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Glossary

Aberrant body (AB): a viable but culture-negative chlamydial form implicated

in chlamydial persistence.

CWL029, AR39, J138, and TW-183: C. pneumoniae strains isolated from human

respiratory and ocular samples.

Elementary body (EB): the infectious, extracellular non-metabolic chlamydial

form.

Interferon gamma (IFN-g): an inducible host response shown to play a role in

clearance and persistence of chlamydial infection by modulation of host

nutrient availability and immune responses.

LPCoLN: a C. pneumoniae strain isolated from a koala respiratory sample.

Reticulate body (RB): the non-infectious, intracellular metabolic chlamydial
Chlamydia pneumoniae is an enigmatic human and ani-
mal pathogen. Originally discovered in association with
acute human respiratory disease, it is now associated
with a remarkably wide range of chronic diseases as well
as having a cosmopolitan distribution within the animal
kingdom. Molecular typing studies suggest that animal
strains are ancestral to human strains and that C. pneu-
moniae crossed from animals to humans as the result of
at least one relatively recent zoonotic event. Whole
genome analyses appear to support this concept – the
human strains are highly conserved whereas the single
animal strain that has been fully sequenced has a larger
genome with several notable differences. When com-
pared to the other, better known chlamydial species that
is implicated in human infection, Chlamydia trachoma-
tis, C. pneumoniae demonstrates pertinent differences
in its cell biology, development, and genome structure.
Here, we examine the characteristic facets of C. pneu-
moniae biology, offering insights into the diversity and
evolution of this silent and ancient pathogen.

The emergence of C. pneumoniae

C. pneumoniae is a bacterial pathogen and member of the
Chlamydiae, a diverse range of obligate intracellular bac-
teria that includes parasites of amoebae, fish, reptiles,
mammals, and humans [1]. The key feature shared by
all members of this phylum is a biphasic development
cycle, unique in the bacterial kingdom, which alternates
between a highly condensed, non-metabolic extracellular
infectious form (the elementary body, EB) (see Glossary),
and an intracellular, transcriptionally active, non-infec-
tious form (the reticulate body, RB) [2]. Although the
related pathogen C. trachomatis is still considered the
most clinically important chlamydial disease of humans,
owing to its leading role as an agent of genital tract and
ocular infections in humans worldwide [3], the role of C.
pneumoniae infections and disease in humans is less clear.

C. pneumoniae was initially isolated in 1965 from the
eye of a child participating in a trachoma vaccine study in
Taiwan [4] and was first associated with respiratory dis-
ease as Chlamydia psittaci (TWAR) in 1985 when it was
identified as the cause of a mild pneumonia epidemic in two
geographically separated regions in Finland [5] and sub-
sequently reclassified to C. pneumoniae in 1989 [6]. The
precise incidence of C. pneumoniae in community-acquired
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pneumonia (CAP) is unknown, however, it is believed to be
around 10% [7]. Although clearly less common than other
agents of CAP, studies into the relationship between this
pathogen in respiratory diseases have suggested links
between C. pneumoniae infection and asthma [8,9], bron-
chitis, and chronic obstructive pulmonary disease [10], in
addition to CAP [11].

A single species with many pathologies
Despite originally being identified as an acute respiratory
pathogen, it is perhaps surprising to realise that the
majority of C. pneumoniae research has focused on the
role of this pathogen as a cause of persistent infections in
human chronic disease. Initial efforts to do so were based
on suspicions that C. pneumoniae may be linked to human
cardiovascular disease [12,13]. Subsequently, C. pneumo-
niae infection has also been implicated in a plethora of
human pathologies, including Alzheimer’s disease [14] and
arthritis [15] as well as lung cancer [16] and diabetes [17].

It is pertinent to note that the links between C. pneumo-
niae and some of these diseases are tenuous, with minimal
data to support the association. Not only has there been no
demonstration of causal relationship in a subset of these
studies, infection is difficult to eradicate with antibiotic
treatment and no statistically significant improvement of
symptoms from any disease linked to C. pneumoniae infec-
tion, other than the respiratory diseases, has been demon-
strated following antibiotic treatment [18–20].

