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Abstract. Chlamydiae are obligate intracellular pathogens that have a unique developmental cycle. Thirty
nine viable isolates representing all nine currently recognised chlamydial species were screened by immuno-
fluorescence with a cross-reacting chlamydiaphage monoclonal antibody. A novel chlamydiaphage (Chp3)
was detected in C. pecorum, a chlamydial species not previously known to carry bacteriophages. Chp3
belongs to the Microviridae, members of this virus family are characterised by circular, single-stranded
DNA genomes and small 7 =1 icosahedral capsids. Double-stranded replicative form Chp3 DNA was
purified from elementary bodies and used as a template to determine the complete genome sequence. The
genome of Chp3 is 4,554 base pairs and encodes eight open reading frames organised in the same genome
structure as other chlamydiaphages. An unrooted phylogenetic tree was constructed based on the major
coat proteins of 11 members of the Microviridae and Chp3. This showed that the Microviridae are clearly
divided into two discrete sub-families; those that infect the Enterobacteriaceae e.g. X174 and the bac-
teriophages that infect obligate intracellular bacteria or mollicutes including SpV4 (Spiroplasma mellife-
rum), @MH2K (Bdellovibrio bacteriovorus) and the chlamydiaphages. Comparative analyses demonstrate
that the chlamydiaphages can be further subdivided into two groupings, one represented by Chp2/Chp3
and the other by OCPG1/OCPAR39.
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Introduction

Chlamydiae are intracellular pathogens that have a
unique developmental cycle. Eukaryotic cells are
infected by the elementary body (EB) which, fol-
lowing uptake, grow and divide within a modified
cytoplasmic eukaryotic host cell compartment
called an inclusion. The inclusion expands to
accommodate increasing numbers of the metaboli-
cally active, replicating form of the organism (the
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reticulate body or RB). RBs are not exposed to the
extracellular environment and they differentiate
into EBs within inclusions prior to cell lysis. The
unique intracellular developmental cycle reduces
the opportunity for chlamydiae to interact with
bacteriophages of the free-living bacteria. The first
chlamydial bacteriophage to be characterised
(Chp1) was found by thin section transmission EM
of avian C. psittaci RBs [1] where it formed char-
acteristic paracrystalline arrays. Although Chpl
was later lost a second bacteriophage (OCPG1) [2]
was found infecting C. caviae and a third bacte-
riophage (Chp2) was isolated from C. abortus [3].
The genome sequencing project of C. pneumoniae
strain AR39 revealed the presence of a dsDNA
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extrachromosomal element [4] which was subse-
quently shown to be the replicative form of bacte-
riophage @CPAR39 [5]. These four bacteriophages
share similar features, they are small icosahedral
T = 1 particles containing circular, single-stranded
DNA genomes and molecular characterisation
showed that they belong to the virus family
Microviridae [3,4,6,7].

Biological analysis of the Microviridae sug-
gests that they form two distinct sub-families:
firstly, those that replicate in the free-living
enterobacteria e.g. the prototypical coliphage
X174 [8] and related bacteriophages; secondly
those that infect obligate intracellular bacteria or
mollicutes, including chlamydiaphages [1-4], a
bacteriophage of spiroplasma (SpV4) [9] and a
novel bacteriophage, UMH2K [10] recently iso-
lated from Bdellovibrio bacteriovorus. This sec-
ond sub-family also has a similar overall genome
organisation although the genomes of bacterio-
phages in this sub-family are smaller and do not
encode homologues to the major spike and the
external scaffold proteins [3] of the @X174 sub-
family.

The intracellular nature of the developmental
cycle has greatly hampered the study of chlamy-
diae. Although, complete chromosomal sequences
are available for several chlamydial species, which
is a significant advance, [4,11-14]; the elucidation
of gene-structure function relationships has been
slow, due to the absence of genetic methods, such
as gene transfer and mutant isolation [15]. Thus
studies of chlamydial bacteriophages are of great
interest as these agents offer a potential natural
means of transferring DNA between cells.

The four chlamydiaphages that have been
characterised were all discovered by chance [1-4].
The purpose of this work was to define the nature
and extent of chlamydiaphage diversity by
searching for new chlamydial microviruses using
a systematic approach by screening a large col-
lection of viable chlamydiae representing the six
species of Chlamydophila and three species of
Chlamydia. We describe the discovery, isolation
and molecular characterisation of a new chlamy-
diaphage (Chp3). Chp3 infects a field isolate of
C. pecorum, a chlamydial species not previously
associated with bacteriophages forming a new
group that differs from GCPGI1 and it’s close
relative @CPAR39.

