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Simple sequence repeats in prokaryotic genomes
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Simple sequence repeats (SSRs) in DNA sequences are composed of
tandem iterations of short oligonucleotides and may have func-
tional and/or structural properties that distinguish them from
general DNA sequences. They are variable in length because of
slip-strand mutations and may also affect local structure of the
DNA molecule or the encoded proteins. Long SSRs (LSSRs) are
common in eukaryotes but rare in most prokaryotes. In pathogens,
SSRs can enhance antigenic variance of the pathogen population in
a strategy that counteracts the host immune response. We analyze
representations of SSRs in >300 prokaryotic genomes and report
significant differences among different prokaryotes as well as
among different types of SSRs. LSSRs composed of short oligonu-
cleotides (1-4 bp length, designated LSSR'-4) are often found in
host-adapted pathogens with reduced genomes that are not
known to readily survive in a natural environment outside the
host. In contrast, LSSRs composed of longer oligonucleotides (5-11
bp length, designated LSSR>-"") are found mostly in nonpathogens
and opportunistic pathogens with large genomes. Comparisons
among SSRs of different lengths suggest that LSSR'# are likely
maintained by selection. This is consistent with the established role
of some LSSR'4 in enhancing antigenic variance. By contrast,
abundance of LSSR5-'1 in some genomes may reflect the SSRs’
general tendency to expand rather than their specific role in the
organisms’ physiology. Differences among genomes in terms
of SSR representations and their possible interpretations are
discussed.

comparative genomics | phase variation | slip-strand mutations |
tandem repeats | microsatellites

imple sequence repeats (SSRs) in both prokaryotes and eu-

karyotes represent hypermutable loci subject to reversible
changes in the SSR length (1-6). Some pathogens use SSRs in a
strategy that counteracts the host immune response by increasing
the antigenic variance of the pathogen population (4, 5, 7). In this
scenario, SSRs located in protein coding regions or in upstream
regulatory regions can reversibly deactivate or alter genes involved
in interactions with the host (4, 8). Some SSRs may also affect local
structure of the DNA molecule (9-12). Trinucleotide and hex-
anucleotide repeats in genes translate into amino acid runs and
alternating patterns, which may play special roles in protein struc-
ture (13, 14) and are enriched in human proteins associated with
genetic diseases (15). The best studied cases of SSRs expansion
relate to triplet repeats that can cause genetic disorders in humans.
Such repeats may be located in both protein-coding and regulatory
regions and can alter the structure of the encoded proteins or the
DNA molecule when they expand beyond a certain length (16).

Long SSRs tend to be dramatically overrepresented (i.e., found
significantly more often than expected by chance) in eukaryotic
genomes (2, 17, 18)." In prokaryotes, long SSRs are generally less
common and may be subject to negative selection (19). Significant
differences in SSR representations exist even among closely related
species (20), suggesting that the SSR abundance may change
relatively rapidly during evolution.

Assessments of SSR representations generally rely on stochastic
models used as a null hypothesis. Previous analyses used a homo-
geneous Bernoulli model (19, 21). In this work, we analyze SSR
representations in >300 prokaryotic genomes using more realistic
stochastic models of varying complexity. Our results indicate large
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differences among prokaryotes in terms of SSR representations and
point to possible functional differences among SSRs of different

types.

Results

Comparison of Long SSR Representations Among Prokaryotic Ge-
nomes. SSR representations in most prokaryotic genomes show few
deviations from expectations based on random models except for
the suppression of mononucleotide SSRs exceeding a length of 8 bp
[Fig. 1 and supporting information (SI) Fig. 4], which is common
among prokaryotes (19, 20). SI Table 5 displays counts Ny of LSSRs
for k between 1 and 11 bp and for 378 complete prokaryotic
chromosomes (plasmids and megaplasmids are not included). Data
for selected species are shown in Table 1. The largest numbers of
LSSRs are found in the closely related cyanobacteria Nostoc and
Anabaena, followed by Burkholderia species, Frankia, Streptomyces,
Methanosarcina, Xanthomonas, and Polaromonas, all with >100
LSSRs. The LSSR counts appear unrelated to taxonomical or
phylogenetic relationships beyond the level of genus. The absence
of correlations with phylogeny suggests that long SSRs can spread
through a genome relatively quickly during evolution. Firmicutes
(except Mollicutes) are the only well represented group that always
has low LSSR counts. Interestingly, long heptameric repeats (k =
7) are far more common than other types of repeats. Long tri-, hexa-
and nonanucleotide repeats are often located in genes, whereas
long SSRs of oligonucleotides whose lengths are not multiples of
three are generally found in intergenic regions. These SSRs may
cause frameshift mutations and are probably selected against in
protein coding genes.