The prevalence of C. pneumoniae in diseases with which
it has a more concrete connection, such as pneumonia and
atherosclerosis, vary widely between studies and detection
methods [21]. Additionally, pneumonia caused by C. pneu-
moniae seems to be sporadic and occurs in discrete epi-
demics [5,22,23]. This contradiction between prevalence
form.

Type 3 secretion system (T3SS): a subset of structural genes and effectors

believed to be involved in initial infection and modulation of the host cell

response to chlamydial infection.
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Box 1. Chlamydia pneumoniae: the enigmatic pathogen

Atypical pneumonia, which can result from a chlamydial infection,

has been reported in adults and infants since the 1930s. Early work

struggled to characterise these infections as Chlamydia due to poor

diagnostic tools, however they were eventually recognised and

named Chlamydia psittaci TWAR [75,76]. An epidemic of mild

pneumonia affecting young adults was detected during a routine

radiographic survey in Finland in 1978 [5]. This appears to be the first

epidemic attributed to C. pneumoniae, which set the stage for what

would be an explosion of research attributing infection with this

pathogen to an array of diseases, and eventually, just as many hosts.

During the late 1980s and 1990s, C. pneumoniae was frequently

detected in association with a range of respiratory infections

[10,77,78]. Although some diagnostic methodologies were clearly

more reliable than others [21], these studies nevertheless showed

that C. pneumoniae was a widespread pathogen in humans. Adding

to this puzzle is the more recent realisation that the worldwide

incidence of C. pneumoniae respiratory infections seem to have

declined dramatically [79]. Epidemics of pneumonia caused by C.

pneumoniae still occur, and they are most often reported within

military institutions [22,23,80]. One explanation is that the mild

presentation of C. pneumoniae respiratory disease results in it being

overlooked by clinicians, however this does not account for the

apparent decrease in detection of this pathogen in the community

[81]. Alternately, this could mean that some level of immunity to C.

pneumoniae has developed in humans.

The connection between C. pneumoniae and atherosclerosis is

perhaps less clear. Although a causal link is still uncertain, there is

no doubt that C. pneumoniae DNA can be reliably found in coronary

(and other) plaque [82–84], and animal models do suggest a

causative or exacerbating link [85]. Standardisation of experimental

methods and broader patient sampling will undoubtedly paint a

more realistic picture of the global prevalence of human C.

pneumoniae and its association with respiratory disease but also

the myriad of chronic diseases that this enigmatic bacterial

pathogen is associated with.
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and its enigmatic presentation in clinical surveys is further
discussed in Box 1.

C. pneumoniae in animals: not just a human infection
Alongside work attempting to piece together the relation-
ship of C. pneumoniae infections and human disease, has
been the realisation that this pathogen also infects both
domesticated and wild animals (Figure 1). Chlamydiosis in
the koala (Phascolarctos cinereus) was first described in
1974 [24] and was later revealed to be caused by two
different strains of C. psittaci [25], with the type 1 strain
reclassified as C. pneumoniae in 1994 [26]. Evidence for the
presence of C. pneumoniae infection in animals other than
the koala came with the discovery of C. pneumoniae in
horses, frogs, and reptiles [27]. As with human disease,
animal C. pneumoniae infections manifest as vascular and
respiratory pathologies, however conjunctival, genitouri-
nary, and systemic disease presentations are not uncom-
mon.

The demonstrated link of C. pneumoniae infection in
chronic human and animal disease and the apparent ge-
netic synteny of human strains has led to increasing
scientific interest over recent years. The key questions,
however, of how C. pneumoniae relates to these diseases
and why it has such a cosmopolitan host range and tissue
presence still remain unanswered. Recent studies into the
cell biology and genomics of C. pneumoniae have signifi-
cantly advanced our understanding of this enigmatic bac-
terial pathogen as well as raising more questions on its
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origin and role in disease. In this review, we will present
current knowledge on C. pneumoniae genetic diversity and
cell biology, as well as highlighting key issues that warrant
further investigation.

