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Letter

Simple Sequence Repeats in Escherichia coli:
Abundance, Distribution, Composition,

and Polymorphism

Riva Gur-Arie,? Cyril J. Cohen,? Yuval Eitan, Leora Shelef," Eric M. Hallerman,?

and Yechezkel Kashi*

Department of Food Engineering and Biotechnology, Technion-Israel Institute of Technology, Haifa 32000, Israel;
"Department of Nutrition and Food Science, Wayne State University, Detroit, Michigan 48202 USA; ?Department of Fisheries
and Wildlife Sciences, Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061 USA

Computer-based genome-wide screening of the DNA sequence of Escherichia coli strain KI2 revealed tens of
thousands of tandem simple sequence repeat (SSR) tracts, with motifs ranging from 1 to é nucleotides. SSRs were
well distributed throughout the genome. Mononucleotide SSRs were over-represented in noncoding regions and
under-represented in open reading frames (ORFs). Nucleotide composition of mono- and dinucleotide SSRs,
both in ORFs and in noncoding regions, differed from that of the genomic region in which they occurred, with
93% of all mononucleotide SSRs proving to be of A or T. Computer-based analysis of the fine position of every
SSR locus in the noncoding portion of the genome relative to downstream ORFs showed SSRs located in areas
that could affect gene regulation. DNA sequences at 14 arbitrarily chosen SSR tracts were compared among E.
coli strains. Polymorphisms of SSR copy number were observed at four of seven mononucleotide SSR tracts
screened, with all polymorphisms occurring in noncoding regions. SSR polymorphism could prove important as
a genome-wide source of variation, both for practical applications (including rapid detection, strain
identification, and detection of loci affecting key phenotypes) and for evolutionary adaptation of microbes.

[The sequence data described in this paper have been submitted to the GenBank data library under accession

numbers AF209020-209030 and AF209508-209518.]

Escherichia coli is a species of Gram-negative bacterium
composed of numerous strains and serotypes (Ochman
and Selander 1984; Ahmed et al. 1987; Jay 1996). Al-
though certain strains comprise an important element
of the normal intestinal microflora (Johnson 1991;
Hays 1992), other strains produce toxins and are
pathogenic (Johnson 1991; Olsivik et al. 1992; Yu and
Kaper 1992). In environmental monitoring studies, co-
liform bacteria provide a presumptive indictor of fecal
contamination of surface waters or food (European
Economic Community 1980; American Public Health
Association et al. 1985; Hays 1992). Food-safety studies
routinely include monitoring for contamination by
pathogenic E. coli (Vanderzant and Splittstoesser
1992), particularly in meat processing (Padhye and
Doyle 1992; Witham et al. 1996). E. coli is an important
model organism for study of gene expression in pro-
karyotes (Niedhardt 1996). Rapid detection and char-
acterization of E. coli strains poses important scientific
and practical applications.

Simple sequence repeats (SSRs, or microsatellites)
are a class of DNA sequences consisting of simple mo-

3These authors contributed equally to this work.
“Corresponding author.
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tifs of 1-6 nucleotides that are tandemly repeated from
two or three up to a few dozen times at a locus (Vogt
1990). SSRs long have been known to be distributed
throughout the genomes of eukaryotes and to be
highly polymorphic (Tautz 1989; Weber 1990). There
is accumulating evidence that SSRs serve a functional
role, affecting gene expression, and that polymor-
phism of SSR tracts may be important in the evolution
of gene regulation (Rosenberg et al. 1994; Kunzler et al.
1995; Kashi et al. 1997; King et al. 1997; Kashi and
Soller 1998; Tonjum et al. 1998; Moxon and Wills
1999; van Belkum 1999). The sequencing of prokary-
otic genomes allows screening of entire genomes for
the existence of SSRs (Field and Wills 1996, 1998), re-
vealing large numbers of SSR tracts not detected in ear-
lier studies that focused on particular loci. Recent pub-
lication of the complete genome sequence for E. coli
(Blattner et al. 1997) provides the basis for character-
izing SSR tracts in this organism, both genome-wide
and at particular loci.

In this study we screen the entire E. coli genome
for the presence, locations, and composition of SSR
tracts. We test our observations against the null hy-
potheses that SSRs are randomly distributed among
coding and noncoding regions and that they collec-
tively have the same composition as the genome. We
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show that SSRs are differentially distributed among
coding and noncoding regions. We also show that SSRs
are polymorphic among E. coli strains, providing po-
tential marker loci for rapid detection and character-
ization. To our knowledge, this is a first analysis of the
E. coli genome for such purposes and represents a gen-
eral approach for analysis of other prokaryotic ge-
nomes.

RESULTS

Genomic Content, Distribution, and Composition
of SSRs
Although the existence and abundance of SSRs in eu-
karyotes are well documented, SSRs are not well stud-
ied in prokaryotes. Using computer software that we
developed, we conducted a genome-wide scan of the
DNA sequence of E. coli. A total of 235,495 SSR tracts
were found (Table 1). These tracts were distributed
rather evenly throughout the genome (Fig. 1). Total
lengths of particular SSR tracts in E. coli were small
(Table 1; Fig. 1). Those with mononucleotide repeats
seldom exceeded 9 bp in length, and higher-order SSRs
(i.e., those with di-, tri-, or tetranucleotide repeats)
rarely exceeded 12 bp. SSR tracts of 6 or more bp in
length comprised 2.4% of the E. coli genome (a total of
109 kb).

