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The com operon of naturally transformable streptococcal species contains three genes, comC, comD, and
comE, involved in the regulation of competence. The comC gene encodes a competence-stimulating peptide
(CSP) thought to induce competence in the bacterial population at a critical extracellular concentration. The
comD and comE genes are believed to encode the transmembrane histidine kinase and response regulator
proteins, respectively, of a two-component regulator, with the comD-encoded protein being a receptor for CSP.
Here we report on the genetic variability of comC and comD within Streptococcus pneumoniae isolates. Com-
parative analysis of sequence variations of comC and comD shows that, despite evidence for horizontal gene
transfer at this locus and the lack of transformability of many S. prneumoniae strains in the laboratory, there
is a clear correlation between the presence of a particular comC allele and the cognate comD allele. These
findings effectively rule out the possibility that the presence of noncognate comC and comD alleles may be
responsible for the inability to induce competence in many isolates and indicate the importance of a functional
com pathway in these isolates. In addition, we describe a number of novel CSPs from disease-associated strains
of S. mitis and S. oralis. The CSPs from these isolates are much more closely related to those from S. preumoniae
than to most CSPs previously reported from S. mitis and S. oralis, suggesting that these particular organisms
may be a potential source of DNA in recombination events generating the mosaic structures commonly

reported in genes of S. pneumoniae that are under strong selective pressure.

Many members of the oral streptococci are naturally trans-
formable, being able to take up naked DNA from the extra-
cellular environment (16). Homologous recombination of for-
eign DNA into the host chromosome following transformation
is believed to play a major role in the evolution of these
bacteria. This notion is illustrated by both the rapid emergence
of penicillin resistance following the acquisition of low-affinity
penicillin binding proteins (4) and evidence for the occurrence
of frequent recombination events in the evolution of virulence
factors in Streptococcus pneumoniae (5, 20). Competence for
transformation in streptococci is not constitutive, as it is in
Neisseria species (24), but is regulated by genes of the recently
characterized com locus (18). The com operon contains three
genes, comC, comD, and comE, encoding a competence-stim-
ulating peptide (CSP), histidine kinase, and a response regu-
lator, respectively (1, 7, 9, 19). Two genes located elsewhere on
the chromosome, comA and comB, encode proteins responsi-
ble for the export of CSP from the cell (11, 27). CSP is thought
to induce competence when a critical extracellular concentra-
tion is reached. The comD-encoded transmembrane histidine
kinase is believed to be a receptor for the CSP and to phos-
phorylate a comE-encoded transcription regulator, producing
an active form that up regulates both the comCDE operon and,
presumably, a number of other genes involved in competence
development.

Despite the fact that many S. pneumoniae strains appear
untransformable under laboratory conditions, the CSP-encod-
ing gene, comC, is thought to be ubiquitous (22). Sequencing
studies recently identified two distinct alleles encoding S. preu-
moniae CSP, comC1 and comC2 (21). It appears that the vast
majority of strains carrying the comC1 allele cannot be induced
to competence with the comC2-encoded peptide CSP-2 and
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vice versa (21). Recently, it was suggested that all members of
the mitis and anginosus phylogenetic groups of streptococci
possess homologues of the comCDE operon (10). The CSP-
encoding genes of several such isolates have been sequenced,
revealing a range of structurally related but biologically distinct
peptides both between species and among organisms recog-
nized as a single species, such as S. mitis (9, 10, 21). A complete
understanding of the specificity of competence induction is
crucial for understanding the biology of S. pneumoniae and
other naturally transformable streptococci, especially with re-
gard to the horizontal transfer of antibiotic resistance and
virulence markers within these organisms.

Here we describe a study designed to confirm and extend
current knowledge of the genetic diversity of comC and the
corresponding regulatory genes, comD and comE. The aims of
the study were as follows. First, we aimed to characterize the
comC genes of a diverse range of S. pneumoniae isolates in
order to extend understanding of the genetic variation of the
CSP, to link these findings to competence phenotype, and to
provide a well-characterized set of isolates for further studies.
Second, we aimed to characterize the 5’ region of comD (en-
coding the CSP receptor motif) from the same strains; while
comC variation has been examined previously with a limited
number of strains of S. pneumoniae, there are currently no data
describing genetic variation of the corresponding comD genes.
One feasible explanation for the reported lack of ability to
transform at least 50% of strains tested with synthetic CSP
(21), which has yet to be addressed, is the possibility of non-
cognate comC alleles and comD alleles in particular strains. A
recent report that horizontal gene transfer may occur between
the com operons of distinct streptococcal species, generating
mosaic genes (10), highlights the need to examine this possi-
bility. We therefore performed a comparative analysis of comC
and comD alleles within a set of diverse S. pneumoniae isolates.
Third, as an understanding of interspecies signalling may have
important implications for understanding the population biol-
ogy of the naturally transformable streptococci, we also iden-
tified a number of novel comC alleles from isolates of oral
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streptococci that are apparently closely related to pneumococci
and that may act as donors in horizontal gene transfer events
with pneumococci. Finally, we analyzed the complete comCDE
region from a limited number of strains with variant comC
alleles in order to add to the limited knowledge of diversity
across the whole com operon.