Table 2 shows correlations among counts of different SSR types
across different genomes. The counts of LSSR>-!! (k = 5) correlate
well among each other. Weaker correlations are also observed
among LSSR!3 (k = 3) but not between LSSR>!! and LSSR!3
counts. We include tetranucleotide LSSRs in the LSSR!-* group,
although they exhibit no consistently strong correlations with either
LSSR!=3 or LSSR>!!. The lack of correlations between LSSR!-#
and LSSR>!'! indicate that the two LSSR types tend to occur in
different organisms. Tables 3 and 4 display lists of prokaryotes with
high counts of LSSR!~* and LSSR>~!, respectively. Both collections
include species from diverse taxa. Few prokaryotic genomes con-
tain many LSSR!~4, whereas LSSR>-!! are more common. The two
groups are distinct with respect to their genome sizes, G+C
content, and pathogenic lifestyle. Most genomes with seven or more
LSSR!-* (Table 3) are small in size, generally ~2 Mb or less. By
contrast, the smallest genome among the 33 with at least 60
LSSR>-!! (Table 4) is 2.5 Mb in size (Xylella fastidiosa) and most are
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Fig. 1. Mono- and dinucleotide SSRs in the E. coli K12 genome. The plots
show the counts Ni(/) for mononucleotide (k = 1, Upper) and dinucleotide (k =
2, Lower) SSRs in the genomic DNA sequence (filled circles) and in random
sequences generated by six different stochastic models (gray lines): homoge-
neous Bernoulli and first-order Markov (dashed lines), and four heteroge-
neous models of varying complexity (solid lines; see Methods).

>4 Mb. Genomes with many LSSR> ! tend to have high G+C
content (mostly >60%, Table 4) whereas genomes with LSSR!-#
generally have low G+C content (mostly <40%). Most genomes in
Table 3 belong to host-adapted pathogens, including several but not
all Mycoplasma species (20), which are not known to survive readily
outside the host. The other three are mesophilic archaeal meth-
anogens Methanosarcina mazei, Methanosarcina barkeri, and Meth-
anococcoides burtonii. The two Methanosarcina genomes are un-
usual in possessing high counts of both LSSR!-* and LSSR>-!!. No
thermophiles feature among the genomes with high LSSR counts.

We used Fisher’s exact test to evaluate statistical significance
of the differences between the collections of genomes with high
LSSR!-# and LSSR>-!! counts (Tables 3 and 4, respectively) in
terms of genome size (>4 MB versus <3 MB), G+C content
(>55% versus <45%), and ability to grow outside the host. To
reduce bias resulting from some genera being represented by
multiple species, we counted only one species per genus in each

Table 1. Counts of LSSRs in selected genomes

collection. The differences were statistically significant with
respect to genome size (P = 0.006) and dependence on a host
(P = 0.017) but not with respect to G+C content (P = 0.11).
When counting all species, the relevant probabilities are 107> for
genome size, 0.001 for dependence on a host, and 0.0008 for
G+C content. The statistical analysis is described in detail in the
SI Text.

