identification
of paralogs (homologous genes resulting from duplication),
orthologs (homologous genes resulting from speciation), or
xenologs (homologous genes derived from HGT). In this
regard, the phylum Chlamydiae offers an ensemble of fully
sequenced genomes across multiple families.

All members of the phylum Chlamydiae are obligate, in-
tracellular bacteria and represent one of the most ancient and
successful lineages associated with eukaryotes (Horn 2008;
Subtil et al. 2014). These organisms all share a characteristic
biphasic developmental cycle consisting of an infectious, ex-
tracellular state and an intracellular replicative state. The
phylum can be divided into two major phylogenetic group-
ings: The family Chlamydiaceae, which encompass well
known animal and human pathogens such as Chlamydia
trachomatis and C. pneumoniae, and a group of families com-
prising the environmentally distributed chlamydiae such as
Simkaniaceae, Waddliaceae, and Parachlamydiaceae collec-
tively referred to as environmental chlamydiae. Recently, it
was shown that the diversity of the phylum is tremendously
greater with perhaps over 200 families spanning nearly every
environment (Lagkouvardos et al. 2013). All members of the
Chlamydiae show notable genomic reductions and truncated

! The Author 2014. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.
org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is
properly cited. Open Access
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metabolic pathways including the inability to synthesize
many amino acids and nucleotides (Stephens et al. 1998;
Kalman et al. 1999; Horn et al. 2004; Bertelli et al. 2010;
Collingro et al. 2011; Myers et al. 2012).

In this study, we set out to determine how gene families
have evolved in members of the phylum Chlamydiae. We
present four new genome sequences for members of the
family Parachlamydiaceae, which include two genome se-
quences for the genus Neochlamydia. We show that organ-
isms within the Parachlamydiaceae have unprecedented
numbers of proteins harboring domains typically found in
eukaryotes, the majority of which are related to eukaryotic
ubiquitination pathways. We show that these genes have
undergone rapid expansions and form the largest gene fam-
ilies within the phylum. We demonstrate that many of these
large gene families are evolving under a gene-birth-death
model (Nei and Rooney 2005) and that differences between
closely related organisms may be explained by genomic drift.

Results

Genome Sequencing of Novel Members of the
Chlamydiae
Currently, there are nine described families within the
Chlamydiae; however, the majority of available genome
sequences come from a single family, the pathogenic Chla-
mydiaceae. To deepen our insights into a family outside of the
Chlamydiaceae, we sequenced the genomes of four members
of the family Parachlamydiaceae, which include two members
of the genus Neochlamydia, and two additional genomes of
Protochlamydia and Parachlamydia. All of the newly

sequenced Parachlamydiaceae members were isolated from
free-living amoeba. With the exception of Neochlamydia sp.
EPS4, the isolates have been described previously (Fritsche
et al. 2000; Heinz et al. 2007; Schmitz-Esser et al. 2008). The
draft genomes represent nearly complete genome sequences
based on paired end read data (90–96%) and the presence of
conserved single-copy marker genes (98–100%; supplemen-
tary table S1, Supplementary Material online). Using these
additional genome sequences, we first aimed to construct a
phylogenetic framework of the phylum Chlamydiae using
concatenated alignments of 32 marker proteins (supplemen-
tary table S2, Supplementary Material online). Phylogenetic
trees obtained with different methods confirmed the
monophyly of the Chlamydiaceae and the Parachlamydiaceae
with strong support (fig. 1). The Chlamydiaceae can be
subdivided in two previously recognized groups, and within
the Parachlamydiaceae, the genera Protochlamydia, Neochla-
mydia, and Parachlamydia were recovered with high
confidence.

All members of the Chlamydiaceae show highly similar
genomes in terms of gene content and synteny (Myers
et al. 2012); however, between chlamydial families, rearrange-
ments have played a major role in genome evolution
(Collingro et al. 2011). Whole-genome alignments of mem-
bers of the Parachlamydiaceae clearly illustrate that within the
genera Protochlamydia, Neochlamydia, and Parachlamydia,
there are few rearrangements, and the genomes are highly
syntenic (fig. 1). Between these genera, however, there have
been extensive genome rearrangements demonstrating the
surprising dynamic nature of these reduced genomes.

FIG. 1. Phylogeny of the Chlamydiae and rearrangement history of genomes within the Parachlamydiaceae. Phylogeny of the Chlamydiae based on 32
phylogenetic marker proteins. A Bayesian analysis using MrBayes (Ronquist and Huelsenbeck 2003) was performed on a set of 24 ribosomal proteins in
addition to GyrB, RecA, RpoB, RpoC, and EF-Tu from 19 sequenced members of the phylum (supplementary table S2, Supplementary Material online).
Members of the Planctomycetes (Blastopirellula marina DSM 3645, Candidatus Kuenenia stuttgartiensis, and Gemmata obscuriglobus UQM 2246) and
the Verrucomicrobia (Akkermansia muciniphila MucT, Lentisphaera araneosa HTCC2155, Opitutus terrae PB90-1, and Verrucomicrobium spinosum
DSM 4136) were used as outgroups (not shown). Colors denote family level classification. Posterior probability scores are indicated only if below 100%.
To the right, conserved synteny and rearrangement history of genomes within the Parachlamydiaceae are shown. The genomes of six members of the
family were aligned using MAUVE to elucidate synteny between genomes and visualized using genoPlotR. Extensive rearrangements are apparent
between members of different genera, whereas within genus, comparisons show little rearrangements, with a notable exception in the Protochlamydia
where a large block has been rearranged.
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The Gene Family Landscape of the Chlamydiae
To explore gene family evolution among members of the
Chlamydiae, we first identified gene families using clusters
of orthologous groups of proteins within the predicted pro-
teomes from 19 chlamydial genomes (supplementary table
S2, Supplementary Material online). We then searched for
gene families that contain expansion events, that is, those
having multiple members from one organism. Previous
work has demonstrated that genome size correlates with
the number of paralogs, with larger genomes containing
more paralogs than smaller ones (Bratlie et al. 2010). Taking
into account all gene family members, regardless of whether
they originate from duplication processes or transfer events,
this trend is generally observed within chlamydial genomes
(fig. 2a).

As described previously, gene family expansions are sparse
within the genomes of the Chlamydiaceae (Kalman et al.
1999; Kamneva et al. 2012), with C. pneumoniae CWL029
harboring the largest number (n = 24). In line with previous
observations, the largest gene families identified in our study
encode the polymorphic membrane proteins (PMPs)
(Grimwood and Stephens 1999; Gomes et al. 2006) including
nine members from C. pneumoniae LPCoLN and two from
the C. trachomatis serovars. The observed split of PMPs
among several smaller gene families in our analysis is an in-
dication that our approach is rather conservative in assigning
a protein to a gene family.

The total number of expansion events (n = 277) detected
in the genome of Simkania negevensis represents a 10-fold
increase when compared with the Chlamydiaceae. As these
group into many small gene families, the extended number of
gene copies in S. negevensis is the result of many small-scale
duplication or transfer events (fig. 2b). This situation is similar
in Waddlia chondrophila. In stark contrast, roughly half of the
total of genes resulting from expansion events in Neochlamy-
dia and Protochlamydia are the contribution of only few gene
families.

Large Gene Family Expansions in the
Parachlamydiaceae
The detection of large gene families in Neochlamydia and
Protochlamydia indicates that there have been several large-
scale expansion events within the Parachlamydiaceae. Nota-
bly, different gene families are expanded in Neochlamydia and
Protochlamydia (fig. 2b). These represent the four largest gene
families (containing between 27 and 138 members) found
within the phylum and include two gene families specific to
Neochlamydia and two restricted to Protochlamydia.

Intrigued by these four large-scale lineage-specific expan-
sion events between the species pairs of Protochlamydia and
Neochlamydia, we sought to better characterize these gene
families, as most of their members are yet unknown with
respect to their functional role (i.e., they are classified as hy-
pothetical proteins). Remarkably, despite being in different
gene families from different organisms, there are several sim-
ilarities between these proteins. Firstly, they all encompass
protein–protein interaction domains such as leucine-rich

repeats (LRRs) or tetratricopeptide repeats (TPRs). Secondly,
many of them contain additional domains typically found in
eukaryotes, such as F-boxes, BTB-boxes, and RING/U-boxes,
which are associated with eukaryotic ubiquitination pathways
(Angot et al. 2007).

A

B

FIG. 2. The paralogous gene landscape of the Chlamydiae. (A) Number
of paralogous genes within the Chlamydiae. The number of paralogous
genes, not including multiple copies, is plotted against genome size
along with a linear regression line (y = 47.87x – 42.9; R2 = 0.70; black
line). The dashed gray line is plotted as a reference from 200 prokaryotic
genomes (Bratlie et al. 2010). (B) Distribution of chlamydial gene families
per genome with two or more members. The number of genes within
each family is plotted for representative genomes. The genomes of the
Chlamydiaceae have relatively small gene family sizes. The polymorphic
outer membrane proteins comprise the largest gene families in the
Chlamydiaceae and can be seen as the two largest blocks in the
Chlamydia pneumoniae LPCoLN (Cpn) bar. The size distribution of
gene families is ordered from smallest to greatest, and the appearance
of a solid “black box” at the base is merely an effect of the spacing of
many small gene families. There are several extensive gene families (la-
beled) within members of Neochlamydia (NEX1, NEX2) and
Protochlamydia (PEX1, PEX2).
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Eukaryotic Ubiquitination-Associated Domains
Predominate Large Gene Families
The largest gene family, termed Neochlamydia expansion 1
(NEX1), in the phylum comprised a total of 138 members,
which are contributed by the two Neochlamydia genomes.
The domain architecture within this large gene family is het-
erogeneous; however, all proteins contain various C-terminal
repetitions of LRR domains (fig. 3). We have identified two
subfamilies that we delineate NEX1a and NEX1b within the
NEX1 family. The majority of members fall into the NEX1a
subfamily, in which they have a highly conserved N-terminal
F-box or F-box-like domain. The members have an average of
77% sequence similarity among each other, and the F-box-like
domain is 57% and 45% similar to Acanthamoeba castellanii
and human F-box-like domains, respectively. The smaller
NEX1b family, in contrast, has a conserved RING/U-box at
the N-terminus. Both the F-box and RING/U-box domains are
associated with eukaryotic E3 ubiquitin ligase complexes
(Willems et al. 2004). Between all members in the NEX1
family, there is a region of roughly 50 amino acids between
the predicted N-terminal domains and the LRRs that is highly
conserved. However, we failed to detect any known domains
in this region nor was there any homology to known proteins.

The second large gene family within the Neochlamydia
represents the third largest family of the phylum. This large
gene family, termed NEX2, comprised 50 proteins (fig. 3).

Similar to NEX1, the prevailing domain architecture is that
of eukaryotic-like E3 ubiquitin ligase-associated domains
paired with repeat domains. This family is defined by the
presence of multiple TPR domains at the C-terminus, and a
general conservation of an F-box domain at the N-terminus in
the majority of members. In most members, there is also a
conserved DUF294 domain located mid protein, which is a
putative nucleotidyltransferase. In ten members, there is an
ovarian tumor (OTU) (Balakirev et al. 2003) domain directly
following the F-box domain followed by the DUF294 domain.

The other large gene families occur primarily in the mem-
bers of the Protochlamydia and represent the second and
fourth largest gene families of the phylum. The largest gene
family in the Protochlamydia (PEX1) comprised 73 members
in total (fig. 3). Intriguingly, another E3 ubiquitin ligase-related
domain, the BTB domain, is present in all but three members,
at the N-terminus. The BTB domain is then coupled to
C-terminal LRR domains in all members. The PEX2 family
comprised a total of 27 proteins that, despite no detectable
domain at the N-terminus, share multiple TPR domains in the
middle of the protein followed by a CHAT domain
(Sakakibara and Hattori 2000) at the C-terminus.

In summary, the four largest gene families represent a sur-
prisingly diverse armada of proteins, which most likely func-
tion within eukaryotic host cells where they potentially
interfere with the ubiquitination pathway. The heterogeneity

FIG. 3. Protein domain architecture of largest gene families. The domain architecture of Neochlamydia (NEX1, NEX2) and Protochlamydia (PEX1, PEX2)
gene families are shown. The range of the number of domain repeats and functional assignments of the detected domains are indicated. NEX1 can be
divided into two subfamilies based on phylogeny and domain presence/absence. A role of these proteins in the context of eukaryotic cells can be
postulated based on the presence of domains otherwise found in eukaryotes.
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in domain architecture among these proteins interestingly
mirrors that of their eukaryotic counterparts (Perez-Torrado
et al. 2006; Xu 2006).

A Pool of Putative Effector Proteins
If the members of the largest gene families in the phylum
Chlamydiae serve as effector proteins for host manipulation,
they would need to be secreted and transported to the host
cell cytosol. This is typically achieved through a type III secre-
tion system, a well-conserved virulence mechanism among
the Chlamydiae, which has been shown to translocate several
characterized effectors (Peters et al. 2007; Betts et al. 2009).
Indeed, many of the proteins found within the expanded
Neochlamydia and Protochlamydia gene families are pre-
dicted by computational analysis to be secreted by the type
III secretion system and to be extracellular, host associated.
Within the NEX1 family, 66 of 138 (49%) members are pre-
dicted to be secreted. A total of 37 (51%) and 10 (37%) were
predicted to be secreted from within the PEX1 and PEX2 gene
families, respectively. The NEX2 gene family had the fewest
predicted with only two members.

As the identification of the signal for secretion via the type
III secretion system is inherently difficult (Arnold et al. 2009),
we tested representatives of each of the four largest gene
families in vitro using a heterologous type III secretion sub-
strate assay with Shigella flexneri as a host for protein expres-
sion. This assay has been used to successfully characterize type
III secretion effector proteins from the chlamydiae before
(Subtil et al. 2001), and because of the lack of routine genetic
tools, the Sh. flexneri system is an attractive surrogate method
for analyzing type III secretion in chlamydiae in vivo. This
experiment demonstrated that the tested members of
NEX1, NEX2, PEX1, and PEX2 contain a functional type III
secretion recognition signal (supplementary fig. S1,
Supplementary Material online). Together with the presence
of eukaryotic-like domains and computational predictions,
this strongly indicates that these gene families are large
pools of effector proteins.

Molecular Evolution of Large Gene Families
To better understand how these large gene families may have
evolved, we reconstructed their phylogenetic relationships.
Gene family trees were calculated using conserved sites
among the protein alignment (supplementary figs. S2–S6,
Supplementary Material online). The average amino acid
identity between members ranges from 45% to 64%, with
the most closely related sequences belonging to PEX2. Tree
topologies suggest that the members of all four gene families
have rapidly diverged as indicated by their long branch
lengths. Although the number of LRR and TPR domains
varies dramatically between 1 and 39, this had no apparent
effect on the phylogenetic placement.

We find clear cases in which the orthologs of two species
group together, indicating expansions have occurred before
speciation (supplementary figs. S2–S6, Supplementary
Material online). Alternatively, expansions post speciation is
apparent in all gene families. Reconciliation of gene family

trees with the species tree indicates that, in addition to ex-
pansions, many gene losses have occurred for each gene
family (supplementary table S3, Supplementary Material
online). For instance, for the NEX1 family, there have been
78 expansion events, whereas 33 losses have occurred, attrib-
uted to 13 and 20 losses in Neochlamydia spp. EPS4 and
TUME1, respectively. There were nearly equal losses between
EPS4 and TUME1 (13 and 10) in NEX2 and a total of 46
expansions. Similarly, PEX1 consists of 52 expansions, and
15 and 9 losses in Protochlamydia amoebophila EI2 and
UWE25, respectively.

A Birth-and-Death Model of Evolution
A pattern of differential gain, loss, and maintenance of gene
family members is strongly indicative of these gene families
evolving according to a birth-and-death model (Nei and
Rooney 2005). Because of this differential maintenance of
gene family members, the hallmarks of the birth-and-death
model are interspecies clustering of members in the phyloge-
netic trees and the presence of pseudogenes from degraded
members (Nei 2007). As we observe interspecies clustering for
the PEX and NEX gene families (supplementary figs. S2–S6,
Supplementary Material online), we also tested for pseudo-
genization events in the intergenic regions of the P. amoebo-
phila UWE25 genome (the draft Neochlamydia genomes are
less suitable for this analysis). By utilizing BLAST, we searched
for matches to the predicted proteome using all intergenic
regions as a query. We then mapped the best BLAST hits,
representing 116 pseudogenes, to their respective gene fam-
ilies to get a picture of a given families’ representation in the
intergenic regions. The most represented gene family in the
intergenic regions, surprisingly, was PEX1 (16 pseudogenes).
For PEX2, one pseudogenized fragment was detected. The
observed presence of interspecies clustering and pseudo-
genes, and the dynamic history of gains and losses within
the gene families are indicative of a birth-and-death model
of evolution.

In contrast, if these families were evolving via concerted
evolution, the phylogenetic trees would depict intraspecies
clustering, that is, that members of a gene family will be more
homologous to the other members from the same organism
than to that of other species. Intraspecies clustering occurs
due to repeated recombination among gene family members
within a genome, leading to an overall high sequence similar-
ity of all members, a process known as gene conversion
(Santoyo and Romero 2005). We thus tested for the possibil-
ity of recombination within the gene families using the meth-
ods implemented in the RDP4 software suite (Martin et al.
2010). Care must be taken, however, when assessing the
impact of recombination among divergent proteins, as the
recombination signal is quite error prone when proteins share
less than 70% similarity, and these methods are heavily de-
pendent on the alignment (Martin et al. 2010). We detect
some recombination events between members within the
PEX and NEX gene families; however, the majority of the
predictions are only marginally significant (the consensus
scores are below the confidence threshold of 0.6). In the
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NEX1a family, the portion of the sequences most identified as
recombinant is the F-box domain (supplementary fig. S8,
Supplementary Material online). This should be judiciously
interpreted, as this might represent sequence similarity due to
purifying selection operating on this domain. Overall, we did
not find convincing evidence that recombination has played a
major role in shaping the evolution of the PEX and NEX gene
families.

Gene Duplications and Purifying Selection
Gene family expansions can be the result of either gene du-
plication or HGT. The disentangling of these events is not
trivial and, in fact, may be impossible in the case of the gene
families investigated here due to lineage-specific evolution
and the absence of clear homologs in other bacterial taxa
(Kuo and Ochman 2009b). However, several lines of evidence
suggest that, regardless of the initial origin of these genes, gene
duplication processes have played a clear role in the evolution
the large Parachlamydiaceae gene families. First, a hallmark of
gene duplication is the presence of tandem arrays of gene
copies. In this regard, we find several large tandem arrays with
members of the large gene families in Protochlamydia and
Neochlamydia, including examples for recent duplications
(fig. 4, supplementary fig. S7, Supplementary Material
online). In the P. amoebophila UWE25 genome, we detected
47 tandem duplication events (distance within 10 genes) rep-
resented by only 13 gene families. Nearly half of these are the
contribution of PEX1 (n = 20); however, they appear in several
clusters spread throughout the genome. PEX2 demonstrates
the most dramatic case of a tandem array consisting of 13
members. After the PEX gene families, the third largest
tandem array only comprised three members, intriguingly
also F-box domain containing proteins. NEX1 has 50 instances
(36%) where members are found within five genes of each
other. Second, the majority of the large gene family members
meet the generally used criterion for identification of paralogs,
that is, they show at least 30% amino acid sequence identity
over at least 60% of the protein length. Thirdly, phylogenetic
trees show several species-specific expansion events

(including those genes still arranged in tandem arrays),
which are best explained by gene duplication.

Effector proteins have been shown to be among the fastest
evolving proteins in a number of pathogen genomes
(Nogueira et al. 2012) and are often shown to be under pos-
itive selection. To assess the mode of selection acting on
members of the expanded gene families, we calculated the
ratio of nonsynonymous (dN) versus synonymous (dS) sub-
stitution rates for each of the four gene families. A dN/dS ratio
equal to 1 indicates a neutral state of selection, whereas values
higher or lower than 1 indicate positive or purifying selection,
respectively. Global estimates of dN/dS under the Model M0
from CodeML (Yang 2007) ranged from 0.29 (NEX2) to 0.63
(NEX1a). Additionally, using pairwise sequence comparisons
for dN/dS calculation, we did not find support that these gene
families are currently evolving under positive selection.
However, the probability of these gene families evolving
under purifying selection was highly significant (P< 0.01).
Therefore, purifying selection is currently the dominant
force driving the evolution of these gene families and thus
facilitates their maintenance.

