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The sequence of the 16S rRNA gene from Chlamydia psittaci was determined. Comparison of this sequence
with other 16S rRNA sequences showed the organism to be eubacterial. The organism represents a hitherto
unrecognized major eubacterial group. However, this group may be peripherally related to the planctomyces
and relatives. Although these two groups seem to have very little in common phenotypically (they have been
studied in very different ways), cell walls in both cases contain no peptidoglycan.

Molecular sequencing is changing the way microbiologists
look at their science. There now exists a microbial
phylogenetic tree, which was nonexistent before the late
1970s (6, 28). The value of knowing the natural relationships
among bacteria goes far beyond the formal structure of this
tree, however. Phylogenetic categories are predictive; what
is known about one organism can generally be applied to its
relatives. Medical microbiology in particular should benefit
from a phylogenetic perspective, especially in the study of
pathogens difficult to cultivate. If such organisms can be
related to nonpathogens, about which more is known or can
readily be ascertained, study of them will be greatly facili-
tated. It has recently been shown, for example, that
Rochalimaea quintana, one of the rickettsiae, is closely
related to the group of eubacteria containing the plant-
associated genera Agrobacterium and Rhizobium (25). Our
knowledge of both of these latter genera is considerable and
should help in understanding the rickettsiae. The present
study investigates the phylogeny of the chlamydiae.

Chlamydiae are obligate intracellular parasites of eucary-
otic cells that cause a variety of diseases in mammals and
birds, e.g., one of the more common forms of human
venereal disease (J. Moulder, ASM News 50:353-362, 1984).
The genus Chlamydia as now defined contains two species,
C. psittaci and C. trachomatis. The two species are thought
to be specifically related to one another; they share a
common genus-specific antigen (Moulder, ASM News) and
exhibit a low but significant level of DNA-DNA cross-
hybridization (11; Moulder, ASM News). A number of
chlamydialike organisms, of unknown relationship to the
genus Chlamydia, have also been observed in various inver-
tebrate hosts, such as clams and hydras (18, 20).

rRNA sequence comparisons provide a useful approach to
phylogenetic relationship, especially in those cases in which
classical taxonomic criteria are not informative (6). The
approach is universally applicable (to self-replicating sys-
tems) and is generally superior to those based upon smaller
molecules, e.g., cytochrome c or ferredoxin (6).

MATERIALS AND METHODS

C. psittaci 6BC was grown as previously described (8).
Nucleic acids, RNA, and DNA were extracted by standard
procedures (15). The 16S rRNA was isotopically labeled in
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vitro (14), and it served as a hybridization probe. The 16S
rRNA gene, contained in an approximately 10-kilobase
fragment produced by restriction endonuclease BamHI, was
cloned into bacteriophage lambda L47 (13). The gene was
subcloned into the single-stranded phage M13mp8 and
M13mp9 system (16) in two pieces, one a 2.0-kilobase EcoRI
fragment, the other a 2.4-kilobase fragment produced by
EcoRI and HindIIl. (A site for restriction endonuclease
EcoRI exists in the 16S rRNA sequence at approximately
position 680.) Clones were produced in both orientations for
sequencing.

Sequencing methods. The dideoxynucleotide chain termi-
nation method (21) was used on templates derived from
phage M13 (16). Newly synthesized strands were labeled
with [a-¥S]dATP (1). Two types of guanine sequencing
reactions were routinely used, one normal, the other in
which dGTP was replaced by dITP (2’, 3'-dideoxy GTP
being used to terminate chain growth [17]). The 17-
nucleotide M13 priming site (16), as well as specific priming
sites within the rRNA genes (for which primers were syn-
thesized, most by the University of Illinois DNA Synthesis
Facility), were used. Specific 15- to 17-nucleotide-long prim-
ers, priming in the forward (i.e., same sequence as the
rRNA) and reverse directions, have been synthesized for
regions of the 16S rRNA molecule that are conserved among
eubacteria (26, 28, 29). Those primers used in the present
study cover positions 260F, 270R, 520F-R, 790F, 920R,
1100F-R, 1240F-R, and 1400F-R. The numbering refers to
the Escherichia coli sequence; F is forward, R is reverse
direction. An oligonucleotide that primed in the forward
direction, about 80 bases upstream from the 5’ end of this
particular molecule, was also used. The entire gene was
sequenced in both directions except for the 3’'-terminal
approximately 150 bases (sequenced in the forward direction
only). Sequences were aligned by the procedure of Woese et
al. (26).

