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INTRODUCTION “variable number of tandem repeat” (VNTR) loci. VNTRs

Repetitive DNA, which occurs in large quantities in eukary-
otic cells, has been increasingly identified in prokaryotes. In
eukaryotic genomes, this repetitive DNA is infrequently asso-
ciated with coding regions and consequently is located primar-
ily in extragenic regions (33). Repetitive DNA consists of sim-
ple homopolymeric tracts of a single nucleotide type [poly(A),
poly(G), poly(T), or poly(C)] or of large or small numbers of
several multimeric classes of repeats. These multimeric repeats
are built from identical units (homogeneous repeats), mixed
units (heterogeneous repeats), or degenerate repeat sequence
motifs (Fig. 1 shows a schematic overview). Short tandemly
repeated sequences occur in several to thousands of copies
dispersed through the genome of many if not all higher eu-
karyotes (90). These sequence elements showed hypervariabil-
ity among individual persons, and genetic mapping can be used
to prepare DNA fingerprints that are specific for an individual
(91). Although these sequences were initially defined as mini-
and microsatellite DNA consisting of short sequence repeats
(SSRs) or short tandem repeats (STRs) (90), Nakamura et al.
introduced a more accurate terminology (130, 131). Some of
the repeats, especially those representing a single locus and
showing inter-individual length variability, were designated
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and SSRs are now well-established molecular targets for ped-
igree analysis (92). For the sake of clarity, we will use the
abbreviation SSR as the acronym for most of the DNA repeats
found in prokaryotes. This is analogous to eukaryotic nomen-
clature. However, some of the repeats could also be classified
as genuine VNTRs in the sense that repeat number variation is
associated with a single genetic locus.

Variability observed in VNTRs is thought to be caused by
slipped-strand mispairing (SSM), which may occur in combi-
nation with inadequate DNA mismatch repair pathways (178).
The peculiar tertiary structure of repetitive DNA allows mis-
matching of neighboring repeats, and, depending on the strand
orientation, repeats can be inserted or deleted during DNA
polymerase-mediated DNA duplication (24, 28, 70) (Fig. 2
shows a schematic presentation). Molecular studies in Saccha-
romyces cerevisiae have shown that poly(G-T) tracts are ex-
tremely unstable, with length alterations occurring at a fre-
quency of at least 10~* event per cellular division (73). The
instability of these moieties can be increased further by muta-
tions in DNA mismatch repair genes. This strengthens the
notion that repeat instability is associated with polymerase
slippage during replication. Alternatively, variation in repeat
numbers and sequence degeneracy can be explained by DNA
recombination between multiple loci consisting of homologous
repeat motifs. Furthermore, there is experimental evidence
that the regions bordering the SSR loci are susceptible to more
frequently occurring mutagenic events (136).

In eukaryotic cells, SSRs are associated with regulatory func-
tions. In cells such as fibroblasts, repeat sequence variation has
been proposed as a mechanism determining the limiting divi-
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A.
LENGTH OF
REPEAT UNIT
(BASEPAIRS) REPEAT ANNOTATION
1 5'-AAAAAAAAAAAAARAA-3’ 57 -(A) ;-3
2 5’ -ATATATATATATATAT-3’ 57 - (AT),-3"
3 5’ -GCCGCCGCCGLCLCGLCeeeareaee-3 57 - (GCC) 4-37
4 5’ -GATCGATCGATCGATCGATCGATC-3 " 5/ - (GATC) (-3"
5 5’ -GCTCCGCTCCGCTCCGCTCCGCTCC-3" 57 - (GCTCC) ;-3
6 5 -AAAATTAAAATTAAAATTAAAATT-3 5’ - (AAAATT) -3
B.
5’----AAC AAC AAC GTCTC GTCTC AT AT AT AT AT AT----3°
C.
SEQUENCE
IDENTIFICATION
A 5’'~ GATCGATCAA GATCGATCAA GATCGATCAA -3’
B 5- --A-------  ~------ A--  ----- G~-~--~ -3’
C 5'- ---G------  —--------- -T-------- -37
D 5'- =~--------- CTA~------  —=-==-=-=- TT -3’

FIG. 1. Schematic survey of SSRs. (A) Examples of homogeneous simple sequence motifs consisting of repeat units varying from 1 (homopolymeric tract) to 6
nucleotides in length. (B) Example of a composite, heterogeneous repeat built from three 3-nucleotide units, two 5-nucleotide units, and seven 2-nucleotide motifs. (C)
Comparative analysis of four different repeats built from three 10-nucleotide units showing degeneracy among units. Identity of the nucleotide sequences B through

D with the consensus given in sequence A is indicated by dashes.

sion potential (132). Assuming that a single copy of a repeat
unit can be deleted with surgical precision per cell cycle, cer-
tain SSRs may serve as precise counters of the number of cell
doublings. Most human SSRs, however, have an as yet un-
known function. For a limited number of SSRs, especially
those in the trinucleotide (triplet) repeat class, involvement in
human genetic disease has been demonstrated (20). Conse-
quently, repeat variation can identify a predisposition to inher-
itable diseases in some instances. Moreover, it was demon-
strated that SSM at repeats is associated with the development
of cancer (101, 154). The (CA),, SSRs in DNA from approxi-
mately 30% of colorectal tumors differed significantly in length
from those encountered in healthy cells from the same indi-
vidual (184). SSR variation was correlated with patient survival
and could be used as a marker for disease severity (1). Neu-
rodegenerative disorders have been linked to repeat expansion
as well. In studies of Huntington’s disease, elegant experiments
with transgenic mice harboring various lengths of a (CAG),,
SSR in the 5" end of the Huntington’s disease gene indicated
that CAG variability is causally related to the development of
a progressive neurological phenotype (111). Genetic heteroge-
neity based on repeat variation was even found in vertebrate
organisms that seem to lack effective mechanisms for genetic
recombination, emphasizing the relative importance of SSM
(188). Changes in the number of repeats in a given genetic
locus apparently are an important source of DNA variability in
clonal lines of species such as Poecilia formosa or Rivulus
marmoratus. The examples mentioned above suggest that
many more links between SSRs and disease may be identified
in the near future. A very recent observation may even allow
the theoretical identification of hitherto unknown disease-as-
sociated repeats. It was shown that microsatellites which are

not associated with so-called retrotransposons (160) or which
are located in genes (129) may be the disease-associated ones.

Since the abundance of repetitive DNA in eukaryotic ge-
nomes is largely unexplained (see references 129 and 209 for
reviews), the identification and functional analysis of repetitive
DNA in prokaryotes is a timely subject of experimental studies.
The presence of prokaryotic SSRs is well documented, and
some SSRs show extensive length polymorphisms. SSM has
been documented as an important prerequisite for bacterial
phase variation and adaptation. In this review, we summarize
which SSRs occur in prokaryotes and how genes are affected by
variation in these moieties. We first describe the techniques
used to characterize the SSRs in prokaryotes and how repeat
variability can be monitored. SSRs identified by sequence anal-
ysis of distinct genes or gene clusters are described, and the
SSRs that are detectable after whole-genome analysis are pre-
sented. Basic mechanisms involved in variation of the number
of repeat motifs are discussed. Although repetitive DNA struc-
tures are named differently in various publications, they will be
identified as SSRs throughout this review. Since in microbial
genetics most is known about repeats that are relatively short
in unit length and contiguous in nature, this class of repeats
will be discussed most extensively. The focus will be on the
medically relevant microorganisms, since these have been stud-
ied in most detail.

MOLECULAR ANALYSIS OF SSRs

Repetitive DNA has characteristic physical features due to
its specific nucleotide composition. The detection of the first
eukaryotic repetitive DNA moieties was the immediate conse-
quence of their aberrant density. When subjected to density
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FIG. 2. Schematic representation of the mechanism of SSM during replication, which results in shortening or lengthening of SSRs. Individual repeat units are
identified by arrows; bulging is the presence of non-base-pair base residues interrupting a regular 2-strand DNA helix. Bulging in the nascent strand leads to a larger
number of repeat units; bulging in the template strand results in a smaller numbers of units. During replication, bulges can occur in both strands, and the effect of
insertion or deletion can be neutralized by occurrence of the adverse event. The number of repeat units can decrease or increase by multiple repeats once multiple

bulging in one strand has occurred.

gradient centrifugation, repetitive DNA lagged behind the
bulk of DNA and presented as satellite fractions due to dif-
ferences in thermodynamic stability and reassociation kinetics
(14) (Fig. 3A). Whereas the variability in repetitive DNA do-
mains was initially detected by relatively cumbersome South-
ern hybridization techniques with DNA probes recognizing the
repeat consensus motif (Fig. 3B), the emergence of PCR tech-
nology enabled a more straightforward DNA amplification-
mediated approach (89). In this method, PCR primers border-
ing the SSR region are constructed and polymorphism in
repeat unit number is documented by simple electrophoretic
techniques once DNA amplification has been performed (Fig.
3C). Regions bordering the repeats are generally sufficiently
well-conserved targets for PCR-mediated amplification. Con-
sequently, repeat degeneracy can be analyzed by direct se-
quencing (Fig. 1). Moreover, border sequence conservation is
sometimes even observed among different species, allowing a
broad-spectrum analysis of the nature of the species and sub-
specific genetic polymorphisms (164).