Massive Expansion of Ubiquitination-Associated
Proteins
Driven by the discovery that members of the four largest
Parachlamydiaceae gene families showed rapid divergence
and are kept in chlamydial genomes despite apparent func-
tional redundancy, we asked whether there are additional
genes not included in these gene families but encoding similar
functional domains. The common theme of the large
Parachlamydiaceae gene families is the presence of domains
that serve in the recruitment of target proteins to the eukary-
otic ubiquitination machinery. We therefore extracted all pro-
teins containing F-box/F-box-like, BTB/POZ, and RING/U-box
domains by scanning all chlamydial proteomes with each
respective HMM profile. We found no RING/U-box contain-
ing proteins apart from those identified earlier as members of
NEX1b, and we detected only few additional proteins in
Neochlamydia and Parachlamydia harboring a BTB/POZ
domain similar to those of PEX1. However, our search

FIG. 4. Example of duplication of BTB-box proteins in the Protochlamydia. A new duplicate has arisen in Protochlamydia amoebophila UWE25 (shown
via the arrow) after the split from P. amoebophila EI2. BTB-box proteins are indicated in purple. The phylogenetic placement of these proteins
(supplementary fig. S5, Supplementary Material online) supports this scenario. Orthologous proteins between the Protochlamydia are indicated by
connecting blocks.
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unveiled an astonishing number of proteins harboring F-box/
F-box-like domains, with over 370 proteins within the
phylum. Nearly 300 of the F-box proteins are the contribution
of the two Neochlamydia species (129 in TUME1 and 158 in
EPS4). To characterize the relationships among this F-box
superfamily, we constructed a phylogenetic tree based on a
domain alignment. This analysis shows that many of the ad-
ditional F-box proteins found in Neochlamydia cluster with
either NEX1a or NEX2 (fig. 5a). We also see several lineage-
specific expansions of F-box proteins within Protochlamydia
and Parachlamydia species. Reconciliation of the F-box
superfamily tree with the chlamydial species tree confirms
an extremely dynamic history of large-scale gene birth and
death events (fig. 5b), mirroring the evolutionary pattern seen

for the large Parachlamydiaceae gene families (supplementary
figs. S2–S6 and table S3, Supplementary Material online).

Furthermore, we searched for additional chlamydial pro-
teins containing domains for protein–protein interaction,
such as LRR, TPR, or ankyrin repeats, which are often associ-
ated with F-box/F-box-like, BTB/POZ, and RING/U-box do-
mains in the large gene families. This search identified a vast
number of proteins for each domain. For instance, chlamydial
genomes encode 409 proteins with LRR domains, nearly
doubling the amount of LRR proteins contributed by the
large Parachlamydiaceae gene families. Taken together, in ad-
dition to the four large gene families, there is an even greater
pool of chlamydial proteins with a putative role in host
interaction.

FIG. 5. The phylogeny and evolutionary history of the F-box superfamily within the Chlamydiae. (A) The phylogeny of 376 proteins within the
Chlamydiae that harbor an F-box/F-box-like domain. This domain was extracted from each protein and aligned using MAFFT. Maximum-likelihood
reconstruction of the phylogeny of the superfamily was performed with FastTree2. (B) The F-box domain superfamily gene tree was reconciled with the
chlamydial species tree to reconstruct the evolutionary history of this group for members of the Chlamydiae. The nodes in blue indicate the predicted
number of F-box proteins, and numbers on the branches depict the gains and losses. The extant species are indicated with their respective counts for
F-box proteins. The Neochlamydia have undergone massive gains and losses after the divergence from Protochlamydia.
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To gain a broader overview of the occurrence of F-box/F-
box-like and BTB/POZ domains among other prokaryotes
and eukaryotes, we extracted domain abundance data from
Pfam (Finn et al. 2013) and included the current counts for
the Chlamydiae genomes present in this study (fig. 6). This
revealed a striking pattern that the few bacterial groups
encoding proteins with F-box and BTB domains are almost
exclusively amoeba-associated organisms. These include
members of the Legionellales (Gammaproteobacteria), the
Rickettsiales (Alphaproteobacteria), and the amoeba symbi-
ont Amoebophilus asiaticus (Bacteroidetes). When the
number of F-box proteins is normalized against the total
number of species in a given taxon, the Chlamydiae lead in
the number of F-box proteins found in bacteria and even
harbor more than several lineages of eukaryotes including
the Amoebozoa. For the BTB proteins, the Chlamydiae
appear to be the only bacterial lineage that harbors this
domain. It is intriguing that many of the large double-
stranded DNA viruses, namely the amoeba-infecting giant
viruses, contain many proteins with an F-box or BTB domain.

Discussion

Large Gene Families Are Rare within Reduced
Bacterial Genomes
Chlamydial genomes are among the smallest known for pro-
karyotes due to genome degradation consistent with long-
term, obligate associations with eukaryotic organisms
(McCutcheon and Moran 2011). The genomes of host-asso-
ciated bacteria such as Coxiella, Mycoplasma, Rickettsia spe-
cies, and members of the Chlamydiaceae, tend to have small
or single copy, gene families (Gevers et al. 2004), and gene
family expansions, either by gene duplication or HGT appear
to have less effect on shaping the genomes of these obligate
host-associated bacteria (Bordenstein and Reznikoff 2005).
However, there is evidence that HGT may be more prevalent
than once thought in these organisms (Blanc et al. 2007).
A notable exception to this paradigm is the genome of the
obligate intracellular pathogen Orientia tsutsugamushi
(Rickettsiales), in which there has been massive expansion
of type IV secretion system (over 350 tra-related genes) and
host–microbe interaction genes (Cho et al. 2007). However,
these expansions are thought to be the result of copious
plasmid integration, and the genome is also littered with
mobile elements, a scenario not shared within chlamydial
genomes. Here, we have shown that several members of
the Chlamydiae harbor gene families that have expanded at
immense magnitudes, especially when compared with other
intracellular bacteria (fig. 2). We find strong support for du-
plication processes contributing to the expansion of these
families, thus highlighting that innovation through gene

FIG. 6. Taxonomic profile of F-box and BTB domains. The distribution
of (A) the F-box clan, and (B) the BTB-box throughout sequenced or-
ganisms. The size of the node indicates the number of species harboring
proteins with the domain. Thus, larger node size indicates a larger
number of species in which a domain is found within a taxon. Nodes
are ordered from least to greatest by the total number of proteins that
contain the domain within the taxon. This is different than the number
of species as one species can have many proteins harboring a given
domain. To reflect this disparity and to facilitate comparisons, we com-
puted a normalized value for each taxon that represents the number of
total proteins divided by the number of species. This normalization
value is represented by the width of the arc in the diagram. For instance,
the chlamydiae are represented by few species (small node size) but are
among the taxa containing the largest numbers of proteins with F-Box
and BTB domains (position on vertical axis) and show a high number of
proteins with these domains per species (arc width). All bacterial taxa

FIG. 6. Continued
are plotted in purple and selected major eukaryotic taxa in blue. The
Chlamydiae are labeled in red, and double-stranded DNA viruses are
shown in green. The data were obtained from the Pfam database for
each domain, and counts were updated to reflect findings in this study.
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duplication has had pronounced effects in shaping these chla-
mydial genomes.

Chlamydial Proteins Putatively Involved in
Interference with Eukaryotic Ubiquitination Pathways
We demonstrated that the largest chlamydial gene families
harbor proteins with domains associated with eukaryotic ubi-
quitination pathways and that the chlamydial F-box super-
family, in particular, is tremendous in size (figs. 3 and 5). A
recent survey of prokaryotes found a total of 74 F-box pro-
teins distributed in 22 species (Price and Kwaik 2010), which
means the number of these proteins present in a single
Neochlamydia genome is twice that of all previously known
bacterial F-box proteins combined. The 76-member BTB su-
perfamily is also remarkable in that the Parachlamydiaceae are
the only prokaryotes known to harbor this domain (fig. 6).

In eukaryotes, ubiquitin plays a pivotal regulatory role as a
posttranslational modification that includes targeting pro-
teins for degradation. The process of adding ubiquitin to a
protein occurs when an assembled E3 ubiquitin ligase com-
plex carrying a target protein is bound to the ubiquitin con-
jugating enzyme E2. The ubiquitin ligase is a multiprotein
complex termed the Skp1-Cullin-F-box protein complex, by
which F-box proteins recruit target proteins and subsequently
bind to Skp1, which is linked to a Cullin protein (Zheng et al.
2002). A RING/U-box protein then serves as a linker of E2 to
the newly formed ubiquitin ligase, and the transfer of the
ubiquitin moiety to the target occurs. BTB-box proteins can
have multiple functions, but chief among them is a functional
equivalent to the F-box protein in recruiting targets by bind-
ing to the E3 ubiquitin ligase complex (Perez-Torrado et al.
2006). Protein–protein interaction domains, such as ankyrin,
kelch, WD-40, LRR, or TPR repeat domains, are coupled to
F-box and BTB-box domains and confer the specificity for
target proteins.

Given the conservation and essentiality of the ubiquitina-
tion pathway throughout eukaryotes, it should come as no
surprise that bacterial pathogens have engineered ways to
manipulate this pathway. The use of F-box proteins appears
to be a common feature among plant pathogens, such as
Agrobacterium tumefaciens and Ralstonia solanacearum,
whose genomes encode one and four F-box proteins, respec-
tively (Magori and Citovsky 2011). Intriguingly, F-box proteins
seem to be a common feature of amoeba-associated bacteria
and viruses. The amoeba symbiont A. asiaticus, a Bacteroi-
detes, is predicted to harbor 15 F-box proteins and until now
was the largest known pool of these proteins among se-
quenced genomes (Schmitz-Esser et al. 2010). Additionally,
Legionella pneumophila exports an F-box protein coupled
to ankyrin repeats, termed AnkB, that is essential for infection
of both human cell lines and Acanthamoeba (Price et al. 2009;
Lomma et al. 2010). AnkB blocks host proteosomal degrada-
tion and thus generates increased levels of required amino
acids (Price et al. 2009; Price et al. 2011). Several other F-box
proteins secreted by L. pneumophila have been shown to
interact with host E3 ligase complexes (Ensminger and
Isberg 2010). Among the members of the Chlamydiaceae,

we could not detect an F-box or BTB-box domain. However,
there are several proteins within the Chlamydiaceae that
function as deubiquinating proteases, such as the C. tracho-
matis ChlaDub1 (Misaghi et al. 2006) and the recently de-
scribed ChlaOTU characterized in Chlamydia caviae (Furtado
et al. 2013).

We have shown experimentally that representative mem-
bers of the investigated chlamydial gene families contain func-
tional type III secretion signals (supplementary fig. S1,
Supplementary Material online). Thus, they likely represent
an extensive pool of effector proteins with a putative role in
hijacking the host ubiquitination machinery, perhaps in a
manner similar to AnkB from Legionella, by increasing nutri-
ent availability. In the absence of direct protein–protein in-
teraction data, however, we can only speculate as to what the
interaction partner(s) are for the members of the PEX and
NEX gene families.

Birth-and-Death Evolution Has Shaped Large
Parachlamydiaceae Gene Families
Large gene families are thought to generally either evolve via
concerted evolution or according to a birth-and-death model
(Nei and Rooney 2005). When gene families are evolving con-
certedly, all members experience the same evolutionary pres-
sure and evolve as a unit. The gene family is marked by
recombination between members that leads to a homogeni-
zation of all members, and thus in the phylogenetic analysis,
one observes intraspecies clustering of gene family members.
Although we do find minor evidence that recombination has
occurred between members in the PEX and NEX gene families
(supplementary fig. S8, Supplementary Material online), the
effect does not appear to be that of homogenization. In con-
trast, long branch lengths in the trees and moderate overall
sequence similarity indicate these proteins have diverged
quite extensively (supplementary figs. S2–S6, Supplementary
Material online). As we do not observe a dominance of in-
traspecies clustering in the phylogenetic analysis, these gene
families are not evolving in a fashion as would be predicted via
concerted evolution.

We provide clear evidence supporting birth-and-death
evolution of the PEX and NEX gene families, which is
marked by independent gains and losses of members (Nei
and Rooney 2005). We detected frequent lineage-specific du-
plication and loss events, leading to high rates of variation in
copy number between closely related organisms (supplemen-
tary table S3, Supplementary Material online). In the phylo-
genetic trees of the PEX and NEX gene families, we find
interspecies clustering of members, which is a hallmark of
the birth-and-death model (supplementary figs. S2–S6,
Supplementary Material online). Additionally, we detected
pseudogenized gene fragments of members related to the
large gene families, which is another hallmark of this mode
of evolution. To our knowledge, this mode of evolution has so
far only been described once for a bacterial gene family
(Rooney and Ward 2008).

It has been proposed that gene families that control phe-
notypic characters are generally subject to birth-and-death
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evolution (Nei and Rooney 2005; Nei 2007). In the case of the
expansions seen in the Parachlamydiaceae, this character is
likely the ability to effectively infect and replicate in protist
hosts. The advantage of the birth-and-death scenario, as op-
posed to concerted evolution, is that individual members of
the gene family are able to functionally differentiate from each
other and thus might facilitate the adaptation to new eco-
logical niches (Nei 2007). Therefore, a possible driver for the
birth-and-death model for the PEX and NEX families is the
exploitation of new ecological niches, which in this case is
most likely new host(s) species or a novel way to subvert host
cell machinery.

A Confluence of Drift and Selection
Birth-and-death evolution of gene families occurs by both
adaptive processes and chance events, such as genetic drift
(Nei et al. 2008). This is due to the fact that, although gene
duplications are intrinsically stochastic events, their fixation is
influenced by both selection and genetic drift. If a duplicate is
fixed, functional divergence can occur due to relaxed selec-
tion or diversifying selection in one of the gene copies, a
process known as neofunctionalization (Lynch and Conery
2000). Once these genes have diverged, the new functions
are then maintained in the genome via purifying selection.
We envision an evolutionary scenario where the PEX and NEX
gene family members rapidly diverged either due to positive
diversifying or relaxed selection after duplication, likely leading
to functional diversification. The window for detecting these
early diversification processes is very small, but our analysis
indicates that the gene family members are now being main-
tained via purifying selection.

The retention of such large gene families in organisms that
typically undergo extreme genome reduction is perplexing,
especially when considering the variation in copy number
between organisms. The large number of gains and losses
for F-box domain containing proteins across chlamydial line-
ages indicate substantial fluctuations in gene content, some-
times over short evolutionary time (fig. 5b). One described
corollary of gene families evolving via a birth-and-death
model is that the copy number variation of members
within a gene family may vary due to chance duplication/
loss events both between and within species, a process coined
“genomic drift" (Nei et al. 2008). Genomic drift has been in-
voked to explain the large copy number variations in several
large gene families in eukaryotes, including animal chemosen-
sory receptors (Nozawa et al. 2007), homeobox genes (Nam
and Nei 2005), and fatty-acid reductases (Eir!ın-L!opez et al.
2012).

Remarkably, eukaryotic F-box and BTB-box gene families
demonstrate the same dramatic evolution following a rapid
birth-and-death model, and extensive copy number variation
is seen both between and within eukaryotic species (Xu 2006;
Navarro-Quezada et al. 2013). This is especially true in higher
plant species (Stogios et al. 2005; Xu et al. 2009), where
Arabidopsis thaliana and Oryza sativa harbor upwards of
800 F-box proteins (Xu et al. 2009), and large expansions
have also been described in some nematode lineages

(Thomas 2006). A case has been made that genomic drift
also influences the evolution of these eukaryotic F-box/
BTB-box protein families (Xu et al. 2009). Genomic drift there-
fore seems a plausible mechanism describing some aspects of
evolution of the PEX and NEX gene families in the
Parachlamydiaceae. Genome sequences from other chlamyd-
ial genomes and data from within populations would allow
further testing of this hypothesis.

Another possibility is that the expansion of these families is
the result of selection pressure due to a coevolutionary arms
race with host counterpart protein(s). Under this scenario,
the expansion and diversification of these families are in direct
response to changes in target proteins. These evolutionary
dynamics, also referred to as the Red Queen hypothesis
(Valen 1974), have been most exemplified in bacteria
within plant–pathogen relationships, most notably between
the pathogen Pseudomonas syringae and its host Ar. thaliana
(Ma et al. 2006; Baltrus et al. 2011). Copy number variation of
effector proteins has been shown for Ps. syringae, and it is
speculated that these differences confer differential host
ranges (Baltrus et al. 2011). It is plausible, therefore, that var-
iations in copy number between the PEX and NEX gene fam-
ilies is influenced by the host range of particular chlamydial
lineages. This would imply that these proteins interact with
many targets from a narrow host range or that there are a
limited number of targets for a large number of possible hosts.
It seems most parsimonious that the latter was the case and
that these genes serve as accessory virulence factors allowing
these chlamydiae to expand their host range. However, the
failure to detect positive selection as the major force acting on
the PEX and NEX gene family members casts doubts on a
coevolutionary arms race as the sole mechanism for the evo-
lution of these gene families.

Another conceivable scenario might be that selection pres-
sure for increased gene dosage has contributed to the expan-
sion of the large chlamydial gene families. In reduced genomes
where the pool of regulatory proteins is limited, a path for
increased protein expression might be gene duplication. This
mode of “gene amplification" has been described, for instance,
for the increase of antibiotic resistance genes in E. coli, the
cholera toxin gene in Vibrio cholerae, and capsule biosynthesis
genes in Haemophilus influenza (reviewed in Andersson and
Hughes 2009). Although a gene dosage scenario cannot be
fully ruled out for the PEX and NEX gene families, it seems
unlikely as the high divergence of their members makes a
completely overlapping function highly improbable.
Additionally, gene amplifications are in response to strong
selection pressure and would therefore be under strong pos-
itive selection. It is also known that once these selection pres-
sures are removed, the amplified gene copies are rapidly lost
within the population, often within several generations
(Andersson and Hughes 2009).

We favor a hypothesis that incorporates both selection
and chance into the equation. We envision that the expan-
sion of these gene families is reflective of their role in host–
microbe interaction, where they are interfering with the host
ubiquitination pathway. The expansions may reflect either a
change in the environmental niche, perhaps the ability to
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infect a new host organism, or they may be in response to a
growing number of targets within a current host. Because the
PEX and NEX gene families have, respectively, expanded in the
Protochlamydia and Neochlamydia, they appear to provide
lineage-specific functions related to particular host interac-
tions. The PEX and NEX variation in copy number between
closely related organisms may be reflective of genomic drift, in
which the independent gain and loss of members within a
family has been determined, to some extent, by chance
events. The fact that members of the Chlamydiae, including
pathogenic Chlamydia, also harbor various proteins to sub-
vert the host ubiquitination pathway indicates a case of con-
vergent evolution toward exploitation of this system within
this phylum.

To summarize, the Chlamydiae harbor several lineage-spe-
cific gene families, which are the largest among intracellular
microbes with small genomes. Experimental evidence and
computational analysis strongly indicate that members of
these large gene families function as effector proteins involved
in manipulating the ubiquitination machinery of their eukary-
otic host cells. The large chlamydial gene families follow a
birth-and-death model of evolution, where genomic drift
may influence copy number variation. This might represent
a previously undescribed mechanism by which organisms
with limited exposure to larger gene pools generate genetic
diversity.