Comparative genomics of C. pneumoniae: a potential
origin in animals
The family Chlamydiaceae were thought to have diverged
from the environmental Chlamydiae some 700 million
years ago, with the last common ancestor of the Chlamydi-
ae having split from the planctobacterial phylum some 2
billion years ago [1]. The Chlamydiaceae have considerably
smaller, highly conserved genomes when compared to the
environmental and symbiotic Chlamydiae such as Para-
chlamydia acanthamoebae. Five-hundred and sixty genes
are conserved among all Chlamydiae, equating to approxi-
mately half the genome of a member of the Chlamydiaceae,
whereas the remaining genes are genus- and family-spe-
cific [28].

Whole genome sequences of C. pneumoniae

Whole genome sequences of four human C. pneumoniae
strains have been available for over 10 years [29–31], and
comparisons of these four strains reveal remarkable syn-
teny with essentially 99% identity in their gene content
and arrangement. Interestingly, of the 1073 genes in hu-
man C. pneumoniae, 186 genes are C. pneumoniae-specific,
having no homologs in any other organism, including other
chlamydial species [30].

Sequencing of the first animal C. pneumoniae strain,
koala LPCoLN [32], provided a new perspective on C.
pneumoniae infection. Although the core genome of the
LPCoLN biovar shares high identity with all human
strains, the chromosome itself is around 12 kb larger
and contains several full-length genes, which are split or
truncated in the human strains. Additionally, LPCoLN has
several strain-specific genes and an extrachromosomal
plasmid that has not been described in human strains
[33]. These characteristics provide support for at least
one zoonotic transmission of C. pneumoniae from animal
to human host at some time in the recent past – this is
further discussed in Box 2.

Nucleotide metabolism
C. pneumoniae has some key differences in respect to
virulence and pathogenicity genes when compared to other
chlamydial species. Perhaps the most important feature of
the C. pneumoniae genome is the lack of a tryptophan
recovery or biosynthesis pathway, including the trpABCR
genes that are present in C. trachomatis, Chlamydia
pecorum, and Chlamydia caviae [34,35]. The absence of
these genes leaves C. pneumoniae completely reliant on the
host tryptophan supply and therefore vulnerable to host
immune defences as a result of interferon gamma (IFN-g)
attack. This immune mediator can eliminate microorgan-
isms via tryptophan depletion through activation of indo-
leamine-2-3-dioxygenase and inducible nitric oxide
synthase [36]. Regardless of the absence of these important
synthesis genes, C. pneumoniae is able to survive and
circumvent the host immune response, if not through an
unknown synthesis pathway then very likely through a
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Figure 1. The zoonotic radiation of Chlamydia pneumoniae. C. pneumoniae has recently been identified as a zoonotic pathogen. It has a wide range of host species and

appears to have a globally cosmopolitan distribution. Host species include amphibians, reptiles, and mammals, including humans [27]. It is believed that amphibians were

the original host of C. pneumoniae, which passed directly to reptiles then, perhaps through an unknown intermediate host, to mammals [32]. Recent studies have

demonstrated the wide genetic diversity of animal C. pneumoniae strains as compared to human strains, and suggest at least two separate zoonotic transmissions from

animals to humans [33,54]. It is unknown whether humans can transmit C. pneumoniae to animals.
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scavenger mechanism. One such mechanism may be found
in C. pneumoniae gene Cpn1046, phhA, which encodes an
aromatic amino acid hydroxylase (Aro-AAH), the sub-
strates of which are all three aromatic amino acids (phe-
nylalanine, tyrosine, and tryptophan), leading to a
potential C. pneumoniae amino acid/tryptophan salvage
pathway [37]. Additionally, C. pneumoniae encodes genes
for purine and pyrimidine salvage as well as a complete
biotin synthase pathway [30], which are not present in
other chlamydial genomes, providing a mechanism for
survival during nutrient withholding by the host.

Presence of extrachromosomal elements
Six of the nine Chlamydiaceae species have an extrachro-
mosomal plasmid and of the five fully sequenced
C. pneumoniae isolates, only one – the LPCoLN strain –
possesses the extrachromosomal plasmid [32]. Chlamydial
plasmids vary in size, however all contain eight open
reading frames and a high degree of synteny across all
species [33]. Additionally, AR39 – a human respiratory
strain – carries the fCPAR39 bacteriophage [29].
fCPAR39 has been demonstrated to infect not only C.
pneumoniae, but also Chlamydia abortus, C. pecorum,
and C. caviae [38] as well as being transmissible from
the AR39 isolate to phage-negative C. pneumoniae isolates
such as CWL029 and Wein-2 [39]. Integration of a bacteri-
ophage into a common C. pneumoniae ancestor is evi-
denced by the presence of a 350 bp fragment similar to
fCPAR39 ORF4 within the genomes of all sequenced C.
pneumoniae strains [39], with an additional remnant found
3



Box 2. Just how old is Chlamydia pneumoniae?

