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Abstract Beak and feather disease virus (BFDV) is a
causative agent for psittacine beak and feather disease
(PBFD), which shows a characteristic feather disorder in
psittacine birds. Nineteen budgerigars, which were clini-
cally suspected to have PBFD, were examined by two
polymerase chain reactions (PCR), which target each of
open reading frames (ORFs) V1 and Cl. All of the 19
samples were detected BFDV by the PCR targeting ORF
C1, whereas only two of them were detected by the PCR
targeting ORF V1. It was assumed that BFDV derived from
budgerigar (budgerigar BFDV) has two genotypes, which
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are tentatively classified as budgerigar BFDV genotype 1
and genotype 2 by the PCR amplification patterns. Whole
genome sequences of six budgerigar BFDVs were deter-
mined to reveal the existence of two genotypes. In the
phylogenic analysis, six budgerigar BFDV sequences
formed a unique group branched from the other 23 pub-
lished BFDV sequences. The budgerigar BFDV genotype 1
and genotype 2 were also segregated each other, and
budgerigar BFDV genotype 2 was particularly distantly
related with the other BFDVs. These results suggest bud-
gerigar BFDV is a unique in the known BFDVs and is
divided into two genotypes.

Keywords Psittacine beak and feather disease -
PBFD - Beak and feather disease virus - Circovirus -
Budgerigar

Psittacine beak and feather disease (PBFD) is a specific
disease in psittacine birds caused by beak and feather
disease virus (BFDV), a member of genus Circovirus [1].
Clinical form of PBFD included chronic, progressive loss
of feathers and, in some species, deformities of the beak
and claws [2]. Acute-form, which shows signs of septice-
mia accompanied by pneumonia, enteritis, rapid weight
loss, and death, has also been described [2]. BFDV carries
a single-stranded circular DNA with a complete genome
size of approximately 2.0 kb. The genome contains two
major open reading frames (ORFs), encoding the replica-
tion-associated protein (V1), and the capsid protein (C1).
Another ORF (ORF V2) has been also described, but it is
unclear what role the transcriptional product of this ORF
may play in the cycle of the virus [1].

PBFD has since been reported to affect more than 60
psittacine species; it is highly probable that all psittacine
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bird species are susceptible [3]. So far, phylogenetic
analysis of BFDV has revealed an apparent genotypic
association with specific psittacine species [4, 5]. The level
of genetic diversity has been reported to be similar among
several countries such as Australia, New Zealand, and
South Africa [5-7].

In the present study, 19 BFDV isolates derived from
budgerigars (Melopsittacus undulatus) showing PBFD
were detected by polymerase chain reactions (PCR), and of
which six isolates were determined whole genome
sequence. It was shown that 19 BFDV isolates in this study
separated into two lineages, in addition, one was unique
lineage to be reported previously.

Twenty samples including 13 feathers, 4 livers, and 3
bloods from 19 budgerigars in Japan suspected to be PBFD
were examined in this study (Table 1). DNA was extracted
from the blood or feathers with a SepaGene nucleic acid
extraction kit (Sanko Junyaku Co., Japan) as described
previously [8] and stored at —30°C until use. PCR was
carried out using two sets of primer, Primer2/Primer4
(Ypelaar’s PCR) and PBFDdupF/PBFDdupR (Ogawa’s

PCR) targeting BFDV genomic DNA previously described
[8, 9]. As result of PCR, BFDV genomic DNA was
detected in all 19 samples using primer set of PBFDdupF
and PBFDdupR, whereas BFDV genomic DNA was
amplified in only two samples using Primer2 and Primer4
(Table 1). These isolates were tentatively classified as
budgerigar BFDV genotype 1, which was detectable by
Ypelaar’s PCR, and genotype 2, which was not detectable.

Next, we performed whole genome sequence analysis
of these BFDV isolates, 4 and 2, respectively, were from
acute-form and chronic-form, to determine their genetic
characteristics. Whole genome sequences of six budgeri-
gar BFDVs, of which 2 (MU-JP1P and MU-JP2P) and 4
(MU-JP3P to MU-JP6P) were genotype 1 and 2, were
determined. Four fragments covering the whole genome
were amplified by PCR using four primers sets for each
genotype (Supplementary Table S1). PCR products were
cloned and sequenced as described previously [8]. The
obtained sequences were edited using Genetyx-Mac ver-
sion 13 (Genetyx Co., Japan) and Genetyx-Mac/ATSQ
version 4.2.4 (Genetyx Co.). The sequences of six

Table 1 Birds used in this study and genotypes of the budgerigar BFDV

Budgerigar Age? Clinical signs”  Clinical forms Specimen PCR results Genotype BFDVcode Accession no.
Ogawa [8] Ypelaar [9]

Complete genome sequences determined in the present study
Budgerigarl 42 d Acute death Acute Liver + + 1 MU-JPIP  AB277746
Budgerigar2 2y 6 m Feather disorder Chronic Feather + +- 1 MU-JP2P  AB277747
Budgerigar3 3 m Acute death Acute Liver + - 2 MU-JP3P  AB277748
Budgerigar4 1 m Acute death Acute Liver + — 2 MU-JP4P  AB277749
Budgerigar5 40d Acute death Acute Liver -+ — 2 MU-JPSP  AB277750
Budgerigar6 3y Feather disorder Chronic Feather + — 2 MU-JP6P  AB277751

Tested by PCR only and not sequenced in the present study
Budgerigar7 45d Feather disorder Chronic Feather + - 2 MU-JP7P
Budgerigar8 6 m Feather disorder Chronic Feather -+ - 2 MU-JPSP
Budgerigar9 4 m Feather disorder Chronic Blood + — 2 MU-JPOP
Budgerigarl0 3y Feather disorder Chronic Feather + = 2 MU-JP10P
Budgerigarll 1y Feather disorder Chronic Feather + — 2 MU-JPL1P
Budgerigarl2 2y Feather disorder Chronic Blood + — 2 MU-JP12P
Budgerigarl3 2 m Feather disorder Chronic B&F? + — 2 MU-JP13P
Budgerigarl4 1y Feather disorder Chronic Feather + - 2 MU-JP14P
Budgerigarl5 9 m Feather disorder Chronic Feather + = 2 MU-JP15P
Budgerigarl6 2y Feather disorder Chronic Feather + — 2 MU-JP16P
Budgerigarl7 2y 6 m Feather disorder Chronic Feather -+ — 2 MU-JP17P
Budgerigarl8 5y Feather disorder Chronic Feather + — 2 MU-JP18P
Budgerigarl9 1y 5 m Feather disorder Chronic Feather -+ - 2 MU-JP19P

* d, m, and y indicate days, month(s), and year(s), respectively
" Budgerigars affected with feather disorder are all alive

¢ Sequence of BEDV isolates derived from budgerigar7 to 19 is not determined

4 B&F indicates blood and feather

@ Springer



Virus Genes (2010) 41:231-235

233

budgerigar BFDV isolates have been submitted to GenBank
and have been given accession numbers AB277746—
AB277751. The genome sizes ranged from 1996 to 2004
nt (MU-JP1P, 1996 nt; MU-JP2P, 1996 nt; MU-JP3P,
2001 nt; MU-JP4P, 2004 nt; MU-JP5P, 2004 nt, and
MU-JP6P, 2002 nt) (Supplementary Table S2). The iden-
tities of whole genome sequences of budgerigar BFDV
genotype 1 and genotype 2 compared with the 23 published
BFDV isolates shown in supplementary Table S3 from 87 to
92% and from 83 to 92%, respectively. Budgerigar BFDV

(a) whole genome
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MU-JP6P
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Fig. 1 Neighbor-joining tree of a complete genome sequence, amino
acid sequences of b ORF V1 and ¢ C1 of six budgerigar BFDVs and
23 BFDVs [1, 4-6]. The bootstrap values of each node were
calculated using 1,000 replications. Bold fonts indicate budgerigar
BFDV from the present study. Genbank accession numbers we
used are AB277746-AB277751 in six budgerigar BFDV isolates,
and AF311295-AF311302, AF080560, AF071878, AY521234—