In several instances, repeat locus multiplication has been
demonstrated. This results in multiple bands in the amplifica-
tion assays. Genuine locus multiplication was proven by South-
ern hybridization studies and DNA sequencing. The presence
of SSRs sharing completely identical neighboring sequences
can be explained by full gene duplications. Based on sequence
comparisons of SSR-neighboring regions, it has been sug-
gested that recombination between repeat loci does occur once
multiple sites are available in a single genome (196). Whether
intergenomic recombination takes place is unknown. Polymer-
ase slippage generally results in DNA ladder-type patterns (70,
82), giving rise to differences in small numbers of a single
repeat unit. Multiple bands in PCR amplifications can also be
caused by erroneous amplification processes. These can be

largely circumvented by using thermolabile DNA polymerases,
which are more reliable copiers of reiterated DNA motifs (82).
Since the SSR typing assays with thermolabile polymerases are
more complicated to perform, the use of such polymerases is
discouraged. Multiplex PCRs allow the simultaneous analysis
of more than a single repeat locus (22, 196), which has the
advantage that multiple SSRs can be analyzed in a single assay.
PCR tests based on amplification with five different primer
pairs have been successfully performed (197a). The propensity
toward expansion or reduction of the number of repeat units at
a given locus through slipped-strand mispairing events is em-
phasized by epidemiological studies. Even genetically homol-
ogous strains may show differences in SSR size, even though
these may be small compared to those determined for more
distantly related strains (104, 199).

Cloning of repetitive DNA for further characterization can
be done by combining different molecular procedures. Due to
aberrant density of repetitive DNA, simple procedures for
purification of the major eukaryotic repeat species have been
developed (Fig. 3A). Moreover, since repetitive DNA present
in high copy numbers reassociates differently from other DNA
moieties, DNA containing repeats can be enriched for by sub-
tractive hybridization. Usually, repeats can also be identified by
specific DNA oligonucleotides built from a limited number of
the key sequence elements. This allows straightforward iden-
tification, and the cloning process can be monitored with the
help of this type of specific hybridization. Random amplifica-
tion of polymorphic DNA (213, 215) allows screening for ge-
netic variation without prior knowledge of DNA sequence
information. Consequently, the size-variable SSRs are rela-
tively frequently highlighted by this specific PCR application,
which generates DNA fragments highly characteristic of the
template DNA used. When these DNA elements are hybrid-
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FIG. 3. Molecular identification of SSR-type DNA. (A) Microdensitometer
tracing of human leukocyte native DNA centrifuged to equilibrium in density
gradients with an analytical ultracentrifuge. The satellite peaks representing
repetitive DNA fractions displaying aberrant densities are indicated (I to III).
(B) DNA fingerprints of human individuals generated by probing with repetitive
DNA. DNA from five individuals (identified by numerals above the lanes) was
digested with a restriction enzyme, the fragments were separated by electro-
phoresis, and after blotting, the resulting Southern blot was probed with a
synthetic oligonucleotide SSR consisting of 10 units of a TTAGG motif. The
autoradiograph shows that this SSR is widely dispersed throughout the human
genome and clearly depicts the hypervariability in the observed banding patterns.
(C) PCR amplification of SSR regions. A specific SSR was identified in the
genome of H. influenzae, and primers bordering the repetitive motif were syn-
thesized. When DNA from bacterial strains 1 to 10 was used as template, various
amplicons were generated, most of them showing clear differences in length
(related to the number of repeat units present). Lanes M contain 10-bp molec-
ular size markers.

ized to repetitive DNA probes, potential SSRs can be identi-
fied (25, 148). Subsequent and straightforward cloning and
sequencing of these amplicons allows molecular verification of
the nature of the SSR. Another procedure, directed amplifi-
cation of minisatellite-region DNA, capitalizes on the use of
SSR core sequences as primers during PCR (71). In the
present high-resolution DNA-sequencing era, SSRs can be
identified in sequence databases with the help of straightfor-
ward software (see below). In summary, repetitive DNA has
specific biophysical characteristics and can be identified by
means of hybridization or DNA amplification. Searching for
and direct cloning of SSRs is currently facilitated by the avail-
ability of increasing amounts of primary DNA sequence infor-
mation in general.
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WHOLE GENOME SEQUENCES AS A
SOURCE OF SSRs

In recent years, the genomes of several eubacterial species
have been sequenced completely (48, 55, 81). The availability
of this type of data for Haemophilus influenzae, Mycoplasma
genitalium, and M. pneumoniae has enabled detailed analysis of
these genomic molecules for the presence of repetitive DNA
with SSR-like characteristics. SSRs highlighted on previous
occasions (94) are identified within the sequence databases,
but numerous additional SSR-like domains have been identi-
fied (see Table 2). Variability of repeats consisting of 2 to 6
nucleotide units is observed in various genome regions outside
the lipopolysaccharide (LPS)- and fimbrium-related genes of
several other bacteria.

In the genome of the methanogenic archacon Methanococ-
cus jannaschii (17), only dinucleotide SSR candidates were
detected (data not shown). Of these 35 loci, 2 were located on
one of the two extrachromosomal plasmids. All the SSRs were
shorter than 7 dinucleotide units. This indicates the nonuni-
versal character of the SSR-type domains. Apparently, micro-
organisms exist that essentially do not require SSRs. Whether
this is a reflection of a lack of the need of this particular
archaeon to adapt to variations in the environment is unclear,
but it should be noted that M. jannaschii lives in a spectacular
but relatively constant niche. The recent publication of the
whole genome sequence for Escherichia coli (8) revealed that
in this gram-negative bacterial species, SSR-type regions har-
boring repeat units of less than 8 nucleotides are also very rare.
Whether this is simply because the laboratory strain K-12 has
lost many pathogenicity factors due to progressive laboratory
propagation needs to be established in future studies.

The single eukaryotic organism for which the entire genome
sequence is now available is S. cerevisiae (64). In 12,068 kbp of
DNA, 5,885 potential protein-encoding genes were identified
apart from the numerous genes for rRNAs, small nuclear RNA
molecules, and tRNAs. Repetitive DNA was encountered in
large quantities. Overall, 1,320 kbp of repeats larger than 2 kbp
covered 11% of the entire genome. Searches for small repeats
identified numerous examples of potential SSRs (Table 1). The
search was specifically aimed at short repeats, 2 to 8 nucleo-
tides in unit length, with the use of recently developed software
that is available through the World Wide Web (196). The
number of nucleotides involved was 22.6 kbp (0.2% of the
overall genome). It would be interesting to study whether these
loci are functionally involved in virulence gene regulation sim-
ilar to that described below for prokaryotes. Studies like these
are important in the light of the potential pathogenicity of the
organism, for instance in recurrent vaginitis (171, 220). Since it
is certain that further whole genome sequences will become
publicly available in the future, additional SSRs will be iden-
tified in huge numbers. This will turn out to be highly relevant
to the increase of our knowledge on microbial diversity, tax-
onomy and pathogenesis.

STRUCTURAL FEATURES OF SSRs

Grossly, bacterial SSR-type DNA can be divided into four
main categories. First, dispersed repeat motifs that generally
do not occur in tandem have been identified. Although these
repeats occur throughout genomes of a multitude of microor-
ganisms, they are sometimes organized in tandem as well. A
second class is formed by the homopolymeric tracts. Multimers
of one of the four nucleotides are peculiar sequence elements
that are frequently encountered in the genome of S. cerevisiae,
for instance. These homogeneous stretches can amount to as
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TABLE 1. Perfect small-unit SSRs in the S. cerevisiae genome*

No. of SSRs of unit length:

No. of

units 1 2 3 4 5 6 7 8
3 b — — — 17 105 8 7

4 — — — — 20 37 2 1

5 — 341 — 6 7 9 0 1

6 — 140 104 5 1 5 0 0

7 — 69 49 0 1 1 0 0

8 — 52 43 2 0 1 0 0

9 — 35 26 0 0 0 0 0
10 756 35 20 0 0 0 0 0
11 483 37 5 0 0 0 0 0
12 345 15 6 1 0 0 0 0
13 245 20 4 0 0 0 0 0
14 132 5 3 0 0 0 0 0
15 91 8 2 0 0 0 0 0
16 67 6 1 0 0 0 0 0
17 51 7 1 0 0 0 0 0
18 28 4 0 0 0 0 0 0
19 32 3 0 0 0 0 0 0
20 24 3 1 0 0 0 0 0

“ This table summarizes the occurrence of SSRs in the S. cerevisiae chromo-
somes. Numbers indicate the number of SSRs being present whereby the unit
length defines the size of the repeat motif (1 to 8 nucleotides, horizontal scheme)
and the unit number defines the number of repeat units present. No imperfec-
tions in the repeat unit were allowed for; repeat regions that are mentioned
separately in the table were sometimes physically coupled (neighboring stretches
of DNA). The maximum unit number was arbitrarily chosen to be 20. In the
mononucleotide SSR class, the largest individual repeat contained 42 nucleo-
tides. Incidentally, additional 2- and 3-nucleotide SSRs were encountered (re-
sults not shown).