C. pneumoniae is only a recently characterised bacterium. First

described as a novel strain of Chlamydia psittaci in 1985, and

subsequently renamed in 1989 [5,6], its description as a cause of

CAP in humans, as well as its links to other chronic diseases, appears

to suggest it is a newly emerged pathogen. In animals, particularly

koalas, strains of C. psittaci, which may be identified as C.

pneumoniae with today’s genetic technology, were described as

causative agents of disease as early as 1974 [24]. In fact, Cockram

et al. [86] went so far as to suggest that this strain of C. psittaci might

have been a factor in the decline of the koala population, which was

noted between 1885 and 1930. Given the relatively recent discovery of

this bacterium in humans, what leads us to believe that C.

pneumoniae is an ancient pathogen?

A clue to the age of C. pneumoniae lies with its cosmopolitan

distribution within the animal kingdom. C. pneumoniae has been

described in horses and dogs from Europe, marsupials from

Australia, reptiles from the American continents, and frogs from

Africa, Europe, and Australia [27,87]. Genotyping of C. pneumoniae

from horses, koalas, bandicoots, and frogs reveal infecting strains

with significant differences to the described human strains. SNP

analysis performed by Rattei et al. [88] demonstrated that animal

strains of C. pneumoniae are evolutionarily basal to human strains,

although they advised some caution in the interpretation of these

findings. In 2009, Myers et al. [32] sequenced the whole genome of

the koala C. pneumoniae biovar (LPCoLN), and in comparing this

strain to the four sequenced human strains, demonstrated several

regions of apparent diversity between the koala and human strains –

with approximately 12 kbp of extra sequence and several full-length

complements of human C. pneumoniae genes. Additionally, C.

pneumoniae strains from the koala and horse show the presence of

an extrachromosomal plasmid [32], which are not present in any of

the human C. pneumoniae isolates tested so far.

Studies by Mitchell et al. [33] extended these analyses, demonstrat-

ing the presence of two bacteriophage remnants in LPCoLN, which

share a high degree of sequence similarity to the AR39 bacteriophage.

Additionally, two human isolates from Australian indigenous com-

munities were demonstrated to share similarities with both the

sequenced human C. pneumoniae and koala C. pneumoniae strains,

with the accompanying notion that C. pneumoniae may have already

been firmly established within the indigenous Australian human

population prior to European settlement in 1788 [54].

Although the exact age of C. pneumoniae in animals cannot as yet be

determined, these studies suggest an ancient lineage of C. pneumo-

niae, originally present in amphibians, having undergone at least two

zoonotic events from amphibians to reptiles, reptiles to marsupials/

mammals, and reptiles to humans (see Figure 1 in main text).
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immediately downstream of this fragment in LPCoLN,
bearing 80% identity to the VP3 ORF of fCPAR39 and
Chp2 (C. psittaci phage 2) [33].

Membrane proteins
Differences in the coding regions of membrane proteins
make a significant contribution to diversity among all
chlamydial genomes. The chlamydial major outer mem-
brane protein gene (ompA) encodes a major component of
the chlamydial EB membrane [40]. Sequence diversity
across the four variable domains (VD) of ompA determines
the serovariant – or antigenic identity – of the infecting
moiety, with the number of recognised serovariants vary-
ing among chlamydial species. Whereas C. pneumoniae is
recognised as having a single ompA genotype [41], further
studies have demonstrated some genetic variation in VD4
[42] as well as antigenic variation among different strains.

