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Abstract Recent findings in research on avian chlamydiosis
include an increase in the reported prevalence of Chlamydia
(C.) psittaci in poultry flocks, detailed descriptions of molec-
ular processes governing the course of infection in vivo, as
well as the discovery of new chlamydial species. Here we
review the major advances of the last 6 years. In particular, we
suggest that the observed re-emergence of C. psittaci infec-
tions in domestic poultry are due to a reduction in the use of
antibiotics and better diagnostic assays. Cellular and animal
models have significantly contributed to improving our un-
derstanding of the pathogenesis, including the events leading
to systemic disease. The elucidation of host–pathogen inter-
actions revealed the efficiency of C. psittaci in proliferating
and disseminating despite the action of pro-inflammatory
mediators and other factors during host immune response.
Finally, the recent introduction of C. avium and
C. gallinacea sheds new light on the epidemiology and
aetiopathology of avian chlamydiosis.
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Introduction

Avian chlamydiosis, sometimes also referred to as psittacosis
or ornithosis, is an important infectious disease of companion
birds, especially psittacines, domestic poultry and wild birds.
The infection usually becomes systemic and is occasionally
fatal. Its main causative agent is the obligate intracellular
Gram-negative bacterium Chlamydia (C.) psittaci. The infec-
tion is widespread and, due to carcass condemnation at
slaughter, decrease in egg production, mortality and the ex-
pense of antibiotic treatment, represents a major factor of
economic loss in birds commercially raised for meat and egg
production [1], as well as posing a permanent risk for zoonotic
transmission to man [2••].

Concerning the taxonomic classification of the family
Chlamydiaceae, which now includes three members associat-
ed with avian hosts, it is important to note the recent return to
the single genus Chlamydia. Based on clustering analyses of
the 16S and 23S ribosomal RNA (rRNA) genes, Everett and
colleagues [3] had proposed a subdivision of the former single
genus Chlamydia into two genera: Chlamydia and
Chlamydophila. However, this taxonomic separation proved
consistent with neither the natural history of the organisms as
revealed by genome comparisons nor with the largely similar
morphology of all family members. Later on, comparative
genome and proteome analysis of chlamydial species sug-
gested that host-divergent strains of Chlamydiaceae are bio-
logically and ecologically closely related. Apart from this, the
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two-genus nomenclature was not widely used by the chla-
mydia research community. Formal efforts to reunite the
members of Chlamydiaceae into a single genus Chlamydia
began about 6 years ago [4, 5] and were finalised recently [6].

Aetiology and Epidemiology

The Causative Agent

As with any organism of the family Chlamydiaceae,
C. psittaci undergoes a characteristic biphasic developmental
cycle, during which it passes through three morphologically
distinct forms termed elementary body (EB), reticulate body
(RB) and intermediate body (IB) [7]. The EB is a small,
electron-dense, spherical body, about 0.2–0.3 μm in diameter,
which rivals mycoplasmas for the smallest of the prokaryotes.
The electron-dense EB is the infectious form of the organism
as it attaches to the target epithelial cell and gains entry. Inside
the host cell, the EB expands in size to form the RB, i.e. the
intracellular and metabolically active form. It is larger than the
EB, measuring approximately 0.5–2.0 μm in diameter. The
RBs divide by binary fission and thereafter re-transform into
EBs. During this maturation, morphologically intermediate
forms (IB) of 0.3–1.0 μm diameter with a central electron-
dense core and radially arranged individual nucleoid fibres
can be observed inside the host cell. An electron microscopy
micrograph illustrating the morphology of chlamydial bodies
is shown in Fig. 1.

In genetic and phenotypic terms, C. psittaci is a rather
heterogeneous species. To reflect the variations among strains
in host preference and virulence, genotypes based on outer
membrane gene A (ompA) gene sequences are being used.
Originally, nine ompA genotypes designated A to F, E/B,
M56, and WC were introduced (reviewed in Harkinezhad
et al. [8]). Later on, six additional genotypes found in psitta-
cines and wild birds and designated 1V, 6N, Mat116, R54,
YP84 and CPX0308 were proposed [9]. The classical geno-
types A to F are known to naturally infect birds and are distinct
from those isolated from chlamydiosis in mammals. Some
avian genotypes appear to occur more often in a specific order
of birds. Genotype A is endemic among psittacine birds and is
considered to be highly virulent. Genotype B is endemic in
pigeons and usually less virulent. Waterfowl most frequently
seem to be infected with genotype C and E/B strains, while
turkeys can harbour genotypes D and C [10]. In contrast,
genotype E, also known as Cal-10, MP or MN, was first
isolated during an outbreak of pneumonia in humans in the
1930s. Later on, genotype E isolates were obtained from a
variety of bird species, including ducks, pigeons, ostriches and
rheas. Genotype F is represented by the psittacine isolates
VS225, Prk Daruma, 84/2334 and 10433-MA, but has also
been isolated from turkeys [11]. The mammalian M56 and

WC genotypes were isolated from an outbreak in muskrats
and hares, and an outbreak of enteritis in cattle, respectively.
All genotypes should be considered to be readily transmissible
to humans. The state of C. psittaci whole-genome analysis
was discussed in a recent review [12••].