RESULTS AND DISCUSSION

The C. psittaci 16S rRNA sequence was aligned with that
of E. coli (2) (Fig. 1). A sequence homology matrix derived
from seven aligned eubacterial sequences, the two in Fig. 1
plus those of Planctomyces staleyi (H. Oyaizu and C. R.
Woese, unpublished data), Flavobacterium heparinum (24),
R. quintana (25), Desulfovibrio desulfuricans (19), Bacillus
subtilis (7), and Anacystis nidulans (23), is shown in Table 1.
The sequence of Methanococcus vannielii 16S rRNA (9), an
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(1-100)
C. psittaci UUUUCUGAGA AUUUGAUCUU GGUUCAGAUU GAACGCUGGC GGCGUGGAUG AGGCAUGCAA GUCGAACGGA ----AUAAUG ACUUCGGUUG UUAU----UU
E. coli AAA.UGA... G....... A, L.Ciiiiiir tinennnnnn «..AG.CC.A .CA....... .....onnn U AACAGG..GA .GC.U.C..C ..UGCUGACG
(101-200)
C. psittaci AGUGGCGGAA GGGUUAGUAA UACAUAGAUAA UCUGUCCUCA ACUUGGGAAU AACGGUUGGA AACGACCGCU AAUACCGAAU GUGGUAUGUUUAGGCAUCUAAAACA UAUUAAAGAA
E. coli  ......... C ....G..... .GUC.G.GA.- A...C.UGAU GGAG...G.. ...UAC.... .... GUA... ....... C.. AAC..C-=----- A-------- G.CC..... G
(201-300)
C. psittaci GGGGAUCUUC GGACCUUUCG GUUGAGGGAG AGUCUAUGGG AUAUCAGCUU GUUGGUGGGG UAAUGGCCUA CCAAGGCUUU GACGUCUAGG CGGAUUGAGA
E. coli ...C.... ..G...C.U. CCAUC..AU. U.C.C.GAU. GG..U....A ..A....... ... C...UC. ..U....GAC ..UCC....C U..UC.....
(301-400)
C. psittaci GAUUGACCGC CAACACUGGG ACUGAGACAC UGCCCAGACU UCUACGGAAG GCUGCAGUCG AGAAUCUUUC GCAAUGGACG AAAGUCUGAC GAAGCGACGC
E. coli GA..... AG .C....... A L. G.U....... C...ovtG.. ..AL....G. G....A..G. A...... G.. C...C....U .Cc...Cc.U..
(401-500)
C. psittaci CGCGUGUGUG AUGAAGGCUC UAGGGUUGUA AAGCACUUUC GCUUGGGAAU AAGAGAGAUU GGCUAAUAUC CAAUCGAUUU GAGCGUACCA GGUAAAGAAG
E. coli  ....... A.. .A...... CU .Coiiivnnn oun U...... AGCG....GG ...G...UAA A.U.....C. UUUG.UCA.. ..CGU....C .CAG......
(501-600)
C. psittaci CACCGGCUAA CUCCGUGCCA GCAGCUGCGG UAAUACGGAG GGUGCUAGCG UUAAUCGGAU UUAUUGGGCG UAAAGGGCGU GUAGGCGGAA AGGAAAGUUA
E. coll  ....iiiiih ciiiiiiies aeenn Covee tovnnnnne  caann Acin teeiennn A ...Cioiin tinnn C..AC .C...... UU U.UU....C.
(601-700)
C. psittaci GAUGUUAAAU CUUGGGGCUC AACCCCAAGC CAGCAUCUAA UACUAUCUUU CUAGAGGGUA GAUGGAGAAA AGGGAAUUCC ACGUGUAGCG GUGAAAUGCG
E. coli  ..... G.... .CCC...... ....UGGGAA .U......G. ....GG.AAG ..U...UC.C .UA.AG.GGG GUA....... T
(701-800)
C. psittaci UAGAUAUGUG GAAGAACACC AGUGGCGAAG GCGCUUUUCU AAUUUACACC UGACGCUAAG GCGCGAAAGC AAGGGGAGCA AACAGGAUUA GAUACCCUGG