SSRs in Selected Genomes. Lawsonia intracellularis. This obligate
intracellular parasite of domestic animals features three long
mononucleotide SSRs, four long dinucleotide SSRs, and 27 long
trinucleotide SSRs (Fig. 2 and SI Table 6). The N,(I) plot
(dinucleotide SSRs) shows a peak around the length 15 bp,
preceded by low SSR counts ~10 bp in length. Likewise, the
counts of trinucleotide SSRs decrease in agreement with the
random models up to the length 15, followed by a sudden
increase at length 16 (Fig. 2). These bimodal distributions
resemble SSRs in some Mycoplasma species (20) and suggest that
the LSSRs in L. intracellularis may be maintained by selection.
By contrast, the genomes of nonpathogenic Desulfovibrio vulgaris
and Desulfovibrio desulfuricans, phylogenetically close to L.
intracellularis (22), contain no LSSR!"* and few LSSR>!! (SI
Table 5 and SI Fig. 4). The mono- and dinucleotide LSSRs are
exclusively intergenic, whereas trinucleotide SSRs are mostly in
genes. The LSSRs in L. intracellularis are located near genes of
diverse functions including many hypothetical genes (SI Table 6).
Burkholderia species. Burkholderia are found in a wide range of
environmental niches and include host-adapted pathogens (B.
mallei), opportunistic pathogens (B. pseudomallei) as well as
nonpathogens such as some strains of B. thailandensis (23-25).
Their genomes generally comprise two or three chromosomes of
~4, 3, and 1 Mb in length, respectively. Our data confirm the
abundance of LSSRs previously reported in B. mallei (25). In
fact, all Burkholderia genomes contain LSSRs, but the counts
vary from a moderate 53 in B. cenocepacia to nearly 700 in the
two B. pseudomallei strains, which is the most among the >300
prokaryotic genomes analyzed. As in most genomes with many
LSSR>!, the heptanucleotide SSRs are the most abundant
excepting B. xenovorans and Burkholderia sp. 383. Interestingly,
the counts of LSSRs are generally higher in chromosome 2 than
in chromosome 1 (Tables 1 and 4) possibly reflecting less
stringent selective constraints in the secondary chromosomes.
Hexa- and nonanucleotide LSSRs show comparable counts in
genes and intergenic regions whereas LSSRs of oligonucleotides
whose length is not divisible by 3 are mostly confined to
intergenic regions, possibly because of selection against frame-
shift mutations. Surprisingly, the two strains of B. pseudomallei,
K96243 and 1710b, have similar overall counts of SSRs but differ
in their distribution between genes and intergenic regions with

Length of the repeated oligonucleotide, bp

Genome 1 2 3 4 5 6 7 8 9 10 11
B. mallei ATCC 23344 chr. 1 0 0 0 0 6/5 27115 74174 49/49 35/17 10/9 12/10
B. mallei ATCC 23344 chr. 2 0 0 0 0 4/0 34/19 92/70 55/30 7521 18/15 15/12
B. pseudomallei 1710b chr. 1 0 0 1/0 0 9/4 43/22 83/57 74/45 58/16 7/5 14/10
B. pseudomallei 1710b chr. 2 0 0 1/0 0 8/5 53/13 116/88 79/64 74123 32/23 18/6
B. pseudomallei K96243 chr. 1 0 0 0 0 9/8 45/37 81/80 68/67 56/36 18/18 22/21
B. pseudomallei K96243 chr. 2 0 0 0 11 8/7 64/42 117/116 79/76 86/40 19/19 13/13
B. thailandensis E264 chr. 1 0 0 1/0 1/0 8/5 16/6 20/16 18/15 15/5 9/7 717
B. thailandensis E264 chr. 2 0 0 11 0 4/4 28/11 30/23 1714 32/6 8/6 3/3
L. intracellularis PHE-MN1-00 3/3 4/4 27/18 11 0 11 11 0 1/0 11 11
M. barkeri str. fusaro 11 0 6/6 6/6 5/5 4/4 717 77 14/8 36/36 44/43
M. mazei Go1 0 0 9/6 9/8 2/2 6/5 4/4 10/10 8/5 18/18 2524

The first number indicates the counts in the complete genome, whereas the second number signifies the LSSRs in the intergenic regions. See Methods for

definition of LSSRs.

Mrazek et al.

PNAS

May 15, 2007

| vol.104 |

no.20 |

8473

MICROBIOLOGY


http://www.pnas.org/cgi/content/full/0702412104/DC1
http://www.pnas.org/cgi/content/full/0702412104/DC1
http://www.pnas.org/cgi/content/full/0702412104/DC1
http://www.pnas.org/cgi/content/full/0702412104/DC1
http://www.pnas.org/cgi/content/full/0702412104/DC1

Lo L

P

1\

=y

Table 2. Correlations among counts of LSSRs of different types

k 2 3 4 5 6 7 8 9 10 1
1 0.49 0.35 0.17 0.02 —0.02 —0.03 —0.05 —-0.03 —0.02 —0.02
2 * 0.29 0.04 —0.04 —0.08 —0.04 —0.02 —-0.05 —0.05 —0.01
3 * 0.16 0.08 0.04 0.00 0.00 —0.01 0.07 0.09
4 * 0.26 0.11 0.03 0.08 0.09 0.27 0.23
5 * 0.71 0.27 0.59 0.60 0.61 0.53
6 * 0.39 0.75 0.76 0.68 0.52
7 * 0.74 0.35 0.26 0.19
8 * 0.73 0.61 0.48
9 * 0.73 0.56

