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The nucleotide sequences of 16S ribosomal DNA (rDNA) were determined for 39 strains of Chlamydia psittaci
(34 from birds and 5 from mammals) and for 4 Chlamydia pecorum strains. The sequences were compared
phylogenetically with the gene sequences of nine Chlamydia strains (covering four species of the genus)
retrieved from nucleotide databases. In the neighbor-joining tree, C. psittaci strains were more closely related
to each other than to the other Chlamydia species, although a feline pneumonitis strain was distinct (98.3 to
98.6% similarity to other strains) and appeared to form the deepest subline within the species of C. psittaci
(bootstrap value, 99%). The other strains of C. psittaci exhibiting similarity values of more than 99% were
branched into several subgroups. Two pigeon strains and one turkey strain formed a distinct clade recovered
in 97% of the bootstrapped trees. The other pigeon strains seemed to be distinct from the strains from
psittacine birds, with 88% of bootstrap value. In the cluster of psittacine strains, three parakeet strains and an
ovine abortion strain exhibited a specific association (level of sequence similarity, 99.9% or more; bootstrap
value, 95%). These suggest that at least four groups of strains exist within the species C. psittaci. The 16S rDNA
sequence is a valuable phylogenetic marker for the taxonomy of chlamydiae, and its analysis is a reliable tool

for identification of the organisms.

Chlamydiae constitute a group of obligate intracellular or-
ganisms that are differentiated from other bacteria by their
unique developmental cycles (43). The genus Chlamydia cur-
rently contains four species, Chlamydia trachomatis, Chlamydia
pneumoniae, Chlamydia pecorum, and Chlamydia psittaci (16,
17, 22). C. trachomatis has been divided into three biotypes and
15 serovars (44). C. pneumoniae, which has been separated
from C. psittaci based on DNA-DNA reassociation and the
morphology of the elementary body (EB), is clearly discrimi-
nated by antigenic structures that react with monoclonal anti-
bodies (MADs) (32, 38). The genealogical characteristics of
another newly classified species, C. pecorum, are also distinct
(7, 16, 27). Strains of C. psittaci, which has a broader host range
than other species, have been grouped by MAbs (5, 6, 19, 28,
39) and by genetic diversity (5, 15, 18, 20, 27, 41). We have
reported that C. psittaci strains from pigeons and budgerigars
can be grouped into six immunotypes by using MAbs to a
pigeon strain and a budgerigar strain (40). Furthermore, Fuku-
shi et al. (19) and Kikuta et al. (28) have demonstrated that
extensive antigenic diversity exists not only between avian and
mammalian C. psittaci strains but also within each of the
groups. A comprehensive survey has been published by Ander-
son (6), who discriminated four avian serovars and three or
more mammalian types by using serovar-specific MAbs.

The importance of genetic relationships among chlamydial species
and strains has been established, and typing of the organisms has
been performed by many investigators. DNA-DNA homology val-
ues, which have been measured and described by Cox et al. (11) and
Fukushi and Hirai (15-17), are a basic taxonomic tool, although their
analysis is not appropriate for routine strain identification. Other
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techniques, such as restriction endonuclease analysis (15, 18, 35),
pulsed-field gel electrophoresis (14), and PCR assays (2, 4, 21, 33),
made contributions toward characterizing the genetic diversity of the
organisms. Nucleotide sequence analysis is also an effective method
for determining phylogenetic relationships as well as for genealogical
typing of microorganisms, due to its reproducibility. Recent improve-
ments in direct sequencing from PCR-amplified DNA and in auto-
mated sequencing apparatuses have made the sequence comparison
of over 1,000 nucleotides much easier to perform than DNA-DNA
hybridization or ribotyping (36). Particularly, the integration of 16S
rRNA gene (ribosomal DNA [rDNA]) sequence data has made
possible the taxonomic assignment of any bacterial organism by the
standard technique, i.e., nucleotide sequencing of small DNA frag-
ments. On the other hand, efforts to type chlamydial strains have
been concentrated on the major outer membrane protein (MOMP)
gene (7, 27, 38, 44, 45). It is evident that the resolution power of 16S
rDNA sequences is limited when closely related organisms are being
examined (1, 13), although analysis based on the sequence is a valu-
able phylogenetic marker, as is DNA reassociation (36). Early studies
of the taxonomy of species of the genus Chlamydia, using 16S rDNA
sequence analyses, have suggested the existence of species-specific
nucleotide stretches within the gene (3, 20), although the number of
strains for which the sequence was determined is limited.

