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DNA sequences coding for 81% of the ompA gene from 24 chlamydial strains, representing all chlamydial
species, were determined from DNA amplified by polymerase chain reactions. Chlamydial strains of serovars
and strains with similar chromosomal restriction fragment length polymorphism had identical omp4 DNA
sequences. The ompA sequences were segregated into 23 different ompA alleles and aligned with each other, and
phylogenetic relationships among them were inferred by neighbor-joining and maximum parsimony analyses.
The neighbor-joining method produced a single phylogram which was rooted at the branch between two major
clusters. One cluster included all Chlamydia trachomatis ompA alleles (trachoma group). The second cluster was
composed of three major groups of ompA alleles: psittacosis group (alleles MN, 6BC, A22/M, B577, LW508,
FEPN, and GPIC), pneumonia group (Chlamydia pneumoniae AR388 with the allele KOALA), and polyar-
thritis group (ruminant and porcine chlamydial alleles LW613, 66P130, L71, and 1710S with propensity for
polyarthritis). These groups were distinguished through specific DNA sequence signatures. Maximum
parsimony analysis yielded two equally most parsimonious phylograms with topologies similar to the ompA tree
of neighbor joining. Two phylograms constructed from chlamydial genomic DNA distances had topologies
identical to that of the ompA phylogram with respect to branching of the chlamydial species. Human serovars
of C. trachomatis with essentially identical genomes represented a single taxonomic unit, while they were
divergent in the ompA tree. Consistent with the ompA phylogeny, the porcine isolate S45, previously considered
to be Chlamydia psittaci, was identified as C. trachomatis through biochemical characteristics. These data
demonstrate that chlamydial ompA allelic relationships, except for human serovars of C. trachomatis, are

cognate with chromosomal phylogenies.

Chlamydia represents the single genus of the family
Chlamydiaceae and the order Chlamydiales. 1t is currently
composed of four species, Chlamydia psittaci, Chlamydia
pecorum, Chlamydia pneumoniae, and Chlamydia tracho-
matis (16, 18, 33). These bacteria depend on energy from
eucaryotic cells and are characterized by their unique devel-
opmental cycle. The extracellular elementary bodies reorga-
nize into fragile reticulate bodies upon entry into the host
cell. These reticulate bodies divide within membrane-bound
host cell compartments by binary fission and condense into
a new generation of infectious elementary bodies.

Chlamydiae cause clinically inapparent infections and a
variety of diseases in humans, marsupials and other mam-
mals, and birds. In humans, the most notable are trachoma
and urogenital infections due to C. trachomatis, respiratory
infections due to C. pneumoniae, and psittacosis caused by
C. psittaci (44). In animals, C. psittaci and C. pecorum are
capable of inducing diverse disease syndromes like pneumo-
nia, enteritis, abortion, urogenital infections, mastitis, poly-
arthritis, polyserositis, encephalitis, and conjunctivitis (52).

The four species can be readily distinguished. C. tracho-
matis is characterized through the presence of glycogen

* Corresponding author.

t Publication 111 of the Gene Probes and Expression Systems
Laboratory of the Department of Veterinary Microbiology and
Parasitology.

f Present address: II. Medizinische Universitédtsklinik fuer
Klauentiere, Veterindrmedizinische Universitit Wien, A-1030 Vi-
enna, Austria.

487

within oval, vacuolar intracellular inclusions and growth
inhibition by sulfadiazine (33). Chlamydiae lacking these
properties and possessing pleomorphic, dense inclusions are
classified as C. psittaci and C. pecorum (16, 33). The only
exception is C. pneumoniae, which follows the pattern of C.
psittaci but exhibits unique seroreactivity and apparently
pear-shaped elementary bodies (8). Serovars of C. trachom-
atis are well established. Isolates of C. pneumoniae appear
to be antigenically uniform (6). Subspecies differentiation
within the heterogeneous species C. psittaci and C. pecorum
has been attempted on the basis of inclusion morphology and
effect of cytoactive agents (49), plaque neutralization (45,
46), microimmunofluorescence (11, 36), and monoclonal
antibodies (1, 14, 55) and by genetic approaches such as
restriction fragment length polymorphism (RFLP) analysis
of chlamydial chromosomal DNA (6, 29, 56), the presence
and properties of plasmids (27, 30, 57), and DNA-DNA
hybridization (8, 15).

Chlamydiae were proposed as a separate eubacterial divi-
sion with a possible distant relationship to the genus Planc-
tomyces (60). Phylogenetic relations within the genus are
poorly understood. The currently established chlamydial
species share less than 10% chromosomal DNA similarity
(8).

The gene encoding the major outer membrane protein
(MOMP), ompA (64), is about 68% identical between C.
psittaci and C. trachomatis (67) and between C. pneumoniae
and C. trachomatis and about 71% identical between C.
psittaci and C. pneumoniae (32). MOMP functions as a
redox-gated porin molecule and contributes through intra-
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TABLE 1. Chlamydial strains used in partial omp4 DNA sequencing

Sequence identical

Chlamydial strain t0 ompA allele: Biovar® Serovar® RFLP type® Host Host clinical condition(s) Reference
C. psittaci
BMZ1121 MN Cattle Mastitis 23
6BC Avian 1c Parakeet  Systemic infection 33
B577 1 1 Avian 2b Sheep Abortion 36
SV139 B577 1 1 Cattle Seminal vesiculitis 36
wt parakeet B577 Parakeet  Systemic infection 22
LW508 1 1 Cattle Enteritis 36
FEPN 7 7 Cat Live vaccine 36
FEPN Pring FEPN Cat Conjunctivitis 62
FEPN Baker FEPN Feline 1 Cat Pneumonia 3
KOALA Koala Keratoconjunctivitis 17
C. pecorum
LW613 2 2 Cattle Polyarthritis 36
LW623 LW613 2 2 Cattle Encephalomyelitis, polyarthritis 36
FcStra LW613 2 2 Cattle Conjunctivitis, polyarthritis 36
IPA LWweé13 Ruminant 1b  Sheep Polyarthritis 35
ES8 LWé613 Ruminant 1c  Cattle Encephalitis 31
L14 LWé613 6 Cattle Pneumonia 36
JP1751 LW613 9 Sheep Intestinal infection 36
66P130 3 3 Cattle Intestinal infection 36
L71 4 4 Swine Polyarthritis 36
17108 4 6 Swine Abortion 36
1708 17108 4 6 Swine Pneumonia 36
C. pneumoniae
AR388 Human Respiratory infection 6
C. trachomatis
MOPN Mouse Mouse Mouse Pneumonia 34
S45 Swine Inapparent intestinal infection 36

“ Biovars were determined by Spears and Storz (49).
b Serovars were determined by Perez-Martinez and Storz (36).
¢ RFLP types were determined by Fukushi and Hirai (15).

and intermolecular disulfide bonds to the structure of the
chlamydial envelope (4). Four evenly spaced variable do-
mains (VD), which determine the serovars of C. trachoma-
tis, interrupt highly conserved regions (2, 50).

Macromolecules conserved throughout a genus such as
MOMP can serve as molecular chronometers of evolution-
ary distances within bacterial genera (26, 63). Phylogenetic
relationships between taxa can be inferred from variations in
the aligned protein or DNA sequences of such chronometric
proteins.

The ompA sequences of 24 chlamydial strains were deter-
mined from DNA amplified in polymerase chain reactions
(PCR). These gene sequences were aligned with previously
published sequences into 23 distinct ompA alleles. Neighbor-
joining (NJ) and maximum parsimony analyses were used to
ascertain the evolution of the chlamydial ompA locus and its
relation to the chromosomal genealogy of chlamydial spe-
cies.

(This paper contains parts of a dissertation presented by
B.K. to the Graduate School of Louisiana State University
in partial fulfillment of the requirements for the degree of
Doctor of Philosophy.)

MATERIALS AND METHODS

Chlamydial strains. Twenty-one strains of C. psittaci and
C. pecorum (representing at least five biovars, seven sero-
vars, and five RFLP types), two strains of C. trachomatis,
and one strain of C. pneumoniae were used to determine the

partial DNA sequence of their ompA locus. The origins of
these isolates, DNA sequence identity among them as found
in this investigation, and other relevant information are
summarized in Table 1.