10 * 0.82

Pearson correlation coefficients among counts of LSSRs of different types (differentiated by the length of the
repeated oligonucleotide, k) in 378 prokaryotic chromosomes are displayed. High values indicate that the LSSRs
of the two types tend to occur in the same genomes, whereas values close to zero suggest that the two LSSR types

are unrelated. Values =0.30 are shown in bold type.

many more intergenic SSRs in the strain K96243. We believe that
this discrepancy could be due to differences in gene annotations
and may not have biological roots. The LSSR>!'! in the Burk-
holderia genomes include repeats of many different oligonucle-
otides, and it is unlikely that the SSRs arose by amplification of
a single or few seed SSRs. The LSSR>-!! tend to be G+C rich
in parallel with the high overall genomic G+C content ~68% (SI
Table 7).

Methanosarcina species. Methanosarcina species are strictly anaero-
bic, mesophilic, archaeal methanogens. All three Methanosarcina
genomes feature multiple LSSRs, mostly LSSR3!! with particularly
high counts of 10-mer and 11-mer LSSR (SI Table 5). M. mazei and
M. barkeri also have multiple LSSR'-4. Moreover, some of the tri-
and tetranucleotide LSSRs in both M. mazei and M. barkeri
genomes are very long, exceeding 50 bp in length. All trinucleotide
LSSRs in both genomes are of the type (TAA), or the inverted
complement (TTA), except one (AAG); repeat in M. mazei.
Likewise, the tetranucleotide LSSRs are mostly repeats of tet-
ranucleotides AAAT/ATTT, and some AATC, TAGA, AACT,
AAGT, and AATG (SI Table 8). Several LSSR in M. mazei and M.
barkeri exceed 50 bp in length and appear unlikely to be generated
solely by mutational drift (Fig. 2). However, the SSRs that modulate
gene expression are typically located in upstream regulatory regions
or in genes where they cause frameshift mutations (1, 4), whereas
the very long LSSR!** in Methanosarcina are located between
convergent genes, downstream of genes, and some trinucleotide
SSRs are in genes but these do not cause frameshifts (SI Table 8).
Such locations argue against a direct role of these SSRs in gene

Table 3. Genomes with high counts of LSSR'-4

regulation although they may have an indirect effect, e.g., by
affecting properties of the DNA molecule or the encoded protein.

Discussion

Diversity of SSR Representations in Prokaryotic Genomes. Represen-
tations of SSRs in prokaryotic genomes have been assessed in
several studies. Field and Wills (19) analyzed SSR occurrences in
several complete genomes and summarized the trends in pro-
karyotes as overrepresentation of short SSRs (up to the length of
7-8 bp for mononucleotide SSRs, k = 1) and active selection against
long SSRs except where they promote reversible mutations affect-
ing specific genes (typically those encoding surface antigens in
pathogens) (4, 7). These results were confirmed by others (2, 5). By
contrast, we found that the perceived overrepresentation of short
SSRs can mostly be explained by models that take into account the
nearest neighbor associations, which likely result from mutational
biases and/or selective constraints unrelated to the SSRs (26) (SI
Fig. 4). Some Mycoplasma genomes exhibit overrepresentations of
mononucleotide SSRs of lengths 4-7 bp (20), but this not common
in other prokaryotic genomes.

SSR representations in most prokaryotic genomes exhibit few
deviations from random models. One general exception is a sharp
decline in mononucleotide SSRs beyond the length of 8 bp, which
is common among prokaryotes and applies to both genes and
intergenic regions (20). For example, the only other deviation in the
Escherichia coli K12 genome relates to two very long octanucleotide
SSRs of exactly 52 bp in length, but both are located in prophage
regions and are probably not native to the E. coli genome. However,
prokaryotic genomes vary significantly in terms of LSSR content