MATERIALS AND METHODS

Strains. The designations and sources of the S. pneumoniae strains used in this
study are shown in Table 1. Strains were routinely cultured on brain heart
infusion (BHI) agar containing 5% (vol/vol) defibrinated sheep blood at 37°C in
5% CO,. Strains were stored frozen at —80°C in BHI broth with 15% (vol/vol)
glycerol until needed. The non-S. pneumoniae streptococcal strains, used in
screening for a comC PCR product, were as follows (sources of strains are
available on request): mitis group—S. mitis NCTC10712, NS51T, NCTC3166,
NCTC1080, NCTC3165, HVS51, PP53, K208, NCTC7864, NCTC11189, Colls,
Coll6, Col17, and Coll8, S. oralis NCTC11427", 20070NS, 20003NS, Col19,
Col21, Col22, and Col24, S. sanguis 12088NS, 2397, NCTC7863", and 13,
S. parasanguis 55895, and S. cristae CR311 and CC5A; anginosus group—sS. mil-
leri NCTC10708, S. constellatus F436 and NMH4, S. anginosus NCTC11062,
and S. intermedius 415-87, AM6425, and HW7, salivarius group—S. vestibu-
laris NCTC12166" and S. salivarius NCTC8618"; and other groups—group G
streptococcus strains 91.2153, 91.2388, and 11555, group K streptococcus strain
NCTC11389, S. iniae NCFB5389, S. adjacens X193, S. cricetus NCFB2720,
S. ferus NCFB2721, S. rattus NCFB2723, S. defectivus DA4, S. ceocorum
NCFB2674, and S. sobrinus NCFB2724.

Purification of streptococcal chromosomal DNA. Chromosomal DNA from
each strain was obtained by harvesting the confluent overnight growth from two
or three heavily inoculated agar plates into 1 ml of 50 mM Tris-HCI-10 mM
EDTA (pH 8.0). Cell lysates were obtained by sequential addition (at 37°C) of
5 pl of lysozyme (10 mg ml™'), (10 min), 5 pl of proteinase K (10 mg ml™") (30
min), and 40 pl of 20% (wt/vol) Sarkosyl. The clear viscous lysates were extracted
once with phenol and once with chloroform and precipitated in 2.5 volumes of
ethanol with 10% (vol/vol) 3 M sodium acetate (pH 5.2). The resulting DNA was
washed with 70% (vol/vol) ethanol, resuspended in 10 mM Tris-HCl-1 mM
EDTA (pH 7.5), and stored at —20°C.

Induction of competence by a CSP. Stimulation of competence by a synthetic
CSP was tested essentially as described by Pozzi et al. (21). Bacteria were grown
overnight on BHI agar supplemented with 4% (vol/vol) sterile defibrinated sheep
blood at 37°C in an atmosphere of 5% CO, before being resuspended in BHI
broth to an optical density at 620 nm of approximately 0.01. The cultures were
incubated at 37°C until the optical density at 620 nm reached 0.4 to 0.5 (mid-
exponential to late exponential phase) and were frozen in 15% glycerol at
—80°C. For transformation, the frozen cultures were diluted 1:20 in C+y me-
dium (25) containing 0.16% (wt/vol) bovine serum albumin, 0.01% (wt/vol)
CaCl,, and 100 ng of synthetic CSP-1 or CSP-2 ml™! (both generously provided
by D. Morrison, University of Illinois). Chromosomal DNA from a pneumococ-
cus carrying a spectinomycin resistance cassette (14) was added to a concentra-
tion of 1 wg ml~!. The transformation reaction mixture was kept at 37°C for 150
min before samples were plated on BHI blood agar supplemented with specti-
nomycin at 200 ng pul~!. Approximately 5 X 107 cells were plated from each
transformation reaction, and the induction of competence was judged to have
taken place by the appearance of significant numbers (>500) of spectinomycin-
resistant transformants on the selective plates after overnight incubation at 37°C.

Analysis of comC and comD allelic variations. The sequences of the oligonu-
cleotides used as PCR primers in this study are shown in Table 2. The sequence
flanking comC in strain R6 was obtained by performing inverse PCR to amplify
a PCR product from a Dral-generated chromosomal digest by use of primers 1
and 2 designed against the strain Rx CSP-encoding sequence (7). PCR products
were cloned in pTAg (R & D Systems) according to the manufacturer’s instruc-
tions. Plasmids were purified from the resulting clones with Wizard Plus Mini-
preps (Promega), and inserts were sequenced by use of primers corresponding to
the vector sequence and novel primers to “walk” along the sequence. The
comC-flanking sequence obtained was then used to design primers 3 and 4, which
were used to amplify a comC-containing PCR product from chromosomal DNA.
PCR was performed with standard parameters at an annealing temperature of
48°C for 32 cycles. PCR products were purified by passage through Microcon 100
columns (Amicon) and were sequenced directly by the cycle sequencing method
with an ABI 373A automated sequencing system. Later, when the comD se-
quence had been determined, primer 3 was used in conjunction with primer 5 to
amplify a region encompassing both comC and the 5’ variable region of comD,
and the 5’ sequence of comD was determined directly in the same manner.