E. coli F O Y o ¢ B ¢ GCCCC GGACG.AGA. ....... C.. .U........ L]
(801-900)
C. psittaci UAGUCCUUGC CGUAAACGAU GCAUACUUGA UGUGGAUAGU CUCAACCCUAU CCGUGUCGUA GCUAACGCGU UAAGUAUGCC GCCUGAGGAG UACACUCGCA
E. coli  ...... AC.. ...einnnnn UCG..... G A.GUUG.GCC ..UG.-GGCG. GGC.UC..G. .....nvvnn ovenn CGA.. ..... [ GGC. ...
(901-1000)
C. psittaci AGGGUGAAAC UCAAAAGAAU UGACGGGGGC CCGCACAAGC AGUGGAGCAU GUGGUUUAAU UCGAUGCAAC GCGAAGAACC UUACCUGGGC UUGACAUGUAU
E. coli B L R T TP [« I R LR R R Uo eevnnnn cC.-
(1001-1100)
C. psittaci UUGACCGCGG CAGAAAUGUC GUUU-UCCGC AAGGA-CAGA UACACAGGUG CUGCAUGGCU GUCGUCAGCU CGUGCCGUGA GGUGUUGGGU UAAGUCCCGC
E. coli CG..AGUUUU ....G...AG AA.GUG..UU CG...A.C.U G.G.....ov tonrrnnnnn  taoeananss sone uu. ARA..iiiiit et
(1101-1200)
C. psittaci AACGAGCGCA ACCCUUAUCG UUAGUUGCCA ACACUUAGGG UGGGAACUCU AACGAGACUG CCUGGGUUAA CCAGGAGGAA GGCGAGGAUG ACGUCAAGUC
E. coll  ..iiiiiiiil ciiienen C ..U0....... G.GG.CC..C C......un A ..G...onnn LLAULALLL AUl L U.Govvvt teevnnnnnn
(1201-1300)
C. psittaci AGCAUGGCCC UUAUGCCCAG GGCUACACAC GUGCUACAAU GGCCAGUACA GAAGGUAGCA AUAUCGUGAG AUGGAGCAAA UCCUC-AAAG CUGGCCCCAG
E. coli Weveiinne oo C.A it teiriiiinn teeeaneaaan ..GCA.... A.GA.A...G .CC...C... .GCA...GG. C.UCAU.... UGC.U.GU..
(1301-1400)
C. psittaci UUCGGAUUGU AGUCUGCAAC UCGACUACAU GAAGUCGGAA UUGCUAGUAA UGGCGUGUCA GCUAUAACGCC GUGAAUACGU UCCCGGGCCU UGUACACACC
E. coli Covunnnn G tiiiiiinee eeeann Coive tivennnnns C.veevenes .C.UGA... .A-..GC.A.G ...itttrn tnoeencate soconnnann
(1401-1500)
C. psittaci GCCCGUCACA UCAUGGGAGU UGGUUUUGCC UUAAGUCGUU GACUCAACCUG CAAAGGAGAGA GGCGCCCAAG GUGAGGCUGA UGACUGGGAU GAAGUCGUAA
E. coll  .......... Covevnnnnn G....GCAAA AG....A.G. AG..U....-U UCG-....G.C .CUUA...CU U..U.AU.C. ........ Ge toveviaenn
(1501-1542)
C. psittaci CAAGGUAGCC CUACCGGAAG GUGGGGCUGG AUCACCUCCUUU
E. coli  ....... A.. G..GG....C C..C..U... ...iuitnnnnn A

FIG. 1. Sequence of C. psittaci 16S rRNA, shown aligned with that of E. coli, the standard eubacterial rRNA sequence. E. coli numbering
is used (2). Dots (in the E. coli sequence) mean composition identical to that of the C. psirzaci sequence. Dashes signify no nucleotide at the

given position.

archaebacterium, is included as an outgroup. (This last
sequence is typical of the archaebacteria in that any state-
ments based upon it in the present context hold for other
individual or consensus archaebacterial sequences as well).