Materials and Methods

Genome Sequencing
We sequenced the genomes of P. amoebophila EI2 (Schmitz-
Esser et al. 2008), Parachlamydia acanthamoebae OEW1
(Heinz et al. 2007), Neochlamydia sp. TUME1 (Fritsche et al.
2000), and Neochlamydia sp. EPS4. The Acanthamoeba sp.
harboring the latter was isolated from pond sediment from
Elba, Italy. Cells and DNA were prepared as described previ-
ously (Schmitz-Esser et al. 2010). All four genomes were se-
quenced using 454 technology, and assemblies were
performed using Newbler 2.6. We implemented an in-house
pipeline for genome annotation that combines multiple
approaches for gene calling and function prediction. Gene
calling was performed by combining ab initio predictions
from GeneMark (Besemer et al. 2001), Glimmer v3.02 (Del-
cher et al. 2007), Prodigal (Hyatt et al. 2010), and Critica v1.05
(Badger and Olsen 1999) with homology information derived
from a BLAST search against National Center for Biotechnol-
ogy Information nonredundant protein database (NCBI
Resource Coordinators 2014). RNA genes were called by
tRNAscan-SE (Lowe and Eddy 1997), RNAmmer (Lagesen
et al. 2007), and Rfam (Griffiths-Jones et al. 2005). Function
prediction was performed via BLAST against the UniProt
database (UniProt Consortium 2014), and domain prediction
was performed via InterProScan 5 (Jones et al. 2014).
Completeness estimates were performed based on the pres-
ence of single-copy marker genes (n = 54) found in 99% of all
bacterial genomes. Sequences have been deposited at Gen-
bank/EMBL/DDBJ under accession numbers PRJNA242498,
PRJNA242497, PRJNA242499, and PRJNA242500.

Comparative Genome Analysis
Orthologous protein groups were calculated using OrthoMCL
(Li et al. 2003) with default parameters using the predicted
proteomes from 19 chlamydial organisms (supplementary
table S2, Supplementary Material online). For those gene fam-
ilies under analysis, membership to a given family was further
evaluated by alignment and assessment of the phylogenetic
trees. Members that had obvious major differences in the
alignment and trees were dubbed spurious, and likely to
have been grouped due to homology in the repeat region,
and thus were removed from the gene family. Whole-genome
alignments were performed using the MAUVE progressive-
Mauve algorithm (Darling et al. 2010). The MAUVE align-
ments and local synteny plots were visualized in R (v 3.0.1)
with the genoPlotR package (Guy et al. 2010).

Species Tree Construction
Phylogeny of the Chlamydiae was reconstructed using 32
phylogenetic marker proteins (supplementary table S2,
Supplementary Material online). Multiple sequence align-
ments were performed with MAFFT (Katoh and Standley
2013) using the settings “–maxiterate 1000" and all align-
ments subsequently concatenated using FASconCAT v1.0
(K€uck and Meusemann 2010). Maximum-likelihood analysis
was performed with RAxML (Stamatakis 2006) with 1,000
bootstrap iterations under the PROTGAMMAGTR model,
and Bayesian inference was performed with MrBayes v3.2
(Ronquist and Huelsenbeck 2003) using the mixed amino
acid model and standard settings via the CIPRES science gate-
way (Miller et al. 2010). Alignment and tree files are available
as supplementary material, Supplementary Material online.

Gene Family Analysis
As multiple sequence alignments of repeat containing pro-
teins are not trivial, we employed several methods to obtain
reliable alignments. We compared the alignments produced
by MUSCLE (Edgar 2004), MAFFT using the “genapairs"
option (Katoh and Standley 2013), and DIALIGN-PFAM (Al
Ait et al. 2013), all with and without trimming by Gblocks
using relaxed parameters “-b5=h" (Castresana 2000). In nearly
all cases, the MAFFT alignment combined with Gblocks
yielded the best alignment as judged by manual inspection.
The exceptions were that DIALIGN-PFAM with Gblocks was
the best method for the NEX1b and PEX1 alignments. To
ensure robustness, we calculated neighbor joining, maximum
likelihood, and Bayesian trees for each of the alignment data
sets and selected the most supported tree for the final anal-
ysis. In all cases, the Bayesian trees yielded the most support,
which were calculated on the CIPRES gateway (Miller et al.
2010) with MrBayes as mentioned above for the species tree.
For protein domain phylogenies, we extracted and aligned the
domains using the hmmalign program from HMMER3 pack-
age (Eddy 2011), and phylogenetic trees for the domains were
calculated using FastTree2 (Price et al. 2010). Reconciliations
of gene trees to the species tree to infer gene gain and loss
were performed in Notung v2.6 (Stolzer et al. 2012), and the
root for the gene trees was assigned within the program to
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achieve the lowest duplication-to-loss ratio. Phylogenetic
trees were visualized using iTOL (Letunic and Bork 2007) or
the ETE2 toolkit (Huerta-Cepas et al. 2010). Alignment and
tree files are available as supplementary material,
Supplementary Material online.

Detection of Selection and Recombination
Whole-protein alignments were converted to codon align-
ments via the Pal2Nal program (Suyama et al. 2006). To
detect the mode of selection acting on these gene families,
we used CodeML from the PAML package (Yang 2007). Only
sequences that were nearly full length and not contig fusions
were used for the CodeML analysis. We additionally used the
modified Nei–Gojobori method for codon selection from the
MEGA v5.1 (Tamura et al. 2011) program with 1,000 boot-
straps and treating missing data with pairwise deletions. We
used the RDP4 software suite (Martin et al. 2010) to detect
recombination events, which is an amalgamation of many
individual recombination programs linked into one software
architecture. We employed seven recombination detection
programs that include RDP (Martin and Rybicki 2000),
GENECONV (Sawyer 1989), MaxChi (Smith 1992), BootScan
(Martin et al. 2005), Chimaera (Posada and Crandall 2001),
SiScan (Gibbs et al. 2000) and 3Seq (Boni et al. 2007). Only
events that were predicted with more than four programs
were considered.

Intergenic Sequences Analysis
The proteome of Protochlamydia was used as query
(tBLASTn) against the intergenic regions. The hits were con-
servatively filtered based on size (4 50 aa), bitscore (4 50),
and E value (<10!10). For each intergenic region when two
query proteins overlap, only the best hit was considered. In
addition, if different parts of the same protein had hits in one
intergenic space only, the top scoring (bitscore) was consid-
ered. Putative domains in the intergenic regions were de-
tected using InterProScan 5 (Jones et al. 2014).

Domain Distribution
For each domain of interest, we downloaded the Pfam HMM
model (Finn et al. 2013) and scanned all chlamydial prote-
omes using the hmmscan program from the HMMER3 suite
(Eddy 2011). In the case of the F-box and F-box-like domains,
the results were combined into a nonredundant list. The data
for the other taxa were obtained through the Pfam website
under the species distribution tab for each domain or clan as
in the case for the F-box. The networks were created using the
“arcdiagram” package in R.

Type III Secretion Analysis
Fusion proteins containing the 50-part of the genes of interest
(including the first 20 codons) and the adenylate cyclase Cya
were expressed in Sh. Flexneri SF401 and SF620, derivatives of
the wild-type strain M90T, in which the mxiD and ipaB genes
have been inactivated (Allaoui et al. 1993). The 50-part of the
target genes were amplified by polymerase chain reaction and
cloned in the puc19cya vector as described (Subtil et al. 2001).

Secretion assays were performed on 30 ml of exponentially
grown cultures as described previously (Subtil et al. 2001).
Antibodies against CRP, a cytosolic marker, were used to es-
timate the contamination of supernatant fractions with bac-
terial proteins as a result of bacterial lysis. Antibodies against
IpaD, a type-III-secreted protein of Shigella, were used to verify
that type III secretion occurred normally in the transformed
strains. A monoclonal antibody against Cya and polyclonal
antibodies against CRP and IpaD were generously provided by
Drs N. Guiso, A. Ullmann, and C. Parsot, respectively (Institut
Pasteur, Paris). Prediction of type III secretion was performed
via the Effective database (Jehl et al. 2011) and the PSORTb
webserver (Yu et al. 2010).

Supplementary Material
Supplementary tables S1–S3 and figures S1–S8 are available at
Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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7DEOH�6���*DLQV�DQG�ORVVHV�IRU�ODUJH�Parachlamydiaceae �JHQH�IDPLOLHV���
(YHQWV�IRU�HDFK�JHQH�IDPLO\�DIWHU�1RWXQJ�UHFRQFLOLDWLRQ�RI�WKH�JHQH�WUHHV�ZLWK�WKH�
VSHFLHV�WUHH�DUH�JLYHQ�DV�µGXSOLFDWLRQV�ORVVHV¶�IRU�HDFK�RUJDQLVP��
 
  NEX1a NEX1b NEX2 PEX1 PEX2 
Proto UWE25 NA NA NA 7/7 0/2 
Proto EI2 NA NA NA 5/14 0/3 
Neo EPS4 19/13 6/1 3/5 NA NA 
Neo TUME1 4/20 0/3 5/6 NA NA 
Total Expansions 78 12 25 49 14 
Total Losses 33 4 11 21 5 
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Supplementary Figure S1. Type III secretion assay in Shigella. A 
representative member from each of the gene families (NEX1: DB42_AK
0040�; NEX2: DB42_CW0006�; PEX1: YP_007742.1; PEX2: 
YP_007044.1) was tested for the presence of a functional type III secretion (T3S) 
signal in its N-terminus using Shigella flexneri. Chimera between the first 20 
codons of the chlamydial genes and the reporter gene cya were transformed into 
a T3S competent strain (ipaB, T3S+) and a T3S deficient strain (mxiD, T3S-). 
Liquid cultures were fractionated into pellet (P) and supernatant (S), the protein 
extracts were run on a SDS-PAGE and transferred to a membrane. The 
membrane was probed with antibodies against IpaD, a known T3S substrate of 
Shigella, CRP, a cytosolic marker protein that serves as a control for cell lysis, 
and Cya. Each of the Cya chimeras tested was observed in the supernatant of 
the T3S+ strain (black triangles), and not of the T3S- strain, demonstrating the  
presence of a functional T3S signal. 
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.
Supplementary Figure S2.  Phylogeny of the NEX1a gene family.
A Bayesian reconstruction of the phylogenetic relationship between the NEX1a members is 
shown along with the corresponding protein domain architecture. There is a conserved 
F-box domain at the N-terminus followed by LRR domains. A region with no detectable 
domains between the F-box and LRR is conserved between the members. Shading in the 
sequence names differentiate between species, where Neochlamydia sp. TUME1 is colored 
in black and Neochlamydia sp. EPS4 is in grey.
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Supplementary Figure S3. Phylogeny of the NEX1b gene family.
A Bayesian reconstruction of the phylogenetic relationship between NEX1b members is shown 
along with the corresponding protein domain architecture. At the N-terminus there is a con-
served RING/U-box domain followed immediately by a TPR domain. The C-terminus of the 
protein consists of various copies of LRR domains. Locus tags colored in black correspond to 
Neochlamydia sp. TUME1 and those in grey to Neochlamydia sp. EPS4. 
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Supplementary Figure S4. Phylogeny of the NEX2 gene family.
A Bayesian reconstruction of the phylogenetic relationship between NEX2 members is shown 
along with the corresponding protein domain architecture. In the majority of members, there is 
an F-box domain at the N-terminus. In some cases (n=11) an OTU domain immediately 
follows. All members then harbor repeating DUF294 domains and a C-terminus of TPR 
domains. Contigs have been fused where indicated by a dash. Colors in the locus tags 
denote species differences where black and grey correspond to Neochlamydia sp. TUME1 
and Neochlamydia sp. EPS4, respectively. 
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Supplementary Figure S5. Phylogeny of the PEX1 gene family.
A Bayesian reconstruction of the phylogenetic relationship between PEX1 members is shown 
along with the corresponding protein domain architecture. A BTB-box domain at the N-terminus 
is followed by multiple copies of LRR domains at the C-terminus. Locus tags colored in black 
correspond to Protochlamydia amoebophila EI2, while those in grey to Protochlamydia ameobo-
phila UWE25. 
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Supplementary Figure S6. Phylogeny of the PEX2 gene family. A Bayesian reconstruction of the 
phylogenetic relationship between PEX2 members is shown along with the corresponding protein 
domain architecture. There is no apparent N-terminal domain present in these members, but vari-
ous copies of TPR domains appear in the middle of the protein. The C-terminus is marked by the 
presence of a CHAT domain. Black locus tags correspond to Protochlamydia amoebophila EI2, 
while grey locus tags are used for Protochlamydia amoebophila UWE25.

��

&KDSWHU�,,,



YP_007034.1

YP_007059.1

DB44_AL00150

DB44_AL00430

DB42_AK_00014

DB42_AK_00033

DB41_JM00020

DB41_JM00110

F-box protein

PEX2 protein

A

B

Protochlamydia amoebophila UWE25

Protochlamydia amoebophila EI2

Neochlamydia sp EPS4

Neochlamydia sp TUME1

Supplementary Figure S7. Evidence for tandem duplications among expanded Parachla-
mydiaceae gene families. Members of the PEX2 gene family (A) in Protochlamydia and F-box 
proteins (B) in Neochlamydia are found in tandem arrays, which are strongly indicative of gene 
duplication events. Synteny between genomes is depicted with gray bars. 
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Supplementary Figure S8. Example of recombination detection within the NEX1a gene 
family. The output of the RDP4 program for detecting recombination in the NEX1a gene 

family is presented. Each sequence is represented by a full bar, with possible recombination 

points and the donor sequence shown below. Most of the predicted recombination regions 

are weakly significant. Note that many of the predicted recombination sites are in the vicinity 

of the N-terminal F-box-like domain.
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Abstract!

Regulation! of! gene! expression! ensures! an! organism! responds! to! stimuli! and! undergoes!

proper!development.!While!the!regulatory!networks!in!bacteria!have!been!investigated!in!

model!microorganisms,!nearly!nothing!is!known!about!the!evolution!and!plasticity!of!these!

networks!in!obligate,!intracellular!bacteria.!The!phylum!Chlamydiae!contains!a!vast!array!of!

hostAassociated!microbes,!including!several!human!pathogens.!The!Chlamydiae!are!unique!

among!obligate,!intracellular!bacteria!as!they!undergo!a!complex!biAphasic!developmental!

cycle! in! which! large! swaths! of! genes! are! temporally! regulated.! Coupled! with! the! low!

number!of! transcription! factors,! these!organisms!offer! a!model! to! study! the! evolution!of!

regulatory! networks! in! intracellular! organisms.! We! provide! the! first! comprehensive!

analysis!exploring! the!diversity!and!evolution!of! regulatory!networks!across! the!phylum.!

We! utilized! a! comparative! genomics! approach! to! construct! predicted! coAregulatory!

networks,!which! unveiled! genus! and! family! specific! regulatory!motifs! and! architectures,!

most!notably! those!of!virulenceAassociated!genes.!Surprisingly,!our!analysis!suggests! that!

few!regulatory!components!are!conserved!across!the!phylum,!and!those!that!are!conserved!

are!involved!in!the!exploitation!of!the!intracellular!niche.!Our!study!thus!lends!insight!into!

a!component!of!chlamydial!evolution!that!has!otherwise!remained!largely!unexplored.!!

! !
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Introduction!
All!organisms!rely!on!regulatory!mechanisms!to!control!the!expression!of!certain!genes!at!

certain!times!or!in!response!to!certain!stimuli.!In!bacteria,!regulation!of!gene!expression!is!

often!carried!out!by!DNAAbinding!proteins!that!recognize!specific!motifs!found!in!promoter!

regions! and! serve! to! either! activate! or! repress! transcription! via! interactions! with! RNA!

polymerase.! These! transcription! factors! and! their! target! genes! thus! comprise! how! a! cell!

may! respond! to! different! environmental! or! developmental! signals! (Perez! and! Groisman!

2009).! !These! regulatory!networks!may!be!highly! conserved!between! related!organisms,!

but! growing! evidence! suggests! that! many! of! these! networks! confer! speciesAspecific!

regulator! and! target! gene! associations! (Price! et! al.! 2007).! The! evolution! of! regulatory!

networks!in!a!given!organism!is!thus!highly!reflective!of!its!environment,!where!free!living!

bacteria! harboring! large! and! diverse! gene! sets! also! contain! a! proportional! number! of!

regulatory!factors.!For!instance,!the!soil!bacterium!Streptomycetes1avermitilis!has!a!genome!

size!of!9.1!Mb!(7,582!predicted!genes)!and!is!predicted!to!harbor!623!regulatory!proteins!

(Madan! Babu! et! al.! 2006).1 Contrarily,! bacterial! symbionts,! which! experience! a! stable!

intracellular! environment,! have! reduced! genomes! and! tend! to! harbor! few! regulatory!

elements,!such!as!the!aphid!endosymbiont!Buchnera1aphidicola!which!is!predicted!to!only!

encode!4!regulatory!proteins!for!its!507!predicted!genes!(Madan!Babu!et!al.!2006).!Unique!

among! obligate,! intracellular! bacteria! are! the! Chlamydiae,! which! undergo! a! biphasic!

developmental! cycle,! in! which! hundreds! of! genes! must! be! temporally! regulated.! This!

conserved!developmental! cycle,! taken!with! the!diversity!of!ecological!niches!occupied!by!

chlamydiae!and! their! respective!hosts,!and!reduced! impact!of!horizontal!gene! transfer! in!

the!phylum!makes! the!Chlamydiae! prime! candidates! to! study! the!evolution!of! regulatory!

networks!among!intracellular!bacteria.!!

!

All!members! of! the! phylum!Chlamydiae! are! associated!with! eukaryotic! hosts.! The! family!

Chlamydiaceae! includes! many! wellAknown! animal! and! human! pathogens,! including! the!

largest! contributor! to! bacterial! sexually! transmitted! disease,! Chlamydia1 trachomatis.!

Outside! of! this! family! lies! a! vast! array! of! chlamydiae! that! are! collectively! referred! to! as!

“environmental! chlamydia”.! There! are! at! least! eight! described! families! outside! of! the!
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Chlamydiaceae,!whose!members!are!associated!with!a!smorgasbord!of!eukaryotes,!ranging!

from!protists,!enigmatic!marine!worms,!arthropods,!and!fish!(Horn!2008;!Lagkouvardos!et!

al.! 2014;! TaylorABrown! et! al.! 2015).! Despite! this! tremendous! diversity! in! host! range,! a!

paramount! unifying! feature! is! a! shared! biphasic! developmental! cycle! in! which! an!

infectious,! extracellular! elementary! body! (EB)! enters! a! host! cell,! and! transitions! into! a!

replicative! and! fully!metabolically! active! reticulate! body! (RB).! Following! replication,! the!

RBs!differentiate!back!to!EBs!and!are!subsequently!released!into!the!environment,!usually!

as! a! result! of! host! cell! lysis.! Several! pioneering! transcriptomics! studies! in! the! human!

pathogens! Chlamydia1 trachomatis! (Belland! et! al.! 2003;! Nicholson! et! al.! 2003)! and!

Chlamydia1 pneumoniae! (Mäurer! et! al.! 2007;! Albrecht! et! al.! 2011)! illustrated! that! this!

developmental!cycle!is!marked!by!differential!temporal!expression!patterns!of!large!sets!of!

genes,! which! have! been! broadly! characterized! as! early! (EB! to! RB! conversion),! mid! (RB!

replication),!and!late!(RB!to!EB!conversion).!!!

!

Despite!the!wide!importance!of!these!organisms!in!animal!and!human!health,!the!infancy!of!

tools! for! genetic! manipulation! (Heuer! et! al.! 2007;! Nguyen! and! Valdivia! 2013)! and! the!

difficulty!of!intracellular!systems!have!made!the!elucidation!of!the!major!regulatory!players!

arduous! (Tan! 2012).! Only! a! handful! of! microarray! and! RNA! sequencing! studies! are!

available! (Belland! et! al.! 2003;! Nicholson! et! al.! 2003;! Mäurer! et! al.! 2007;! Albrecht! et! al.!

2011)! and! within! this! subset! even! fewer! provide! the! resolution! needed! to! characterize!

expression! profiles! over! the! developmental! cycle.! Here,! we! utilize! the! power! of!

phylogenomics!to!lend!insights!into!the!evolution!and!diversity!of!the!regulatory!proteins!

and! schemes! we! find! distributed! throughout! the! phylum.! We! systematically! predicted!

transcription! factors! found! in! the! chlamydial! phylum,! and! we! provide! the! first!

comprehensive!prediction!of!transcription!regulatory!networks!for!various!members!of!the!

Chlamydiae.!!

!

! !
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Results!and!Discussion!
Diversity)of)regulatory)elements)reflects)host)diversity)and)ecology!

The! genome! size! of! members! of! the! Chlamydiae! varies! over! 2! Mb,! from! the! smallest!

genome!of!Chlamydia!trachomatis!(1.04!Mb)!to!the!largest!of!Parachlamydia1acanthamoeba!