Cloning and sequencing of the comCDE operon. PCR products corresponding
to the entire comC gene and the entire comD gene and most or all of comE were
obtained with forward primer 6, corresponding to the upstream Arg-tRNA gene
(9), or primer 3, located just upstream of comC, in conjunction with primer 7,
corresponding to the downstream Glu-tRNA gene (9), or primer 8, located in the
3" region of the comE gene. PCR products obtained with these primers were
cloned in pTAg as described above, and the sequence of the entire insert was
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TABLE 1. Designations, sources, and serotypes of bacterial
isolates used in this study

Strain® Source (date) of isolation”  Serotype®  Allele?
VAl United States (1983) 19 comCl
Pn60 (143G) Spain (1993) 19A  comC1
Pn16 (110K/70) Papua New Guinea (NK) 42 comCl
Pnl2 (53139/72) Papua New Guinea (1972) 6 comCl
960 Oxford, UK (1994) 6B comC1
670 Spain (1988) 6B comC1
954 Oxford, UK (1994) 6B comCl
964 Oxford, UK (1995) 6B comCl1
950 Oxford, UK (1995) 18C  comClI
Pnl7 (46/68) Papua New Guinea (1968) 46 comCl
878 Kenya (1990) 10F  comClI
Pnl15 (N943/69) Papua New Guinea (1969) 12 comCl
871 Kenya (1990) 18C  comClI
952 Oxford, UK (1995) 22F  comClI
29044 Czechoslovakia (1987) 14 comCl
R6 United States (1930) NT comCl
Rst7 NK (NK) NK  comCI
Pn6 (9/122) Brighton, UK (1988) NK comCl
Coll4 UK (1993) NT comCl
Col6 UK (1993) NT comCl
881 Kenya (1990) NT  comClI
Col8 UK (1993) NT  comCl
Pn109 UK (1995) 1 comCl
873 Kenya (1990) 8 comCl
Pn112 Cambridge, UK (1995) 3 comC1
Pnll1 Ashford, UK (1995) 3 comCl
7731 Equine isolate (1982) 3 comCl
Pn148 Equine isolate (1987) 3 comCl
Pn146 Equine isolate (1987) 3 comCl
41G NK (NK) NK  comC2.1
9858 Brighton, UK (1988) NK  comC2.1
Coll2 UK (1993) NT  comC2.1
Pn5 (9/121) Brighton, UK (1988) NK  comC2.1
Colll UK (1993) NT comC2.1
Col7 UK (1993) NT comC2.1
Colll UK (1993) NT  comC2.1
Col13 UK (1993) NT  comC2.1
872 Kenya (1990) 15A° comC2.1
967 Oxford, UK (1994) 35F  comC2.1
Pn107 Oxford, UK (1995) 1 comC2.1
Pn108 Oxford, UK (1995) 1 comC2.1
Pn110 Norwich, UK (1995) 3 comC2.1
875 Kenya (1990) 16F  comC2.1
880 Kenya (1990) 13 comC2.1
953 Oxford, UK (1994) 6A comC2.1
951 Oxford, UK (1994) 6A comC2.1
85G Mexico (1992) 23 comC2.1
859 Liverpool, UK (1996) 23F  comC2.1
81G Mexico (1992) 23F  comC2.1
3G Mexico (1993) 23F  comC2.2
Pn8 (DN87/629) Oldham, UK (1987) 23 comC2.2
Pn24 (264) Spain (NK) 23 comC2.2
577 UK (1987) 23 comC2.2
SP1 Spain (1989) 23 comC2.2
Pn25 (267) Spain (1994) 23 comC2.2
F5 France (1992) 6B comC2.2
Pn39 (138G) Spain (1993) NK  comC3
Pn13 (Kagnane/73) Papua New Guinea (1973) 14 comC4
101/87 Spain (1987) NT  comC5
874 Kenya (1990) NT = comCé6.1
Col19 UK (1993) comC6.2
Coll5 UK (1992) comC7
Col18 UK (1993) comC7
Coll6 UK (1993) comC8
NCTC10712 comC9

“In the vast majority of cases, both comC and 5’ comD sequences were
examined. However, in the case of strains shown in boldface, only the sequence
of comC was determined. All strains were S. pneumoniae except for Col19
(S. oralis) and Coll5, Col18, Col16, and NCTC10712 (S. mitis).

® NK, not known. UK, United Kingdom.

¢ NT, nontypeable.

9 The comC allele of each strain, as determined by sequencing, is indicated.
Both alleles comC2 and comC6 are subdivided by a coding change within the
leader peptide.
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TABLE 2. Sequences of primers used in this study

Primer Primer sequence (5'—3") Location or use

1 CAAAGCTACAAATCGTTCCAAT Inverse PCR

2 GATGAGGTTGTCAAAATTCTTC Inverse PCR

3 TGACAGTTGAGAGAATCTT 5" to comC

4 CTTTTCTATTTATTTGACCT 3’ to comC

5 TAGTTCCAAATGGAAATA 5" of comD

6 CATAGCTCAGCTGGATAGAGCA Arg-tRNA gene
TTCGCCTTC

7 GGCGGTGTCTTAACCCCTTGAC Glu-tRNA gene
CAACGGACC

8 WGAAATIGGWSAACGAT 3" of comE

obtained by use of flanking primers corresponding to the vector sequence and a
series of internal primers.