I genotype1 (BG lineage)

genotype 1 whole genome sequences were from 85 to 88%
identical to genotype 2 sequences. The identities of deduced
amino acid sequences of budgerigar BFDV genotype 1 and
genotype 2 ORF V1 compared to 23 published BFDVs
varied from 90 to 99% and from 87 to 93%, respectively.
Those of genotype 1 and genotype 2 ORF C1 varied from 75
to 91% and from 74 to 85%, respectively. The deduced
amino acid sequences of ORF V1 and C1 of budgerigar
BFDYV genotype 1 were from 91 to 94% and from 84 to 88%
identical to those of genotype 2, respectively.
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AY521238, AY450434, AY450436-AY450439 and AY450441-
AY450443 in 23 non-budgerigar BFDV isolates, respectively. a Six
budgerigar BFDV genome sequences formed different branches from
23 BFDVs, and budgerigar BFDV genotype 1 and genotype 2 were
also in independent clusters. b and ¢ Budgerigar BFDV genotype 1
was closely related to 23 BFDVs in the both trees, whereas genotype
2 was distantly related to them
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The deduced amino acid sequences of partial ORF V1
of budgerigar BFDV genotype 1 showed 96.7-99.4%
homologies to the sequences of the published sequences
derived from budgerigars (BG3-NZ, AY148301; UFS 3 to
UFS 5; DQ384623 to DQ384625), whereas genotype 2
showed 91.8-94.6%. A phylogenic tree based on partial
ORF VP1 using the UPGMA method revealed that geno-
type 1 isolates clustered together with BG3-NZ and UFS 3
to UFS 5, which classified into the BG lineage [7, 10],
whereas genotype 2 isolates clustered a unique group (data
not shown). These results suggested that budgerigar BFDV
genotype 2 might be phylogenically distinct from previ-
ously described BFDV.

There were two clinical forms of the affected birds with
budgerigar BFDV genotype 1, one was acute-form and
another was chronic-form. Of the 17 budgerigar BFDV
genotype 2 isolates, 3 forms were acute and the other 14
were chronic. No relationship between clinical forms and
both genotypes was observed in the present study.

To confirm the further taxonomic position of these six
budgerigar BFDV isolates, phylogenic trees were con-
structed based on the whole genome sequence analysis.
The budgerigar BFDV genotype 1 and genotype 2 were
located in independently different clusters (Fig. la). The
genotype 2 isolates were particularly distinct from other
BFDV isolates and clustered a unique lineage. This rela-
tionship was supported by analysis of the both ORF V1 and
C1, respectively (Fig. Ib, c). The phylogenic analysis of
whole genome sequence and both ORF V1 and C1 shows

Primer2
B
Ypelaar's PCR AACCCTACAGACGGCGAG
MU-JP1P 183 .. ...cviiiiiennnnn 200
MU-JP2P
MU-JP3P .. ... A..CAGA.C...A
MU-JP4P .. ... A..CAGA.C
MU-JPSP .. ... A..CAGA.C
MU-JPBP . ..., A..CAGA.C...
kkkkk ok % kkokk
PBFDdupF
e
Our PCR TTGGGTCCTCCTTGTAGTGGGATC
MU-JPIP 1374 . CT. . ..o T... 1304
MU-JP2P G
MU-JP3P e
MU-JP4P ... | G
MU-JP5P e
MU-JPBP e

* kkkokkkokkkokk kkkkk kokk

Fig. 2 Sequence comparison of the primer target sites of Ypelaar’s
PCR [9] and Ogawa’s PCR [8] in budgerigar BFDV genotype 1 and
genotype 2 sequences. Dots indicate positions in agreement with the
primer sequences. The numbers to the left and right of the row
following MU-JP1P indicate nucleotide positions of the MU-JPIP
sequence. Asterisks indicate that corresponding positions of alignment
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identical placement of the previously described BFDVs
and the budgerigar BFDV genotype 2. Hereby, it is pro-
posed that budgerigar BFDV genotype 2 belongs to a novel
lineage (BG2). During review of this article, three bud-
gerigar BFDV sequences were reported as a unique isolate
in South Africa [11]. However, these isolates were also
classified into the BG lineage, which was related to
genotype 1, and not clustered a novel unique BG2 lineage.

Ypelaar’s PCR targeting ORF V1 has been used as a
universal method by other researchers [3, 6, 7]. However, it
was reported that Ypelaar’s PCR might not detect all iso-
lates because of the diversity of BFDV genotypes [3]. In
fact, our PCR results showed the existence of budgerigar
BFDV, which could not be detected by Ypelaar’s PCR. To
investigate why the budgerigar BFDV genotype 2 was not
detected by Ypelaar’s PCR, the sequences targeted by
Primer2 and Primer4 were compared on the genomic
sequences of both genotype 1 and 2. The sequences of
genotype 1 were identical to both primer sequences and
those of genotype 2 were identical to Primer4, whereas 67
of the 18 nucleotides were different in the sequences of
genotype 2, which correspond to the central region of
Primer2 (Fig. 2). In the case of Ogawa’s PCR, several
nucleotide substitutions were scattered in budgerigar
BFDV genotype 1 and genotype 2 sequences. However,
consecutive nucleotide substitutions such as the genotype 2
in Primer2 were not found. The phylogenic classification of
the six budgerigar BFDV genomes was the same as the
tentative classification found in both PCR amplification

Primer4 (Complementary)
o S
GGTACAAGGAGGACTGTGAC

3 ok ok ok ok ok ok ok ok ok ok ok ok ok sk ok ok ok kR

PBFDdupR (Complementary)
e
CTCTTGGTTGAGAAACGGCGTCTG

1842 . AL ... Ao 1865
A..... Ao
Ao...... T...T... ...
Ao...... L
Ao, T
Ao, .. T...T .. oo. ..

are identical. 6-7 of 18 nucleotides were different in budgerigar
BFDYV genotype 2 sequences which correspond to the above Primer2
sequences. In PBFDdupF and PBFDdupR, several nucleotide substi-
tutions were scattered in budgerigar BFDV genotype 1 and genotype
2 sequences
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results. It is conceivable that the combination of the results
of both PCRs would be useful to identify the budgerigar
BFDV genotypes. Therefore, it is possible that additional
uncovered BFDV exist in other psittacine species.

In conclusion, this study revealed the presence of a
novel lineage of BFDV in budgerigars, with further
investigation involving the identification of any antigenic
differences present.
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In 2600, chlamydial strains OK133 and OKI135 were isolated from 2 female patients with cervicitis.
These strains were unresponsive to commercially available PCR and LCR test kits for the diagnosis of
Chlamydia trachomatis infection, and their phenotypic characteristics were very similar. The OK135
nucleotide sequence in MOMP-VD2 gene closely resembled that of Chlamydophila caviae GPIC. A
similar strain was isolated in 2003 from a male patient OKM2 with urethritis, from which the strain
SCI16-6 was cloned by the plaque purification method. The mucleotide sequence of the entire MOMP
gene of SC10-6 was exactly the same as that of OK135. Thus, the strains OK135 and SC10-6, together
with OK133, have been called C. caviaelike Chlamydia. We designed primers for nested PCR assay,
the product of which showed a single-band 311-bp fragment, to detect C. caviae-like Chlamydia. Of
swab specimens obtained from 202 patients from 2003 to 2006 (119 male and 83 female patients), 18
specimens (8.9%) from 14 male and 4 female patients were positive, suggesting that C. caviaelike
Chlamydia infection is rather common. Thus far, it has not been determined whether C. caviae-like
Chlamydia is pathogenic for humans. '

Key words: Chlamydophila caviae-like Chlamydia, urethra, uterine cervix, epidemiology, sexually transmitted
infection

S pecies of the family Chlamydiaceae are obligate

intracellular prokaryotic parasites of various
types of eukaryotic cells including human and animal
cells. A unique developmental eyele, in which chla-
mydial organisms alternate between an infectious ele-
mentary body (B) and the vegetative reticulate body
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(RB), distinguishes chlamydial organisms from other
bacteria [1]. The family Chlamydiaceae includes 2
genera Chlamydia and Chlamydophila, and nine species,
Chlamydia trachomatis, Chlamydia muridarum, Chla-
mydia suis, Chlamydophila pneumoniae, Chlamydophila
psitlaci, Chlamydophila pecorum, Chlamydophila abortus,
Chlamydophila caviae and Chlamydophila felis [2]. C.
pnewmoniae and C. psitiaci are well known as pathogens
of the respiratory tract. C. trachomatis, which was
originally associated with the ocular disease trachoma,
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is recognized as the most common pathogen of sexually
transmitted infections (STIs) including urethritis and
epididymitis in men, cervicitis, urethritis and upper
genital tract infections in women, and conjunctivitis
and pneumonia in newborns. Complications arising
from C. trachomatis infection include pelvic inflamma-
tory diseases such as ectopic pregnancy and infertility
in women. Efforts to reduce the prevalence of infec-
tion with C. lrachomatis in both men and women may be
hampered by the relatively high frequency of asymp-
tomatic patients in both sexes [3]. Due to the diver-
sification of sexual cultures and behaviors, the
increase in STI has become a social problem that can-
not be ignored in Japan [4].

