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Abstract The cse gene of Streptococcus ther-
mophilus encodes an extracytoplasmic protein
involved in cell segregation. The Cse protein
consists of two putative domains: a cell wall
attachment LysM domain and a catalytic CHAP
domain. These two domains are spaced by an
interdomain linker, known as Var-Cse, previously
reported to be highly divergent between two S.
thermophilus strains. The aim of this study was to
assess the extent of this intraspecific variability
and the functional involvement of the var-cse re-
gion in cell segregation. Analysis of the var-cse
sequence of 19 different strains allowed detection
of 11 different alleles, varying from 390 bp to
543 bp, all containing interspersed and tandem
nucleotides repeats. Overall, 11 different repeat
units were identified and some series of these
small repeats, named supermotifs, form large re-
peats. Results suggested that var-cse evolved by
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deletion of all or part of the repeats and by
duplication of repeats or supermotifs. Moreover,
sequence analysis of the whole cse locus revealed
that the cse ORF is mosaic suggesting that var-cse
polymorphism resulted from horizontal transfer.
The partial deletion of the var-cse region of the S.
thermophilus strain CNRZ368 led to the length-
ening of the number of cells per streptococcal
chain, indicating that this region is required for
full cell segregation in S. thermophilus strain
CNRZ368.

Keywords Cell separation - Horizontal transfer -
Mosaic - Mutation - Repeat

Abbreviations
CR  Coding Repeat
Indel Insertion/deletion

Introduction

The most relevant property of repeat sequences,
from an evolutionary point of view, is their ge-
netic plasticity. For intragenic repeats, known as
coding repeats (CRs), the consequences of this
instability, regarding the Open Reading Frame
(ORF) integrity and the encoded amino acid se-
quence, are different according to their size and
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their respective reading phase positioning. When
the repeat motif size is not a multiple of three
nucleotides, genetic instability of the repeat rich
region can induce, at a high frequency, protein
shortening or lengthening, inactivating or acti-
vating the ORF. Usually, genetic instabilities of
these kinds of repeats induce switching between
activation and inactivation of the gene and is a
mechanism of gene expression regulation by
phase variation (Hallet 2001). When the repeat
size is a multiple of three and when the repeats
are positioned in the same phase, the size and the
amino acid sequences are modified but ORFs are
always finished by the same stop codon whatever
the allele and therefore are not inactivated by
frameshifts. Intragenic repeats from the last cat-
egory are widely studied in pathogenic bacteria
but less in non-pathogenic bacteria. Furthermore,
these genetically instable regions are mainly used
as molecular tags for typing pathogenic strains,
but their biological function and evolution
mechanism are not often studied (van Belkum
et al. 1998; van Belkum 1999).

The size of CRs can vary from one to one
hundred nucleotides. Genes, and especially those
encoding surface proteins, can contain numerous
sets of repeats. In most cases, CRs are organized
in direct tandem repeat and are mainly built with
one type of motif (Fischetti et al. 1991; Dramsi
et al. 1993; van Belkum et al. 1998). Exceptions,
however, can be found such as the gene encoding
the G protein from the GX7805 strain of group G
Streptococcus that contains 4 different types of
motifs that are organized as alternated inter-
spersed repeats (Filpula et al. 1987). One of the
most complex reported examples of CRs is found
in the cse gene from Streptococcus thermophilus
involved in Cell Segregation (Borges et al. 2005).
It encodes an extracytoplasmic protein with one
putative cell wall attachment (LysM) domain and
a putative Cysteine Histidine-dependent Amido-
hydrolase/Peptidase (CHAP) domain. These two
domain-encoding sequences are spaced by a
region named var-cse. Analysis and comparison
of the var-cse allele from two S. thermophilus
strains (CNRZ368 and LMG18311) revealed that
the var-cse sequence: (i) is almost completely
built with numerous (up to 8) different types of
small interspersed and tandem direct repeats, (ii)
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encodes an amino acid sequence of low com-
plexity, and (iii) is highly divergent. The sequence
of the two analyzed S. thermophilus strains di-
verge from approximately 40%. However, the
comparison of two alleles only provided little
information concerning the origin of this vari-
ability. Moreover, the replacement of the var-cse
region of strain LMG18311 by that of strain
CNRZ368 had little or no effect on cell segrega-
tion activity of Cse (Borges et al. 2005). This
suggested that this region may be dispensable for
cell segregation activity of Cse.