The aim of this study was to detect subtle differences be-
tween C. psittaci strains by comparing the nucleotide sequences
of their 16S rDNA and to understand their phylogenetic rela-
tionships, particularly focusing on the strains of bird origin. We
also examined interspecies relatedness by using corresponding
sequences in other species of Chlamydia.

MATERIALS AND METHODS

Chlamydial strains. The strains used for the 16S rDNA analysis are shown
with their hosts in Table 1. Two sequences of both C. psittaci and C. pecorum
strains and three sequences of C. trachomatis and C. pneumoniae strains listed in
the table were retrieved from the DNA Data Bank of Japan or from the Gen-
Bank database. Although the sequence of C. psittaci 6BC, ATCC VR 1257 (the
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TABLE 1. Chlamydial strains used for sequence analysis of 16S rDNA

PHYLOGENETIC ANALYSES OF CHLAMYDIA PSITTACI 2909

Species and strain Immunotype” Source Accession no. of 16S rDNA sequence
C. psittaci
6BC, ATCC VR 125%™ Parakeet, psittacosis M13769
6BC, ATCC VR 1257 B2 Parakeet, psittacosis AB001778
Prk46 Ute Parakeet, psittacosis AB001809
Prk48 Ut Parakeet, psittacosis AB001810
Prk49 Ut Parakeet, psittacosis AB001811
GCP-1 B2 Parrot, psittacosis AB001786
Sugimoto-F Ut Cockatiel, psittacosis? AB001812
Bud-1 B2 Budgerigar, psittacosis AB001779
Bud-11F B3 Budgerigar, subclinical AB001780
Bud-16F B3 Budgerigar, subclinical AB001781
Bud-5695 B1 Budgerigar, psittacosis AB001782
Izawa-1 B1 Budgerigar, psittacosis? AB001788
Mizuno-1F B2 Budgerigar, psittacosis” AB001790
Sugawara Budgerigar, psittacosis? AB001813
P1015 P1 Pigeon, splenomegaly AB001792
P1041 P1 Pigeon, splenomegaly AB001793
P1305 P1 Pigeon, splenomegaly AB001794
P1307 P3 Pigeon, splenomegaly AB001795
P1313 P3 Pigeon, splenomegaly AB001796
P1315 P3 Pigeon, splenomegaly AB001797
P1321 P3 Pigeon, splenomegaly AB001798
P1605 P3 Pigeon, subclinical AB001799
P1646 P1 Pigeon, subclinical AB001800
P1888 P1 Pigeon, subclinical AB001801
PCM9 P1 Pigeon AB001808
PCM27 P2 Pigeon AB001804
PCM30 P2 Pigeon AB001805
PCM44 P1 Pigeon AB001806
PCM55 P1 Pigeon AB001807
PCM131 P1 Pigeon AB001803
Pgn-Au-46 P2 Pigeon AB001802
T-3 P3 Dove, psittacosis AB001814
T-4 P3 Dove, psittacosis ABO001815
Tk-CAL Turkey, psittacosis AB001816
Tk-NJ Turkey, psittacosis AB001817
Itoh B1 Human, psittacosis® AB001787
Ohmiya P3 Human, psittacosis? AB001791
Cal-10, ATCC VR 122 Ut Ferret or human AB001784
Koala Koala, conjunctivitis AB001789
OEA” Sheep, abortion 749872
B577, ATCC VR 656 Ut Sheep, abortion AB001783
Fe-145 Ut Cat, pneumonitis AB001785
C. pecorum
BE* Koala U73782
Bo/E8* Cattle U73785
Bo-1485 Ut Cattle, pneumonitis AB001774
Bo-Maeda Ut Cattle, pneumonitis ABO001775
Bo-Yokohama Ut Cattle, pneumonitis AB001776
SPV-789 Ut Sheep, subclinical AB001777
C. pneumoniae
TW-183, ATCC VR 2282™ Human, pneumonitis 749873
P14 Human U73783
N16“ Horse U73784
C. trachomatis
434, ATCC VR 902B“ Human, lymphogranuloma venereum M59178
HAR-13¢ Human D89067
SFPD“ Hamster, ileitis M83313

“ Nucleotide sequence of the strain was retrieved from the database.

b Chlamydial strains were antigenically divided into six immunotypes, B1, B2, B3, P1, P2, and P3, by using MAbs.