All chlamydial strains except C. pneumoniae AR388 and
C. psittaci KOALA were propagated in developing chicken
embryos as described previously (36). Strain S45 was also
cultivated in L-cell monolayer cultures and examined for the
presence of glycogen within the inclusions (33).

Crude chlamydial DNA was extracted from infected-yolk-
sac homogenates as described earlier (22). Purified DNAs
from C. pneumoniae AR388 and from C. psittaci KOALA
were kind gifts of L. A. Campbell, University of Washing-
ton, Seattle, and Adeeb A. Girjes, University of Queens-
land, Brisbane, Australia, respectively.

PCR amplification of chlamydial omp4 DNA fragments.
Chlamydial ompA DNA fragments were amplified from 10 to
100 ng of crude chlamydial DNA by PCR (42). A schematic
representation of the ompA locus including the relative
positions of oligonucleotide primers used in PCR and DNA
sequencing is presented in Fig. 1, and the primers are listed
in Table 2. Oligonucleotide primers were synthesized in our
laboratory on a GenePlus Synthesizer (Pharmacia-LKB,
Piscataway, N.J.) by phosphoramidite chemistry and used
without further purification. With the exception of SGPF and
3GPB, these oligonucleotide primers hybridized to chlamyd-
ial ompA DNA sequences conserved throughout the genus.
Primers 5GPF and 3GPB were used to amplify the ompA
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FIG. 1. Schematic representation of the chlamydial ompA locus
indicating the relative location of the oligonucleotide primers used in
PCR and DNA sequencing. The translated region of the ompA locus
is boxed, and the leader peptide is darkly shadowed. Four VD are
interspersed among highly conserved regions. Vertical bars mark
every 200 nucleotides of the translated region. Numbered oligo-
nucleotide primers are drawn to scale only with 3’ ends. The
translated ompA region which was sequenced in all strains is
indicated with bold lines. The ompA genes of strains BMZ1121,
6BC, B577, wt parakeet, SV139, LW508, FEPN, FEPN Pring, and
FEPN Baker were amplified by PCR by using C. psittaci subspecies-
specific primers 1 and 7 (SGPF and 3GPB). Other ompA genes
were amplified with Chlamydia genus-specific primers 2 and 8
(—20CHOMP and CHOMP371). Plus-stranded DNA for sequencing
was produced by PCR by using primers 1 and 2, respectively, and
minus-stranded DNA was produced with primer 7 or 8. Genus-
specific primers 3, 4, 5, and 6 (9CHOMP, 119CHOMP, 191CHOMP,
and 277CHOMP, respectively) were employed for sequencing
minus-stranded ompA DNA fragments, and genus-specific primers
8, 9, 10, and 11 (CHOMP371, CHOMP271, CHOMP185, and
CHOMP111, respectively) served in confirmatory sequencing of
positive-stranded ompA DNA.

genes of strains BMZ1121, 6BC, B577, wt parakeet, SV139,
LW508, FEPN (feline pneumonitis), FEPN Pring, and
FEPN Baker (22). Other chlamydial strains were amplified
with the degenerate and inosine-containing oligonucleotide
primers —20CHOMP and CHOMP371, which yielded a
DNA fragment of approximately 1,200 bp.

PCR were performed with 2.5 U of Tag DNA polymerase
(GIBCO-BRL, Gaithersburg, Md.) in 100-ul reaction mix-
tures containing 0.01% bovine serum albumin and 0.1%
Tween 20 in 20 mM Tris-HCl (pH 8.3)-25 mM KCI-2 mM
MgCl,-200 pM (each) deoxynucleoside triphosphate and
with each primer at 0.2 uM. The samples were overlaid with
mineral oil and subjected to 30 cycles of 1 s at 96°C, 1 min at
59°C (primers 5GPF and 3GPB) or 1 min at 42°C (primers
—20CHOMP and CHOMP371), and 1 min at 72°C in a
programmable DNA Thermal Cycler (Eppendorf, Fremont,
Calif.). A final incubation at 72°C for 7 min was performed,

“and the reaction mixtures were analyzed by 1.5% agarose gel
electrophoresis.

Production of single-stranded DNA and dideoxy-DNA se-
quencing. Single-stranded DNA of the amplified omp4 DNA
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fragments for DNA sequencing was produced in a modifica-
tion of the asymmetric PCR (24). This method differed in that
only one of the original primers was used at 0.4 pM, and
incubation at 72°C was performed for 2 min. Ten-microliter
aliquots of previous PCR containing the amplified ompA
DNA fragment were used for the production of single-
stranded DNA. The number of cycles varied depending on
the primer: 18 cycles for CHOMP371, 20 cycles for SGPF, 25
cycles for 3GPB, and 30 cycles for —20CHOMP. A final
incubation was not performed.

Single-stranded DNA was purified by centrifugal ultrafil-
tration and sequenced with Sequenase 2.0 (United States
Biochemical Corp., Cleveland, Ohio) as described earlier
(24). The minus-sense, single-stranded DNA of all ompA
fragments was sequenced, and positive-sense single-
stranded DNAs served as sequencing controls.

Sequence alignment and dissimilarity matrices. In addition
to partial ompA DNA sequences obtained in this investiga-
tion, we used for phylogenetic inference previously pub-
lished sequences (38, 67) of C. psittaci MN (meningopneu-
monitis), A22/M (avian RFLP type), and GPIC (guinea pig
inclusion conjunctivitis); C. trachomatis A, B, C, E, F, H,
L1, and L2 (2, 19, 37, 39, 50, 66); and VD sequences of C.
trachomatis Ba, D, G, I, J, K, and L3 (65). The ompA
sequences were aligned by pairwise comparison on the
peptide level to ensure correct alignment of functionally
homologous residues. The University of Wisconsin Genetic
Computer Group software package, version 6.1 (9), was
used to align the deduced MOMP peptides, corresponding to
nucleotides 184 to 1170 of C. psittaci MN (67). Gaps were
introduced in the nucleotide sequences according to the
aligned peptide sequences. The final alignment included
1,068 putatively homologous nucleotide positions (Fig. 2),
translating into 356 amino acids (Fig. 3).

Dissimilarities between ompA DNA and MOMP peptide
sequences were calculated as 100 minus 100 times the length
of the aligned sequences reduced by the number of positions
with gaps and mismatches divided by the average sequence
length without gaps of the two sequences compared (9). The
dissimilarity matrices of chlamydial chromosomal DNAs
were compiled from the data of Cox et al. (8) and Fukushi
and Hirai (15). Averages of the genomic DNA relations
between human strains of C. trachomatis were calculated by
using additional data (25, 61).

The deduced amino acid sequences were analyzed for
hydrophilicity and amphipathicity in the software package

TABLE 2. Oligonucleotide primers used in PCR amplification and DNA sequencing of the chlamydial ompA4 genes

No. Designation® Sequence Position®
1 SGPF 5’ ACGCATGCAAGACACTCCTCAAAGCC 3’ -146--121
2 —20CHOMP 5' TTAGAGGT(AG)AG(AT)ATGAA(AG)AA 3’ -12-8

3 9CHOMP 8’ GCI(CT)TGCCTGTIGGGAA(CT)CCIGCIGA(AG)CC 3’ 64-92
4 119CHOMP 8’ TGGGATIGITT(TC)GAI(AG)TITT(CT)TG(CT)AC 3’ 397422
5 191CHOMP 8’ GCI(CT)TITGGGA(AG)TG(CT)GGITG(CT)GCIAC 3’ 613-638
6 277CHOMP 5’ CCITA(CT)AT(ACT)GGIGTIAAITGG 3’ 877-897
7 3GPB 85’ ACGAATTCCTAGGTTCTGATAGCGGGAC 3’ +60-+33
8 CHOMP371 5’ TTAGAAIC(GT)GAATTGIGC(AG)TTIA(TC)GTGIGCIGC 3’ +3-1177
9 CHOMP271 5’ CCAITTIACICC(AGT)AT(AG)TAIGG 3’ 897-877
10 CHOMP185 8’ CCIA(AG)IGTIGC(AG)CAICC(AG)CATTCCCA 3’ 644-619
11 CHOMP111 5’ GTICAGAAIA(TC)ITC(AG)AAICG(AG)TCCCA 3’ 422-397