The aim of this study was to assess the extent of
var-cse variability and to determine if this region
is required for Cse activity. For this purpose, the
sequence of var-cse alleles from numerous strains
of S. thermophilus were analyzed and compared.
In addition, the impact of a partial deletion of
var-cse on cell segregation was investigated.

Materials and methods

Bacterial strains, growth conditions
and plasmids

All strains and plasmids used in this work are
presented in Table 1. Depending on the experi-
ments, S. thermophilus and its derivatives were
cultivated in milk medium, M17 (Terzaghi and
Sandine 1975) or HIL (Stingele and Mollet 1996)
media, without shaking. Milk medium was used
for strain storage, M17 was used for mutant gen-
eration and HJL was employed for phenotypic
analyses. Phenotypic analyses were performed at
42°C, the optimal S. thermophilus growth tem-
perature. Erythromycin was added at 2 pg ml™
when required. S. thermophilus derivative strains
containing pGh9 (Maguin et al. 1992) plasmid
derivatives were cultivated at 30°C when plasmid
self-maintenance was required and at 42°C for
selection of clones containing chromosomally
integrated plasmid.

Recombinant plasmids derived from pGh9
were transformed into Escherichia coli EC101, a
TG1 strain containing a chromosomal copy of the
pWVO01 repA gene (Buist et al. 1995), and were
selected at 37°C on Luria-Bertani (LB) medium
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(Sambrook et al. 1989) containing 150 pg ml™ of
erythromycin.

DNA manipulations

Preparation of chromosomal and plasmid DNA,
and Southern analysis were performed according
to standard protocols (Sambrook et al. 1989).
Sequences were aligned with CLUSTALW
(Thompson et al. 1994). DOT PLOTSs were
constructed by using the Nucleic Acid Dot Plot
from the Molecular Toolkit (http://www.arbl.-
cvmbs.colostate.edu/molkit/dnadot/index.html).
The cse region encompassing var-cse was ampli-
fied by PCR using the primers 5-CTGTAG-
TAGCAGAATCTAAC-3" and 5-GCACTAGC
AATCCAGTCTT-3". The reaction mixture was
incubated at 95°C for 5 min. This was followed by
30 cycles of 45 s at 95°C, 45 s at 50°C, and 45 s at
72°C. After the last cycle, extension of the prod-
ucts was made at 72°C for 5 min. The cse locus was
amplified by PCR using the following primers
5 TTGTTGGCGCGCTTTAGCCGATTTGGC-
TTTTGAAG-3" and 5-TTGTTGGCGCGCCC-
CATTATTTTCTCAGGATGAAT-3". Amplifi-
cations were performed as follow: one cycle of
5 min at 95°C followed by 10 cycles of 45 s at
95°C, 45 s at 50°C and 90 s at 72°C. This was fol-
lowed by 20 cycles of 45 s at 95°C, 45 s at 60°C and
90 s at 72°C. At last, the reaction mixture was
incubated 5 min at 72°C. Taq polymerase (Sigma)
was used for amplification. To avoid the
sequencing of PCR induced mutations, four
independent PCR reactions were performed in
parallel for each S. thermophilus strain, and the
products were pooled before sequencing.

Analysis of cse mosaicism

A sequence identity matrix was elaborated, on
the basis of sequence alignments of the cse locus,
by using the BioEdit program (Hall 1999). One
matrix was constructed for each of the A, B, D
and E regions of the cse locus. The boundary
separating the A and B regions was positioned on
the 5’ side of the first variable nucleotide position
that separates the sequences as groups I and II.
The boundary between the D and E regions was
positioned similarly. The boundaries flanking the
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C (or var-cse) region were positioned so that the
highly variable repeat region is completely com-
prised in the C region. A mean and standard
deviation were then calculated with the values
resulting from the comparison of sequences that
belong to the same group as well as from different
groups. However, since group I was only repre-
sented by two sequences (from CNRZ368 and
CNRZA445), the values presented for the group I
does not correspond to a mean.

