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Birds are the primary hosts of Chlamydia psittaci, a bacterium that can cause avian chlamydiosis in birds and psittacosis in hu-
mans. Wild seabirds are frequently admitted to wildlife rescue centers (WRC) at European Atlantic coasts, for example, in con-
nection with oil spills. To investigate the extent of chlamydial shedding by these birds and the resulting risk for animals in care
and the medical staff, seabirds from a French WRC were sampled from May 2011 to January 2014. By use of a quantitative PCR

(qPCR), 195 seabirds belonging to 4 orders, 5 families and 13 species were examined, of which 18.5% proved to be Chlamydi-
aceae positive. The highest prevalence of shedders was found in northern gannets (Morus bassanus) (41%), followed by Euro-
pean herring gulls (Larus argentatus) (14%) and common murres (Uria aalge) (7%). Molecular characterization and phyloge-
netic analysis of qPCR-positive northern gannet samples revealed two variants of a strain closely related to C. psittaci. In
European herring gulls and in one common murre, strains showing high sequence similarity to the atypical Chlamydiaceae-like
C122 previously found in gulls were detected. Our study shows that seabirds from the northeastern Atlantic Ocean carry several
chlamydial organisms, including C. psittaci-related strains. The staff in WRCs should take protective measures, particularly in

the case of mass admissions of seabirds.

he family Chlamydiaceae comprises a group of obligate intra-

cellular Gram-negative bacteria that are widely distributed
throughout the world, causing a wide range of diseases in humans
and animals (1). It is composed of a single genus, Chlamydia, that
thus far comprises 11 species: C. abortus, C. avium, C. caviae, C.
felis, C. gallinacea, C. muridarum, C. pecorum, C. pneumoniae, C.
psittaci, C. suis, and C. trachomatis (2, 3). C. psittaci is the primary
avian pathogen that can infect a large number of bird species, as
well as mammalian hosts (4, 5). Avian strains of C. psittaci are
currently divided into at least 15 outer membrane protein A gene
(ompA)-based genotypes (5, 6), each one tending to be associated
with certain bird species.

Avian chlamydiosis has been known for centuries and is a ma-
jor factor of economic loss to the poultry industry, as well as a
permanent risk for zoonotic transmission to humans (7). De-
pending on the infecting chlamydial strain and the susceptibility
of the avian hosts, avian chlamydiosis is mainly characterized by
respiratory, ocular, enteric, or nervous disorders that may occa-
sionally be fatal. In addition, latent infection has a potential of
causing recurrent clinical disease resulting in chronicity (7, 8).
Infected birds intermittently excrete chlamydial agents through
feces and nasal secretions, thus representing an important reser-
voir of infection for birds and humans (9). Generally, transmis-
sion occurs through inhalation of aerosolized respiratory secre-
tions or ingestion of contaminated dried dusts. Factors affecting
transmission include the susceptibility of the avian host, dose of
infection, virulence of the strain, stress, and environmental con-
ditions (7, 8, 10).

The disease caused by C. psittaci in humans is called psittacosis
and varies from inapparent or mild influenza-like symptoms to
severe and even potentially fatal systemic disease with severe
pneumonia (10, 11). Psittacosis is of concern for public health
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authorities and specific control measures have been recom-
mended (12, 13).

Until recently, C. psittaci had been considered to be the sole
causative agent of chlamydiosis in birds, but there is new evidence
suggesting that avian chlamydiosis involves more chlamydial
agents. In particular, two more avian chlamydial species, C. avium
and C. gallinacea (14), and one Candidatus taxon, “Candidatus
Chlamydia ibidis” (15), were recently described. The diversity of
chlamydial agents in birds was further extended by studies report-
ing mammalian chlamydiae, such as C. abortus, C. pecorum, and
C. trachomatis, also being capable of infecting avian hosts (16, 17).