A commercially available PCR test kit and a ligase
chain reaction (ILCR) test kit, both targeting the 7.5-
kb cryptic plasmid common to all members of C. ra-
chomatis, have been widely used in the diagnosis of
urogenital C. irachomaiis infection in Japan. The
results of laboratory experiments have shown that the
detection limit for both PCR and L.CR test kits is just
two EBs, and these test kits are highly sensitive and
specific [5, 6]. However, using these test kits alone,
the biological characteristics of etiologie C. rachoma-
fis strains cannot be analyzed because the isolation and
propagation of C. lrachomalis strains are not required
in the diagnosis. Furthermore, studies have reported
the presence of C. trachomatis lacking the plasmid [7]
and STI with plasmid-free C. trachomatis [8-10].
Moreover, C. trachomatlis strains missing part of the
nucleic acid sequence in the plasmid were currently
reported [11]. Hence, when using only the PCR or
LCR test kit, infection caused by C. trachomaiis lack-
ing the plasmid and/or missing a plasmid sequence
would be overlooked.

In a preliminary survey of C. lrachomalis urogenital
infection in 2000, we isolated strains OK133 and
OK135, which were unresponsive to PCR and LCR
test kits, from female patients with severe cervicitis.
Their phenotypic characteristics were very similar.
Genetic analysis of OK135 revealed that the nucle-
otide sequence of the MOMP-VDZ gene closely
resembled that of C. cavize GPIC. A strain similar to
0OK135 was more recently isolated from a male patient
OKM2 with urethritis and cloned as strain SC10-6 by
the plaque purification method [7]. Analysis of the
entire MOMP gene showed that SC10-6 and OK135

were identical and closely resembled C. caviae GPIC
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(hereinafter referred to as C. caviae-like Chlamydia).
In the present paper, we report an epidemiological
study of C. caviaelike Chlamydia detected in swab
specimens collected from the urethra and uterine
cervix, using nested PCR with primers especially
designed in our laboratory.

Materials and Methods

Patient specimens and cell cultures for isola-
tion of C. caviae-like Chlamydia. The speci-
mens were obtained from patients with symptoms
consistent with STI including OK133, -OK135 and
OKM2 from 2000 to 2006. Several specimens were
obtained from female patients who were asymptomatic,
but anxious to undergo STI examinations. For female
genital specimens, a cotton swab was inserted into the
endocervical canal and was gently rotated. For male
urethral specimens, a swab was inserted 3 to 4em
into the urethra and rotated. Each swab was placed in
a test tube containing 0.5ml of sucrose-phosphate-
glutamate (SPG) buffer and 0.5g of glass beads (0.5-
mm in diameter), and then stored at —70°C until
testing. After quickly thawing at 37°C, a Vortex
mixer was used to vigorously stir each test tube to
release the chlamydial organisms from the cotton swab
with about 1ml of SPG buffer (0.5ml in the tube and
another 0.5ml to wash the beads). After centrifuging
at 300 X g for 3min at room temperature, the super-
natant (0.25ml/well) was placed on McCoy cell conflu-
ent monolayers in a 24-well culture plate (Corning
Costar Corp., Corning, NY, USA), followed by
centrifugation (860 x g, 25°C, 60min) using a Hitachi
himac CR21E centrifuge (Hitachi Koki Co. Litd,
Tokyo, Japan). The inoculated cells were then incu-
bated at 37°C in an atmosphere of 5% CO, in
Dulbecco’s modified Eagle medium (DMEM; Nissui,
Tokyo, Japan) containing 1ug/ml of cycloheximide,
10ug/ml of kanamycin, 10ug/ml of vancomycin,
10ug/ml of amphotericin B and supplemented with
10% heat-inactivated fetal bovine serum (I'BS;
Gibco BRL, Life Technologies Inc., Grand Island,
NY, USA). Under a phase-contrast microscope, cell
conditions were monitored at appropriate intervals,
and once a cytopathic effect was seen, the cells were
suspended in SPG buffer (1ml/well) and stored at
-70C.

Fluorescent and iodine staining. McCoy
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cell monolayers prepared on cover slips (14mm in
diameter) were inoculated with chlamydial isolates by
centrifugation and incubated at 37°C. At 24 to 30h
post-inoculation, the cells were fixed with ethanol and
stained with fluorescein-conjugated monoclonal anti-
body directed against the genus-specific antigen
(Chlamydia FA Seiken [DFA stain]; Denka Seiken,
Tokyo, Japan) to observe chlamydial inclusions. To
check for glycogen accumulation in inclusions, the
cover slips harvested at 30h post-inoculation were
dried and fixed with methanol, and then subjected to
iodine staining according to the method of Matsumoto
etal. [12].

Plague purification.  Plaque purification was
carried out according to the method of Matsumoto el
al. [7]. Briefly, 100ul of chlamydial suspensions
prepared in a series of 10-fold dilutions was directly
added to each well containing 2ml culture medium.
After sufficient stirring and centrifugation at 860 X g
for 60min, the cells were overlaid with agarose
medium consisting of 10% FBS-DMEM containing
lug/ml of cycloheximide and 0.5% agarose (SeaKem
ME agarose; FMC BioProducts, Rockland, ME,
USA). After solidification, the liquid medium, which
was prepared by omitting agarose from the agarose
medium, was added and incubated at 37°C in a 5%
CO; incubator. The liquid medium was exchanged
every 4 to 5 days. At an appropriate time after infec-
tion, the liquid medium was removed, and agarose
medium containing 0.03% (final concentration) of
neutral red was loaded on the agarose medium. After
incubation at 37°C for 12 to 15h, single plaques with
sufficient separation from each other were recovered
with agar-well punchers commonly used to make holes
in the Ouchterlony immunodiffusion test. Fach aga-
rose plug placed in 1ml of SPG buffer was sonicated
and centrifuged at 300 X g for Smin, and the superna-
tant was inoculated onto McCoy cells as described
above. To purify each strain, this procedure was
repeated three times.

In vitro drug susceplibility.  The antimicro-
bial agents tested were clarithromycin (Taisho
Pharmaceutical, Tokyo, Japan), minocycline (Wyeth
Lederle, Tokvo, Japan) and tosufloxacin (Toyama
Chemical, Tokyo, Japan). The agents were dissolved
by the master dilution method. MICs of chlamydial
strains obtained by plaque purification were deter-
mined by the standard method of the Japan Society of
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Chemotherapy [13]. Briefly, Hel.a 229 cell conflu-
ent monolayers prepared on cover slips placed in
24-well culture plate were inoculated with chlamydial
suspension at 1,000 IFU/well by centrifugation (860
X g, 60min). After centrifugation, 1ml of culture
medium, consisting of Eagle's MEM, 10% heat-inac-
tivated FBS, and cycloheximide, at a final concentra-
tion of 1ug/ml was applied. The medium also con-
tained one concentration of the antimicrobial agents.
Then, the plates were incubated at 37°C in an atmo-
sphere of 5% CO; for 48h. After ethanol fixation,
the infected cells were stained with DFA and the
inclusions were observed. The MIC was defined as the
lowest concentration at which inclusion formation was
completely inhibited.