A phylogenetic tree derived with a distance matrix algo-
rithm from the evolutionary distances in Table 1 is shown in
Fig. 2 (4).

The chlamydial rRNA sequence is much closer to eubacte-
rial sequences than to the archaebacterial sequence (Table
1). Therefore, the organism is a eubacterium. This is not
overly surprising in view of the fact that the organism is
known to have a gram-negative type cell envelope; two of
the three antigenic domains of the common chlamydial
lipopolysaccharide cross-react with typical bacterial cell
envelopes (3).

Some eubacterial sequences, including that of C. psittaci,

are also shown to be more distant than others from the
outgroup sequence (Table 1); this implies that their lineages
are evolving relatively rapidly (27). Determining exact
phylogenetic relationships for rapidly evolving lines is dif-
ficult; all methods of analysis now in use tend to place them
as deeper branchings in phylogenetic trees than they actually
are (5). Therefore, the precise relationship of C. psittaci to
the other eubacterial lineages cannot be determined at this
stage. (Neither the exact branching order nor the exact
position of the root in Fig. 2 should be considered certain.)
However, what can be said of C. psittaci is that the organism
has no known close (specific) relatives. Certainly none
appear in Table 1 (or in Fig. 2). The organism is not related
to the rickettsiae (with which the chlamydiae are often
conveniently grouped taxonomically). In fact, the C. psittaci
sequence shows no specific relationship to any of the more
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TABLE 1. Percent similarity and evolutionary distance among various eubacterial sequences®

% Similarity to:

Organism
C. psittaci  P. staleyi  F. heparinum E. coli R. quintana D. desulfuricans B. subtilis A. nidulans M. vannielii
C. psittaci 51.7 52.5 56.8 55.4 60.1 58.5 58.7 33.7
P. staleyi 26.0 51.1 54.1 53.2 56.8 55.9 54.2 33.9
F. heparinum 25.4 28.0 56.1 56.0 55.5 56.9 54.8 32.8
E. coli 22.2 24.7 23.8 64.6 66.3 63.9 61.5 335
R. quintana 24.2 25.8 24.0 18.5 66.5 65.3 62.6 34.6
D. desulfuricans 20.5 235 23.2 15.5 17.7 66.5 63.2 36.3
B. subtilis 21.5 24.1 23.2 17.3 16.7 15.0 66.7 38.6
A. nidulans 21.8 24.8 24.6 19.2 20.6 17.4 15.4 37.7

2 Upper right section, percent similarity among the sequences. Similarity is calculated on the basis of those positions in the alignment that are represented in,
but that are not of constant composition in, all eubacterial sequences (including the outgroup sequence). (Removing positions of constant composition facilitates
comparisons for the reader; it has no effect on rank order of values but accentuates differences among them.) Lower left section, evolutionary distances among
the species, i.e., the percent difference among the sequences corrected for multiple changes by the method of Jukes and Cantor (10). The calculation in this case
uses only those positions in the alignment in which four or more of the eubacterial sequences have the same composition. (Restricting the alignment in this way
selectively eliminates some of the more rapidly varying positions, which tend to distort the analysis.) The additional sequences included here but not shown in
Fig. 1 are D. desulfuricans (19), R. quintana (25), P. staleyi (H. Oyaizu and C. R. Woese, unpublished data), F. heparinum (24), B. subtilis (7), A. nidulans (23),

and the archaebacterium M. vannielii (9).

than 400 partial eubacterial 16S rRNA sequences (i.e.,
oligonucleotide catalogs) determined thus far (6, 28; unpub-
lished analysis).

Nevertheless, when the data are analyzed not in terms of
evolutionary distances but in terms of derived characters,
i.e., positions that have a composition unique to and char-
acteristic of particular groupings, a remote but specific
relationship between the chlamydiae and the planctomyces
(22) is suggested. For example, scoring the alignment used to
construct Table 1 for positions in which the C. psittaci
sequence has a common composition with some other se-
quence, but only with that sequence, shows about 25 such
positions with the planctomyces sequence, a number that is
significantly higher than the chlamydial sequence shows with
any other eubacterial sequence.