In wild birds, C. psittaci is highly prevalent among Psittaci-
formes and Columbiformes (7), but representatives of other or-
ders are also recognized as natural carriers (18), for instance, An-
seriformes, Charadriiformes, Falconiformes, Passeriformes,
Procellariformes, and Strigiformes (4, 18-25). Moreover, other
Chlamydiaceae or nonclassified chlamydiae have been detected in
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TABLE 1 Prevalence of Chlamydiaceae shedders among seabird species admitted to the CVFSE from May 2011 to January 2014

23S-qPCR Chlamydiaceae

No. Mean

Order Family Common species name (scientific name) positive” Cq Cq range
Anseriformes Anatidae Common scoter (Melanitta nigra) 2/5 31.1 30.4-31.8
Charadriiformes Alcidae Common murre (Uria aalge) 2/30 35.1 32.1-38.1

Alcidae Razorbill (Alca torda) 0/3

Laridae Black-headed gull (Chroicocephalus ridibundus) 0/10

Laridae Common gull (Larus canus) 0/1

Laridae European herring gull (Larus argentatus) 11/81 35.6 28.3-39.0

Laridae Great black-backed gull (Larus marinus) 0/5

Laridae Lesser black-backed gull (Larus fuscus) 1/7 34.7

Laridae Little gull (Hydrocoloeus minutus) 0/2

Laridae Mediterranean gull (Ichthyaetus melanocephalus) 0/1

Laridae Yellow-legged gull (Larus michahellis) 1/2 37.7
Procellariformes Procellaridae Northern fulmar (Fulmarus glacialis) 0/2
Suliformes Sulidae Northern gannet (Morus bassanus) 19/46 27.5 19.6-37.3
Total 36/195 31.0

“ For the number of positive results, the values are expressed as follows: the number of positive birds/the total number of birds examined.

Charadriiformes and Pelecaniformes (15, 22, 26). The reported
prevalence of Chlamydiaceae in wild birds ranged from 1 to 74%,
depending on avian hosts, the molecular tools used, and the sam-
pling size (20, 27, 28). As in domestic birds, stress due to weather
changes, nesting, migration, or food shortages may precipitate the
disease in wild birds (10), even though the infection often remains
inapparent. Outbreaks of disease with relatively high morbidity
and mortality have been described (8, 18, 24, 29, 30). Although
domestic birds are the most common source of infection in hu-
mans, wild birds have also been reported to be a source of C.
psittaci infection in the wild (31-33) or in wildlife rescue centers
(WRCs) (25).

Nowadays, injured or diseased wild birds can be submitted to
WRCs by the public or by people from environmental protection
associations for welfare reasons. Although raptors (i.e., Falconi-
formes and Strigiformes) and birds from the orders Columbi-
formes or Passeriformes are the main bird species admitted in
WRCs in Europe (25, 34-37), seabirds (i.e., bird species with a life
history linked to the marine environment) from the Anseri-
formes, Charadriiformes, Procellariformes, and Suliformes can
also be taken into care, for instance, in connection with oil spills.
In such disaster situations, seabirds can be admitted by hundreds
or thousands (38-40), leading to overcrowding, close contact with
the veterinary and/or nursing staff and an elevated risk of stress-
induced chlamydial shedding. Until now, only a few studies about
the shedding of Chlamydiaceae by seabirds admitted to WRCs
have been published (25, 34, 35). Consequently, studying the ep-
idemiology of chlamydial infections in seabirds represents a major
challenge both in terms of biodiversity conservation and public
health issues.

The purpose of the present study was to investigate the occur-
rence and the diversity of shedding of Chlamydiaceae by seabirds
commonly admitted to WRCs at Europe’s Atlantic coast, since
this area is particularly at risk for oil spills (40, 41).

MATERIALS AND METHODS

Seabird population and sampling. Birds included in the present study
were individuals belonging to European seabird species, admitted to the