Purification of EBs. EBs of purified strains
and laboratory strains, such as C. caviae GPIC (VR-
813, obtained from the American Type Culture
Collection, Manassas, VA, USA), C. itrachomatis
biovars D and 1.2, and C. psitiaci Cal 10 were pre-
pared by the method reported previously [7].
Infected MeCoy cells with well-developed inclusions
were sonicated to facilitate the release of chlamydial
organisms from the host cells. After brief centrifuga-
tion at 300 X g for 10min to remove large debris, the
supernatant was subjected to 25% sucrose-cushioning
centrifugation (8,000 x g, 4°C, 60min), and then the
suspension was incubated with DNase (20ug/ml) and
RNase (20 ug/ml) in a water bath at 37°C for 60min,
followed by treatment with trypsin (10ug/ml) at 37°C
for 60min. Similarly, EBs of C. pneumonice TW183
were prepared from HEp2 cells having well-grown
inclusions. After sonication to disperse large agsre-
gates, the suspension was subjected to 25% sucrose-
cushioning centrifugation again. The sediment was
suspended in SPG buffer and used for the extraction
of genomic DNA.

MOMP gene sequencing.  The Puregene DNA
purification kit (Gentra System, Minneapolis, MN,
USA) was used for genomic DNA extraction from
purified EBs of each strain. PCR was performed
under the conditions shown in Table 1 using genomic
DNA as a template and the primers reported by
Kaltenboeck et al. [14] to amplify the entire MOMP
gene of strains, namely OK135 and SC10-6, obtained
through plaque purification. The resulting amplifica-
tion products were cleaned using MagExtractor
(Toyobo, Osaka, Japan), and the BigDye terminator
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cyele sequencing FS ready reaction kit (Applied
Biosystems Japan, Tokyo, Japan) was used to make
sequencing templates. The ABI 310 Genetic Analyzer
(Applied Biosystems Japan) was used to determine the
MOMP gene of each strain, and a BLAST search was
used to investigate the homology of the sequence in the
MOMP genes with that of the standard strain, C.
caviae GPIC [15].

Molecular diagnosis of clinical specimens.
Based on the nucleotide sequence data of the MOMP
gene of the OK135 clone, primers (2 pairs) specific to
the ompA gene of the same strain were designed
(Table 1). The expected amplification product of
nested PCR using these primer sets was a 311-bp
DNA fragment. The genomic DNA of each strain was
prepared from purified EBs with the QIAamp DNA
stool mini kit (QIAGEN, Tokyo, Japan). Under the
conditions shown in Table 1, 5ul of template and 45l
of reaction solution were added (10 X buffer, 0.2mM
dNTPs, 0.625U Tag polymerase (TaKaRa, Shiga,
Japan) and 0.2uM primer) for a total volume of 50ul
to perform nested PCR using Astec PC 801 thermal
cycler. The resulting PCR product was subjected to
electrophoresis using 1.2% agarose gel in relation to
a 100-bp DNA ladder (New England Biolabs Japan,
Tokyo, Japan) as a molecular standard, and the 311-
bp band was examined.

In addition to the chlamydial culture, all swab
specimens, from 119 male and 83 female subjects,
were examined with the commercially available PCR
test kit (AMPLICOR Chlamydia trachomalis: Roche
Diagnostics K.K., Tokyo, Japan) for C. lrachomatis
and the PCR test kit (AMPLICOR Neisseria
gonorrhoeae; Roche Diagnostic KK.) for N. gonor
rhoeae or gonococeal cultures. When the microscopic
examinations were positive but the PCR for C. tracho-
malis was undetermined, nested PCR, for which 2
pairs of primers specific to the ompA gene of OK135
were especially designed, was carried out (Table 1).
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For the male samples, Mycoplasma geniiarium, Myco-
plasma hominis, Ureaplasma wrealyticum and Ureaplasma
parvum were also examined with the multiplex PCR
test kit (Mitsubishi Chemical Medience Corp., Tokyo,
Japan) to confirm a solo infection with the chlamydial
strain identical with OK135. Such tests were, how-
ever, not subjected to the female samples because of
their heavier contamination with other microorgan-
isms.

Results

Morphology of chlamydial strains oblained by
the plaque purification.  In the preliminary DFA
test, the inclusions formed from swab specimens of 3
patients, OKM2, OK133 and OK135 were noted their
morphology. Therefore, these isolates were examined
with staining methods in detail. It was suggested
strongly that the swab specimen of the OKM2 patient
contained, at least, 2 different Chlamydia species. To
separate and purify each strain, the plaque formation
was carried out successively, and 2 strains, SC10-6
and ST13-6-1, were obtained. The inclusions of
5T13-6-1 were round or oval in shape (Fig. 1B) while
those of SC10-6 were irregular (Fig. 1A). Simul-
taneously, many small particles showing specific
stainability with DFA were scattered on the cell lay-
ers, suggesting that the particles were chlamydial
bodies resulted from an inclusion burst. Conse-
quently, it was likely that the strain SC10-6 grew
rapidly. Fig. 2 shows the iodine-stained images of
both SC10-6 and ST13-6-1 strains. The ST13-6-1
inclusions at 48h post-inoculation were intensely
stained (Fig. 2B), indicating glycogen accumulation.
The stainability, together with the round-shaped
inclusion morphology in the DFA test, indicated that
the ST13-6-1 strain was undoubtedly a member of the
C. irachomalis species. By contrast, the SC10-6 inclu-
sions were not stained even after 48h post-inoculation

Table 1 PCR primers and conditions used in this study
bri Product PCR conditions
rimer
e Primer sequences length it i Reference
specificity ¢ o Initial Cycling Cyole  Fnel
-op denaturation extention
) F: 5-ACGCATGCAAGACACTCCTCAAAGCC-3' o 10min, 96°C: 1min, 69°C; 1min, 72°C .
ompA of Chlamydophila R: 5.ACGAATTCCTAGGTTCTGATAGCGGGACS 1400 3min 84C 4yin 96°C; tmin, 59°C; imin, 72°C 25  10Min 72C "
F: §.CCTTGTGATCCTTGCGCTACTT-Y .
stPCR ) . 951 30sec, 94°C; 20sec, 55°C; 25sec, 72° in, 72
TUPOR o 6 GTGAGGAGCTCTTTCGTTGAT S o sec. S4°C; 20see, S5°C: 28560, 72C 30 Smin. 72T .
ompA of OK135 i 5-COGTTGCAGACAGGAATAAC-3' 3min, 94°C this study
20 PR . 6 e ACAAGCAGATTCCCATAAAG-S k3l 30sec, 94°C; 20sec, 55°C; 25sec, 712°C 20 5min, 72°C

http://escholarship.lib.okayama-u.ac.jp/amo/vol64/iss1/1
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A SC10-6 B © ST13-6-1

Fig. 1 Fluorescent images of SC10-6 (A) and ST13-6-1 (B), 2 clones from OKM2 (a male patient with urethritis). DFA staining with
genus-specific fluorescein-conjugated monoclonal antibody was used. Inclusions of ST13-6-1 were of the typical round shape, indicating C.
trachomatis, but those of SC10-6 had irregular borders, and numerous lysed cells were seen at 48h post-inoculation.

A

|

4

A  SC10-6 B : ST13-6-1
Fig. 2 lodine staining for SC10-6 (A) and ST13-6-1 (B) infected cells. Inclusions of ST13-6-1 stained brown, indicating glycogen

accumulation associated with C. frachomatis. However, inclusions of SC10-6 were not stained, and no glycogen accumulation was con-
firmed.