The polymorphic membrane proteins (Pmps) are a fam-
ily of autotransporter proteins found in all chlamydial
species and share sequence similarity to the type V secre-
tion system of Gram-negative bacteria [43]. The number of
Pmps per species is variable [30,44,45], however all pmp
genes tend to cluster in specific regions of the genome [46].
Whole genome comparisons of C. trachomatis serovar D
and C. pneumoniae CWL029 demonstrated an additional
187 kb of sequence in C. pneumoniae, 22% of this extra
sequence encoded for an expanded number of Pmp homo-
logs – 21 in C. pneumoniae compared to nine in C. tracho-
matis [30]. Two rare signature repetitive protein motifs are
characteristic of Pmps in Chlamydia: GGA(I,L,V) and
FXXN. Genomic analysis of Pmp families between chla-
mydial species, and in C. pneumoniae, suggests that these
genes are subject to host immune pressure, are rapidly
evolving and adapting to their specific hosts [33,47].

Type 3 secretion and effectors
An additional indicator of genetic diversity in Chlamydiae
comes from the presence of a type 3 secretion system
(T3SS). The T3SS is believed to have originated as a
4

flagellar protein system [28]. Organization of T3SS struc-
tural genes is highly conserved across all organisms with a
T3SS, possibly as a result of horizontal gene transfer [48].
The Chlamydiae are the only non-proteobacterial phylum
known to possess a T3SS [49] and genes encoding for the
chlamydial T3SS and its associated effectors are located in
at least four clusters throughout the bacterial chromosome
[50]. The location and arrangement of the three clusters of
structural genes appears to be conserved in all species,
however the arrangement of the effector genes in C. pneu-
moniae differs remarkably from C. trachomatis. The clus-
ter containing the chlamydial protease-like activity factor
(CPAF) and cop structural genes is reversed in both read
direction and arrangement, as is the cluster containing
translocated actin-recruiting protein (Tarp) and CrpA
effectors. Additionally, C. pneumoniae demonstrates du-
plication and rearrangement of the inc effector genes and
possesses a single copy of the ca530 effector gene, which is
absent from C. trachomatis [50]. Furthermore, the Inc
family of T3SS effectors is expanded in C. pneumoniae,
with 92 Inc proteins compared with 55 for C. trachomatis
and 79 in C. caviae [51]. Inc proteins are demonstrated to
be involved in chlamydial–host cell interactions at the
inclusion membrane, and have been shown to interact with
host Rab GTPases. Because host Rabs are largely respon-
sible for remodelling the Golgi apparatus, it stands to
reason that differing interactions of Inc proteins with Rabs
contributes to species-specific host interactions and nutri-
ent acquisition displayed by members of the Chlamydiae
[52].

Host and tissue specificity is not always straightforward
Studies seeking to establish a definitive link between
sequence and tissue or host tropism in C. pneumoniae
are limited. A striking example of genotypic diversity that
may correlate with tissue tropism was described in the
study relating the copy number of the tyrosine permease
genes (tyrP) and either respiratory or cardiovascular pa-
thology in humans [53]. As for host specificity, a study by
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Mitchell et al. (2010), identified a truncation in the AR39
hypothetical gene CP_1042, which was specific to marsu-
pials, and the lack of the LPCoLN hypothetical gene
CPK_ORF00678 in all human isolates [33]. Conversely,
studies demonstrating the presence of multiple C. pneu-
moniae genotypes in human carotid arterial tissues [42],
and the similarity of Australian indigenous human C.
pneumoniae isolates to the sequenced koala biovar [54],
partially contradicts the notion of genetics specifying host
or tissue tropism. Although whole genome comparisons
between human and animal strains of C. pneumoniae have
highlighted differences that may explain host adaptations
for each of these strains, they have raised important
questions concerning the evolution and acquisition of C.
pneumoniae strains in humans from animals.

A dissection of the unique biology of this intracellular
pathogen
Chlamydial infection is a complex process, involving both
the direct effects of chlamydial proteins as well as Chla-
mydia-driven mechanisms to exploit the host cell machin-
ery. C. pneumoniae infection progresses similarly to other
chlamydial species with attachment of the EB to the host
cell resulting in internalisation of the pathogen in a host-
derived vacuole. Differentiation to RBs occurs in this vac-
uole and the bacterium replicates and divides in this
privileged niche. Approximately 72 hours after infection
with C. pneumoniae, re-differentiation of the RBs into EBs
is complete and the EBs are released [55]. Much of our
current knowledge of the process of chlamydial infection
and its metabolism in humans has been elucidated from
studies in C. trachomatis, however not all of these findings
translate directly to C. pneumoniae infection. Transcrip-
tionally, metabolically, and morphologically, C. pneumo-
niae infection exhibits differences to other chlamydial
species. In this next section, we examine the key differ-
ences in the biology of this enigmatic pathogen that may
contribute to the range of diseases and lifestyles of C.
pneumoniae.