4582 aem.asm.org

Applied and Environmental Microbiology

Wildlife Health Centre (Centre Vétérinaire de la Faune Sauvage et des
Ecosystemes des Pays de la Loire [ CVESE]) of the Nantes Atlantic College
of Veterinary Medicine, Food Science and Engineering (Oniris) from May
2011 to January 2014 inclusive. A total of 195 seabirds belonging to 4
orders, 5 families, and 13 species were sampled during this period (Table
1). Three species represented >80% of the birds: European herring gulls
(Larus argentatus; 41.5%), northern gannets (Morus bassanus; 23.5%),
and common murres (Uria aalge; 15.5%) in rank order. All seabirds sam-
pled were found washed up on beaches or suspected sick or injured in
harbors from the French North coast of the Bay of Biscay (Bretagne and
Pays de Loire regions). They were collected as live casualties by the public
or members of environmental protection associations and admitted to the
CVESE for appropriate medical care. Information regarding the location,
date, species, and any relevant details about the incident history were
collected at the time of admission by the CVESE staff. The body weight
and age of each seabird were also recorded at this stage. Each bird was
classified either as a fledgling (bird with flight feathers not yet fully
emerged), immature (bird with an adult body size but immature plum-
age), or adult (independent bird with mature plumage). After admission,
a clinical examination was performed by a veterinarian, and any observed
clinical signs were recorded. The causes for casualty admissions were de-
termined on the basis of clinical signs and the incident history. Dry cloacal
swabs were sampled from the birds during the initial clinical examination
or in not more than the 48 h following admission. They were stored at
—80°C during 1 week to up to 11 months before being transported under
cooling conditions to the avian chlamydiosis National Reference Labora-
tory (NRL) for analysis.

Molecular analysis of samples: detection of Chlamydiaceae-specific
DNA in cloacal swab samples. A first screening was performed with
whole genomic DNAs extracted (QIAamp DNA minikit; Qiagen, France)
from the cloacal swab samples and by using a 23S rRNA-based Chlamy-
diaceae-specific quantitative PCR targeting a 23S rRNA gene fragment
conserved in all Chlamydiaceae (23S-qPCR Chlamydiaceae), according to
the method of Ehricht et al. (42). An internal control for potential PCR
inhibition (TagMan exogenous internal positive control; Applied Biosys-
tems) and a positive control (C. psittaci strain Loth) were systematically
included. All samples with a quantitative cycle (Cq) above 39 were con-
sidered negative.

Chlamydial species molecular characterization. (i) Species-specific
qPCR assays. DNA samples positive in the 23S-qPCR Chlamydiaceae
were further analyzed to determine the chlamydial species by using two C.
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TABLE 2 Primers used for sequencing

Chlamydiaceae in Seabirds

Targeted sequence Primer Sequence (5'-3") PCR product size (bp) Reference
16S rRNA 1681 CGGATCCTGAGAATTTGATC 1,400 47
rp2 CTACCTTGTTACGACTTCAT 1,400 48
23S rRNA 16SF2 CCGCCCGTCACATCATGG 1,000 49
23SIGR TGGCTCATCATGCAAAAGGCA 1,000 49
ompA CTU ATGAAAAAACTCTTGAAATCGG 1,000 50
CTL CAAGATTTTCTAGA(T/C)TTCAT(C/T)TTGTT 1,000 50

psittaci-specific QPCR systems (referred to here as incA-qPCR C. psittaci
and ompA-qPCR C. psittaci, respectively) (16, 43), as well as using specific
qPCRs for the detection of C. abortus and C. pecorum (16), C. avium (44),
C. gallinacea (K. Laroucau et al., unpublished data), and the taxon “Can-
didatus Chlamydia ibidis” (NRL, unpublished data). C. psittaci strain
Loth, C. abortus strain AB7, C. pecorum strain iB1, C. gallinacea strain
08-1274/3, C. avium strain 10-743 SC13, and “Candidatus Chlamydia
ibidis” strain 10-1398/6 were used as controls.

(ii) MLST analysis on qPCR C. psittaci-positive samples. Multilocus
sequence typing analysis (MLST) was carried out on incA-qPCR C. psit-
taci-positive samples according to the scheme developed by Pannekoek et
al. (45, 46), targeting seven housekeeping genes, namely, gatA, oppA, hflX,
gidA, enoA, hemN, and fumC. Target genes were amplified and sequenced
using primers described on the Chlamydiales MLST website (http:
//pubmlst.org/chlamydiales/), except for the fumC locus, for which new
forward fumC-CpsiF1 (5'-TTCCTGGGCTCCTGAGGTTA-3') and re-
verse fumC-CpsiR1 (5'-CTCTCCGGTTTCTTGACGCA-3") primers had
to be designed. PCR-amplified segments were sequenced on both DNA
strands by Eurofins Genomics (Ebersberg, Germany). Sequences for each
locus were queried against the online Chlamydiales MLST databases to
determine allelic designations and a subsequent allelic profile was used to
determine the sequence type (ST). The new allele sequences are accessible
via the Chlamydiales MLST website. Multiple alignments of the seven
concatenated housekeeping gene fragments were conducted using the
Bionumerics software package (version 4.6; Applied-Maths, Belgium). A
dendrogram was constructed using the UPGMA (unweighted pair-group
method with arithmetic averages) method.