Construction of a Agy.411var-cse mutant strain
of S. thermophilus

The var-cse region from nucleotide 67 to 411
(with nucleotide 1 as the first 5" nucleotide of the
var-cse region) was deleted by allelic replacement
as previously described (Thibessard et al. 2004).
Briefly, the two regions flanking the cse locus
to be deleted were independently amplified
by PCR wusing the following primers pairs:
5-CCCCCCAAGCTTTGAATGTTTTGGCTA-
ATATC-3 and 5-CCGGAATTCTTCAGTTGT
TTCAGTTGC-3, 5-CCGGAATTCCTAGCA
GCTACATACGA-3 and 5-CCCCCTGCAGTT
ATGGATAAATATAATATAC-3. The PCR
products were digested by appropriate restriction
enzymes, joined together and ligated with the
plasmid pGh9. The ligation products were used to
transform E. coli EC101. After introduction of
the recombinant plasmid into S. thermophilus,
deleted mutants displaying an EcoRI restriction
site instead of the 345 bp of the var-cse region
were selected as previously described (Thibessard
et al. 2004). The var-cse partial deletion was
checked by PCR, Southern hybridization and
sequencing (data not shown).

Microscopy

Cells were observed with a Nikon OPTIPHOT
microscope mounted with phase contrast equip-
ment “Ph” at x100 magnification, using the con-
denser turret at position Ph4, or at magnification
x1000 by phase contrast.

Nucleotide sequence accession numbers

DNA sequences reported in this paper have been
deposited in GenBank under accession numbers
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AY730642, AY695844, CP000024 and from
DQ102334 to DQ102345.

Results

Structure of the var-cse alleles

In order to characterize the genetic variability of

var-cse, the corresponding sequence of 15 S. ther-
mophilus strains was determined. For this purpose,

a region of the cse ORF comprising var-cse was
amplified by PCR from genomic DNA. A single
PCR product was obtained for each strain and was
sequenced. Since the sequence of the cse locus of 4
strains (CNRZ368, LMG18311, CNRZ1066 and
LMD-9) was already available (Bolotin et al. 2004;
Borges et al. 2005; http://www.genome.jgi-psf.org/
draft_microbes/strth/strth.home.html), a total of
19 sequences were analyzed. Among these se-
quences, 11 alleles (named var-cseA to var-cseK)
differing by their sequence and their size were

A
var-cseA [AA] [ABl[alABlAlBIAlAlAlA IRl p]lB[D] [D o[po[p|p]p]p[p[p]p]p _
var-cseB [Al] JABlIAIABIAEAAAA [N p][E[o] [D D{D{D|D|D E: g
(0]
var-csec AR FARABAKE
e "R EECCHECEECEE I EcHECCIEEICEE
66b| 51b| 51bp, _45b) 66b| 45D =
I Wil = = oo Foo Fe FEcHEC oE oo FENN K
130bp ° 130bp o
I I i 1 0110 F 610 [ E[ i E[C/0 [ [0 0 O F E G E B
var-cseJ AHA
M- MR Fo O Fo O Fi FEERE s O Fo D Feo FEIDFE
50bp
B Motif name Nucleic acid sequence consensus’ Amino acid sequence cc
A GAA ACA WCW ET (
B GCA CAA GCT A QA
C TCA GAD GYD CCW GMD RDM S (E/D) (A/V) P (A/E) (E/S/V)
D GAA GYW CYA KYW GAA E (A/V) (P/L) (A/V/S) E
E TCA GAA GCT GYA S EA
F CAA CYA GCA GCD RCA Q (L/P (A/T)
G CCA GAG AGC PE S
H GTA GYA CCT GTC GCA ACA vV (A/V) AT
1 CCR GCT DYW P A (T/ S)
J GAA GMA ACT E (A/E)
K GAA GAG GCA TCA EEA S
aW:A/T;R:A/G;Y:C/T:M:A/C;K:G/T;D:A/