¢ Ut, untypeable.
< Human psittacosis-related strain.

type strain of the species), has already been reported by Weisburg et al. (42), we
determined the sequence of the same strain to confirm the reliability of the direct
sequencing method employed in this study. A sequence from a C. psittaci strain
which is not shown in the table, GPIC (guinea pig inclusion conjunctivitis), was

also compared with other sequences. However, since the available sequence was
too short to apply the analysis employed in this study, it was eliminated from the
calculations for phylogenetic analysis and for determining similarity values. Un-
determined nucleotides in retrieved sequences of the strains OEA (ovine enzo-
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otic abortion) of C. psittaci, BE and Bo/E8 of C. pecorum, P1 and N16 of C.
pneumoniae, and SFPD of C. trachomatis were changed to the predicted con-
sensus nucleotides, based on the results of multiple alignment. These alterna-
tions possibly underestimate the nucleotide divergence of these strains from the
others.

The strains used for the determination of 16S rDNA sequences included 13
strains from four species of Psittaciformes (4mazona aestiva, Psittacula krameri,
Nymphicus hollandicus, and Melopsittacus undulatus), 19 strains from two species
of Columbiformes (Columba livia and Zenaida asiatica), 2 strains from turkeys
(Meleagris gallopavo), and 7 strains from mammals. Two human strains, Itoh and
Ohmiya, were isolated from psittacosis patients. Four psittacine strains, Sugi-
moto-F, Izawa-1, Mizuno-1F, and Sugawara, were isolated from birds raised by
psittacosis patients. Four C. pecorum strains were also used for the sequence
determination in order to define the phylogenetic positions of C. psittaci strains
within the genus Chlamydia. The sources and references for these strains were
described previously (39), except for strains Koala, Sugawara, Tk-CAL, and
Tk-NJ. The strain Koala was isolated from a koala (Phascolarctos cinereus) with
clinical signs of severe conjunctivitis (40), and the strain Sugawara was isolated
from a budgerigar (Melopsittacus undulatus) raised by a human psittacosis pa-
tient. The two turkey strains were isolated from individual ornithosis cases. Most
of the strains were previously characterized and typed antigenically with MAbs
by the authors (39). The results of immunotyping are shown in Table 1. All
strains used for sequencing were propagated in the embryonic yolk sacs of hens’
eggs. Ten-percent suspensions of the infected yolk sacs were prepared with a
mortar and pestle, and they were stored at —80°C until use.

Extraction of chlamydial DNA. Partially purified EBs were used for the ex-
traction of chlamydial genomic DNA. The yolk sac suspension carrying chlamyd-
iae was Dounce homogenized for 20 strokes and clarified by low-gravity centrif-
ugation at 300 X g for 10 min. Chlamydial particles in the supernatant were
sedimented at 5,000 X g for 60 min at 4°C. The pellet was suspended in 1 ml of
0.2 M Tris-Cl, pH 7.4, and sonicated at 130 W for 3 min at 10°C. The suspension
was trypsinized with acetyltrypsin solution (0.2 mg/ml) (Sigma Chemical Co., St.
Louis, Mo.) at 37°C for 20 min. The digested suspension sonicated by the above
procedure was layered onto 3 ml of 25% sucrose in 33 mM Tris-Cl, pH 7.4, and
centrifuged at 6,500 X g for 60 min at 4°C. The resultant white sediment
containing EBs was resuspended in 50 ul of 10 mM Tris-Cl-1 mM EDTA, pH
7.4. The genomic DNA was extracted from the partially purified EB suspension
with a DNA extraction kit (SMITEST; Sumitomo Kinzoku Kogyo Co. Ltd.,
Tokyo, Japan) according to the manufacturer’s instructions.