Prevalence

All over the world, at least 465 avian species were found to be
infected with this zoonotic agent [13]. Among pet birds,
C. psittaci is highly prevalent in Psittacidae, such as cocka-
toos, parrots, parakeets and lories (16–81 %), as well as in
Columbiformes (12.5–95 %).

Studies on turkey farms, where C. psittaci is nearly endem-
ic, indicate a pathogenic interplay between this agent and
Ornithobacterium (O.) rhinotracheale [11]. However,

Fig. 1 Electron microscopic images of BGM cell culture infected with
Chlamydia (C.) avium strain 10DC88T (a) and C. gallinacea strain 08-
1274/3T (b). Bar=1.5 μm. a Two inclusions are depicted (1 and 2,
indicated by dashed lines). Inclusion 1 contains a mixture of reticulate
bodies (RBs) (R), elementary bodies (EBs) (thin arrows) and a few
intermediate bodies (I). Inclusion 2 consists predominantly of RBs.
Binary fission and budding events are marked with a thick arrow and
arrowheads, respectively. Mitochondria (M) and stacks of Golgi mem-
branes (G) are closely associated with the inclusion membrane. b The
large inclusion contains predominantly RBs (R), many intermediate
forms (I) and few EBs (thin arrows). Courtesy of Elsevier Ltd. http://
dx.doi.org/10.1016/j.syapm.2013.12.004
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explosive and devastating outbreaks such as occurred in first
half of the twentieth century are rare nowadays. Instead,
reduced feed intake and respiratory signs with or without
low mortality characterise current outbreaks. Chlamydiosis
in domestic ducks has been reported to be of economic im-
portance and represent a public health hazard in Europe,
China and Australia [14–18]. Incidental to studies of
chlamydiosis in ducks, several investigators observed
C. psittaci antibodies and/or clinical signs in geese and isolat-
ed the agent from diseased tissues. Recently, C. psittaci was
repeatedly detected in chickens, where genotypes B, C, D, F
and E/B predominated [19–22]. It is possible that the reduc-
tion of antibiotic use in the chicken industry has contributed to
this new development. Yin and co-workers [20], demonstrated
the pathogenicity of chicken-derived genotype B and D strains
for specific pathogen-free (SPF) chickens. As in turkeys,
C. psittaci was often found in conjunction with
O. rhinotracheale. Chlamydiosis has been reported in farmed
quail, peacocks and partridges [10]. Clinical signs and lesions
were similar to those seen in other birds. Morbidity and
mortality can be very high, especially in young birds.

The organism also infects wild birds, such as feral pigeons.
Thirty-eight studies on the seroprevalence of C. psittaci in
feral pigeons conducted from 1966 to 2005 revealed a sero-
positivity ranging from 12.5 to 95.6 %. More recent studies
performed in feral pigeons in Italy, Bosnia and Herzegovina,
and Macedonia revealed a seropositivity of 48.5, 26.5 and
19.2 %, respectively (reviewed in Magnino et al. [23]). Free-
living pigeons are distributed worldwide in urban and rural
areas, where close contact with humans in public places is
common. Known reservoirs ofC. psittaci also include Canada
geese [24], seagulls, ducks, herons, egrets, pigeons, black-
birds, grackles, house sparrows and killdeer, all of which
may excrete the pathogen without being visibly affected
[25–27].

Disease and Transmission Pathways in Birds

Depending on many factors on both the pathogen and host
side, avian chlamydiosis can take markedly different courses,
i.e. severe in the acute phase, sub-clinical or inapparent, and
also chronic [10]. Clinical signs in affected birds are usually
non-specific and include respiratory symptoms, conjunctivi-
tis, coryza, mucopurulent discharge from nose and eyes,
cough, dyspnoea or greenish to greyish faeces. In addition,
apathy, weariness, sudden death, stunting, anorexia and ca-
chexia can indicate an ongoing C. psittaci infection [13].
Latent infection is more frequent than acute cases and out-
breaks, but the full significance of this state is still poorly
understood. There are data from cattle showing that the sub-
clinical carrier status can lead to recurrent clinical disease and
chronicity, and, consequently, retarded development of infect-
ed animals [28]. In this context, intermittent shedding of

carriers represents an important reservoir of infection for birds
and humans.

For treatment of clinically ill birds, various tetracyclins and
fluoroquinolones are used. There is no commercially available
vaccine.