(iii) Analysis of chlamydial 16S rRNA, 23S rRNA, and ompA genes.
For further characterization chlamydial 16S rRNA, 23S rRNA, and/or
ompA gene fragments were amplified by using previously described rep-
resentative primer pairs (47-50) (Table 2). Both forward and reverse
strands of each PCR amplicon were sequenced with the respective PCR
primers. Nucleotide sequences were subjected to BLAST analysis against
the NCBI database to identify related sequences and aligned. Phylogenetic
reconstruction was conducted on Mega6 by using the maximum-likeli-
hood method based on the Jukes-Cantor model and applying neighbor-
joining and BioNTJ algorithms. Reliability of the generated phylogenetic
tree was evaluated by 500 replications of bootstrap resampling (51).

Data analysis. The cloacal shedding prevalence of Chlamydiaceae was
first determined in each of the seabird species admitted to the CVFSE
during the study period. Moreover, all data from the chlamydial detection
and genotyping and questionnaire were analyzed using statistical meth-
ods. The correlation and differences among variables of interest (the prev-
alence of cloacal shedding of Chlamydiaceae, the species and genotype of
the Chlamydiaceae, the shedding level [all dependent variables]) and in-
dependent variables expressing the potential risk factors (seabird species,
season, age, and admission causes) were tested using a chi-square test or a
Student ¢ test. Specifically, for each Chlamydiaceae-positive seabird spe-
cies, the proportion of positive birds and the related Chlamydiaceae de-
tected were determined for four seasons. Seasons were defined according
to the biology features of the species studied: spring and fall in February/
March and in September/October, respectively, corresponding to the mi-
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gratory movements; April to August for the summer breeding season; and
November to January for the wintering period (52).

Ethical standards. The live animals in this study were admitted as sick
or injured wild bird casualties to the Pays de la Loire Regional Wildlife and
Ecosystem Veterinary Centre for appropriate clinical care. Samples were
collected according to French legislation.

Nucleotide sequence accession numbers. Nucleotide sequences
have been deposited at the European Nucleotide Archive (ENA) under
accession numbers LN810440 to LN810449, LN810454 to LN810464,
and LN810468 to LN810483 for 16S rRNA, 23S rRNA, and ompA gene
sequences, respectively.

RESULTS

Prevalence of Chlamydiaceae shedders among different seabird
species. Using the 235-qPCR, cloacal shedding of Chlamydiaceae
was detected in 18.5% of the birds, belonging to 6 species and 4
families (Table 1). In species covered with sufficient sample num-
bers (i.e., n = 30 birds), the prevalence of Chlamydiaceae shedders
was significantly higher among northern gannets (41%; chi-
square test, P << 0.01) than among European herring gulls (14%)
and common murres (7%). Although the number of samples
from common scoters was low (1 = 5), the proportion of shedders
was high (40%). Furthermore, the mean Cq values observed in
northern gannets and common scoters were 27.5 and 31.1, respec-
tively, thus indicating a sizeable level of chlamydial excretion. This
contrasted with lower mean values from European herring gulls
and common murres (with a mean Cq of around 35), but varia-
tions among individual birds were considerable (Table 1).

While the prevalence was not significantly different from one
season to another in European herring gulls, the prevalence in
northern gannets was significantly higher in summer (62%) than
in autumn and winter taken together (25%; chi-square test, P <
0.02) (Table 3). Interestingly, in northern gannets, the summer
period with a high Chlamydiaceae excretion level (mean Cq of
26.1) contrasted with the moderate (mean Cq of 29.6) and low
(mean Cq of 36.4) levels during autumn and winter, respectively
(Table 3). No age-related significant difference of proportion
(chi-square test) or of excretion level (mean Cg; Student # test) of
positive birds were noticed in any of the sampled seabird species
(Table 3). No specific cause of admission was linked to a Chlamy-
diaceae-positive seabird species neither to the higher seasonal
Chlamydiaceae shedding observed in northern gannets in the
summer period (Table 3). None of the seabirds sampled during
this survey showed signs of clinical avian chlamydiosis.

