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Infections caused by members of the Chlamydiaceae family have long been underestimated due to the
requirement of special laboratory facilities for the detection of this group of intracellular pathogens. Further-
more, new studies of this group of intracellular pathogens have revealed that host specificity of different species
is not as clear as recently believed. As most members of the genus Chlamydophila have shown to be transmis-
sible from animals to humans, sensitive and fast detection methods are required. In this study, SYBR
green-based real-time assays were developed that detect all members of Chlamydiaceae and differentiate the
most prevalent veterinary Chlamydophila species: Cp. psittaci, Cp. abortus, Cp. felis, and Cp. caviae. By adding
bovine serum albumin to the master mixes, target DNA could be detected directly in crude lysates of enzy-
matically digested conjunctival or pharyngeal swabs or tissue specimens from heart, liver, and spleen without
further purification. The assays were evaluated on veterinary specimens where all samples were screened using
a family-specific PCR, and positive samples were further tested using species-specific PCRs. Cp. psittaci was
detected in 47 birds, Cp. felis was found in 10 cats, Cp. caviae was found in one guinea pig, and Cp. abortus was
detected in one sheep. The screening assay appeared more sensitive than traditional microscopical examina-
tion of stained tissue smears. By combining a fast, robust, and cost-effective method for sample preparation
with a highly sensitive family-specific PCR, we were able to screen for Chlamydiaceae in veterinary specimens

and confirm the species in positive samples with additional PCR assays.

The family Chlamydiaceae comprises two genera, Chlamydia
and Chlamydophila, with nine different species, all of which
cause disease in humans and animals (8). Although the differ-
ent species show a high degree of host specificity, other hosts
may also be susceptible to infection as these organisms have
been isolated from a variety of mammals (4, 6, 17), birds (10,
11), and reptiles (3, 6). Chlamydia trachomatis (C. tracho-
matis) and Chlamydophila pneumoniae (Cp. pneumoniae)
mainly cause disease in humans, while the other species have
nonhuman hosts. However, it is within the genus Chlamydo-
phila that we find species with serious zoonotic potential,
where Cp. psittaci may cause severe pneumonia and systemic
disease in humans, and Cp. abortus may cause human abortion
(20).

Members of the family Chlamydiaceae mainly cause infec-
tion of the mucosal lining in the respiratory system, the
gastrointestinal tract, or in the reproductive system. The
location and the severity of infection are highly dependent
on the species and the host. Frequently, the infection is
subclinical and in most animals causes mild conjunctivitis
and rhinitis, or it may infect the reproductive system leading
to abortion or infertility (20). Birds, especially psittacine,
may be subclinically infected with Cp. psittaci, but the infec-
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tion may be activated upon stress and lead to clinical disease
with severe pneumonia and organ failure. Humans are sus-
ceptible to Cp. psittaci from shedding birds and may develop
a disease with influenza-like symptoms, which can be mis-
interpreted with fatal consequences (18).

The diagnosis of infection with Chlamydiaceae has long
been hampered by the obligate intracellular nature of this
pathogen, requiring growth in embryonated eggs or tissue cul-
ture for detection. Furthermore, there are no reliable biochemical
tests to differentiate species, which has complicated research in
this field. However, the introduction of molecular methods in the
detection of Chlamydiaceae has significantly improved the possi-
bilities for detection and our understanding of the pathogenesis
and transmission of this group of pathogens. Several PCR
assays have been developed based on the ompA gene, the
16S-23S rRNA operon, and the pmp gene, using traditional
and real-time assays (21). However, as the host range for
Chlamydiaceae is widening, new species variants are identified
which may not be detected by previously published primers due
to sequence polymorphism in the target gene (13). The major-
ity of assays have been made as species-specific assays, but for
a routine diagnostic veterinary laboratory with a broad range
of specimens from various animals, this is not appropriate or
economically feasible as fast and reliable diagnosis is needed in
order to select a suitable treatment (6). However, as many
infections are subclinical or without characteristic symptoms, it
is important also to know the species as it may give additional
information for tracing the source of infection. The aim of this
study was to establish a simple, fast, and reliable diagnostic
method for Chlamydiaceae in various clinical specimens that
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TABLE 1. Listing of nontarget microorganisms which were used
for testing of cross-reactivity toward the primers

Bacterium or virus . St.rain .
identification
Bacteria
Escherichia coli CCUG 17620
Citrobacter freundii SVS9740947
Salmonella enterica serovar Typhimurium................... SVS9762491
Ornithobacterium rhinotracheale CCUG 23171
Yersinia pseudotuberculosis ............c.covceeeevcceenecaennnas SVS9906990
Yersinia enterocolitica SVS9988486
Mannheimia haemolytica SVS7406196
Pasteurella multocida SVS7406206
Pseudomonas aeruginosa CCUG 17619
Aeromonas hydrophila SVS7406192
Bordetella bronchiSeplica ..................cccoceeeeeeeeeeneeeaenieenencns SVS9641022
Klebsiella pneumoniae SVS9882353
Riemerella anatipestifer ................oooueeeninenenineneneeeaencns NCTC11014T
Erysipelothrix rhusiopathiae ....................ccoccceeveeeecececacncns SVS9964278
Staphylococcus intermedius SVS9906870
Streptococcus bovis CCUG 17828
CloStridium Perfringens ...........oeeveeeeneeereneneneneseneneneeenens ATCC 3624
Enterococcus faecalis CCUG 19916
Hafnia alvei SVS9908255
Alcaligenes faecalis SVS9907473
Viruses
Infectious laryngotracheitis ...SVS7272860
Chicken anemia virus 975-982
Marek’s disease virus CE-2249-51
Avian adenovirus SVS9676386

enables detection of all members of Chlamydiaceae and iden-
tification of the most relevant veterinary species in a routine
laboratory.