The C. pneumoniae development cycle
Growth and development rates vary among chlamydial
species, and different strains within a species. In compar-
ing C. pneumoniae and C. trachomatis, the time taken to
complete a single development cycle in vitro ranges from 60
to 96 hours for C. pneumoniae [56], whereas C. trachomatis
genital and lymphogranuloma venereum strains have a
much shorter replication time of 36–48 hours [57]. A com-
parison of the development of HEp-2 cells infected with
human AR39 and koala LPCoLN C. pneumoniae revealed
startling differences in pathogen doubling time and inclu-
sion morphology. The LPCoLN strain grew almost twice as
fast as the AR39 strain, with larger fusogenic inclusions
and by 24 hours, contained up to 45 times more LPCoLN
genomes per host cell. The authors suggest that LPCoLN
may have a more efficient attachment and uptake mecha-
nism: the genetic differences between human and animal
C. pneumoniae strains could translate to a strain-specific
phenomenon [56]. Alternately, the growth differences be-
tween AR39 and LPCoLN could support the zoonotic
transmission of C. pneumoniae from animals to humans,
with gene loss and slowed development a result of adapta-
tion to the human host.

Effect of phage infection on development and
propagation of infectious progeny
Phage infection exhibits interesting effects on C. pneumo-
niae morphology, particularly on RBs and the inclusion.
Phage infection causes the secreted proteins CPAF and
IncA to accumulate within the inclusion and infected
inclusions do not lyse. This indicates that although phage
infection utilises C. pneumoniae protein synthesis to its
own benefit, C. pneumoniae has the ability to encapsulate
infected RBs and prevent premature lysis of the inclusion
[58]. Release of the infectious EBs from the host cell has
been demonstrated to proceed in two ways – a lytic path-
way and an extrusion pathway, where the inclusion itself
protrudes from the host cell, compartmentalises around
EBs, which eventually detach, propagating infection and
leaving the host cell intact [59]. C. pneumoniae has been
shown to modulate host cell apoptosis to evade the host
immune response, through interference with the tumour
necrosis factor-a (TNF-a), nuclear factor kappa B (NF-kB)
and mitochondrial apoptotic signalling pathways [60–62]
so it stands to reason that extrusion of the EB, sparing the
host cell, would allow for re-infection and asymptomatic,
chronic disease to continue.

Gene transcription events in C. pneumoniae

Gene transcription throughout the chlamydial replication
cycle coincides with developmental events, response to
host stimuli, and growth requirements. Although a major-
ity of genes involved in secretion, nutrient acquisition, and
energy utilisation are shared among chlamydial species, C.
pneumoniae transcribes many energy and nutrient acqui-
sition genes differently. Early gene expression involves the
internalisation and EB to RB transition – the inhibition of
membrane proteins and upregulation of nutrient and tran-
scriptional regulators (e.g., yciA and xerC) begins at an
earlier point in the development cycle for C. pneumoniae
[63,64]. During the replicative (mid) phase of infection, the
highest levels of expression relate to housekeeping genes
involved in DNA/RNA synthesis, cell division, and energy
metabolism [65,66]. Biotin synthesis and aromatic acid
hydroxylase genes, specific to C. pneumoniae, are upregu-
lated during this time and remain upregulated until the
completion of the development cycle [37,64]. Re-differenti-
ation of RBs back into EBs is an asynchronous process and
begins with removal of the T3SS apparatus from the
inclusion [67]. In C. pneumoniae, late gene expression
starts around 36 hours postinfection with peptidoglycan
synthesis genes peaking (murA, murB, and ftsK) as the
bulk of RBs convert to EBs. Very late cycle genes,
expressed from 60 to 72 hours postinfection, encode for a
variety of EB mRNA transcripts of unknown function,
outer membrane protein, and histone-like genes (hctB)
[64,65]. Genes such as pmp, early citric acid cycle genes
sucC and sucD [64], and various hypothetical proteins are
also highly upregulated at this time [68]. Interestingly, the
purine metabolism gene (guaB) that is present in some
strains of C. pneumoniae, is upregulated in this very late
phase. The guaAB-add cluster has been described as
5
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Figure 2. Gene expression and chlamydial development. A biphasic development cycle characterised by an infectious, non-metabolic extracellular form (elementary body,