LSSR'-4 Genome
Genome Taxonomy count size, Mb G+C, % Dependence on a host
Mycoplasma gallisepticum R Mollicutes 37 1.0 315 Fastidious growth in laboratory
Lawsonia intracellularis PHE/MN1-00 5-Proteobacteria 35 1.7 33.3 Obligate intracellular pathogen
Mpycoplasma hyopneumoniae 7448, J, 232 Mollicutes 27-33 0.9 28.5-28.6 Fastidious growth in laboratory
Methanosarcina mazei Go1 Euryarchaeota 18 4.1 415 None
Mycobacterium leprae TN Actinobacteria 16 33 57.8 Does not grow in a laboratory culture
Haemophilus influenzae 86-028NP, Rd y-Proteobacteria 13-14 1.8-1.9 38.1-38.2 Obligate parasites or commensal organisms
Methanosarcina barkeri str. Fusaro Euryarchaeota 13 49 393 None
Mycoplasma capricolum ATCC 27343 Mollicutes 12 1.0 23.8 Fastidious growth in laboratory
Methanococcoides burtonii DSM 6242 Euryarchaeota 11 2.6 40.8 None
Mycoplasma pulmonis UAB CTIP Mollicutes 1 1.0 26.6 Fastidious growth in laboratory
Mycoplasma mycoides SC str. PG1 Mollicutes 9 1.2 24.0 Fastidious growth in laboratory
Helicobacter pylori 26695, 199, HPAG1 e-Proteobacteria 7-8 1.6-1.7 38.9-39.2 Extracellular pathogen
Mpycoplasma genitalium G37 Mollicutes 8 0.6 31.7 Fastidious growth in laboratory
Xanthomonas oryzae MAFF 311018 y-Proteobacteria 8 4.9 63.7 Plant pathogen

List of prokaryotic genomes with =7 LSSR'-4. Data for multiple strains of the same species are listed as a range of values. The "dependence on a host”
information was obtained from the National Center for Biotechnology Information’s Genome Project Database (www.ncbi.nlm.nih.gov) and references therein.
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Table 4. Genomes with high counts of LSSR5-11

LSSR>-11 Genome
Genome Taxonomy counts size, Mb G+C, % Habitat and host association
Burkholderia pseudomallei K96243, 1710b B-Proteobacteria 668-685 7.3 68.5 Terrestrial habitats, opportunistic pathogen
Burkholderia mallei ATCC 23344 B-Proteobacteria 506 5.8 69 Host adapted, not found outside the host
Anabaena variabilis ATCC 29413 Cyanobacteria 501 6.4 41.4 Multiple habitats, not associated with a host
Nostoc sp. PCC 7120 Cyanobacteria 434 6.4 413 Multiple habitats, not associated with a host
Frankia sp. Ccl3 Actinobacteria 262 5.4 70.1 Nitrogen-fixing symbiont of plants
Burkholderia thailandensis E264 B-Proteobacteria 215 6.7 68.1 Nonpathogenic, found mainly in soil
Streptomyces avermitilis MA-4680 Actinobacteria 206 9 70.7 Soil and other habitats, not associated with a
host
Burkholderia xenovorans LB400 B-Proteobacteria 163 9.7 62.8 May be associated with white-rot fungus
Streptomyces coelicolor A32 Actinobacteria 151 8.7 721 Soil and other habitats, not associated with a
host
Xanthomonas campestris 8004, ATCC 33913, y-Proteobacteria 79-131 5.0-5.2 64.7-65.1 Plant pathogen
85-10
Burkholderia sp. 383 B-Proteobacteria 129 8.7 66.7 Multiple habitats
Methanosarcina barkeri str. Fusaro Euryarchaeota 117 4.9 39.3 Mesophilic methanogen, not associated with
a host
Xanthomonas axonopodis pv. citri str. 306 y-Proteobacteria 101 5.2 64.8 Plant pathogen
Polaromonas sp. JS666 B-Proteobacteria 100 5.2 62.5 Artificial, contaminated environments, not
associated with a host
Yersinia pseudotuberculosis IP 32953 y-Proteobacteria 81 4.7 47.6 Multiple habitats, opportunistic pathogen
Xylella fastidiosa Temeculal y-Proteobacteria 75 2.5 51.8 Plant pathogen, spreads by an insect vector
Saccharophagus degradans 2-40 y-Proteobacteria 74 5.1 45.8 Marine habitat, not associated with a host
Methanosarcina mazei Go1 Euryarchaeota 73 41 41.5 Mesophilic methanogen, not associated with
a host
Xanthomonas oryzae KACC10331, MAFF y-Proteobacteria 70-73 4.9 63.7 Plant pathogen
311018
Shewanella denitrificans 05217 y-Proteobacteria 70 4.5 45.1 Marine habitat, not associated with a host
Yersinia pestis KIM, Nepal516, C092, 91001, y-Proteobacteria 61-66 4.5-4.7 47.6-47.7 Multiple habitats, pathogen, survives in
Antiqua macrophages
Mycobacterium bovis AF2122-97 Actinobacteria 61 4.3 65.6 Host associated, survives in macrophages,
slow growth in culture
Sodalis glossinidius str. morsitans y-Proteobacteria 61 4.2 54.7 Host associated, endosymbiont of tsetse flies