Molecular characterization of Chlamydiaceae-positive sam-
ples. Using the incA-based C. psittaci-specific qPCR, all of the
Chlamydiaceae-positive northern gannet samples were positive, as
well as 4 of 11 European herring gull samples (Table 3). In con-
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TABLE 3 Epidemiological characteristics and results for chlamydia detection by using qPCR in seabird species shedders admitted to the CVFSE

from May 2011 to January 2014

Epidemiological data”

No.
Common species name ()" Season of admission positive Age Admission cause(s) 23S-qPCR result®
Common scoter (2) Summer 1/1 1ad Moult default 1 pos/neg (30.4)
Fall 1/1 1ad Unknown cause 1 pos/neg (31.8)
Common murre (2) Summer 2/9 lad Moult default 2 pos/neg (35.1)
European herring gull (11) Spring 1/4 lad Trauma 1 pos/neg (33.7)
Summer 7159 6ad, 1 im Trauma, unknown cause 6 pos/neg (34.0) + 1 pos/pos (38.1)
Winter 3/10 3im Trauma, unknown cause 3 pos/pos (38.4)
Lesser black-backed gull (1) Fall 1/1 lad Botulism suspected 1 pos/neg (34.7)
Yellow-legged gull (1) Fall 1/2 lad Trauma 1 pos/neg (37.7)
Northern gannet (19) Summer 13/21 8 ad, 5im Qiled, trauma, unknown cause 13 pos/pos (26.1)
Fall 5/14 1 ad, 4 im Trauma, unknown cause 5 pos/pos (29.6)
Winter 1/10 1ad Unknown cause 1 pos/pos (36.4)

“ n, number of seabird shedders.

b For the number of positive results, the values are expressed as follows: the number positive/the total number of seasonal admissions. Age is indicated as either “ad” for adult or

“im” for immature.

¢ The 23S-qPCR results are expressed as follows: 23S-qPCR ChlamydiaceaelincA-qPCR C. psittaci, with the qPCR Chlamydiaceae mean Cq value indicated in parentheses. pos,

positive; neg, negative.

trast, Chlamydiaceae-positive DNA samples from common scot-
ers, common murres, and the two other gull species were all neg-
ative. All of these samples were also tested negative for C. abortus,
C. pecorum, C. avium, C. gallinacea, and the taxon “Candidatus
Chlamydia ibidis.”

Due to low DNA content, no genotype could be assigned to the
four incA-qPCR C. psittaci-positive samples detected in European
herring gulls. The seven Chlamydiaceae-positive but incA-qPCR
C. psittaci-negative European herring gull samples were also neg-
ative using the C. psittaci ompA-qPCR. In the case of two samples
with high DNA content, i.e., 12-1761_J072 and 12-3998_A0018,
partial sequencing of 16S and 23S rRNA genes was achieved. The
resulting phylogenetic trees, which included sequences from rep-
resentative species of Chlamydiales, showed those samples to form
a distinct line of descent separated from those of C. psittaci and
all other hitherto-established Chlamydiaceae species, but clearly
grouped together in a cluster within Chlamydiaceae and included
the “Chlamydiaceae-like” C122 from the seabird species Larus
glaucescens (26), as well as sample 12-3998_AO053 recovered
from a common murre in the present study (Fig. 1).

Low DNA content was also the reason for our failure to se-
quence Chlamydiaceae-positive but incA-qPCR C. psittaci-nega-
tive samples obtained from the two other gull species (lesser black-
backed gull and yellow-legged gull). Only from one common
scoter sample, namely, 14-1437_C083, was the 23S rRNA se-
quence successfully obtained. Phylogenetic analysis revealed sam-
ple 14-1437_C083 to form another distinct line of descent sepa-
rated from all other hitherto-established Chlamydia species within
Chlamydiaceae (Fig. 1B).