“ OMP, outer membrane protein gene; CH, Chlamydia. The number of the primer designation indicates the codon of C. psittaci MN (67) at the 3’ end of the
primer, and the position of the number left or right of the letters identifies sense or antisense priming, respectively.
® Position of the primer (5’ to 3') on the ompA gene of C. psittaci MN. — and +, 5’ and 3’ nontranslated regions of the ompA locus, respectively.
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FIG. 2. Alignment of nucleotide sequences of the partial chlamydial ompA locus. Sequences were translated and pairwise aligned as
peptide sequences by using the University of Wisconsin Genetic Computer Group software package. These alignments including gaps were
transferred to the corresponding nucleotide sequences. Dots represent nucleotides of aligned sequences identical to the MN sequence; letters
represent deviating nucleotides, and hyphens or solid lines indicate gaps. VD are marked by horizontal brackets above the MN sequence.
Nonsynonymous, phylogenetically informative positions used in maximum parsimony analysis of the ompA locus are identified by two

asterisks above the MN sequence, and synonymous informative sites are identified by a single asterisk.
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MacVector (International Biotechnologies, New Haven, C. trachomatis MOPN and S45, the complete known se-

Conn.).

quences of human C. trachomatis A, B, C, E, F, H, L1, and

Phylogenetic inference. In addition to partial omp4 DNA L2 were also used for the construction of phylograms. The
sequences of C. psittaci, C. pecorum, C. pneumoniae, and chlamydial ompA and genomic DNA dissimilarity matrices
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were entered as input in the NJ method for reconstructing
phylogenetic trees (43). The midpoint rooting option was
used to root the resultant phylogram at the midpoint of the
branch path between the two most distant operational taxo-
nomic units (OTU) (41).
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The results of the NJ algorithm defined C. trachomatis
ompA genes as outgroup for maximum parsimony analysis
with the software package PAUP, version 3.0 (54). Different
options to construct the phylograms were employed to
minimize the chances of suboptimal results due to idiosyn-
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crasies of the algorithms. Phylograms were constructed by
using 598 informative sites (variable sites where at least two
OTU potentially share a derived nucleotide), 419 nonsynon-
ymous character changes, or 179 synonymous changes.

We attempted to construct a phylogram of the species C.
trachomatis based on the results of the phylogram of the
genus. Data about ompA constant regions were missing for
C. trachomatis serovars Ba, D, G, I, J, K, and L3. These
regions were therefore excluded (positions not analyzed
were 1 to 45, 211 to 327, 463 to 621, 700 to 825, and 952 to
1068). MOPN was specified as outgroup to polarize the
character states.

Nucleotide sequence accession number. The GenBank ac-
cession numbers of 11 ompA sequences are M73033,
M73034, M73035, M73036, M73037, M73038, M73039,
M73040, M73042, M73043, and M73044.

RESULTS

Structure of the chlamydial ompA loci. Analysis of ompA
DNA and deduced peptide sequences representing approxi-
mately 81% of the protein coding region revealed the pres-
ence of all salient features of the chlamydial ompA locus
described previously (2, 7, 12, 19, 21, 32, 37-39, 50, 51, 65—

67). Four VD interrupt highly conserved regions of the
ompA genes at precisely the same locations as found earlier.
We repositioned the 3’ end of VD III 12 nucleotides in the 3’
direction (positions 696 and 232 in Fig. 2 and Fig. 3,
respectively) because of substantial dissimilarity of ompA
alleles LW613 and 66P130 to other ompA alleles. Conserved
regions between VD had identical lengths in all ompA genes,
while VD differed in length. We sequenced the complete
ompA coding region of strains BMZ1121, 6BC, B577, wt
parakeet, and FEPN (data not shown) and found that the
lengths of 5’ and 3’ terminal regions were conserved. Thus,
the DNA sequence between the start codon and the first
nucleotide in Fig. 2 was 183 bp long, and the sequence
between nucleotide 1068 in Fig. 2 and the 3’ end of the
protein coding region of the ompA locus including the stop
codon was 39 bp long.

Cysteines at positions 93, 171, 173, and 332 (Fig. 3) were
present in all chlamydial strains analyzed. The cluster of
cysteines at positions 26, 29, and 33 in the C. psittaci MN
ompA gene (67) was conserved in all ompA alleles (data not
shown). A cysteine residue at position 196 (Fig. 3), previ-
ously identified only in C. trachomatis, was found in MOMP
peptides of the ompA allele KOALA, in C. pneumoniae
AR388, and in C. trachomatis MOPN and S45. Additional
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FIG. 3. Alignment of deduced amino acid sequences of partial chlamydial MOMP peptides. Dots represent amino acids of aligned
sequences identical to the MN sequence, letters represent deviating amino acids, and hyphens or solid lines indicate gaps. VD are marked
by horizontal brackets above the MN sequence.
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cysteines at position 321 were found in ompA alleles 66P130,
KOALA, and AR388 and at position 75 in FEPN.

A hydrophobic nonapeptide within VD IV was present in
all MOMP peptide sequences. VD I, II, and IV in all
MOMPs contained linear regions of significant hydrophilic-
ity (data not shown), rendering them potential B-cell
epitopes. Such regions might function as antigenic determi-
nants defining the serovar status of the ompA alleles (2, 50).
A T-helper-cell epitope has been defined in C. trachomatis
MOMP (53). This peptide, ALNIWDRFDVF (positions 82
to 92 in Fig. 3), was conserved in ompA alleles GPIC, FEPN,
LW613, KOALA, AR388, S45, and MOPN, and a single
substitution of valine to isoleucine was present in MN, 6BC,
A22/M, B577, LW508, 66P130, L71, and 1710S. This con-
servative substitution did not change the overall amphi-
pathicity of the T-cell epitope and is likely to result in an
equally effective T-helper-cell epitope.

Sequence dissimilarities among chlamydial ompA loci. We
first compared chlamydial ompA4 DNA sequences by direct
alignment without introducing gaps. The complete ompA
locus of C. psittaci wt parakeet was identical to that of B577,
and that of BMZ1121 was identical to that of MN. Chlamyd-
ial strains with identity of the partial ompA genes were
SV139 and B577; FEPN, FEPN Pring, and FEPN Baker;
1710S and 1708; and LW613, LW623, FcStra, IPA, E58,
L14, and JP1751. The complete ompA DNA sequences of
strains 6BC and A22/M deviated by 2 and 11 bases, respec-
tively, from that of MN. The 6BC ompA DNA sequence was
identical to the one recently published by Everett et al. (12).
The partial ompA locus of LW508, a mammalian serovar 1
strain of C. psittaci (36), differed in only three nucleotide
positions (two amino acid residues) within the conserved
regions from the serovar 1 isolate B577. The complete ompA
locus of strain B577 had a single base difference (synony-
mous substitution at position 793, Fig. 2) from that of C.
psittaci S26/3, which is, like B577, an isolate from ovine
abortion (21) and which was treated as ompA allele B577.
The partial ompA DNA sequence of C. pneumoniae AR388
was identical to the sequences of two other strains of C.
pneumoniae (7, 32). The KOALA ompA DNA sequence was
surprisingly similar to that of C. pneumoniae AR388 and
differed by only 20 nucleotides and 9 amino acids. Generally,
chlamydial strains of the same biovar, serovar, or RFLP
type (15, 36) had identical or closely related ompA alleles.
We selected one strain of each group of identical chlamydial

ompA loci as the representative (ompA allele) for further
analysis.

Similarities between partial omp4 DNA sequences of
chlamydial strains were less pronounced when calculated
after the introduction of gaps during multiple pairwise align-
ments with the University of Wisconsin Genetic Computer
Group software. Chlamydial ompA alleles, listed in Table 3,
were aligned as peptide sequences (Fig. 3). This approach
yielded a more consistent alignment of functionally homol-
ogous residues than did alignment of nucleotides.