Phylogenetic analysis. Preliminary analysis and alignment of sequences were
performed with the DNAStar package. Phylogenetic analysis and tree construc-
tion were performed with the program MEGA (15). Trees were constructed by
the UPGMA method with the Jukes-Cantor correction (12), and the bootstrap
confidence level of internal branches was estimated from 500 resamplings of the
data.

Nucleotide sequence accession numbers. The EMBL accession numbers for
the sequences reported in this paper are AJ240738 to AJ240795.

RESULTS

Sequences of S. pneumoniae comC alleles. When this work
was being performed, the coding sequence of only a single
comC gene was available (7). In order to obtain the flanking
sequences of comC, thus facilitating the amplification and se-
quencing of the entire comC gene from multiple isolates of
pneumococci, inverse PCR was performed with strain R6. By
use of primers 1 and 2, a PCR product of approximately 2.6 kb
was obtained from self-ligated, Dral-digested chromosomal
DNA and cloned into pTAg, and regions flanking comC were
sequenced by use of both primers 1 and 2 and primers for the
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flanking vector sequence. On the basis of this sequence, prim-
ers 3 and 4 were designed in order to attempt to amplify comC
from a diverse range of S. pneumoniae strains and from closely
related streptococcal species.

PCR amplifications with primers 3 and 4 were performed
with DNA isolated from a range of geographically, serotypi-
cally, and temporally diverse S. pneumoniae isolates (Table 1).
A PCR product of about the expected size (337 bp) was ob-
tained from all 60 S. pneumoniae strains examined. PCR prod-
ucts were sequenced in full, and six distinct mature CSPs,
designated CSP-1 to CSP-6 (encoded by comC1 to comCo,
respectively), were identified. The predicted amino acid se-
quences of the CSPs are shown in Fig. 1A. The vast majority of
strains of S. pneumoniae contained one of the two major al-
leles, comC1 (29 of 60) or comC2 (27 of 60), corresponding to
CSP-1 or CSP-2, respectively, as previously described (21).
However, four other alleles were detected, although only one
example of each of these alleles was seen in the strains exam-
ined. The comC3 allele of strain Pn59, isolated from Spain in
1993, is identical to a third pneumococcal allele recently re-
ported (22). Pnl3, an isolate from Papua New Guinea, pos-
sesses a unique but closely related allele (comC4) encoding a
CSP with a deletion of a 3-amino-acid repeat relative to Pn59.
The comC5 allele was found only in strain 101/87, a Spanish
atypical bile-insoluble S. pneumoniae strain (2), the comC6
allele was found only in strain 874, a Kenyan strain isolated
from an human immunodeficiency virus-seropositive, asymp-
tomatic pneumococcal carrier.

Induction of competence by a CSP. The ability of synthetic
CSP-1 and CSP-2 to induce competence in a subset of strains
containing comCI or comC2 was examined by monitoring the
ability of each CSP to induce transformation to spectinomycin
resistance (Table 3). As reported previously (21), the vast
majority of strains could be induced to competence only by
their congruent CSP, although two strains (Pnl6 and VAL)

{

MENTVKLEQFVALKEKDLOKIKGG
MRNTVKLEQFVALKEKDLQKIKGG
MRNTVKLEQFVALREKRDLONIKGG
MRNTVELEQFVALREKDLONIQGG
MERNTVELEQFVALKEKDLONIQGG
MRNTVKLEQFVDLKEKDLQEIQGG
MENTVKLEQFVALKEKDLOKIKGG

EMRLSKF----FRDFI----LORKK
EMRISRI----ILDFL----FLRKK
EMRISRI~-~-ILDFL----FLRKK
EMRRMNEKSFNIFNFFNFFNFFRRR
EMREKMNEKSFNIFNFFNF---FRRR
ESRLPKI----LLDFL----FLRKK
EMRLPKI----LRDFI----FPRKK

A

CspP-1 (P)
csp-2.1 (P)
CsP-2.2 (P)
CsP-3 (P)
CspP-4 (P)
csp-5 (P)
CsP-6.1 (P)
B

CSP-6.2 (O)
Csp-7 (M)
csp-8 (M)
CcspP-9 (M)

. mitis B5

s
S. mitis Hu8

S. mitis 12261
S. oralis 11427
S. oralis 20066

3
MRENTVRKLEQFVALKERDLQEIKGG
MRNTVKLEQFVALKEKDLQEIRGG
MRNTVKLEQFVALKERDLONIKGG
MENTVELEQFVALKEKDLQKIQGG
MENTVKLEQFVALKEKDLOKIKGG
MRNTVKLEQFVALKEKDLQRIQGG
MRNTVNLDKFVELKEKDLONIQGG
MRNTEKLEQFKEVTEAELQEIRGG