Transmission pathways and mechanisms have been
reviewed by Harkinezhad and colleagues [8]. Bird-to-bird
transmission of C. psittaci usually occurs when dried faecal
droppings or eye and nostril secretions containing the organ-
isms are aerosolised and inhaled by a susceptible host.
Transmission of C. psittaci in the nest is possible. In many
species, such as Columbiformes, cormorants, egrets and
herons, transmission from parent to young may occur through
feeding, by regurgitation, while contamination of the nesting
site with infective exudates or faeces may be important in
other species, such as snow geese, gulls and shorebirds.
Furthermore, C. psittaci can be transmitted from bird to bird
by blood-sucking ectoparasites such as lice, mites and flies or,
less commonly, through bites or wounds. Transmission of
C. psittaci by arthropod vectors would be facilitated in the
nest environment. Mites from turkey nests can contain chla-
mydiae, and simulid flies were suspected as possible vectors
of transfer during an epidemic in turkeys in South Carolina.

Vertical transmission has been demonstrated in turkeys,
chickens, ducks, parakeets, seagulls and snow geese [29, 30]
and could serve as a route to introduce chlamydiae into a
poultry flock. In addition, C. psittaci can be carried into flocks
by wild birds. As contaminated feed or equipment can also be
a source of infection, feed should be protected fromwild birds.
Careful cleaning of equipment used in several barns during the
same production round is extremely important because
C. psittaci can survive in faeces and bedding for up to 30 days.

Transmission to Humans

The first description of a psittacosis outbreak was published in
1879 by Ritter [31], who associated the human disease with an
ongoing outbreak in pet parrots and finches. Pandemic out-
breaks of human psittacosis in Europe and North America
were regularly reported until the 1930s, and all of them could
be traced back to import shipments of infected psittacine birds
from South America.

More recently, cases of human psittacosis due to contact
with psittacines, wild birds, ducks, turkeys, chickens
and meat pigeons were reported in several countries
[17, 22, 32, 2••, 33].

Transmission of C. psittaci predominantly occurs through
inhalation of contaminated aerosols from respiratory and oc-
ular secretions or dried faeces from a diseased animal or
asymptomatic carrier after petting infected companion birds,
handling infected avian tissues in the slaughterhouse or as a
result of exposure to C. psittaci in excretions, e.g. from cage
bedding. Handling the plumage of infected birds as well as
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mouth-to-beak contact or biting represent a zoonotic risk. In
addition, activities such as gardening andmowing or trimming
lawns without a grass catcher have been associated with cases
of human psittacosis (reviewed in Beeckman and Vanrompay
[2••]). Human-to-human transmission is rare, but recently a
new case has been described in Sweden [34].

Populations most at risk include bird owners, pet shop
employees, taxidermists, veterinarians and poultry workers
[35]. The course of psittacosis may vary from asymptomatic
to a flu-like syndrome and involvement of the respiratory
tract. Most infected people show mild symptoms, while im-
munocompromised people are at highest risk of developing
clinical signs. Severe complications such as myocarditis, en-
docarditis, pericarditis, encephalitis, hepatitis, reactive arthri-
tis, multi-organ failure, renal insufficiency, premature birth or
foetal death are rare. Typically, from 2001 onwards, about 400
cases were reported annually in Europe, with a few mortalities
per year. However, these numbers are likely an underestima-
tion of the true prevalence due to incomplete laboratory
diagnosis or unreported cases.

Molecular Pathogenesis of Chlamydia psittaci Infections

The Early Stage of Infection

The ability of C. psittaci to cause systemic infection in differ-
ent host organisms is certainly related to its capability of
entering almost any cell type, from epithelial cells, fibroblasts
and macrophages, to dendritic cells (DCs), etc., which is
known from many in vitro studies. This versatility also sug-
gests that chlamydiae probably have a variety of different
mechanisms for host cell entry at their disposal.

Molecular processes underlying chlamydial entry and up-
take are still poorly understood. It is thought that EBs of
C. psittaci infect their target cells through attachment to the
base of cell surface microvilli [36], where they are engulfed by
endocytic or phagocytic vesicles [37]. Initial attachment is
mediated by electrostatic interactions, and the host protein
disulfide isomerase has been identified as being essential for
both C. psittaci attachment and entry into cells [38]. Various
hypotheses are based on microfilament-dependent phagocy-
tosis, receptor-/clathrin-mediated endocytosis, or the use of
cholesterol-rich lipid raft domains [39]. The participation of
actin and tubulin seems to be required for optimal intracellular
proliferation of chlamydiae [40].