MATERIALS AND METHODS

Bacterial reference strains. Reference DNA from the following strains was
used for testing the PCR assays: Chlamydophila felis (FP), Chlamydophila caviae
(GPIC), Chlamydophila abortus (B577), Chlamydophila pecorum (IPA), Chla-
mydia suis (R19), and Chlamydia muridarum (EP12) were kindly provided by
Arthur A. Anderson, USDA, and Chlamydophila psittaci (Cal10), Chlamydia
trachomatis (L2), and Chlamydophila pneumoniae (VR1310) were from Gunna
Christiansen, University of Aarhus. The reference strains were received as al-
lantoic fluid harvested from embryonated egg cultures. A panel of veterinary
bacterial pathogens and viruses which may constitute differential diagnosis to
chlamydiosis in birds is listed in Table 1. These were either reference strains or
cultures that have been characterized in our laboratory using the API identifi-
cation system (bioMérieux, Herlev, Denmark).

DNA preparation from cultures. DNA from bacterial strains or egg cultures
was prepared by enzymatic and detergent lysis of cells. Five colonies from
reference cultures grown on blood agar (CM 271; Oxoid, Greve, Denmark)
supplemented with 5% calf blood or 200 pl of allantoic fluid were harvested by
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centrifugation (13,000 X g for 5 min). DNA was released by adding 200 pl of a
lysis buffer (0.5% SDS [L4390; Sigma-Aldrich, Bgndby, Denmark], 0.1 M Tris-
HCI, pH 8.0) and 10 pl of proteinase K (20 mg/ml; Roche, Hvidovre, Denmark).
Lysates were incubated at 56°C for 30 min, followed by 5 min at 97°C. Instead of
purifying DNA, all samples were serially diluted (1:10 and 1:100) by transferring
10-pl lysates to 90 pl of 10 mM Tris-EDTA (10:1; 10 mM Tris-HCI, 0.1 mM
EDTA, pH 8.0 [Sigma-Aldrich]) before PCR. Diluted or nondiluted samples
were stored at —20°C until analysis.

Primer design. DNA sequences from the ribosomal genes of Chlamydiaceae
and closely related families deposited at the GenBank database (www.ncbi.nlm
.nih.gov/GenBank) were retrieved and aligned using the DNA Workbench from
CLC (CLC bio, Aarhus N, Denmark). In the rRNA operon, the intergenic spacer
(IGS) region and the initial part of the 23S ribosomal gene were selected for
designing family- and species-specific primers. A family-specific primer set tar-
geting all Chlamydiaceae was selected (Chunil-F and Chuni2-R), and another
four species-specific forward primers were selected targeting Cp. psittaci (Cpsi-
F), Cp. felis (Cfeli-F), Cp. abortus (Cabo-F), and Cp. caviae (Ccav-F). These
species-specific primers were used in combination with another family-specific
reverse primer, Chuni4-R (Fig. 1 and Table 2). The theoretical performance of
each primer pair was evaluated using the Primer3 software (http:/frodo.wi.mit
.edu/primer3/input.htm). The specificity of the primers was tested toward all
sequences in the GenBank using the BLAST function at NCBI (http://www.ncbi
.nlm.nih.gov/BLAST/Blast.cgi).

SYBR green-based real-time PCR assay. Primers were designed to have com-
parable melting temperature (7,,) values around 60°C, thereby allowing all
primer sets to be used with the same master mix and analyzed using the same
PCR protocol. In this way, all five reactions could be done in parallel on the same
machine. The master mix was prepared in large batches, and volumes of 23 ul
were prealiquoted in PCR tubes to be stored at —20°C until use. In each tube,
the master mix consisted of 12.5 ul of Promega PCR Mastermix (catalog number
M7505; Promega, Madison, WI), 2 mM MgCl,, 25 pg of bovine serum albumin
(BSA) (catalog number A9647; Sigma-Aldrich), 400 nM each forward and re-
verse primer, 1 wl of a 1:10,000 dilution of SYBR green I (catalog number S7563;
Invitrogen, Taastrup, Denmark), and nuclease-free water to a total volume of 23
wl. Before PCR was performed, 2 pl of diluted sample DNA was added, and to
samples that served as inhibition controls, 1 pl of positive-control DNA was also
added. PCR was carried out on an MX3005P real-time PCR machine (Strat-
agene, CA) with the following cycling conditions: 95°C for 5 min and 45 cycles of
94°C for 15 s, 60°C for 30 s, and 72°C for 30s. A melting curve analysis of
generated amplicons was performed immediately after completion of the PCR
cycling, using 0.3°C s™! as a ramping temperature in the interval of 75 to 90°C.
Calculation of threshold cycle (Cy) values was based on automatic adaptive
baseline settings, and the melting curve analyses were performed using the
MxPro software, version 4.10 (Stratagene). To verify the sizes of generated
amplicons, these were visualized in a 1.5% agarose gel containing ethidium
bromide (Roche), and photos were captured using a GelDoc-IT Imaging Systems
(UVP, CA).

