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Some strains of Streptococcus suis possess a type II restriction-modification (RM) system, whose genes are
thought to be inserted into the genome between purH and purD from a foreign source by illegitimate recom-
bination. In this study, we characterized the purHD locus of the S. suis genomes of 28 serotype reference strains
by DNA sequencing. Four strains contained the RM genes in the locus, as described before, whereas 11 strains
possessed other genetic regions of seven classes. The genetic regions contained a single gene or multiple genes
that were either unknown or similar to hypothetical genes of other bacteria. The mutually exclusive localization
of the genetic regions with the atypical G+C contents indicated that these regions were also acquired from
foreign sources. No transposable element or long-repeat sequence was found in the neighboring regions. An
alignment of the nucleotide sequences, including the RM gene regions, suggested that the foreign regions were
integrated by illegitimate recombination via short stretches of nucleotide identity. By using a thermosensitive
suicide plasmid, the RM genes were experimentally introduced into an S. suis strain that did not contain any
foreign genes in that locus. Integration of the plasmid into the S. suis genome did not occur in the purHD locus
but occurred at various chromosomal loci, where there were 2 to 10 bp of nucleotide identity between the
chromosome and the plasmid. These results suggest that various foreign genes described here were incidentally
integrated into the same locus of the S. suis genome.

Streptococcus suis is a gram-positive pathogen that has been
identified as the cause of a wide range of clinical disease syn-
dromes in pigs, other animals, and humans (5, 10, 28). Cur-
rently, S. suis strains are classified into 35 capsular serotypes
(16, 17, 20, 34), and the genomic heterogeneity and the phy-
logenetic diversity of the strains have been described (9, 19,
32). Previous findings suggest that the heterogeneity of this
bacterium is due, at least in part, to the integration of foreign
genes (37, 38, 43).

One example of the foreign genes identified is a cluster of
the SsuDATTII genes encoding a type II restriction-modifica-
tion (RM) system, which was found in S. suis strain DAT1 (37,
38). The RM gene region, comprising 3,503 bp, was thought to
be inserted in an intergenic space of a conserved purine bio-
synthetic gene cluster between purH and purD (37, 38). A
sequence comparison between strains with and without the
RM genes showed that the borders of the RM region could be
clearly recognized as if the exogenous region had simply been
inserted. The other example of the foreign genes is the sly
gene, which encodes a cholesterol-binding cytolysin (12, 15,
22). With a few exceptions, all S. suis strains have either sly or
a hypothetical gene, designated orf102, at the same locus in the
genome, and either of the two genes is thought to have been
acquired by S. suis from a foreign source and to have replaced
the gene that had existed in the locus. In contrast to the bor-
ders of the RM gene region, however, the flanking sequences
of sly and orfl02 show a relatively low degree of similarity
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(approximately 66% nucleotide identity) to one another, so that
the borders of the foreign genes are unclear (43). In both ex-
amples, sequences affecting the integration of foreign genes,
such as long-repeat sequences or transposable elements, were
not found, a result which suggests that these integration events
had occurred by illegitimate recombination. However, the struc-
tural differences of the borders between the purHD and sly re-
gions lead us to raise the question of whether these foreign genes
were integrated via the same mechanism of gene acquisition.

In bacteria, a genetic conversion which joins DNA molecules
at sites where they have no or a few identical base pairs is
referred to as illegitimate (nonhomologous) recombination
(2). Such events were often identified as intramolecular recom-
bination events following double-strand breaks and usually
occurred within or near small direct or inverted repeats. These
events are exemplified by the formation of deletions in bacte-
rial chromosomes (6) and plasmids (1, 3) and the formation of
transducing phages after UV irradiation of lysogenic cells (14,
39). On the other hand, it was shown that naturally transform-
able bacteria incorporate a foreign DNA that has a region with
homology to the resident genome on one side (11, 35). The
homologous stretches serve as anchors for homologous recom-
bination and subsequently create a novel joint on the other
side, where a short (a few base pairs) stretch of sequence iden-
tity exists, by illegitimate recombination. Such foreign DNA
acquisition, referred to as homology-facilitated (or homology-
directed) illegitimate recombination, is thought to occur widely
in many bacterial species (30). It is, therefore, possible that a
similar mechanism for genetic conversion was employed to
generate the genetic structures as observed in the purHD and
sly regions of S. suis. However, the natural transformation has
not yet been demonstrated for S. suis, and only two examples
of foreign gene regions have so far been examined. Thus, fur-
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TABLE 1. S. suis strains used in this study

Strain Sero- Source Origin Refer-
type ence
DAT1 2 Diseased pig Japan 38
227 2 Diseased pig Japan 38
NCTC10237 1 Diseased pig The Netherlands 34
NCTC10234 2 Diseased pig The Netherlands 34
4961 3 Diseased pig Denmark 34
6407 4 Diseased pig Denmark 34
11538 5 Diseased pig Denmark 34
2524 6 Diseased pig Denmark 34
8074 7 Diseased pig Denmark 34
14636 8 Diseased pig Denmark 34
22083 9 Diseased pig Denmark 16
4417 10 Diseased pig Denmark 16
12814 11 Diseased pig Denmark 16
8830 12 Diseased pig Denmark 16
10581 13 Diseased pig Denmark 16
13730 14 Diseased human The Netherlands 16
NCTC10446 15 Diseased pig The Netherlands 16
2726 16 Diseased pig Denmark 16
93A 17 Clinically healthy pig ~ Canada 16
NT77 18 Clinically healthy pig ~ Canada 16
42A 19 Clinically healthy pig ~ Canada 16
86-5192 20 Diseased calf United States 16
14A 21 Clinically healthy pig  Canada 16
88-1861 22 Diseased pig Canada 16
89-2479 23 Diseased pig Canada 17
88-5299A 24 Diseased pig Canada 17
89-3576-3 25 Diseased pig Canada 17
89-4109-1 26 Diseased pig Canada 17
89-5259 27 Diseased pig Canada 17
89-590 28 Diseased pig Canada 17

ther examples are needed to analyze the mechanism of foreign
gene acquisition in S. suis.

We report here that some serotype reference strains of
S. suis which were previously shown to lack the RM system
possess various genes between purH and purD. Nucleotide se-
quence comparisons among them and the experimental inte-
grations of a plasmid carrying the RM genes into the S. suis
genome suggest that illegitimate integrations of foreign genes
in S. suis occurred randomly via a few base pairs of nucleotide
identity between resident and foreign DNA.