(3.07! Mb).! Of! the! 9,933! gene! families! in! the! phylum,! only! 409! families! are! conserved!

between!all!Chlamydiae.!This!indicates!a!small!subset!of!genes!that!likely!function!in!core!

chlamydial!biology,! such!as! the!developmental! cycle,!and!a! large!repertoire!of!genes! that!

likely! serve!more! specific! roles! tailored! to! each!organism’s! environment! (Collingro! et! al.!

2011).!Diversity!and!expansion!of!gene!content!is!often!met!with!the!need!to!regulate!these!

genes!(Perez!and!Groisman!2009).!To!see!if!this!large!diversity!of!genes!was!matched!with!

increased! regulatory! elements,! we! exhaustively! searched! for! predicted! regulators! in! the!

genomes! of! all! sequenced! chlamydia! by! identifying! all! proteins! containing! DNAAbinding!

domains! and/or! sequence! homology! to! known! regulators.! Combined! with! the! nine!

previously!described!regulators!in!the!Chlamydiaceae,!we!uncovered!a!striking!diversity!of!

73! putative! regulators! found! with! varying! frequency! throughout! the! phylum! (Figure! 1,!

Supplementary! Table! S1).! ! Indeed,! we! observe! that! the! more! reduced! genomes! of! the!

Chlamydiaceae! harbor! relatively! few! transcription! factors! (12A15),! whereas! the! larger!

genomes! of! the! environmental! chlamydia! harbor! an! extensive! diversity! of! putative!

regulators.! It! is! interesting! to!note,!however,! that! the! largest! chlamydial!genomes!do!not!

harbor! the! largest! set! of! predicted! regulatory! elements,! that! honor! is! bestowed! upon!

Rubidus1massiliensis,!which!harbors!37!predicted!regulators.!Protochlamydia1naegleriophila!

and! Simkania1 negevensis! both! contain! 31! predicted! regulators,! however! they! vary! in!

genome! size!by!nearly!~0.5!Mb! (which! in! real! terms! is! half! the! size! of! the! genome!of!C.1

trachomatis).! S.1 negevensis! notably! harbors! the!most! unique! set! of! predicted! regulators,!

with!11!being!unique!to!only!this!organism.!

��

&KDSWHU�,9



!
!

!

Figure!1.!Distribution!and!conservation!of!putative!transcriptional!regulators!in!the!

Chlamydiae.! The! plot! shows! gene! presence! and! absence! of! predicted! regulators! for!

members!of! the!phylum!Chlamydiae! (yellow!background!indicates!members!of! the! family!

Chlamydiaceae;! green! background! indicates! environmental! chlamydiae).! The! species!

phylogeny! shown! was! calculated! from! a! concatenation! of! 33! markers! genes! using!

PhyloBayes!(Lartillot!et!al.!2013)!under!the!CATAGTR!model.!The!box!inlay!displays!those!

genes! that! are! conserved! throughout! different! taxonomic! levels.!We! included! AtoC! as! a!

globally!conserved!regulator,!as!it!is!only!absent!in!the!incomplete!genome!of!Criblamydia!

(*).!pc1704!refers! to! the!Protochlamydia1amoebophila1UWE25! locus! tag!of! the!conserved,!

yet!uncharacterized!protein.!!

!

!

This!large!disparity!in!the!predicted!regulatory!elements!may!reflect!the!differences!in!host!

and! environmental! niches! of! each! organism.! All! members! of! the! Chlamydiaceae! infect!

higher!animal!hosts,!such!as!humans,!koala,!birds,!and!reptiles!(Horn!2008;!Lagkouvardos!

et!al.!2013;!TaylorABrown!et!al.!2015),!which!suggest!that!these!organisms!are!well!adapted!
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to!this!particular!intracellular!environment.!This!is!in!contrast!with!most!of!the!sequenced!

environmental!chlamydia,!which!primarily!have!been! isolated! from!freeAliving!amoeba! in!

both!soil!and!aquatic!environments!(Horn!2008;!Lagkouvardos!et!al.!2013;!TaylorABrown!

et! al.! 2015).! These! environments! are!much!more! tumultuous! and! thus! these! chlamydial!

organisms!must!have!a!genetic!repertoire! to!compete!effectively!against!other! facultative!

amoebaAassociated! organisms,! such! as! Legionella1 species! (Moliner! et! al.! 2010),! and! to!

survive! the! harsh! conditions! while! in! the! extracellular! EB! stage.! From! the! current! fully!

sequenced!environmental!chlamydia,!only!two!organisms!were!not!originally!isolated!from!

freeAliving!amoeba.!Waddlia1chondrophila!was! first! isolated! from!an!aborted!bovine! fetus!

(Rurangirwa! et! al.! 1999),! and! Simkania1 negevensis! was! originally! discovered! as! a!

contaminant!in!human!cell!culture!(Kahane!et!al.!1995),!however!both!organisms!grow!well!

in!Acanthamoeba1species.!(Horn!2008).!!

!

Here!we! find! that! several! of! the! unique! or! sparsely! distributed! transcription! factors! are!

putatively! involved! in!regulating!operons! that! function! in!distinct!metabolite!metabolism!

or! transport! (Supplementary! table! S1),! such! as! arsenic! resistance! (ArsR),! amino! acid!

metabolism!(ArgR,!TrpR),!and!carbon!storage!(CsrA,!CsiR).!Speculation!on!the!actual!roles!

of! regulatory! proteins! is! difficult,! as! orthologous! transcription! factors! can! have! vastly!

different! functions,! even! between! closely! related! bacteria! (Price! et! al.! 2007).! Most!

transcription! factors! acquired! via! horizontal! gene! transfer! often! are! local! regulators,!

meaning! they!only! control! a! small,! typically! adjacent,! subset!of! genes! (Price!et! al.! 2008).!

Indeed,!most!of!the!transcription!factors!that!are!species!specific!are!adjacent!to!other!nonA

conserved! genes,! although! this! does! not! necessarily! mean! these! genes! are! under! the!

control! of! the! “local”! regulator.! ! However,! we! do! find! an! apparent! coAtransfer! of! the!

mercury! resistance! repressor! and! the! corresponding! operon! into! the! plasmid! of! S.1

negevensis,! consisting! of! the! regulator! MerR,! the! mercuric! reductase! MerA,! and! one!

membrane! spanning! protein! MerT! (Boyd! and! Barkay! 2012).! Evidence! for! horizontal!

acquisition! is! also! exemplified!with! a!member! of! the! LysR! family! of! regulators! that!was!

transferred! into! the! ancestor! of! Simkania! and! Criblamydia! from! members! of! the!

Alphaproteobacteria! (Figure! S1).! The! presence! of! LysR! in! only! two! chlamydiae! suggests!
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that! multiple! losses! also! occurred,! such! as! in!Waddlia! and! all! Parachlamydia,! when! we!

reconcile!this!data!with!the!species!tree!(shown!in!Figure!2).!!

!

When! we! modeled! the! gene! family! history! of! all! putative! transcription! factors! (Csűös!

2010),!we!find!that!there!has!been!a!veritable!mix!of!gains!and!losses!in!every!family!except!

for! the! Chlamydiaceae! (Figure! 2).! The! Chlamydiaceae! have! only! acquired! three!

transcription!factors!when!they!split!from!the!other!families!(DcrA,!GrgA,!and!the!plasmid!

regulator! pGP4),! and! all! other! changes! in! the! transcription! factor! repertoire! have! been!

differential!losses.!This!is!in!stark!contrast!to!the!environmental!chlamydia,!where!a!total!of!

63! regulator! genes! were! acquired! in! various! lineages! (Figure! 2).! Notably,! we! even! find!

gains! and! losses! among! members! of! the! same! species,! for! instance! between! the! two!

Protochlamydia! species! infecting! different! amoeba! hosts,! which! may! indicate! that!

adaptation!to!novel!niches!may!have!been!facilitated!via!changes!in!gene!regulation.!!

!
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Figure! 2.! Gain! and! loss! of! transcription! factor! gene! families! during! Chlamydiae!

evolution.!Using!the!phyletic!profile!of!each!gene!family!containing!a!predicted!regulator,!

we! used! the! Dollo! parsimony! approach! in! COUNT! (Csűös! 2010)! to!model! the! gains! and!

losses! of! transcription! factors! along! the! chlamydial! species! tree.! The! environmental!

chlamydial! have! undergone! extensive! gains! and! losses,!whereas! the!Chlamydiaceae! have!

only!three!gains!at!the!initial!family!separation!and!are!then!marked!by!differential!losses.!

!

)

Conserved)regulators)are)essential)to)chlamydial)biology!

Moving!from!the!surprising!diversity!of!regulators!found!in!the!phylum!Chlamydiae,!those!

regulators!that!are!conserved!are!those!that!likely!confer!essential!and!fundamental!roles!

in!chlamydial!biology.!Out!of!all!putative!transcription!factors,!only!eight!(AtoC,!ChxR,!DksA,!

EUO,!HrcA,!PhoU,!YebC,!YtgR)!are!conserved!among!all!members!of!the!phylum!(Figure!1;!

Supplementary!table!S1).!An!additional!two!(YbjN,!NrdR)!are!nearly!conserved!(absent!in!<!

2! genomes)! in! all! Chlamydiae,! and! two! described! additional! factors! (DcrA,! GrgA)! are!

specific! for! the! Chlamydiaceae! (Rau! et! al.! 2005;! Bao! et! al.! 2012).! The! role! of! DcrA! as! a!

transcription! factor,! however,! is! currently! under! debate! (Kemege! et! al.! 2011).! Some! of!

these! phylumAwide! conserved! regulators! have! been! implicated! as! major! players! in! the!

chlamydial! developmental! cycle.! For! example,! EUO! has! donned! the! title! of! the! master!

regulator!of!late!gene!expression!(RB!to!EB!conversion)!in!Chlamydiaceae,!where!previous!

studies!have!nicely!shown!that!EUO!represses!the!transcription!of!late!genes!(Rosario!and!

Tan!2012)(Rosario!et!al.!2014).!Several!studies!have!demonstrated!that!global!regulators,!

that! is! those!regulators!which!control! large!numbers!of! target!genes,!evolve!more!slowly!

than!other!regulators,!and!tend!to!be!vertically!inherited!(Rajewsky!et!al.!2002;!Price!et!al.!

2008;!Perez!and!Groisman!2009).!Thus,!the!individual!gene!trees!for!global!regulators!tend!

to! be! concordant!with! species! trees! (Price! et! al.! 2008).! As! EUO! currently! represents! the!

only!bona1fide1global!regulator!in!the!phylum!we!chose!to!reconstruct!the!phylogeny!of!this!

gene.!Indeed,!the!gene!tree!for!EUO!is!highly!concordant!with!the!chlamydial!species!tree!

(Figure! S2),! indicative! that! EUO! has! been! vertically! inherited! throughout! chlamydial!

evolution,!providing!further!evidence!for!its!role!as!global!regulator!in!all!chlamydiae.!

!
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Additionally,!ChxR!has!been!implicated!as!an!activator!of!midcyle!genes,!where!chlamydia!

are!fully!metabolically!active!and!dividing!as!RBs!(Koo!et!al.!2006;!Hickey!et!al.!2011).!YtgR!

has!been!shown!to!negatively!regulate!the!ytg!operon!which!is!believed!to!function!in!metal!

ion!transport!(Akers!et!al.!2011),!and! likely!does!not!have!a!major!role! in!developmental!

cycle!regulation.!This!is!likely!also!the!case!for!the!acetate!metabolism!regulator!AtoC!and!

the!heat!shock!response!regulator!HrcA,!which!is!involved!in!response!to!cellular!stress!and!

has! been! experimentally! characterized! to! regulate! the! dnaK! and! groE! operons! in! C.!

trachomatis!(Wilson!and!Tan!2004;!Wilson!et!al.!2005).!The!putative!phosphate!regulator!

PhoU!has!not!been! investigated,! but! likely!has! a! limited! role! specific! to! regulating! genes!

under!specific!environmental!stimuli,!and!has!not!been!implicated!as!a!major!player!in!the!

developmental!cycle.!The!role!of!YebC1in!chlamydia!has!not!yet!been!investigated,!and!little!

can!be!derived!about! its! function! in!these!organisms.!This!gene! is!upregulated! late! in!the!

Chlamydia1developmental!cycle!(Nicholson!et!al.!2003),!suggesting!that! it!may!function!in!

processes!involved!in!the!conversion!of!RB!to!EB.!!

!

Loss)of)σ28!reveals)plasticity)in)gene)regulation))

Sigma!factors!allow!the!differential!binding!of!RNA!polymerase!to!the!promoter!region!of!

genes! and! thus! are! transcriptional! regulators.! Within! the! Chlamydiae! only! three! sigma!

factors! have! been! identified:! the! primary! σ66,! the! alternative! σ54,! and! a! minor! σ28! (Tan!

2012).!!Thus!far,!the!role!ascribed!to!σ28!is!a!temporal!regulator!of!late!gene!expression!(Yu!

et!al.!2006).! Intriguingly,!only!members!of! the!Chlamydiaceae! contain! the!minor!σ28.!The!

absence!of!σ28!in!the!environmental!chlamydia!is!perplexing!as!several!of!the!genes!shown!

to!be!regulated!by!this!protein!in!the!Chlamydiaceae!are!still!present!in!these!organisms.!!

!

Several!lines!of!evidence!indicate!that!σ28!was!lost!in!environmental!chlamydia!rather!than!

acquired! by! the! Chlamydiaceae.! Phylogenetic! analysis! suggests! that! σ28! in! the!

Chlamydiaceae! was! vertically! inherited! from! the! last! common! ancestor! with! the!

Verrucomicrobia! (Figure! 3),! which! is! in! line! with! our! current! understanding! of! the!

evolution!of!the!PlanctomycetesDVerrucomicrobiaDChlamydiae!(PVC)!superphylum!(Wagner!

and!Horn!2006;!Kamneva!et!al.!2012).!We!exhaustively!searched!in!the!intergenic!regions!

of!the!environmental!chlamydia!genomes!to!detect!any!remaining!fragments!of!σ28,!but! it!
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seems!that!such!an!ancient!loss!has!left!little!remnants.!!Secondly,!as!it!has!been!proposed!

that!σ28!may!be!subject!to!regulation!via!a!partnerAswitching!mechanism!(Hua!et!al.!2006),!

we! find! several!members! of! this! pathway,! such! as! RsbV2,! RsbW,! and! RsbU2,! present! in!

environmental! chlamydial! genomes.! The! losses! of! the! other!members! of! this! regulatory!

cascade,! such! as! RsbU! and! RsbV,! which! are! conserved! in! the! Chlamydiaceae! (Hua! et! al.!

2006),! reflect! that! these! proteins! were! likely! no! longer! needed! once! σ28! was! lost.! The!

retention!of! the!other!Rsb!proteins!might!suggest! that! these!proteins!were!recruited! in!a!

regulatory! cascade! for! one! of! the! two! remaining! sigma! factors! present! in! the!

environmental!chlamydia.!1

!

Figure! 3.! Loss! of! sigma! factorσ28! in! environmental! chlamydia.!Phylogenetic!analysis!

under! the!GTR!model! in!PhyloBayes! supports!a! scenario! in!which! the!Chlamydiaceae!σ28!

was! inherited! from! the!Verrucomicrobia! (PP! =! 0.92),! and! an! ancient! loss! of! this! protein!

occurred! in! the! environmental! chlamydia.! The! topology! of! the! gene! tree! for! the!

Chlamydiaceae! is!largely!congruent!with!the!species!phylogeny.!Arrow!indicates!outgroup!

consisting!of!various!representatives!of!different!bacterial!phyla.!

!

0.3

0.96

1

1

0.92

1

0.62

0.84

0.51

0.96

C. muridarum

Mixed bacterial phyla

Planctomycetes

Verrucomicrobia

C. trachomatis D/UW-3
C. trachomatis A
C. trachomatis L2

C. suis

C. pneumoniae CWL029
C. pneumoniae LPCoLN
C. pecorum E58

C. gallinacea
C. avium

C. ibidis
C. felis

C. caviae
C. abortus
C. pecorum

��

&KDSWHU�,9



!
!

The! loss! of! σ28! would! have! prompted! major! changes! in! the! transcriptional! regulatory!

network!within!all!environmental!chlamydia.!At!the!sequence!level,!these!changes!may!be!

borne! out! as! losses! of! transcriptional! regulatory! binding! sites! for! genes! once! under! the!

control!of!a!σ28.!!Since!functional!elements,!such!as!transcription!factor!binding!sites,!tend!

to! be! under! selective! constraint,! these! elements! may! be! highly! conserved! throughout!

evolution! (Molina! and! Nimwegen! 2008).! Thus,! one! can! scan! the! orthologous! promoter!

regions! in! multiple! species! to! find! conserved! sequence! motifs,! an! approach! called!

phylogenetic! footprinting! (Cliften! et! al.! 2003;! Katara! et! al.! 2011).! In! this! vein,! the! tailA

specific!protease,!Tsp,!is!a!σ28Aregulated!gene!expressed!late!in!the!Chlamydiaceae1(Lad!et!

al.!2007),!but!is!present!also!in!all!environmental!chlamydia!genomes.!When!we!look!at!the!

phylogenetic!footprint!in!the!promoter!region!of!this!gene,!there!is!a!significant!motif!found!

through!all!Chlamydiaceae,!as!would!be!expected!(Figure!4A).!!

!

There!is!a!notable!absence!of!a!motif!shared!between!any!members!of!the!environmental!

chlamydia,! suggesting! major! independent! sequence! evolution! has! occurred! in! these!

promoter! regions.! This! is! in! stark! contrast! with! the! promoter! region! of! the! globally!

conserved! heat! shock! response! regulator,! HrcA,!which! is! known! to! selfAregulate! its! own!

expression! in! addition! to! the!other!heat! shock! response!genes! in!Chlamydiaceae! (Wilson!

and!Tan!2004;!Wilson! et! al.! 2005).!Here,!we! find! conserved!motifs! found! throughout! all!

members!of! the!phylum!Chlamydiae1(Figure!4B),! suggestive! that! this!gene! is! regulated! in!

the!same!manner! throughout!all!members.!Thus,! the!key!question!becomes:!how!are! the!

σ28Aregulated!genes!in!the!Chlamydiaceae!that!are!present!in!the!environmental!chlamydia!

regulated?!Given!that!we!cannot!detect!any!significant!conserved!motifs!in!the!promoters!

of! these! genes! amongst! the! environmental! chlamydia,! this! suggests! a! loss! of! strict!

regulation.! Indeed,! when! we! examine! the! preliminary! transcriptome! of! Protochlamydia1

amoebophila1 (König! et! al.,! in! prep.),! we! find! that! all! of! these! “σ28Alate! genes”! are! now!

constitutively!expressed!throughout!the!developmental!cycle,!again!suggesting!a!loss!of!the!

temporal!regulation!of!these!genes!as!seen!in!the!Chlamydiaceae.!!
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Figure!4.!Phylogenetic!footprints!for!tsp!and!hrcA.!The!conserved!overArepresented!

DNA!motifs!detected!for!(A)!tsp!and!(B)!hrcA!are!shown!as!the!output!of!the!program!

matrixDscan!from!the!RSAT!package!(ThomasAChollier!et!al.!2008).!The!colored!boxes!in!the!

promoter!regions!indicate!discovered!motifs,!and!the!height!represents!the!statistical!

significance!score.!The!promoters!for!each!organism!correspond!to!the!direct!orthologous!

promoter!regions!found!in!each!species!for!either!tsp!or!hrcA.!The!hrcA!!(B)!promoter!

contains!a!wellAconserved!motif,!which!is!found!throughout!the!chlamydial!phylum.!