> —, not searched for because of expectations of an extremely large number;
the minimum detectable number as used in the computer search program equals
those targets not searched for.

much as 42 nucleotides (Table 1). Third, short-motif SSRs are
identified. With repeat units differing from 2 to 6 bases, it is
this class of repeats that is most liable to unit number variation
at a given locus. Particularly, when these short-motif repeats
are located within genes and are not 3 or 6 nucleotides long,
they can drastically affect the coding potential of a given tran-
script. Fourth, repeats harboring more than 8 nucleotides per
unit, form a separate category. It is surprising that in the S.
cerevisiae genome, SSRs with 7 or 8§ bases per unit are sparse.
However, the software scores only perfect repeats, neglecting
SSRs built from degenerate motifs. In addition, the longer the
repeat unit, the greater the chance that point mutations will be
introduced.

For the SSR species that are involved in human disease, it
has been observed that five of the six currently documented
repeat motifs allow the generation of hairpin-type structures
(122). The presence of these hairpin structures during replica-
tion, transcription, or translation may interfere with faithful
copying of the SSRs or other sequence-based protein-DNA/
RNA interactions. The base composition of the repeats is also
important. The higher the percentage of adenosine and thy-
midine, the more unstable the DNA helix will be (125). The-
oretically, lower melting profiles may increase the possibilities
of SSM, but well-documented studies are not yet available. The
effect of a lower fidelity of DNA repair for the frequency of
SSM was mentioned previously (52, 178). Not only the repeat
motifs themselves but also neighboring structures have an im-
pact on the frequency with which SSM takes place (155). De-
pending on the presence or absence of stable hairpin structures
in the vicinity of the repeats, deletion of repeat units may be
enhanced more than 50-fold. SSRs within regions of repetitive
bacterial DNA have been studied in model systems such as
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infection of E. coli by recombinant M13 phages (103). When
artificial poly(C-A) tracts were cloned into the phage genome,
easily detectable expansion or deletion within these tracts was
seen during bacteriophage multiplication.

Several classes of microbial SSRs exist. Each class displays
individual structural features, and sometimes even the SSR
surrounding DNA regions is involved in maintaining the phys-
ical integrity of the repeat regions. The SSRs that will be
discussed in this review are either the short ones (repeat units
of 1 to 6 nucleotides) or repeats that are much longer (repeat
units of >15 nucleotides). Repeats with intermediately sized
unit lengths are only rarely encountered. It is interesting that
the shorter unit repeats, in particular, are involved in regula-
tory processes that are affected by SSM. Among the longer
repeats, a larger degree of sequence heterogeneity is observed.
This heterogeneity is thought to be indicative of more frequent
recombination. Analyses of the precise function of the repeat
locus are often missing. It is regularly assumed that these
repeats encode protein sequences spanning membranes or cell
walls. Therefore, they play a physical more than a regulatory
role. These longer repeats are candidate regions for determin-
ing phylogenetic relatedness between species or strains. Both
repeat number and sequence heterogeneity among the repeats
are valuable parameters, but a precise relationship between
phylogeny and repeat variability has not yet been defined.

DISPERSED REPEATS IN PROKARYOTIC DNA

The number of reports on dispersed prokaryotic repetitive
sequence motifs is even larger than for contiguous repeats.
Interspersed repetitive DNA has been identified in numerous
bacterial species. This topic has been reviewed by Lupski and
Weinstock (106). Most of these elements are shorter than 200
bp, noncoding, intercistronically located, and distributed
evenly in genomic molecules. Characteristic prokaryotic re-
peats such as the enterobacterial repetitive intergenic consen-
sus (ERIC) sequences and the repetitive extragenic palin-
drome (REP) sequence motif have been found in numerous
different enterobacterial species as well (207). The REP se-
quence element was discovered in 1982 (77), whereas the
ERIC motifs, initially named intergenic repeat units, were de-
scribed in detail in 1990 and 1991 (61, 85, 167). The possible
functions of these repeats are still enigmatic, although recent
reports describe the association between a unique class of REP
elements and integration host factor sequences. This has clear
implications for overall genome structure and DNA topology
(9, 135). Although the dispersed repeats were initially deemed
to be rather species specific (63), analogous sequences have
also been detected in other microbial species including the
cyanobacteria (5) and soil bacteria such as Rhizobium meliloti
(35). Whether these analogs really represent canonical ERIC/
REP motifs still awaits verification by DNA sequencing.

In the early 1990s, another dispersed-repeat motif was iden-
tified in Streptococcus pneumoniae (113). This so-called BOX
repeat appeared to be unrelated to the repeat types mentioned
above. The BOX repeat forms stable secondary structures and
appears to be transcribed in some instances. Most of the BOX
sequences were encountered in close proximity to genes, sug-
gesting their potential role as a regulatory element controlling
coordinate virulence- or competence-related gene expression.
Since the discovery of the pneumococcal BOX repeat, these
DNA elements have been used for molecular typing purposes
as well (42, 100, 194). All of these prokaryotic moieties repre-
sent repetitive DNA that is not organized in tandem repeats
but is scattered throughout the entire genome of microorgan-
isms. An excellent review written by Versalovic et al. (206)
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elegantly discusses both the theoretical and technical aspects
of repetitive sequence-based PCR in which REP, ERIC, or
BOX motifs are used to delineate strain relatedness. It is
demonstrated that due to the specificity of the repeat PCRs,
crude cell lysates can be used as amplification templates.
Moreover, even material directly derived from infections can
be used immediately without a bacterial cultivation step. The-
oretically, this enables bacterial detection and typing in a single
PCR test. Amplicons derived from repeat PCRs show a very
high degree of variability, but some of the fragments have been
successfully used as species-specific DNA probes (60).

ERIC, REP, and BOX motifs constitute different classes of
prokaryotic dispersed repeat elements. Although little is
known about their function, their ubiquity suggests that they
are involved in important aspects of microbial life.

CONTIGUOUS REPEATS IN PROKARYOTIC DNA

As an obvious example of contiguous repeats in genomic
DNA, highly repetitive regions containing tRNA genes were
detected in bacterial genomes (63). However, Field and Wills
recently performed the first systematic, computerized search
for the presence of longer arrays of short repeat units in the
genomes of simple organisms (44). A total of 78 putative sites
were discovered in the GenBank database, but not all of these
were derived from eubacterial DNA sequences. Several “eu-
bacterial loci” were detected in the genome of H. influenzae. A
(CTA), domain was discovered in the genome of Neisseria
meningitidis, whereas (CTA),, and (CTT),, were discovered in
sequences derived from Mycoplasma genitalium and Mycobac-
terium leprae, respectively. It was suggested that these bacterial
loci may be as prone to genetic variability as those encountered
in eukaryotes. Experimental proof is lacking, however. Based
on the observations made by Field and Wills (44), additional
searches for bacterial SSRs are required. The contents of the
GenBank sequence depository still show exponential growth,
and novel SSR loci may present useful markers for identifica-
tion and tracking of bacterial strains. Moreover, since exam-
ples indicating the involvement of repeat variability in environ-
mental adaptation have been presented previously, additional
repeat loci might be of help in the identification of novel
virulence factors (126). In this respect, it is interesting that
probing the genome of different strains of Helicobacter pylori
with short, microsatellite-type DNA probes was highly infor-
mative, with clear and epidemiologically informative DNA
polymorphisms being documented (112).

In several instances, DNA repeats were detected in plasmids
as well. An important example of this type of SSRs is the
so-called iteron (see reference 45 for a review). Iterons are
present in multiple copies at the plasmid origin of replication
and specifically bind copies of the initiator protein RepA. A
replication initiation complex is obtained upon saturation of all
iteron moieties with RepA (12). Both plasmid and genomic
DNAs of prokaryotes contain SSRs with various functions.

SPECIFIC SSRs IN DNA FROM VARIOUS
BACTERIAL SPECIES

Various specific examples of SSRs involved in adaptive be-
havior of different bacterial species will be discussed below.
Tables 2 and 3 summarize species, SSRs, and associated func-
tions.

Haemophilus influenzae

The genome of H. influenzae has been extensively studied
with respect to SSR composition, including the functional as-
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TABLE 2. Occurrence of contiguous perfect small-unit SSRs in the
genome of M. genitalium and M. pneumoniae

Unit length Re_p.eata Unit No“ of Sequence
position sequence units homology
M. genitalium

3 86051-86066  CTT 5 None

3 169475-169523 TAG 16 None

3 224534-224555 TAG 7 Attachment
protein MgPa

3 227130-227163 TAG 11 114-kDa MgPa

3 349735-349750 TCT 5 None

3 351452-351482 TAG 10 None

3 425824-425857 TGT 11 Unidentified
protein

3 429308-429335 TAG 9 None

3 429967-423015 CTT 16 None

5 212939-212954 CAAAA 3 None

6 384465-384489 TATTAC 4 None

M. pneumoniae

2 60190-60210  AG/AC” 5/5  Unidentified
protein

2 65147-65169  CT 11 None

3 23651-23669  TAG 6 Adhesin P1

6 34932-34950  AACCCC 3 Adhesin P1

6 775707775725 AACCCC 3 Adhesin P1
precursor

“ Repeat positions are based on nucleotide sequence information described in
reference 55. Nucleotide repeats consisting of monomers [poly(A), poly(C),
poly(G), or poly(T) tracts] were not searched for; 2-, 4-, 7-, and 8-unit repeats
were not encountered. Repeats were identified by a computer program written
by Stewart Scherer, University of California Los Angeles.