MATERIALS AND METHODS

Bacterial strains, media, and culture conditions. The S. suis strains used in this
study are listed in Table 1. These strains, except DAT1 and 227, are the reference
strains of each serotype. The phylogenetic relationships among the strains used
have already been described elsewhere (9, 19, 32, 43). The serotype reference
strains of S. suis described hereafter are referred to by their serotypes. All of the
S. suis strains were grown in Todd-Hewitt (TH) broth or agar medium (Difco
Laboratories, Becton Dickinson, Sparks, Md.) at 28 or 37°C under 5% CO,. The
Escherichia coli strain used was MC1061 (8), which was cultured in Luria-Bertani
broth or agar medium (Difco Laboratories) at 37°C. When necessary, antibiotics
were added to culture media at the following concentrations: 50 pg of ampicillin/
ml, 10 pg of chloramphenicol (CAM)/ml, and 50 pg of spectinomycin (SPC)/ml
for E. coli; and 5 pg of CAM/ml and 100 g of SPC/ml for S. suis.

DNA methods. Restriction enzymes and DNA-modifying enzymes were pur-
chased from Takara Shuzo Co., Ltd. (Tokyo, Japan) and used according to the
manufacturer’s recommendations. The vector plasmids used were pSET1 (41)
and pSET4s (42). Minipreparations of recombinant plasmids from E. coli and
transformations of E. coli were performed by standard procedures (36). Isolation
of plasmids from S. suis and transformation of S. suis were carried out by using
the methods described previously (40, 41). Genomic Southern hybridization was
performed by using the procedures described previously (33). DNA fragments
used for probes were labeled with digoxigenin by using a digoxigenin-PCR
labeling mixture (Roche Diagnostics GmbH, Manheim, Germany) according to
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the manufacturer’s instructions. The DNA fragments were amplified by PCR
with the following primers: SSuDATIIS’ plus SsuDATII3’ for SsuDATI1I genes;
16conF1 plus 16conR3 for serotype 16; 10conF1 plus 10conR2 for serotype 10;
12conF1 plus 12R1 for serotype 12; 13conF plus 13conR for serotype 13; 1conF
plus 1conR for serotype 1; 6conF plus 6conR for serotype 6; and 20conF plus
20conR for serotype 20. PCR was performed by using a Perkin-Elmer thermal cycler
model 2400 or 9600 (PE Biosystems Japan, Tokyo, Japan) and by using Takara
Ex Taq polymerase and a Takara LA PCR kit, as described previously (38, 41).

DNA sequencing and data analysis. PCR products were directly sequenced by
dye terminator chemistry by using an Applied Biosystems model 310 automated
DNA sequencer (PE Biosystems). The sequencing was done initially with the
primers used for PCR, followed by a series of primer walking reactions with
primers designed from the sequenced regions. The sequence data obtained were
assembled and analyzed with Sequencher software, version 3.1.1 (Hitachi Soft-
ware Engineering Co., Ltd., Yokohama, Japan), and GENETYX-MAC soft-
ware, version 12.1 (GENETYX Corp., Tokyo, Japan). The putative genes were
identified on the basis of the adopted criteria that an open reading frame (ORF)
consists of at least 40 codons preceded by a potential Shine-Dalgarno sequence
at an appropriate distance (6 to 15 bp) from one of the commonly used initiation
codons (AUG, UUG, and GUG). The deduced amino acid sequences obtained
were searched for similarity with databases by using the BLAST network service
available at the National Center for Biotechnology Information, Bethesda, Md.
(http://www.ncbi.nlm.nih.gov).

Experimental integration of plasmid. (i) Insertion of a gene cassette into the
RM genes. As mentioned above, the recombinant plasmids were constructed in
E. coli. Because genes for the SsuDATI1I system overlap each other in a head-
to-tail manner and the restriction gene must be accompanied by the cognate
modification gene (38), the RM gene region with insertion of a gene cassette was
constructed by allelic exchange on the genome as shown in Fig. 1. A 936-bp
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FIG. 1. Strategy for construction of a suicide plasmid carrying a cat
gene cassette placed between the ssuMB and ssuRA genes of the
SsuDATII system. (A) Construction of pMBcarRA'. Lines between
the closed arrowheads are PCR fragments amplified from the above
regions. The amplified fragments were fused and cloned into pSET4s.
(B) Generation of a mutant RM gene containing the cat gene cassette
by allelic exchange via double crossover on the chromosome. (C) Con-
struction of pMABcatRAB. The line between the closed arrowheads is
a PCR fragment amplified from the genomic DNA of S. suis 227catIN.
The amplified fragment was cloned into pSET4s.
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fragment containing the whole length of the ssuMB gene with a 120-bp upstream
region and a 3-bp downstream region, which overlapped the first 23 nucleotides
of the ssuRA gene, and a 594-bp fragment containing the first 443 nucleotides of
the ssuRA gene, which overlapped the last 171 nucleotides of the ssuMB gene,
were amplified separately from the genomic DNA of S. suis DAT1 with primers
MBKI5' plus MBKI3" and RAKI2-5" plus RAKI3', respectively. The two PCR
products were digested with EcoRI plus EcoT22I or EcoT221 plus BamHI, fused
at the EcoT22I site, and cloned between the EcoRI-BamHI sites of pSET4s,
generating pMBRA'. A CAM acetyltransferase (cat) gene cassette containing its
promoter region but missing the transcriptional terminator was amplified from
pSET1 with primers CT2 plus CT3, digested with EcoT22I, and cloned into a
unique EcoT22I site of pMBRA', generating pMBcatRA’ (Fig. 1A).