Notably, the shut-down of chlamydial protein synthesis
apparently has no effect on C. psittaci uptake, which means
that it does not require protein factors synthesised by the
bacterial cell [41]. However, the internalisation process de-
pends on the functioning of the type III secretion system
(T3SS) or injectisome. This sophisticated macromolecular

apparatus enables the microorganism to export effector pro-
teins to the inclusion membrane and into the cytosol, where
they modulate certain host cell functions through interaction
with host proteins [42, 43]. It appears that newly formed EBs
carry a pre-loaded T3SS in order to ensure rapid entry and
subversion of new host cells. While the chlamydial T3SS
remains active throughout the intracellular stage [37] or pos-
sibly the whole infection cycle [44], interactions of chlamydial
effectors with host proteins seem to play a role from adhesion
and internalisation of EBs to their release from the host cell
[42]. The macromolecular protein complex of the T3SS also
enables translocation into the host cell of bacterial proteins
from an extracellular location across the bacterial cell enve-
lope [45], as well as secretion of pre-synthesised proteins from
the cell-attached EBs [46, 47].

In a comprehensive study, Beeckman and colleagues
showed that the T3SS of C. psittaci participates in creating
an optimal environment for intracellular bacterial growth [36].
Their structural investigations demonstrated the association of
the essential structural T3SS protein SctW with the bacterium
and the inclusion membrane, as well as the localisation of
SctC and SctN proteins at the bacterium itself. Monitoring
messenger RNA (mRNA) expression revealed that structural
protein-encoding genes are transcribed from mid-cycle on-
wards (12–18 hpi), whereas the genes encoding effector pro-
teins and putative T3SS-related proteins are expressed early
(1.5–8 hpi) or late (>24 hpi) in the developmental cycle. These
new insights are essential in improving our understanding of
molecular mechanisms during Chlamydia spp. infection. It
seems certain that T3SS effectors are a promising subject for
researchers in order to elucidate crucial phenomena, such as
host cell damage inflicted by the pathogen and evasion of the
host immune system.

Chlamydial Proteins Involved in Host–Pathogen Interaction

The molecular processes underlying the intracellular survival
of C. psittaci are still the subject of intensive research [12••].
Among the key players that are involved in targeting vital
cellular pathways of the host cell are the Inc proteins [48, 49].
Type III secretion of both IncA and IncB and their incorpora-
tion in the inclusionmembrane duringC. psittaci infection has
been experimentally demonstrated [50]. As their hydrophilic
domain protrudes into the cytoplasma and interacts with host
proteins, Inc proteins could be regarded as central regulators
of pathogen–host interactions [51]. Indeed, several eukaryotic
proteins have been identified as interaction partners for Inc
proteins. Two recent studies identified host cell protein
G3BP1 and components of the dynein complex (dynein motor
proteins) as cellular interaction partners of IncA and IncB,
respectively, in C. psittaci infection [52, 53]. The authors
concluded that the interaction of chlamydial IncA and host
G3BP1 affects c-myc expression and results in suppression of
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cellular proliferation and host cell apoptosis [52]. The IncB-
protein of C. psittaci was suggested to recruit dynein motor
proteins [54] in order to control intracellular transport and
perinuclear localisation of inclusions, which would enhance
bacterial growth in infected cells [53]. The recent data of
Böcker and colleagues [53] also revealed that the host protein
Snapin forms a hetero-oligomeric complex with IncB and
dynein, which enables it to physically connect C. psittaci
inclusions with the microtubule network in infected cells.

Recruitment of mitochondria seems to be a characteristic
and possibly unique feature of C. psittaci infection [55, 56].
Such a close association, which has not been observed with
C. trachomatis or C. pneumoniae [57], can be expected to
enhance acquisition of eukaryotic adenosine triphosphate
(ATP) and, therefore, influence chlamydial proliferation.
C. psittaci also produces the translocated actin-recruiting
phosphoprotein (Tarp) protein, another T3SS effector in-
volved in entry and intracellular survival of chlamydiae.
Expression of the gene occurs late in the developmental
cycle [36]. Subsequently, released EBs transport pre-
synthesised Tarp into another host cell, where it takes
part in actin remodelling [58].

Intracellular Persistence

Chlamydiae are able to enter a reversible persistent stage in
their infection cycle, where they remain viable but non-culti-
vable. The morphology of this state is characterised by inclu-
sions of reduced size that are filled with the so-called aberrant
bodies, i.e. enlarged RBs. The somewhat indiscriminate use of
the term persistence by certain chlamydiologists recently
prompted statements of clarification in the literature. To avoid
misunderstandings, the term "aberrant RB phenotype" rather
than "persistence" has been proposed to refer to the phenom-
enon in vitro [59, 60].