Dissimilarities between partial ompA DNA sequences are
presented in the lower triangle of Table 4. They extend from
0.2 for MN and 6BC to a maximum of 38.4 for the relation of
C. pecorum ompA allele 66P130 to C. trachomatis H. The
dissimilarities between MOMP peptide sequences were also
analyzed (data not shown). DNA sequence dissimilarities
below 10% correlated well with peptide sequence dissimilar-
ities, which were not more than 2.5% lower than the ob-
served DNA sequence dissimilarities. However, the peptide
dissimilarity was on average 10% lower than the DNA
sequence dissimilarity for ompA loci with more than 10%
DNA differences. These differences ranged from a minimum
of 8.5% peptide dissimilarity and 14.2% nucleotide dissimi-
larity between 1710S and LW613 to a maximum difference of
21.5% peptide dissimilarity and 36.5% nucleotide dissimilar-
ity between C. pecorum L71 and C. trachomatis A. Alter-
native codon usage accounted for these differences (5), and
we interpreted them as an indication of correct sequence
alignment.

Molecular evolution. The 24 partial chlamydial ompA4 DNA
sequences obtained in our study combined with previously
published sequences provided a data set for deriving a
phylogeny of the ompA locus.

A single chlamydial ompA phylogenetic hypothesis illus-
trated in Fig. 4 was identified by using the ompA dissimilar-
ity data of Table 4 in the NJ algorithm (41). Mantel test
statistics (28) indicated a very good fit (cophenetic correla-
tion, 0.93) and a low error probability of the phylogram in
relation to the original ompA dissimilarity matrix (the ob-
served Z value was greater than the Z values found in 250
random permutations of one matrix order). The midpoint
rooting algorithm of the NJ method provided a possible
solution to the problem of the unknown ancestral chlamyd-
iae. The root of this phylogenetic tree was placed at the
branch between the cluster of C. trachomatis ompA alleles
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TABLE 3. Chlamydial ompA representatives used in phylogenetic inference

ompA allele? Biovar Serovar(s)®> RFLP type(s) Host(s) Host clinical condition(s) Reference(s)®
C. psittaci
MN Avian 1b Birds, cattle, ferret/human? Respiratory infection, mastitis 13, 67
6BC Avian 1c Birds, human Respiratory and systemic infections
A22/M° Avian Unknown Unknown 38
B577 1 1 Avian 2b Ruminants, parakeet, Abortion, seminal vesiculitis, 20, 21
human systemic infection
LW508 1 1 Cattle Enteritis
FEPN 7 7 Feline 1 Cat, muskrat, human Conjunctivitis, pneumonia, systemic 11, 15, 47
infection
GPIC 8 8 Guinea pig Conjunctivitis 67
KOALA Koala Keratoconjunctivitis
C. pecorum
66P130 3 3 Cattle Inapparent intestinal infection
LW613 2 2,6,9 Ruminant la, Ruminants Polyarthritis, encephalitis,
1b, 1c® pneumonia, conjunctivitis
L71 4 4 Swine Polyarthritis
17108 4 6 Swine Pneumonia, abortion
C. pneumoniae
AR388 Human Respiratory infection
C. trachomatis
MOPN Mouse Mouse Mouse Pneumonia
S45 Swine Intestinal infection
A Trachoma A Human Trachoma 2
B Trachoma B Human Trachoma 2,50
Ba Trachoma Ba Human Trachoma 65
C Trachoma C Human Trachoma 2,50
D Trachoma D Human Urogenital infection 65
E Trachoma E Human Human Urogenital infection 37
F Trachoma F Human Urogenital infection 66
G Trachoma G Human Urogenital infection 65
H Trachoma H Human Urogenital infection 19
I Trachoma 1 Human Urogenital infection 65
J Trachoma J Human Urogenital infection 65
K Trachoma K Human Urogenital infection 65
L1 LGV* L1 Human LGV 39
L2 LGV L2 Human Human LGV 2,50
L3 LGV L3 Human LGV 65

@ Serovars, RFLP types, hosts, and clinical conditions associated with a group of chlamydial strains with identical partial ompA loci are listed with the

representative ompA allele.
3 Serovars of C. trachomatis were determined by Wang et al. (58, 59).

< Sources of ompA DNA sequences are listed. Fukushi and Hirai (15) provided information for grouping chlamydial isolates into ompA allele MN; Herring et
al. (20, 21) provided information for grouping isolates into ompA allele B577; and Eb et al. (11), Fukushi and Hirai (15), and Schachter et al. (47) provided

information for grouping isolates into ompA allele FEPN.

9 C. psittaci MN was isolated via ferret passage from a human influenza patient (13). It is now agreed upon that this patient suffered from psittacosis.
€ The exact origin of ompA allele A22/M is unknown, and it is now considered an avian RFLP type of C. psittaci (21).
f Elementary bodies of strains L14 (assigned to serovar 6) and JP1751 (designated serovar 9) exhibited 100% cross-reactivity with LW623 (C. pecorum ompA

allele LW613) antiserum (36).

& C. pecorum Bo/Maeda of the ruminant 1a RFLP type exhibited 0 and 12% DNA dissimilarity to C. pecorum ompA allele LW613 IPA (ruminant 1b) and ES8

(ruminant 1c), respectively (15).
# LGV, lymphogranuloma venereum.

(termed trachoma group) and all other chlamydial ompA
alleles.

Murine isolate MOPN represented the most ancestral C.
trachomatis ompA allele, followed by the porcine allele S45.
Human ompA alleles of C. trachomatis sorted out by sero-
groups, as expected for a phylogeny based on the genetic
determinants of serovars. They were differentiated in two
clades, with serogroup C ompA alleles A, C, and H compos-
ing one clade and serogroup B alleles B, E, F, L1, and L2
clustering as the other one. Serovar F, related to serogroup
B, was ancestral to the other serogroup B alleles within this
second clade.

The second cluster of related chlamydial ompA alleles was
composed of three groups of C. psittaci, C. pecorum, and C.
pneumoniae alleles. C. pecorum alleles 66P130, LW613,

L71, and 1710S of ruminant or porcine origin with propensity
for polyarthritis formed one group (polyarthritis group). C.
pneumoniae AR388 and the KOALA ompA allele repre-
sented the pneumonia group. C. psittaci alleles GPIC,
FEPN, B577, LW508, MN, 6BC, and A22/M formed the
psittacosis group of ompA alleles. These groups were differ-
entiated by distinct DNA sequence signatures: nucleotides
562 to 564 (Fig. 2) were unique in the polyarthritis group of
ompA alleles, 700 to 714 were unique in the psittacosis
group, 760 to 768 were unique in the pneumonia group, and
1037 to 1056 were unique in the trachoma group.
Maximum parsimony analyses of the chlamydial ompA
locus were performed with several algorithms within the
software package PAUP (54). On the basis of the results of
the NJ method, all C. trachomatis ompA alleles including
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TABLE 4. Chlamydial genomic DNA and partial ompA locus dissimilarities®*?