MENTVKLEQFKEVTEAELQEIRGG
*kkk ok k ok kk Kk kK

EMRLPKI----LRDFI----FPRRK
ESRVSRI----ILDFL----FQRKK
ESRISDI----LLDFL----FQRKRK

EMRRPDG-——==~~~~ ALFNLFRRR
ESRLPKI----RFDFI----FPRKK
EMREKSNN-—=====—< NFFHFLRRI
EIRQTHN-----—---- IFFNFFKRR
DRRLP-~=~-———- YFFRKHLFSNRTK
DWRIS-------- ETIRNLIFPRRK

FIG. 1. Alignments of the predicted amino acid sequences of the nine distinct CSPs characterized in this study. Asterisks represent amino acids conserved across
all sequences, while dots represent conservative amino acid substitutions. Gaps in the alignment are represented by dashes. The predicted cleavage point of the mature
peptide from the leader sequence, based on homology with other double-glycine-type leader peptides, is indicated by an arrow. The CSP-2 and CSP-6 groups are
subdivided by coding changes in the leader peptide. The species of origin was S. oralis (O), S. pneumoniae (P), or S. mitis (M). (A) Sequences of the six distinct CSPs
obtained from S. pneumoniae isolates. (B) Sequences obtained from isolates characterized as S. mitis or S. oralis alongside the sequences of three S.mitis CSPs and two

S. oralis CSPs characterized by Havarstein et al. (10).
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TABLE 3. Induction of competence in strains containing
comC1 and comC2 by artificial CSPs”

Strain Allele CSP1 CSP2
Col8 comCl + -
29044 comCl + —
R6 comCl + -
Pnl5 comCl + —
670 comCl - -
7731 comCl - —
Pn109 comCl - -
Pnlll comCl - -
Pnl112 comCl - -
Pnl146 comCl - -
Pn148 comCl - -
Pn60 comCl - -
Pn6 comCl - -
Col14 comCl - -
VAl comCl + +
Pnl6 comCl + +
81G comC2 - +
Spl comC2 - +
3G comC2 - +
Pn5 comC2 - +
Pn25 comC2 - -
Pn8 comC2 - -
41G comC2 - -
Coll1 comC2 - -
Pn107 comC2 - -
Pn108 comC2 - -
Pn110 comC2 - -
Coll2 comC2 - -
577 comC2 - -

“ The ability of a CSP to induce competence was monitored by the ability to
induce the uptake of a spectinomycin resistance marker (+, competence in-
duced, —, competence not induced).

appeared to develop competence in the presence of either
CSP. However, and again as reported previously (21), less than
50% of strains were found to be rendered transformable even
in the presence of their specific CSP.

Analysis of comC and comD allelic variations. As described
above and as demonstrated previously (21), at least 50% of the
strains appeared untransformable in the laboratory even in the
presence of their specific CSP. There are many potential ex-
planations for this phenomenon, notably, encapsulation (23,
26). However, one possible explanation, in view of the occur-
rence of multiple CSPs in S. pneumoniae and which has not
been formally examined, is noncongruence (and therefore lack
of binding) between the comC-encoded CSP and the comD-
encoded CSP receptor protein within an individual strain. The
data of Havarstein et al. (10), indicating that horizontal gene
transfer occurs between the com loci of distinct streptococcal
species, provides supportive evidence that such a situation
could arise. We investigated this possibility of noncognate
comC and comD alleles within individual strains by examining
the 5’ 384 bp of the comD sequence (encoding the putative
CSP binding domain) of most of the strains from which the
comC sequence had already been determined. This examina-
tion facilitated a comparative analysis of comC and comD se-
quences within a large number of diverse pneumococcal isolates.

The results of this analysis are presented in the form of two
phylogenetic trees representing the sequences of the entire
comC gene (Fig. 2A) and the 5’ end (first 384 bp) of the comD
gene (Fig. 2B). The comC tree illustrates the relationship be-
tween the two major alleles, comC1 (upper half of tree) and
comC?2 (lower half of tree), which are subdivided by one silent
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change and one coding change (in the leader peptide), respec-
tively; the amino acid sequences of the mature peptides are
unaltered. The remaining sequences, representing strains con-
taining comC3 to comC6, are rather divergent from those of
strains containing the major alleles. For the two major group-
ings, representing alleles comC1 and com(C2, allele groups for
comC and comD remain entirely congruent: there is no mixing
of the 27 comC1 strains with the 22 comC2 strains within the
comD tree. Two distinct groups of comD sequences, comDI
and comD2, are apparent; these groups are entirely congruent
with the comC1 and comC2 groups. Like the comC sequences,
the comD sequences of strains with comC3 to comC6 are all
divergent from the two major groupings, comDI and comD?2.
Therefore, in spite of previous reports of evidence of horizon-
tal gene transfer within the com locus (10), comCI and comD1
group sequences and comC2 and comD?2 group sequences are
always paired within the diverse collection of S. pneumoniae
strains examined in this study. Thus, the lack of transformabil-
ity of many strains is due to factors other than horizontal gene
transfer resulting in mismatched alleles of comC and comD.