Interestingly, the first experimental investigations on this
subject were conducted with C. psittaci in the 1980s, but the
vast majority of the more recent molecular studies focused on
C. trachomatis. A number of physiologically relevant cell
culture models were characterised in detail, for instance based
on interferon (IFN)-γ-induced persistence (tryptophan deple-
tion) [61], amino acid deficiency [62], iron depletion [63],
exposure to antibiotics [64] and phage infection [65]. Even in
the absence of inducers, spontaneous formation of aberrant
inclusions and chlamydial bodies was also observed during
long-term continuous infection of HEp-2 cells with
C. pneumoniae [66]. Borel and colleagues described an
in vitro model of dual infection with porcine epidemic diar-
rhoea virus (PEDV) and C. abortus or C. pecorum [67], in
which they observed an ongoing chlamydial infection being
arrested and accompanied by formation of aberrant bodies
after inoculation with cell culture-adapted PEDV. The effect
was most pronounced in the case of C. pecorum infection.

In vitro persistence of C. psittaci was studied in three
different cell culture models, i.e. iron depletion, antibiotic
treatment and IFN-γ exposure [68]. As expected, the pheno-
typical characteristics were the same as in C. trachomatis and
C. pneumoniae, i.e. aberrant morphology of RBs, loss of
cultivability and rescue of infectivity upon removal of in-
ducers. In contrast, the response of C. psittaci to induced
persistence at the transcriptional level was remarkably differ-
ent. One of the general features observed was a consistent
down-regulation of genes encoding membrane proteins, tran-
scription regulators, cell division factors and EB–RB differ-
entiation factors from 24 hpi onwards. Other genes showed
variations in mRNA expression patterns depending on the
induction mechanism, which implies that there is no persis-
tence model per se. Compared with C. trachomatis, late shut-
down of essential genes in C. psittaci was much more com-
prehensive with IFN-γ-induced persistence, which can be
explained by the absence of a functional tryptophan synthesis
operon in the latter [68]. Another distinctive feature of the
IFN-γ model was the observed down-regulation of the chla-
mydia protein associating with death domains (CADD) gene
at 48 hpi in C. psittaci. In C. trachomatis, the same gene was
up-regulated at 48 hpi [69]. The CADD protein shares homol-
ogy with the death domains of tumour necrosis factor family
receptors and is known to induce apoptosis [70]. However, it
has yet to be established whether these in vitro findings
actually relate to latent, persistent or chronic infections in
humans and animals.

In addition to numerous papers on in vitro persistence of
chlamydiae, a few reports from in vivo studies also showed
enlarged chlamydial bodies ofC. muridarum [71],C. suis [72]
and C. pneumoniae [73] in infected tissue. However, it is not
clear whether these observations are due to induced persis-
tence or merely illustrate that chlamydiae were stressed during
infection. No observations reminding of aberrant morphology
were made in the C. psittaci animal infection models
discussed below. In any case, a cause–effect relationship
between host response to infection and aberrant chlamydial
bodies has yet to be demonstrated.

New Insights into Host Immune Response to Chlamydial
Infection

C. psittaci seems to be particularly efficient in escaping from
the innate immune response of the host. This conclusion was
drawn from the data of an experimental study by
Braukmann and colleagues [74] comparing C. psittaci
and C. abortus infection in embryonated chicken eggs (see
also the “Lessons Learned from Animal Models” section).
When confronted with the release of pro-inflammatory medi-
ators during early host response, the pathogen was shown to
react with up-regulation of essential genes [74]. This included
elevated mRNA expression rates of chlamydial IncA
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(involved in stabilisation of the inclusion), ftsW (regulating
binary fission of RBs), groEL (chaperone associating with
macrophages) and cpaf (involved in processing of host pro-
teins controlling the integrity of the inclusion). This particular
response, which may include further chlamydial factors, prob-
ably enables C. psittaci to establish the infection and dissem-
inate in the host organism. In contrast, the closely related
C. abortus was unable to up-regulate the genes mentioned in
the same experimental setting and, consequently, proliferated
less intensely and disseminated to a lesser extent in the host
organism than C. psittaci. These findings have been con-
firmed in analogous comparative infection experiments in
young chicks [75].

The complement system is considered to be one of the
crucial factors of innate immunity. This panel of approx-
imately 40 serum factors is activated by surface compo-
nents of the pathogen and is involved in modulation of
the inflammatory response and protection from extracel-
lular agents [76]. A recent study using a mouse model of
pulmonary C. psittaci infection revealed early, high and
long-lasting activation of the complement system [77].
Further experiments in C3aR-deficient mice suggested
that the protective function of the complement cascade
against C. psittaci was dependent on the anaphylatoxic
peptide C3a and its receptor C3a/C3aR [78].

In this context, it is relevant to note that C3a/C3aR can also
activate DCs, which would facilitate their migration to
draining lymph nodes and enhance presentation of chlamydial
antigens to CD4+ and CD8+ T cells [56].

In a recent study in a mouse model, C. psittaci-infected
murine DCs were shown to use autophagosomal and endo-
vacuolar processing for degradation of bacterial compart-
ments, as well as proteolytic production of chlamydial peptide
antigens [79]. It has been suggested that these findings could
be used for the design of vaccines based on DC-targeting
antigens [12••]. A more detailed discussion of recent advances
in the elucidation of host immune response to C. psittaci
infection can be found in the review by Knittler and
colleagues [56].