List of prokaryotic genomes with =60 LSSR>-'". See Table 3 legend.

and some feature many LSSRs unlikely to occur by chance.
Specifically, 50% of the 378 prokaryotic chromosomes analyzed
contain <7 LSSRs (SI Table 5), whereas the Anabaena variabilis
ATCC 29413 chromosome contains 502 long SSRs, and >700 are
present in the B. pseudomallei genome (both chromosomes). Note
that the general scarcity of LSSRs does not mean that SSRs are
underrepresented (i.e., less frequent than expected) because the
cutoff is set such that no LSSRs are expected to be found.
Abundance of LSSRs in some genomes is not related to taxonomy
or phylogeny and differs significantly even among closely related
species. Although shorter SSRs are also variable in length and may
play roles in physiology and/or evolution (3, 4, 8, 20, 27), our
approach, centering on LSSRE, is suitable for comparisons of SSR
representations among different genomes.

Differences Between LSSR>-'! and LSSR'-4. Based on our data, we
hypothesize that LSSR!-* and LSSR>!! may arise by different
mechanisms. Several pieces of evidence support this hypothesis.
First, the LSSR counts N; correlate well across different genomes
among LSSR>'. Weaker correlations also occur among the
LSSR!-* counts but no significant correlations are observed be-
tween the two classes of LSSRs (Table 2). Second, the two classes
of LSSRs tend to occur in different types of organisms. Multiple
LSSR!-*are rare and mostly found in Mycoplasma and several other
host-adapted pathogens with reduced genomes (mostly <2 Mb)
and low G+C content whereas LSSR>!! occur in a diverse col-
lection of pathogens and environmental organisms with large
genomes and mostly high G+C content (Tables 3 and 4). Moreover,
the N(!) plots for LSSR!"* and LSSR>!! often have different
shapes. For LSSR!* (k = 4), the plots are often discontinuous
and/or bimodal, initially following the random models or dropping

Mrazek et al.

below the expected counts but featuring a separate peak or a flat
tail of longer than expected SSRs (Fig. 2, ref. 20, and SI Fig. 4). The
discontinuity suggests that most SSRs in the separate peak may be
functionally relevant and maintained by selection, whereas shorter
SSRs are either unaffected by selection or subject to negative
selection. By contrast, the Ni(/) plots for LSSR>!! (k = 5) tend to
gradually deviate from the expected counts and feature convex tails
or linear tails of a lower slope (Fig. 3 and SI Fig. 4). This observation
is consistent with a general tendency of the SSRs to expand when
they reach some critical length. The LSSR>!! counts start to
deviate from the random models at lengths just exceeding 2k
(double the length of the repeated oligonucleotide), suggesting that
two full tandem copies of an oligonucleotide are sufficient for the
SSR to expand. It is possible that most LSSR>!! are generated by
mutational drift in absence of negative selection. Slip-strand mu-
tations may lead to both expansion and contraction of an SSR, and
the shape of the Ni(/) plots for LSSR>-!! is consistent with a model
where SSRs expand more frequently that they contract. Along these
lines, many SSR-containing DNA fragments did expand during
PCR amplification, although the expansion was sequence-
dependent and did not apply to all SSRs (28). Interestingly,
A+T-rich SSRs were generally more likely to expand in these PCR
experiments, seemingly contradicting our observation that
LSSR>-!! are more common in G+C-rich genomes. However, large
genomes tend to be G+C rich, and the weak correlation between
LSSR>!! counts and G+C content may arise as an artifact of
correlations of both with the genome size.