(Fig. 2A). This result, together with the inclusion  test kit while SC10-6 did not.

morphology and the presence of scattered chlamydial Determination of the species of SCI10-6 and
bodies in the DFA test, indicated that the SC10-6 OKI35 strains. To determine the species of
strain was different from C. trachomatis. Additionally,  SC10-6 and OK135 strains, the ompA gene was ampli-
the ST13-6-1 strain reacted positively with the PCR  fied from purified EBs of each strain and its nucle-

Produced by The Berkeley Electronic Press, 2010



Acta Medica Okayama, Vol. 64 [2010], Iss. 1, Art. 1

6 Murao et al.

otide sequence was analyzed. The results revealed
that the nucleotide sequences of ompA gene of both
strains, SC10-6 and OK135, were exactly the same,
that their ompA genes were highly homologous to the
nucleotide sequence (99.0%) of the ompA gene in C.
caviae GPIC, and that their putative 389-amino-acid
sequences were exactly the same as that of OmpA in
C. caviae GPIC. Therefore, it was concluded that
OKM2 and OK135 patients were infected with 2 dif-
ferent species of chlamydiae; one was a typical C.
trachomalis strain and the other was an unusual chla-
mydial species in human urogenital infections, C.
caviae-like Chlamydia. Although the analysis of the
ompA gene was not done for OK133, its phenotypic
characteristics were quite similar to those of other two
C. cavige-like Chlamydia strains, and the result
obtained in nested PCR confirmed that OK133 was
also C. caviae-like Chlamydia (see below).

Drug susceptibility of C. -caviae-like
Chlamydia.  Determination of drug susceptibility
of the strains SC10-6 and OK135 was requested by
physicians at the clinics where the patients OKMZ2 and
OK135 were medicated, because of their poor
response to antichlamydial chemotherapy. The drug
susceptibility of the strains, together with the ST13-6
strain and C. Irachomalis serover D, were tested. The
MIC values obtained for clarithromyecin, minocyeline
and tosufloxacin were 0.016, 0.016 to 0.031 and

OK133 OK135 SC10-6

bp

311

Fig. 3
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0.25ug/ml, respectively; no difference in the MIC
value was detected between the 2 strains. Addition-
ally, there was no marked difference from the stan-
dard C. trachomatis serovar D. Based on the results,
it was very likely that the patient's poor response to
chemotherapy was not a result of the chlamydial prop-
erties, but might have been due to in vivo drug circu-
lation into histopathological regions in the patients.

Epidemiological analysis.  The fact that the
patients were dually infected with either SC10-6 or
OK135 and C. trachomatis strains impelled us to inves-
tigate whether C. caviae-like Chlamydia was a patho-
genic agent of human STI, and if so, whether C.
caviae-like Chlamydia is widespread. Genomic DNA
was extracted from purified EBs of OK133, OK135,
SC10-6, C. caviae GPIC, C. trachomatis serovar D and
L2, C. psittaci Cal 10 and C. pneumoniae TW183.
Using extracted DNA, the nested PCR assay,
designed on the basis of the ompA sequence of the
OK135 strain, was performed as shown in Table 1,
and a 311-bp amplification product was observed for
0OK133, OK135, SC10-6 and C. caviae GPIC (Fig.
3). The results demonstrate that this nested PCR
assay was specific to C. caviae GPIC and C. caviae-like
Chlamydia, and that OK133, OKI135 and SC10-6
were all C. caviae-like Chlamydia. This suggests that
the nested PCR assay specific to C. caviae GPIC can
be used in epidemiological studies.

DNA
ladder

C. caviae
GPIC

Negative
control

bp

1000

500

100

Electrophoresis of amplification products obtained by nested PCR assay which was performed using two pairs of primers specific

to the ompA gene of C. caviae-like Chlamydia OK135 (Table 1). Electrophoresis was conducted using 1.2% agarose gel and a 100-bp
DNA ladder as a molecular standard. The expected amplification product was a 311-bp DNA fragment.

http://escholarship.lib.okayama-u.ac.jp/amo/vol64/iss1/1
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Based on the results, the nested PCR assay was
performed on swab specimens obtained from a total of
202 patients, including 119 male patients with ure-
thritis and 83 female patients with either cervicitis or
‘suspected STT from July, 2003 to December, 2006.
In each patient, the presence or absence of N. gonor-
rhoeae (117 male and 83 female patients tested), C.
trachomatis (114 male and 83 female patients tested)
and C. cavige-like Chlamydia (all 202 patients tested)
was determined (Fig. 4). Of the 119 male patients
with urethritis, 34 had N. gonorrhoeae, 33 had C. tra-
chomatis, and 8 had both N. gonorrhoeae and C. tracho-
matis. With regard to the 83 female patients, 45
asymptomatic patients underwent tests for sexually
transmitted diseases after becoming pregnant or
changing partners, and the other 38 patients had
cervicitis-related symptoms, such as increased dis-
charge, abnormal color and vaginal erosion. Of the
83 female patients, 2 had N. gonorrhoeae, 15 had C.
trachomalis, and 1 patient had both N. gonorrhoeae and
C. lrachomalis. To determine the infection of C. caviae-
like Chlamydia, the nested PCR assay was carried out
as mentioned above; the results are summarized in
Fig. 4. Among 14 male patients, including OKM2,
who were positive for C. caviae-like Chlamydia, 7 had

Male patients fested
(n=119)

C. trachomatis

Chlamydophila caviae-like Chlamydia from Human Sources 7

C. trachomatis, 4 had N. gonorrhoeae, and 1 had both N.
gonorrhoeae and C. trachomaiis. On the other hand,
among the 4 female patients positive for C. cavige-like
Chlamydia, 2 had C. trachomaiis. In other words, C.
caviae-like Chlamydia, with neither C. trachomalis nor
N. gonorrhoeae, was detected in a total of 6 patients (4
male and 2 female patients). Table 2 summarizes the
clinical backgrounds of the 20 patients who were
positive for C. caviae-like Chlamydia, including OK133
and OK135. Eleven of the 14 male patients had ure-
thritis-related symptoms, such as pain on urination
and pus discharge, and 2 of the 6 female patients had
cervicitis-related symptoms. In most patients, symp-
toms improved after chemotherapy. However, in case
0OK135, symptoms did not improve and intractable
cervicitis developed, and in cases 9, 13 and 14,
symptoms such as pain on urination continued even
after chemotherapy. M. genitalium was detected in the
male patients (cases 9, 10, 13 and 14) who were posi-
tive for C. caviae-like Chlamydia and negative for C.
trachomalis and N. gonorrhoeae. In the female cases 11
and 12, the presence or absence -of Mycoplasma and
Ureaplasma spp. was not tested.

Female patients tested
{n=83)

C. trachomatis

C. caviae-like
Chlamydia

N. gonorrhoeae

Fig. 4

C. caviae-like
Chlamydia

N. gonorrhoeae

C. trachomatis, N. gonorrhoeae and C. caviae-like Chlamydia infections are summarized for the 119 male and 83 female patients

tested. In each patient, the presence or absence of N. gonorrhosae (117 male and 83 female patients tested), C. trachomatis (114 male
and 83 female patients tested) and C. caviae-like Chlamydia (all 202 patients tested) was determined. C. caviag-like Chlamydia was
detected in 14 male and 4 female patients, including OK133 and OK135, which were isolated in 2000; a total of 20 C. caviae-like

Chlamydia strains were isolated from 2000 to 2006.
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Table 2  Clinical analysis of ST patients with C. caviae-like Chlamydia