Lessons Learned from Animal Models

While in vitro models of infection can be very helpful in
identifying individual factors and elucidating their involve-
ment in pathogenesis, the complexity of multiple interactions
between host and pathogen, as encountered in the natural
infection, can be better emulated in animal models.
Therefore, experimental studies in animals have the potential
to generate novel insights and improve our understanding of
the processes occurring in the natural host or, in the case of
zoonoses, in humans.

Recently, the SPF chicken and the chicken embryo models
were used to study the pathogenicity of different C. psittaci

strains and compare C. psittaci and C. abortus infections [74,
20, 80]. Both models represent versatile tools for
characterising chlamydial strains and species in terms of in-
vasiveness, virulence and elicited immune response (see also
the “New Insights into Host Immune Response to Chlamydial
Infection” section).

The in ovo model has a far greater potential than serving as
culture medium for intracellular bacteria and viruses. An
experimental protocol starting with inoculation of
Chlamydia spp. onto the chorioallantoic membrane (CAM)
resembles natural infection across epithelial layers. As shown
in a recent study, closely monitoring the course of infection
allows both investigation of the innate immune response to the
chlamydial challenge and identification of molecular process-
es on the chlamydial side. Braukmann and colleagues [74]
highlighted several aspects of host–pathogen interaction in a
comparative study on C. psittaci and C. abortus infection.

Kalmar and colleagues comparatively investigated pathol-
ogy and host immune response, as well as systemic dissemi-
nation and expression of essential chlamydial genes in exper-
imental aerogeneous infection with C. psittaci and C. abortus,
in SPF chicks [75]. They observed that clinical symptoms
appeared sooner and were more severe in the C. psittaci-
infected group. C. psittaci disseminated more efficiently in
the host organism than C. abortus, which was in line with
higher and faster infiltration of immune cells by the former, as
well as more macroscopic lesions and epithelial pathology.
Monitoring mRNA expression rates of immunologically rele-
vant factors in thoracic air sac tissue revealed that IFN-γ,
interleukin (IL)-1β, IL-6, IL-17, IL-22, lipopolysaccharide-
induced tumour necrosis factor (LITAF) and inducible nitric
oxide synthase (iNOS) were significantly stronger up-
regulated in C. psittaci- infected birds between 3 and 14 days
post-infection. At the same time, transcription rates of the
chlamydial genes groEL, cpaf and ftsW were consistently
higher in C. psittaci during the acute phase. These findings
were in accordance with the data from the in ovo study [74]
and confirm the capacity of C. psittaci to evade the immune
response of the avian host more efficiently than other
Chlamydia spp.

A number of studies in a calf model have significantly
improved our understanding of the course of systemic
C. psittaci infection and the pathology in the host organ-
ism. Especially with the human infection in mind, the
bovine host as a model offers a number of advantages
over mice. For instance, the segmental anatomy and lack
of collateral airways in the bovine lung facilitate the
study of pathophysiological mechanisms of pulmonary
dysfunctions. Validated non-invasive lung function tests
are available, and the body size of calves allows repeated
sampling and thorough monitoring of clinical and immu-
nological parameters [80]. In a series of infection trials,
Reinhold and colleagues were able to demonstrate four
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essential characteristics of C. psittaci infection in its
various manifestations [81–84]:

1. The severity of clinical signs during the acute phase of
infection directly depended on the inoculation dose.
Administration of 106 inclusion-forming units (ifu) of
C. psittaci strain DC15 per calf caused mild respiratory
and clinical signs, while doses of 107 to 108 ifu led to a
moderate and 109 ifu to a severe course. This correlation
of dose and response proved reproducible in extent and
quality of lung lesions and also corresponded to deterio-
rations of respiratory functions [81, 84].

2. The bovine model reflected characteristic features of nat-
ural chlamydial infections in animals and humans. A
typical course included acute clinical illness in the initial
phase (2–3 dpi), which subsided considerably, but not
completely, until 10 dpi [82]. The next stage was
characterised by a protracted clinically silent course,
which included intermittent mild symptoms, faecal path-
ogen excretion, transient chlamydaemia and slightly ele-
vated levels of monocytes and lipopolysaccharide-
binding protein in blood. Interestingly, these features were
also observed in sentinel calves that socialised with clin-
ically diseased animals and naturally acquired the
infection.

3. The humoral immune response was generally weak. Only
two-thirds of the calves experimentally challenged with a
high dose developed specific antibodies against
C. psittaci, which became detectable between 7 and
14 dpi. This supports the notion that the cellular rather
than humoral immune response plays a central role in
controlling anti-chlamydial immunity in infected hosts.