Fig. 1 Repetitive structure of var-cse alleles. (A) Sche-
matic representation of the var-cse region of the following
S. thermophilus strains: CNRZ368 NST1 and CNRZ385
(var-cseA allele); A054 (var-cseB allele); CNRZ445 (var-
cseC allele); ATCC19258 (var-cseD allele); CNRZ702
(var-cseE allele); CNRZ308 (var-cseF allele); IP6757,
CNRZ7, CNRZ1066 and Sfi6 (var-cseG allele); CNRZ464
(var-cseH allele); LMG18311 and CNRZ388 (var-csel
allele); LMD9 and CNRZ1402 (var-cseJ allele); CNRZ302
and CNRZ307 (var-cseK allele). Each repeat unit is
represented by a letter-containing box (referring to part
B). Repeat units in accordance with the consensus
sequences presented in panel B are represented in
uppercase letters and those that are slightly divergent
from the consensus are represented by lowercase letters.
The A symbol refers to partially deleted repeats. Repeats

that are characteristic of group 1 and group II are
represented by light colored grey and dark grey rectangles
respectively. Aligned sequences are represented by brac-
keting one above the other the schematic representations
of the sequences aligned by CLUSTALW. Dotted lines
indicate gaps in the alignments. Notice that because of the
repeat richness of these regions, the positioning of gaps
can not be favored between two possibilities and so
representation of one of them was arbitrarily chosen. The
repeated supermotifs corresponding to nucleotide dupli-
cations greater than 45 bp with less than 1% degeneracy
are indicated by arrows. The region of var-cseA deleted in
the CNRZ368-A67-411var-cse mutant strain is indicated by
a thick line. (B) Table listing the consensus sequences of
the repeated motifs identified in the var-cse alleles
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detected. The size of the var-cse sequences varies
from 390 to 543 bp, i.e. a maximum size variation
of 153 bp was found. The repeat content was as-
sessed for each allele. This analysis revealed that
they are almost all built-up of direct repeats, with
tandem and dispersed arrangement (Fig. 1A). A
total of 11 different repeat motifs (named A to K),
with sizes from 9 to 18 bp, were detected (Fig.1B).
All of the repeated units are multiples of three and
are thus in frame. Consequently, all the nucleic
acid repeat sequences correspond to an amino acid
repeat in Cse (Fig.1B). The sequence of 8 of these
11 motifs (A, C, D, E, F, H, 1, and J) are degen-
erated. The most degenerated is the most frequent
C motif, with 9 degenerated positions among 18.

Consensus sequence comparison of the motifs
showed that some of them are similar to parts of
others. For example, the nucleotide sequence
encoding the PES part of the SEAPES amino
acid sequence (one possible C motif) is identical
to the G motif, whose corresponding amino acid
sequence is also PES (Fig. 2).

Nucleotide sequence analysis by dot plot indi-
cated that the var-cse alleles can contain repeats
larger than 18 bp, corresponding to the size of the
largest repeats described Fig. 1B. Indeed, the var-
csel’ and var-cseG alleles contain a perfectly
duplicated 66 bp region (Fig. 1A). This region
corresponds to the CHEC series of motifs, or
supermotif. This supermotif is also present in the
other alleles but has degenerated. Other exam-
ples are the CCF (51 bp) and CFE (45 bp) su-
permotifs that are perfectly duplicated in var-
cseG and var-cseH (Fig. 1A). The largest dupli-
cation identified is 130 bp long, comprising the

Motif Amino acid Nucleotide

name sequence sequence
C: SEAPAA TCAGAAGCACCAGCTGCA
I: PAA CCAGCTGCT
C: SEAPES TCAGAGGCACCAGAGAGC
G: PES CCAGAGAGC
C: SEAPA TCAGAAGCTCCTGCTAGC
E: SEAA TCAGAAGCTGCA
E: SEAV TCAGAAGCTGTA
C: SEAPAE TCAGAAGCGCCAGCAGAA
D: EAPAE GAAGCACCAGCAGAA

Fig. 2 Similarity between repeat motifs. Similar repeat
motifs were aligned. Identical amino acids or nucleotides
are indicated by bold face
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CFCCFGCFE motif block. This region is dupli-
cated almost perfectly (the two copies exhibits
one divergent nucleotide) in var-csel to K
(Fig. 1A). In conclusion, the small repeated mo-
tifs can be organized as repeated supermotifs.

Features of var-cse intraspecific variability

Alignment of var-cse alleles was obtained using
CLUSTALW. Taking into account their high
divergence (nucleotide or amino acid), only the
most related sequences could be aligned and are
represented in Fig. 1A. Related sequences dif-
fered only by their repeat copy number. For in-
stance, the D motif is found 13 times in var-cseA
but only 10 times in var-cseB. Additionaly, the
number of supermotifs can also differ from one
allele to the other. Indeed, var-cseG and var-cseH
differ only by one copy of the CHEC supermotif.