Allele C. psittaci m.:%“M.M C. pecorum C. trachomatis
MN 6BC A22M B577° LW508 FEPNY GPIC KOALA AR388° 66P130 LW61¥ L71 17108 MOPN  S45 L1 L2 B E F A C H
MN 35 34.0 77.5 70.0 94.5 95.0
10.5 63.5 68.0 90.0 88.5 72.2
6BC 0.2 16.5 70.5 74.0 94.2 95.0
40.5 69.0 90.0 96.0 85.0
A22M 1.1 0.9
B577 20.3 202 21.0 69.5 67.5 92.0 94.5
76.5 99.0 96.0 90.0
Lws08 204 203 21.1 0.3
FEPN 24.1 240 245 21.8 219 68.5 92.7 91.5
89.5 94.5 78.0
GPIC 242 241 244 219 22.0 21.5 93.5 95.0
KOALA 322 321 320 303 30.4 30.4 30.7
AR388 324 323 324 304 30.5 30.5 30.9 2.1 94.7
66P130 347 347 350 342 343 31.8 31.5 31.9 32.5
Lwe613 338 33.7 339 329 33.0 31.7 30.1 31.3 31.3 20.6
97.5 84.7
L71 338 33.7 338 32.8 32.9 32.6 30.2 30.7 30.9 18.0 8.8

17108 344 343 345 344 345 334 30.7 313 31.3 18.3 142 140
MOPN  36.0 359 363 344 343 35.6 359 37.4 37.4 34.4 36.7 36.0 353

68.7

S45 37.1 37.0 37.2 357 35.6 359 356 35.7 36.1 35.4 358 345 354 259

L1 36.3 36.2 36.5 361 36.2 35.8  36.6 36.3 36.0 36.2 354 360 36.6 253 21.6 4.0 40 40 4.0 40 4.0 4.0
L2 37.2 371 373 357 358 35.6 36.4 35.8 35.6 36.6 353 352 363 257 215 175 40 4.0 4.0 40 4.0 4.0
B 369 368 37.0 359 36.0 36.5 36.5 36.4 36.3 37.4 36.1 37.0 372 262 214 69 75 40 4.0 4.0 4.0 4.0
E 374 373 376 359 361 359  36.7 35.5 35.4 36.5 359 361 36.6 258 217 80 94 9.1 40 40 4.0 4.0
F 36.5 364 36.6 38.2 383 36.9 378 37.6 37.8 359 36.0 36.5 363 268 248 159 175 18.0 18.1 40 4.0 4.0
A 383 383 383 375 376 36.4 35.6 37.4 37.0 38.2 36.1 36.5 36.7 27.2 261 20.6 209 20.8 223 228 4.0 4.0
C 37.7 377 377 369 370 355 353 36.9 36.2 38.2 36.3 363 357 274 264 216 21.2 21.1 227 237 4.9 4.0
H 37.1 371 372 36.7 368 35.8 352 36.9 36.5 38.4 36.3 36.0 36.1 273 25.6 21.2 21.2 21.1 226 233 4.6 3.0

¢ Percent chlamydial genomic DNA dissimilarities are displayed in the upper-right-hand triangle; percent dissimilarities between chlamydial ompA loci are displayed in the lower-left-hand triangle.

® DNA dissimilarity values compiled from the data published by Fukushi and Hirai (15) are shown in italic under the respective values from Cox et al. (8).

¢ DNA dissimilarity data published by Cox et al. (8) are derived from an ovine abortion isolate of C. psittaci, which is termed ‘“ABORTION”” in phylogram A of Fig. 6.

4 DNA dissimilarity data for ompA allele FEPN are derived from strain FEPN Baker, termed Fe/Pn-1 by Fukushi and Hirai (15).

¢ DNA dissimilarity data for strain AR388 are derived from C. pneumoniae TW183, AR39, LR65, and AR458 and were used as “‘C. pneumoniae” for the construction of phylogram A in Fig. 6. All strains of
C. \:«E:e:..ﬁm examined exhibit identical restriction patterns and have less than 6% mutual DNA dissimilarity (6, 8).

DNA dissimilarity data for ompA allele LW613 are derived from C. pecorum Bo/Maeda. Bo/Maeda is RFLP type ruminant 1a and is 0 and 12% dissimilar to C. pecorum IPA (ruminant 1b) and ES8 (ruminant

1c), respectively (15, 16). These strains are of the LW613 ompA allele.

& DNA dissimilarities between human serovars of C. trachomatis and other chlamydiae are summarized under the ompA allele L2 and were used as ‘“‘human C. trachomatis” for the construction of the
phylograms in Fig. 6.

N All human serovars of C. trachomatis examined exhibit DNA dissimilarities among each other between 0 and 8% (8, 15, 24, 61).
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FIG. 4. Phylogram of the partial chlamydial ompA locus inferred
by the NJ method. A single phylogenetic tree (phylogram) was
constructed from the chlamydial ompA dissimilarity data (Table 4).
The root was placed at the midpoint of the branch path between the
two miost distant OTU. Phylogenetically related groups of chlamyd-
ial ompA alleles are indicated by brackets. Boldface type, C. psittaci
and C. pecorum; open type, C. pneumoniae; open italic type, C.
trachomatis.

S45 were specified as outgroup. Two equally most parsimo-
nious phylograms were found for the set of nonsynonymous,
informative character changes (419 sites), each with a total
length of 1,274 evolutionary steps and a consistency index of
0.568 (Fig. 5). One thousand random permutations of the
data set resulted in an average tree length of 2,646 steps and
a highly skewed length distribution of these trees, indicating
with high probability that the informative sites in these trees
exhibited nonrandom character changes.

Both unrooted phylograms had a topology quite similar to
that of the phylogram obtained by the NJ method. The main
difference was the clustering of AR388 and KOALA ompA
alleles with the polyarthritis group of ompA alleles. Also,
ompA alleles L1, L2, B, and E of C. trachomatis serocom-
plex B separated in a way slightly different from that of the
NIJ phylogram. The ompA alleles MN and 6BC, and B577
and LWS508, respectively, lacked differences in nonsynony-
mous characters and were not distinguished. Branching of
GPIC and FEPN was the only topological difference be-
tween the two equally parsimonious phylograms. GPIC was
ancestral to FEPN in tree 2, while they were congeneric in
tree 1 (Fig. 5).

We also performed maximum parsimony analyses with the
complete ompA data and with synonymous character
changes. The two phylograms resulting for each data set had
essentially the same topologies as the trees inferred from the
nonsynonymous character changes. The only differences
were in branching of S45 and human serovars of C. tracho-
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matis. We rejected these hypotheses because the consis-
tency indices were lower (0.542 and 0.457, respectively) than
those of the nonsynonymous ompA phylograms.

On the basis of the phylogeny of the genus, we attempted
to infer a most parsimonious phylogram of the ompA alleles
of the species C. trachomatis. MOPN was specified as
outgroup, and the data set consisted of the nonsynonymous
sites of the VD region of omp4 DNA sequences from all
serovars of C. trachomatis. Fourteen equally most parsimo-
nious phylograms which varied considerably in their topol-
ogies were found (data not shown). Serovars B, Ba, D, E,
L1, and L2 composing serogroup B and serovars A, C, H, I,
and J composing serogroup C always clustered. Serovars F
and G related to the B complex were a separate group but
associated with the serogroup B cluster, and intermediate
serovars K and L3 always were grouped with the C complex.

Correlation of the chlamydial ompA phylogeny with the
chromosomal phylogeny. Two approaches to estimate the
degree of congruence of the chlamydial ompA phylogeny
with the chromosomal phylogeny were explored. The sulfa-
diazine-sensitive chlamydial strain S45 had previously been
considered to be C. psittaci (49). This strain should belong to
the species C. trachomatis if the ompA tree correctly re-
flected chlamydial genomic evolution. Iodine staining of
S45-infected L-cell monolayers demonstrated the presence
of glycogen within the inclusions. Therefore, according to
current taxonomic criteria for chlamydiae, we classified
strain S45 as C. trachomatis.

Cox et al. (8) and Fukushi and Hirai (15) presented data on
the chromosomal DNA-DNA relationships between chla-
mydiae. We constructed two chromosomal chlamydial phy-
lograms from these dissimilarity data sets (Table 4, upper-
right triangle) with the NJ algorithm. The chromosomal
DNA dissimilarities between human serovars of C. trachom-
atis and between strains of C. pneumoniae are less than 8%,
and these chlamydiae appear essentially identical within the
precision limits of solution DNA hybridization. Averages of
the dissimilarity data of these strains were therefore com-
piled into single OTU as ‘“‘human C. trachomatis’> and ““C.
Dpneumoniae,’ respectively.

Both data sets yielded single, unrooted phylograms with
the NJ method (Fig. 6). Midpoint rooting was impossible in
both trees because of statistically equivocal maximum
branch path lengths between several OTU. Both trees fit
well to the data matrix (0.94 cophenetic correlation for tree
A from the data of Cox et al. [8] and 0.84 for tree B from the
data of Fukushi and Hirai [15]).