���� ���� ���

Protochlamydia amoebophila UWE25
Parachlamydia acanthamoebae UV7
Simkania negevensis Z
Waddlia chondrophila WSU

Chlamydia muridarum Nigg
Chlamydia psittaci
Chlamydia trachomatis 434
Chlamydia trachomatis D
Chlamydia trachomatis E
Chlamydia abortus S26
Chlamydia caviae GPIC
Chlamydia felis Fe/C
Chlamydia pecorum E58

Chlamydia pneumoniae LPCoLN
Chlamydia psittaci 6BC

Chlamydia pneumoniae CWL029

B HrcA footprint

A

������������������������

Tsp footprint

Protochlamydia amoebophila UWE25
Parachlamydia acanthamoebae UV7
Simkania negevensis Z
Waddlia chondrophila WSU

Chlamydia muridarum Nigg
Chlamydia psittaci
Chlamydia trachomatis 434
Chlamydia trachomatis D
Chlamydia trachomatis E
Chlamydia abortus S26
Chlamydia caviae GPIC
Chlamydia felis Fe/C
Chlamydia pecorum E58

Chlamydia pneumoniae LPCoLN
Chlamydia psittaci 6BC

Chlamydia pneumoniae CWL029

��

&KDSWHU�,9



!
!

Transcription!of!tsp!in!the!Chlamydiaceae!is!mediated!by!σ28!and!we!detect!a!wellAdefined!

motif!(A)!among!these!organisms.!However,!the!loss!of!σ28!in!environmental!chlamydia!is!

matched!with!the!loss!of!this!binding!site!for!these!organisms.!!!

)

Evolutionary)dynamics)within)chlamydial)regulatory)networks)

To! investigate! the! evolution! of! regulatory! networks! within! the! Chlamydiae! we! used! a!

combinatorial! approach!of! comparative!genomics!and!existing! transcriptomics!data! from!

various! chlamydial! organisms.! Our! approach! focused! around! phylogenetic! footprinting,!

and! using! the! approach! from! (Brohee! et! al.! 2011)! we! linked! genes! together! that! share!

similar! footprints! to! construct! predicted! coAregulatory! networks! for! each! of! the! fully!

sequenced!chlamydial!genomes!(n=17).! !We!then!used!the!transcriptomic!studies! from!C.1

trachomatis!(Belland!et!al.!2003;!Nicholson!et!al.!2003)!and!C.1pneumoniae! !(Mäurer!et!al.!

2007;! Albrecht! et! al.! 2011)! to! further! corroborate! predicted! regulatory! schemes.! This!

sequence! based! approach! was! shown! to! infer! coAregulation! networks! just! as! well! as!

microarray!derived!networks!in!yeast!(Brohee!et!al.!2011),!and!thus!can!serve!to!elucidate!

regulatory!schemes!for!nonAmodel!organisms.!!

!

Table&1.&Properties&of&predicted&co3regulatory&networks&&
!

Network& DPbits&
score&

Nodes& Edges& Avg&#&of&
neighbors&

C.#trachomatis# 1!
5!

644!(422)!
233!(89)!

3968!(3617)!
656!(468)!

12.3!(17.1)!
5.6!(10.5)!

C.#pneumoniae# 1!
5!

733!(558)!
286!(86)!

4523!(4238)!
679!(412)!

12.3!(15.1)!
4.74!(9.6)!

P.#amoebophila# 1!
3!

710!(450)!
350!(143)!

2261!(1889)!
627!(368)!

6.3!(8.4)!
3.6!(5.1)!

S.#negevensis# 1!
3!

734!(266)!
314!(100)!

1668!(1060)!
621!(250)!

4.6!(7.9)!
3.9!(!5.0)!

Chlamydiaceae# 1! 443!(134)! 975!(581)! 4.4!(8.7)!
“Chlamydia”&

clade&
5! 194!(71)! 488!(325)! 5.0!(9.2)!

“Chlamydophila”&
clade&

5! 230!(50)! 346!(133)! 3.0!(5.3)!

environmental&
chlamydia&

1! 165!(NA)! 169!(NA)! 2.1!(NA)!

Chlamydiae&
phylum&

1! 122!(NA)! 115!(NA)! 1.9!(NA)!

*!Numbers!inside!parenthesis!refer!to!counts!within!the!large!interconnected!subEnetwork!!
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Genes,!i.e.!nodes,!are!incorporated!into!the!predicted!coAregulation!network!if!they!have!a!

significant!motif!shared!in!the!promoter!region!with!other!genes!or!are!predicted!to!be!in!

an!operon,!where!the!edges!are!weighted!by!the!strength!of! the!similarity!between!these!

motifs,! called! the! DPbits! score! (Brohee! et! al.! 2011).! Thus! connections! between! nodes!

suggests! that! the! respective! genes! are! regulated! in! the! same! fashion,! and! large! regulons!

would! appear! as! highly! connected! subnetworks.! Out! of! the! 874! genes! present! in! C.1

trachomatis1434/Bu,!644,!or!76%,!are! represented! in! the! inferred! coAregulation!network!

(Table!1).!!Similarly,!the!C.1pneumoniae!CWLO29!network!comprises!733!genes!(70%)!out!

of! the! total! 1,052! total! genes! (Figure! 5A,! Table! 1).! With! this! method,! we! detect! subA

networks!of!previously!wellAdefined!regulons,!such!as!the!HrcA!regulon.!This!subAnetwork!

in!C.1pneumoniae!is!comprised!of!wellAcharacterized!members!of!the!regulon!such!as!hrcA,!

dnaK,! groEL,! groES,! and! grpE! (Wilson! and! Tan! 2004;! Wilson! et! al.! 2005)(Figure! 5B).!

Intriguingly,! two! genes! (phoH! and! CPn0105/CT_016)! are! strongly! predicted! to! be! coA

regulated!within! the!HrcA!regulon,!possibly!representing!additional!members!within! this!

regulatory!network.!These!novel!members!are!conserved!in!the!predicted!networks!across!

the! phylum! and! contain! nearly! perfect!motifs!matching! the! described! CIRCE! (Figure! S3)!

element! recognized! by! chlamydial! HrcA! (Wilson! and! Tan! 2004)! ,! strengthening! the!

argument!that!these!are!likely!part!of!this!regulon.!The!EUO!regulon!currently!consists!of!

15!members!(Rosario!and!Tan!2012;!Rosario!et!al.!2014),!10!of!which!are!integrated!into!

the!networks!(Figure!S4).!Six!of!these!members,!including!ltuB,1omcA,1hctB,1and!scc2,!have!

direct!links!to!each!other!in!the!network,!but!all!members!are!part!of!a!tightly!linked!subA

network!that!is!strongly!indicative!of!a!regulon!(Figure!S4).!We!additionally!investigated!if!

the!known! five!members!of! the!ChxR! regulon! (Koo!et! al.! 2006;!Hickey!et! al.! 2011)!were!

present! in!the!network.! Indeed,! four!members!of! the!ChxR!regulon!are!present,! including!

chxR,!tufA,!infA,!and!CT_084!(Figure!S4).!Therefore,!of!the!three!defined!regulons!described!

for! chlamydial!organisms,!we!correctly!predict! that!many!of! the! respective!members!are!

coAregulated!with!each!other.1
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Figure!5.!Predicted!coJregulatory!network!and!HrcA!regulon!for!C.)pneumoniae.!!

The!predicted!coAregulatory!network!(A)!for!C.1pneumonaie1CWL029!is!shown!where!nodes!

in!the!network!represent!genes,!and!edges!are!predictions!of!genes!to!be!coAregulated!

based!on!the!similarity!of!phylogenetic!footprints!between!genes.!The!color!of!the!edges!

scale!with!the!strength!of!a!prediction,!where!dark!red!represents!genes!strongly!predicted!

to!be!coAregulated!and!yellow!for!weaker!predictions.!The!large!interconnected!set!of!genes!

contains!many!type!III!effector!proteins!and!virulenceAassociated!genes.!Many!of!the!subA

networks!outside!of!this!large!“hairball”!represent!predicted!operons.!The!HrcA!regulon!(B)!

is!shown!as!an!example!of!genes!that!are!strongly!predicted!to!be!coAregulated.!!

!

!

The!deep!RNAAsequencing!study!of!C.1pneumoniae!revealed!that!70%!of!all!genes!detected!

could!be!affiliated!with!an!operon!(Albrecht!et!al.!2011),!and!thus!operon!prediction!should!

be! taken! into! consideration! for! network! construction.! The! approach! we! used! to! infer!

operons!(ThomasAChollier!et!al.!2008)!is!!based!on!a!simple!distance!metric!(default!of!55!

base!pairs)!of!genes!oriented!in!the!same!direction,!which!has!been!reported!to!be!~80%!

accurate!(Janky!and!Helden!2008).!To!ensure!that!our!operon!prediction!was!reasonable,!
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we!compared!these!predictions! to! that!of! the!DOOR!2.0!database!(Mao!et!al.!2014).!Here!

operon!prediction!is!based!on!a!sophisticated!algorithm!considering!a!number!of!additional!

parameters,! which! correctly! predicted! 78.6%! of! the! operons! identified! from! the! C.1

pneumoniae!RNAAsequencing!experiment!(Albrecht!et!al.!2011),!and!was!shown!to!be!the!

best!overall!operon!prediction!software!(Brouwer!et!al.!2008).!We!find!excellent!agreement!

between!these!two!methods,!as!the!percentage!of!RSAT!operon!predictions!that!were!also!

predicted! by! the! DOOR! database! was! 98%! for! C.1 trachomatis! 434/Bu,! 98%! for! C.1

pneumoniae! CWLO29,! and!96%! for!Protochlamydia1amoebophila!UWE25! (Supplementary!

table!S2).!Therefore,!the!operon!prediction!applied!is!quite!accurate!for!the!dataset!and!–!as!

it!accounts!for!roughly!50%!of!the!genes!present!in!the!networks!(Supplementary!table!S2)!

–!important!for!the!correct!prediction!of!coAregulated!genes.!!

!

Untangling)the)hairball)of)virulence)genes)

One!of!the!major!goals!of!chlamydia!research,!both!at!a!clinical!and!basic!research!level,!is!

to!identify!those!proteins!translocated!into!the!host!cell!in!order!to!manipulate!the!host!and!

subvert! resources! to! the! chlamydia.! This! is! primarily! achieved! by! the! type! III! secretion!

system!(Peters!et! al.!2007;!Beeckman!and!Vanrompay!2010;!BettsAHampikian!and!Fields!

2010;!Mueller! et! al.! 2014)! .!Quite! strikingly,!when!we! reduce! the! individual!networks! to!

only!those!edges!that!are!the!strongest!predictions!for!being!coAregulated!(DPbits!score!>=!

7),!a!subAnetwork!of!primarily!virulence!genes!is!preserved.!In!C.1trachomatis1434/Bu,!this!

network! consists! of! 27! genes,! 16! of! which! are! either! known! type! III! secreted! effector!

proteins!or!membrane!proteins!(Figure!6).!!
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Figure!6.!Putative!virulence!regulon!of!C.)trachomatis.!When!we!filter!the!predicted!coA

regulation! network! to! only! include! those! edges! that! are! the! most! strongly! predicted!

(DPbits! score! >=! 7),! a! tightly! connected! subAnetwork! appears,! consisting! mainly! of!

virulenceAassociated!genes.!Of!the!29!nodes!in!the!subAnetwork,!ten!have!been!described!as!

Type!III!effector!proteins!and!five!described!as!membrane!proteins.!Nodes!within!this!subA

network! likely! represent! strong! candidates! for! a! role! in! facilitating! hostAmicrobe!

interactions.!!

!

!

These!gene! include! the!actin!modulating!effector!TarP! (CT_456)! (Clifton!et!al.!2004);! the!

family! of! DUF582! proteins! recently! reported! to! be! effectors! (CT_620,! CT_711,! CT_712)!

(Muschiol! et! al.! 2011);! a! protein! that! interacts! with! the! host! cell! cycle! regulator! GCIP!
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(CT_847)!(ChellasAGéry!et!al.!2007);!the!PmpAlike!secreted!protein!CT_050!(Jorgensen!and!

Valdivia!2008);!CT_132!and!CT_142A144,!all!of!which!either!demonstrated!translocation!by!

a!surrogate!type!III!system!or!were!computationally!predicted!to!be!effectors!(da!Cunha!et!

al.!2014).!In!addition!to!these!type!III!effectors,!we!find!several!genes!encoding!membrane!

proteins,!such!as!a!predicted!membrane!protein!OMC1!(CT_073),!the!predicted!virulenceA

associated! inclusion! membrane! protein! (Inc)! CT_837! (Dehoux! et! al.! 2011),! and! the!

cysteineArich!outer!membrane!protein!OmcA!(Everett!and!Hatch!1995).!Given!the!inherent!

difficulties! surrounding! the! prediction! of! type! III! effectors,! it! is! rather! striking! that! our!

approach!uncovered!such!a!highly!connected!network!of!virulence!genes.!By!relaxing!the!

threshold! ! (DPbits! score!>=!5)! this! subAnetwork!expands! to!89!nodes! (Figure!S5),!which!

includes! other! known! type! III! secreted! effectors! such! as! GlgC! (Ball! et! al.! 2013)! CT_365,!

CT_620,! and! CT_695! (Muschiol! et! al.! 2011),! and! several! other! putative! Inc! proteins!

(CT_005,!CT_814)!(Dehoux!et!al.!2011).!These!topAscoring!predictions!connecting!virulence!

genes!holds!over!all!organisms!investigated!(Figure!S6).!!

!

The! topologies! in! these! networks! may! indicate! differential! regulation! between! effector!

protein!sets.!For!example,!in!the!C.1trachomatis!subAnetwork,!there!appear!to!be!two!main!

cliques:! one! containing! the!membrane!proteins! and! those!proteins! connected! to!CT_073,!

and!the!other!with!those!proteins!clustering!around!CT_619!and!CT_620!(Figure!6).!These!

two!cliques!may!represent! two!different!sets!of!effectors,! regulated!at!different! times,!by!

different! factors,! or! for! different! functions.! For! instance,! TarP! and! CT_849! represent!

effector!proteins!that!are!involved!in!initial!inclusion!formation!and!modification!(Valdivia!

2008),!whereas!the!family!of!DUF582!proteins!(CT_620,!CT_712)! in!the!other!clique!have!

been!proposed! to! function! in!mid/late! stages!of! the!developmental! cycle!with! a!possible!

role!facilitating!exit!from!the!host!cells!(Muschiol!et!al.!2011).!

!

Conservation)of)co?regulatory)networks)across)the)phylum!

Key!questions!we!can!ask!using!the! individual!predicted!coAregulatory!networks!are!how!

similar!are!they!across!differing!taxonomic!levels.!If!a!particular!prediction!was!conserved!

throughout!these!organisms,!we!would!consistently!recover!these!edges! in! the! individual!

networks,!and!thus!they!would!be!present! in!a!consensus!network.! Indeed,!withinAfamily!
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comparisons!revealed!many!shared!coAregulated!genes!for!the!Chlamydiaceae,!for!instance!

C.1trachomatis!and!C.1pneumoniae!share!556!nodes!out!of!820!orthologs!(Table!1).!Among!

six!members!of!the!Chlamydiaceae,!443!nodes!are!present!in!the!consensus!network!(Table!

1,! Figure! S7).! If! we! construct! a! consensus! network!where!we! only! consider! edges! from!

individual!networks!if!they!are!top!predictions!(DPbits!>=!5),!we!uncover!certain!network!

properties!that!are!different!between!two!groups!within!the!Chlamydiaceae,!represented!by!

C.1trachomatis,1C.1muridarum,!and!C.1suis! (“Chlamydia”!clade),!and!the!group!containing!C.1

pneumoniae! and! relatives! (“Chlamydophila”! clade,! previously! classified! as! a! separate!

genus;!(Stephens!et!al.!2009)!.!Despite!the!“Chlamydophila”!clade!having!more!total!nodes!

in!the!networks!(230!to!194),!the!large!putative!virulence!regulon!(i.e.!the!main!network)!is!

comprised! of! fewer! members! (50! to! 71)! and! has! far! fewer! edges! than! that! of! the!

“Chlamydia”!clade!network!(133!to!325).!Another!parameter!we!can!assess!between!these!

networks! is! the! average! number! of! neighbors! a! node! has,! which! is! 5.3! in! the!

“Chlamydophila”! and! 9.15! for! the! “Chlamydia”,! again! confirming! a! higher! degree! of!

conservation! for! the! “Chlamydia”! clade.! ! This! disparity! suggests! that! the! regulatory!

network!controlling!the!genes!in!the!“Chlamydia”!clade!is!more!conserved!than!that!of!the!

former!“Chlamydophila”!clade.!The!members!of!the!“Chlamydophila”!have!a!wider!breadth!

of! hosts! than! that! of! the! “Chlamydia”1clade,! and! thus! this! difference!might! be! borne! out!

here!in!that!certain!members!of!the!“Chlamydophila”!clade!have!more!specialized!network!

architecture.!In!summary,!the!consensus!network!of!the!Chlamydiaceae!is!still!similar!to!the!

individual! organisms’! networks.! The!presence! and! retention!of!many!of! the! genes! of! the!

“virulence”Asubnetwork! indicates! familyA! and! genusAspecific! regulons! involved! in! host!

manipulation.!!

!

When! we! ask! which! predicted! interactions! are! conserved! across! the! whole! phylum! (C.1

trachomatis,!C.1pneumoniae,! and!all! environmental! chlamydia;!n=6),!122!genes! remain! in!

the!network.!Most!of!these!represent!genes!that!are!in!predicted!operons!whose!gene!order!

has!been!preserved,! such!as! the! ribosomal!proteins,! the!ATPAsynthase! subunits,! cell!wall!

components,!and!type!III!secretion!machinery.!The!highly!conserved!HrcA!regulon,!whose!

various! members! are! not! in! an! operon,! was! recovered,! serving! almost! as! an! internal!

positive! control! for! this! analysis.! If! we! relax! our! stringency! on! conservation! to! an! edge!

��

&KDSWHU�,9



!
!

being!present! in!5!of! the!6!genomes!analyzed,! the!consensus!network!doubles! in! size,! to!

240! genes! (Figure! 7A).! ! Here! we! recover! a! tightly! connected! subAnetwork! of! 49! genes!

primarily! involved! in! host!manipulation! and! acquisition/processing! of! nutrients! (Figure!

7B).! This! includes! the! ATP/ADP! translocase! 1! (tlcA),! adenylate! kinase! (adk),! the! wellA

studied!type!II!effector!CPAF!(Zhong!et!al.!2001)!,!glycogen!metabolism!genes!(glgC,!glgX),!

and! several! other! genes! involved! in! nucleotide! metabolism! (dut,! surE,1 pyrG).! This!

consensus! network! is! notably! void! of! the! virulence! associated! genes! found! in! the!

stringently! filtered! individual! networks.! The! phylumAwide! subAnetwork! (Figure! 7B)! is!

enriched!in!eggNOG!functional!categories! in!metabolism!compared!to!the!equivalent!(i.!e.!

the! “hairball”)! in! C.1 trachomatis1 (44%! to! 26%,! respectively;! Figure! S8).!

!

Figure!7.!Phylum!wide! conservation!of!predicted! coJregulations! in! the!Chlamydiae.!

The!consensus!network!was!created!by!comparison!of!individual!organism’s!predicted!coA

regulation!networks! (n=6).!An!edge!was!kept! if! it!was!present! in! five!or!more!networks.!!

The!240!genes!present!in!this!network!(A)!mainly!represent!conserved!operons,!with!the!

exception!of!a!putative!regulon!of!41!genes!(B)!that!mainly!have!function!in!exploitation!of!

the!intracellular!niche.!The!activator!of!this!subAnetwork!may!be!ChxR,!which!is!indicated!

in!blue.!Notably,!the!virulence!genes!detected!in!individual!organism’s!networks!are!absent!

in!this!consensus!network.!
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This!conserved!subAnetwork!thus!seems!to!comprise!genes!needed!for!exploitation!of!the!

intracellular!niche!and!nutrient!metabolism.!Unlike! the! establishment!of! infection,!which!

may!require!highly!specialized!effectors!for!distinct!host!species,!once!inside!a!eukaryotic!

cell!it!seems!the!ways!to!exploit!this!niche!by!chlamydial!species!are!rather!conserved.!!

!

Intriguingly,! ChxR! and! EUO,! two! of! the! conserved! and! previously! described! chlamydial!

transcriptional! regulators,! are! highly! integrated! in! this! network! (Figure! 7B).! Given! that!