Mutations resulting in SSR expansion or contraction can be
introduced during various cellular processes affecting the DNA,
including replication, recombination and different repair mecha-
nisms (29). There is little known about differences in precise
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Fig. 2. Mono- (Top), di- (Middle), and tri- (Bottom) nucleotide SSRs in L.
intracellularis. See Fig. 1 legend.

functioning of these processes among different prokaryotes and we
can only speculate as to why the LSSR>-!! expand in some genomes
but not in most. Presumably, two prerequisites have to exist to
facilitate the LSSR>!'! expansion: (i) a mutational bias promoting
expansion of the LSSR>!! and (i) a lack of strong negative
selection against the LSSR>'!. The latter is consistent with
LSSR>!! not being found in small genomes where the constraints
against expansion may be stronger. However, some large genomes
(e.g., Myxococcus xanthus) also lack LSSRs. The differences in
LSSR3!! representations may reflect differences in replication and
repair machineries among different prokaryotes.

LSSR'-4 in Pathogens. There are several well documented examples
where LSSR'~* influence gene activity by reversible mutations (27,
30-33). In pathogens, such SSRs can help counteract the host
immune response and often affect families of genes encoding
surface antigens (4, 5). The fact that LSSR!-* are often found in
host-adapted pathogens, which depend on the ability to avoid the
host immune response to a larger degree than opportunistic patho-
gens, is consistent with a possible role of these SSRs in pathogen-
host interactions. However, perhaps contrary to intuitive expecta-
tions, and even in pathogens where such regulation is known or
thought to take place, many or even most LSSRs are not located
proximal to genes encoding surface antigens (1, 8, 20) (see also SI
Table 6). The effect of some SSRs on surface antigens might be
indirect and facilitated by actions of other proteins (8) or possibly
by alterations of DNA or protein structural properties.

Benefits of SSRs in pathogens depend on the degree to which the
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Fig. 3. Heptanucleotide SSRs in B. pseudomallei (Upper)
K96243chromosome 2 and in Anabaena variabilis (Lower). See Fig. 1 legend.
SSRs exceeding a length of 50 bp are reported at / = 50 bp.

pathogen is exposed to the immune system of the host and on
availability of other strategies to avoid the host immune response.
Hence, it is not surprising that many LSSR!"* are found in
Mycoplasma, which are mostly believed to be extracellular and
therefore exposed to the host immune system, although some
Mycoplasma can enter the host cells (27, 30, 31, 33) (Tables 3 and
SI Table 9). Note that several Mycoplasma (e.g., M. penetrans, M.
mobile, M. pneumoniae) have few or no LSSR and the differences
in SSR representations among Mycoplasma could relate to differ-
ences in how they interact with the host (20). In a consistent
manner, Mycobacterium leprae features 16 LSSR!4, whereas all
other mycobacteria have no more than one (SI Table 5). M. leprae
is a host-adapted pathogen that has not been successfully cultivated
outside a host, and its genome size and G+C content are reduced
compared with closely related mycobacteria (34). Interestingly, L.
intracellularis, which has the second-highest count of LSSR!-*
among the genomes analyzed in this work, is intracellular. In
contrast, the genomes of other obligate intracellular pathogens,
such as Chlamydia or Rickettsia, contain virtually no LSSRs of any
kind (SI Table 5). Likewise, obligate intracellular endosymbionts
with reduced genomes do not contain LSSRs. L. intracellularis
causes proliferative enteropathy in the infected animals. The bac-
teria reside in the host cells after colonization but little is known
about the early stages of the infection, including colonization, cell
adhesion, and cell entry (35). We speculate that differences in the
early stages of infection between L. intracellularis and other intra-
cellular pathogens may require effective defense mechanisms in L.
intracellularis facilitated by the LSSR'-*. Unlike L. intracellularis,
chlamydiae undergo a developmental cycle involving two distinct
cell types: reticular bodies and elementary bodies. The reticular
bodies are found strictly in vacuoles in the host cells. Outside the
host cells, chlamydiae persist as metabolically dormant and physi-
cally resilient elementary bodies (36). Perhaps the chlamydial
developmental cycle and lack of metabolic activity of the extracel-
lular elementary bodies renders the increased antigenic variance
facilitated by LSSR'~* less important.