Tree A displayed three groups of highly dissimilar taxa:
human C. trachomatis, C. pneumoniae, and the group of C.
psittaci MN, 6BC, ABORTION, GPIC, and FEPN. Simi-
larly, three clusters of chlamydiae with unresolved phyloge-
netic relationships were present in tree B: human C. tra-
chomatis with MOPN, polyarthritis ompA allele LW613, and
the cluster of C. psittaci MN, 6BC, B577, and FEPN.

The topology of these phylograms—without considering
the unresolved basal branching—is in agreement with the
ompA-based trees. The single genomic OTU of human
serovars of C. trachomatis exhibits considerable ompA
dissimilarities compared with the distance span between
ompA alleles MN and GPIC with a divergent chromosome
(Fig. 4).

DISCUSSION

We sequenced a major part of the ompA locus of 24
chlamydial strains and used these data for phylogenetic
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FIG. 5. Phylograms of the partial chlamydial ompA locus inferred by maximum parsimony analysis. Two equally most parsimonious
hypotheses (phylograms) resulted from analysis of nonsynonymous ompA character changes (Fig. 2) with PAUP. C. trachomatis ompA alleles
were specified as outgroup. Both trees consist of 1,274 evolutionary steps with a consistency index of 0.568. The topology of trees 1 and 2
differs in branching between FEPN and GPIC. The branch lengths of the phylograms are not entirely proportional to the number of inferred
nonsynonymous character changes because of missing data (gaps) at different positions in pairs of ompA4 DNA sequences. Boldface type, C.
psittaci and C. pecorum; open type, C. pneumoniae; open italic type, C. trachomatis.

inference. A phylogenetic tree constructed for a genetic
locus does not necessarily represent the evolutionary path-
way of the taxa involved. Construction of phylograms from
several loci increases the probability of identifying a gene
tree that is congruent with the species tree (10). In this
report, we present several lines of evidence that the chla-
mydial ompA relationships reflect chromosomal DNA differ-
entiation of three chlamydial species but not of the human
serovars of C. trachomatis.

Does the ompA locus meet the criteria for a useful
chronometer of evolutionary divergence with selective neu-
trality and random nucleotide change (63)? We analyzed by
maximum parsimony whether selective forces, which most
likely act on the chlamydial ompA locus, have resulted in
different phylogenies of synonymous and nonsynonymous
ompA sites. Both data sets yielded two equally most parsi-
monious phylograms with virtually identical topologies.
Moreover, these phylograms were highly similar to the one

derived by the NJ method from the ompA distances and to
the hypothesis put forward by Carter et al. (7). These results
suggest that the chlamydial ompA locus, despite presumably
strong selective constraints, may be used for accurate phy-
logenetic reconstruction.

The lack of an outgroup sequence for Chlamydia spp.
precluded testing of monophyly in the phylograms con-
structed and left some ambiguity about the correctness of the
root as found by a numerical method (Fig. 4). We used the
midpoint method to root the ompA phylogram generated by
the NJ method. This method is most appropriately applied to
phylogenies with constant evolution rates. Such an assump-
tion cannot be tested for a phylogeny consisting only of
extant chlamydial ompA alleles. The placement of the root in
the middle of a relatively long branch most likely indicates
correct rooting. Furthermore, a phylogram of the chlamydial
ompA locus inferred by different algorithms from a smaller
data set was rooted at a similar position (7). The phylograms
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FIG. 6. Phylograms inferred from chlamydial chromosomal
DNA distances by the NJ method. Single phylogenetic trees were
constructed from chlamydial genomic DNA dissimilarities (Table 4)
established by Cox et al. (8) (tree A) and Fukushi and Hirai (15) (tree
B). Data for “human C. trachomatis’> were compiled under ompA
allele L2 in Table 4, data for ‘‘C. pneumoniae’> were compiled under
AR388, and data for strain “ABORTION”’ were compiled under
allele B577. Both trees are unrooted because of statistically equiv-
ocal maximum branch path lengths between the most distant OTU
(tree A, human C. trachomatis, C. pneumoniae, MN; tree B,
MOPN, LW613, B577). Boldface type, C. psittaci and C. pecorum;
open type, C. pneumoniae; open italic type, C. trachomatis.

derived from chlamydial chromosomal DNA distances
(Fig. 6) suggest rooting at one of the branches among the
four major groups of chlamydial ompA alleles (psittacosis,
polyarthritis, pneumonia, and trachoma).

We assessed the agreement of the chlamydial ompA
phylogeny with the phylogeny derived from chromosomal
distances. Supporting evidence for the concordance of
ompA and chromosomal phylogeny was provided by the
biochemical identification of ompA allele S45 as C. tracho-
matis. This finding implies that species variation of chlamy-
dial ompA alleles has evolved by mutational drift without
significant recombination. In contrast, by recent analysis of
nucleotide sequence variations in Salmonella phase 1 flagel-
lin genes it was inferred that lateral transfer and intragenic
recombination events of these genes generate new Salmo-
nella serovars (48). Thus, Salmonella strains expressing the
same phase 1 antigens may be distantly related in overall
chromosomal genotype while strains exhibiting different
phase 1 antigens may be nearly identical in genotype.

The congruence of chlamydial species and ompA trees
was tested by reconstructing phylograms by using the NJ
method and two independent sets of chlamydial chromo-
somal DNA distance data (Fig. 6). These chromosomal
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phylogenies were concordant with the ompA trees with
respect to the separation of the four major groups of ompA
alleles.

Human serovars of C. trachomatis have virtually identical
genomes but highly divergent ompA loci. Our failure to
identify by maximum parsimony analysis an unambiguous
ompA tree for the species C. trachomatis can indicate
significant levels of intragenic recombination. Immunologi-
cal selection might promote such a process, as has been
proposed earlier (50). Lateral transfer of gene segments is
difficult to envision for Chlamydia spp. because it requires in
all likelihood the close proximity of replicating forms (retic-
ulate bodies) of two chlamydial variants within a single
intracellular inclusion. This phenomenon has been demon-
strated through the presence of organisms of two C. tra-
chomatis serovars in inclusions which fused after superin-
fection of HeLa cells (40).

Strains with the omp4 LW613 allele display significant
heterogeneity in serological reactivity, genomic RFLP, and
chromosomal DNA. Lateral transfer of the ompA locus
might have conferred a selective advantage on these strains.

The intriguing finding that the ompA allele KOALA is
closely related to C. pneumoniae might be explained by a
similar transfer of the ompA locus. Alternatives would be
mutational drift of the human C. pneumoniae ompA allele in
the heterologous host, Phascolarctos cinereus (koala), or a
common ancestry for both alleles.

The ompA sequences determined in this study also repre-
sent an important data base. Improved nucleic acid- and
peptide-based methods for detection, differentiation, and
serodiagnosis of chlamydial infections can be developed
with these sequences.

The results presented in this report together with earlier
investigations promise avenues for advancing the taxonomy
of Chlamydia spp. Further analyses of chromosomal diver-
gence and of genetic loci other than ompA should provide
additional data for comprehensive reclassification of the
order Chlamydiales.

ACKNOWLEDGMENTS

We gratefully acknowledge helpful discussions and assistance for
the phylogenetic analyses from Joseph Spatafora and Meredith
Blackwell, and we thank Daniel E. Dykhuizen and James W.
Moulder, and an anonymous reviewer, for critical reading of the
manuscript and for very helpful comments. We thank Adeeb A.
Girjes, University of Queensland, Brisbane, Australia, and Lee A.
Campbell, University of Washington, Seattle, for the gifts of
chlamydial DNA and Campbell for communication of the ompA
DNA sequence of C. pneumoniae AR39 prior to publication. The
technical assistance of Mamie Burrell, Susan Newman, and Li
Huang is gratefully acknowledged.