Validation of the specificity of primers on reference DNA and spiked samples.
Using the optimized PCR assay, the sensitivities of all primer sets were
evaluated on reference DNA from Chlamydiaceae strains. To test for cross-
reactivity/specificity, all primer pairs were tested against a reference panel of
veterinary bacterial pathogens and viruses, selected as agents that may cause
syndromes similar to chlamydiosis in birds. To verify the specificity of all five
of the different primer pairs, amplicons from each PCR were purified using a
commercial kit (Promega) and submitted for sequencing at LGCgenomics,
Berlin, Germany. Generated sequence data were aligned against reference
sequences using the CLC DNA Workbench. The performance of each assay

TABLE 2. Primer sequences used in this study

Primer Sequence 5’ — 3’ Fragment length (bp) Target gene Specificity
Chunil-F GGG CTA GAC ACG TGA AAC CTA 356 23S rRNA Chlamydiaceae
Chuni2-R CCA TGC TTC AAC CTG GTC ATA A 23S rRNA Chlamydiaceae
Cpsi-F GAT TAA TCA TCT ACC ATT ATA CGT 301 23S rRNA Cp. psittaci
Cfeli-F CGT TGT TAA GCG TGG GTT 583 1GS* Cp. felis
Ccav2-F TGC ATT GTT AAG CGCTCG T 585 1GS Cp. caviae
Cabo-F AAT CAT CTA TCA TTG TAC GC 299 23S rRNA Cp. abortus
Chuni4-R AGA CTA GGT TTC ACG TGT CTA G 23S rRNA Chlamydiaceae
PK16S-F GGG CTG GAT CAC CTC CTT 16S rRNA Bacteria

“IGS, 16S-23S ribosomal intergenic spacer.
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TABLE 3. Clinical samples from birds and animals with suspected chlamydiosis screened with a Chlamydiaceae-specific PCR assay and
positive samples verified with species-specific assays

Total no. of

No. of PCR-positive cases by primer pair

Sample source

samples Chunil-F/Chuni2-R ~ Cpsi-F/Chuni4-R ~ Cfeli-F/Chuni4-R ~ Ccav2-F/Chuni4-R ~ Cabo-F/Chuni4-R

Birds (description)

Anseriformes (waterfowl) 15 4 4

Galliformes (land fowl) 109 17 17

Columbiformes (doves) 6 0

Psittaciformes (parrots) 167 26 26

Passeriformes (passerines) 15 0

Not specified 15 0
Cats 73 10 10
Guinea pigs 2 1 1
Sheep 3 1 1
Total 405 59 47 10 1 1

to detect the target genes directly in clinical samples was evaluated by PCR
analysis of spiked samples that were constructed by adding 2 pl of a 1:10
diluted Chlamydiaceae-negative crude spleen lysate from a parrot with 1 pl of
diluted reference DNA in each PCR.

Selection of clinical samples. From birds, clinical samples (heart, liver, and
spleen) were obtained from carcasses submitted to the laboratory for autopsy.
Carcasses were typically sent by ordinary mail to the laboratory, and due to
storage at ambient temperature during transportation, the sample quality showed
large variations, with some carcasses being in less favorable conditions. The
majority of the specimens were from parrots (order Psittaciformes) or land fowl
(order Galliformes), but passerines (order Passeriformes), doves (order Columbi-
formes), and waterfowl (order Anseriformes) were also sampled (Table 3). Sam-
ples were selected on the basis of a clinical history comparable to chlamydiosis
(sudden death, respiratory disease, or emaciation), but samples from subclini-
cally infected birds from aviaries where there had been pervious outbreaks of
ornithosis or where the owner had been diagnosed with ornithosis were also
included. The majority of submissions comprised 1 to 3 birds from minor breed-
ers, but samples were also included from a larger outbreak of psittacosis in a farm
raising game birds (grey partridge, Perdix perdix). From cases of abortion in
sheep, placenta tissue was received for analysis. From cats and guinea pigs with
conjunctivitis, conjunctival swab samples were collected in veterinary clinics. The
cotton swab samples were submitted for laboratory analysis in screw-cap tubes
containing 1 ml of 10 mM Tris (pH 8.0) using ordinary mail. Samples were
processed immediately after sampling or stored at —20°C.