EB) and a non-infectious, transcriptionally active intracellular form (reticulate body, RB) is characteristic of the Chlamydiae. Gene expression for nutrient, energy, cell

division, and membrane proteins coincide with different phases of the development cycle. Gene expression for Chlamydia pneumoniae and Chlamydia trachomatis is

similar in most respects, however several points of difference exist in the expression of energy and transcriptional regulatory genes – these are indicated in bold text [63–

65,68,89]. Additionally, C. pneumoniae expresses several energy, metabolic, and cofactor genes that are species- and strain-specific – these are indicated in bold underlined

text [64]. Gene expression is altered during persistence, and the mode by which persistence is induced can have a divergent effect on regulation of various genes. The

differences in persistent gene expression in C. pneumoniae as well as the inducer [interferon gamma (IFN-g), Pen (penicillin), and Fe (iron limitation)] are outlined in the

shaded region [64,71,73,90,91].
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non-functional in C. pneumoniae, however the upregula-
tion of this gene at this stage may suggest a possible energy
storage mechanism for EBs [52,64]. A schematic of selected
genes involved in various cellular processes is described
further in Figure 2.

The persistent state
Perhaps the most important aspect of C. pneumoniae biology
that has been examined relative to our understanding of the
relationship between this pathogen and human diseases has
been the observation that C. pneumoniae can enter a viable
but culture negative state known as persistence [2,69]. This
state has not yet conclusively been demonstrated in vivo, but
is believed to be a major contributor to the intractability of
treating chlamydial infections as well as having an involve-
ment in asymptomatic, chronic disease. The persistent state
is characterised by enlarged, pleomorphic RBs termed ab-
errant bodies (AB). Persistence could be considered a sus-
pended state of infection as ABs do not replicate within the
inclusion, however chromosomal transcription and replica-
tion does occur [69]. Persistence in vitro has been induced by
a variety of mechanisms including antibiotic treatment,
nutrient/tryptophan starvation, iron restriction, IFN-g at-
tack and phage infection [2].
6

Gene regulation in persistence
Studies of persistence in C. pneumoniae have shown that
just as in infection, C. pneumoniae modulates host meta-
bolic and apoptotic machinery – upregulating genes in-
volved with NF-kB and tyrosine kinase signalling
pathways, or downregulating genes involved with host
cytoskeletal modifications [70]. The method by which per-
sistence is induced also plays a major role in determining
gene regulation in C. pneumoniae. During antibiotic-medi-
ated persistence, DNA replication genes are expressed at
normal levels, however cytokinetic ( ftsK and ftsW) and
heat-shock proteins appear to be downregulated [65,71].
However, in an iron-induced persistent model, gene ex-
pression of ftsK remains normal [72]. In a model of IFN-g
persistence, genes involved with glycolysis and peptidogly-
can synthesis are upregulated, while transcription of sev-
eral T3SS genes is altered [64,73]. Genes involved in the
late stages of C. pneumoniae development, the outer mem-
brane protein genes, and hypothetical genes present in the
EB, remain upregulated, probably to hasten differentia-
tion and development upon removal of IFN-g [64]. Models
of persistence also vary greatly depending on the type of
cell infected as illustrated by the divergent effect of iron
availability in epithelial and monocytic cells infected with



Box 3. Outstanding questions

� What are the genetic relationships between animal Chlamydia

pneumoniae strains? Do animal strains exhibit the same level of

synteny as human C. pneumoniae strains?

� Does C. pneumoniae genotype plus environment equal disease

phenotype? Can this be demonstrated for all C. pneumoniae

strains?

� Are there differences in human and animal C. pneumoniae strains

from different geographical regions? What is the biogeographical

diversity of these strains? Do they also link to particular diseases?