(ii) Gene replacement by allelic exchange in S. suis. One field isolate, strain
227, was selected for the experiment as it did not carry any cryptic plasmids and
was shown to possess the same genetic organization with respect to the RM
genes as strain DAT1 (38). Procedures for selection of mutants whose genes
were replaced by an allelic exchange via double crossover were described previ-
ously (33, 42). Briefly, S. suis strain 227 was transformed with pMBcarRA’, and
the cells were grown at 28°C in the presence of CAM and SPC. At mid-loga-
rithmic growth phase, the cells were diluted with TH broth containing CAM and
grown at 28°C to early logarithmic phase. The cultures were then shifted to 37°C
and incubated for 4 h. Subsequently, the cells were spread on TH agar containing
CAM and incubated at 37°C. Temperature-resistant CAM-resistant (Cm") col-
onies obtained were screened for loss of vector-mediated SPC resistance (Spc")
to detect putative mutants which had exchanged their wild-type allele for a
genetic segment containing the cat gene as a consequence of homologous re-
combination via a double crossover. Finally, the genetic organization of the
mutant alleles was examined by Southern hybridization, and the resulting mutant
obtained was designated 227catIN (Fig. 1B).

(iii) Selection of integration mutants. The DNA region containing the whole
length of the RM genes with insertion of the cat cassette was amplified with
primers SsuDAT1I5'B plus SsuDAT1I3'E from the genomic DNAs of 227catIN.
The fragment was digested with BamHI plus EcoRI and cloned into the corre-
sponding sites of pSET4s to generate the plasmids designated pMABcarRAB
(Fig. 1C). S. suis serotype 2 (NCTC10234) was transformed with pMABcatRAB
and grown on TH agar containing CAM and SPC at 28°C for 40 h. The cells were
harvested and suspended in saline solution. Aliquots of appropriately diluted
bacterial suspension, which contained approximately 107 cells, were spread on
prewarmed TH agar containing CAM and grown at 37°C for 18 h. Bacterial lawn
that appeared on the plate was transferred to another TH agar plate containing
CAM by replica plating and grown at 37°C for 18 h. Colonies that appeared on
the plates were purified by two consecutive single-colony isolations on TH agar
containing CAM at 37°C. Two hundred forty-three temperature-resistant Cm"
mutants which did not possess an autonomously replicating plasmid (e.g., one
that had lost its temperature sensitivity) were selected from 25 independent
experiments and used in this study. Twelve of the mutants obtained from 3 of the
25 independent experiments were designated Intl to Int12. For estimation of the
integration frequency, the bacterial suspension of S. suis serotype 2 carrying
PMABcatRAB was spread on prewarmed TH agar containing CAM plus SPC
and grown at 37°C for 24 h. The numbers of temperature-resistant colonies that
appeared on the agar were used for the calculation.

(iv) Nucleotide sequence determination of the junction between the integrated
plasmid and genome. The genomic DNA of the temperature-resistant Cm"
mutants was digested with EcoT22I plus PstI, which cut pMABcatrRAB at three
sites and generated cohesive ends compatible with each other. The digested
DNA was self-ligated and used as templates for inverse PCRs with two sets of
primers, each of which amplified either end of the junction regions indepen-
dently. The primers, which were designed from the sequence of pMABcarRAB,
were as follows: TS2 plus oriE1-50 and SsuMB3’ plus TS1 for mutants Intl, Int5,
Int6, and Int7; TS2 plus PC1 and SsuMB3' plus TS1 for mutants Int2, Int3, Int9,
Intll, and Int12; MA1 plus MA2 and MA3 plus dam-in2 for mutant Int4;
SsuRA3’ plus PC1 and SsuMB3’ plus RA3 for mutant Int10. The DNA frag-
ments amplified by the inverse PCR were directly sequenced. On the basis of the
sequences of junction regions, 11 primer sets were designed to amplify the target
regions where the plasmid was integrated, from the genomic DNA of S. suis
serotype 2. The primers used for the amplifications of the target regions of
mutants Intl, Int2, Int3, Int4, Int5, Int6, Int7, Int9, Int10, Int11 and Int12 were
1-1FJ plus 1-1Rend, 2-1Fend plus 2-1Rend, 3-1Fend plus 3-1Rend, 3-2Fend plus
3-2Rend, 5FJ plus 5Rend, 9Fend plus 9Rend, 21Fend plus 21Rend, 2-61Fend
plus 2-61Rend, 2-69FJ plus 2-69RJ, S-1Fend plus S-1RJ, and S-3Fend plus
S-3Rend, respectively.