Validation of the PCR assay on clinical samples. Total DNA from the clinical
specimens was extracted using the same lysis method as described for pure
cultures, with minor modifications. Approximately 100 mg of tissue was trans-
ferred to a 1.5-ml Eppendorf tube containing 190 wl of lysis buffer (0.5% SDS,
0.1 M Tris-HCI, pH 8.0) and 10 pl of proteinase K (20 mg/ml). Cells from the
swab specimens were collected by washing them in 1 ml of 10 mM Tris-EDTA
(10:1; pH 8.0), followed by centrifugation at 10,000 X g for 5 min. The pellet was
resuspended in 95 pl of lysis buffer and 5 pl of proteinase K (20 mg/ml). After
incubation at 56°C for 30 min and at 97°C for 5 min, the DNA lysate was diluted
10-fold by transferring 10-pl lysates to 90 pl of 10 mM Tris-EDTA (10:1; pH 8.0).
Complete lysis was achieved only for cells from swab samples while the digest of
the tissue sample was only partial. Following sample preparation and dilution,
DNA was used directly in the PCR or stored at —20°C. PCR analysis was
conducted using the same master mix as previously described, but all samples
were tested in triplicate; two PCR tubes each received 2 ul of the 1:10 DNA
solution, and one tube received 2 pl of a 1:100 solution. To test for inhibitors, 1
Wl of positive-control DNA was further added to one of the two reaction mixtures
with the 1:10 dilution. Samples were first screened using the family-specific
primer pair, and positive samples were further tested using the species-specific
primers. Only cases positive by both the family-specific assays and one of the
species-specific assays were counted as positive samples. Cases from birds were
regarded as positive if at least one of the three organ samples was positive.

Nucleotide sequencing of the IGS. A sample from a guinea pig which was
positive with the family-specific primers but not with any of the species-specific
primers was further investigated by amplifying the IGS and the initial part of the
23S rRNA using the clinical sample as a template and the primer combination
PK16S-F/Chuni4-R. The generated amplicon was purified using a commercial kit

for purifying PCR amplicons (Promega) and sent for sequencing at LGCgenom-
ics (Berlin, Germany). Generated data files were assembled and aligned against
different reference DNA sequences using the CLC DNA Workbench. On the
basis of this alignment, a new Cp. caviae-specific primer (Ccav2-F) was selected
and validated.

Comparison of microscopical methods and PCR for detecting Cp. psittaci. To
compare our PCR assay with classical methods for detecting Cp. psittaci, a part
of the collected bird samples were also tested using two different microscopic
examination techniques. For a period of time, cell smears of all collected samples
were also examined using a modified Ziehl-Neelsen staining technique (MZN),
or immunofluorescence (IF). The samples comprised all ornithosis-suspected
cases from birds in a period of time, thus representing different bird species and
degrees of clinical signs. The MZN method was previously described by Stamp
et al. (23); however, we used a slightly modified method. Briefly, tissue cell
smears were heat fixed on glass slides and stained with a 1% solution of carbol
fuchsin (VWR, Herlev, Denmark) for 15 min, followed by flushing with deion-
ized water for 15 s; samples were counterstained with 1% malachite green
solution (Merck, Darmstadt, Germany) for 3 min and finally washed briefly with
deionized water. Slides were examined by light microscopy at a X1,000 magni-
fication. Samples with red intracellular inclusion bodies were regarded as posi-
tive. For immunofluorescence (IF) detection, a commercial kit (Chlamydia Di-
rect IF, bioMérieux, Herlev, Denmark) was used according to the manufacturer’s
directions. The detection is based on a fluorescence-labeled Chlamydiaceae
monoclonal antibody which is specific for all developmental stages of Chlamy-
diaceae. Samples were examined by fluorescence microscopy at a X630 magni-
fication, and those with fluorescently labeled intracellular inclusion bodies were
considered positive.

Nucleotide seq e accessi ber. The sequence of the IGS and the
initial part of the 23S rRNA from the guinea pig isolate has been deposited in
GenBank under accession number JF313242.

RESULTS

Selection of primer sequences. More than 80 published se-
quences of the rRNA operon from all members of Chlamydi-
aceae and closely related families were aligned, and family- or
species-specific signature sequences were identified. The IGS
between the 16S and 23S rRNA genes and the first segment
part of the 23S gene were of interest as they contained highly
conserved parts interrupted by minor sections with species-
specific sequence polymorphisms or deletions (7). This combi-
nation allowed selection of five primer pairs: four species-
specific primers targeting Cp. psittaci, Cp. felis, Cp. abortus, and
Cp. caviae, all working together with a family-specific reverse
primer (Chuni4-R), and a family-specific primer pair (Chunil-
R/Chuni2-R) that targets all species in Chlamydiaceae (Fig. 1).
Primers were designed to have similar 7,,, values around 60°C,
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23S rRNA
—p» «4—— Chuni2-R

16S rRNA IGS

PK16S-F ———» Chuni1-F

Cpsi-F —_—

Cabo-F  —»
Cfeli-F  —— -
Ccav2-F ——»

Chuni4-R

FIG. 1. Schematic presentation of the primers used in this study.

allowing all primer sets to be used with the same master mix
and PCR protocol.

Validation of primer specificity. The primer pairs were eval-
uated using the BLAST function in GenBank (http://www.ncbi
.nlm.nih.gov/BLAST/Blast.cgi). The family-specific primers had
exact matches with all published ribosomal gene sequences
from Cp. psittaci, Cp. abortus, Cp. caviae, and C. muridarum
(Table 4). However, interspecies polymorphism was observed
in sequences from Cp. felis, Cp. pneumoniae, C. trachomatis,
and C. suis, where a single nucleotide polymorphism (SNP) in
the 5" end of the forward primer was observed. In sequences
from Chlamydophila pecorum, an SNP in the 5’ end was ob-
served in both primers. For the species-specific primers, exact
matches were observed for the reference strains of Cp. felis,
Cp. caviae, Cp. psittaci, and Cp. abortus. However, identical
SNPs were observed in 2 out of 16 published sequences of Cp.
psittaci and in 2 out of 10 sequences of Cp. abortus, where
sequences contained a single mismatch in the center of the
primer. The observed differences were unique for these strains
and were not found in any of the other published sequences.