Screening of other streptococci for comC homologues. It is
thought that the horizontal gene transfer of DNA from oral
streptococcal species to S. pneumoniae has played an impor-
tant role in the evolution of this organism. We therefore used
our primer set to screen isolates of a range of oral and other
streptococci to investigate organisms with CSPs closely related
to those of pneumococci, which may have an increased likeli-
hood of acting as DNA donors. The results of this screening
are summarized in Table 4. Only a small proportion of the S.
mitis and S. oralis isolates screened yielded comC PCR prod-
ucts with this primer set, suggesting considerable intraspecies
diversity within the com operon. PCR products were se-
quenced from four S. mitis strains (NCTC10712, Coll5, Coll6,
and Coll8) and a single S. oralis strain (Col19). The strains
with the prefix Col were obtained from A. Efstratiou of the
Central Public Health Laboratory, Colindale, England, and
were unusual oral streptococci in that they were associated
with chest infections and/or pneumonia. The strains were
typed on the basis of their reactions with optochin, bile insol-
ubility, quellung reaction, and biochemical profile. The pre-
dicted amino acid sequences of the CSPs are shown in Fig. 1B.
Three distinct alleles were seen in the S. mitis strains. Strains
Coll5 and Coll8 possess a novel allele, comC7. Strain Coll6
possesses a unique and novel allele, comCS. However, S. mitis
NCTC10712 was found to possess a CSP, encoded by comC9,
unique in this study but identical to that previously reported
from S. mitis B6 (10). The single CSP identified in an S. oralis
strain (Col19) was found to be identical, apart from one amino
acid change in the leader sequence, to that seen in pneumo-
coccal isolate 874 described above (CSP-6).

CSP-7 and CSP-8, from organisms classified as S. mitis, are
distinct from any of four CSPs recently reported from S. mitis
strains (10), as demonstrated in the alignments shown in Fig.
1B. Likewise, Col19 is typed as S. oralis but has a CSP very
different from the two previously reported S. oralis CSPs (10).
The relationships between these sequences are demonstrated
in the dendrogram shown in Fig. 3, constructed from CSP
amino acid sequences. This dendrogram is not intended to be
a phylogenetic interpretation but is intended to be used merely
as a simple visual representation of sequence relationships.
Thus, it can be seen that CSP-6, CSP-7, and CSP-8 are all much
more closely related to the common pneumococcal CSPs,
CSP-1 and CSP-2, than to most of the previously described S.
mitis or S. oralis CSPs. One other previously reported S. mitis
CSP, from strain B5 (10), also falls within this group. Likewise,
pneumococcal CSP-3 and CSP-4 which, at least in our sample,
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TABLE 4. Amplification of comC by PCR from
streptococcal strains”

No. of PCR-positive strains/

Group” total no. of strains tested

Mitis

S. pneumoniae 60/60

S. mitis 4/14

S. oralis 1/7

S. sanguis 0/4

S. parasanguis 0/1

S. cristae 0/2
Anginosus 0/6
Salivarius 0/2
Other 0/15

¢ Purified streptococcal DNA was screened with primers 3 and 4.
? Full details of the strains examined are given in Materials and Methods.

appear much less common, appear most closely related to
some S. mitis CSPs.

Variations across the whole comCDE locus. Primers corre-
sponding to conserved flanking regions were used to amplify a
PCR product representing the complete comC and comD
genes and a large portion of the comE gene from six strains
with divergent CSPs. The samples were cloned and sequenced
in full in order to examine the nature and extent of genetic
variations in the comD and comE genes of these strains. The
strains examined were S. pneumoniae F5, containing the sec-
ond major comC allele (comC2) and from which the sequences
of comD and comE have not yet been reported; S. pneumoniae
Pn59, S. pneumoniae Pnl13, and atypical bile-insoluble S. preu-
moniae 101/87 (2), each of which contains atypical pneumo-
coccal CSPs; and S. oralis Col19 and S. mitis NCTC10712.

The levels of sequence divergence vary significantly across
the comD and comE genes. As might be expected, the region
encoding the N-terminal membrane-spanning domain of
ComD, presumably containing the CSP receptor, is the most
variable part of the comD gene, with up to 10.24% nucleotide
divergence seen in a comparison of the 5’ 420 bp of the S.
pneumoniae sequences. The region encoding the C-terminal
kinase domain is much more conserved, displaying a maximum

J. BACTERIOL.

of 1.77% variation in the remaining 3’ 906 bp of comD in a
comparison of the same sequences. The distribution of coding
changes is illustrated by an alignment (Fig. 4) of the six se-
quences characterized here with the published S. pneumoniae
Rx ComD sequence. Transmembrane segments and the pos-
sible topology of the ComD protein were determined with the
program TmPred (25a). This analysis suggested that the
ComD protein most likely contains seven transmembrane he-
lices, in agreement with the structure predicted for the ComD
protein of Streptococcus gordonii (9). The approximate loca-
tions (amino acids) of the transmembrane helices were pre-
dicted to be as follows: 3 to 20 (outside-inside), 31 to 51
(in-out), 47 to 74 (out-in), 85 to 104 (in-out), 121 to 140
(out-in), 161 to 180 (in-out), and 188 to 204 (out-in). The vast
majority of the coding variation in comD is confined to regions
corresponding to amino acids 1 to 63 and 114 to 151, suggest-
ing that the ComD receptor motif is located within a surface-
exposed region contained within these sequences. When the
CombD sequences of strains containing the two major S. pneu-
moniae comC alleles, comC1 and comC2, were compared vir-
tually all variation was located in the region from amino acids
4 to 59; at least in strains containing these two major alleles,
this result appears to narrow the location of the receptor seg-
ment to within this region. As might be expected, the comE-
encoded response regulator protein is highly conserved even in
strains with divergent comC and comD alleles (data not
shown). Nucleotide divergence within comE ranged from 0.16
to 1.27% in the four S. pneumoniae strains examined in this
study.