Oligonucleotides used in PCRs. The following oligonucleotides were pur-
chased from Hokkaido System Science Co., Ltd. (Sapporo, Japan) and were used
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as PCR primers (shown in the 5'-to-3" direction): purH, GCGCTAGCTATTT
TGACCAATA; purD, GCAAAGTCTTTTGACCACTCTA; purN-F, GTGTT
TGCATCAGGCAACGGCTCCA; purH-R2, GTCTTGGTCACGGACAGAA
CCACCT; purD-F2, GAGCAGGTCTTTGTTGCTCCTGGAA; purE, GCCG
CCTGGCATTTGCACGATA; MBKI5', CAAGCCCAGTAGTTGAAGAATT
GTA; MBKI3', CTATGAAAAGTTCTTTTTGTCATCT; RAKI2-5', ATGCA
TGCTTCAACTCAAGAAGGAGA; RAKI3', CCGTAAACATAGTCCTGTA
AGTTT; RAKI5', AACTAGATTGGATAAGGAAGATGA; CT2, ATGCATC
ACCGAACTAGAGCTTGATG; CT3, ATGCATATTATAAAAGCCAGTCA
TTA; SsuDATIIS'B, CGGATCCAAGTATAGCACCCCAGCTGGAGAAG;
SsuDATII3'E, GGAATTCCTTGATTATCTAAACAAATCATGC; SsuDATII5,
AAGTATAGCACCCCAGCTGGAGAAG; SsuDAT1I3’, CTTGATTAT CTAA
ACAAATCATGC; SsuMB3', CACATCTGGATACTTGTCAC; SsuRA3’, GTAA
TCTGGCGTTCGATTAG; SsuRB5', TGGTGAAGGTTGGCAAAGGT; MAL,
CCCCTCCTCCAACAAACGGTTCAAA; MA2, TCCGATGTGGAGCGAGCA
GCACGCA; MA3, CTGGGCTTGAAGAATTAGAAAGCAT; RA3, TACAGG
ACTATGTTTACGGTGTAGA; oriE1-50, GCTCACTCATTAGGCACCCCAG
GCT; SP3, ACTAGTGTTCGTGAATACATGTTATA; SP4, ACTAGTGTTTTC
TAAAATCTGAT; PC1, ACTAGTTATCTACACGACGGGG; LZ3, AGATCTC
GGTGATGACGGTGAAAACC; TS1, AGATCTATTAATCGCAACATCAA
ACC; TS2, ACTAGTTATCGGCATAATCGTT; RAfuse3’, CCGTAAACATAG
TCCTGTAAGTTT; dam-in2, CAGTGGGTATGGCCTTAGAA; dam-in4, TGG
TCGTAAAAATAGAATGGGT; dam-in7, GGTCTAAGGTTGAACGAGAA;
16conF1, CAAGGAGTGTGCTAAATAACCTTCT; 16conR3, AACTTGCTTTA
CTTCCTCACATTCA; 10conF1, CAGATAGTGTGAATGAAGTTAAGTT;
10conR2, CAATCTACCATTGGTGCAGATACTC; 12conF1, CG AGAAATAC
AGTATTAAACAGTCC; 12R1, CAATAGCCGATACCATGAAACAAGT;
13conF, CGCTTCGTAATGGGGAGGCGAAAGA; 13conR, GCAAGTATTTC
GCCTTGTTTAGAGA; 1conF, CTTTTGTGAGAAGGAGGAGTTAGA;
1conR, AGAAAAAAGCACCTCTAAGGTGCG; 6conF, GGAGTGGATTGCA
GTATGTTTGGA; 6conR, AGAGGGAGGAGAATAACTAGCAAT; 20conF,
GTCTAGTCCGTTAAGCTGTTCTCA; 20conR, GTCTCTACTTGCCTAGCCT
CCTCT; 1-1FJ, GCCATCCTACCCATTCCAAATAA,; 1-1Rend, GTAGATGGG
GCCTATCGAATTGGTA; 2-1Fend, TTCAAGTATCGCAGGCTTACTCTCT;
2-1Rend, CAATCTTCTCAGGCTGGACACCCTT; 3-1Fend, AGTCTGCAATTT
GGCGACCAATCTT; 3-1Rend, AGCCAAACACGGAGGAAGTTTATCA;
3-2Fend, CCTCTATGCC GCGTCGTGAGCTATT; 3-2Rend, CTTCACGACGC
ATGGCTGCTGTCAT; 5FJ, CTGAG GTGTAGTCTCCCTTTCAATT; 5Rend,
ATTGCAGGTTTGGATGCGGCCCGTT; 9Fend, GGACGTGGTACTACCCT
ACCTGGAA; 9Rend, TGATTATTTTAGAAACTGGTCGTAT; 21Fend, CAAC
CTCGTCTTTAGAGTATGCTGT; 21Rend, GAGAAAAAAGCATACTTTGAT
GATA; 2-61Fend, GCATGTATTGCCTCTTTCATTCGAT; 2-61Rend, TGGCG
GCAGG TCTGGTAGGAACAAT; 2-69F]J, AGTCATTTCGAGCTGAGAATCT
GACG; 2-69RJ, GAAGATCGTGTGAAGAAGCAGGCTT; S-1Fend, TTCTACA
AGTGTGATGGCACGCTCA; S-1RJ, GAGCTGAATAAGTATGCTGATC
GAA; S-3Fend, AGTGCAGTAGTTGATTGCTCTAGCA; and S-3Rend, TGCC
CTAGACAAATCTTATAGGATT.

Nucleotide sequence accession numbers. The nucleotide sequences for the
purHD regions in serotypes 1, 4, 5, 6, 8,9, 10, 11, 12, 13, 14, 15, 16, 20, 22, 24, 25,
27, and 28 determined in this study have been deposited in the DDBJ/EMBL/
GenBank database under accession nos. AB183829, AB183830, AB183831,
AB183832, AB183833, AB183834, AB183835, AB183836, AB183837, AB183838,
AB183839, AB183840, AB183841, AB183842, AB183843, AB183844, AB183845,
AB183846, and AB183847, respectively. Sequences for the purHD regions in
serotypes 2, 3, 7, 23, and 26, previously published elsewhere (38, 39), were
extended in this study and were assigned accession nos. AB045618, AB058942,
AB058943, AB058944, and AB058945, respectively. The nucleotide sequence
data of the genomic regions in serotype 2, which were used for the targets of the
integration mutants Intl, Int2, Int3, Int4, Int5, Int6, Int7, Int9, Int10, Int11, and
Int12, have been deposited in the database under accession nos. AB183474,
AB183475, AB183476, AB183477, AB183478, AB183479, AB183480, AB183481,
AB183482, AB183483, and AB183484, respectively.

RESULTS

Genes and gene products of the extra regions between purH
and purD. With a set of PCR primers, purH plus purD, which
were designed from the internal sequences of purH and purD,
respectively, we were able to amplify the purHD regions, rang-
ing from 4.5 to 1.0 kb, of the reference strains excluding sero-
types 17, 18, 19, and 21 (data not shown). In the serotypes 17,
18, 19, and 21, however, each of the purH and purD gene
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FIG. 2. Schematic representations of purHD regions. Genetic organizations of representative serotypes (serotypes 16, 10, 25, 13, 1, 6, 20, and
2) are depicted here, and the corresponding serotypes that showed identical or very similar genetic structures are listed on the left. The structures
of RM genes were taken from previous reports (37, 38). Sizes of the DNA fragments amplified by PCR are shown on the right. Open arrows, genes

identified in these regions; filled arrows, purH; filled boxes, purD.

regions could be amplified with specific primers, i.e., purN-F
plus purH-R2 and purD-F2 plus purE, respectively (data not
shown). Therefore, the purH gene was thought to be separated
from the purD gene in these serotypes, and the four serotypes
above have not been examined further. The amplified purHD
fragments above were directly sequenced. The putative genes
and their organization found in the sequenced fragments are
summarized in Fig. 2. All of the genes identified in this study
were located on the same DNA strand as the pur genes except
for those found in the serotypes 12 and 25, which were located
on the complementary strand. No transposable element or
long-repeat sequence was found in the sequenced regions. The
average G+C content of each sequence, especially that of the
coding region (27 to 35%), was clearly lower than that of
conserved pur genes (49%) (38) and of the total genome of
S. suis (39 to 41%) (24).