> The two sequence motifs were found to be adjacent; both motifs occurred
five times and were exactly neighboring.

pects of repeat variability. The first genetic locus involved, lic1,
was described in 1989 (212). With the use of monoclonal an-
tibodies, different patterns of LPS expression were observed
and the molecular switch leading to this phenotypic variability
appeared to be dependent on the translational capacity of the
licl mRNAs. Within the gene, variable numbers of the tet-
ranucleotide unit 5'-CAAT-3" were detected. Variation in the
overall number of units moves one of three potential ATG
codons in or out of the protein synthesis reading frame. This
directly affects protein synthesis and the primary amino acid
sequence. Subsequently, additional regions in the H. influenzae
genome containing CAAT repeats were identified (211). Sim-
ilar switching signals were identified in the /ic2 and lic3 genes,
which are also involved in LPS biosynthesis (152, 153, 211). For
the lic2 gene, SSR polymorphisms were detected by PCR am-
plification of the region involved (78) and homologous repeat
sequences were identified in Neisseria spp. and Moraxella ca-
tarrhalis (142). Also, in Haemophilus somnus, variation in the
CAAT copy number for expression of a gene encoding a pro-
tein involved in the synthesis of lipooligosaccharides appeared
essential for variation (86). Inactivation of the mrp gene, which
is involved in LPS biosynthesis as well, by transposon mutagen-
esis results in changes in the number of repeats present in lic2
(79). This suggests an intricate, close relationship between the
various forms of regulation of expression of the different en-
zymes involved in the biosynthesis of LPS.

A CCAA repeat was found in a gene encoding a 120-kDa
heme-repressible hemoglobin-binding outer membrane pro-
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TABLE 3. Survey of eubacterial SSR-containing genes with a known function
Level of regulation
Species Repeat motif Gene Transcrip-  Translation/ Gene function Reference(s)
tion protein
H. influenzae CAAT licl-lic3 — + LPS biosynthesis” 83, 211, 212
GCAA yadA - + Adhesin (Yersinia homolog) 83
GACA lgtC - + Glycosyltransferase 83
TTGG ND/ - + Iron binding proteins 83
AGTC ND - + Restriction modification, 83
methyltransferase
TTTA ND - + Unknown Bacillus homolog 83
TA hifA/B + - Synthesis of fimbriae 199, 200
N. meningitidis G Isi2 + - LPS biosynthesis 18
CTCTT opa - + Opacity surface proteins 119
A opa + - Opacity surface proteins 119
G porA + - OMP 198
S. aureus” 93 bp fnb - + Fibronectin binding protein 139
561 bp cna - + Collagen adhesin 140
81 bp coa - + Coagulase 65, 165
GAAGAXXXXAAXAAXCCTXGXAAA  spa - + Protein A 27
GAXTCXGAXTCXGAXAGX clf - + Clumping factor, fibrinogen 116, 117
receptor
Streptococcus spp. 60 bp pspA - + Pneumococcal surface protein® 219
69 bp emm - + Phagocytosis resistance M 6
protein
246 bp alC - + aC protein (antibody-mediated 67
killing)
E. faecalis TAGTARR repl + - Iteron, regulates plasmid 72
and replication and transfer
rep2
M. hyorhinus® 36 and 39 bp vip - + Variant membrane lipoprotein 218
A vip + - Variant membrane lipoprotein 218
M. bovis 24 bp vspA - + Membrane surface lipoprotein 107
M. fermentans A P78 - + Lipoprotein in ABC transporter 183
complex
U. urealyticum GGTAAAGAACAACCAGCA MB - + Serology-specific MB antigen 222
B. anthracis CAATATCAACAA vrA - + Microfilarial sheath protein 87
homolog
L. monocytogenes 66 bp prfA - + Leucine-rich internalin like 37
protein
E. coli A and C° lac + — B-Galactosidase 52, 156
A. marginale 87 bp mspla - + Major surface protein 2

“ Homologues for these sequences have been described for Moraxella catharralis and the human pathogenic Neisseria species.

® The genes described for this species all produce MSCRAMMs.

< Homologous structures were identified in diverse streptococci and Clostridium difficile.
4 See Table 2 for the analysis of M. genitalium and M. pneumoniae on the basis of the whole genome sequences as available.

¢ Homopolymeric tracts.
/ND, not defined.

tein of H. influenzae (93). Such a repeat was not detected in
homologous genes from other microorganisms. It was sug-
gested that the regulation of this particular gene resembled
that of the lic loci. Another example of an H. influenzae SSR
locus is found between the genes hifA and hifB, encoding
fimbrial subunit proteins (199). Reversible phase variation is
due to changes in the number of TA repeats, which space the
—35 and —10 boxes of the dual promoter controlling 4if4 and
hifB. This has a clear impact on transcriptional efficacy (Fig. 4).

Interestingly, detailed genetic analysis of the entire fimbrial
gene cluster also revealed the presence of a number of tan-
demly repeated REP units with an as yet unknown function
(200).

Upon determination of the full genome sequence for H.
influenzae Rd (48), algorithms capable of identifying short re-
peat motifs were developed (96, 196) and used to screen for
SSRs. Various potential di- to hexanucleotide SSRs were iden-
tified. Repeats with units of 7 or 8 nucleotides were not en-
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-35.-10 Fimbria
o = expression
5 X TA 14 -
10 X TA 16 +4
i1 X TA 18 +
12 X TA 16 +

FIG. 4. Hypothetical model for the mechanism of fimbrial phase variation in H. influenzae. Transcription of the two divergently oriented genes hif4 and hifB is
controlled by a variable sequence of reiterated TA units (long open box) in their combined promoter region. In nine units in this SSR, the putative —10 and —35
promoter sequences for both hif4 (hatched boxes) and hifB (short stippled boxes) are separated by 14 bases, which does not allow transcription of either gene. With
10 or 11 TA units, the —10 and —35 motifs are separated by 16 or 18 bases, respectively, allowing transcription of both genes, resulting in the expression of fimbriae.
A spacing of 16 bases results in the highest level of fimbriation. With 12 TA units, hif4 and hifB transcription can take place with alternative —35 promoter sequences
(narrow boxes), which are separated by 16 bases from the corresponding —10 sequences. Solid boxes represent the +1 transcriptional start point. Reprinted from

reference 199 with permission of the publisher.

countered. For all of the 3- to 6-nucleotide repeats in the H.
influenzae chromosome, PCR tests capable of detecting allelic
polymorphisms were designed (196). Of 18 potential SSRs, 14
were indeed highly polymorphic when different strains were
screened. For some of the poly-tetranucleotide motifs, for in-
stance, the number of repeats encountered per locus varied
from 4 to over 40. The length of the SSRs was a stable genetic
marker for separate colonies derived from a single clinical
specimen or strains passaged for several weeks on chocolate
agar plates. When several strains isolated from different pa-
tients during an outbreak of lung disease caused by H. influ-
enzae were analyzed (191), increased but limited variation was
encountered in the 4-nucleotide unit SSR sites (197). It ap-
peared that the 3-, 5-, or 6-nucleotide SSRs were more stable
in nature and consequently more suited for epidemiological
studies. One of the two 5-nucleotide SSRs, however, proved to
be hypervariable when strains isolated during another epi-
demic were investigated (196). This may be indicative of the
selection imposed by individual patients. Closely related pop-
ulations already show some heterogeneity, which becomes
more evident among more distantly related strains. The differ-
ent repeats appear to differ with respect to intrinsic (in)stability
as well. The 4-nucleotide SSRs may be used for high-frequency
adaptation, whereas the others could be more stable and useful
for epidemiological mapping studies. All 4-nucleotide SSRs
appeared to be involved in bacterial virulence, and molecular
knockout of one of these genes resulted in attenuated viru-
lence (83). Several old and new candidate virulence genes
could be identified by straightforward localization of the re-
petitive domains (83, 196). These genes varied from the well-
known LPS biosynthesis genes and the adhesin- and glycosyl-
transferase-encoding genes to several iron binding protein
genes.

Neisseriae

The genome of the two pathogenic Neisseria species N. gon-
orrhoeae and N. meningitidis was found to contain a 26-meric
directly repeated DNA element at high copy number (32). This
sequence motif was named Ngrep, and specific targeting of this
element by PCR is used for the detection of genetic heteroge-
neity among strains of both Neisseria species (204). The ability
to perform these genotyping tests on crude cellular extracts
without the need to purify template DNA means that this
technique will be able to be used with primary clinical mate-
rials (146). The epidemiological validity of the Ngrep PCR still
needs to be evaluated, as has been done before in comparative
studies for some of the other neisserial typing strategies (143,
181).

Comparison of the N. gonorrhoeae genome with that of the
meningococcus showed that the major genetic differences be-
tween the species are confined to three loci (36, 186). One of
the three loci contains capsular genes, which seems obvious:
this finding appears to be in agreement with the species spec-
ificity that is generally encountered when surface-exposed gene
products are analyzed. At the surface of Neisseria cells, pili,
opacity proteins, and LPS are the main exposed structures that
are also subject to phase variation. Nonpiliated variants can be
observed (59, 69, 166).