High Counts of Heptanucleotide LSSRs. In most prokaryotes with
LSSRs, heptanucleotide LSSRs are significantly more abundant
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than other LSSR types (Table 1 and SI Table 5). It is feasible that
the structural characteristics of DNA polymerases and/or their
interactions with the DNA may promote polymerase slippage
specifically in heptanucleotide repeats and to a lesser extent in
hexa-, octa-, and nonanucleotide repeats. Unfortunately, relevant
experimental data are scarce. Analogies can be drawn from pro-
tein—-DNA interactions involving distantly related enzymes. For
example, during DNA repair by human polymerase S, 6 base pairs
of template-primer can tether into a flexible single-stranded DNA
gap, which covers ~6-7 bp (37). Likewise, E. coli DNA endonu-
clease VIII interacts with the 7- to 9-bp central region of DNA (38).
It is possible that the preferred 7-bp length of oligonucleotides
involved in long SSRs is related to the length of the DNA segment
that interacts with the active site of the polymerase.

Materials and Methods

DNA Sequences. Annotated sequences of complete prokaryotic
genomes were downloaded from the National Center for Biotech-
nology Information ftp server ftp:/ftp.ncbi.nih.gov/genomes/
Bacteria/. Each replicon (chromosome or plasmid) was analyzed
separately. We relied on the existing annotation (the “CDS”
features) in differentiating protein-coding and noncoding regions.

Simple Sequence Repeats. SSRs consist of tandem iterations of an
oligonucleotide in a DNA sequence. We measure the length of
an SSR in nucleotides (bp) rather than the number of repetitive
units, which allows accounting for partial copies and facilitates
comparisons among SSRs of different lengths.

Definition. An SSR of length / composed of iterations of a k-mer
starts at the position 7 in a sequence of nucleotides if x; = xj1« for
allj =i,j=<i+[/—k — 1and simultaneouslyx;—1 # X;—1+x andx;+;—x
b Xi+l-

This definition can be applied to all SSRs of length / = k. Repeats
of a longer oligonucleotide that also qualify as repeats of a shorter
oligonucleotide are only counted as the shorter oligonucleotide
SSR. We analyze the SSR counts N in a given genome as a function
of k and /, and we refer to the SSR counts as Ni(J).

Statistical Assessments of SSR Representations. We employ two
different approaches in assessing over- or underrepresentation of
SSRs in a DNA sequence: (/) We use multiple stochastic models of
varying complexity, which provide an expected range of counts
serving as a null hypothesis (20). (i) The functions N(/) are
expected to decrease exponentially under homogeneous models.
Hence, deviations from exponential dependence may signal over-
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or underrepresentation of SSRs of the type k and a particular range
of lengths /.

Random Sequence Models. Homogeneous Bernoulli or Markov
models are often used in analyses of DNA sequences whereas real
DNA sequences are intrinsically inhomogeneous (39-41). We use
a combination of 11 previously described models (20) that repro-
duce different properties of the DNA sequence (SI Table 9).
Heterogeneous models were constructed by dividing the original
sequence into segments corresponding to individual genes and
intergenic regions, generating a random sequence corresponding to
each segment with a homogeneous model (Bernoulli, Markov, or
periodic Markov), and finally reassembling the segments into a
contiguous randomized genome. This procedure reproduces se-
quence heterogeneity at the scale of individual genes and, depend-
ing on the models used, nearest-neighbor associations, codon
frequencies, and/or the periodic character of protein-coding se-
quences. The expected SSR counts for each model were estimated
from simulations. Ten random sequences were generated by each
model, the counts were averaged over the 10 simulations, and the
results with different models provides a range of expected counts
Nx(!) (see Figs. 1-3 and SI Fig. 4). A program to generate random
sequences by the 11 models is available for download at www.
cmbl.uga.edu/software.html.

Definition of Long SSRs. The Ni(/) representation of SSR counts is
impractical for comparisons of hundreds of different genomes. To
simplify the representation, we only report counts of LSSRs un-
likely to occur by chance. This reduces the Ni(/) representation to
k numbers Nj for each genome, which signify the counts of SSRs
of the type & that exceed a given cutoff Ly. The cutoff Ly is derived
from the “m1c1” random model (SI Table 9), which reproduces the
dinucleotide frequencies for each intergenic region and codon
frequencies and nearest-neighbor associations for each gene of
the genome. First, we find the largest length I such that the
expected SSR count based on the m1cl model NP''(/{)) = 1. The
cutoff is set as L = £ + 4. The increase by 4 bp is arbitrary, and
it is based on our observation that longer SSRs are rare in most
genomes. The Nj representation is suitable for comparisons among
different genomes while taking into account specific characteristics
of each genome. Pattern Locator (42) was used in the analysis of
LSSR distribution with respect to annotated genes.
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