Patient Date of the first

Strain identification

No. of identification medical Sex Age Symptoms C. trachomatis  N. gonorrhoeae PCR for number of £. caviag-like
cases - OK135 clone X
number examination Chiamydia
0K133 2000 female 20 nothing special + - : 0K133
OK135 2000 female 27 feukorrhea b - | OK135
1 OKM2 2003, 07. 01 male 34 pus discharge i - 1 SC10-6
2 OKM10 2004. 01. 08 male 20 pain on urination + - + no cloning
3 OKM11 2004, 01. 26 male 29 inguinal pain § + no cloning
4 OKM13 2004. 02. 17 male 29 nothing speciat + - + no cloning
5 0KMm52 2005. 06. 18 female 33 {eukorrhea § - } no cloning
6 OKM59 2005. 08. 08 male 44 residual urine v - no cloning
7 OKM75 2005. 10. 14 male 21 pain on urination - f no cloning
8 OKMB8 2005. 11. 30 female 20 nothing special - i no cloning
9 OKM36 2006. 02, 13 male 36 pain on urination, pus discharge - - + no cloning
10 OKM98 2005. 12. 16 male 44 NR - & no cloning
11 OKM104 20086. 02. 15 female NR check for STi - - s + no cloning
12 OKM109 2006. 01. 05 female  NR check for ST} - - + no cloning
13 0OKM112 2008. 03. 02 male 21 pain on urination - - t no cloning
14 OKM116 2006. 03. 13 male NR pain on urination, pyuria - - ¢ no cloning
15 OKM136 2006. 06. 24 male NR pain on urination, pus discharge ¢ - { no cloning
16 OKM147 2006. 08. 18 male 30 pain on urination, pus discharge + + + no cloning
17 OKM185 2006. 10. 31 male 43 pus discharge + no cloning
18 0OKM202 2006. 12. 09 male 24 pus discharge - + + no cloning
NR: no records
Discussion variations appeared to occur, because the homology of

The results obtained in the present study revealed
the presence of novel chlamydial strains that were
undetectable with the PCR or I.LCR commonly used for
diagnosis of C. hrachomatis infection and that closely
resembled C. caviae. C. cavize GPIC is well known as
an etiologic agent in guinea pigs, but to the best of our
knowledge, there have been no reports of isolated C.
caviae or similar chlamydial strain from humans. How
then was C. cavige-like Chlamydia isolated from the
male urethra and cervical canal? No conclusive evi-
dence on this point has been obtained. At the moment,
it is speculated that C. caviae-like Chlamydia has been
transmitted and colonized in the human pharynx or
sexual organs through close contact with guinea pigs,
and that sexual acts, including oral sex, can spread
the organism from human to human. Such a specula-
tion seems to be supported by the facts that other
Chiamydophila, such as C. aborius and C. felis, regar-
ded for a long time as animal- restricted pathogens,
were revealed to be the causes of chlamydial abortion
[16, 17] and conjunctivitis [18-20] in humans who
might have been infected through close contact with
carrier and/or infected animals. During transmission
and colonization of C. caviae-like Chlamydia, genetic

http://escholarship.lib.okayama-u.ac.jp/amo/vol64/iss1/1

the ompA gene of this strain to the GPIC strain was
very high but not identical. This fact leads us to
speculate that several genes, not only the gene encod-
ing MOMP but also other genes encoding functional
proteins, have evolved to be stable during their trans-
mission and multiplication in humans. Thus, it will be
necessary to sequence the whole genome of C. cavige-
like Chlamydia in the future.

Using the nested PCR assay specific to C. caviae-
like Chlamydia, the organism was detected in a total
of 18 patients. Of these patients, C. trachomatis and
N. gonorrhoeae were detected in 9 and 4 patients,
respectively, with one patient having both. Thus, C.
caviae-like Chlumydia, with neither C. lrachomalis nor
N. gonorrhoeae, was detected in a total of 6 patients (4
male and 2 female patients). However, additional
diagnostic tests detected M. genitalium in the 4 male
patients. The samples of the 2 female patients were
not tested because of possible genital contamination by
microorganisms. Therefore, we cannot state conclu-
sively that C. cavige-like Chlamydia is pathogenic for
humans; the organism appeared to be rather common
(positive percentage was 8.9%).

In general, chlamydial isolations should be done
prior to antibiotic medication; fortunately, we man-
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aged to isolate strains OK135 and SC10-6 through the
McCoy cell after anti-chlamydial medication. In spite
of the poor response in vivo and the rapid growth in
vilro, the purified strains of C. caviae-like Chlamydia
were susceptible to drugs such as clarithromycin,
minocycline and tosufloxacin at similar levels as other
chlamydiae. It is therefore concluded that the failure
of chemotherapy was due to reduced drug circulation
into histopathological regions in the patients. This
finding should be a warning that the drug susceptibil-
ity of chlamydiae should be determined using organ-
isms isolated from unresponsive patients; otherwise,
the drug efficacy can be misunderstood.

Recently, we have started to collect pairs of
samples: from the throat and urethra for men and from
the throat and uterine cervix for women. These stud-
ies are expected to clarify the prevalence of infection
with C. caviae-like Chlamydia as an STI, as well as its
pathogenicity. Because urethritis or cervicitis caused
solely by C. cavige-like Chlamydia has not been
reported, further investigations are needed to deter-
mine its pathogenicity in humans. It will also be nec-
essary to investigate the possibility of C. caviae-like
Chlamydia causing nongonococcal/nonchlamydial ure-
thritis or cervicitis, intrapelvic peritonitis, or infer-
tility.
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Q fever is a zoonotic disease of worldwide significance caused by the obligate intracellular bacterium Coxiella
burnetii. Humans with Q fever may experience an acute flu-like illness and pneumonia and/or chronic hepatitis
or endocarditis. Various markers demonstrate significant phylogenetic separation between and clustering
among isolates from acute and chronic human disease. The clinical and pathological responses to infection
with phase 1 C. burnetii isolates from the following four genomic groups were evaluated in immunocompetent
and immunocompromised mice and in guinea pig infection models: group I (Nine Mile, African, and Ohio),
group IV (Priscilla and P), group V (G and S), and group VI (Dugway). Isolates from all of the groups produced
disease in the SCID mouse model, and genogroup-consistent trends were noted in cytokine production in
response to infection in the immunocompetent-mouse model. Guinea pigs developed severe acute disease when
aerosol challenged with group I isolates, mild to moderate acute disease in response to group V isolates, and
no acute disease when infected with group IV and VI isolates. C. burnetii isolates have a range of disease
potentials; isolates within the same genomic group cause similar pathological responses, and there is a clear
distinction in strain virulence between these genomic groups.

Coxiella burnetii, the etiologic agent of acute and chronic Q
fever, is an obligate intracellular bacterium with worldwide
distribution and a diverse host range. Livestock serve as the
organism’s primary reservoir and may be asymptomatic carri-
ers or exhibit reproductive disorders. Ticks are important in
the maintenance of the disease in nature and have been shown
to transmit the infection transovarially (37). Humans are most
often infected through inhalation of the bacterium in fine-
particle aerosols, though transmission may also occur through
ingestion of the organism from contaminated, unpasteurized
dairy products (22, 27). Although a high percentage of infec-
tions may result in subclinical or asymptomatic infection, hu-
mans can become ill from exposure to as few as 10 organisms
(6) and may display signs of (i) an acute flu-like iliness with or
without pneumonia and/or hepatitis (30, 31) or (ii) a chronic
disease manifesting most frequently as endocarditis and/or
hepatitis (40, 41).

C. burnetii isolates have been obtained from natural Q fever
infections in humans and other animals. Several theories have
been proposed to explain the dichotomy in development of
acute and chronic Q fever. Unique sequence differences be-
tween genomic groups are correlated with the clinical expres-
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sion of Q fever (44). Biochemical markers have grouped C.
burnetii isolates from chronic-disease patients separately from
acute-disease/arthropod/domestic animal isolates, but whether
these groupings predict virulence potential and acute/chronic-
disease outcomes has not yet been fully resolved (20). Samuel
ctal. were the first to separate these isolates and their resulting
diseases based on plasmid patterns (44). Hackstadt used vari-
ations in lipopolysaccharide (LPS) banding patterns to divide
isolates of C. burnetii into three groups, and group distinction
was noted in correlation with acute or chronic disease (16).
Hendrix et al. separated C. burnetii isolates into six genomic
groups (20). Group I to IIT isolates have a QpHI plasmid and
have been isolated from ticks, acute human Q fever cases,
cow’s milk, and livestock abortions. Groups IV and V have a
QpRS plasmid or no plasmid (with plasmid-related sequences
integrated into the chromosome), respectively, and have been
associated with livestock abortions and human chronic endo-
carditis or hepatitis. Group VI isolates were collected from
wild rodents in Dugway, UT, and were infectious but avirulent
in rodent models of disease (47, 48). Jager et al. used restric-
tion fragment length polymorphism (RFLP) to differentiate 80
C. burnetii isolates and reproduced distinguishable patterns for
reference isolates in groups I, IV, V, and VI (23). More re-
cently, multiple-locus variable nucleotide tandem repeat anal-
yses (49) have validated these groupings. Infrequent-restric-
tion-site PCR of 14 livestock and tick isolates resulted in six
groups; subsequent multiple-locus variable-number tandem re-
peat analysis typing of 42 isolates revealed 36 genotypes (2).
Glazunova et al. used multispacer sequence typing to analyze
173 isolates, a majority of which were acquired from chronic-
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TABLE 1. Isolates evaluated for virulence