Horizontal gene transfer between com loci. A clear example
of a recombination event generating mosaic structure can be
seen by comparison of the sequences of comCDE of S. pneu-
moniae Pn13 and Pn59 with the previously published sequence
of strain Rx. Figure 5 shows an alignment of polymorphic
residues seen in a comparison of these sequences. It can
readily be seen that the sequences of the Pn13 and Pn59 comC
and 5’ comD regions are very similar to each other and diver-
gent from the Rx sequence. However, beyond nucleotide 621
(located within the comD gene), the sequences of Pn13 and
Pn59 diverge such that the Pn13 sequence is characteristic of
the Rx sequence. This observed mosaic structure, indicative of
horizontal gene transfer, is significant at a P level of <0.01
(chi-square test) (17). Similarly, a comparison of the divergent
comCD regions of Pn13 and Pn59 with the comCD region of S.

CsP 2.1
4‘ E Csp 2.2
CSP 8

CSP 7

CSP S

CSP 1

S.mitis BS
(SP 6.2

S.mitis HUB

CSP 9

| CSP 3
' (SP 4

S.mitis 12261
S.oralis 20060

S.oralis 11427

FIG. 3. UPGMA tree demonstrating the relationships between ComC (CSP) proteins characterized in this study (CSP-1 and CSP-9) and previously identified

CSPs.
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FIG. 4. Alignment of the predicted amino acid sequences of the ComD proteins from streptococcal strains in comparison to the published S. pneumoniae Rx ComD
sequence (19). Only residues which differ from the Rx sequence are shown. Identical residues are shown by dots. The active-site histidine residue of ComD is indicated
by a number sign, while the predicted stop codon is indicated by an asterisk.
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FIG. 5. Distribution of polymorphic sites among the sequences of the com operons of S. pneumoniae Rx, Pn59, and Pn13. Numbering, shown above the sequence,
begins at the comC start codon, with residues identical to those in strain Rx shown by dots and gaps in the sequence alignment shown by dashes.

mitis (NCTC10712) also suggests that the polymorphisms seen
in Pn13 and Pn59 may be the result of horizontal transfer of
DNA encoding both the CSP and the congruent receptor re-
gion of ComD from an S. mitis strain. These data support the
previous observation that horizontal gene transfer, involving
acquisition of the CSP and congruent receptor protein, has
occurred during the evolution of the com locus (10).

DISCUSSION

The data presented here characterize nine distinct CSP vari-
ants; five of these represent novel CSP variants not previously
reported. However, all the CSP variants conform to previously
described characteristics, being small cationic peptides with a
negatively charged N terminus, with a positively charged C
terminus, and possessing double-glycine-type leader peptides
(6, 8). The leader peptides are highly conserved among all the
CSPs, with almost every residue being identical or showing a
conservative substitution (Fig. 1). Similarly, the negatively
charged N-terminal amino acid and the arginine residue of the
mature peptide are completely conserved as, to a large extent,
are the three C-terminal arginine and/or lysine residues. In
contrast, the central regions of the mature peptide are highly
variable, suggesting that these are the regions which confer
peptide specificity and which interact with the ComD receptor,
while the flanking regions are functionally constrained.

Six distinct CSPs were found in isolates which have been
classified as S. pneumoniae. The vast majority of S. pneumoniae
isolates possess one of two major CSP variants reported pre-
viously (CSP-1 or CSP-2). However, the occurrence of closely
related CSP-3 and CSP-4 in strains which were isolated about
20 years apart in different parts of the world but which are, as
far as we are aware, representative of typical pneumococci
suggests that a significant subpopulation of pneumococci which
possess these very distinct CSPs may exist. CSP-3 was reported
in a single South African isolate of a distinct serotype (22),
indicative of probable long-term and worldwide prevalence of

such isolates. The biological significance of these isolates is
unclear, although one might expect that some genetic isolation
could develop because of the possibility of reduced genetic
exchange with other pneumococci.

Two other strains, 101/87 and 874, classified as S. pneu-
moniae and possessing distinct CSPs, CSP-5 and CSP-6, may
represent either atypical or incorrectly classified organisms. In
this respect, one should remember that distinguishing pneu-
mococci and other members of the oral streptococci in the
clinical microbiology laboratory can be problematic. Strain 874
was obtained by us as part of a study of the population genetic
structure of carried pneumococcal isolates and was classified as
S. pneumoniae by conventional criteria, including bile solubil-
ity, optochin sensitivity, and the results of an Accuprobe S.
pneumoniae culture identification test (Gen-Probe). However,
almost all housekeeping genes examined in this organism are
distinct from those of other pneumococci that we have exam-
ined (unpublished data), raising doubts about the classification
of this strain as S. pneumoniae. Demonstration that the CSP
carried by this organism is virtually identical to that carried by
an S. oralis isolate, Col19, supports such doubts. Strain 101/87
is a well-studied organism isolated from the blood of a patient
with pneumonia; although initially classified as S. mitis on the
basis of biochemical tests indicating a nontypeable alpha-he-
molytic strain resistant to bile and optochin, it was eventually
classified as an atypical S. pneumoniae strain on the basis of the
use of specific DNA probes (2). Given the background of these
strains, it was therefore not surprising to isolate novel CSPs
from them.

