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In Australia, the obligate intracellular bacterium Chlamyd-

species (cattle, sheep, goats and pigs) has been well documented

ia pecorum is best known as the notorious koala pathogen

in Europe and USA, and to a lesser degree elsewhere including

that causes debilitating ocular and urogenital tract disease.

Australia. The spectrum of C. pecorum infections in livestock

While globally published data suggests that this species is

hosts ranges from subclinical to acute disease manifestations such

essentially ubiquitous in livestock, little is known about

as polyarthritis, sporadic bovine encephalomyelitis, pneumonia

the epidemiology of livestock C. pecorum infections here

and conjunctivitis, with (asymptomatic) gastrointestinal shedding

in Australia. My research is focused on investigating the

as the common feature5. C. pecorum infections in free-range

genetic diversity and transmission patterns of C. pecorum,

ruminants such as Alpine ibex and chamois from Europe have also

and why it causes disease. Using our newly developed

been reported6,7.

C.

pecorum-speciﬁc

molecular

epidemiology

typing

scheme we provided the ﬁrst epidemiological data on infections in sheep and cattle in Australia, identifying strains
associated with a range of diseases in livestock, and uncovering an unexpected level of diversity for this pathogen.
Most importantly, we observed that the same strain can
infect koala and sheep, indicating on ongoing cross-host
transmission and ‘spill-over’ risks to wildlife. Further, by
dissecting koala, sheep, cattle and pig C. pecorum strains
genomes, we have also identiﬁed novel virulence-associated factors that could be explored as vaccine candidates for
both livestock and koala infections.

The curious case of Chlamydia pecorum
infections in Australia
While the koala chlamydial infections are easily the most intensively
studied of any wildlife species, almost nothing is known about
the prevalence and epidemiology of C. pecorum infections in
Australian livestock. Veterinarians from agriculturally productive
areas throughout Australia regularly report cases of chlamydiosis
in sheep and cattle8,9, but the information about the genetic
diversity of strains infecting livestock is lacking. A range of previous
molecular studies suggested that C. pecorum strains infecting
koala are genetically diverse10,11; however, none of the studies

Chlamydiae, known for their obligatory parasitic lifestyle and
1

distinct biphasic life-cycle , are diverse and enigmatic bacteria

investigated how and whether these strains are related to livestock
strains. It has been hypothesised that the origin of koala

that infect an astonishing range of hosts . This phylum includes

C. pecorum infections is associated with the import of ‘presumably

Chlamydia pecorum, a species that constantly remains in the

C. pecorum infected’ livestock in the late 1780s3. The encroach-

spotlight due to its role as a major threat to the survival of the

ment of koala habitats by sheep and cattle farming along the east

iconic koalas. In koalas, highly prevalent C. pecorum infections

coast of Australia is common and raises serious questions over

cause ocular disease that can eventually lead to blindness, and

the relationships and potential role that cross-host transmission

urogenital disease that can lead to infertility3,4. The pathogenic

may have in the epidemiology and origin of chlamydial disease

potential of C. pecorum in economically signiﬁcant livestock

in koalas3. Despite the ongoing ﬁeld reports, the epidemiology,
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transmission, and reservoirs of C. pecorum in Australian sheep and

(e.g. koala and sheep; sheep and cattle)14 (Figure 1a). This obser-

cattle remain poorly understood5,12.

vation was also repeated in the recent MLST of C. pecorum infecting
koalas from French Island in Victoria. In this study, it was also

C. pecorum molecular epidemiology

observed that the certain koala strains were more similar to

Multi-locus sequence typing (MLST) is a widely used epidemiolog-

livestock strains than they were to other koala strains17.

ical tool for strain identiﬁcation and estimation of intra-species

C. pecorum-speciﬁc MLST and Bayesian phylogenetic analyses of

relationships for many pathogens. Even today, with whole genome

strains infecting Australian sheep with conjunctivitis, polyarthritis,

sequencing readily available, MLST is still often used as the ﬁrst

or with no clinical signs of disease and cattle with sporadic en-

point to barcode a strain13. In an effort to evaluate the overall

cephalomyelitis revealed important observations of the genetic

genetic diversity and relationships between Australian koala, sheep

identity and relationships between C. pecorum strains found at

and cattle C. pecorum strains, we developed and applied a

different anatomical sites and the range of associated diseases15,16.

C. pecorum-speciﬁc MLST to a range of isolates and

We observed two distinct C. pecorum genotypes associated with

C. pecorum-positive clinical samples from koalas, Australian sheep

disease, one denoted sequence type (ST) 23 found in association

and cattle14–16.

to sheep with polyarthritis and conjunctivitis and cattle with en-

The newly developed MLST proved to be an effective ﬁne-detailed

cephalomyelitis, and the other denoted ST 69 found in association

molecular epidemiology tool in characterising novel C. pecorum

with ovine conjunctivitis as well as previously detected in koala

genotypes infecting livestock and koalas, highlighting an unexpect-

urogenital tract and ocular infections (Figure 1a). The majority of

ed level of diversity for this pathogen. The genetic diversity of

C. pecorum strains detected at vaginal and rectal sites of clinically

C. pecorum extends from the individual to the population level

healthy as well as diseased animals clustered together in a distinct

with repeated molecular evidence that: a) a single host can harbour

and separate clade, away from strains associated with disease.

two distinct C. pecorum strains at different anatomical sites; b)