LPS phase variation in N. gonorrhoeae functions as an ad-
aptation mechanism enabling the bacteria to escape from the
immune system and translocate across various physical barriers
(201). The variation occurs spontaneously within strains, and
various forms of phase variation have been documented. The
nature and type of LPS variability of N. gonorrhoeae and H.
influenzae are similar (19, 208). Whether gonococcal LPS vari-
ation occurs through the same mechanisms as has been de-
scribed for H. influenzae seems quite likely but has not yet been
documented in detail. A recent study by Burch et al. (18)
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emphasized the importance of translational or transcriptional
frameshifting in a polyguanine SSR in the Isi2 gene of N.
gonorrhoeae. The variation allows expression of multiple or
single lipooligosaccharide structures.

Variation in the opacity (Opa) proteins occurs by recA-in-
dependent rearrangements in the so-called coding repeat se-
quence. In this region, shifting of the translational reading
frame occurs because of changes in repetitive DNA numbers
(127, 176, 177). These changes occur independently in any of
the opa genes, which accounts for the production of several
different Opa proteins simultaneously. The relationship be-
tween the superficial Opa protein composition of a bacterial
isolate with invasiveness into the human epithelium has been
demonstrated experimentally (110). A variable number of
CTCTT pentameric repeat units in the opa leader peptide
moves the reading of the gene in or out of frame. The sequence
is peculiar since a triple-helix conformation is likely to occur
and the pentameric repeat region appears to be hypersensitive
to single-strand-specific nuclease. The number of repeats var-
ies continuously at low frequency in the in vivo situation. Once
environmental selection predisposes to survival of one of the
“minority SSR types,” this type will “translate” its selective
advantage into overgrowth of the existing population (110,
177).

As was the case for H. influenzae, spacing of the —35 and
—10 promoter components in N. meningitidis through breath-
ing in a repeat locus appears to be basic to some aspects of
gene regulation (198). The strength of the por4 gene promoter
was modulated at three different expression levels, a feature
that was linked to the number of guanosines present in a
contiguous stretch in between the —10 and —35 regions. The
porA gene encodes the class I outer membrane protein (OMP)
and is supposed to be an interesting vaccine target. However,
the amount of this class I OMP exposed on the cell surface
varies widely as a consequence of promotor modulation. In
some cases, OMP nonproducers were encountered. This im-
plies that the OMP is not essential for survival, which may limit
its potential as a vaccine candidate.

Mycobacteria

M. tuberculosis is very well known for the presence of various
repetitive DNA elements dispersed throughout the entire ge-
nome. These elements have been used for strain tracking in a
very efficient manner (202). Most of the elements are insertion
sequences, but directly repeated GC-rich elements (36 bp per
repetitive unit) have also been identified and used for molec-
ular identification (76, 94). In addition a polymorphic GC-rich
repetitive sequence called PGRS (157) and a major polymor-
phic tandem repeat sequence (75) were discovered. These re-
peats display a large degree of sequence heterogeneity. More
simple SSR-like sequence motifs have also been described for
M. tuberculosis through hybridization with a probe consisting of
five GTG units (214). Although detection of restriction frag-
ment length polymorphisms does not directly highlight locus-
specific repeat variability, indirect evidence for VNTR-type
repeat number variation is suggested. A (GTG); probe iden-
tified highly polymorphic elements, some of which seemed to
appear in multiple copies. Stability during serial cultivation was
demonstrated. No additional perfectly repetitive DNA se-
quence motifs were identified by a computerized scan of the
full and partial genome sequences as available for both M.
tuberculosis and M. leprae, respectively (163a). Efforts are now
being aimed at determining the whole-genome sequence of
both M. tuberculosis and M. leprae. SSRs suited for epidemio-
logical studies and definition of virulence loci or contingency
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FIG. 5. Schematic models of MSCRAMMs from S. aureus. The
MSCRAMMs shown are the ones with affinity for fibronectin (FnbpA and
FnbpB), collagen (CNA), and fibrinogen (CLF, clumping factor). S, signal se-
quence; U or A, unique nonrepetitive sequence; 3, upstream repeat sequences;
D, B, or R: repeated domains; W, cell wall-spanning domain; M, hydrophobic
membrane-spanning domain; C, positively charged carboxy terminus. Reprinted
from reference 139 with permission of the authors and the publisher.

loci may thus be identified for these two major bacterial patho-
gens in the near future (145).

Staphylococcus aureus

In Staphylococcus aureus, the genes encoding many of the
membrane-bound proteins contain contiguous repetitive
DNA. These so-called microbial surface components recogniz-
ing adhesive matrix molecules (or MSCRAMMSs) have similar
building-block structures. From the amino to the carboxyl ter-
minus, a signal sequence, a unique protein-dependent domain,
several repetitive units, a cell wall-spanning domain, a hydro-
phobic membrane-spanning domain, and a positively charged
terminus can be recognized in all staphylococcal MSCRAMMSs
(Fig. 5) (for a general description see reference 139). The
molecules recognize macromolecular ligands in the extracellu-
lar matrix of the host cells. In S. aureus, MSCRAMMS specific
for fibronectin (49), collagen (74), laminin (117), vitronectin
(138), thrombospondin (140), elastin (141), bone sialoprotein
(158), and fibrinogen (203) have been identified at the molec-
ular level. In the collagen-binding MSCRAMM gene cna, vari-
ability of the repeat numbers (from 1 to 3 units) has been
documented (182). The clumping-factor clf4 gene, which en-
codes a 92-kDa protein encodes a 308-amino-acid domain con-
sisting of 154 Glu-Ser combinations within this protein. This
domain is not involved in ligand binding, because a small
peptide consisting of Glu-Ser repeats alone does not inhibit the
association between MSCRAMM and ligand (53). Apparently,
this domain functions as a stalk which enables adequate sur-
face exposure of the active domain. The dipeptides are en-
coded by an 18-nucleotide DNA repeat which shows some
degeneracy (GAY TCN GAY TCN GAY AGY). This se-
quence heterogeneity increases once the borders of the SSR
region are approached (116). Since different degeneracies are
observed in the 5" and 3’ regions of the SSR, the hypothesis
that this particular region evolved by intergenic recombination
is clearly substantiated (168). The building-block nature of the
MSCRAMMS, together with repeat variability in the stalk
domain, once more identifies bacterial candidate virulence
genes. Stalk variation may result in differential exposure of the
active moieties of the proteins involved, giving rise to differ-
ences in immune sensitivity or virulence.

The coagulase protein is a major phenotypic species deter-
minant in S. aureus. Within the encoding gene, repeats of 81
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nucleotides can be observed (65). These repeats are clearly
polymorphic in both number and sequence, as can be visual-
ized by combined PCR and restriction fragment length poly-
morphism analysis. The assay can be used for epidemiological
research (4, 165). Again, it has been demonstrated that the
repetitive domains are not required for biological activity.
Clotting caused by prothrombin binding occurs independently
of the repeats (97).

PCR assays aiming at the amplification of the repeat locus in
the staphylococcal protein A gene provide another example of
how repetitive DNA can be used to track DNA variability and
to delineate bacterial epidemiological behavior (4, 56, 57).
However, some debate on the clinical and epidemiological
validity of this type of variability mapping has been initiated
(195). The fact that various protein A gene polymorphisms are
encountered among strains with similar overall genotypes in-
dicates that the speed with which the repeats evolve does not
accurately reflect the speed of overall genome evolution. De-
tailed DNA sequencing studies could in the end reveal the
conditions under which repeat variation occurs, allowing the
consequences of the variability to be monitored in more detail.

Streptococci

S. pneumoniae is a major human pathogen. One of its major
surface-exposed determinants is the pneumococcal surface
protein PspA. PspA is built from four distinct structural do-
mains: an N-terminal o-helical coiled-coil region, a proline-
rich region, an apparently defective membrane anchor at the C
terminus, and, between the proline-rich region and anchor
domain, a repetitive moiety comprising 10 highly conserved
20-amino-acid repeats (219). Homology searches revealed that
similar repeats were encountered in species such as S. mutans,
S. downei, and Clostridium difficile. Repeat evolution at this
locus in these bacterial species was considered to be related to
the loss or gain of mechanisms for protein attachment to the
bacterial cell.

Group A streptococci harbor so-called M proteins, which
confer the ability to resist phagocytosis by polymorphonuclear
leukocytes. Numerous serogroups differing in M-protein anti-
genicity have been described, and the diversity of the M pro-
teins has been demonstrated frequently. Expression of differ-
ent M-protein types has been coupled to pathogenicity (6), and
genetic variation in the encoding emm genes was used for
molecular identification of streptococci. Repetitive DNA built
from imperfect units was found within the emm gene.