Sequence determination of 16S rDNAs. The chlamydial genomic DNA extracted
from EBs was used for PCR amplification of the 16S rDNA. To amplify the DNA,
PCR was performed with a pair of generic primers for chlamydiae, primer A(C) (5’
AGAATTTGATCTTRGTT 3') and primer B(C) (5’ ggctaccttgttacgact 3"), and
with Pfu DNA polymerase (Stratagene, La Jolla, Calif.) according to the manufac-
turer’s instructions. During the PCR amplification, biotin was introduced into one of
the strands of the PCR product, using one of the primers biotinylated in the 5’ end.
The PCR products of the DNA were then converted into a single-stranded template
by immobilization onto ferrous beads (Dynabeads; Dynal A.S., Oslo, Norway) with
coupled streptavidin on the surface and denaturation with NaOH, as described by
Hultman et al. (25, 26). The immobilized template was used for Sanger dideoxy
DNA sequencing, as modified by Zimmermann et al. (46), with a panel of oligonu-
cleotide primers designed for chlamydiae. The 5" termini of the sequence primers
were labeled with fluorescein isothiocyanate, and the procedures for polyacrylamide
gel electrophoresis and determining DNA sequences were performed according to
the manufacturer’s instructions for the A.L.F. DNA Sequencer II (Pharmacia Bio-
tech, Uppsala, Sweden).

Sequence alignment, calculation of similarity values, and phylogenetic tree
construction. The nucleotide sequences of the 16S rDNA determined in this
study were aligned manually along with the sequences retrieved from the DNA
Data Bank of Japan or GenBank (Table 1). Evolutionary distance values were
estimated by Kimura’s two-parameter method (29) with the BioResearch (Fu-
jitsu, Japan) SINCA program package. Percent similarity between individual
sequences (A and B) was calculated with the Lasergene MegAlign program
package (DNASTAR Inc., Madison, Wis.) as follows: similarity (A, B) = 100 X
sum of the matches/[length — gap residues(A) — gap residues(B)]. The neigh-
bor-joining method of Saitou and Nei (34) was employed to construct a phylo-
genetic tree with the BioResearch SINCA program. The topology of the tree was
evaluated by a bootstrapping method (12).

Nucleotide sequence accession numbers. The nucleotide sequence data re-
ported in this paper appear in the GSDB, DDBJ, EMBL, and NCBI nucleotide
sequence databases with the accession numbers listed in Table 1.

RESULTS

Nucleotide sequences of chlamydial 16S rDNAs. In this study,
nucleotide sequences were determined for the 16S rDNAs of 44
strains of C. psittaci and 4 strains of C. pecorum (Table 1). They
were analyzed along with the sequences appearing in previously
published papers (33, 42) or in nucleotide databases. Two nucle-
otide sequences for C. psittaci 6BC, ATCC VR 1257, were iden-
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tical, indicating that the direct sequencing method is reliable.
Alignment was performed from nucleotide residues 8 to 1,504
(the numbering system is based on that of Escherichia coli [10]).
The 1,507-, 1,508-, 1,509-, and 1,507- to 1,508-base lengths of the
sequences of C. psittaci, C. pecorum, C. pneumoniae, and C. tra-
chomatis strains, respectively, correspond to 1,510 bases of the
multiple alignment (including gapped residues).

Similarity values of chlamydial 16S rDNAs. Table 2 shows
percent similarities and evolutionary distance values for com-
binations of the chlamydial 16S rDNA sequences. The similar-
ities were quite high between sequences of the same species,
except for C. psittaci Fe-145, from feline pneumonitis, and C.
trachomatis SFPD, from hamster ileitis. Most combinations of
strains in the same species exhibited a level of sequence sim-
ilarity of 99.0% or more and 1.0 or fewer substitutions per 100
nucleotides. Although the strains Fe-145 and SFPD were more
closely related to strains of their own species than to strains of
other species, they were distinct within their species. The level
of sequence divergence observed between the strain Fe-145 or
SFPD and strains of different species ranged from 94.0 to
96.0%, while between strains of the same species, sequence
divergence ranged from 98.3 to 98.7%. One hundred-percent
similarities were observed in many combinations within the
same species, although there was no apparent dependence on
the hosts of the strains. Strains that were epidemiologically
related showed high similarity values. For example, 100% sim-
ilarity values were found among strains Prk46, Prk48, and
Prk49 and between Bud-11F and Bud-16F. Ten isolates from
feral pigeons, P1015 to P1888, exhibited sequence similarities
of 99.8% or more.