All northern gannet samples positive in C. psittaci-specific
incA-qPCR showed Cq values similar to those in the Chlamydiace-
ae-specific 23S-qPCR, but a panel of samples (identified as group
1, Table 4) had higher Cq values when examined with ormpA-based
C. psittaci-specific QPCR. In contrast, similar Cq values were ob-
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tained from the two qPCR analyses for a second panel of samples
(identified as group 2). Analysis of the ompA sequences of 16 of 19
northern gannet samples confirmed the existence of two distinct se-
quence groups and identified mutations at primer binding sites of the
ompA-qPCR (see Fig. S1 in the supplemental material). Multiple
alignments revealed that the ompA sequence of 12-3998_A0024
sample, arbitrarily defined as reference type for group 1, exhibited a
highest degree of similarity to three sequences from parrot isolates,
namely, UT118-AGP, UT92-AGP, and UT241-AGP (GenBank ac-
cession numbers HQ845540, HQ845546, and HQ845542, respec-
tively) (Fig. 2). For sample 12-3998_A0075, arbitrarily defined as
reference type for group 2, BLAST analysis revealed that its ompA
sequence exhibited a highest degree of similarity with two C. psittaci
strains of genotype F (VS225 and 7778B15). In the ompA-based
dendrogram shown in Fig. 2, northern gannet samples were dis-
tributed in two groups, in correlation with qPCR differences and
ompA sequence analysis, forming, nevertheless, a separate clade in
comparison with the established C. psittaci genotypes.

In order to ascertain the species identity of these samples, 16S
and 23S rRNA genes were obtained from six samples (three sam-
ples from each group). Phylogenetic analyses resulted in an almost
identical topology (Fig. 1), with all six northern gannet samples
being grouped together with the C. psittaci-C. abortus cluster, but
in a separate subcluster (Fig. 1).

On the basis of the MLST scheme established for Chlamydi-
aceae, the four northern gannet samples with the highest DNA
concentration were selected for sequence analysis, namely, 12-
3998_A0024 and 13-2791_BCO038 (group 1) and 12-3998_A0O075
and 13-2791_BC065 (group 2). Although all of the seven house-
keeping gene fragments were successfully amplified for all group 1
samples, new fumC primers had to be designed for group 2. MLST
analysis resulted in the detection of four novel allelic profiles as-
signed as ST84, ST85, ST129, and ST130 on the Chlamydiales
MLST website harboring novel alleles (Table 5). Among the four
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samples examined, variation of the MLST genes was limited in
hflX, gidA, and enoA locus (Table 5). Phylogenetic analysis based
on concatenated MLST gene sequences resulted in a dendrogram
with an almost identical overall topology to those inferred by 16S
and 23S rRNA gene sequences; the northern gannet samples were
separated from the C. psittaci and C. abortus lineages forming a
distinct lineage (Fig. 3). When MLST loci were analyzed sepa-
rately, except for oppA and hflX loci, northern gannet samples
were found closer to the C. psittaci lineage, so that they could be
descendants of a common ancestor (data not shown).

DISCUSSION

This study aimed to investigate the cloacal shedding of Chlamydi-
aceae in seabirds admitted to a WRC from the northeast Atlantic
Ocean in order to investigate their epidemiology and distribution,
as well as the resulting risk for animals in care and the medical
staff. The study was conducted on birds from the Bay of Biscay
(northeast Atlantic Ocean). Studies had previously been pub-
lished on seabirds, either from the United States on birds found
dead during an outbreak of chlamydiosis (18) or caught in the
wild in the South Georgia archipelago (21), the Faroe Islands (32),
the Bering Sea (26) or, more recently, in the Baltic Sea (22). Inves-
tigation of the seabirds brought into care centers is an easy way to
access wild birds, without having to organize catches on site. Al-
though the studies conducted to date in WRCs have only included
a limited number of individuals from one to two seabird species
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(25, 34, 35), the present 2.5-year longitudinal study provided the
opportunity to sample a larger panel, including several species and
families.