Methods
Cells and Chlamydiae

BGMK cells were grown in Dulbecco’s modified
Eagles medium (DMEM) supplemented with 10%
(vol/vol) foetal calf serum. Cells were infected with
chlamydiae by centrifugation at 1,000 x g for 1 h
in medium containing cycloheximide (1 pg/ml)
and gentamicin (25 pg/ml). Thirty nine chlamydial
isolates were screened for naturally occurring ch-
lamydiaphage infections (Table 1). Preparations
of chlamydiae were speciated and verified by
PCR using primers U23F and 23SIGR followed
by DNA sequence analysis and BLAST searching
of the GenBank database as previously described
[32]. Infected monolayers were detached with phos-
phate buffered saline (PBS) containing 0.125%
trypsin/0.02% EDTA and pelleted in DMEM
containing 10% FCS at 3,000 x g for 10 min. The
infected cell pellet was suspended in PBS:H,O
(1:10) and homogenised in a Dounce homogenis-
er to break open cells and release the EBs. Cell
debris was sedimented at 250 X g for 5 min and
the supernatant containing partially purified chl-
amydiae was mixed with an equal volume of
phosphate buffer containing 0.4 M sucrose, stored
at —80°C and used for chlamydiaphage challenge
studies.

Fluorescence Antibody Screening for
Chlamydiaphages

BGMK or Hep-2 cells were grown on 13 mm
coverslips in 24-well trays. Cells were infected with
chlamydiae (39 isolates — see Table 1). From 48 to
72 h post infection (dependent on host strain), the
culture medium was removed, monolayers washed
twice in PBS and fixed in ice cold methanol for
15 min. Monoclonal antibody 55 was incubated
with fixed cells for 40 min at 37°C, washed three
times in PBS. Bound antibody was detected with
an anti-mouse fluorescein conjugated antibody
(ISL, Paignton, UK) diluted in 0.0025% Evans
Blue dye in PBS.

Sequence Determination of Chp3

The double stranded RF DNA of Chp3 was
purified from an EB suspension of C. pecorum T52
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Genus Species Strain Host species Source or reference
Chlamydophila C. abortus A22 Ovine [16]
S26/3 Ovine [17]
S95/3 Ovine G. Jones
B577 Ovine VR-656
IPA Ovine VR-629
T35 Ovine [18]
BA1 Bovine [19]
Colo 4 Bovine P. Griffiths
B111 Ovine P. Griffiths
BS Ovine [18]
EAE Ovine [16]
C. psittaci 6BC Avian VR-125
Cal 10 Avian [20]
C. felis FP Feline [21]
C. caviae GPIC Cavia sp. VR-813
C. pecorum E58 Bovine VR-628
BES3 Bovine P. Griffiths
Stra Ovine [22]
MO-901 Ovine [22]
LWS508 Bovine [22]
T52 Ovine P. Griffiths
C. pneumoniae CWL029 Human VR-1310
IOL 207 Human [23]
TWI183 Human VR-2282
NI16 Human [24]
Chlamydia C. trachomatis L1/440/LN Human [25]
L2/434/BU Human VR-902B
IOL 1883 Human J. Treharne
IOL 238 Human J. Treharne
UW 36 Human VR-886
IU 888 Human [26]
TW-5 Human [27]
UW-1 Human [28]
NL-D Human [29]
NI 1 Human [30]
Jali 5 Human D. Mabey
Jali 20 Human [31]
C. muridarum Mo Pn Murine VR-123
C. suis DC 6 Porcine K. Sachse

using Plasmid Mini Kit (Qiagen, Crawley, UK).
The phage RF DNA was eluted with 50 pl water.
A set of custom oligonucleotide primers were de-
signed based on the published Chp2 nucleotide
sequence. PCR amplification was performed in a
Tetrad Peltier thermal cycler (MJ Research,
Watertown, MA) and consisted of 30 cycles of
94°C for 15 s, 50°C for 15 s, and 72°C for 40 s,
using Bio-X-act polymerase (Bioline, London,
UK) in a reaction volume of 50 pl containing
25mM  TAPS  [Tris(hydroxymethyl)-methyl-
amino-propanesulfonic acid sodium salt, pH9.3 (at