Phylogenies of chlamydial 16S rDNAs. Close relatedness of
each species of the genus of Chlamydia, as shown in Table 2,
was also apparent in the neighbor-joining tree (Fig. 1). The
clusters of all species had relatively deep sublines branching
from a position close to the periphery of the genus. The most
distant pair of strains within a species was C. psittaci Fe-145
and P1321, whose evolutionary distance was 1.85 per 100 bases
(Table 2). The Fe-145 strain, which appeared distinct within
the species, exhibited the deepest branch in the clade. Such
deep branches were also observed in strain SFPD of C. tracho-
matis and strain N16 of C. pneumoniae, whose evolutionary
distance values with other strains in the clade were 1.70 to 1.71
and 0.92 to 0.99 per 100 bases, respectively (Table 2). On the
other hand, C. pecorum strains were similar to each other in
that they produced a specific cluster (bootstrap value for the
strains, 100%). Within the cluster of C. psittaci strains, except
for Fe-145, several sublines were branched at positions that
were relatively close to each other. Some of the subgroups
were recovered in 80% or more of the bootstrap trees. A
pigeon strain, a white-winged dove strain, and a turkey strain
formed a distinct subgroup that was recovered in 97% of the
bootstrapped trees. The other pigeon strains seemed to be
distinct from the strains from psittacine birds, with a bootstrap
value of 80%. The cluster formed by the 18 Columbiformes
strains and two other strains was further branched into several
subgroups. Nine pigeon strains (immunotype P1) and one tur-
key strain seemed to be related more to each other than to the
other strains (immunotype P2 or P3), although bootstrap anal-
ysis did not reveal the specific association of these subgroups
(Iess than 70%). The clusters of psittacine strains, which were
made up of the strains from members of the order Psittaci-
formes (parrots and parakeets), humans, and a koala, were
closely related to each other, except for three parakeet strains
and two ovine abortion strains. These last five strains exhibited
a specific association, with a bootstrap value of 95%.
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TABLE 2. Percent similarity and evolutionary distance for the 16S rDNA sequences of chlamydial strains”
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6BC Covv 99.8 999 999 999 997 996 99.7 99.7 995 997 996 999 998 99.7 98.7| 962 962 96.1 963 964 96.0 959 959 953 950 956
Prk46 (2) 0.21 99.7 99.7 99.6 995 994 995 995 993 995 994 997 996 999 985 | 96.2 96.2 96.0 962 963 958 957 957 952 950 095.6
Bud-1 0.07 0.28 999 997 99.6 995 996 996 995 99.6 99.5 999 997 996 986 | 962 96.2 96.0 962 963 959 958 958 952 949 955
Sugawara 0.07 028 0.14 99.7 99.6 99.5 99.6 99.6 995 996 995 99.9 997 996 986 | 962 962 96.0 962 963 959 958 958 952 949 955
P1015 (6) 021 042 028 0.28 999 99.8 999 999 993 999 994 997 999 995 985| 962 96.1 960 962 962 958 957 957 952 948 954
P1307 (3) 035 056 042 042 0.14 999 99.7 999 992 999 993 996 999 993 983 | 962 961 960 962 962 956 956 956 950 947 953
P1321 042 064 049 049 021 0.07 99.7 99.8 99.1 99.8 992 995 998 993 983 | 96.1 96.0 959 961 962 956 955 955 950 946 952
PCM9 (2) 035 056 042 042 0.14 0.28 0.35 99.7 992 997 993 996 99.7 993 985 | 962 961 960 962 962 958 957 957 952 948 954
PCM27 (1) 035 056 042 042 0.14 0.14 021 0.28 993 999 993 996 999 993 985 962 96.1 960 962 962 956 956 956 952 948 954
Pgn-Au-46 (1) | 049 071 056 056 071 085 092 085 0.71 99.2 999 995 993 992 985 | 964 963 962 964 964 958 958 958 954 950 095.6
T-4 035 056 042 042 0.14 0.14 021 028 0.14 0.85 993 99.6 999 993 983 | 96.0 96.0 958 96.0 96.1 956 956 956 950 947 953
Tk-NJ 042 064 049 049 0.64 0.78 085 078 078 0.07 0.78 995 994 993 984 | 963 962 96.1 963 964 959 958 958 953 950 956
Ohmiya 0.07 028 0.14 0.14 028 042 049 042 042 056 042 049 99.7 99.6 98.6| 962 962 960 962 963 959 958 958 952 949 955
Cal-10 021 042 028 028 0.14 0.14 021 028 0.14 071 0.14 0.64 0.28 995 985 962 96.1 960 962 962 958 957 957 952 948 954
B577 (1) 0.28 0.07 035 035 049 0.64 0.71 064 064 078 064 0.71 035 0.49 983 96.1 96.0 959 96.1 962 956 956 956 951 949 955
Fe-145 142 164 149 149 164 178 185 164 164 164 178 171 149 1.64 1.71 959 958 957 959 960 952 951 955 952 949 0955
BE 354 362 362 362 369 369 376 3.69 369 347 384 354 3.62 3.69 3.69 399 999 997 999 998| 956 956 957 950 948 952
Bo-1485 (1) 3.62 3.69 369 369 377 377 384 377 377 354 391 3.62 3.69 377 377 4.07| 0.07 99.7 999 999| 956 955 956 950 947 952
Bo-Maeda 3776 384 384 384 391 391 399 391 391 369 406 376 384 391 391 421|035 0.28 99.7 99.6| 954 954 955 948 946 950
Bo-Yokohama 3.54 3.62 3.62 3.62 3.69 369 376 369 3.69 347 384 354 362 369 369 399 0.14 0.07 0.35 999 | 955 954 956 949 946 95.1
SPV-789 3.47 354 354 354 362 3.62 3.69 362 362 339 376 347 354 362 362 391|021 0.14 042 0.07 954 954 955 948 946 950
TW-183 398 421 4.06 4.06 421 436 443 421 436 413 436 4.06 4.06 421 429 489 451 458 473 466 474 999 99.1| 93.8 93.6 94.1
P1 406 429 413 413 429 444 451 429 444 421 443 413 413 429 436 496 458 4.66 481 474 481| 0.07 99.0| 93.7 935 94.0
N16 398 421 406 4.06 421 436 443 421 436 413 436 4.06 4.06 421 428 443 435 443 457 450 458 092 0.99 9377 935 942
434 488 500 500 500 503 518 526 503 503 480 518 488 496 503 503 495 480 488 503 496 503 6.19 626 6.18 99.5 98.3
HAR-13 511 504 519 519 527 542 549 527 527 503 542 511 519 527 511 518 496 504 519 511 519 627 635 626 042 98.3
SFPD 465 458 473 473 480 496 503 480 480 458 496 4.65 473 480 465 472 465 473 488 481 488 589 597 572 1.70 1.71