Original source

Genomic Notation in
N Isolate S
group this study Sample Yr Location Discase

I Nine Mile RSA493 NM Tick 1935 Montana, US NA? (acute; flu-like in humans)
African RSA334 African Human blood 1949 Central Africa Acute; Congolese Red Fever
Ohio 314 RSA270 Ohio Cow’s milk 1956 Ohio, US Persistent

v MSU Goat Q177 Priscilla Goat Cotyledon 1980 Montana, US Abortion
P Q173 P Human heart valve 1979 California, US Endocarditis

\% G Q212 G Human heart valve 1981 Nova Scotia, Canada Endocarditis
S Q217 S Human liver biopsy 1981 Montana, US Hepatitis

specimen
VI Dugway 5J108-111 Dugway Rodents 1958 Utah, US NA

“NA, not applicable.

discase patients, and identified 30 genotypes in three mono-
phyletic groups; an association between the plasmid type, some
genotypes, and the nature of disease was observed (15). These
monophyletic groups supported the early RFLP groups and
placed groups 1, 11, and III in one monophyletic group; group
IV in the second monophyletic group; and group V in the third
monophyletic group. A comprehensive microarray-based
whole-genome comparison by Beare et al. confirmed the re-
latedness of RFLP-grouped isolates and added two more
genomic groups, VII and VIII (4). Differences in novel gene
contents and pseudogenes may be factors in the variations in
virulence seen among group I, IV, V, and VI isolates (5). It has
been shown in an intraperitoneal (i.p.)-challenge guinea pig
model that 10" organisms of the acute-disease-associated
group I isolate Nine Mile RSA493 (NM) caused fever, but 10°
chronic-disease-associated group IV isolate MSU Goat Q177
(Priscilla) organisms were required to induce fever (36).

In opposition to the theory of genotype/pathotype correla-
tion, Stein and Raoult evaluated 28 human isolates and found
that isolates bearing the QpH1 plasmid were present in both
acute and chronic Q fever patients in France and that isolates
without the QpHI plasmid were able to cause acute disease
(46). QpH1 plasmid-containing isolates have also been isolated
from chronic-endocarditis patients (50). Several groups have
speculated that host factors are primarily responsible for the
outcome of infection with C. burnetii. Individual differences in
immune function lead to varying sensitivity to infection and
disease development. In this model, acute and chronic disease
could be caused by organisms from the same isolate group, and
chronic disease could develop because of compromised resis-
tance of the host rather than as a consequence of a specific
property of the pathogen. For example, human immunodefi-
ciency virus infection is a risk factor for the development of
chronic Q fever endocarditis (9, 29). Deficiencies in the host-
specific cell-mediated immune response in Q fever patients
have been associated with the suppression of monocyte and
macrophage activities (25), and monocytes from chronic-Q
fever patients have been shown to be defective in phagosome
maturation and to have impaired C. burnetii-killing potential,
regulated in part by elevated interleukin-10 (IL-10) expression
(14). There is strong clinical evidence to support the role of
increased host production of IL-10 in the development of both
Q fever endocarditis and chronic fatigue syndrome (11, 12, 21,
39). A recent study suggested that chronic Q fever endocarditis
may be associated with atypical M2 polarization and stimula-

tion of bacterial replication (7), but the pathogenic process
that mediates this polarization was undefined.

The route of infection may also be an important determining
factor in the manifestation of acute and chronic Q fever. La
Scola et al. and Marrie et al. demonstrated that the route of
infection and the size of the inoculum affected clinical illness
and pathology associated with infection in mouse and guinea
pig models (26, 33). Differences in the geographic distributions
of the diseases have also been noted (32); in Nova Scotia, for
example, the primary manifestation of acute Q fever is pneu-
monia (34), but in France it is hepatitis, possibly due to inges-
tion of raw milk and unpasteurized cheeses (51).

The pathogenicity of C. burnetii has been evaluated using
guinea pigs, mice, and chicken embryos. Febrile response,
splenomegaly, and mortality in guinea pigs; splenomegaly and
mortality in mice; and mortality in chicken embryos are indi-
cators of virulence for C. burnetii. The establishment of an
aerosol model of C. burnetii infection in guinea pigs (43) pro-
vides a relevant model in which to test isolate virulence. Ad-
ditionally, severe combined immunodeficient (SCID) mice are
highly sensitive to the C. burnetii prototype (NM isolate) (1),
and the 50% lethal dose (LDs,) of NM in SCID mice was at
least 10® times less than in wild type mice. We speculated that
with these highly sensitive rodent models it may be possible to
observe intra- and intergroup pathogenicity differences of C.
burnetii isolates. To confirm whether SCID mice could be used
to model isolate-specific virulence, we gave multiple infectious
doses of a group IV Q fever isolate to immune-competent
CB-17 and SCID mice (on the same background) to compare
them with previously reported group I isolate (NM) infections
(1). Eight isolates from four genomic groups (Table 1) were
then evaluated for the ability to cause acute disease in SCID
mouse i.p.-challenge and guinea pig aerosol challenge models.
We hypothesized that isolates within the same genotypic group
would cause similar diseases and that there would be a distinct
difference in disease manifestations between isolate groups.
Finally, we evaluated the potential of a vaccine composed of
one C. burnetii isolate to protect guinea pigs against infection
with an isolate from another group, since cross-protection be-
tween disparate isolate groups is a further indication of anti-
genic relatedness.

MATERIALS AND METHODS

Animals. The female 6- to 7-week-old CB-17/Ier-scid/scid (SCID) and wild-
type CB-17/Ier”’* (CB-17) mice used in Japan were purchased from Japan
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CLEA (Tokyo, Japan): A/J mice were purchased from Japan SLC (Shizuoka,
Japan). A/J mice were used because they are considered more susceptible to C.
burnetii than other inbred mouse strains (45). The female 6- to 8-wecek-old SCID
and wild-type CB-17 mice used in the United States were purchased from
Taconic (Hudson, NY). Female Hartley guinca pigs weighing approximately 350
to 450 g were purchased from Charles River Laboratories (Wilmington, MA).

All infceted animals were housed in approved animal biosafety level 3 facili-
ties, and immunodeficient mice were housed under sterile conditions. All ani-
mals used in this study were acclimated to the facility and assessment procedures
during the week prior to infection to decrcase stress-related abnormalitics, An-
imal health was assessed daily by a veterinarian,

Mouse experiments performed in Japan adhered to the guidelines for animal
experiments at Gifu University. The Texas A&M University Laboratory Animal
Carc Committee reviewed and approved the mouse and guinea pig rescarch at
Texas A&M University, and experiments were carried out in AAALAC-ap-
proved facilitics in accordance with university and federal regulations.

C. burnetii. Eight C. burnetii isolates from four genomic groups (Table 1) were
used. For the initihl dose-effect experiment in Japan, C. burnetii MSU Goat Q177
(Priscilla), obtained from J. Kazar, Institute of Virology, Brastislava, Slovakia,
was maintained in mice by passage in spleen homogenates at Gifu University.
The spleen homogenates were stored at —80°C until they were used. The ab-
sence of contamination with other pathogens was confirmed by direct staining
(Giménez and Gram staining), detection of Mycoplasma DNA using a PCR
Mycoplasma detection set (Takara, Shiga, Japan), and inoculation of the spleen
homogenate into cell culture and SCID mice (independent experimental infee-
tion from the study described here). The bacterial dose was evaluated as the 50%
tissue culture infectious dose (TCIDg,) in BGM cells (buffalo green monkey
fibroblasts), the 50% infectious dose (IDsg) in CB-17 mice, and the LDs, in
SCID mice. The TCID4, was determined by detecting the bacteria 6 days after
infection using immunofluorescence staining with anti-C. buwmetii rabbit anti-
serum. The 1Dg, was determined by detecting seroconversion (immunoglobulin
G {1gG}, >1:16) using indirect microimmunofluorescence. The LDy, was deter-
mined as reported previously (1).