The alpha C protein-encoding gene, containing repetitive
DNA, was identified among group B streptococci. Apparently,
antibody-mediated killing of group B streptococci is affected by
the number of repeats in the alpha C protein (108). These
repeats are long, with 82 amino acids encoded per unit. The
unit contains an epitope that is protective against antibodies.
Spontaneous repeat deletions occur at a frequency of 6 X 10~*
per generation. Antigenic variation is influenced by repeat
variability. Under immunological pressure, the variants are
selected and appear frequently. An inverse relationship be-
tween the number of repeats and the immunogenicity of the
protein was recently defined (66). With increasing numbers of
repeats, the titers of specific antibodies elicited appeared to
decrease significantly. These observations have important im-
plications for the development of vaccines aimed at the alpha
C protein moiety (67): the immune response elicited by the
vaccine could be evaded by the pathogen by simply altering the
repeat composition in the alpha C protein gene. The studies of
streptococci emphasize the relevance of repeat variability as a
means for immune evasion.
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Enterococcus faecalis

A classical example of the physiological relevance of repet-
itive DNA was described for Streptococcus faecalis (currently
Enterococcus faecalis) 21 years ago (217). Within plasmid
pAMal, the tetracycline resistance determinant was amplified
by culturing strains for prolonged periods in the presence of
sublethal concentrations of tetracycline. This led to the pres-
ence of multiple, tandemly repeated copies of a 2.65-MDa
DNA element on a single plasmid molecule. Cells harboring
the amplified resistance determinant have increased tetracy-
cline resistance. E. faecalis contains another very interesting
form of repeat variation (15). In the process of plasmid trans-
fer from a donor to a recipient bacterial cell, a small peptide
sex pheromone plays an important role (26, 39, 216). The
control of the physiological response to the pheromone is
subject to a phase variation process involving changes in a
repetitive DNA region (210). This so-called iteron region con-
sists of 12- and 13-bp direct repeats, separated by a 78-bp
spacer region, thus essentially presenting another example of
an SSR region. Phase variation, read from colony morphology
differences, involves structural changes in this SSR-containing
(TAGTARRR) unit (72). This particular class of degenerate
repeats seems to be involved in a complicated process that
governs not only plasmid transfer but also vegetative plasmid
replication (27, 124). It has been suggested that specific pro-
teins that could bind either to the iterons or to genes involved
in the pheromone response play a significant regulatory role.
When there is an extended number of units in the SSR, the
protein factor preferentially binds to these moieties, thereby
enabling transcription of conjugation control genes. The pres-
ence of iterons at or near the replication origin of other plas-
mid species suggests broad-spectrum involvement of these el-
ements in replication and copy number control of plasmids in
general (98).

Mycoplasmas

When the whole genome sequence of M. genitalium (55) is
scanned for the occurrence of SSRs with unit lengths ranging
from 2 to 8 nucleotides, only 3-nucleotide examples are found
(Table 2). In addition, single examples of short 5- and 6-nu-
cleotide repeats are found (3 and 4 units in length, respective-
ly). It is stimulating to see that several hits are within the MgPa
operon, for which multiple copies have been shown to exist per
genome (144). The encoded MgPa adhesin molecule is a highly
immunogenic protein, which appears to be essential for effi-
cient adhesion to the host epithelium. M. pneumoniae M129
was also sequenced, and, similar to M. genitalium, limited num-
bers of short SSRs were detected by computer searching (Ta-
ble 2). The observation that two of five SSRs are found within
adhesin genes supports the notion that SSRs also occur in
virulence genes in mycoplasmas. By comparison with H. influ-
enzae, another distribution of SSR type motifs is encountered,
indicating species dependence of the most prevalent repeat
types.

In the size-variable membrane surface lipoprotein genes
(vipA, vipB, and vipC) of M. hyorhinis, two different repeat
polymorphisms are involved in antigen variation (218). Loss or
gain of repeats within the coding sequence results in protein
size variation. In addition, gene expression is switched on or off
through repeat variation in the promoter region. A tract of
contiguous adenosine residues varies the spacing between the
—35 and —10 boxes and as such affects transcription efficiency.
The two levels of expression giving rise to phenotypic adapt-
ability are the result of a unique combination of basic genetic
phenomena. In the infectious agent M. fermentans, a ho-
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mopolymeric adenosine tract was observed as an intragenic
variable element (183). By alterations in the number of ad-
enosines, strains were either capable of or prevented from
producing a substrate-binding lipoprotein. The gene for this
protein is part of a four-gene operon encoding an ATP binding
cassette-type transport complex. In M. bovis, several intragenic
repeats were identified in membrane surface lipoproteins
(Vsp) as well (107). Phenotypic switching of these antigens can
be explained by the presence of DNA polymorphisms in the
region encoding the VspA gene. These findings suggest that
recombination plays a major role in antigenic variation. Al-
though precise mechanisms have not yet been elucidated, it is
quite likely that SSM contributes to increased recombination
frequencies. At the protein level, M. synoviae was shown to
express a phase-variable hemagglutinin (133). Taking the rel-
atively large number of functional SSRs already reported for
mycoplasmas into account, it is expected that expression of this
protein is also under the control of an SSR. Finally, it was
shown that in Ureaplasma urealyticum, a Mycoplasma-like mi-
croorganism, small repeat units within the so called MB anti-
gen encode serovar specificity and are associated with antigen
size variation (222). A major part of the MB gene is repetitive:
18-bp repeats can form up to two-thirds of the entire coding
region. Mycoplasma genomes are rich in repeats, and these
affect virulence and antigenic properties.

Escherichia coli

It has been well documented that E. coli populations re-
spond adequately to conditions of nonlethal selection (for a
detailed review, see reference 51). Various selectable pheno-
types arose as a consequence of limited or specialized growth
medium supply, and probable mutational events were identi-
fied. Detailed studies focusing on the molecular basis of these
phenomena have been published. Two elegant exponents of
this type of study, appearing in the same issue of Science in
1994 (52, 156), focused on reversible frameshift mutations in E.
coli. Small variations in a homopolymeric tract were identified
upon nutritional deprivation. SSM was proposed as the basic
mechanism for this type of adaptive behavior. Interestingly,
both studies showed that strains with mutations in DNA mis-
match repair activity were more prone to variation than were
wild-type strains.

Only very recently, the entire genome sequence for E. coli
K-12 was published (8). Computerized searches for SSRs were
quite disappointing, however. Apart from the previously iden-
tified homopolymeric tracts, only a few dinucleotide SSRs with
a maximum of 5 repeat units per locus were encountered.
Analysis of SSR polymorphisms in relation to bacterial viru-
lence does not seem to be a promising investment of time and
effort. The molecular basis for the observed adaptive muta-
tions producing resistance to ciprofloxacin in E. coli (149) may
not be related to SSR-type modification as described for other
species in the above sections.

Other Bacterial Species

Many other examples of repetitive DNA elements, as for
instance those detected in the Coxiella burnetti genome (84) or
IS elements crossing the species borders in enterococci (185),
have been described. These moieties frequently represent dis-
persed bacterial insertion elements which may be even longer
than 1,000 bp. A genuine SSR in Bacillus anthracis is built from
12 nucleotide units and was identified by the previously de-
scribed random amplification of polymorphic DNA identifica-
tion method for mildly variable regions (3). The repeat number
clearly varied among strains. The SSR appeared to be embed-
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ded in a gene showing significant homology to a microfilarial
sheath protein. This suggests the potential surface exposure of
the B. anthracis homolog and could indicate that the bacterial
gene product might be antigenic in nature and that the repeats
may be involved in the generation of antigenic variation. Five
different B. anthracis alleles were distributed in separate geo-
graphic regions (87).

The rickettsia Anaplasma marginale causes hemoparasitic
disease in cattle, is tick borne, and is economically highly rel-
evant. A subunit of the major surface protein MSP1 exhibits
extreme size polymorphism. This can be attributed again to an
SSR region within the encoding gene (2). The surface protein
carries a neutralization-sensitive epitope that could be traced
back to the region encoded by the repeats. It is, however, still
not known how a surface-expressed, neutralization-sensitive
epitope remains constant despite conceivably constant immune
pressure.

In Listeria monocytogenes, expression of virulence factors is
regulated by the virulence regulator protein PrfA (21). Several
PrfA-associated proteins have been characterized (105), and
molecular analysis of one of these elements revealed homology
to internalin proteins. The homology was partly in the leucine-
rich repeat region (37). The function of the relatively long SSR
within this secreted internalin-related protein, IrpA, is unclear.
Gene deletion showed that IrpA is not involved in invasion or
intracellular survival. Since deletion mutants showed attenu-
ated virulence, it is currently suggested that the protein is
involved in some way in the dissemination of L. monocytogenes
infection. Similar leucine-rich repeats have been detected in
other species as well (99, 109), and it is interesting that the
peptide repeats are thought to be crucial in protein-protein
interactions.

In general, the examples mentioned in this section empha-
size the importance of SSR elements in many aspects of adap-
tive bacterial behavior. SSRs enable bacteria to respond to
diverse environmental factors, and many of them are clearly
related to bacterial pathogenesis. Some of the SSRs seem to
play an essential role in controlling surface exposition of active
protein domains and antigenic variation.