� Is C. pneumoniae more widespread in Australian fauna than

currently believed? What implication does this have for the

longterm survival of vulnerable species where C. pneumoniae is

endemic?

� Is anthroponosis possible? Could human handlers of horses and

reptiles transmit the infection to animals? How transmissible are

the human strains to animals and vice versa?
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C. pneumoniae, significantly decreasing the number of
infected cells and number of inclusions in epithelial cells
but not monocytes [36]. Selected genes and their expres-
sion profiles demonstrated during differentially induced
persistence types are shown in Figure 2.

Concluding remarks and future directions
The field of C. pneumoniae research has been active since
its description as an acute respiratory pathogen in humans
in the late 1980s, and although its discovery in chronic
diseases such as atherosclerosis, asthma, and Alzheimer’s
has important implications for diagnosis and treatment of
these diseases, a solid causal link with any of these pathol-
ogies has not yet been established. It is important to note
the ubiquity of C. pneumoniae within tissues from the
human body, and that once infected, C. pneumoniae easily
disseminates from the respiratory system through the
circulatory system. Findings of C. pneumoniae in the brain,
heart, vasculature, and joints seem to support this. C.
pneumoniae infection is predominantly asymptomatic,
and a single individual can be infected on multiple occa-
sions throughout their life. Oftentimes C. pneumoniae is
not tested for upon commencement of a disease, and indeed
its association with chronic disease is made after the
disease has significantly progressed. If C. pneumoniae
infection were definitively linked to its associated chronic
diseases, we would expect a much higher incidence of
multiple morbidities in a larger percentage of the popula-
tion – so far this has not been demonstrated.

Subsequent characterisation of a genetically distinct
biovar of C. pneumoniae in animals, as well as the discov-
ery of highly similar strains in indigenous Australians,
raises several questions [54]. What is the transmission
route and are there potential reservoirs of C. pneumoniae
in wildlife? There is evidence to suggest that C. pneumo-
niae can survive protracted periods of environmental ex-
posure [74], although how infection could propagate from
this state is undetermined. In addition, how long ago did
the initial zoonotic event take place – how did the infection
disseminate to infect such a large proportion of the human
population, and is this high level of infection also present in
the animal population?

Finally, is there a reason for the apparent genetic
clonality of the sequenced human C. pneumoniae strains?
Could the clonality of human C. pneumoniae strains simply
be a matter of sampling bias? Strains CWL029 and AR39
are respiratory strains collected in the 1980s from the
USA, J138 a respiratory strain from Japan isolated in
1994, and TW183 was collected from the eye of a child
in Taiwan in 1965. Given that three of the four fully
sequenced human strains are respiratory in origin, it is
no surprise that the genomes appear to be so similar. Its
finding in an ocular isolate from an asymptomatic child
also reinforces the notion that C. pneumoniae is ubiquitous
in the human population, and although it is described in
acute and chronic diseases, it is predominantly a silent,
asymptomatic infection in the majority of the population.
An important question raised here is whether the clonality
of the genome in human C. pneumoniae strains illustrates
adaptation to the host and, if so, how long did this adapta-
tion take and can this be conclusively demonstrated?
The apparent differences in the C. pneumoniae genome
and biology when compared to C. trachomatis indicate that
there may indeed be correlates to host and tissue tropism,
however definitive answers are still forthcoming. Construc-
tion of a C. pneumoniae pan-genome would allow for an
indepth analysis of how the genetic diversity of C. pneumo-
niae strains translate to differences in biology and disease.
This can only be achieved if more isolates, from a wider
range of hosts, are fully sequenced. A summary of the more
immediate questions that need to be answered are outlined
in Box 3. As is the epitome of all infectious disease research,
prevention is better than cure. Identification of diagnostic
markers to characterise tissue tropism and drug targets
specific to tissue and disease types would be a result of
further whole genome analyses. Ideally, the development of
systemic vaccines targeted to infection in both humans and
animals would be realised, leading to control of chronic
disease and transmission of infection in animals and
humans. Research into the comparative genomics and biol-
ogy of C. pneumoniae is ongoing, with the hopes that the
secrets of this silent and ancient pathogen may be unlocked.
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