The 4.5-kb fragments obtained from strain DAT1 and sero-
types 3, 7, 23, and 26 contained genes encoding SsuDAT1I or
its isoschizomers, as has been previously described (37),
whereas no putative gene was found in the intergenic space of
the 1.0-kb fragments. The 4.2-kb fragment obtained from se-
rotype 16 contained three putative genes, designated sepS16A4
(for suis extra gene in pur region of serotype 16), sepS16B, and
sepS16C, the latter two overlapped each other in a head-to-tail
manner. The 3.2-kb fragment obtained from serotype 10 con-
tained two putative genes, designated sepSI10A and sepS10B,
which overlapped each other in a head-to-tail manner. The
2.5-kb fragment obtained from serotype 25 contained two
overlapping genes, designated sepS254 and sepS25B. The
2.5-kb fragment obtained from serotype 12 was almost identi-
cal to that of serotype 25 (97.2% nucleotide identity); how-
ever, an ORF corresponding to sepS25B in serotype 12 con-
tains an 8-bp duplication that causes a frameshift mutation,
resulting in a 180-nucleotide truncation at the 5" terminus. On

the basis of the 16S rRNA sequences (9, 19, 43), serotype 12 is
not related to serotype 25. The 1.9-kb fragments obtained from
serotypes 1, 4, 5, and 9 were very similar to one another (95.9
to 99.9% nucleotide identity). They each contained a single
gene; that which was found in the fragment of serotype 1 was
designated sepS1. Although serotypes 4 and 5 are closely re-
lated in the 16S rRNA-based tree, they are genetically distant
from serotypes 1 and 9, which are also unrelated to each other
(9, 19, 43). The 2.3-, 1.8-, and 1.4-kb fragments obtained from
serotypes 13, 6, and 20, respectively, each contained a single
gene, designated sepS13, sepS6, and sepS20, respectively. Thus,
the genetic regions containing the novel genes were catego-
rized into seven classes.

The deduced translational products of the genes found in
the extra genetic regions are summarized in Table 2. The de-
duced SepS16A, SepS16B, and SepS16C proteins showed ami-
no acid similarity with Staphylococcus aureus hypothetical pro-
teins. As with S. suis, the genes showing similarity on the
S. aureus genome are also contiguous, although they are not
positioned between the S. aureus purH and purD genes. The
deduced SepS10A protein showed a low degree of amino acid
similarity to a Staphylococcus epidermidis hypothetical protein.
The deduced SepS25A and SepS25B proteins showed amino
acid similarity to Streptococcus pyogenes hypothetical proteins
Spy0970 and Spy0968, whose genes were also located in tan-
dem but were separated from the pur genes on the S. pyogenes
genome. The rest of proteins encoded in the extra regions
showed no significant similarity to proteins in the database.
The extra regions of the seven classes, together with the RM
genes, showed no similarity with one another at either the
DNA or deduced amino acid sequence levels.

Distribution of the extra genes among S. suis. The internal
regions of the PCR fragments which contained the putative
gene(s) were amplified with specific primers from the purHD
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TABLE 2. Predicted gene products and the similarity to amino acid sequences in the database

Product size Similarity”
Gene No. of Da BLAST Amino acid Description of closest relative®
amino acids E value identity”

sepS16A4 275 33.0 9e-53 39/275 Hypothetical protein of S. aureus [AC025591]
sepS16B 315 36.1 3e-46 35/314 Hypothetical protein of S. aureus [AC025591]
sepS16C 363 42.1 7e-37 28/379 Hypothetical protein of S. aureus [AC025591]
sepS10A 319 36.4 le-14 26/276 Hypothetical protein of S. epidermidis [AF270077]
sepS10B 390 46.0 No similarity
sepS25A4 150 16.9 9e-18 37/127 Hypothetical protein (Spy0970) of S. pyogenes SF370 [AE006544]
sepS25B 311 36.8 8e-67 47/263 Hypothetical protein (Spy0968) of S. pyogenes SF370 [AE006544]
sepS13 418 48.5 No similarity
sepS1 283 32.6 No similarity
sepS6 248 28.9 No similarity
sepS20 93 10.5 No similarity

“ Values do not appear in the respective sections for the putative proteins that showed no similarity to the proteins in the database.

® Percent amino acid identity/number of amino acids evaluated.

¢ Numbers in brackets are accession numbers from the DDBJ/EMBL/GenBank database.

fragments obtained above. The fragments were labeled and
used as hybridization probes against genomic DNAs from S.
suis strains that had been digested with HindIII and separated
by agarose gel electrophoresis. A DNA probe obtained from
serotype 16 showed a hybridizing fragment of 18 kb only in the
digested DNA of serotype 16, whereas no hybridizing frag-
ments appeared in those of other strains (data not shown). A
DNA probe prepared from serotype 1 showed a hybridizing
fragment of either 2.8 or 9.5 kb in the digested DNAs of sero-
types 1, 4, 5, and 9, whereas no hybridizing fragments appeared
in those of other strains (data not shown). Similarly, probes
derived from the internal regions of gene segments between
purH and purD in other serotypes hybridized only with DNA
from serotypes, yielding a similar class of PCR amplicon be-
tween purH and purD as the strain from which the probe was
derived.

Nucleotide sequence comparison of the purHD regions. The
nucleotide sequences determined were aligned bidirectionally
from the purH and purD sides. As shown in Fig. 3, the genetic
regions expressed to yield PurH and PurD were almost com-
pletely identical to one another in all of the strains examined.
The intergenic sequences of serotypes 22, 11, 24, 2, 14, 15, 8,
27, and 28, which did not possess any genes between purH and
purD, were very similar, except that a 7-bp deletion was noted
in serotype 22 (Fig. 3, lower alignment). Although the RM
gene regions (Fig. 3, upper alignment, lines 1 to 5 from the top)
have been thought simply to be inserted 11 bp downstream of
the stop codon of purH, as described before (38), the alignment
including other sequences determined in this study revealed
different putative borders which discriminate the extra genetic
regions from the conserved pur genes. As shown in the lower
alignment of Fig. 3, serotypes 25 and 12 showed nucleotide
mismatches further upstream from the putative insertion site
of the RM genes, whereas serotypes 20, 16,9, 1, 4, 5, 10, 13, 25,
and 12 showed nucleotide mismatches further downstream.
These results indicated that the extra regions of these sero-
types were not simply inserted between purH and purD, but
that either of these genes was integrated in this position and
replaced the intergenic sequences. Moreover, serotypes 20, 16,
9, 1, 4, and 5 showed regions of 37 to 40 bp homologous to the
corresponding regions of DAT1 and serotypes 3, 7, 23, and 26

(5' regions of the upper alignment in Fig. 3). The homologous
regions are apparently parts of the extra regions and a few
nucleotide mismatches common to serotypes 26, 20, 16, 9, and
1 also appear within the homologous regions, indicating that
either of these extra genes that had existed at this position was
further replaced by another gene.