The primers were evaluated by PCR on reference DNA
representing the different members of the Chlamydiaceae.
With the family-specific primer pair, amplicons of the expected
sizes were generated from all nine Chlamydiaceae species. No
difference in amplification efficiencies was observed between
strains with a perfect match and strains with the SNP in the 5’
end. In the species-specific assays, amplification was observed
in samples with homologous DNA, and no cross-reaction was

TABLE 4. Evaluation of the theoretical specificity of the primer
pairs using the BLAST search engine at GenBank

No. of sequences with primer match/total no.
of sequences’

Organism
Chunil-F/  Cpsi-F/ Cfeli-F/  Ccav2-F/  Cabo-F/
Chuni2-R  Chuni4-R  Chuni4-R  Chuni4-R  Chuni4-R
Cp. psittaci 16/16 14/167 - - -
Cp. felis 4/4b - 4/4 - -
Cp. caviae 2/2 - - 2/2 -
Cp. abortus 5/5 - - - 8/10¢
Cp. pneumoniae  11/11° - - - -
Cp. pecorum 6/6°¢ - - - -
C. trachomatis 20/20¢ - - - -
C. muridarum 3/3 - - - -
C. suis 7/7° - - - -

“ A match is defined as no mismatches in the 3’ end or more than two in the
5" end of the primer. —, no primer match (any mismatches in the 3’ end or more
than 2 in the rest of the primer).

® All sequenced strains had one SNP in the 5’ end of the forward primer.

¢ All sequenced strains had one SNP in the 5" end of the reverse primer.

4 Two Cp. psittaci strains (AF481048 and U68419) had an SNP at the 11th base
toward the Cpsi-F primer.

¢ Two Cp. abortus strains (AY027874 and AY027875) had an SNP at the 6th
base toward the Cabo-F primer.
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bp L 10° 107! 102 10° 10* 10° 10

2000
1200
800
400
200

Ct
values

A 25.14-0.6 25.5+-22 28.1+-0.7 29.7+-21 35.4+-04 36.9+-1.3  neg

10°° 107! 102 10° 10* 10° 10

B 222409 22.8+-04 25.3+-03 29.0+-03 30.8+-0.5 36.3+-0.8 neg

FIG. 2. A 10-fold dilution series of Cp. psittaci DNA was tested
with Chunil-F/Chuni2-R primers either together with 2 .l of a nega-
tive heart sample lysate diluted 1:10 (A) or alone (B). Mean C;- values
of three repeated runs are presented in the table below. The highest
PCR yield was observed in samples with pure DNA. Although no gel
bands were visualized in the 1077 dilution, melt curve analysis revealed
specific peaks (3/3) in both dilution series. Lane L, DNA ladder.

found with nonhomologous DNA. Generated amplicons from
each primer pair were further verified by sequencing, confirm-
ing the specificity of the primers. The assays were further
tested for cross-reactivity against a panel of DNA samples
from veterinary pathogens that may cause diseases resembling
those caused by Chlamydophila spp., but there was no match
(Table 1).

Development of real-time assays for clinical specimens. A
real-time PCR method based on SYBR green detection of
Chlamydiaceae in crude tissue lysates was established. By se-
lecting appropriate concentrations of SDS and proteinase K in
the lysis buffer, diluting the DNA lysate, and including BSA in
the master mix, specific amplification of the target could be
achieved without the need for further purification steps. The
performance of the master mix was evaluated by real-time
PCR testing of a dilution series of target DNAs with or without
the addition of 2 pl of a negative tissue lysate, and the products
were visualized by gel analysis (Fig. 2). With the addition of
tissue lysate to the PCR, the PCR efficiency was lowered, as
visualized by higher C; values and weaker bands in gel analysis
than obtained with pure DNA. However, it was possible to
detect target in the same dilutions. By comparing the results
from the melting curves with gel analysis, we observed that the
melting curve analysis allowed up to 10-fold higher sensitivity
than gel electrophoresis (Fig. 3).

In negative tissue lysates spiked with reference DNA, ho-
mologue DNA was detected with all primer pair combinations
in tissue lysates of heart, liver, or spleen. No cross-reaction
was observed between the species-specific primers. Although a
general increase in fluorescence signal was observed in all
samples during a PCR run, true-positive samples were distin-
guished by melt curve analysis of the PCR amplicons after-
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L 10" 10?2 10° 10* 10° 10° 107 N

bp

2000 |
1200
800

400
200

FIG. 3. A 10-fold dilution series of a positive liver sample was
tested with the Chunil-F/Chuni2-R primers. The positive reaction at
the 107° dilution corresponded to a C; value of 36. A small weak band
(<100 bp) of primer dimer is observed below the specific band. Lane
L, DNA ladder; lane N, no-template control.

wards. Apart from the Cp. felis PCR assay where two melting
peaks were generated, single peaks were generated in the other
assays. The melting point of amplicons obtained with the fam-
ily-specific primers on pure DNA showed only minor variations
between species: Cp. psittaci, 85.2°C; Cp. felis, 85.2°C; Cp.
caviae, 86.5°C; and Cp. abortus, 85.8°C. However, intraspecies
variations in temperatures in the range of +0.25°C were ob-
served when crude DNA lysates from birds and cats were
tested.