25°C)], 50 mM KCI, 2mM MgCl,, 1 mM B-
mercaptoethanol, 200 uM each dATP, dGTP,
dTTP, and dCTP. Nineteen PCR amplicons (300-
800 bp) covering the entire genome of Chp3 were
generated. After purification these PCR fragments
were sequenced directly in an Applied Biosystems
model 377 automated sequencer using Taq cycle
dyedeoxy™ terminator chemistry. Sequence data
computer analyses were performed using the
Lasergene software (DNASTAR Inc., Madison,
WI). Oligonucleotides were synthesised by Crua-
chem Ltd (Glasgow, UK).
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Preparation and Purification of Chp3

BGMAK cells were grown as monolayers in 25 cm?
flasks and were infected by centrifugation at
1,000 x g for 1 h in medium containing cyclohexi-
mide (1 pg/ml) and gentamicin (25 pg/ml) with
C. pecorum T52 bearing Chp3. At 72 h post
infection the culture medium was replaced with a
small volume of PBS and the flasks frozen at
—70°C. One hundred flasks of chlamydiaphage-
infected chlamydiae were prepared, stored frozen,
then processed as a single batch. Flasks were fro-
zen and thawed three times to lyse the chlamydial
RBs and release chlamydiaphages. Any remaining
monolayer that had not detached after this pro-
cedure was scraped off. The suspension was cen-
trifuged at 2,000 X g for 15 min to sediment cell
debris. The supernatant was passed through a
0.45 pm filter followed by a 0.22 um filter. The
filtrate was centrifuged at 100,000 x g in a Beck-
man SW28 rotor for 3 h and the resultant pellet
washed with PBS and centrifuged at 80,000 x g for
40 min. The pellet was finally suspended in PBS,
vortexed with glass beads and stored at —70°C as a
partially purified bacteriophage preparation.

Electron Microscopy

BGMK cells were infected with C. pecorum T52 in
a six well tray. 48—72 h post infection monolayers
were washed in PBS, fixed in 3% glutaraldehyde in
0.1% cacodylate buffer and processed for nega-
tively stained thin-section grids [3]. A partially
purified preparation of bacteriophage Chp3 was
adsorbed onto a formvar coated carbon grid for
2 min, then negatively stained with 0.75% phos-
pho-tungstic acid pH 6.0 for 10 s and air dried.
EM grids were examined using an Hitachi H7000
transmission electron microscope.

Phylogeny

Unrooted phylogenetic trees were constructed for
the coat protein (VP1) from 5 chlamydiaphages
and major coat protein equivalent from a further 7
microviruses. Multiple alignments were performed
using CLUSTAL X [33] and unrooted trees were
generated using the Neighbour Joining method
[34]. Trees were subjected to a bootstrap analysis
[35] using 1,000 data sets and, output as a graph-

ical representation using DRAWTREE in the
PHYLIP package [36].

The complete nucleotide sequence of the Chp3
genome is deposited in GenBank/EMBL accession
number AJ550635.

Results and Discussion
Discovery of Chp3

The obligate intracellular developmental cycle of
the chlamydiae means that it is not possible to
undertake conventional approaches for bacterio-
phage screening and isolation such as plaque
assays on agar plates. Searching for new bacte-
riophages is technically challenging but two ap-
proaches are possible; DNA analysis (PCR or
hybridisation studies) for the chlamydiaphage
genome or screening of chlamydial isolates for
bacteriophage antigens. The chlamydial genome
sequencing projects have shown that fragments of
chlamydiaphage genomes are integrated into the
host chromosome [4]. Genome integration is
unusual for Microviridae as these bacteriophages
do not have a host chromosomal integration step
as part of their replicative cycle. In addition to the
chlamydial hosts infected with GCPAR39, phage
sequences have been found integrated into the
chromosome of chlamydiae that carry no bacte-
riophages [4]. The possibility exists that chlamy-
diaphages have integrated random DNA
fragments into a variety of chlamydial genomes
and then these chlamydiaphage infections have
subsequently been naturally ‘“‘cured”. This pre-
cludes the use of cross-hybridisation or PCR as a
simple means for screening for new chlamydia-
phages. Recently, we produced a monoclonal
antibody that reacts by immunofluorescence with
the coat protein of several chlamydiaphages [5].
Thus our experimental design was to screen a large
collection of viable chlamydiae by immunofluo-
rescence staining of chlamydial inclusions with this
monoclonal antibody. We screened 39 strains of
chlamydiae representing all nine species and found
only one positive sample. The positively reacting
isolate was a C. pecorum from sheep. The identity
of the chlamydial isolate was confirmed by PCR
with primers U23F and 23SIGR and the sequence
of the 23S fragment in BLAST searches was
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Fig. 1. Electron micrographs of Chp3. (A) Negatively stained cluster of partially purified Chp3 particles. The scale bar represents 50
nm. (B) Thin section transmission electron micrograph of a C. pecorum T52 inclusion at mid developmental cycle showing reticulate
bodies in close proximity to the cell nucleus (N). A single RB (arrowed) is infected by Chp3 and has lysed releasing Chp3 particles into