ChxR! is! known! to! autoregulate! its! own! expression,! it! is! tempting! to! suggest! that! those!

promoters! linked!with! ChxR! in! this! regulon!may! be! under! its! control.! Of! the! conserved!

predictions! of! coAregulation! with! ChxR! we! find! several! genes! associated! with! type! II!

secretion,!including!the!type!II!secreted!effector!CPAF!and!the!type!II!secretion!machinery!

operon!(gspDEF!and!the!conserved!hypothetical!protein!CT_573).!Although!there!is!debate!

as! to! the!biological! function!CPAF!serves! in!chlamydial! infections! (Chen!et!al.!2012),! it! is!

intriguing! that!we!uncover! the! conservation!of!predictions! involving!ChxR!with! a! type! II!

secreted!substrate!and!the!type!II!secretion!system,!both!considered!midAcycle!genes.!ChxR!

is! also! connected! to!ATP/ADP! translocase! (tlcA)! and! the! adenylate! kinase! (adk),! both! of!

which!are!involved!in!nucleotide!metabolism!and!appear!to!be!midAcycle!genes!(Belland!et!

al.! 2003).! The! interconnectedness! of! all! nodes! in! the! conserved! phylumAwide! network!

suggests!that,! indeed,!these!genes!all!have!shared!motifs!and!may!be!under!the!control!of!

the! same! regulator.! The! presence! of! one! of! the! experimentally! demonstrated! targets! of!

ChxR,! CT_084! (Koo! et! al.! 2006),! in! the! network! offers! more! evidence! that! this! may!

represent!genes!under!the!control!of!this!activator.!As!it!has!been!proposed!that!ChxR!may!

function!as! the!activator!of!midAcycle!genes! (Koo!et!al.!2006),!our!networks!support! this!

notion,! and! suggest! that! ChxR!may! be! an! even!more! important! regulator! of! global! gene!

expression!than!previously!thought.!!

)

Conclusions)

Here,! we! have! investigated! the! evolution! and! diversity! of! the! transcriptional! regulatory!

architecture! at! a! phylum! wide! level.! We! systematically! identified! putative! transcription!

factors!and!demonstrated!that!there!have!been!extensive!gains!and!losses!of!these!factors!

during!chlamydial!evolution.!The!conserved!regulatory!players,!especially!EUO!and!ChxR,!
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likely! play! fundamental! roles! in! regulating! gene! expression,! as! demonstrated! by! their!

conservation! across! the! phylum! and! their! central! placement! within! our! regulatory!

networks.!Further!investigations,!for!instance!by!CHiPASeq!of!various!transcription!factors,!

within!and!between!chlamydial!organisms,!will!allow!us!to!fully!characterize!the!regulatory!

schemes!present!in!the!phylum.!As!we!work!towards!this!goal,!the!comparative!genomics!

approach! we! implemented! here! remains! a! powerful! tool! to! explore! this! component! of!

evolution!that!would!otherwise!remain!vastly!unexplored.!In!this!vein,!we!provide!the!first!

description! of! regulatory!networks! for!members! of! the!Chlamydiae,! including! those!with!

direct! relevance! for! human! health.! Our! analysis! revealed! that!major! players! involved! in!

hostAcell! manipulation! and! virulence! are! coAregulated! and! are! largely! genus! and! family!

specific! in! their! network! organization.! Additionally,! we! uncovered! that! the! regulatory!

network!architecture!is!not!well!conserved!throughout!the!phylum,!but!those!connections!

that!are!conserved!are!primarily!involved!in!the!exploitation!of!the!intracellular!niche,!such!

as!nucleotide!and!ATP!scavenging.!An!invaluable!corollary!of!this!network!approach!is!that!

genes! integrated! into! these! networks! represent! prime! candidates! as! novel! virulenceA

associated!genes,!and!provide!the!chlamydial!research!community!a!solid!starting!point!for!

investigating! the! roles!of!hypothetical!proteins.!This! approach! can!easily!be!expanded! to!

other! nonAmodel! systems! to! elucidate! putative! functions! for! hypothetical! proteins! and!

determination!of!virulence!factors!(Brohee!et!al.!2011).!!
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Materials!and!Methods!
Identification)of)conserved)transcription)factors)

The!proteome!of!each!organism!was!scanned!using!InterProScan!v5!(Jones!et!al.!2014),!and!

hits!matching!the!DNAAbinding!domain!families!from!the!curated!DBD!database!(Wilson!et!

al.!2008)!to!PFAM!(Finn!et!al.!2013)!and!SUPERFAMILY!(Gough!et!al.!2001)!were!extracted!

and! further! curated! to! remove! falseApositive! matches.! We! additionally! searched! for! GO!

terms! associated! with! gene! regulation! and! those! previously! described! in! the! literature.!

Orthologous! groups! of! proteins! were! determined! by! OrthoMCL! (Li! et! al.! 2003)! using!

default!parameters.!We!inferred!the!evolutionary!history!of!the!transcription!factors!along!

the!species!tree!using!COUNT!with!the!Dollo!parsimony!option!(Csűös!2010).!

!

Chlamydial)species)phylogeny!

Using!AMPHORA2!(Wu!and!Scott!2012)!we!extracted!31!phylogenetic!marker!genes!from!

each!chlamydial!proteome.!Each!gene!family!was!aligned!with!MAFFT!(Katoh!and!Standley!

2013)!using!the!LINSI!algorithm,!followed!by!removal!of!poorly!aligned!sites!using!BMGE!

(Criscuolo! and! Gribaldo! 2010).! The! individual! alignments! were! concatenated! together!

using!SCaFoS!(Roure!et!al.!2007).!Phylogenetic!analysis!was!performed!using!the!CATAGTR!

model! in! PhyloBayesAMPI! (Lartillot! et! al.! 2013)! running! two! independent! chains.! We!

determined! the! chains! had! converged! when! the! maximum! discrepancies! in! bipartition!

frequencies! (bpcomp)! dropped! below! 0.1! and! effective! sampling! size! of! parameters!

(tracecomp)! was! at! least! 100! between! the! chains,! as! per! the! recommendation! in! the!

PhyloBayes! manual! (Lartillot! et! al.! 2009).! We! additionally! performed! a! maximum!

likelihood! analysis! using!RAxML! (Stamatakis! 2006)! under! the! “PROTGAMMALGF”!model!

with!1000!bootstraps.!The!PhyloBayes!and!RAxML!tree!topologies!were!nearly!congruent.!

!

Gene)family)phylogenies!

EUO!protein!sequences!were!obtained!from!the!OrthoMCL!data.!Protein!sequences!for!the!

lysR1 (pecT)! and! σ28! analysis! were! obtained! via! BLAST! against! the! UniRef! 90! database!

(Suzek!et!al.!2007).!To!account!for!compositional!heterogeneity!between!species!in!the!σ28!

analysis,! we! recoded! the! alignment! into! the! six! DayHoff! categories.! All! alignments!were!
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performed!with!MAFFT!(Katoh!and!Standley!2013)!using!the!LINSI!algorithm,!followed!by!

removal! of! poorly! aligned! sites! using! BMGE! (Criscuolo! and! Gribaldo! 2010).We!

reconstructed! the! EUO! gene! family! phylogenetic! tree! using! RAxML! (Stamatakis! 2006)!

under! the! “PROTGAMMALGF”!model!with! 1000! bootstraps.! ! Phylogenetic! trees! for! LysR!

and! σ28!were! calculated!with! PhyloBayes! under! the! GTR!model! and! convergence! checks!

were!performed!the!same!as!in!the!species!tree!analysis.!

1

Phylogenetic)footprinting)and)predicted)co?regulatory)networks!

We! used! the! Regulatory! Sequence! Analysis! Tools! (RSAT)! (ThomasAChollier! et! al.! 2008)!

suite!to!construct!both!the!phylogenetic!footprints!and!predicted!coAregulatory!networks.!

Briefly,! for! each! organisms! considered,! we! determined! if! there! was! a! significant!

phylogenetic!footprint!for!each!gene!in!that!genome!by!detecting!overArepresented!motifs!

in!promoter!regions!via!the!program!dyadDanalysis!(Defrance!et!al.!2008;!Janky!and!Helden!

2008).!We!then!created!the!coAregulation!networks!in!RSAT!by!linking!similar!phylogenetic!

footprints!together!as!previously!described!(Brohee!et!al.!2011)!via!the!footprintDdiscovery!

program!within!RSAT!with!the!following!default!parameters:!“Alth!occ!1!Alth!occ_sig!0!Auth!

rank!50!Abg_model!taxfreq!Aall_genes!Asep_genes!Afilter!Ainfer_operons!Atask!all”.!!Networks!

were!also!constructed!without!predicting!operons!by!omitting!the!“Ainfer_operons”!option.!

Consensus! networks! were! created! using! a! custom! Python! script! using! the! ‘NetworkX’!

package.! Networks! were! viewed! and! processed! using! Cytoscape! v.3.2.1! (Shannon! et! al.!

2003).! Sequence! logos! were! created! using!WebLogo! 3! (Crooks! et! al.! 2004).! The! MEME!

software!(Bailey!et!al.!2009)!was!also!used!to!scan!sequence!groups,!such!as!the!putative!

EUO!regulon!for!overArepresented!motifs.!Operon!predictions!were!downloaded!from!the!

DOOR!2.0!database!(Mao!et!al.!2014)!for!comparison!against!the!RSAT!operon!predictions.!

Functional! categories! were! assigned! to! genes! via! BLAST! of! the! eggNOG! 4.0! database!

(Powell! et! al.! 2014).! All! networks! may! be! downloaded! as! GML! files! from!

figshare.com/s/0b0b4ebe046a11e59e9c06ec4bbcf141!.!

!

! !
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�������ʹǤ�Comparison of operon predictions. 

Chlamydia 
trachomatis 

434/Bu 

Chlamydia 
pneumoniae 

CWL029 

Protochlamydia 
amoebophila 

UWE25 
Total genes 874 1033 2031 
Genes in RSAT  
operon prediction 

537 634 947 

Genes in DOOR 
operon prediction 

575 691 995 

RSAT predictions in 
DOOR predictions 

531 624 917 

Genes in non-operon 
network 

311 385 384 

Genes in operon 
network 

644 733 710 
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0.3

Legionella hackeliae

Legionella micdadei

Simkania negevensis

Legionella geestiana

Legionella longbeachae

Asticcacaulis excentricus

Spirosoma linguale

Candidatus Odyssella thessalonicensis

Candidatus Paracaedibacter symbiosus

Asticcacaulis biprosthecum C19

Rudanella lutea

Criblamydia sequanensis

Spirosoma spitsbergense

Legionella moravica

Tistrella mobilis

Spirosoma panaciterrae

Legionella pneumophila
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0.53

1

0.72

1

0.96

0.99

0.72
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alpha proteobacteria

Chlamydiae

Bacteroidetes

gamma proteobacteria

alpha proteobacteria

Supplementary Figure S1. Acquisition of transcription factors for members of the Chlamydiae.
The transcription factor pecT is part of the general LysR transcriptional regulator family, and seems
to have been aquired by Simkania negevensis (F8L9G7 )and Criblamydia sequanensis (A0A090E2E0)
from members of the Baceteroidetes. The gene history is complicated, as the gene was transfered 
first from alpha-proteobacteria into the clade with the Chlamydiae and Bacteroidetes. There was
a subsequent transfer of this gene to members of the Legionella, which are known to infect
free living ameoba.  
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Chlamydial species tree EUO gene tree

Supplementary Figure 2. Gene trees of global regulators, such as EUO, largely follow the species 
tree. Shown is a comparison of the species phylogeny (based on 33 concatenated marker proteins) to 
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Supplementary Figure S3. Conserved motifs for predicted novel HrcA regulon members.
The discovered motifs for both phoH (A) and CPn0105 (B) are near perfect matchers to the consen-
sus CIRCE element reported in Wilson and Tan (2004), strongly suggesting that these genes are 
under the control of HrcA. 
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Supplementary Figure S . Consensus co-regulatory network from members of the Chlamydiaceae.
This network was created by only incorporating edges that are present in all six Chlamydiaceae genomes
analyzed. The network contains 443 nodes and 975 edges. 
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Supplementary Figure S8. Comparison of eggNOG functional categories for the C. trachomatis
and phylum conserved sub-networks. The phylum conserved network is enriched in eggNOG
functional categories that are involved in metabolism and cellular proccesses and signaling versus
that of the C. trachomatis network. Note the dramatic reduction in the poorly characterized proteins,
as this largely represents the Type III effector proteins used for host cell entry, rather than those used
by chlamydia to exploit the intracellular niche. eggNOG functional categries are descbied here:
ftp://eggnog.embl.de/version_4.0.beta/data/downloads/eggnogv4.funccats.txt.
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Plastid establishment did not require a
chlamydial partner
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Primary plastids descend from the cyanobacterial endosymbiont of an ancient eukaryotic

host, but the initial selective drivers that stabilized the association between these two cells

are still unclear. One hypothesis that has achieved recent prominence suggests that the first

role of the cyanobiont was in energy provision for a host cell whose reserves were being

depleted by an intracellular chlamydial pathogen. A pivotal claim is that it was chlamydial

proteins themselves that converted otherwise unusable cyanobacterial metabolites into host

energy stores. We test this hypothesis by investigating the origins of the key enzymes

using sophisticated phylogenetics. Here we show a mosaic origin for the relevant pathway

combining genes with host, cyanobacterial or bacterial ancestry, but we detect no strong case

for Chlamydiae to host transfer under the best-fitting models. Our conclusion is that there is

no compelling evidence from gene trees that Chlamydiae played any role in establishing the

primary plastid endosymbiosis.
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Endosymbiosis is key to the evolutionary success of
eukaryotes1, from the ancient endosymbiotic origins of
mitochondria and chloroplasts2 to the methanogenic

symbionts of anaerobic ciliates3 and the nutritional symbioses
of sap-feeding insects4. Cell biology and phylogenetics testify to
the prokaryotic origins of these endosymbiotic organelles, but the
molecular mechanisms by which their free-living progenitors
were originally recruited and integrated with a host cell remain
poorly understood. The endosymbiotic capture of a
cyanobacterium by a heterotrophic eukaryotic host cell at the
origin of the Archaeplastida marked one of the most important
events in evolutionary history, for through this symbiosis all plant
life would emerge. Other photosynthetic eukaryotes obtained
their plastids through secondary endosymbiosis of one of these
primary lineages, implying that—with a single exception5—all
photosynthetic eukaryotes trace the origin of their photosynthetic
machinery to the primary cyanobacterial endosymbiosis6.
However, despite substantial progress on the evolution of
plastids and their relationships to free-living cyanobacteria7,8,
the initial selective pressure that drove the acquisition and
retention of the cyanobacterial endosymbiont remains unclear.
Modern plastid and host metabolisms are intimately intertwined,
with the chloroplast providing primarily fixed carbon to the host
in exchange for a multitude of metabolites, including phosphate
derivatives and NAD9. However, present-day host–plastid
interactions are the product of more than a billion years of co-
evolution and the situation may have been very different at the
time of the initial endosymbiosis. In addition to the provision
of carbohydrates to the host10, nitrogen fixation8 and the
production of molecular oxygen for use by host mitochondria11

have also been proposed as initial selective drivers for the
retention of the cyanobacterial endosymbiont.

Recently, a detailed, metabolically explicit hypothesis for the
initial selective pressure driving endosymbiosis was proposed in
which the heterotrophic host cell that engulfed the cyanobacterial
endosymbiont was already infected with an ancient member of
the Chlamydiae12–16. In this ‘ménage à trois’16 (Fig. 1), named
with reference to the proposed tripartite nature of the
endosymbiosis, the chlamydial partner secreted a series of
effectors that manipulated the host cell, rerouting host energy
through glycogen metabolism for subsequent conversion to
maltotetraose and import into the pathogen16. The proposed
first step in this process was the conversion of host glucose-1-
phosphate to the bacterial metabolite adenine diphosphoglucose
(ADP-glucose) by the chlamydial effector GlgC; ADP-glucose was
subsequently polymerized to glycogen and then processed for
import by the pathogen through a series of downstream reactions
catalysed by the effectors GlgA, GlgP and GlgX, all secreted by the
pathogen into the host cytoplasm. In this scenario, an engulfed
cyanobacterium could have provided immediate relief to the
infected host cell through the provision of ADP-glucose generated
as a byproduct of its own metabolism, preventing further
depletion of host energy stores, that is, the energy sink
represented by the chlamydial pathogen would provide the
initial selective pressure for capture and retention of the
cyanobiont. Although the immediate effect would have been to
rescue the host cell, this tripartite metabolic interaction might
also have potentiated the development of long-term
endosymbiosis by establishing an initial metabolic link between
host and cyanobiont, through the incorporation of cyanobacterial
ADP-glucose into host glycogen stores.

The ménage à trois idea is a useful hypothesis, because it makes
explicit cell biological and phylogenetic predictions that can be
tested against currently available data. Modern Chlamydiae have
a broad host range, from humans (where Chlamydia trachomatis
is a major cause of sexually transmitted disease) to cattle, fish,

isopods and protists17. However, extant Chlamydiae are not
known to infect any members of the Archaeplastida, although the
situation may have been different in the distant past18. The
‘smoking gun’ for the mitochondrial and plastid endosymbioses
was the detection of an organelle19, and although there is
currently no evidence for a chlamydia-derived organelle in
modern Archaeplastida, the chlamydial partner might have been
lost from the consortium following horizontal transfer (HGT) of
the key metabolic genes to the host nucleus13,14,16. In support of
the hypothesis, some modern pathogenic Chlamydiae appear to
manipulate host metabolism by the secretion of glycolytic
enzymes16,20 and some of the homologues of these enzymes
from environmental Chlamydiae were shown to be secreted by
the type III secretion system in a Shigella assay16. Further,
published gene trees for some archaeplastidal enzymes involved
in carbohydrate metabolism show the archaeplastidal sequences

Cyanobacteria

Archaeplastida

Early eukaryotes

Chlamydiae

Diverse chlamydial hosts“Ménage à trois”

Chlamydial
partner

lost

Figure 1 | The evolutionary history of chlamydia–eukaryote interactions
and the ménage à trois hypothesis for plastid establishment. Chlamydiae
have probably been associated with eukaryotes for at least 700 million
years (17) so it appears reasonable to suggest that they also infected even
more ancient eukaryotes. Extant Chlamydiae can infect a tremendously
diverse range of eukaryotic hosts such as humans, cattle, pigs, birds, koala,
fish, insects and unicellular protists. Notably, Chlamydiae have not been
found infecting any member of the Archaeplastida. A proposed evolutionary
scenario, coined the ‘ménage à trois’ hypothesis16, posits that an early
eukaryotic cell was host to both a chlamydial and cyanobacterial partner.
Key metabolic genes that enabled the symbiotic capture of the
cyanobacterium are proposed to have been horizontally transferred from
chlamydia primarily to the host, but also to the cyanobacterium. Once these
genes were transferred, the chlamydial partner was no longer needed and
was subsequently lost. The newly formed relationship between
cyanobacterium and host led to the modern plastid and the evolution of
Archaeplastida.
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emerging from within, or clustering with, the Chlamydiae. These
include the genes encoding the putative effectors GlgX and GlgA
mentioned above. These trees are compatible with a chlamydial
origin for key components of plant carbohydrate metabolism,
providing phylogenetic support for the ménage à trois hypothesis.

However, the deep internal branches of single gene trees are
notoriously difficult to reconstruct, because they are often highly
sensitive to the methods used, particularly when inferring
phylogenies from anciently diverged sequences21,22. Standard
phylogenetic models make simplifying assumptions about the
evolutionary process that are often not met, with potential
consequences for the relationships inferred. Here we re-evaluate
the phylogenetic evidence for the ménage à trois hypothesis using
a range of more complex evolutionary models that incorporate
additional features of the sequence data shown to be important by
statistical tests of model fit. Analyses using the best-fitting
phylogenetic models reveal a mosaic origin for archaeplastidal
storage polysaccharide metabolism, raise the possibility that some
previous analyses have been misled by simple evolutionary
models and suggest that there is no need to invoke a chlamydial
contribution to the plastid endosymbiosis.