This work was supported by a Veterinary Research Graduate
Fellowship of the School of Veterinary Medicine, Louisiana State
University; by grants to B.K. from the Bundeskammer der Tier-
aerzte Oesterreichs, Austria; Agrarservice Ges. m.b.H., Austria;
and W. Schaumann Ges. m.b.H., Germany; by grants to J.S. from
Bayer AG, Leverkusen, Germany, and Fromm Laboratories, Inc.,
Grafton, Wis.; by special Research Grant 84-CRSR-2-2445, United
States Department of Agriculture; and by Research Grants AI-08420
and AI27886 from the National Institute of Allergy and Infectious
Diseases, Bethesda, Md.

REFERENCES

1. Andersen, A. A. 1991. Serotyping of Chlamydia psittaci isolates
using serovar-specific monoclonal antibodies with the microim-
munofluorescence test. J. Clin. Microbiol. 29:707-711.

2. Baehr, W., Y.-X. Zhang, T. Joseph, H. Su, F. E. Nano, K. D. E.
Everett, and H. D. Caldwell. 1988. Mapping antigenic domains



VoL. 175, 1993

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

21.

22.

23.

expressed by Chlamydia trachomatis major outer membrane
protein genes. Proc. Natl. Acad. Sci. USA 85:4000-4004.

. Baker, J. A. 1944. A virus causing pneumonia in cats and

producing elementary bodies. J. Exp. Med. 79:159-171.

. Bavoil, P., A. Ohlin, and J. Schachter. 1984. Role of disulfide

bonding in outer membrane structure and permeability in
Chlamydia trachomatis. Infect. Immun. 44:479-485.

. Brown, W. M., E. M. Prager, A. Wang, and A. C. Wilson. 1982.

Mitochondrial DNA sequences of primates: tempo and mode of
evolution. J. Mol. Evol. 18:225-239.

. Campbell, L. A., C.-C. Kuo, and J. T. Grayston. 1987. Charac-

terization of the new Chlamydia agent, TWAR, as a unique
organism by restriction endonuclease analysis and DNA-DNA
hybridization. J. Clin. Microbiol. 25:1911-1916.

. Carter, M. W., S. A. H. Al-Mahdawi, I. G. Giles, J. D.

Treharne, M. E. Ward, and I. N. Clarke. 1991. Nucleotide
sequence and taxonomic value of the major outer membrane
protein gene of Chlamydia pneumoniae 10L-207. J. Gen. Mi-
crobiol. 137:465-475.

. Cox, R. L., C.-C. Kuo, J. T. Grayston, and L. A. Campbell.

1988. Deoxyribonucleic acid relatedness of Chlamydia sp. strain
TWAR to Chlamydia trachomatis and Chlamydia psittaci. Int.
J. Syst. Bacteriol. 38:265-268.

. Devereux, J., P. Haeberli, and O. Smithies. 1984. A comprehen-

sive set of sequence analysis programs for the VAX. Nucleic
Acids Res. 12:387-395.

Dykhuizen, D. E., and L. Green. 1991. Recombination in Es-
cherichia coli and the definition of biological species. J. Bacte-
riol. 173:7257-7268.

Eb, F., J. Orfila, A. Milon, and M. F. Geral. 1986. Intérét
epidemiologique du typage par immunofluorescence de Chla-
mydia psittaci. Ann. Inst. Pasteur/Microbiol. (Paris) 137B:77-
93.

Everett, K. D. E., A. A. Andersen, M. Plaunt, and T. P. Hatch.
1991. Cloning and sequence analysis of the major outer mem-
brane protein gene of Chlamydia psittaci 6BC. Infect. Immun.
59:2853-2855.

Francis, T., Jr., and T. O. Magill. 1938. An unidentified virus
producing acute meningitis and pneumonia. J. Exp. Med. 68:
147-160.

Fukushi, H., and K. Hirai. 1988. Immunochemical diversity of
the major outer membrane protein of avian and mammalian
Chlamydia psittaci. J. Clin. Microbiol. 26:675-680.

Fukushi, H., and K. Hirai. 1989. Genetic diversity of avian and
mammalian Chlamydia psittaci strains and relation to host
origin. J. Bacteriol. 171:2850-2855.

Fukushi, H., and K. Hirai. 1992. Proposal of Chlamydia peco-
rum sp. nov. for Chlamydia strains derived from ruminants. Int.
J. Syst. Bacteriol. 42:306-308.

Girjes, A. A., A. F. Hugall, P. Timms, and M. F. Lavin. 1988.
Two distinct forms of Chlamydia psittaci associated with dis-
ease and infertility in Phascolarctos cinereus (koala). Infect.
Immun. 56:1897-1900.

Grayston, J. T., C.-C. Kuo, L. A. Campbell, and S.-P. Wang.
1989. Chlamydia pneumoniae sp. nov. for Chlamydia sp. strain
TWAR. Int. J. Syst. Bacteriol. 39:88-90.

Hamilton, P. T., and D. P. Malinowski. 1989. Nucleotide se-
quence of the major outer membrane protein gene from Chla-
mydia trachomatis serovar H. Nucleic Acids Res. 17:8366.

. Herring, A. J., I. E. Anderson, M. McClenaghan, N. F. Inglis, H.

Williams, B. A. Matheson, C. P. West, M. Rodger, and R. P.
Brettle. 1987. Restriction endonuclease analysis of DNA from
two isolates of Chlamydia psittaci obtained from human abor-
tions. Br. Med. J. 295:1239.

Herring, A. J., T. W. Tan, S. Baxter, N. F. Inglis, and S.
Dunbar. 1989. Sequence analysis of the major outer membrane
protein gene of an ovine abortion strain of Chlamydia psittaci.
FEMS Microbiol. Lett. 65:153-158.

Kaltenboeck, B., K. G. Kousoulas, and J. Storz. 1991. Detection
and strain differentiation of Chlamydia psittaci mediated by a
two-step polymerase chain reaction. J. Clin. Microbiol. 29:
1969-1975.

Kaltenboeck, B., N. Schmeer, H. R. Payne, W. J. Todd, and J.

ompA ALLELIC DIVERSITY OF CHLAMYDIA SPP.

24.

26.

27.

29.

30.

31.

32.

33.

34.
3s.

36.

37.

38.

39.

41.

42.

43.

45.

501

Storz. 1989. Chlamydia psittaci mit Eigenschaften eines Biotyp
2 Stammes als Erreger von boviner Mastitis, p. 148-153. In
Proceedings of the International Congress on Bovine Mastitis,
St. Georgen am Laengssee, Austria.

Kaltenboeck, B., J. W. Spatafora, X. Zhang, K. Kousoulas, M.
Blackwell, and J. Storz. 1991. Efficient production of single-
stranded DNA as long as 2 kb for sequencing of PCR-amplified
DNA. BioTechniques 12:164-172.

. Kingsbury, D. T., and E. Weiss. 1968. Lack of deoxyribonucleic

acid homology between species of the genus Chlamydia. J.
Bacteriol. 96:1421-1423.

Lawrence, J. G., H. Ochman, and D. Hartl. 1991. Molecular and
evolutionary relationships among enteric bacteria. J. Gen. Mi-
crobiol. 137:1911-1921.

Lusher, M., C. C. Storey, and S. J. Richmond. 1989. Plasmid
diversity within the genus Chlamydia. J. Gen. Microbiol. 135:
1145-1151.

. Mantel, N. A. 1967. The detection of disease clustering and a

generalized regression approach. Cancer Res. 27:209-220.
McClenaghan, M., A. J. Herring, and 1. D. Aitken. 1984.
Comparison of Chlamydia psittaci isolates by DNA restriction
endonuclease analysis. Infect. Inmun. 45:384-389.
McClenaghan, M., J. R. Honeycombe, B. J. Bevan, and A. J.
Herring. 1988. Distribution of plasmid sequences in avian and
mammalian strains of Chlamydia psittaci. J. Gen. Microbiol.
134:559-565.

McNutt, S. H., and E. F. Waller. 1940. Sporadic bovine enceph-
alomyelitis (Buss disease). Cornell Vet. 30:437-448.

Melgosa, M. P., C.-C. Kuo, and L. A. Campbell. 1991. Sequence
analysis of the major outer membrane protein gene of Chlamyd-
ia pneumoniae. Infect. Immun. §9:2195-2199.