For all subscquent experiments, all of the C. bumnetii isolates were maintained
at the Texas A&M Health Scicnee Center. The C. buwrnetii isolates were culti-
vated in embryonated chicken eggs, purified by gradient centrifugation as pre-
viously reported (19, 44, 53), and stored at —80°C until they were used. The
absence of conlamination by other pathogens was confirmed as described above.
C. burnetii was quantified by optical density (OD) (53), direct viable-particle
count using the Live/Dead BacLight Bacterial Viability Kit (Molccular Probes,
Eugene, OR), and quantitative real-time PCR (qPCR) using primers amplifying
the coml gene (8) (sce Table S1 in the supplemental material). The bacterial
dose used for mouse infections was determined by qPCR; guinea pig doses were
calculated using the OD.

Experimental infection in mice. (i) Dose/effect experiment with the Priscilla
isolate. Six mice per group were used for the dosc/effect experiment. SCID,
CB-17, and A/J mice were inoculated i.p. with serial 10-fold dilutions of Priscilla
(10* to 1077 TCIDs, per animal) or sterile phosphate-buffered saline (PBS)
(sham infection). SCID mice were observed for 112 days (16 weeks), and CB-17
and A/J mice were obscrved for 30 days.

(ii) Genomic group comparison. Four mice per group were used for the
genomic group comparison. Each of cight C. burnetii isolates described in Table
1 (10° genome copiesfanimal) or PBS was administered i.p. to SCID and CB-17
mice. Two independent infections were performed, and the mice were observed
for 28 days (for all of the C. burnetii isolates in SCID and CB-17 mice) or until
death (for four representative C. burnetii isolates in SCID mice).

Clinical signs were evaluated every 2 days by visual observation (ruffled fur,
hunched-back appearance, and lethargy) and body weight measurement. Body
weight changes were cvaluated using a body weight index (BWI) derived as
follows: BWI = rclative body weight/mean relative body weight of the control
group; relative body weight = body weight on day “v” of infection/body weight on
the day of infection. Cachexia was diagnosed when a mouse was lethargic and
had a BWI of less than (.85, At necropsy, the spleen weight was measured as an
indicator of C. burnetii infection (54), and tissues were collected. To quantify the
growth of C. burnerii, DNA was extracted from spleen tissue and C. burnetii coml
gene copies were detected by qPCR as previously deseribed (8). The heart, lung,
liver, spleen, kidney, and femur were formalin fixed, embedded in paraffin, sliced,
and then prepared by hematoxylin-eosin staining and immunocytochemistry, as
described previously (1, 8). to cvaluate histopathologic changes and bacterial
distribution in tissues. The degree of inflammation present in cach tissue sample
was scored numerically by the following system: 0, none; 1, mild; 2, moderate; 3,
marked; 4, severe. IgG titers for phase T and II C. burnetii in the scra of CB-17
mice were measured by microimmunofluorescence as described elsewhere (1),
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For cytokine assays, blood was collected from the lateral saphenous vein at 3,7,
10, 14, and 21 days postinfection (p.i.) and via cardiac puncture at 28 days p.i.
after cuthanasia, and the group pooled sera were stored at ~80°C until they were
used. Sixteen cytokines (JL-la, IL-18, IL-2, 1L-3, 1L-4, IL-5, IL-6, IL-12p40,
IL-12p70, IL~10, granulocyte-macrophage colony-stimulating factor, gamma in-
terferon [IFN-v}, KC, macrophage inflammatory protein 1o [MIP-1a}, RANTES,
and tumor necrosis factor alpha |TNF-af) were measured using the Bio-Plex
cytokine assay system (Bio-Rad, Hercules, CA) following the manufacturer’s pro-
tocol. The cytokine quantification assay was performed in duplicate for each
sample. The cytokine levels of infected sera were cevaluated as the induction
values compared to the values of uninfected sera.

Experimental infection in guinea pigs. A chamber specially designed to deliver
droplet nuclei dircetly to the alveolar spaces (College of Engincering Shops,
University of Wisconsin, Madison), allowing the infection of multiple guinca pigs
simultancously and ensuring uniform infection within cach challenge group (35,
43, 52), was used for all guinca pig infection studies. (i) Three guinca pigs per
group werc infeeted with low (10%), mid-level (10%), or high (10%) doscs of onc of
the phase 1 C. burnerif isolates described in Table 1. Four negative control
animals werce sham infected with sterile PBS. Body weight, rectal temperature,
and behavioral attitude were recorded, along with any abnormalitics noted on
thoracic auscultation and abdominal palpation. A rectal temperature of 239.5°C
was defined as fever. The guinea pigs were observed for 28 days p.i. The spleens
and livers were weighed at necropsy. Tissues were collected and formalin fixed
for histopathologic evaluation. Scrum was obtained from cach animal for scro-
logic testing. (ii) In a separate experiment, three guinea pigs per group were
exposed to PBS or 2 X 10° particle cquivalents of NM, P, G, or Dugway. Daily
assessment of these animals was performed as described above, and the organs
were weighed at necropsy 14 days p.i. to detect splenomegaly and/or hepato-
megaly. (iii) In the heterologous-protection study, guinea pigs were vaccinated
twice with 40 pg of formalin-inactivated group I (NM) or group V (S) C. burnetii
in Freund’s incomplete adjuvant or with adjuvant alone, with 2-week intervals
between the vaccinations and infection. The animals were then infected with high
doses of cither NM or S. Three animals per group were separated into the
following six groups: (a) nonvaccinated, NM infected; (b) nonvaccinated, $
infected; (¢) NM vaccinated, NM infected; (d) S vaccinated, S infected; (¢) NM
vaccinated, S infected; and (f) S vaccinated, NM infected. The guinca pigs were
monitored for 14 days p.i. for development of fever and other clinical signs of
illness.

Histopathologic samples were prepared by hematoxylin and cosin staining or
by immunohistochemistry using a Vectastain ABC kit and a Vector NovaRed
substrate kit (Vector Laboratories, Burlingame, CA) and in-house-generated
rabbit anti-C. burnetii NM (3) and by counterstaining them with hematoxylin. All
slides were evaluated in a blinded fashion. Serum samples collected at necropsy
were tested by enzyme-linked immunosorbent assay for IgG titers against phase
1 C. hurnetii NM antigen as previously described (43). Sera from uninfected
guinca pigs were used as negative controls. )

Statistical analyses. The results were expressed as means for cach group and
were compared using one- and two-way analysis of variance or Student’s 1 test, as
appropriate. Differences were considered significant at a P valuc of <0.05.

RESULTS

C. burnetii Priscilla is infective and exhibits delayed viru-
lence in SCID mice. A detailed analysis of dose-effect in an
immunocompromised-mouse model supported the previous
study by Moos and Hackstadt that evaluated the ability of the
Priscilla isolate to cause fever in i.p.-challenged guinea pigs
(36). The infectious titer of the Priscilla isolate in the splenic
homogenate used for the multiple-dose infection was 2 % 10*
TCIDs/ml in BGM cells, 2 X 10°? IDs,/ml in CB-17 mice, and
2 X 10" LDsy/ml in SCID mice (1 TCIDs, corresponded to
10°* 1Dy, in CB-17 mice and to 10° LDy, in SCID mice). The
LD, in CB-17 mice could not be determined because no
CB-17 mice died from any infectious dose used in this study,
and the IDs, in SCID mice could not be determined due to
lack of antibody production. The 1Dy, in CB-17 mice and the
LDy, in SCID mice were similar, suggesting that SCID mice
could be lethally infected with very few viable organisms.

Multiple-dose infection of SCID mice with the Priscilla iso-