As an example of the dynamic range of the PCR assay, a
dilution series of a positive liver sample is shown in Fig. 3.
Samples were generally tested in the 10~* and 102 dilutions,
but some clinical samples could even be diluted to 10~° and
still be positive. However, we observed large variations in the
target amount between each case, with C- values ranging from
18 to 35. The setup for testing clinical samples is shown in Fig.
4. The use of a control tube for each sample, containing both
positive DNA and sample DNA, verified that inhibition had
not prevented amplification in any sample. As an additional
inhibition reduction step, each sample was tested at two dilu-
tions.

Validation of the PCR assay on clinical samples. The PCR
assays were applied on selected clinical samples from birds,
cats, guinea pigs, and sheep. All samples were first screened for
Chlamydiaceae using the family-specific primers, and positive
samples were further tested with the species-specific primers.
Results are listed in Table 3. With only one exception, all
positive samples were also identifiable to species level using

bp

2000
1200
800

400

FIG. 4. Agarose gel setup showing positive (sample A) and nega-
tive (sample B) clinical samples. Lane L, DNA ladder; lane P, positive
PCR control; lane N, no-template control; lane 1 sample A at a
dilution of 10~"; lane 2, sample A at 10~" plus Cp. psittaci DNA; lane
3, sample A at 10~2; lane 4, sample B at 10 '; lane 5, sample B at 10~!
plus Cp. psittaci DNA; lane 6, sample B at 1072
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TABLE 5. Comparison of three methods for detecting Cp. psittaci
in samples from birds: Chlamydiaceae-specific PCR, direct IF
detection, and modified Ziehl-Neelsen staining

No. of positive samples by:

. Total no. of
Tissue ampl
samples PCR IF assay MZN staining”
Heart 272 35 14 9
Liver 283 36 19 13
Spleen 278 32 21 18

“ MZN, modified Ziehl-Neelsen.

the species-specific assays. All bird samples were positive for
Cp. psittaci, samples from cats were positive for Cp. felis, and
Cp. abortus was detected in the positive ovine sample. How-
ever, the positive sample from a guinea pig reacted only with
the family-specific primer and not with the first selected
specific primer (Ccav-F) in the Cp. caviae assay or any of the
others.

In positive bird cases, Cp. psittaci was detected in all three
organs but in different concentrations. As indicated by the C-
values, spleen and liver samples contained the largest amount
of target, while heart samples usually showed C; values 2 to 5
cycles higher. The quality of the postmortem samples showed
considerable variation; however, samples with a high degree of
autolysis were also among the PCR-positive samples.

Sequencing of the IGS in a clinical sample. The first selected
Cp. caviae-specific primer (Ccav-F) did not generate any am-
plicons when applied on a Chlamydiaceae-positive guinea pig
sample. An amplicon spanning the IGS and the first part of the
23S rRNA was generated directly from the diluted sample and
sequenced. The obtained sequence showed highest similarity
(99%) to the sequence of the published Cp. caviae GPIC ref-
erence strain (U68451); however, an SNP in the 3’ end of the
Ccav-F primer was discovered. A new primer, Ccav2-F, was
selected and validated against reference DNA and the clinical
sample with satisfactory results.

Comparative testing of three different methods for detect-
ing Chlamydiaceae in tissue specimens. The sensitivity of the
PCR assay was compared with microscopical examination of
smears stained with either fluorescence-labeled monoclonal
antibodies (IF) or the MZN staining technique. In Table 5, the
results from the comparison are listed. The PCR-positive sam-
ples were detected with both the family- and species-specific
assays. All samples that were positive with IF or MZN were
also positive by PCR. The interpretations of the microscopical
methods were quite easy in samples containing large amounts
of elementary bodies (EB) packed in macrophages. However,
in low-quality samples (due to autolysis) or in samples with a
low number of EB, it was difficult to discriminate specific
signal from background staining. The PCR method per-
formed significantly better in all three sample types, with the
MZN method being the least sensitive method, detecting
only between 26 and 56% of PCR-positive samples. Though
no difference in detection was observed between sample
types by PCR, more positive samples were detected by the
microscopy of samples from spleen and liver than from
heart.
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DISCUSSION