One-to-one comparison of the sequences more obviously
showed the borders of the junction regions where the recom-
bination events to incorporate the extra regions may have
occurred; some representatives are shown in Fig. 4. Next to the
highly conserved pur regions, sequences with a low degree of
similarity, where a few base pairs of identity appeared contig-
uously, were seen at one or both ends of the border regions.
The relatively low degree of sequence similarity shown in the
junction regions resembles that observed in the flanking re-
gions of sly and orf102 (43). The putative borders appeared at
the same positions in a few comparisons (e.g., a comparison
among serotypes 22, 25, and 10); however, most of them ap-
peared at different positions from one another. Moreover, the
comparison between serotype 26 (or other strains possessing
the RM genes) and serotype 22 revealed that serotype 26 (and
other strains possessing the RM genes) had small imperfect
direct repeats consisting of 7 bp at the putative borders. A very
similar 7-bp sequence was also present in serotype 22 (Fig. 4),
a result which suggested that the extra region of serotype 26
(or other strains possessing the RM genes) had been deleted at
these short repeats.

Integration of a plasmid carrying RM genes. We examined
whether the purHD region is a hot spot for illegitimate recom-
bination by using SsuDATII genes as the model. The
SSuDAT1I genes with an insertion of the cat gene were cloned
into a suicide plasmid, and the recombinant plasmid was in-
troduced into S. suis serotype 2, for which the purHD region
did not possess any foreign genes (38). Since temperature-
resistant and Cm" mutants obtained from the bacterial culture
were expected to carry the RM genes being integrated into the
genome, we selected 243 such mutants. All of the mutants were
still Spc’, indicating that the mutants contained the vector
region as well as the RM gene region. Genomic DNAs were
isolated from the mutants and used for PCR with primers
purN-F plus purE, which encompassed the purHD region. All
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FIG. 3. Alignment of the partial sequences of the purHD regions from S. suis reference strains and DAT1. The sequences are aligned bidirectionally from the purH and
purD regions (lower sequences), and the extra portions are shown in the upper alignment and are connected by the lines with the lower sequences. Strains are indicated to
the left of the sequences; reference strains are referred to as S plus the serotype number. Numbers of nucleotides not appearing in the upper alignment are indicated in white
type in black parallelograms. Dots, nucleotides identical to those of the aligned sequence of DATI; dashes, gaps in the aligned sequences; boxes, stop and start codons of
the genes appearing in the sequences.
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FIG. 4. One-to-one sequence comparisons of the border regions of some serotypes. Serotypes compared are indicated to the left of the
sequences as S plus serotype number. Boxes, identical nucleotides; arrows, short direct repeats.

of the samples produced amplicons of the same size (4.0 kb) as
that of the parent strain (data not shown), indicating that the
genetic organization of the amplified regions was not affected
by the integration, i.e., none of the integration events had oc-
curred at the purHD locus.

Structures of integrated plasmids. To analyze the genetic
structures of the integrated plasmids, we further examined 12
temperature-resistant Cm" mutants, named Intl to Int12. The
genomic DNAs of the mutants were digested with Stul, which
cut the pMABcatrRAB at one site (see Fig. 6). The digested
DNAs were separated by agarose gel electrophoresis and ex-
amined by Southern hybridization with an SsuDATII probe.
The digested DNAs of S. suis strain 227, which possesses the
RM genes, and its derivative 227catIN provided one and two
fragments that hybridized with the probe, respectively, where-
as those of the mutants, except Int8, provided two hybridiz-
ing fragments of different sizes (Fig. 5), demonstrating that
PMABcatRAB was integrated into the S. suis genome at dif-
ferent positions. The digested DNA of the mutant Int8 pro-
vided three hybridizing fragments, one of which was the same
size as the whole length of pMABcatRAB, implying that the
plasmid was duplicated in tandem.

The 12 mutants were then analyzed by PCR by using various
combinations of primers designed from the sequence of
PMABcatRAB. The strategy of using PCRs for mapping the
structure of the integrated plasmids assumed a Campbell-type
recombination event. If the plasmid integrates by a single re-
combination event, then PCR amplicons would be obtained
from internal segments of the integrated plasmid whereas plas-
mid-derived priming sites at the junction of the recombination

event would be separated and would not yield amplicons. As
shown in Fig. 6, the genomic DNAs of the mutants Int1, Int2,
Int3, IntS, Int6, Int7, Int9, Intll, and Int12 produced PCR
fragments for all of the primer sets except those encompassing
the replication region (rep) of the plasmid, indicating that the
whole plasmid was integrated into the host genome via the rep
region. Similarly, the genomic DNAs of the mutants Int4 and
Int10 did not produce a PCR fragment with the primer sets
encompassing ssuMA and ssuRA, respectively, indicating that
these mutants formed cointegrates via these regions. However,
the genomic DNA of the mutant Int8 produced PCR frag-
ments with all of the primer sets examined. This result, to-
gether with the above results, indicates that at least two copies
of the plasmid were present in tandem in the genome due to
tandem duplication.

Selection of the mutants by CAM did not allow us to esti-
mate the integration frequency, as many false-positive colonies

WM12 34567 89101112
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FIG. 5. Genomic Southern hybridization of temperature-resistant
Cm" S. suis mutants. Genomic DNAs were digested with Stul, separat-
ed by agarose gel electrophoresis, and probed with labeled SsuDAT1I
genes. Molecular sizes are indicated on the right. Lane numbers cor-
respond to the numbers in the designations of mutants Intl to Int12.
W, wild-type strain 227; M, mutant strain 227catIN.
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FIG. 6. Schematic representations of the results of systematic PCR analyses of temperature-resistant Cm" mutants generated by integration of
PMABcatRAB into the genome. Positions of primers relative to the genetic organization of pMABcarRAB are indicated at the top by gray
arrowheads. Solid lines between the filled arrowheads, regions amplified by PCR; dashed lines between the open arrowheads, regions not amplified

by PCR.

appeared on the selective agar. However, the results described
above indicated that almost all of the mutants were generated
by Campbell-type recombination. Therefore, we selected the
temperature-resistant mutants on TH agar containing CAM
and SPC in order to calculate the integration frequency. The
frequency was estimated to be 5.6 X 107° to 1.5 X 1077,
depending on the experiment.