There have been no previous studies of the genetic diversity
of the comD gene of S. pneumoniae. Sequencing of the 5’
region of comD from 53 strains for which comC had already
been characterized allowed a comparative analysis of the re-
lationship between the alleles of these two genes. The region
sequenced encompasses the most variable segment of comD
and indeed contains virtually all of the diversity seen when the
complete comD sequences of strains containing the two major



VoL. 181, 1999

comC alleles, comCI and comC2, are examined (Fig. 4). Thus,
the approach of sequencing only the 5" region of comD is a
valid one. Despite the inability in both this study and previous
studies to induce competence even with the cognate synthetic
CSP in up to 50% of strains, a complete correlation between
comC alleles and apparently matching comD alleles was found
in these strains. All CSP-1-containing strains had closely re-
lated comD alleles (comDI group) which were substantially
different from the comD alleles found in all CSP-2-containing
strains (comD2 group). Thus, the inability to induce compe-
tence in many strains cannot be due to the lack of a ComD
receptor protein which is cognate for the CSP. Other factors
must therefore be responsible for the observed nontransform-
ability of many strains; these could include capsule production
(23, 26) or nonoptimal in vitro culture conditions.

In spite of the complete congruence of the comC and comD
alleles seen here (i.e., comCI with the comDI group and
comC2 with the comD2 group), both this study and previous
studies have revealed data illustrating that horizontal gene
transfer was involved in the evolution of the com locus. Havar-
stein et al. (10) recently examined the comCDE operon from
several representatives of the mitis and anginosus phylogenetic
groups of streptococci (13) and reported three instances of
apparent mosaic structure in comparisons of distinct Strepto-
coccus gordonii or distinct milleri group isolates, indicative of
horizontal gene transfer. In agreement with the findings re-
ported above of cognate comC and comD alleles in all strains
examined, all of the putative recombination events appeared to
involve the transfer of comC and the 5’ region of comD (i.e., the
receptor-encoding segment) in conjunction. Presumably, hor-
izontal gene transfer events generating noncongruent comC
and comD alleles must occur in nature but are either rare or
rapidly selected against.

In the second part of this study, we used our primer set
flanking comC to screen isolates of streptococcal species for
organisms which might produce closely related CSPs. The ra-
tionale behind this strategy was that the horizontal gene trans-
fer of DNA from other streptococcal species is believed to play
an important role in generating the genetic diversity of S.
pneumoniae. Mosaic structures which result from horizontal
gene transfer have been demonstrated in a number of genes.
For example, pbp genes, encoding penicillin binding proteins,
display mosaic structures which impart B-lactam resistance and
which are thought to result from the horizontal transfer of
DNA from oral streptococci to pneumococci (4). Similarily, a
number of genes encoding putative virulence factors of S.
pneumoniae possess mosaic structures believed to result from
the horizontal transfer of DNA originating in oral streptococci
(5, 20).

In some of the instances of horizontal gene transfer reported
above, the exact DNA donor has not been identified (3). Or-
ganisms containing closely related CSPs might be expected to
act as donors in such events simply because their own CSP
might be able to induce some degree of competence in S.
pneumoniae, thus increasing the probability of uptake of their
DNA. Despite the fact that Havarstein et al. (10) have recently
reported the presence of the com operon in all members of the
mitis and anginosus phylogenetic groups, the primer set used
here appeared to successfully amplify PCR products only from
strains with very closely related com operons. Thus, for exam-
ple, Havarstein et al. (10) amplified the com operon by using
primers to flanking tRNA genes from strains such as Strepto-
coccus oralis NCTC11427 and Streptococcus  sanguis
NCTC7863, which were PCR negative in our study. A com-
parison of the recently published sequences of these com oper-
ons demonstrates that these sequences have only 58% homol-
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ogy and 74% homology, respectively, with the primer 3
sequence; thus, no PCR product would be expected under the
rather stringent amplification conditions used in this study.
However, our PCR primers did successfully yield PCR prod-
ucts from a small subset of S. mitis and S. oralis isolates and, as
predicted, the comC sequences obtained from these organisms
were generally more closely related to S. pneumoniae se-
quences than to other, previously determined S. mitis and S.
oralis sequences. This apparent subset of S. mitis and S. oralis
isolates may represent an important group of organisms, and it
is possible that they are a source of DNA generating mosaic
genes following horizontal transfer of DNA. We are now ac-
tively examining this possibility. These findings also support
the growing belief that S. mitis and S. oralis may actually be
rather poorly defined species containing a wide range of rather
disparate organisms.
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