“ Boxes enclose values within a particular species. Percent similarity is shown in the upper right half of the chart. Evolutionary distance, expressed as percent diversity, is shown in the lower left half.
® The number in parenthesis is the number of chlamydial strains which have identical 16S rDNA sequences. Identical strains are as follows: with 6BC, GCP-1, Sugimoto-F, Bud-1, Bud-11F, Bud-16F, Bud-5695, Izawa-1,
Mizuno-1F, Itoh, and Koala; with Prk46, Prk48 and Prk49; with P1015, P1041, P1305, P1646, P1888, PCM131, and Tk-CAL; with P1307, P1313, P1315, and P1605; with PCM9, PCM44 and PCMS55; with PCM27, Pgn-Au-46,
B577, and Bo-1485, PCM30, T-3, OEA, and Bo/ES8, respectively.
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FIG. 1. Unrooted neighbor-joining tree based on 16S rDNA sequences in the strains of four species of the genus Chlamydia. The numbers indicate the estimated
confidence levels, expressed as percentages, for the positions of the branches as determined by bootstrap analysis (12) with 1,000 replications. Bootstrapping values less
than 70% are not shown. The scale bar indicates the evolutionary distance value (K,,,.) between sequences, determined by measuring the lengths of the horizontal lines
connecting two organisms. The designation B1, B2, B3, P1, P2, or P3 shown in brackets indicates an immunotype determined previously by using MAbs (39). In the
strains marked ““”, to minimize the branch length, undetermined residues in the sequence were changed to match the nucleotides conserved in other sequences.