Cloacal shedding of Chlamydiaceae was detected here in four
bird families, including the Sulidae family, never studied before.
To date, Chlamydiaceae species had been detected in the Stercor-
accidae, Procellaridae, Scolopacidae, Alcidae, Anatidae, Sternidae,
and Laridae families (21, 22, 25, 26, 32). At the bird species level,
the present study revealed the occurrence of Chlamydiaceae in six
seabird species, with three of them being more represented in
significant numbers (European herring gulls, northern gannets,
and common murres, in rank order) and more frequently admit-
ted into WRCs from the French coasts of the Bay of Biscay and the
Channel (Union Francaise des Centres de Sauvegarde, unpub-
lished data).

The prevalence of Chlamydiaceae shedders was 18.5%. Previ-
ous studies also based on molecular detection and in species with
significant sample numbers (about 30 birds) reported a preva-
lence of 11% on average (ranging from <1 to 38% depending on
the species) (21, 22, 26, 32). Regarding Laridae, Christerson et al.
(26) reported an average prevalence of 17%. In the same study, a
shedder prevalence of 18% was also reported from a species of the
Alcidae family (pigeon Guillemot, Cepphus colomba), while in the
common murres belonging to the same family we found a preva-
lence of 7%. In our study a higher prevalence of shedders (41%)
for seabird species with a significant sample number was observed
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TABLE 4 Detection of Chlamydiaceae in northern gannet samples using
qPCR

Cq
incA- ompA-
ompA sequence group and DNA  23S-qPCR qPCR qPCR
sample identification” Chlamydiaceae  C. psittaci  C. psittaci
Group 1
12-1761_J075 23.6 25.3 32.1
12-3998_ANO085 26.6 28.4 36.5
12-3998_A0014 23.5 25.3 34.4
12-3998_A0024* 19.6 21.2 29.9
12-3998_A0054 23.2 24.9 33.4
13-2791_BC038 20.3 21.8 30.3
13-2791_BC061 28.5 29.3 39.4
13-2791_BC064+ 34.0 35.1 Negb
14-1437_CO075% 37.3 39.0 Neg
14-1437_C098+ 36.4 38.0 Neg
Group 2
12-1761_J084 31.8 32.7 29.5
12-3998_A0022 24.6 26.4 25.2
12-3998_A0029 25.4 26.9 25.7
12-3998_A0074 30.0 31.9 30.3
12-3998_A0075* 23.7 25.7 24.4
13-2791_BC036 27.9 28.8 29.5
13-2791_BC063 35.1 35.2 36.3
13-2791_BC065 26.2 26.9 27.4
13-2791_BCO073% 25.0 26.2 26.5

@ %, arbitrarily designed type sample for each group; 1, no ompA amplification for
sequencing; ¥, for this bird a second swab was taken and identified as 13-2791_BC076.
b Neg, negative.

for northern gannets (Sulidae), a species for which no previous
data on chlamydiosis was available. In these seabirds, a high level
of Chlamydiaceae shedding (represented by the mean Cq values)
was also observed. These birds were sampled after being found
washed up on beaches after many days in distress on sea. An in-
tense shedding has then probably been induced in these birds,
more than in healthy ones. Indeed, Chlamydiaceae can survive in a
commensal relationship in the gastrointestinal tract (53), but
stress factors (in wild birds, e.g., nesting, migration, food short-
ages, and coinfections) can exacerbate Chlamydiaceae shedding
and pathogenicity (7, 8, 10). However, the European herring gulls
sampled in the present study and a priori also exposed to a dis-
tress-induced stress exhibited a lower prevalence rate and low to
moderate Chlamydiaceae shedding levels. The exact reasons for
the elevated Chlamydiaceae excretion observed in the northern
gannets are unknown. Hypotheses to explain this finding include
a higher infection rate of this species in the wild or different levels
of fecal shedding, depending on the species and/or the level of
distress-induced stress. In any case, the cloacal swabbing was per-
formed <2 days after the birds were rescued, making a recent
infection unlikely (54).