In addition, the var-cse alleles can be classified
in two groups on the basis of their repeat type
content. The group I, bringing together var-cseA
to C, comprises all of the D, J and K motifs, and
the majority (74%) of the A motifs (Fig. 1A).
Group 11, bringing together var-cseD to K, com-
prises all of the E, G, H, and I motifs, and the
majority (98%) of the C and F motifs.

cse 1S mosaic

Two alternative hypotheses could explain the
origin of the var-cse alleles in these two groups.
First, the common ancestor of the two corre-
sponding groups of S. thermophilus strains is an-
cient each has since evolved by severe mutation
accumulation. Alternatively, a var-cse allele was
acquired in S. thermophilus by horizontal se-
quence transfer resulting in a mosaic cse locus.
To test these hypotheses, we compared the
entire cse ORF and flanking regions from 10 S.
thermophilus strains belonging to group I
(CNRZ368, CNRZ445) and group 1I
(LMG18311, LMD9, ATCC19258, CNRZ1066,
CNRZ302, CNRZ308, CNRZ702, CNRZ1402).
Sequence alignments revealed that the regions
encompassing the 436 bp B region and the 228 bp
D region upstream and downstream var-cse
respectively, could be classified into group I and
II, on the criterion of sequence identity. Indeed,
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sequence identity matrixes showed that along the
B and D regions, percentage sequence identities
are much higher between sequences belonging to
the same group than between sequences that be-
long to different groups (Fig. 3). On the other
hand, along the regions flanking BCD, i.e. the A
and E regions, all the sequences are almost
identical. Therefore, it is within the B, C (or var-
cse) and D regions that the sequences can be
classified into two groups. We conclude that these
results show that the cse locus is mosaic.

Involvement of var-cse in cell segregation

The high intraspecific variability of the var-cse
region could suggest that it is a dispensable region
of the gene. As Cse is involved in the separation
of S. thermophilus cells (Borges et al. 2005), the
involvement of the var-cse region in cell segre-
gation was investigated.

For this purpose, 80% of the var-cse region was
deleted in-frame in the CNRZ368 strain (Fig. 1A)
using an allelic replacement strategy. The result-
ing CNRZ368-Ag;.411var-cse strain was grown, in
parallel with CNRZ368 and CNRZ368-Acse, in
liquid medium without shaking. The CNRZ368-
Acse strain is a cse null mutant that was previously
constructed by in-frame deletion of the cse ORF
(Borges et al. 2005).

Phase-contrast photonic microscopy observa-
tion revealed that the CNRZ368-Ag;.411var-cse
cell chains were shorter than those of the Acse
mutant (Fig. 4A). This was reinforced by count-
ing the number of cells per chain for each strain.

All the cells of the CNRZ368-A¢7.411var-cse mu-
tant formed chains of less than 351 cells, while
more than 99% of the CNRZ368-Acse mutant
cells were found in chains of more than 1000 cells
(Fig. 4B). This result shows that a residual cell
segregation activity is encoded by the cse mutant
gene devoid of the g7.411var-cse region. On the
other hand, 80% and 23% of the WT and the
CNRZ368-A¢7.411var-cse mutant cells, respec-
tively, compose chains of 1 to 50 cells (Fig. 4B).
Moreover, none of the WT chains contained more
than 151 cells, yet 25% of mutant chains exhibited
this length or longer. Thus, the CNRZ368-Aq;.
s11var-cse chains are typically longer than those of
the WT, indicating that the mutant with a partial
deletion of the var-cse region is impaired in cell
segregation. These data show that the var-cse
region is required for full cell segregation in S.
thermophilus strain CNRZ368.

Discussion

The var-cse variability: a possible consequence
of repeat richness

Analysis of the var-cse sequence from 19 S. ther-
mophilus strains has revealed the extent of the
intraspecific variability of this cse region. This
variability is emphasized when considering that S.
thermophilus strains are closely related (Bolotin
et al. 2001; P. Renault, personal communication).