Moulder, J. W., T. P. Hatch, C.-C. Kuo, J. Schachter, and J.
Storz. 1984. Genus 1. Chlamydia Jones, Rake and Stearns 1945,
554L, p. 729-739. In N. R. Krieg and J. G. Holt (ed.), Bergey’s
manual of systematic bacteriology, vol. 1. Williams & Wilkins,
Baltimore.

Nigg, C. 1942. Unidentified virus which produces pneumonia
and systemic infection in mice. Science 95:49-50.

Page, L. A., and R. C. Cutlip. 1968. Chlamydial polyarthritis in
Iowa lambs. Iowa Vet. 39:10-11, 14-18.

Perez-Martinez, J. A., and J. Storz. 1985. Antigenic diversity of
Chlamydia psittaci of mammalian origin determined by micro-
immunofluorescence. Infect. Immun. 50:905-910.

Peterson, E. M., B. A. Markoff, and L. M. de la Maza. 1990. The
major outer membrane protein nucleotide sequence of Chlamyd-
ia trachomatis, serovar E. Nucleic Acids Res. 18:3414.
Pickett, M. A., J. S. Everson, and I. N. Clarke. 1988. Chlamydia
psittaci ewe abortion agent: complete nucleotide sequence of
the major outer membrane protein gene. FEMS Microbiol. Lett.
55:229-234.

Pickett, M. A., M. E. Ward, and I. N. Clarke. 1987. Complete
nucleotide sequence of the major outer membrane protein gene
from Chlamydia trachomatis serovar L1. FEMS Microbiol.
Lett. 42:185-190.

. Ridderhof, J. C., and R. C. Barnes. 1989. Fusion of inclusions

following superinfection of HeLa cells by two serovars of
Chlamydia trachomatis. Infect. Inmun. 57:3189-3193.

Rohlf, F. J. 1990. NTSYS-pc: numerical taxonomy and multi-
variate analysis system, version 1.60. Computer program dis-
tributed by Exeter Software, Setauket, N.Y.

Saiki, R., D. H. Gelfand, S. Stoffel, S. J. Scharf, R. Higuchi,
G. T. Horn, K. B. Mullis, and H. A. Erlich. 1988. Primer-
directed enzymatic amplification of DNA with a thermostable
DNA polymerase. Science 239:487-494.

Saitou, N., and M. Nei. 1987. The neighbor-joining method: a
new method for reconstructing phylogenetic trees. Mol. Biol.
Evol. 4:406-425.

. Schachter, J. 1988. Overview of human diseases, p. 153-165. In

A. L. Barron (ed.), Microbiology of Chlamydia. CRC Press,
Inc., Boca Raton, Fla.

Schachter, J., J. Banks, N. Sugg, M. Sung, J. Storz, and K. F.
Meyer. 1974. Serotyping of Chlamydia. 1. Isolates of ovine
origin. Infect. Immun. 9:92-94.



502

46.

47.

48.

49.

50.

51.

52.

53.

54.

5.

56.

57.

KALTENBOECK ET AL.

Schachter, J., J. Banks, N. Sugg, M. Sung, J. Storz, and K. F.
Meyer. 1975. Serotyping of Chlamydia: isolates of bovine ori-
gin. Infect. Immun. 11:904-907.

Schachter, J., H. B. Ostler, and K. F. Meyer. 1969. Human
infection with the agent of feline pneumonitis. Lancet i:1063-
1065.

Smith, N. H., P. Beltran, and R. K. Selander. 1990. Recombi-
nation of Salmonella phase 1 flagellin genes generates new
serovars. J. Bacteriol. 172:2209-2216.

Spears, P., and J. Storz. 1979. Biotyping of Chlamydia psittaci
based on inclusion morphology and response to diethylamino-
ethyl-dextran and cycloheximide. Infect. Immun. 24:224-232.
Stephens, R. S., R. Sanchez-Pescador, E. A. Wagar, C. Inouye,
and M. S. Urdea. 1987. Diversity of Chlamydia trachomatis
major outer membrane protein genes. J. Bacteriol. 169:3879-
3885.

Stephens, R. S., E. A. Wagar, and G. K. Schoolnik. 1988.
High-resolution mapping of serovar-specific and common anti-
genic determinants of the major outer membrane protein of
Chlamydia trachomatis. J. Exp. Med. 167:817-831.

Storz, J. 1988. Overview of animal diseases induced by chla-
mydial infections, p. 167-192. In A. L. Barron (ed.), Microbi-
ology of Chlamydia. CRC Press, Inc., Boca Raton, Fla.

Su, H., R. P. Morrison, N. G. Watkins, and H. D. Caldwell.
1990. Identification and characterization of T helper cell
epitopes of the major outer membrane protein of Chlamydia
trachomatis. J. Exp. Med. 172:203-212.

Swofford, D. L. 1990. PAUP: phylogenetic analysis using parsi-
mony, version 3.0. Computer program distributed by the Illinois
Natural History Survey, Champaign, Ill.

Takahashi, T., I. Takashima, and N. Hashimoto. 1988. Immu-
notyping of Chlamydia psittaci by indirect immunofluorescence
antibody test with monoclonal antibodies. Microbiol. Immunol.
32:251-263.

Timms, P., F. W. Eaves, A. A. Girjes, and M. F. Lavin. 1988.
Comparison of Chlamydia psittaci isolates by restriction endo-
nuclease and DNA probe analyses. Infect. Immun. 56:287-290.
Timms, P., F. W. Eaves, A. F. Hugall, and M. F. Lavin. 1988.

58.

59.

61.

62.

63.

65.

67.

J. BACTERIOL.

Plasmids of Chlamydia psittaci: cloning and comparison of
isolates by Southern hybridisation. FEMS Microbiol. Lett.
51:119-124.

Wang, S.-P., and J. T. Grayston. 1971. Classification of TRIC
and related strains with microimmunofluorescence, p. 305-321.
In R. L. Nichols (ed.), Trachoma and related disorders caused
by chlamydial agents. Excerpta Medica, Amsterdam.

Wang, S.-P., C.-C. Kuo, R. C. Barnes, R. S. Stephens, and J. T.
Grayston. 1985. Immunotyping of Chlamydia trachomatis with
monoclonal antibodies. J. Infect. Dis. 152:791-800.

. Weisburg, W. G., T. P. Hatch, and C. R. Woese. 1986. Eubac-

terial origin of chlamydiae. J. Bacteriol. 167:570-574.

Weiss, E., S. Schramek, N. N. Wilson, and L. W. Newman. 1970.
Deoxyribonucleic acid heterogeneity between human and mu-
rine strains of Chlamydia trachomatis. Infect. Immun. 2:24-28.
Wills, J. M., T. J. Gruffydd-Jones, S. J. Richmond, and 1. D.
Paul. 1984. Isolation of Chlamydia psittaci from cases of con-
junctivitis in a colony of cats. Vet. Rec. 114:344-346.

Woese, C. R. 1987. Bacterial evolution. Microbiol. Rev. 51:221-
271.

. Yuan, Y., Y.-X. Zhang, D. S. Manning, and H. D. Caldwell.

1990. Multiple tandem promoters of the major outer membrane
protein gene (ompl) of Chlamydia psittaci. Infect. Immun.
58:2850-2855.

Yuan, Y., Y.-X. Zhang, N. G. Watkins, and H. D. Caldwell.
1989. Nucleotide and deduced amino acid sequences for the four
variable domains of the major outer membrane proteins of the
15 Chlamydia trachomatis serovars. Infect. Inmun. 57:1040—
1049.

. Zhang, Y.-X., S. G. Morrison, and H. D. Caldwell. 1990. The

nucleotide sequence of the major outer membrane protein gene
of Chlamydia trachomatis serovar F. Nucleic Acids Res. 18:
1061.

Zhang, Y.-X., S. G. Morrison, H. D. Caldwell, and W. Baehr.
1989. Cloning and sequence analysis of the major outer mem-
brane protein genes of two Chlamydia psittaci strains. Infect.
Immun. §7:1621-1625.