The family Chlamydiaceae comprises nine different species,
all of which, with the exception of C. trachomatis, may infect
and cause disease in animals. Due to the large variety in spec-
imens that a veterinary diagnostic laboratory may receive, it is
essential to use sensitive and general methods for screening
samples and to be able to identify the species in positive sam-
ples for epidemical purposes to clarify transmission routes (6).
The aim of this study was to establish an easy and reliable PCR
protocol for identification of Chlamydiaceae in swab and tissue
specimens. By using real-time detection and SYBR green as
the intercalating dye, a method was developed for fast prepa-
ration, detection, and identification of a number of Chlamydo-
phila species of veterinary interest. Furthermore, the simplicity
of this approach makes it applicable for many veterinary lab-
oratories. With the family-specific primer pair, it was possible
to detect all nine species, and with species-specific primer
pairs, Cp. psittaci, Cp. abortus, Cp. felis, and Cp. caviae could be
confirmed. No purification of DNA was performed, but a com-
bination of a robust master mix containing BSA and dilution of
the enzymatically digested lysate allowed generation of specific
amplicons. The real-time PCR approach gave several benefits:
first, we were able to increase the sensitivity up to 10-fold
compared to traditional gel analysis; second, the C; value gave
a relative quantitative measure of the target concentration; and
finally specific amplicons could be identified as distinct peaks
in the melt curve analysis, thus eliminating the need for gel
analysis.

Diagnostic PCR methods for Chlamydiaceae have generally
been developed on the basis of 16S-23S rRNA genes or the
ompA gene, which codes for a major surface protein. These
genes are believed to be highly conserved among Chlamydi-
aceae species, but with molecular methods, new variants of
well-known species have been described which might not be
detected by previously published species-specific primers. In
one study, Kutlin et al. (13) found that the ompA and 16S
rRNA genes in Cp. pneumonia isolated from bandicoots and
koalas show sequence variations compared to human and horse
strains and that one of the published primer/probe sets based on
ompA had several mismatches toward these strains. However,
intraspecies variation was less in the ribosomal genes.

The primers selected in this study are located in the IGS
region and domain I of 23S rRNA gene, which previously has
been shown to be highly conserved and with well-defined seg-
ments of species-specific sequences appropriate for classifica-
tion of Chlamydiaceae (7). For this reason, we selected primers
to detect members of Chlamydiaceae, and in spite of an SNP in
the 5" end of the forward primer in Cp. felis, Cp. pneumoniae,
C. trachomatis, C. suis, and Cp. pecorum, efficient amplification
was observed for all nine species on reference DNA. For the
species-specific assays, we did find some intraspecies variations
in the primer sites among published sequences as two Cp.
psittaci (24) and two Cp. abortus (22) strains shared the same
two SNPs. The similarity of these four strains has led other
investigators to suggest that these strains may represent an
intermediate group between the two species, linking these two
together with a common ancestor (24). It is likely that the
location of these SNPs may prevent amplification from the two
species-specific assays, but they should be detected by the fam-
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ily-specific primers during screening. In our case, all positive
specimens from birds were positive with both the family and
the species assay primers, thus indicating that the intermediate
group of psittaci strains represents a rare group. However, the
prevalence of the intermediate Cp. abortus group needs to be
established as we tested only a very limited number of strains.

The value of screening with a family-specific primer was
evident in the positive guinea pig sample that did not react with
any of the species assays. Due to the evolution of species from
a common ancestor, a higher sequence polymorphism is ex-
pected in species-specific signature sequences than in family-
specific signature sequences. The selection of species primers
should preferentially be based on sequences from several
different strains. In our case, the low number of published
sequences from Cp. caviae strains led us initially to select a
primer that turned out not to be species specific; however, after
sequencing of the isolate, a new specific primer was selected
and applied.

Two real-time PCR detection systems for identification of
Chlamydiaceae have been described (17, 19). One, applying a
family-specific PCR targeting the ribosomal genes, was able to
distinguish six species by subjecting generated amplicons to
high-resolution melt curve analysis (19). However, as this is a
highly sensitive method allowing discrimination on the basis of
a single base pair polymorphism, it also requires highly stan-
dardized conditions for preparing the master mix and clean
DNA to be reproducible. When trying to differentiate Chla-
mydiaceae amplicons based on melting temperature, we found
in our assay that the intraspecies variation was too large to
ensure sufficient identification of species. The crude lysate and
variations in master mixes may explain the observed differ-
ences. The second method was based on a panel of species-
specific primers and probes targeting the ompA gene which
were used to differentiate Chlamydiaceae species of veterinary
interest in samples that previously tested positive with family-
specific PCR methods (17). However, this assay may not be
economically feasible in a routine laboratory, due to the high
costs for labeled probes, and a higher level of strain variation
in sequence of the ompA gene may affect specificity of the
assay.

Based on the C; values, we found a correlation between the
target DNA concentration in the sample and clinical observa-
tions. A large amount of target was found in postmortem
samples of birds with a clinical history comparable to ornitho-
sis, where samples could be diluted more than 10~>, in com-
parison to pharyngeal swabs from subclinically infected live
birds, which allowed only a 10~" dilution.

The gold standard for Chlamydophila detection methods is
still cell culture; however, as the method is laborious, many
other methods are used in routine laboratories. In this study,
we have compared the sensitivity of using classical microscop-
ical detection of stained cell smears with our PCR assays. To
ensure the specificity of the PCR assay, all screened positive
samples were also tested using the species-specific PCR. The
PCR method showed superior sensitivity to microscopy using
either IF or MZN. Although these methods are straightfor-
ward and rapid to perform, they require skilled staff, and eval-
uation is subjective (21). In samples from clinical cases, ele-
mentary bodies of Chlamydiaceae can easily be found in
intracellular vacuoles in macrophages; however, interpretation
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is difficult when the sample is partly degraded by autolysis or in
subclinical cases when the amount of target is low (21). We
observed that samples that were not positive by microscopy
generally had high C; values in the real-time PCR, corre-
sponding to a small amount of target DNA.