SSRs IN PATHOGENIC PROTOZOA AND
LOWER EUKARYOTES

The genome of the lower, single-celled eukaryotes was
shown to contain repetitive DNA moieties by hybridization
(120, 189, 193) or by PCR-mediated detection of local DNA
length variability (reference 150 and references therein). In
various eukaryotic microorganisms, the presence of variable
repeats was demonstrated with a single set of PCR primers.
This particular assay is based on characterization of a DNA
element derived from Trichomonas vaginalis but can be used
for genetic typing of species as diverse as the intestinal parasite
Giardia lamblia and the ameba Paramecium tetraurelia. The
complexity of the banding patterns that were generated indi-
cates the dispersed nature of the repetitive element involved.
No cross-reactivity of the PCR primers with human DNA was
observed.

Reports on contiguous repeats in other protozoa are rela-
tively sparse. Obvious direct repeats include the terminal ele-
ments of the chromosomes called telomeres (50), and different
classes of subtelomeric repeats, consisting of large units
mainly, have also been described (38). Telomeric repeats have
been identified in many species, including Leishmania dono-
vani (41). Papers on the presence of direct repeats in the
circumsporozoite protein gene of several species of the malaria
parasite Plasmodium date back to the early 1980s (reference
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137 and references therein). The most interesting phenotypic
feature of these repeats is their presentation at the polypeptide
level. It is thought that the peptide repeat units assume a
tertiary structure that shields the remainder of the protein
from the host defense system. Malaria parasites contain nu-
merous other genes coding for variant surface antigens, some
of which are even presented on the surface of the infected
erythrocyte. At present, there are no experimental clues
whether SSRs play a role in regulation of immune system
evasion in other antigens exposed during the life cycle of the
parasite (11).

Fungi form a taxonomic group that contains many medically
relevant species. Aspergillus spp., Candida spp., and Cryptococ-
cus neoformans are regularly encountered in neutropenic pa-
tients and can cause devastating disease in these individuals.

For the aspergilli, repetitive DNA has been used for genetic
typing. A number of DNA fragments containing nonribosomal
repetitive sequences were successfully cloned from genomic
DNA of Aspergillus fumigatus (62). By using some of these
clones as the basis for the development of DNA probes, ge-
netic polymorphisms were detected. Eight of these probes gave
rise to over 15 different hybridization signals per lane in the
Southern blot. Patterns were stable over many laboratory gen-
erations, varied among unrelated strains, and could be ana-
lyzed by computer imaging and subsequent phylogenetic anal-
ysis. Most of the probes were strictly species specific, a
phenomenon encountered once more when repetitive DNA
from A. flavus was cloned (115). Little is known about the
sequence, expression, or function of these moieties in fungal
genomes. Since SSRs identified in bacteria are often involved
in gene regulation, the same may be true for fungi. The ubig-
uity of SSRs in fungi is nicely demonstrated by the S. cerevisiae
data obtained by analysis of the whole genome sequence and
shown in Table 1. Tracking down the variability and putative
functioning of SSRs within the genes of this microorganism
may be of importance to the brewing industry. Since the envi-
ronment in which the yeast cells reside changes in composition
during fermentation, it could be speculated that changes in
SSR may be involved in the continuous adaptation of S. cer-
evisiae strains to the environmental requirements.

The first species-specific DNA repeat probes suitable for the
detection of genetic polymorphisms among strains of the
pathogenic yeast Candida albicans were described in detail in
the late 1980s (162). The so-called 27A element represented a
family of mobile structures undergoing high-frequency reorga-
nization. Besides the 27A moieties and the ribosomal repeats,
other repeats were identified (163). Among these were the
telomeric simple repeats and more enigmatic repeats such as
Ca3 and Ca7 (173-175). The telomeric Ca7 repeat consists of
multiple and contiguous copies of a 23-bp sequence which
evolves at high speed (159). When all available Candida DNA
sequences were surveyed for the occurrence of potential SSRs,
nine such loci were identified within open reading frames (43).
Three of these SSRs contained perfectly repeated units only.
By PCR-mediated amplification of the repeats, all potential
SSRs were shown to be polymorphic among strains. A set of
physically linked SSRs present in the ERKI protein kinase
gene of C. albicans provided an interesting example of a highly
polymorphic complex repeat region. Most of the Candida re-
peats seemed to encode poly(G) tracts, which suggested in-
volvement in transcription regulation (58). By analogy, it was
recently shown that expansion of the poly(G)-encoding SSR in
the human gene involved in spinocerebellar ataxia (SCAI)
leads to alterations in the nuclear localization of the gene
product (169). The function of the C. albicans poly(G) tracts is
the subject of further studies (44a).
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In Cryptococcus neoformans, repetitive DNA has also been
used for strain delineation. Both hybridization-based (23, 180)
and PCR-mediated (121) assays with simple sequence primers
and probes have been designed and used for epidemiological
studies. Both C. albicans and C. neoformans can be highly
pathogenic microorganisms, and many of their virulence de-
terminants have been characterized (123, 134, 172). Whether
repetitive DNA in fungi fulfills a role similar to that observed
in several prokaryotic species (see below) is unknown. How-
ever, by analogy to the functional implications of SSR modifi-
cation as observed in humans and bacteria, SSRs may also be
involved in the modulation of gene expression and phenotype
in fungi.

A general strategy for molecular typing of fungi that is based
on the presence of SSRs is simple and straightforward: probing
DNA restriction digests with simple repeat motifs such as
(CT)40, (GTG)s, or (GACA), provides the fungal epidemiol-
ogist with DNA fingerprinting data that are extremely useful
for molecular tracking of an as yet unknown spectrum of spe-
cies. Both contiguous and dispersed repeats show a high de-
gree of interstrain variability suited for the unequivocal iden-
tification of genetic relatedness. As described for prokaryotes
in the previous sections, SSRs are essential genomic elements
in lower eukaryotes. SSRs can be used for strain identification
but seem to be involved in several aspects of gene expression
and protein functioning as well.

SSRs AND MICROBIAL EVOLUTION

Evolutionary processes have been studied in detail for sev-
eral bacterial species. A recent report postulates that bacterial
evolution may not be a continuous process but more of a
succession of temporally spaced major events (34, 40). These
events cause a nongradual sequence of adaptations to a given
environment. So-called pathogenicity islands are an obvious
example of genetically unstable elements that are present or
absent in a given prokaryotic cell in near-random fashion (68,
118). Novel genes are also acquired by transduction mediated
by bacteriophages, by the introduction of plasmids or trans-
posons, by conjugative DNA transfer between cells, or by nat-
ural DNA-mediated transformation. Microbial variability due
to switching of gene expression modulated by activation of
silent genes as a consequence of genetic rearrangements (10) is
another example of microbial evolution where major changes
are induced in very short periods. The speed of species evolu-
tion is determined in part by environmental influences (147).
Variation in SSRs involves changes directly at the level of the
DNA molecule itself. These changes may alter the genetic
repertoire of a given (micro)organism and may result in evo-
lution of the species. Apparently, as has been determined pre-
viously, bacterial species take successful advantage of this
mode of high-speed evolution to gain selective profits (126,
142, 199, 200).

Different regions of the prokaryotic genome evolve in dif-
ferent manners, depending on sequence composition and reli-
able recognition by DNA-modifying enzymes. DNA damage is
an important source of mutation in addition to the occurrence
of spontaneous errors during replication. The occurrence of
mutations is not equally likely for any position in a given
genome. During the replication of DNA from enteric bacteria,
an excess of C-to-T changes was detected in the coding strand
(54). Due to their specific structure, SSRs may be highly liable
to this type of effect.

Assessing genetic relatedness is complicated. Association
between genetic loci reveals linkage or clonality, whereas a lack
of association is an indicator of extensive “genome reshuffling”
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between strains of a given species, also known as panmicticism.
Apparently, bacterial population structures vary with the re-
productive strategy of the species (170). Consequently, differ-
ent bacterial species respond differently to environmental se-
lection. As well as mutations, genetic exchange also plays a
significant role in bacterial evolution (29). The two most im-
portant consequences of genetic exchange are the creation of
new allele combinations in populations of a single species and
transfer of adaptations across microbial taxa. Whether this
type of “natural transformation” is sufficiently frequent and
adequate to drive population diversification is the subject of
continuous debate. It has been postulated that adaptive evo-
lution in genes encoding bacterial factors that interact with an
“unpredictive environment” may be beneficial to a bacterial
cell and, in the end, to bacterial populations (126, 142). Vari-
ation in these regions, which became known as contingency
loci or hypermutable sites, enables genetic flexibility while
maintaining overall genome integrity (125). Variation in the
number of repeats in a given SSR is generally supposed to
happen by chance. Whether targeted variation in SSR loci
exists is currently uncertain but is considered to be very likely
by several authors (51, 125). However, no gene products that
specifically drive the variation in the number of repeat units
have been identified. Moreover, obtaining experimental sup-
port for the occurrence of forced mutation prior to the selec-
tion event may prove to be very difficult, if not impossible
(102). Variability in SSRs may provide selective advantages to
the individual cell, which has a significant impact on microbial
population biology.