C. pecorum ST 23 strains are also readily found in association with

discrete populations can be infected with a mix of genetically

disease in European and USA livestock hosts, indicating a potential

diverse strains and c) the same strain can infect two different hosts

global spread of such clonal ‘pathogenic’ C. pecorum14,18.
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Figure 1. Genetic relationships of C. pecorum strains found in various hosts. (a) Phylogenetic analyses of the concatenated seven MLST gene
fragments sequences from the previously described C. pecorum STs available from Chlamydiales PubMLST (http://pubmlst.org/chlamydiales/)
and newly generated C. pecorum STs from our database. The mid-point rooted phylogenetic tree was generated using FastTree, as implemented in
Geneious 9.1 software. Hosts are denoted by different colours in the legend. (b) Schematic representation of possible and present cross-host
transmission of C. pecorum infections in livestock, koalas and other wildlife hosts (depicted by a possum). Red arrows indicate the most likely
(molecularly evidenced) routes of cross-host transmission (e.g. sheep and cattle, and sheep and koala), while blue arrows indicate likely (hypothesised)
routes of cross-host transmission (e.g. cattle and koalas, cattle or sheep and other native wildlife, and between wildlife animals).
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Similarly, genetically identical the ‘non-pathogenic’ vagino-rectal

our laboratory also provided evidence of C. pecorum infections in

strains characterised in our studies were also detected in the faeces

other Australian native marsupials (unpublished observations),

of clinically healthy sheep from Europe (Figure 1a).

raising the possibility of cross-host transmission to the native
wildlife as well (Figure 1b). Although ecologically distinct, livestock

Chlamydial infections can spread rapidly in a ﬂock/herd, potentially

and wildlife host species could have an indirect contact allowing

developing into diseases such as polyarthritis, conjunctivitis and

an opportunity for infection spill-over, most likely via the

encephalomyelitis, leading to increased morbidity and mortality on

faecal-oral route12,22. For livestock C. pecorum infections, sheep

farms19. Detection of the genetically different C. pecorum strains at

and cattle are strong reservoir candidates as evidenced by ubiqui-

various anatomical sites in a single host and a plausible association

tous faecal shedding of presumably ‘non-pathogenic’ strains16,22

of certain genotypes with disease/virulence in our and other

(Figure 1b). Evidence for cross-host transmission was also observed

studies18,20 raises questions over the existence of ‘pathogenic

in our typing study of C. pecorum strains detected in European

and non-pathogenic’ C. pecorum and their role in pathogenesis

free-range ruminants7 where, in limited examples, we observed

of disease and impact on an animal’s health12.

a phylogenetic relatedness of the Alpine ibex C. pecorum with
sheep faecal strains.

The role of cross-host transmission in the
epidemiology and origin of C. pecorum infections

The lessons from ongoing C. pecorum genomics

The repeated evidence that identical or closely related C. pecorum

While the MLST provided us with preliminary characterisation of

strains infect koalas and livestock raises serious questions over the

C. pecorum strains from various hosts, comparative genomics

role of contemporary and historic spill over of this pathogen from

provides valuable insights into the lifestyle, within-host adaptation,

domesticated animals to koalas

3,21

virulence factors and population structure12,23. The ongoing

(Figure 1b). Ongoing work in
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Figure 2. C. pecorum genome and plasmid composition. Circular representation of the C. pecorum chromosome: First ring denotes CDSs (in light
blue) in forward direction, while the second ring denotes CDSs in reverse direction. Genomic location of important genomic elements such as
Type III secretion system (T3SS) in red, polymorphic membrane proteins (pmp’s) in blue as well as the PZ (with cytotoxin genes in orange, and
Phospholipase D genes in pink) are also outlined on the C. pecorum genome plot. Inset: Circular representation of the chlamydial plasmid (pCpec),
where present in the genome. Image was generated with the DNAplotter.
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Figure 3. SNPs distribution in C. pecorum genomes. Genomic position of T3SS, pmp’s, inclusion proteins (Inc), major outer membrane protein
(ompA), PZ, tryptophan (Trp) and biotin (bio) operons are indicated on a line above genomes, while the number and distribution of SNPs across
the pig C. pecorum genome in comparisons to cattle (in blue), sheep (in orange) and koala (in pink) genomes are depicted as histograms. SNPs,
represented as histograms of a 10 kb size, were determined in CLC Genomics (CLCBio, Qiagen) platform. All genomes start from malate
dehydrogenase (mdh) gene.

comparative genomics of koala, sheep, cattle and pig C. pecorum

recently developed a prototype anti-C. pecorum sheep28 and

genomes are building the global population framework of this

improved koala vaccine formulation29 using novel antigens iden-

enigmatic species20,23–25. Highly conserved and syntenic, the main

tiﬁed in our genomic studies that could be used as a valuable tools

genetic differences between C. pecorum strains are limited to

to manage and control C. pecorum infections in the future.

single nucleotide polymorphisms (SNPs), mainly accumulating in

Improvements to diagnostic testing are now possible and labora-

the highly polymorphic membrane protein (pmp’s) genes and the

tory and Point-of-Care assays for use in the lab and ﬁeld are now

plasticity zone that harbours virulence factors, such as cytotoxin,

also in development.

phospholipase D and Mac-Perforin genes25 (Figures 2 and 3). The
unexpected genomic ﬁnding in our studies was the identiﬁcation of
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