Nucleotide sequences of junctions between plasmid and
chromosome. As the integration sites of the plasmid in the
mutants except Int8 could be estimated by PCR analyses de-
scribed above, the junction regions were then amplified by
inverse PCR and directly sequenced. The sequence informa-
tion enabled us to amplify the target in the original host chro-
mosome of serotype 2, and the amplified segments were di-
rectly sequenced. None of the integration target sites were
localized in purHD; rather, all were in the vicinity of or within

other miscellaneous genes, which were apparently different
from purine biosynthetic genes (Table 3).

As shown in Fig. 7, the sequences of the junction points
between the plasmid and the host chromosome revealed small
regions of identity between the two molecules (Fig. 7). These
ranged from 2 to 10 nucleotides in length. Additional short
regions of identity were also present around the junction
points, as was seen in the border regions in the purHD locus.
There was no consensus sequence discernible among the junc-
tion points, although six of them (Intl, Int3, Int5, Int9, Int11,
and Int12) contained the tetranucleotide TTGG. The recogni-
tion sequence of SsuDATI1I (5'-GATC-3") was seen only in the
junction point of Int4. Of the 11 mutants examined, 9 of them,
i.e., Int2, Int3, Int4, Int5, Int7, Int9, Int10, Int11, and Int12,
showed complete identity in the junction sequences. However,
the other two, Intl and Int6, showed one or two nucleotide

TABLE 3. Predicted proteins which exhibited similarity to the putative translational products of the target regions in the mutants

Similarity
Mutant Description or function of closest relative”
BLAST E value Amino acid identity”

Intl Putative prolyl-tRNA synthetase of Streptococcus pneumoniae [AE007339; AAK74442] (7) Se-43 81/107/119
Int2 Surface immunogenic protein of Streptococcus agalactiae (7) [AF151362; AAG18478] 6e-23 52/98/118
Int3 Putative glutathione reductase of S. pneumoniae [AE008446; AAK99496] le-121 71/305/305
Int4 Putative glycosyl hydrolase family 3 of S. agalactiae [AE014223; AAM99592] 0.0 74/594/596
Int5 Putative lacl family regulator YvdE of Bacillus subtilis [Z99121; CAB15468] 3e-23 42/144/146
Int6 Putative 23S rRNA methyltransferase of S. pneumoniae [AE008555; AAL00715] 2e-63 50/244/249
Int7 Extracellular protein of S. suis [AY341262; AAQ19848] Se-82 84/194/195
Int9 Putative ABC transporter permease protein of Lactococcus lactis [AE006342; AAK05202] 3e-77 41/403/397
Int10 Putative N-acetylneuramic acid synthetase NeuB of S. agalactiae [AF355776; AEAAK43615] le-158 80/338/338
Intl1 Putative ABC transporter permease of S. pneumoniae [AE008562; AAL00778] le-113 82/233/234
Int12 Putative ribosomal protein L11 methyltransferase of S. agalactiae [AE014280; AAN00829] le-133 85/275/275

“ Numbers in brackets are accession numbers and protein identification numbers from the GenBank/DDBJ/EMBL database.

® Percent amino acid identity/number of amino acids evaluated/number of amino acids queried.
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FIG. 7. Sequences of the junction points between pMABcatRAB and the S. suis genome. The sequences of pMABcatRAB and the corre-
sponding S. suis genomic sequences are shown in the upper part of each panel. The sequence of the mutant is shown in the lower part of each _panel.
Stretches of sequence identity that are presumed to be the junction points are boxed with thick lines. Other positions with nucleotide identity are
boxed with thin lines. Hooked arrows intercrossing the junction points of the mutants indicate possible positions of crossover, showing the
recombination flow starting from the chromosome and shifting to the plasmid (left) and from the plasmid to the chromosome (right). Nucleotide
mismatches found in the junction regions of Intl and Int6 are indicated by upward-pointing arrows.

mismatches in the junction points when the plasmid and chro- DISCUSSION

mosome were compared. The two mutants had nucleotides

that originated from the plasmid in both the junction points
(Fig. 7, indicated by upward-pointing arrows), which indicated
that strand crossover had taken place at different positions.

We have demonstrated here the presence of novel extra
genetic regions in the purHD locus of some serotype reference
strains of S. suis. The extra genetic regions, which were cate-
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gorized into seven classes, showed no similarity with those of
other classes and thus were unique to the strain(s) of each
group. The RM genes are also present uniquely in the purH-
purD regions of some strains (37), and constitute an eighth
class of sequences there; it is thus evident that the eight classes
of extra regions are mutually exclusive. The conserved genetic
organization of the pur gene cluster (38), as has been observed
with other gram-positive bacteria (4, 13, 44), together with the
low G+C contents of the extra genetic regions compared with
the pur genes, support the notion that the novel genetic regions
found in this study were also transferred from foreign sources.
Moreover, the fact that some of the phylogenetically unrelated
serotypes share common genes indicates that the foreign genes
have also spread among the S. suis strains, as has been de-
scribed for the RM genes and sly regions (37, 38, 43).

Nearly half of the deduced translational products encoded
by the novel foreign genes showed no similarity to proteins in
the database; however, it is noteworthy that genes of other
bacteria encoding the proteins which showed similarity to
those of serotypes 16 and 25 are also contiguous in the ge-
nomes of the counterparts, suggesting that the sepS164ABC and
sepS25AB gene clusters were both incorporated in a block.
Moreover, the deduced SepS16ABC proteins showed similar-
ity to three hypothetical proteins described for at least two
S. aureus strains; however, the three proteins of S. suis showed
no similarity to any proteins of other S. aureus strains, espe-
cially of those whose complete genome sequences have been
determined (our unpublished observation), suggesting that the
S. aureus genes encoding the hypothetical proteins were also
acquired from foreign sources. As discussed below, these extra
genetic regions were not only inserted independently into the
genome of different strains but also replaced by a newcomer.
This finding suggests that some of the foreign genes were suc-
cessively transferred from one bacterial genome to the other.