4. In the acute phase of respiratory disease, inflammatory
cells were recruited to the site of C. psittaci infection.
Damage of the alveolar–capillary barrier caused by pul-
monary inflammation manifested itself by altered cytolo-
gy, as well as elevated concentrations of eicosanoids and
total protein in broncho-alveolar lavage fluid [81]. The
inflammation ultimately caused ventilatory disorders and
inhibited pulmonary gas exchange [83, 84].

Implications of the Discovery of C. avium, C. gallinacea
and C. ibidis: New Agents of Avian Chlamydiosis?

More Avian Chlamydia spp. Defined

Until very recently, C. psittaci was considered to be the sole
causative agent of the disease. In the light of new evidence
suggesting that avian chlamydiosis may involve more chla-
mydial agents, this paradigm is likely to change. In the past

decade, diagnostic investigations of Chlamydia spp. in-
fection in birds in Germany, France and Italy produced a
number of unclear findings, as the chlamydial agent
appeared to be different from C. psittaci and the other
eight established species of the family Chlamydiaceae.
These atypical strains were identified in poultry, pigeons,
ibis and psittacine birds. The use in routine diagnosis of
broad-range diagnostic assays for Chlamydiaceae in
combination with species-specific detection tools was
an important prerequisite for these discoveries. The
preconceived idea of avian chlamydiosis being due to
C. psittaci alone is probably one of the reasons why
the atypical strains were not discovered earlier. Another
aspect is that these new chlamydiae can easily be missed
in cell culture due to slow and often reluctant growth in
comparison to C. psittaci.

In 2005, Chlamydiaceae-positive but C. psittaci-nega-
tive avian strains were identified in symptomless chickens
of a contact flock involved in an outbreak of psittacosis in
Germany [22]. Three years later, an epidemiological in-
vestigation in poultry breeder flocks in France, which had
been prompted by cases of atypical pneumonia in poultry
slaughterhouse workers, led to the isolation of non-
classified chlamydial strains closely related to the
German strains from seven different flocks, whereas
C. psittaci was found only in one of the 25 flocks exam-
ined [85]. The agent, later defined as C. gallinacea, has
since been found in several European countries and China
[86, 87], as well as in Australia [88].

Retrospective analysis of strains isolated from urban
pigeons in Italy in 2006 also identified genetically relat-
ed non-classified strains of Chlamydiaceae. In 2009, two
severe outbreaks in breeder flocks of psittacines in
Germany were attributed to closely related chlamydial
strains. Notably, no other potential pathogen was found
in these parrot flocks. Furthermore, pigeons were found
to be a major host of this agent, later designated
C. avium, in surveys in France [89] and Germany [90].
In the same period, investigations conducted on a wild
ibis population in France in 2010 led to the identification
of different Chlamydiaceae-positive but C. psittaci-negative
strains.

Finally, characterisation of selected atypical isolates from
the above studies focused on 16S rRNA-based phylogenetic
analysis, multi-locus sequence analysis, phenotypic character-
isation, as well as whole-genome analysis of type strains
10DC88T (C. avium), 08-1274/3T (C. gallinacea) and 10-
1398/6T (C. ibidis). Based on comparative analysis with the
other established species of the family Chlamydiaceae,
C. avium and C. gallinaceae were proposed as new species
[91•], and C. ibidis was given the Candidatus status [92•].
Basic characteristics of the three avian Chlamydia spp. are
given in Table 1.
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Epidemiology of C. avium and C. gallinacea

Since C. avium and C. gallinacea were introduced very re-
cently, virtually all studies on avian chlamydiosis have fo-
cused on C. psittaci so far. While specific PCR assays for the
detection of the new species are now available [87, 86, 93],
specific serological tools are still missing. It is possible that
some of the older papers on avian chlamydiosis dealt with
C. avium or C. gallinacea instead of C. psittaci, especially
those based on serological evidence.

From the limited data that are currently available,
C. avium seems to frequently occur among pigeons,
whereas C. gallinacea is probably widely disseminated
among poultry. Recent data from urban pigeons in
Germany [90] and France [89] identified C. avium in four
of the 128 (3 %) and in ten of the 125 (8 %)
Chlamydiaceae-positive samples, respectively. In
German breeder pigeon flocks, C. avium was found in
four of the 27 (14.8 %) flocks [94]. In psittacine birds, the
general prevalence of C. avium cannot be assessed as the
findings reported so far represent individual cases.
Prevalence studies on C. gallinacea in chicken and turkey
flocks of four European countries and China revealed that
its prevalence could even be higher than that of C. psittaci
[86]. C. gallinacea was detected in 95 of the 110 (86.5 %)
chlamydia-positive samples, whereas C. psittaci was only
detected in two samples. In a survey conducted over 1 year
in a slaughterhouse, C. gallinacea was detected in 321 of
the 401 (80.0 %) Chlamydiaceae-positive samples from
129 French poultry flocks [95]. In contrast, only
C. psittaci was found in a similar survey conducted in
19 Belgian chicken farms [96]. In Australia, C. gallinacea
was detected in two of the 27 (7.5 %)Chlamydiaceae-positive
samples from chickens, whereas C. psittaci was identi-
fied in five other samples [88]. Results differ greatly
from one study to another and from one country to
another. It is probable that the environment and farming

practices, including cleaning and disinfection procedures,
have a strong impact on circulation and persistence of
chlamydiae in farms.