SSRs AND MICROBIAL PATHOGENESIS

Bacterial colonization is the first step in a process that may
eventually lead to infectious disease (7). This process is initially
steered by general physicochemical interactions. In later
stages, the stability of the interaction between microbe and
host will be determined largely by interactions between specific
adhesins and receptors. Bacteria have developed many specific
surface structures that permit them to bind firmly to epithelial
cells. Pili are an important class of structurally distinct ele-
ments in this respect (16, 221). After initial colonization of
epithelial cells, invasion of host cells may take place, which in
turn may initiate a cascade of events, eventually leading to
systemic disease (46, 47). Disease-specific clinical phenomena
such as inflammation, tissue damage, and immune response
have mutual effects on both the host and the invading patho-
gen. SSR variability, as described for numerous microorgan-
isms in this review, has clear implications for virulence (126,
142, 151, 212). The contingency genes containing SSRs show
high mutation rates, allowing the bacterium to act swiftly upon
deleterious environmental conditions (126). Model studies
with plasmids containing cloned satellite DNA revealed that
variation in the size of the repetitive domains could be de-
tected even among bacteria subcultured from a single colony
(187). This variability appeared to be rec4 independent and
was probably due to unequal intramolecular recombination in
replicating DNA molecules (analogous to sister chromatid ex-
change in eukaryotes) or, more likely, to SSM. Locating new
repeats by GenBank screening and determining whether these
genes are located within or in the vicinity of genes provides a
general approach to the identification of new virulence-related
genetic loci.

In eukaryotes, stretches of certain types of repetitive DNA
have been located in the 5'- or 3’-flanking regions of genes.
These repeats may be involved in nucleosome organization,
recombination, or regulation of gene expression or gene prod-

SSR LOCI IN PROKARYOTIC GENOMES 287

uct activity (187). Studies based on computer analysis of mi-
crobial whole genome sequences revealed overrepresentation
of several oligonucleotide motifs. These motifs were reminis-
cent of the presence of repetitive moieties consisting of uptake
signal sequences, intergenic dyad sequences, and multiple tet-
ranucleotide iterations (95, 96). Again, most if not all of these
latter elements were located within potential virulence genes
(83). Site-directed gene inactivation confirmed this supposition
by showing a clear reduction in virulence in the baby-rat
model. The existence of similar repeats has been shown for
several Neisseria species, Haemophilus parainfluenzae, and
Moraxella catarrhalis (142). The apparent variability of 3-, 5-,
and 6-nucleotide SSRs for strains of H. influenzae has also been
demonstrated (196). More detailed analysis of the 5-nucleotide
repeat variability, which has clear effects on the continuity of
reading frames, is an interesting option. It was demonstrated
that one of the H. influenzae S-nucleotide SSRs is located in a
gene encoding one of the enzymes involved in restriction mod-
ification (unpublished data). The importance of this finding
was emphasized by the discovery of another large 5-nucleotide
SSR in a similar gene detected in Pasteurella haemolytica (80).
The repeat number variation in SSRs seems to be intimately
related to modulation of the expression of virulence factors.

SSRs IN MOLECULAR EPIDEMIOLOGY

Numerous molecular techniques have been used for bacte-
rial DNA typing, and several recent reviews are available (88,
114, 190, 205). The availability of these techniques has accel-
erated research in bacterial population genetics over the past
years and has allowed the identification of expansion of certain
bacterial clones, some of which attained global spread (128). In
recent years, DNA amplification techniques have been used
with increasing frequency as the technique of choice for geno-
typing bacterial isolates or strains. PCR can also be used to
simply monitor SSR variation. The design of locus-specific
PCR primers allows high-speed development of multiple as-
says suitable for the study of molecular evolution, which has
immediate implications for the determination of epidemiolog-
ical relationships as well. SSR sizing tests present a valuable
addition to the spectrum of typing procedures that are cur-
rently available in medical microbiology (Fig. 6). The SSR sizes
are expressed as simple figures, a result that may be more
reproducible than the data generated by other typing proce-
dures (31, 192). A major drawback of this technique for study-
ing epidemiology might be that regions under environmental
pressure behave as hypervariable targets. This may restrict the
general application of these regions for molecular typing of
bacterial strains. Moreover, SSRs involved in gene (in)activa-
tion present the host organism with two possibilities only: a
gene is either switched on or switched off. In a gene containing
a 4-nucleotide SSR, the gene is not only switched on when 3
units are present but also if 6, 9, 12, 15, etc., are present.
Different SSR genotypes behave identically at the phenotype
level, and large differences in repeat number may still be func-
tionally neutral. Successful use of PCR-mediated SSR ampli-
fication followed by amplicon size determination to analyze the
spread of microbial pathogens has been reported for H. influ-
enzae (197) and Candida albicans (13). These studies used
automated DNA sequencing for the determination of allelic
polymorphisms and for precise size determination. Genetic
markers that were stable upon cultivation of strains and
showed adequate resolution were obtained. SSRs lend them-
selves to the development of novel assays suited for strain
identification and definition of strain relatedness.
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FIG. 6. Epidemiology of H. influenzae infections. During an outbreak, strains
1 to 13 were isolated from different patients and compared to seven nonrelated
clinical isolates (strains 14 to 20) on the basis of SSR polymorphisms. Four
different SSRs were analyzed for the occurrence of length variability, and assays
3-1, 6-1, and 6-2 correctly identified the epidemic isolates as identical. The
controls clearly differed in some instances. Interestingly, assay 5-2 also revealed
major polymorphisms among the epidemic isolates, possibly identifying a “con-
tingency locus” that is tailoring colonization or infection of a range of individual
human hosts. Lanes M contain molecular size markers; the arrows on the right
identify a 100-bp DNA fragment. Reprinted from reference 196 with permission
of the American Society for Microbiology.

CONCLUDING REMARKS AND PROSPECTS

Infection processes require that the bacteria adapt to several
different host environments. Initial colonization, crossing epi-
thelial and endothelial barriers, survival in circulation, and
translocation across, for instance, the blood-brain barrier are
all processes that require specific virulence traits (see, e.g.,
reference 152). The possibility of varying pathogenicity factors
to meet these requirements could possibly be achieved through
SSR modulation, as has been described for a multitude of
different genes. Although it is generally assumed that variation
occurs randomly, unknown regulatory mechanisms may still
exist. As a result, variation through SSM or recombination
processes allows regulatory or adaptive functions to be specif-
ically activated or repressed.

Large-scale nucleotide sequence data are beginning to be
available for several of the medically relevant microorganisms.
This allows the search for potentially novel SSRs. Although
hypervariability of these regions has not yet been documented,
the fact that even the small genome of Mycoplasma genitalium
appears to contain SSR-type DNA suggests that candidate
virulence genes or targets for molecular typing purposes could
be identified for many other prokaryotes once larger areas of
their genomes are identified in detail. Since the pharmaceuti-
cal industry, together with granting agencies and biotechnology
firms, has invested over a billion dollars in numerous bacterial
genome-sequencing projects, additional full-chromosome se-
quences will become available in the immediate future (30).
Currently, over 40 different genome-sequencing projects cov-
ering both eubacteria (from Actinobacillus actinomycetemcomi-
tans to Vibrio cholerae) and archaea (from Archaeoglobus fulgi-
dus to Thermoplasma acidophilum) are in progress (179). SSR
analysis may in the future be applied to microorganisms that
are either fastidious or noncultivable, delivering diagnostic in-
formation as well as data on the genotype of the strains in-
volved. The efficiency of this type of analysis can be greatly
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enhanced once multiplex PCR assays are operational. This
would enable the clinical microbiologist to obtain diagnostic,
epidemiological, and pathogenicity-related data for various mi-
croorganisms by SSR typing of DNA prepared from a single
clinical specimen.

It is interesting that only a limited number of studies have
been undertaken to precisely establish the tertiary structure-
function relation in SSR-type DNA. One study describes the
influence of neighboring hairpins on the SSM frequency (155);
however, there are no other studies correlating DNA structure
with the frequency of SSM. From this perspective, it would be
worthwhile analyzing the “efficiency of SSM” against the ge-
netic background and the SSR sequence motifs. This could
provide information about the minimum length requirements
and the precise influence of base composition. Furthermore,
studies like these could provide further insight into the ob-
served interspecies differences in the occurrence and variation
of SSRs and their contribution to evolutionary fitness. Novel
functional aspects are surfacing continuously. It was observed
that in different species of the fruit fly Drosophila, length vari-
ation in a repeat within the clock gene period correlated with
the ability of the flies to maintain a correct circadian rhythm
but was not influenced by variation in the environmental tem-
perature (161). The number of discoveries correlating repeat
flexibility with highly complex phenotypes will undoubtedly
grow in the coming years.

Monitoring SSRs enables the study of molecular processes
involved in microbial pathogenicity. Regulation of virulence-
associated genes, a critical factor in infectious disease progres-
sion, can be determined in detail with the help of animal model
studies involving site-directed mutants of the pathogen. The
really short SSRs seem to be involved mainly in regulation of
the expression of genes, whereas the somewhat longer repeat
moieties seem to have other functions. The latter structures
appear to be mainly involved in implementing size variation in
cell wall- or membrane-associated proteins, which may cause
enhanced or diminished exposure of active protein domains on
bacterial surfaces. In addition, SSR evolution may be a useful
feature for monitoring short-term variability in the genome of
a large number of medically important microorganisms. The
analysis of SSR composition in clinical isolates may in the end
be a useful prognosticator of a patient’s risk of developing
severe infections.
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