The var-cse polymorphism can result from
repeat number variability. Such variability was

B C D E
(var-cse)

%

group | : 98%
between

sequences from | 9roup land Il

group Il :

Fig. 3 The cse locus is mosaic. The sequences of the cse
locus were aligned with CLUSTALW. Based on the
alignment, a sequence identity matrix was built and the
mean value and standard deviation corresponding to
comparison between sequences from group I, sequences
from group I and group II, and sequences from group II

99+0.76% 1
1
99:0.40% E 99:0.35%

1
1
,
92+0.77% 1
,
1
1

1 LI
97% ' K
1
1

98% 1 98%

1
1
'
| 93+0.86% 198+2.1%!
1 1 1
E 99:1.3% 59812.4%5

was reported for regions A, B, D and E of the cse locus.
Values without standard deviation resulted from compar-
ison of two sequences. Such analysis is not reported for the
region 3 (corresponding to var-cse) since alignment is not
valuable for this region. The open arrow represent the cse
OREF and indicate its reading direction
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Fig. 4 Influence of var-cse partial deletion on cell segre-
gation activity. (A) Cell chain morphology of S. thermo-
philus strains. (B) Results from counting the number of

already widely described for repeat regions (Yang
and Gabriel 1995; van Belkum et al. 1998; Wilton
et al. 1998; Lukomski et al. 2000; Schupp et al.
2000; Rasmussen and Bjorck 2001; Areschoug
et al. 2002; Koroleva et al. 2002; Karatzas et al.
2003; de Benito et al. 2004). It is likely that
insertions/deletions (indels) of repeat units result
from polymerase slippage, during DNA replica-
tion, or by single strand annealing (SSA) (Michel
1999). These two mechanisms of illegitimate
recombination imply pairing of ectopic comple-
mentary sequences. Sequence alignment of var-
csel, J, K suggests that an indel of an E motif
occurred (Fig. 1A). This indel would result from
ectopic pairing of two sequences, each one con-
stituting a whole E repeat unit. Interestingly,
considering the similarities between repeat mo-
tifs, it is likely that illegitimate recombination
events are implicated in pairing of sequences
from different repeat motifs. This hypothesis is
supported by our var-csel, J, K alignment. This
alignment revealed an indel of a CH unit
(Fig.1A), potentially resulting from pairing of the
5’ end of the inserted/deleted C motif, with the 5
end of the E motif downstream the CH indel

@ Springer

cells per chain. At least 1000 cells were counted from three
independent cultures. Cells were photographed and
counted in stationary phase after 20 h of growth

(Fig. 1A). Thus, the var-cse region could have
evolved by recombination between identical re-
peats but also between different repeats. The
ability of different repeats to undergo recombi-
nation would have increased the variety of
recombination events in var-cse and could there-
fore be a factor responsible for the high poly-
morphism of this region.

Origin of the diversity of the repeats

Partial pairing of repeated motifs could be
responsible for indels of blocks of whole repeats
units, but also they could induce partial deletion
of repeat units. Indeed, since the G motif is en-
tirely comprised within the C repeat (Fig. 2), and
taking into account the abundance of the latter, a
simple hypothesis is that the G motif has been
generated by partial deletion of an ancestral C
motif (Fig. 5). A probable scenario would impli-
cate an ectopic pairing of the GCA trinucleotide
repeats: one constituting the 3’ end of the F re-
peat unit upstream of the hypothetical C repeat
unit and the other encoding the alanine amino
acid of the C hypothetical repeat unit (Fig. 5).
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This ectopic pairing would have generated the
deletion of the SEA encoding region of the
hypothetical C repeat unit, generating the G
motif. It is notable that at the end of this scenario,
the G motif is not yet a repeat.

The alleles can contain large nucleotide dupli-
cations. Three alleles, grouping together the var-
cse sequence of 11 S. thermophilus strains, exhibit
an interspersed duplication of the CFCCFGCFE
block of motifs (Fig.1). Two hypotheses could
explain this duplication: that the same succession
of repeat motifs appeared independently twice
following multiple indels or, alternatively, that a
single mutation resulted in the duplication of one
of the two copies. Taking into account the high
conservation of the CFCCFGCFE supermotif (1
nucleotide divergence between the 2 copies along
130 bp), it is more probable that the
CFCCFGCEFE duplication resulted from a unique
mutation. Thus, the var-cse region would have
evolved by duplication of motif blocks.