It is likely that C. avium and C. gallinacea will not be the
last chlamydial species to be discovered in birds. Recent
studies have provided evidence on further non-classified
Chlamydiaceae species in seabirds [97], pigeons [90] and
ducks [95]. The diversity among Chlamydiaceae species is
probably far greater than currently conceived.

Pathogenicity of C. avium and C. gallinacea

The pathogenicity of the newly introduced species has yet to
be systematically investigated. In the surveys reported to date,
no clinical signs have been observed in chickens carrying
C. gallinacea [85], nor in most of the C. avium carriers among
pigeons. However, it seems likely from currently available
data that C. avium is able to cause respiratory disease in
parrots and pigeons [91•]. In analogy to the established
Chlamydia spp., the new chlamydiae could survive as com-
mensals in the gastrointestinal tract for extended periods be-
fore eliciting cases of disease, as discussed in two recent
reviews [98, 28]. However, co-infections with other
Chlamydia spp., bacteria or viruses [99] could exacerbate
the course of C. avium or C. gallinacea infections as already
reported for C. psittaci-infected turkeys (see the “Aetiology
and Epidemiology”section). While cases of co-infection be-
tween the new chlamydiae and C. psittaci have been reported
in pigeons [94] and poultry [87], evidence on possible inter-
action, such as synergetic or competitive effects, in the course
of co-infection is still lacking. It would be interesting to re-
examine samples from previous outbreaks of avian
chlamydiosis for the presence of the two new species.

The zoonotic potential is still unknown, although there is a
possibility of C. gallinacea being involved in zoonotic trans-
mission. Those cases of atypical pneumonia reported among
slaughterhouse workers exposed to chickens infected with

Table 1 Basic characteristics of avian Chlamydia (C.) spp.

Species Major hosts Pathogenicity Type
strain

Genome
size (bp)

No. of predicted
proteins

16S rDNA
difference (%)a

Detection assays

C. psittaci Birds, mammals Systemic respiratory
disease

6BC 1,171,660 975 0 rtPCR, DNA
microarray,
ELISA [100]

C. avium Pigeons, parrots,
probably wild birds

Respiratory disease 10 DC88 1,041,169 940 1.95 rtPCR [93], DNA
microarray

C. gallinacea Chickens, turkeys,
guinea fowl, ducks,
probably other poultry

To be investigated 08-1274/3 1,045,134 907 1.88 rtPCR [87], DNA
microarray

a Compared with C. psittaci

rDNA ribosomal DNA, rtPCR real-time PCR

Curr Clin Micro Rpt (2015) 2:10–21 17



C. gallinacea [85] can be taken as an indication, even though
previous exposure of these workers to C. psittaci cannot be
excluded. However, these cases could not be definitively
clarified because species-specific serological tools are not
available for chlamydiosis. This striking deficit should be
addressed in future research.

Conclusion

The results of field surveys in Europe and elsewhere in
the past decade indicate a rise in the prevalence of
Chlamydia infections in poultry flocks. This increase
has been partly attributed to improved diagnostics, but
could also be due to reduced use of antibiotics in
poultry. In addition, organic poultry production, where
free-range facilities allow contact with feral birds and
pathogen-containing faeces, might also have contributed
to this increase.

Recent advances in research on the pathogenesis of
avian chlamydiosis include the generation of comprehen-
sive datasets on host–pathogen interaction obtained from
in vitro, in ovo and in vivo infection models. Following
rapid entry into host cells, which is controlled by specific
surface proteins and T3SS effectors, C. psittaci was
shown to efficiently disseminate within the animal host,
causing systemic disease. The pathogen seems to be
capable of evading the action of host pro-inflammatory
mediators more efficiently than other chlamydiae. When
facing the host immune response it was shown to up-
regulate essential chlamydial genes. A number of new
molecular factors that are important for intracellular pro-
liferation and progression of the infection have been
identified.

Following the discovery of two new avian chlamydial
species, aetiopathology and epidemiology of avian
chlamydiosis will have to be revised, since C. psittaci no
longer seems to be the only chlamydial agent involved.
Although it is too early for a final assessment of the impor-
tance ofC. gallinacea andC. avium, veterinarians, physicians,
diagnosticians and researchers should take the new develop-
ments into account and consider possible involvement of the
new agents in cases of avian chlamydiosis.
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