the inclusion. The scale bar represents 0.5 pm.

identical to C. pecorum strains I, Z, L71 1 and
17108 [37].

The presence of chlamydiaphage particles in
this sample was confirmed by negative stain EM
(Fig. 1A) and thin section EM of C. pecorum in-
fected cells (Fig. 1B) that revealed clusters of small
round featureless bacteriophage particles within
inclusions.

Genome Sequence of Chp3

The double-stranded DNA replicative form (RF)
of Chp3 was extracted from purified C. pecorum
T52 EBs. The yield of RF DNA was very low,
therefore to verify the presence of bacteriophage
DNA in the sample, diagnostic PCR primers were
designed based on a conserved sequence from the
VP1 region of all the chlamydiaphages: ChpDe-
tectF  (5-ATGAAGTTCTYCCTGGAGATAC-
3’) and primer ChpDetectR (5-GCAACTTTAG-
TAGGTAGACCAA-3") which amplify a 300 bp
fragment of the chlamydiaphage genome. PCR
amplification consisted of 30 cycles of 20 s at
94°C, 20 s at 44°C and 15 s at 72°C using primer
pair Chpdetect F and R. A 300 bp fragment was
generated and nucleotide sequence analysis con-

firmed the sequence of this fragment was unique
but related to the Chp2-like bacteriophages (Chp2,
OCPGI1 and OCPAR39).

The DNA sequence of the newly discovered
chlamydiaphage genome (hereafter called Chp3)
was amplified as a series of 19 overlapping 300—
800 bp PCR fragments (data not shown). The
complete genome sequence of Chp3 is 4,554 bp in
length with a nucleotide composition of A (28.7%);
C (18.4%); G (22.6%), and T (30.3%). The overall
G + C content of Chp3 (41%) is similar to the
other chlamydiaphages (37-40%) [38] and also
host chlamydial genomes (41%) [4]. The coding
capacity of the Chp3 genome is 97% it encodes
eight ORFs, greater than 99 nucleotides that
contain an upstream RBS (VPI, VP2, VP3 and
ORFs 4-8): these are also present in the other
chlamydiaphages and located in the same genomic
context (Fig. 2).

Comparison of the genomes of Chp2, OGCPGI1
and JCPAR39 with Chp3 were performed by the
Hein method [39] which is used for performing
multiple alignments of related sequences. These
chlamydiaphages share; 97.1%, 93.4% and 93.3%
nucleotide sequence identity respectively with
Chp3. By contrast, Chpl is highly divergent with
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Fig. 2. Comparison and diagrammatic representation of computer-predicted reading frames and genome organisation of Chp3,

JCPAR39 and OMH2K.

only 51.8% nucleotide sequence identity. The
genome of Chp3 is 9 nt shorter than that of Chp2
because of an 11 nt deletion situated in a non-
coding region of the genome 3 nt downstream of
the VP3 stop codon. This deletion causes a reading
frame shift of ORFS8 from frame 1 to 2 relative to
Chp2, however a 2 nt insertion downstream of
ORFS8 restores the reading frame usage to that of
Chp2. Similarly the reading frame of ORFS is
different between JCPAR39 and GCPG1 moving
from frame 1 to 3. Fig. 2 shows comparison of the
genomes of Chp3, OCPAR39 and OMH2K from
Bdellovibrio bacteriovorus.