Interestingly, the CFCCFGCFE duplication
would have duplicated the enclosed G motif that
would have been created by partial deletion of a
C hypothetical motif. This hypothesis would ex-
plain how the G motif, initially generated as a
single copy, was duplicated and thus became a
repeat. This hypothesis is supported by the
observation that all the G motifs identified here
are included in the CFCCFGCFE supermotifs
(Fig. 1A). A similar mechanism of repeat gener-
ation by recombination between existing inter-
spersed repeats has already been suggested for
the G protein from two strains of Group G
streptococci (Fahnestock et al. 1986; Filpula et al.
1987; Kehoe 1994).

QO P A A A

CAACCAGCAGCTGCA

Fig. 5 Sequence alignment illustrating the hypothetical
mechanism resulting in the origin of the G motif. Identical
nucleotides between aligned sequences are represented by
highlighted white letters. The trinucleotide sequence
duplicated in the hypothetical ancestral sequence and not
duplicated in the actual sequence is indicated by an arrow.

In conclusion, a mutation series consisting of
partial deletion of repeats followed by supermotif
duplication could be responsible in part for the
high repeat variety of the var-cse region.

Implication of horizontal transfer

Comparison of the var-cse region from 19 S.
thermophilus strains and the flanking regions
of 10 of them revealed that cse is mosaic. The
sequences from group I exhibit 7% nucleotide
divergence with the sequences from group II,
along the B and C regions of cse, regions that are
not supposed to evolve rapidly since they are not
composed of repeats. It was previously reported
that the divergence average between S. thermo-
philus strains sequences is 0.2% (Bolotin et al.
2001; P. Renault, personal communication).
Therefore, the intraspecific divergence noticed in
the cse locus is unusual for S. thermophilus se-
quences. Numerous mosaic genes have been
previously described, especially in streptococci
(Whatmore and Kehoe 1994; Kapur et al. 1995;
Whatmore and Dowson 1999; Filipe et al. 2000;
Hakenbeck 2000). These genes are typically
formed by allelic recombination between a
genomic locus and another allele acquired from
horizontal transfer. It is likely that the cse mosaic
nature has resulted from this mechanism.

Extent of the tolerance for var-cse variability
regarding the cse cell segregation activity

Our partial var-cse deletion led to a decrease of
cell segregation activity. Although the var-cse
region is required for full cell segregation activity,

The hypothesis implies the generation of the G motif by
partial deletion of the hypothetical and ancestral C motif.
Partial deletion would have occurred by illegitimate
recombination implicating an ectopic pairing of two copies
of the duplicated GCA sequence
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it exhibits high variability. This suggests that the
function fulfilled by var-cse does not lead to
counter-selection against this variability and has
allowed the genomic fixation of a large number of
alleles. This hypothesis is supported by results
from var-cse allelic replacement experiments
(Borges et al. 2005). Indeed, the replacement of
the var-cse sequence of strain LMG18311 by that
from CNRZ368, which results in shortening by
60 bp and the alteration of approximately 60% of
the remaining amino acid sequence, did not have
significant consequence on chain length. How-
ever, since the Ag7.411var-cse mutant is affected in
cell segregation, this variability tolerance could
be restricted to a minimal size of the var-cse re-
gion. Thus, the role of the var-cse region could be
to maintain an appropriately orientated CHAP
domain within the cell envelope i.e. with the Cse
protein anchored by the LysM domain and the
var-cse region acting as a spacer. This interpre-
tation is consistent with the results from our
previous var-cse allelic replacement experiments
(Borges et al. 2005) since these would be pre-
dicted to maintain an appropriately displayed
CHAP domain in the Cse constructs.

Analysis of the sequenced streptococcal ge-
nomes revealed two other LysM-CHAP domain
proteins: SMU_367 from Streptococcus mutans
and BAB61101 from Streptococcus intermedius,
whose functions are unknown. In SMU_367 and
BAB61101 proteins, the LysM and the CHAP
domains are spaced by a short sequence of 31
amino acids and 36 amino acids, respectively. For
Cse, the shortest linker sequence identified was
that of S. thermophilus strain A054 which is 236
amino acids long, about seven times longer than
the spacer in the other two LysM-CHAP proteins.
Thus, the sequences spacing LysM and CHAP
domains are not always long, suggesting that the
functionality of this combination of domains does
not necessarily require a long interdomain linker.
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