DISCUSSION

Our treeing analysis based on the 16S rDNA sequence ex-
hibited specific associations within species of the genus Chla-
mydia. This indicates that 16S rDNA is a suitable marker for
the identification of Chlamydia to the species level. Other
treeing analyses in chlamydial phylogeny have been performed
comprehensively by Kaltenboeck et al. (27) and Zhang et al.
(45) based on the MOMP gene, which contains variable do-
mains and conserved regions, as does 16S rDNA (37). Further-
more, MADs recognizing surface-exposed epitopes of the
MOMP have been used to type strains of chlamydiae (5, 6, 19,
28, 30, 31, 39). Therefore, sequence analysis with the MOMP

gene may have an advantage over analysis with 16S rDNA in
terms of correlation with antigenic structures of the organisms.
Nevertheless, phylogenetic trees based on the MOMP gene
sequence (27, 45) are close in detail to our tree in their branch-
ing patterns. Particularly, interspecies relatedness and the phy-
logenetic position of a feline pneumonitis strain are nearly
identical to those of our tree. The difference in the percent
similarity between two genes reflects the difference in the
length of sublines within a certain species cluster. For example,
99.7% similarity between strains 6BC, of parrot origin, and
B577, from an aborted ewe, in their 16S rDNAs (Table 2) is
equivalent to more than 79.8% similarity in their MOMP genes
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(27). Such dissimilarity causes shorter sublines for both strains
in our tree. 16S rDNA is remarkably conserved in the genus
Chlamydia (7, 20), while the MOMP gene is highly variable
even within a particular species. This may be because strains
that are closely related in terms of phylogeny have been adapt-
ing to distinct host animals such as birds and mammals and
suffering immunological pressures in the animal body. The
modes of immunological response are so different that gene
mutations induced in regions coding surface-exposed epitopes
of the MOMP may be diverse.

The robustness of distant relatedness between a feline pneu-
monitis strain and other “authentic” C. psittaci strains was
confirmed in the 16S rDNA sequence analyses. This was con-
sistent with reported data based on chromosomal DNA-DNA
relatedness (11, 15), restriction fragment length polymorphism
analysis of rDNA (18), and serovar-specific MAbs (6). Re-
cently, Herring summarized diversity among C. psittaci strains
in his review (24) and concluded that four groups exist within
the species: avian strains, ruminant abortion strains, feline
pneumonitis, and GPIC. From the low level of DNA-DNA
relatedness between the former two groups and the latter two
groups (11, 15), discrimination of at least two taxa has been
confirmed. In the present study, a region of 570 nucleotides in
the GPIC 16S rDNA was used for sequence comparison (data
not shown). A nucleotide change was found at four residues
from the corresponding region of strain 6BC, while nine
changes exist in the regions of strain Fe-145. Since the phylo-
genetic distinctiveness of GPIC in the species C. psittaci is still
unclear, it is necessary to determine the full length of the
sequence.

Except for the feline pneumonitis group, C. psittaci strains,
including ovine abortion strains, exhibit a relatively low level of
divergence in 16S rDNA. The phylogenetic positions of strains
B577 and OEA were closer to those of psittacine strains than
to two other clusters formed by strains from members of the
order Columbiformes and turkeys. Although the ovine abor-
tion strains specifically formed a monophylic clade with three
parakeet strains, the phylogenetic independence of the rumi-
nant abortion group was not clear in the 16S rDNA. On the
other hand, one of the clades formed by strains Tk-NJ, from a
turkey with ornithosis, Pgn-Au-46, from a pigeon (9), and T3,
from a white-winged dove (23), could be clearly discriminated
from the others. This indicates that substantial divergence ex-
ists within the avian strains of C. psittaci.

The other Columbiformes strains also formed a monophylic
cluster, which was recovered in 80% of bootstrapped trees. In
each clade further branched from the Columbiformes cluster,
strains tended to share the same profile of reactivities with a
panel of MADbs against a pigeon strain of C. psittaci (39). On
the other hand, immunotypes of the psittacine strains (B1 to
B3) did not seem to correspond to particular clusters in the
phylogenetic tree. This difference observed in the strain groups
is probably due to the degree of antigenic variability in pigeon
strains. The pigeon immunotypes were discriminated by 9 of 13
MADs tested, while the psittacine strains were typed by 3 of 9
clones. This is consistent with the uniformity of 16S rDNA in
psittacine strains, except for three that are closely related to
ovine abortion strains.