The possible relationship between C. psittaci and the
planctomyces is most convincingly seen in terms of the
higher order structure of the molecule. That portion of the
16S rRNA structure in which the resemblance between the
two sequences is most pronounced is shown in Fig. 3; those
features strongly characteristic of the putative relationship
are indicated by numbered arrows. The salient points are as
follows. (The statements here are based upon a collection of
about 15 eubacterial 16S sequences, some unpublished, and

Pstaleyr planctomyces

C. psittact chlamydiae
F heparinum flavo-
/ ; bacteria
R.quintana
purple
£ coli bacteria

D.desulfuricans

A.nidulans cyanobacteria

Gram positive

3 subtilis bacteria

FIG. 2. Phylogenetic tree constructed from the evolutionary
distances shown in Table 1 with the treeing algorithm of DeSoete
(4). Lengths on the figure are drawn to scale (4) but are in arbitrary
units. The root has been imposed by using an archaebacterial
sequence.

over 400 oligonucleotide catalogs [28]). (i) Except for the
G-A seenin C. psittaci and P. staleyi, eubacterial sequences
contain pyrimidines at both positions 47 and 48, a generali-
zation drawn from more than 400 examples (28). Moreover,
these two are the only sequences in which it is not possible
to form a canonical base pair between positions 47 and 394.
(ii) The guanine at position 52 is very rare among eubacteria;
as judged by the catalogs, the position shows a pyrimidine or
(rarely) an adenine in every member of every eubacterial
division, except for the Deinococcus group, the species of
which also show a guanine here (28). The neighboring
guanine at position 53 is seen elsewhere among eubacteria
only in the chloroflexus group (28); however, no other
sequences (including three from the latter group) show the
G-U pair involving positions 53 and 358. (iii) The indicated
adenine residue (position 361) is found elsewhere among
eubacteria only in the spirochetes (unpublished analysis).
(iv) The uracil residue here (position 353) is not found in any
other eubacterial sequences. (v) The failure to form a canon-
ical base pair between positions 322 and 331 is unique to the
C. psittaci and P. staleyi sequences. (vi) This G-C pair
(positions 290 and 310) is found elsewhere among eubacterial
sequences only in the bacteroides-flavobacteria group. The
residue at position 310 is detectable in eubacterial 16S rRNA
catalogs, and, except for these cases (in which it is cytosine),
it is always a guanine (28). (vii) A U-G pair involving these
positions (242 and 284) is confined to these two (eubacterial)
sequences. (viii) The adenine residue at position 110 has
been encountered only in the two sequences of Fig. 3B.

The common unique features seen in the C. psittaci and
planctomyces sequences do not seem to represent just one
or a few interdependent (higher-order structural) changes;
for the most part they probably represent independent
occurrences. If so, they are too many and otherwise too rare
not to indicate a specific relationship between the two
sequences. However, this relationship should not be consid-
ered reliably established until it emerges from a more exten-
sive collection of sequences covering this part of the
eubacterial tree. The only phenotypic characteristic the two
groups are known to have in common is a cell wall that lacks
peptidoglycan, an otherwise universal eubacterial character-
istic (12; Moulder, ASM News).

If a specific relationship between the chlamydiae and the
planctomyces exists, the two are sufficiently distinct that C.
psittaci should still be given the status of a separate eubacte-
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FIG. 3. Comparison of higher-order structure for a region of the 16S rRNA from a consensus of all eubacteria (26, 28) (A), except for P.
staleyi and C. psittaci (B). The regions indicated by numbered arrows are those specifically discussed in the text. R, Purine; Y, pyrimidine;

@, no consensus at the position;
other as well.

rial division. The fact that the C. psittaci sequence is so
unique should make the detection of the organism (and its
relatives) with probes based upon rRNA a relatively easy
matter.

ADDENDUM IN PROOF

We have recently determined greater than 98% of the
Chlamydia trachomatis 16S rRNA gene sequence. There
was less than 5% difference between this sequence and its
counterpart from C. psittaci.
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