Results and Discussion
Simple methods do not adequately model sequence evolution.
Under the ménage à trois hypothesis, archaeplastidal GlgC, GlgA,
GlgP and GlgX originated as chlamydial effectors whose coding
sequences were later transferred to the host nucleus; as a con-
sequence, their modern-day archaeplastidal homologues are
expected to cluster within, or as the sister to, chlamydial genes in
single gene trees. Published phylogenies of these genes have made
use of the single-matrix substitution models JTT13, WAG14,15,23

and LG16, which all share the simplifying assumptions that the
process of evolution is homogeneous across the sites of the
alignment and the branches of the tree. These assumptions are
frequently violated by real molecular sequences, in which sequence
composition, and by inference evolutionary process, often varies
extensively in both of these dimensions. Violation of these
assumptions results in poor model fit and can lead to phylogenetic
artefacts such as long-branch attraction, in which fast-evolving
sequences (long branches) cluster together irrespective of true
historical relationships; as a result, analyses with poorly fitting
models can potentially lead to the recovery of strongly supported
but incorrect phylogenetic trees24. To evaluate whether the
assumptions of single-matrix models are met by the enzymes
key to the ménage à trois hypothesis, we performed posterior
predictive simulations25 on alignments of GlgC, GlgX, GlgA, GlgP
and UhpC under the LG model, which according to analyses using
the model selection tool ProtTest 3.4 (ref. 26) was the best-fitting
single-matrix model in all cases. Posterior predictive simulations
provide a test of model adequacy by comparing the properties of
data simulated under the model to the real alignment; significant
compositional differences between the observed and simulated
data suggest that the assumptions of the model are unrealistic for
the data at hand. Our simulations indicated that all five alignments
contained significant across-site and across-branch compositional
variation that was not adequately accounted for by the single-
matrix LG model (see Fig. 2 and Supplementary Table 1). These
results suggested that LG provided an inadequate fit to the data
with respect to sequence composition, raising the possibility that
the resulting phylogenies might be affected by phylogenetic
artefacts such as long-branch attraction and motivating the use of
more complex models.

Better-fitting models do not support the ménage à trois. In the
last decade, growing recognition of the problems of systematic

error in phylogenetics24, improvements in computational power
and the increasing popularity of Bayesian approaches have
stimulated the development of more complex phylogenetic
models that can accommodate across-site and across-branch
compositional variation27–29. These are pervasive features of real
sequence data that, when not adequately modelled, are known to

12
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Figure 2 | Bayesian posterior predictive simulations for assessing model
fit to the key enzymes implicated in the ménage à trois. Posterior
predictive simulations25 are a technique for assessing model adequacy with
respect to key properties of the sequence alignment, which has an impact
on phylogenetic inference. Here we compared the ability of the LG and
CATþGTR models to adequately capture the site-specific biochemical
constraints experienced by the genes implicated in the ‘ménage à trois’
hypothesis. In sequence alignments, these constraints are manifest in the
reduced number of amino acids observed in any one alignment column,
which is usually much less than the theoretical maximum of 20. (a) The
mean observed number of different amino acids per site in the GlgC
alignment was 7.78. Data simulated under the LG model showed mean per-
site diversity values (dot) much higher than the real data, suggesting this
model did a poor job of modelling site-specific constraints. In contrast, the
range (bars) of site-specific diversities predicted under the CATþGTR
model was comparable to that of the real data (P¼0.33), suggesting
adequate model fit with respect to this important metric. (b–d) The results
for our analyses of GlgP, GlgX and UhpC were similar, with the CATþGTR
model better able to capture site-specific constraints, although neither
model produced realistic predictions for the GlgP alignment. (e) Analyses of
three different GlgA alignments under the CATþGTR model. The original
data set contained a large and highly diverse outgroup, leading to a high
per-site diversity and poor model fit. An outgroup consisting only of the
sequences most closely related to the relevant GlgA clade reduced per-site
diversity and enabled adequate model fit; Dayhoff recoding of the original
alignment also resulted in improved model fit relative to the unrecoded
data. In both analyses in which adequate model fit was achieved, we did not
recover a specific Chlamydiae/Archaeplastida clade, as discussed in the
main text. Error bars represent s.e. and P-values were calculated using the
‘ppred’ and ‘readpb_mpi’ programmes in the PhyloBayes and PhyloBayes-
MPI packages, respectively.
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lead to topological errors in inferred trees. In particular, variation
in sequence composition across the sites of an alignment is a
ubiquitous feature of sequence data that arises from the site-
specific selective constraints experienced by functional biological
molecules; failure to account for the impact of these constraints
on sequence evolution often results in poor modelling of the
substitution process and can lead to phylogenetic artefacts
such as long-branch attraction (LBA)24. One of the most useful
approaches to modelling these site-specific constraints is the CAT
family of substitution models29 that accommodate across-site
compositional variation by allowing sites to be fit by distinct
equilibrium composition profiles; as a result, these models have
been shown to be more resistant that standard single-matrix
models to systematic phylogenetic error and LBA30. We therefore
applied these methods to the archaeplastidal genes predicted to
trace their ancestry to the chlamydial partner in the ‘ménage à
trois’. We compared the fit of these more complex models to the
single-matrix models previously applied to these genes using
posterior predictive simulations; the results of these tests are
summarized in Fig. 2 and Supplementary Table 1, and are
discussed on a per-gene basis below.

The first step in manipulation of the heterotrophic host cell by
the ancient chlamydial pathogen is suggested to be the conversion
of host energy, in the form of glucose-1-phosphate, to ADP-
glucose via the ADP-pyrophosphorylase GlgC. However, our
phylogenetic analyses of GlgC homologues from Archaeplastida,
Chlamydiaceae, Cyanobacteria and other bacterial groups
recovered the archaeplastid sequences clustering with the
Cyanobacteria with maximal posterior support (Posterior prob-
ability, PP¼ 0.99 in the CATþGTR analysis; see Fig. 3a and
Supplementary Fig. 1). Within this clade, the archaeplastid
sequences (with the exception of those from the green algae
Chlamydomonas and Ostreococcus) emerged from within the
Cyanobacteria, albeit with more modest support (PP¼ 0.84). The
simplest interpretation of these results is that glgC of modern
Archaeplastida was obtained directly from the cyanobiont by
endosymbiotic gene transfer31.

Following the generation of ADP-glucose by GlgC and its
incorporation into host glycogen by GlgA (our analysis of which
is discussed below), the next step in the exploitation of host
energy by the ancient chlamydial pathogen is proposed to be the
priming of glycogen for attack by parasite isoamylase (GlgX)16.
The enzyme that performs this step is a glycogen phosphorylase,
GlgP, which catalyses glycogen breakdown by recessing glycogen
chains to within four residues of an a-1,6 branch. Our
phylogenetic analyses did not recover a chlamydial, or indeed a
cyanobacterial, origin for archaeplastidal glgP under any of the
models used. Instead, the archaeplastidal sequences grouped with
some other eukaryotes away from both the cyanobacterial and
chlamydial clades (Fig. 3b and Supplementary Fig. 2), consistent
with vertical descent of GlgP from the heterotrophic host cell for
the cyanobacterial endosymbiont.

Under the ménage à trois hypothesis, the original role of
chlamydial GlgX (isoamylase) was the generation of maltote-
traose from host glycogen for import into the pathogen.
Published trees inferred under the LG model16 recovered a
Chlamydiae/archaeplastid clade clearly distinct from other
bacteria, but support for the relationships within this clade
were weak. Phylogenetic inference under the better-fitting
CATþGTR model (P¼ 0.24 for across-site compositional
heterogeneity, suggesting adequate model fit; see Fig. 2c and
Supplementary Table 1) recovered a well-resolved Chlamydiae/
archaeplastid clade in which the Chlamydiae emerged from
within the Archaeplastida with high posterior support (PP¼ 0.98
for CATþGTR; see Fig. 3c and Supplementary Fig. 3). These
results are consistent with the horizontal transfer of GlgX

between Chlamydiae and Archaeplastida, but suggest that the
direction was to, rather than from, the Chlamydia and hence they
do not support the ménage à trois hypothesis.

Origins of the UhpC hexose phosphate transporter. Genome
analysis of the glaucophyte Cyanophora paradoxa has recently
identified a homologue of UhpC, a hexose transporter of potential
chlamydial origin32. This finding prompted a revision of the
ménage à trois scenario in which an initial horizontal transfer of
the uhpC gene from the chlamydial pathogen to the genome of
the cyanobacterial endosymbiont provided the transporter
needed for the export of photosynthate from the cyanobiont, in
the form of glucose-1-phosphate33. It is worth pointing out that
as the heterotrophic host cell would then have been able to make
use of glucose-1-phosphate directly, this extension of the ménage
à trois might seem to obviate the subsequent need for the
chlamydial partner. Nonetheless, the revised theory locates both
the cyanobiont and chlamydial partner in an inclusion within the
eukaryotic host cell and posits that the glucose-1-phosphate
exported from the cyanobiont by the chlamydial transporter was
subsequently converted to ADP-glucose by chlamydial GlgC and
transported into the host cytoplasm by a host-derived transporter,
where it then followed the same fate as in the original ménage à
trois model33.

A key issue when inferring and interpreting phylogenies of
multigene families is the placement of the root, in particular for a
transporter such as UhpC that is a member of the major
facilitator superfamily and is related to the glycerol-3-phosphate
transporter GlpT34. The published tree32 includes UhpC
sequences from Proteobacteria, Chlamydiae and Archaeplastida
and, when rooted on or within the Proteobacteria, produces a
topology consistent with horizontal transfer of the gene from
Chlamydiae to Archaeplastida. Our UhpC phylogeny, inferred
under the better-fitting CATþGTR model, would also support a
transfer from Chlamydiae into plants but only if it too was rooted
within the proteobacteria. By contrast, inclusion of the GlpT
sequences as an outgroup placed the root between the
archaeplastidal and bacterial sequences as a whole (Fig. 3d and
Supplementary Fig. 4), eliminating any compelling case for
specific gene transfer from Chlamydiae to Archaeplastida.

High levels of compositional heterogeneity in GlgA. In the
ménage à trois, the original role of the glycogen synthase GlgA is
proposed to have been the incorporation of ADP-glucose gen-
erated by GlgC into host glycogen for later exploitation by the
chlamydial pathogen. This enzyme would therefore have estab-
lished the intial link between host and cyanobiont metabolism by
providing a route for the incorporation of a bacterial metabolite
(ADP-glucose) into host energy stores. In agreement with the
recent analyses of Ball et al.16, a phylogeny inferred under the LG
model provides moderate support (PP¼ 0.83) for chlamydial
ancestry of the archaeplastid sequences, although this model
was rejected in our posterior predictive simulations both for
across-site and across-branch compositional heterogeneity
(P¼ 0 for across-site compositional heterogeneity, P¼ 0.002 for
across-branch heterogeneity; see Supplementary Table 1). Indeed,
the GlgA alignment proved to be extremely heterogeneous in
both across-site and across-branch composition; unusually,
even the most general substitution model currently available
(CATþGTR) failed to provide an adequate fit with respect
to across-site compositional variation (P¼ 0, see Fig. 2e and
Supplementary Table 1). Although the tree inferred under
CATþGTR did not fit the data, it did weakly (PP¼ 0.74)
support a Chlamydiae plus Archaeplastida clade, consistent with
horizontal exchange (Fig. 4a and Supplementary Fig. 5).
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The original GlgA alignment of Ball et al.16 contains, in
addition to the chlamydial and archaeplastidal sequences that are
key to the ménage à trois hypothesis, an extensively sampled
outgroup that includes distantly related, functionally divergent
paralogues of these enzymes from Archaeplastida and bacteria.
We reasoned that the large evolutionary distances, functional
shifts and associated long branches that characterize this
outgroup might be a contributing factor to the failure of the

CATþGTR model to adequately capture the compositional
heterogeneity evident in the data set, potentially interfering with
the inference of in-group relationships35. To test this idea, we
removed most of the outgroup sequences, retaining only the clade
that branched closest to the key Chlamydiae/Archaeplastida clade
in the initial CATþGTR analysis, and performed inference on
this reduced data set under the same model. The removal of the
more distant outgroup sequences significantly reduced the
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compositional heterogeneity in the data set so that the
CATþGTR model now provided an adequate fit for across-site
compositional variation (P¼ 0.21, see Fig. 2e), although it still
failed the across-branch test (see Supplementary Table 1).
Interestingly, this analysis no longer recovered a specific
Chlamydiae/Archaeplastida clade (Fig. 4b and Supplementary
Fig. 6), suggesting that the weakly supported relationship
observed in the original tree may have been the result of poor
model fit.

Given the poor fit of CATþGTR to the GlgA sequences, we
also evaluated two alternative approaches for modelling the
evolution of GlgA: Dayhoff recoding and joint modelling of
across-site and across-branch compositional variation using the
CATþBP model. In Dayhoff recoding36, the 20 amino acids are
clustered into 6 bins such that the substitution rates among
amino acids in the same bin are higher than between bins. By
recoding amino acid data into these six classes and only
modelling substitutions between bins, the degree of
substitutional saturation and compositional heterogeneity in the
data is greatly reduced, often helping to ameliorate poor model fit
and the effects of systematic phylogenetic error37. Dayhoff
recoding inevitably results in some information loss, but the net
effect is often a substantial improvement in phylogenetic
accuracy37, especially on extremely heterogeneous data sets
such as the GlgA alignment16 that we analyse here. Indeed,
posterior predictive tests on the complete alignment of Ball

et al.16 analysed under the CATþGTR model showed adequate
fit with respect to both across-site and across-branch composition
after Dayhoff recoding (P¼ 0.49 and 0.1, respectively; see Fig. 2e
and Supplementary Table 1), demonstrating a large improvement
in model fit over the un-recoded data. As with our analysis on the
unrecoded data using only the closest outgroup, the phylogeny
inferred under this model did not recover a specific Chlamydiae/
Archaeplastida relationship (Fig. 4c and Supplementary Fig. 7),
instead recovering a clade (PP¼ 0.93) in which the relationships
among the Chlamydiae, Archaeplastida SSIII and SSIV-like, and
other bacterial sequences were unresolved.

Finally, we attempted to jointly model the across-branch and
across-site compositional variation in the GlgA alignment using
the non-stationary CATþBP model27, which combines
modelling of across-site composition in the same way as the
CAT model with a process in which composition can change at
breakpoints (BPs) across the phylogenetic tree, leading to across-
branch compositional variation. These analyses also failed to
recover a Chlamydiae/Archaeplastida clade (Fig. 4d and
Supplementary Fig. 8). Overall, our analyses demonstrate that
the evolution of the GlgA gene is unusually difficult to model,
given the high levels of both across-site and across-branch
compositional variation observed. Nonetheless, our analyses
using a series of better-fitting models suggest that there is no
convincing support for a specific Chlamydiae/Archaeplastida
relationship.
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In summary, our phylogenetic analyses suggest a mosaic origin
for archaeplastidal carbohydrate metabolism: the ADP-pyropho-
sphorylase GlgC descends from within the cyanobacteria,
consistent with an origin from the cyanobacterial endosymbiont;
the glycogen phosphorylase GlgP may descend from the
eukaryotic host cell for that endosymbiont, and the glycogen
synthase GlgA, the debranching enzyme GlgX and the hexose
phosphate transporter UhpC appear to have bacterial, but not
necessarily chlamydial, origins. Thus, in contrast to the predic-
tions of the ménage à trois hypothesis, our analyses suggest that
there is no compelling evidence that any of the key genes of
archaeplastidal carbohydrate metabolism were acquired from an
ancient chlamydial partner.

Implications for the plastid endosymbiosis. In addition to the
genes directly implicated in the ménage à trois hypothesis that we
discuss above, support for chlamydial involvement in the estab-
lishment of the plastid has also been derived from the observation
that nearly 60 archaeplastidal genes group with Chlamydiae in
genomic surveys of single-gene trees12–16,38. These trees have
been interpreted as evidence of a batch horizontal transfer from
Chlamydiae to Archaeplastida that could also reflect a long period
of infection, symbiosis or co-habitation of the same ecological
niche13,14,16. For reasons of computational speed, phylogenomic
screens have employed single-matrix methods, such as the LG
model discussed above, and are therefore subject to the same
caveats as the gene trees analysed here. Beyond these
methodological concerns, there is a deeper problem with
inferring a special explanation for the presence of putative
chlamydial genes on plant genomes, in the absence of any
physical evidence of the proposed chlamydial partner. The
problem is that recent studies have demonstrated that in
addition to organellar genes shared with Cyanobacteria and
Alphaproteobacteria, the Archaeplastida share more genes with
Gammaproteobacteria, Actinobacteria, Deltaproteobacteria,
Bacilli, Bacteroidetes and Betaproteobacteria than with
Chlamydiae8. Given the extent of HGT, particularly of
metabolic genes, among major cellular groups39 and the
demonstrated limitations of standard phylogenetic models for
the archaeplastidal genes we analysed here, these patterns of gene
sharing—including those involving Chlamydiae—are most simply
explained as a mixture of genuine HGT events and tree
reconstruction artefacts. Thus, in the absence of cytological
evidence for a chlamydia-derived organelle, or support for the
ménage à trois hypothesis from better-fitting phylogenetic
models, we conclude that there is no compelling need to invoke
a chlamydial partner in the establishment of the primary plastid
endosymbiosis.

Methods
Sequences and alignments. The GlgA and GlgX alignments were those used in
Ball et al.16 For the other genes, gene families were downloaded from the
HOGENOM40 (UhpC and GlgC) or OMA41 (GlgP) databases and augmented with
their orthologues from a set of newly sequenced chlamydial genomes
(Neochlamydia sp. TUME1 and EPS4, Protochlamydia sp. EI2 and Parachlamydia
sp. OEW1) as well as additional cyanobacterial orthologues. Sequences for GlgC
and GlgP were aligned using Muscle 3.8 (ref. 42) and poorly aligning regions were
detected and removed using BMGE43 with the BLOSUM30 scoring matrix. UhpC
sequences were collected by extracting the top 250 BLAST hits of the
Protochlamydia amoebophila homologue (Q6ME88_PARUW) against the
UniRef90 database44 and supplemented with the aforementioned chlamydial
genomes. The alignment was performed using clustalOmega45 and filtered using
GBlocks46 by using the parameters ‘-b4¼ 3 -b5¼ a’. All sequence sets, alignments
and Newick tree files have been deposited in FigShare (http://dx.doi.org/10.6084/
m9.figshare.1257740).

Phylogenetic analyses. Analyses using the CATþGTR and CATþGTRþ
Dayhoff models were performed using PhyloBayes-MPI47 1.5a and analyses using

CAT-BP were performed using nhPhyloBayes27. Bayesian analyses using the LG
model were performed in PhyloBayes 3.3 (ref. 48). For each analysis, two chains
were run in parallel, and the bpcomp and tracecomp programmes were used to
assess convergence. We judged that analyses had converged when the maximum
discrepancies in bipartition frequencies (bpcomp) and summary statistics
(tracecomp) between the two chains had all dropped below 0.1, and the effective
sample size of each parameter was at least 100, as recommended in the PhyloBayes
manual (http://www.phylobayes.org).

Posterior predictive simulations. Posterior predictive simulations were per-
formed using converged runs to evaluate model fit. We used the ppred (PhyloBayes
3.3) and readpb_mpi (PhyloBayes-MPI 1.5a) programmes to perform tests of
across-site (site-specific biochemical diversity) and across-branch (compositional
homogeneity) tests for the LG, CATþGTR and CATþGTRþDayhoff models.
We judged that a model failed a particular test if the test statistic calculated on the
real data fell outside the central 95% of the simulated distribution.
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Supplementary Figure 1: Phylogenetic analysis of the GlgC gene under the 

CAT+GTR model. This is the complete tree upon which Fig. 3(a) is based. 

Archaeplastida sequences are denoted with green squares, Chlamydiae with orange 

triangles, Cyanobacteria with cyan circles, and other bacterial groups with black 

circles. Branch supports are Bayesian posterior probabilities, and branch lengths are 

proportional to the expected number of substitutions per site, as indicated by the scale 

bar. 
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Supplementary Figure 2: Phylogenetic analysis of the GlgP gene under the 

CAT+GTR model. This is the complete tree upon which Fig. 3(b) is based. 