We encountered two strains in which phylogenetic positions
were not consistent with previous reports. Strain Ohmiya, from
a human psittacosis patient who raised pigeons, was immuno-
typed as P3 in a previous study and was expected to belong to
the Columbiformes group, although it was rather close to
psittacine strains. This may be explained by the fact that the P3
(and P2) immunotype has been characterized by its low reac-
tivities with group-specific MAbs (39). Strain Koala, from a
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koala with conjunctivitis, has been classified as C. pneumoniae
because of its MOMP gene sequence (17, 27, 38). However, it
showed 100% similarity in 16S rDNA with eight strains from
psittacine birds and one strain from a human psittacosis pa-
tient. More strains from the koala must be examined to explain
this result.

The two turkey strains used in this study were also distant
from each other in the phylogenetic tree, suggesting that at
least two genotypes exist within strains from the host animal.
However, it is possible that the turkey infections caused by
these organisms were transmitted by contact with carrier pi-
geons or other free-living birds. If so, analyses based on the 16S
rDNA sequence of other turkey strains should be able to clar-
ify the epizootiology of these taxa.

Kaltenboeck et al. (27) drew dendrograms of chromosomal
DNA reassociation based on the data sets of DNA-DNA hy-
bridization (11, 15) for comparison with their MOMP tree.
Most of the branching patterns revealed in our phylogenetic
tree agreed with the above-mentioned dendrogram. Stack-
ebrandt and Goebel (36) reported that organisms that have
less than 97.0% homology in rRNA will not reassociate to
more than 60% genomic relatedness, regardless of which hy-
bridization method is applied. However, the reverse is not true;
several combinations of strains of either mycobacteria or Fi-
brobacter with 99% or more homology in rRNA sequences
showed less than 50% relatedness in DNA reassociation (1, 8).
These findings indicate that highly homologous 16S rDNAs do
not always reflect genealogically close relatedness. However,
branching patterns in a phylogenetic tree based on the 16S
rDNA sequence were more reliable than those produced by
other genetic typing analyses, if the bootstrap value was suffi-
ciently high. In the present study, the degree of nucleotide
change within a particular species of the genus Chlamydia was
relatively small, but the bootstrapping tree of the species was
recovered with high probabilities. This suggests that the se-
quence diversity of the gene is stable and that such a stretch
may be species- or taxon-specific.

In this study, we showed species specificity of the 16S rDNA
of the genus Chlamydia. However, due to the limited number
of strains used in the analysis, the branching pattern in the
phylogenetic tree may change. Therefore, it is necessary to
complete the 16S rDNA sequence database for all of the typ-
ical strains of the undetermined taxa of the genus Chlamydia
and to determine the sequences for more strains in each taxon.
Detecting a specific sequence in order to identify pathogenic
agents such as chlamydiae is important because of the possi-
bility of identification of the organisms directly from clinical
specimens without the fastidious procedures required for iso-
lation. In addition, the lability of TRNA molecules can be
useful for detecting active infection with chlamydiae rather
than the persistence of dead organisms. Sequence analysis of
about 1,500 nucleotides has become rapid and inexpensive (13,
36). This improvement has made the sequence comparison of
16S rDNA much easier to perform than DNA-DNA hybrid-
ization or ribotyping. Additional analyses, such as the sequenc-
ing of the MOMP gene or 16S-23S intergenic spacer regions,
which are more variable than 16S rDNA, should be employed
for more precise identification.

The present phylogenetic analysis based on 16S rDNA se-
quences indicates that at least the following four groups exist
within the species C. psittaci: (i) a feline pneumonitis strain, (ii)
Pgn-Au-46 and two other strains, (iii) ovine enzootic abortion
strains and three parakeet strains, and (iv) other strains from
members of the orders Columbiformes and Psittaciformes, in-
cluding strains related to human psittacosis. The fourth group
of strains can probably be subdivided into several subgroups,
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such as psittacine strains and pigeon strains. If the node for a
feline pneumonitis strain is regarded as an independent species
or subspecies, strains of mouse pneumonitis and SFPD in the
clade of C. trachomatis and a nonhuman strain(s) of C. pneu-
moniae, respectively, may also need to be considered for re-
classification.
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