Inhibition is one of the major problems in PCR analysis of
clinical samples, giving rise to weak or false-negative results.
Especially blood components, such as hemoglobin, have been
shown to be highly inhibitory (2). It is widely believed that
inhibition is mediated by organic compounds that may either
inactivate the DNA polymerase (12) or compete with the tem-
plate (2). To overcome these problems a polymerase that is
less sensitive to inhibition (1) or compounds that bind inhibi-
tors such as BSA (12) or resins can be added. In the blood-
stream, BSA serves as a transport molecule by binding mole-
cules with low solubility, and this action may be exploited in the
PCR. Enzymatically digested tissue samples, as used in this
study, may contain a lot of different inhibitory substances.
However, we were able to reduce the inhibitory effect of these
to such a magnitude that spiked samples treated for inhibitory
substances showed comparable sensitivity in samples with pure
DNA, but the C; values were higher and the gel band intensity
was lower (Fig. 2). The binding properties of BSA seem to be
diverse and do not apply only to tissue substances as BSA may
also be beneficial in PCR testing of poultry fecal samples (14).

The majority of the veterinary submissions used for testing
of the primer assays were from psittacine birds and cats as we
had access only to a limited number of samples from sheep and
guinea pigs. Although the primers may be specific for Chlamy-
dophila species in general when tested on pure DNA, we have
tested tissue lysates only from a limited number of animal
species. It remains to be established if other animals may
contain inhibitors which are not inactivated by this protocol.

In the setup for testing clinical specimens, each lysate was
added to three PCR tubes, where one worked as an inhibition
control by also including Chlamydophila DNA. A positive sig-
nal from this indicated that conditions were appropriate for
PCR (Fig. 4). To ensure that the inhibition control was a
sensitive indicator, it was adjusted to a concentration which in
negative samples resulted in a C; value of approximately 30.
The addition of two different dilutions of lysate to the test
tubes served two purposes: each sample was tested in dupli-
cate, and if the lowest dilution was inhibited (no signal from
the internal control), the next dilution had a fair chance of
revealing positivity without the need for retesting.

With PCR methods, detection of pathogens can be fast and
accurate; however, it is cumbersome and expensive if the mas-
ter mix has to be prepared regularly for small numbers of
diagnostic samples. To make a more convenient assay, a mas-
ter mix containing all reagents can be prepared in large vol-
umes and stored as PCR tubes at —20 C° until use (14, 15).
Furthermore, this also allows performance testing of each batch
before use, thus providing a measure of quality assurance. When
a sample is received at our routine diagnostic laboratory, a lysate
is quickly prepared from the sample, added to thawed, preali-
quoted PCR tubes, and tested by real-time PCR.

The most recent taxonomic reclassification based on sequenc-
ing of the rRNA operon (5, 8) and the improvement in detecting
Chlamydiaceae have significantly increased our knowledge of this
obligate intracellular pathogen. The Chlamydiaceae species are
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known to be very host specific, and in our study we identified
Chlamydophila species only in their expected hosts. However,
other studies have shown that one species may be isolated from
various hosts (4, 6, 9, 13, 16, 17). Host specificity may be viewed
in terms of primary or principal hosts and occasional hosts
(20), where the infection usually spreads from the primary host
to occasional hosts living in close proximity. This is illustrated
in Cp. caviae isolated from the primary host (a guinea pig) but
also detected in the animal’s owner, as well as in a cat and a
rabbit in the household (16). Usually, primary hosts are sam-
pled because they show typical clinical signs, but the larger host
diversity applicable for Chlamydophila sp. infections may call
for broadening the range of relevant animals and samples to be
tested. Although other species-specific PCR assays have been
developed, these may be of limited value if the infecting spe-
cies is difficult to predict. In accordance with Condon and
Oakey (6), we applied a Chlamydiaceae-specific primer pair to
screen for positive samples that can be subjected to species
identification. Although the immediate treatment of infections
by all Chlamydophila species is based on administration of the
same group of antibiotics (20), the zoonotic potential of the
different species is not equal, and a species determination is
therefore required for adequate disease control.

In conclusion, we have developed and applied a fast, robust,
and cost-effective method that detects Chlamydiaceae species
and differentiates the most important Chlamydophila species
causing disease problems in animals. To reduce processing
time, the assay has been developed as a real-time PCR method,
but primers may also be used for conventional gel-based PCR
detection. However, in this study the real-time analysis pro-
vided higher sensitivity, the possibility for quantitative mea-
surement of the target DNA, and in-tube detection of positive
samples by melt curve analysis. It is also adaptable to the
detection of new variants or species as it detects Chlamydiaceae
based on the IGS and domain I in the 23S rRNA gene, which
shows conserved interspecies sequences; the method also has
scope for variations that may be applicable for generating new
species-specific primers. Furthermore, the principle of enzy-
matic treatment coupled to dilution of prepared template
DNA may be a platform from which protocols for other patho-
gens in various specimens may be developed.
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