The RM gene region has been considered simply to be
inserted between purH and purD on the basis of the compar-
ison between only two classes of purHD regions, i.e., one pos-
sessing the RM genes and the other lacking the genes, such as
serotype 2 (37, 38). In the present study, however, we obtained
information on seven additional classes of foreign genes that
showed striking sequence variation even in the borders be-
tween the exogenous regions and the pur genes. Genetic bor-
ders of each exogenous region as estimated from the alignment
of all of these sequences indicated that these genes were in-
corporated into different nucleotide positions of the same lo-
cus. Furthermore, some of them were likely to have been
substituted for predecessors that had been inserted previously.
One-to-one comparison of the sequences clearly showed dif-
ferences in the border positions where the recombination may
have occurred. Nucleotides with a few base pairs of identity
scattered throughout the junction regions were observed next
to the highly conserved pur genes. The identical sequences
ranged from 1 to at least 6 nucleotides in length, which is
reminiscent of illegitimate recombination sites described in
other studies (1, 11, 23, 26, 29-31, 35, 39). The low degree of
sequence similarity in the junction regions was also observed in
the flanking sequences of sly and orf102 in S. suis (43). From
these observations, together with the fact that no vestige of
sequences affecting their integration, such as long-repeat se-
quences or remnants of transposable elements, were found in
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the close vicinity, we can consider that the foreign genes that
have thus far been found in S. suis were integrated by the same
mechanism by using illegitimate recombination.

Once a foreign gene is integrated in the genome, it can be
transferred among S. suis by homologous recombination en
bloc along with the conserved flanking regions (37, 43) or by
means of homology-facilitated illegitimate recombination (11,
30, 35), and accumulation of the foreign genes may contribute
to the genetic heterogeneity in S. suis. However, in the original
insertion, the foreign genes found in this study must have been
integrated by illegitimate recombination. Therefore, one can pose
the following question: why are there so many different foreign
genes at the same chromosomal locus? One possible explana-
tion is that the intergenic space of purHD involves a hot spot
for the type of recombination that is induced by these foreign
genes. Indeed, at least one class of the foreign genes, RM
genes, is proposed to comprise mobile genetic elements that
can migrate among bacteria of different genera (25). The R
enzyme can elicit a double-strand breakage, and this breakage
may induce illegitimate recombination when the two genetic
segments have a few base pairs of nucleotide identity (27).

To assess the validity of the above explanation, we construct-
ed a thermosensitive suicide plasmid that carried the SsuDATI1I
genes together with a cat gene, and we obtained S. suis mutants
in which the plasmid and the host genome formed cointe-
grates. None of the 243 mutants examined formed cointegrates
via the purHD region. If the integration events occurred uni-
formly all over the genome, one should be able to find a certain
integration site among 500 mutants by a PCR spanning 4 kb,
since the genome size of this bacterium is estimated to be 1,800
to 2,000 kb (13, 44). On the other hand, if a particular region,
e.g., the purH-purD region, is the hot spot for the recombina-
tion and if the integration events occur five times more fre-
quently there than at other regions, one should be able to find
the integration site among 100 mutants by PCR. From this
rationale, our results indicated that even if the purHD region
was the hot spot for recombination, the frequency of the event
was not high (less than 2.1 times higher than at other regions).
Therefore, the purHD region was not likely to be the hot spot
for recombination.

Although a limited number of integration mutants were se-
quenced, no mutant that had obviously integrated the plasmid
via mobile genetic elements, such as a transposon, insertion
sequence, integron, or intron, was obtained. This finding im-
plies that the integration had occurred by illegitimate recom-
bination irrespective of the mobile genetic elements. Integra-
tion sites localized on the plasmid pMABcarRAB appeared
clearly nonrandom, as 9 out of 12 mutants formed cointegrates
via the rep region of the plasmid. The rep region of the plasmid
usually forms a single strand as a replication intermediate so
that this region is likely to form a Holliday junction between
the plasmid and the genome, leading to the recombination
event, or, alternatively, the rep region of the plasmid shares
more sequence similarity with the genome than other segments
of the plasmid. However, the plasmid was integrated into the
genome of the 12 sequenced mutants at apparently different
regions. Although we cannot rule out the possibility that there
was something different about the events that occurred during
the evolution of the different serotypes and the experimental
integration described in this study, our results imply that the
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purHD region did not show any preference for integrating
particular foreign genes, i.e., the foreign genes found in this
study were incidentally integrated into the same locus of the
genome among the different strains by illegitimate recombina-
tion, presumably via a few base pairs of nucleotide identity.

The structures of the eight classes of foreign genes identified
here may have represented the results of several consecutive
recombination events, and therefore it is not possible to define
the extra genetic segments as putative plasmids, phages, or
conjugative transposons or to predict the exact limits of these
inserted elements. Nevertheless, the present results together
with previous findings (37, 38, 43) suggest that foreign gene
acquisitions may have occurred by the same mechanism at
various chromosomal loci. The fact that different foreign genes
were incidentally integrated into the same locus of the S. suis
genome and/or exchanged among the species by legitimate or
illegitimate recombination leads us to propose a hypothesis to
explain the presence of various foreign genes in the same locus,
i.e., a high rate of gene acquisition in this bacterium. Actually,
the integration frequency determined in this study was a little
higher than those observed elsewhere (18, 21). However, the
frequency may have been overestimated by elimination of plas-
mid-cured cells caused by postsegregational killing (25). If the
foreign gene did not induce postsegregational killing, the ille-
gitimate recombination may have occurred randomly at a fre-
quency as low as 1077 to 107° (18, 21). Therefore, it is con-
ceivable that S. suis has the ability to take a foreign DNA into
the genome through some mechanism, such as natural compe-
tence. S. suis is not known to enter a state of competence in
vitro; however, it is possible that some isolates may, under
certain growth conditions, be competent and/or that the an-
cestors of the S. suis populations were competent.

Whichever mechanisms are employed for transporting the
DNA into the cytoplasm, the present results indicate that a
seemingly large number of integration events have occurred
in the purHD region, perhaps by an intrinsic recombination
mechanism of the host bacteria. Most of the foreign genes
found in the purHD locus are functionally unknown, and not all
of the genes may contribute directly to the host survival. Inte-
grated genes that are not deleterious will become fixed within
the bacterial population and may contribute to the evolution of
this bacterium.
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