Archaeplastida sequences are denoted with green squares, other eukaryotes with 

purple circles, Chlamydiae with orange triangles, Cyanobacteria with cyan circles, 

and other bacterial groups with black circles. Branch supports are Bayesian posterior 

probabilities, and branch lengths are proportional to the expected number of 

substitutions per site, as indicated by the scale bar. 
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Supplementary Figure 3: Phylogenetic analysis of the GlgX gene under the 

CAT+GTR model. This is the complete tree upon which Fig. 3(c) is based. 

Archaeplastida sequences are denoted with green squares, Chlamydiae with orange 

triangles, Cyanobacteria with cyan circles, and other bacterial groups with black 

circles. Branch supports are Bayesian posterior probabilities, and branch lengths are 

proportional to the expected number of substitutions per site, as indicated by the scale 

bar. 
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Supplementary Figure 4: Phylogenetic analysis of the UhpC gene under the 

CAT+GTR model. This is the complete tree upon which Fig. 3(d) is based. 

Archaeplastida sequences are denoted with green squares, Chlamydiae with orange 

triangles, and other bacterial groups with black circles. Branch supports are Bayesian 

posterior probabilities, and branch lengths are proportional to the expected number of 

substitutions per site, as indicated by the scale bar. 
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Supplementary Figure 5: Phylogenetic analysis of the GlgA gene under the 

CAT+GTR model. This is the complete tree upon which Fig. 4(a) is based. 

Archaeplastida sequences are denoted with green squares, Chlamydiae with orange 

triangles, Cyanobacteria with cyan circles, other bacterial groups with black circles, 

and Archaea with pink circles. Branch supports are Bayesian posterior probabilities, 

and branch lengths are proportional to the expected number of substitutions per site, 

as indicated by the scale bar. 
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Supplementary Figure 6: Phylogenetic analysis of the GlgA gene with only the 

closest outgroup clade under the CAT+GTR model. This is the complete tree upon 

which Fig. 4(b) is based. Archaeplastida sequences are denoted with green squares, 

other eukaryotes with purple circles, Chlamydiae with orange triangles, 

Cyanobacteria with cyan circles, and other bacterial groups with black circles. Branch 

supports are Bayesian posterior probabilities, and branch lengths are proportional to 

the expected number of substitutions per site, as indicated by the scale bar. 
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Supplementary Figure 7: Phylogenetic analysis of the Dayhoff-recoded GlgA 

alignment under the CAT+GTR model. This is the complete tree upon which Fig. 

4(c) is based. Archaeplastida sequences are denoted with green squares, Chlamydiae 

with orange triangles, Cyanobacteria with cyan circles, other bacterial groups with 

black circles, and Archaea with pink circles. Branch supports are Bayesian posterior 

probabilities, and branch lengths are proportional to the expected number of 

substitutions per site, as indicated by the scale bar. 
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Supplementary Figure 8: Phylogenetic analysis of the GlgA gene under the 

nonstationary CAT+BP model. This is the complete tree upon which Fig. 4(d) is 

based. Archaeplastida sequences are denoted with green squares, other eukaryotes 

with purple circles, Chlamydiae with orange triangles, Cyanobacteria with cyan 

circles, other bacterial groups with black circles, and Archaea with pink circles. 

Branch supports are Bayesian posterior probabilities, and branch lengths are 

proportional to the expected number of substitutions per site, as indicated by the scale 

bar. 
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Supplementary Table 1: Posterior predictive simulations of compositional 
heterogeneity for the single gene alignments analyzed in this study. 
 Across-site composition Across-branch composition 
 Observed Predicted P-value Observed Predicted P-value 
GlgC       
LG 7.78 9.71 +/- 

0.1 
0 0.0016 0.0014 0.069 

CAT+GTR 7.78 7.86 +/- 
0.19 

0.33 0.004 0.0047 +/- 
0.0009 

0.63 

GlgP       
LG 8.51 11.61 +/- 

0.09 
0 0.008 0.0026 0 

CAT+GTR 8.51 8.91 +/- 
0.09 

0 0.008 0.0049 +/- 
0.00057 

0 

GlgX       
LG 9.43 11.17 +/- 

0.09 
0 0.015 0.004 0 

CAT+GTR 9.43 9.54 +/- 
0.16697 

0.24 0.015 0.0059 +/- 
0.001 

0 

UhpC       
LG 8.465 9.84 +/- 

0.14 
0 0.009 0.0069 +/- 

0.0007 
0.008 

CAT+GTR 8.465 8.41 +/- 
0.09 

0.71 0.009 0.0068 +/- 
0.0008 

0.008 

GlgA       
LG 10.97 13.64 +/- 

0.11 
0 0.016 0.0083 0.002 

CAT+GTR 10.97 11.49 +/- 
0.16 

0 0.016 0.009 0.017 

CAT+GTR 
(closest 
outgroup) 

8.253 8.414 +/- 
0.2 

0.21 0.017 0.008 +/- 
0.001 

0 

CAT+GTR 
+Dayhoff 

4.409 4.408 +/- 
0.04 

0.49 0.012 0.008 0.1 
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Conclusion 
 
The members of the Chlamydiae are truly fascinating and remarkable microbes. Few bacterial 

groups, indeed, could boast of such far-reaching implications as the Chlamydiae. From the 
causative agent of the most prevalent STI in the world, to the potential facilitator of all plant life 

(which then also would have contributed to human evolution), the Chlamydiae are an incredible 
group of bacteria. The prominent goal of this thesis was to explore the evolutionary history of 

this phylum. I accomplished this goal using a variety of contexts, such as exploring gene gains 
and losses, how the regulatory system is organized, and ancient lateral gene transfers.  

 
Gene family evolution 

My work on the evolution of gene families within the Chlamydiae has large implications, not only 

in the chlamydia field, but perhaps for how we understand the evolution of intracellular bacteria 
in general. Bacteria living inside eukaryotic host cells are of utmost importance both as 

pathogens and symbionts. A hallmark of this life style is a small genome size, typically devoid of 
redundancy.  We discovered several surprisingly large gene families in members of the 

Chlamydiae, which corresponded to lineage specific expansion events. We showed that the 
gene families encode proteins that are targeted into the host cell and have the potential to 

subvert essential cellular pathways in eukaryotes. The evolution of these gene families mirrors 
processes observed in eukaryotes and might represent a previously undescribed way by which 

genetic diversity in intracellular organisms is generated.  
 

This study opens the door for many follow up questions to how widespread this mode of 

evolution is among bacteria and the odd connection of this mode of evolution within plant 
genomes of these same gene families. In the study we didn’t consider the initial origin of these 

expanded gene families, but clearly there was HGT into each of the lineages with expansions. 
Exploring the origins of these genes is an obvious next step for this study, however it is not 

without difficulty as these repeat proteins are notoriously difficult to align properly thus 
obfuscating phylogenetic signal. An alternative to a traditional phylogenetic analysis that may 

lend insight is the use of a sequence similarity network, in which one clusters the BLAST results 
in a network graph to show relationships (Mashiyama et al. 2014). The other obvious next step 

is to characterize the binding partners of the chlamydial F-box and BTB-box proteins 
experimentally. A possible direction is to develop a pull-down assay in which you use selected 
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F-box/BTB-box candidates as bait for amoeba lysate. The main challenge here is that, as we 

speculate in the paper, these expanded families may correspond to either a large number of 
targets within a narrow host range or a small number of targets within a large host range. If the 

situation is the latter, the choice of bait protein is fundamental to finding the interacting partner 
within the Acathamoeba system. For the BTB-box proteins in Protochlamydia amoebophilus 

UWE25, the current work on the transcriptome can guide the selection of candidates for those 
that are expressed.  

 
Although our publication mainly described the evolutionary history of the selected expanded 

gene families, this should be expanded to model all gene family histories across the phylum, 
perhaps even the entire Planctomycetes-Verrucomicrobium-Chlamydiae superphylum. There 

are key questions, such as the magnitude of HGT and ancestral genome reconstruction of the 

last chlamydial ancestor, that are well within grasp given the data we already have produced. 
Application of “species-tree” aware gene-tree programs have great potential for answering both 

questions, as well as resolving some of the uncertainties still in the chlamydial species tree, 
such as the correct position for the Simkaniacea and Chlamydia ibidis (Szöllősi et al. 2015).  

 
Gene regulatory networks 

One of the major questions in chlamydial biology is how these organisms temporally regulate 
the developmental cycle. Aside from the basic research interest to better understand these 

organisms, there are also clinical aspects as halting the cycle may be of pharmacological 
interest. In this vein, the co-regulation networks we provide for the research community is a 

large step forward towards understanding at a global level how chlamydial regulatory schemes 

are organized within and between chlamydial organisms.  This is an particularly exciting time for 
this avenue of research since work in the Tan group has recently published the first ChIP-Seq 

study for Chlamydia trachomatis examining the binding sites of the heat shock response 
regulator HrcA (Hanson and Tan 2015).  While our network approach has been a huge leap 

forward, more ChIP-Seq studies are desperately needed to truly elucidate the regulatory 
networks within these organisms.  

 
The loss of the alternative sigma factor, σ28, in the environmental chlamydiae is a particular 

interesting question that warrants further investigation. Since several of the genes that are 

shown to be σ28-regulated in the Chlamydiaceae are present in the genomes of environmental 
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chlamydia an obvious experiment is to determine what factor is now performing this role in these 

organisms. Although not discussed in the thesis, I had a foray into the lab in trying to set up a 
biotin mediated pull-down assay with the promoter region from the Simkania negevensis tail 

specific protease (tsp) promoter region. Given sufficient time to work out the kinks, I believe an 
approach like this will work at identifying proteins binding to these “σ28-regulated” genes still 

present in the environmental chlamydia. An alternative approach to this method is to make a 
prediction about which regulator is performing the function, likely σ66 in this case, and perform 

either ChIP-Seq or DNAse protection experiments with the candidate promoter regions.  
 

One of the major findings from our network analysis was the incorporation of hypothetical or 
uncharacterized proteins into functionally defined sub-clusters. This has obvious implications for 

those interested in the virulence gene cluster in which we incorporated hypotheticals, but really 

this can be extended to any functional category one is interested in. Another direction to take 
this research is looking at the co-evolution of the binding sites themselves and the transcription 

factor. This is particularly interesting for genes that have recently been acquired via HGT, where 
they must integrate into the regulatory network (Price et al. 2008).  

 
Chlamydiae and the ancient gene transfer to the Archaeplastida 

The running comment for this study was that it was “negative results positively published.” 
Despite our strong negation of a chlamydial role is establishing the plastid endosymbiosis, I do 

find this hypothesis very intriguing and genuinely commend Ball and colleagues (Ball et al. 
2013) for putting it forth. Our word is certainly not the last on this topic, as already seen in a 

recent review (Soucy et al. 2015), and it shouldn’t be for that matter. Open scientific dialog 

about these questions should be encouraged and welcome, and hopefully not bruise egos or 
polarize the community.  There is no doubt that there is a certain affiliation of chlamydial 

sequences with those of members of the Archaeplastida. Whether or not these represent a 
phylogenetic artifact or ancient HGT events between cyanobacteria/eukaryotes is still the major 

open question. Our present study only considered those genes pertinent to the claims for the 
“ménage à trois”, and not the other 60 or so genes. A Masters student and I are currently 

investigating a subset of these 60 genes to see how the overall trend is when we apply the 
better fitting CAT models to these data. This is rather arduous work due to the computational 

burdens and large amount of compositional heterogeneity exhibited by many of the datasets, 

but the results should be very interesting and additive to the discussion at hand. Although I don’t 
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necessarily believe that ancient Chlamydiae facilitated the plastid establishment, I am 

completely open to there having been some HGT between the organisms involved. It very well 
may be that our new analysis supports HGT between Chlamydiae and Archaeplastida.  

 
In order to robustly test this hypothesis I think we need to pare down the dataset to a reasonable 
representative number of taxa. With this smaller dataset we can really test differing hypotheses 

on a large number of genes within a reasonable amount of time. Additionally, in order to use the 
models implemented in the P4 package, such as the ability to model across species 

compositional heterogeneity, smaller data is a requisite. Furthermore, I have an odd feeling that 
large DNA-viruses may be playing an interesting role in HGT between chlamydia and plants. A 

recent study showed past infection of plants with these large giant viruses (Maumus et al. 

2014), and given that these same type of viruses infect amoeba (Boyer et al. 2009) the link 
doesn’t seem so far fetched. Perhaps the viruses are shuttling genes around the domains of life 

considered here. A way to test this is to create phylogenetically informed networks, in which one 
would be able to see the gene transfer “highways” between the amoeba associated organisms, 

eukaryotes (in this case plants in particular), and the giant viruses, as compared to an outgroup 
of non-amoeba associated bacteria (such as the other members of the PVC-superphylum).   

 
General parting thoughts 

More generally there is a real need to go after some of the more basic ecological questions 
involving the Chlamydiae. A friend and former PhD student in the Horn group made a nice stride 

in this direction in examining the diversity of chlamydial sequences in amplicon datasets 

(Lagkouvardos et al. 2014), but in order to interpret our genomic data correctly we must shed 
more light on the ecology of these organisms. Fundamental questions like what is the diversity 

within and between populations of Chlamydiae in an environmental sample and some attempt at 
estimating host range would be tremendous steps forward to fully understanding these 

organisms. One potential way forward that is particularly exciting is the use of “reverse ecology”, 
in which population genomic data is used to make ecological predictions (Shapiro and Polz 

2014), which can then be further experimentally investigated. Another ecological question of 
some interest is how amoeba-associated organisms affect the population structure of their 

hosts. For those organisms that lyse their host, the situation is akin to top-down selection via 
phages (Cordero and Polz 2014). As microbial eukaryote grazing is a major source of bacterial 

predation in natural environments it would be of note to investigate the dynamics of interaction 
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network in light of the amoeba-associated organisms. The topics and questions raised here are 

not easily answered, to be sure, but are perhaps quite vital in the future to understand all facets 
of chlamydial biology.  

 
To end, I must say that it has been a tremendously enjoyable experience to delve deep into the 

evolutionary history of, in my humble opinion, one of the most fascinating groups of bacteria. 
The continual expansion of genetic tools for members of the Chlamydiaceae and their eventual 

application to environmental chlamydia is certainly opening new frontiers of research options 
that have never before been available to this community. Combine this with the ease and cost 

effectiveness of sequencing, a golden age of chlamydial biology is certainly on the horizon. I’m 
quite looking forward to see how the field of chlamydial biology unfolds and I am thankful that I 

have been able to contribute to the field in helping to understand the evolutionary history of 

these most remarkable Chlamydiae.  
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Abstract(

!

The!bacterial!phylum!Chlamydiae! is! comprised!of!obligate! intracellular!parasites!with!

direct! relevance! to! human! and! animal! health.! The! human! pathogen! Chlamydia*

trachomatis!affects!nearly!84!million!people!globally,!and!represents!the!leading!cause!

of!preventable!blindness!in!the!world.!While!much!research!focus!has!naturally!been!on!

these! pathogens,! they! represent! only! a! small! fraction! of! the! diversity! of! chlamydial!

organisms.!Outside!of!the!family!Chlamydiaceae,!which!are!the!family!pertaining!to!the!

known! pathogens,! lies! a! tremendous! diversity! of! chlamydial! organisms! and! they! are!

associated!with!a! fantastic!array!of!eukaryotic!hosts,!ranging! from!free?living!protists,!

enigmatic! marine! worms,! fish,! and! insects.! This! work! sought! to! use! genomics! to!

uncover! the! evolutionary! history! of! these! amazing! microbes.! Firstly,! we! studied! the!

evolution! of! gene! content! throughout! evolutionary! time,! discovering! that! certain!

chlamydial! lineages! have! had! tremendous! genomic! expansions! as! a! result! of! gene!

duplications.! The! specific! mode! of! evolution! is! rather! unique! for! host?associated!

microbes!and!may!represent!a!novel!way! in!which!these!organisms!generate!genomic!

diversity.! Secondly,! we! used! comparative! genomics! to! elucidate! predicted! regulatory!

networks! for! all! fully! sequenced! chlamydial! organisms.! This! work! provides! the! first!

phylum!wide! examination! as! to! how! chlamydial! organisms! regulate! gene! expression!

and!shed!much!needed! insight!on!the!conservation!and!differences! in!gene!regulation!

between! chlamydial! organisms.! Thirdly,! we! robustly! tested! a! leading! evolutionary!

hypothesis!concerning!the!role!of!ancient!chlamydiae!in!the!establishment!of!the!plastid!

endosymbiosis.! Using! more! accurate! complex! phylogenetic! models,! we! showed! that!

there! is! little! evidence! to! support! the! role! of! chlamydiae! in! the! plastid! symbiotic!

capture.! The! scope! and! breadth! of! evolutionary! genomics! analyses! presented! in! this!

work! have! far! reaching! implications!within! the! field! of! chlamydial! biology! and!more!

generally!furthers!our!understanding!of!evolutionary!forces!acting!upon!host?associated!

microbes.!

! !
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Zusammenfassung(

(

Das!bakterielle!Phylum!Chlamydiae*setzt!sich!aus!intrazellulären!Parasiten!zusammen,!

die! eine! direkte! Relevanz! für! die! menschliche! und! tierische! Gesundheit! haben.!

Annähernd! 84! Millionen! Menschen! leiden! unter! den! Folgen! einer! Infektion! mit!

Chlamydia* trachomatis,! der! führenden! Ursache! für! vermeidbare! Blindheit.! Während!

sich!selbstverständlich!viel!Forschung!auf!diese!Pathogene!konzentriert,!repräsentieren!

sie! eigentlich! nur! einen! kleinen! Teil! der! Chlamydien?artigen! Organismen.! Ausserhalb!

der! Familie! der! Chlamydiaceae,! welche! die! wohlbekannten! Pathogene! beinhält,! liegt!

eine! gigantische! Vielfalt! von! Chlamydien?artigen! Organismen,! die! wiederum! eine!

fantastische! Auswahl! an! eukaryotischen! Wirten! ihr! eigen! nennen,! die! sich! von! frei!

lebenden!Protisten!über!kaum!studierte!marine!Würmer,!Fische!und!Insekten!erstreckt.!

Diese! Arbeit! versucht! mit! Hilfe! von! Genomik! die! Entstehungsgeschichte! dieser!

erstaunlichen! Mikroben! freizulegen.! Zuerst! untersuchten! wir! die! Evolution! von!

genetischem! Inhalt! über! evolutionäre! Zeit! und! fanden! dabei! massive! genomische!

Ausdehnung! als! ein! Resultat! von! Genduplikation.! Der! Evolutionsmodus! für!

wirtsassoziierte!Mikroben! ist! einigermaßen! einzigartig! und! könnte! einen! neuen!Weg!

widerspiegeln! in! dem! Organismen! genomische! Diversität! generieren.! Zum! Zweiten!

wandten! wir! vergleichende! Genomik! an! um! die! vorhergesagten! regulatorischen!

Netzwerke!aller!zur!Gänze!sequenzierten!chlamydien?artigen!Organismen!aufzuklären.!

Diese! Arbeit! stellt! die! erste! Phylum?weite! Untersuchung! dar,! die! Einsicht! in! die!

Regulation!der!Genexpression!gibt!und!notwendiges!Licht!auf!die!im!Dunkeln!liegende!

Konservierung! und! Differenzierung! der! Genregulation! zwischen! den! chlamydien?

artigen! Organismen! wirft.! Zum! Dritten! testeten! wir! mit! robusten! Methoden! eine!

führende!evolutionäre!Hypothese!bezüglicher!der!Rolle!von!ursprünglichen!Chlamydien!

in! der! Ausbildung! der! Plastidenendosymbiose.! Mit! Hilfe! von! genaueren,! komplexen!

phylogenetischen! Modellen! konnten! wir! zeigen,! dass! es! nur! wenige! unterstützende!

Hinweise! für! eine! Rolle! der! Chlamydien! in! der! symbiotischen! Vereinnahmung! der!

Plastiden! gibt.! Das! Ausmaß! und! die! Breite! der! angewandten! evolutionären!

genomischen!Analysen!in!dieser!Arbeit!haben!weitgreifende!Implikationen!für!das!Feld!

der! Chlamydienbiologie! und! erweitern! im! Allgemeinen! unser! Verständnis! der!

evolutionären!Kräfte,!die!auf!wirtsassoziierte!Mikroorganismen!wirken.!

!
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