In northern gannets, both Chlamydiaceae prevalence and ex-
cretion level was higher during the summer than in autumn and
winter taken together. Seasonal fluctuations have been already
reported for pigeons (17, 55). Since the admission causes were
identical from one season to another and that the same person
swabbed all of the birds in the same way during the whole study
period, an explanation could be that during the summer, when
birds breed in colonies, physiological stress (adults foraging far to
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feed their offspring, immature birds leaving the nest) induce Chla-
mydiaceae shedding as already reported for other pathogens (56).
In contrast to northern gannets, the prevalence was not signifi-
cantly different from one season to another in European herring
gulls, species more opportunistic and less dependent on specific
food resources.

Regarding the chlamydial species determined in this study,
non-C. psittaci Chlamydiaceae were detected from European her-
ring gulls, as well as from common scoters, common murres,
lesser black-backed gulls, and yellow-legged gulls. Based on the
16S rRNA and 23S rRNA sequences, these ones were shown to be
two distinct descent lines within Chlamydiaceae separated from all
other hitherto established Chlamydia species, with one of these
lines clearly related to a “Chlamydiaceae-like” C122 specimen de-
tected from Laridae species across the seas (26) and then later on a
European herring gull specimen from Sweden (23). Detection of
these atypical Chlamydiaceae in birds from different geographical
origins suggest a fairly widespread.

Based on results obtained using specific QPCR systems and
ompA sequence analysis, two variants among northern gannet
samples being incA-qPCR C. psittaci-positive were detected, lead-
ing to the definition of two distinct groups of birds. However,
complementary MLST, 16S, and 23S rRNA gene analysis showed
that all northern gannet samples are related to the well-known
cluster of C. psittaci and C. abortus species, but in a separate sub-
cluster. Examination of these samples with the DNA microarray
for Chlamydiaceae (57) revealed no reaction with species-specific
probes, thus suggesting that these samples do not belong to any of
the established chlamydial species (data not shown). For C. psit-
taci detection, both ompA- and incA-based qPCR systems were
used in the present study. However, for the incA-based PCR sys-
tem cross-reactions with C. abortus strains have already been iden-
tified (unpublished data); meanwhile, ompA is known to be one of
the most polymorphic genes in the family Chlamydiaceae and a
hot spot for mutations and interstrain recombinations (58, 59).
Hence, the use of these two qPCR systems could lead to misiden-
tifications regarding the C. psittaci and/or C. abortus species. As
previously reported, despite obvious pathogenicity differences,
analysis of gene sequences shows that C. psittaci comprises an
unresolved cluster of strains, from which C. abortus is differently
evolving. The position of the ompA variants detected in northern
gannet specimens should be clarified by more comprehensive
studies based on the whole-genome sequencing analysis of strains
which have to be isolated beforehand. These two ompA variants
were detected in northern gannet specimens at each sampling
times. It could be hypothesized that these two groups of birds
came from two distinct breeding colonies and that ompA variants
could be used as markers of their origin. Thus, taking into account
that the northern gannet is a species breeding in colonies with
seasonal and age distinct patterns of distributions (60—63), adults
collected in the summer in our study harbored one or another of
the two ompA variants and came then probably from mixed
groups of birds whose breeding colonies were located in the Chan-
nel or on the south coasts of Great Britain or Ireland (Celtic Sea)
(62). To confirm the potential of the chlamydial typing for the
colony determination and then for ecological studies of the north-
ern gannet species, analysis of Chlamydiaceae species harbored by
birds from different breeding colonies across Europe would be
interesting.

In conclusion, this study confirms the diversity of Chlamydi-
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aceae occurring in birds, as well as the large number of bird species
harboring Chlamydiaceae without clinical signs. It is important
that veterinarians, medical practitioners, and persons with profes-
sional or leisure activities involving contact with wild birds should
be aware of the potential exposure to Chlamydiaceae, especially in
the case of ecological disasters, such as oil spills, where many sea-
birds are housed together in close contact with rehabilitation
teams. The use of sensitive and broad-range molecular tools is a
prerequisite for the detection of all Chlamydiaceae, including the
novel distinct descent lines observed in seabirds that we observed
here. Preliminary typing results from northern gannet specimens
suggest more diversity within the cluster constituting from the
closely related C. psittaci and C. abortus species. As previously
recommended by Van Van Loock et al. (64), the characterization
of C. psittaci and C. abortus strains should not be done based on a
single gene and a single method.
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