Virion Proteins

Alignment of the structural proteins (VP1, VP2
and VP3) of Chp3 with Chp2, OCPG1 and OC-
PAR39 revealed that both VP2 and VP3 are highly
conserved (Table 2). VP2 is thought to be the
equivalent of the pilot protein H from @X174 [3].
VP2 from Chp3 share 98.4-98.9% amino acid se-
quence identity with VP2 from Chp2, @CPG1 and
JCPAR39 suggesting the function of this struc-

tural protein is highly conserved. Similarly, the
Chp3 VP3 (predicted to be the internal scaffolding
protein equivalent [3]) shares 96.6-98.0% amino
acid sequence identity with the Chp2-like phages.
The protein encoded by ORFS is quite similar to
the @X174 J protein [3]: the Chp3 ORFS8 encoded
protein is totally conserved amongst Chp2,
JCPG1 and JCPAR39. Some of the Chp3 pro-
teins also closely resemble the equivalent proteins
in SpV4 and MH2K. Only weak amino acid se-
quence identities (%) are seen between the Chp3
proteins and the proteins of ¥X174-like phages.
The chlamydiaphage coat protein, VP1 is the
largest of the phage-encoded proteins. Alignments
of the amino acid sequences of VPI revealed two
areas of significant divergence between amino
acids 216 and 299 and 462 and 467 [38]. It has been
hypothesised that the larger of these two regions,
known as the INS5 loop, is surface exposed and
forms mushroom-like protrusions on the virion
surface [40]. While similarities between INS5 se-
quences and host range support this hypothesis in
the Microviridae, the function of the threefold
protrusions have never been directly tested. The
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Table 2. Comparison of amino acid sequences for Chp3 ORFs with the other chlamydiaphages, SpV4, OMH2Kand @X174

% Amino acid Identity

No. of
ORF amino acids Chpl Chp2 OCPAR39 OCPGI SpVv4 OMH2K OX174
1 (VP1) 565 52.5 98.1 85.2 84.8 37.0 (1) 49.8 24.2 (F)
2 (VP2) 186 39.8 98.4 98.4 98.9 36.4 (4) 26.0 18.2 (H)
3 (VP3) 148 30.9 98.0 98.0 96.6 18.7 (3) 30.4 20.0 (B)
4 315 30.3 95.3 93.4 93.2 344 (2) 343 30.0 (A)
5 84 329 100 98.8 97.6 17.3 (5) 39.8 17.3 (O)
8 44 67.6 100 100 100 359 (8) 39.5 28.2 (J)

second smaller region, Ins, is also considered to be
surface-exposed and has been predicted to be sit-
uated in close proximity and may interact with the
INS loop [38]. Interestingly the INS loop of
JCPGI1 and JCPAR39 [38] and Chp2 and Chp3
are very similar.

An unrooted phylogenetic tree was constructed
for the major capsid protein (VP1 equivalent) of 12
members of the Microviridae family of bacterio-

Obligate Intracellular Bacteria

PMHZK

Spv4

phages (Fig. 3). This analysis agrees with the
suggestion, based on biological properties [10],
that the Microviridae family of bacteriophages can
be divided into two types (the ICTV is presently
discussing whether these should be genera or
subfamilies); the bacteriophages that infect Entero-
bacteriaceae (including @X174 and G4) and the
bacteriophages that infect obligate intracellular
bacteria, which include the chlamydiaphages and

Enterobacteriaceae

DX174
S13

10%

Fig. 3. Unrooted phylogenetic tree constructed for the coat protein (VP equivalent) showing the relationship of Chp3 to other
microviruses. Shaded ellipses have been added to highlight the distinction between the two available groups of chlamydiaphages. The
scale bar indicates percentage divergence. Accession numbers for the microviruses are as follows; X60322 (93), X60323 (OK), J02482
(OX174), M 14428 (S13), V00657 (G4), AF306496 (OMH2K), M17988 (SpV4), AJ550635 (Chp3), AJ270057 (Chp2), AE002163

(@CPAR39), U41758 (@CPG1), D00624 (Chpl).
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OMH2K. The name Gokushoviruses (Gokusho:
Japanese for very small) has been proposed by the
ICTV. The main difference between these two
subfamilies of Microviridae is that the “Gokusho-
viruses” encode neither major spike nor external
scaffolding proteins.
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