Analysis of genome-wide frequencies of SSR arrays
of given motif length and repeat number showed a
significant (P < 0.001) excess of mono- and trinucleo-
tide SSRs relative to expectations (Table 1). Expected
frequencies of SSRs of given motif length and repeat
number were determined by observing those in 10
computer-generated genomes constructed by random
ordering of nucleotides according to their overall fre-
quencies in the genome, with departures tested using
parametric statistics. A few significant test results for
tract lengths larger than 10 bp (data not shown) likely
were attributable to the small numbers expected.

Table 1.
of E. coli Strain K12

In eukaryotes, SSRs are most abundant in noncod-
ing areas that have little or no effect on gene expres-
sion. To determine whether this also was the case for E.
coli, its complete DNA sequence first was subjected to a
computerized screening for the gross locations of SSRs
relative to open reading frames (ORFs). The E. coli K-12
genome of 4.64 X 10° nucleotides includes 79.5% of
the genome in ORFs and 20.5% of the genome in non-
coding regions (Table 2). Mononucleotide SSRs 3 bp in
length were distributed among coding and noncoding
regions at very nearly the same proportions, 78.0% and
22.0%, respectively. However, as mononucleotide re-
peat number became higher, the tracts became more
and more under-represented in ORFs. The regression of
proportion of mononucleotide SSRs in noncoding re-
gions on tract length was positive and significant (see
Table 2). In contrast, the distribution of SSR tracts with
higher-order motifs among ORFs and noncoding re-
gions approximated the overall proportion of these re-
gions in the genome.

The nucleotide composition of the E. coli genome
and its SSR tracts, including breakdowns for coding
and noncoding regions, is presented in Table 3. The
composition of mono- and dinucleotide SSRs differed
from that of the genomic regions in which they oc-
curred. The composition of mononucleotide SSRs ex-
hibited a strong over-representation of A and T, 93%
overall (Table 3b). Of the six possible dinucleotide mo-
tifs, the 49.1% frequency of CG/GC in ORFs clearly
exceeded the 17.3% expected. In noncoding regions,
AT/TA was over-represented relative to expectation
(24.4% vs. 17.9%), as was CG/GC (23.1% vs. 15.4%).
The frequencies of SSRs with particular motifs of 3 or 4
bp did not represent all possible combinations equally.
Most notably, of 52 tetranucleotide SSRs, TGGC oc-
curred 12 times and its complement, GCCA, 9 times in
coding sequences. The finding that the E. coli genome
is rich in TGGC has been attributed to the activity of
VSP (very short patch) repair that corrects T:G mis-

Numbers of Loci Exhibiting Simple Sequence Repeats of Given Structure in the Genome

Motif length in nucleotides

No. of repeats

per locus mono- di- tri- tetra- penta-  hexa-
3 163,345 (163,134) 7,081 (9,538) 2,353* (778) 51 (52) — 3 (0)
4 42,901*  (40,795) 465 (590) 64* (12) 1 (0) — —
5 13,837*  (10,262) 28 39) 2 o) — — —
6 4,123* (2,570) 1 2) — — — —
7 1,000* (625) — — — — —
8 217* (158) — — — — —
9 22 39) — — — — —
10 1 an — — — — _

Genome-wide frequencies of SSR arrays of given motif length and repeat number were compared to mean
frequencies in computer-generated randomized genomes (shown in parentheses). (*) Significant deviations
from normal distribution-based expectations at the 0.001 level are indicated by asterisks.
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Figure 1 Abundance, distribution, and lengths of SSR tracts in the E. coligenome,
shown as overall length of an SSR tract at a given position in the genome.

matches to C:G (Bhagwat and McClelland 1992; Guti-
errez et al. 1994). The occurrence of three repeats of the
tetranucleotide TGGC has been identified as a muta-
tion hot spot in the promoter of the lacl gene (Sedg-
wick et al. 1986; Murata-Kamiya et al. 1997).

Fine Positions of SSRs Relative to ORFs
The presence and variation of SSRs in upstream regu-
latory elements might affect the expression of ORFs in
either an on/off or a quantitative manner. We surveyed
the fine positions of all SSRs in noncoding regions ge-
nome-wide relative to the ATG codon marking the
start of translation of the adjacent gene (Fig. 2). There
are 2178 mononucleotide SSR tracts >6
bp in length within 200 bp upstream of
such ATG codons (Fig. 2A). The number

4000 4500

amplified by PCR using primers flanking
the particular SSR locus. Repeat number
polymorphism at the ycgW locus was ob-
served as differential mobility of radioac-
tively labeled amplification products
through polyacrylamide gels (Fig. 3), dem-
onstrating hypervariable single-locus DNA
fingerprint bands distinguishing among E.
coli strains. DNA sequence alignments (Fig.
4) showed that a number of mononucleo-
tide SSR arrays in noncoding regions were
polymorphic, exhibiting two to four alleles
for SSR repeat number. At three loci, addi-
tional polymorphisms observed in se-
quences flanking the targeted SSR tract
proved to be due to different numbers of
mononucleotides (Fig. 4A-C). Two SSR
polymorphisms at the ycgW gene (Fig. 4A)
were located upstream of the ORF at the
— 77 position and, depending on the
strain, at the —84 to —89 position relative to the ATG
codon at the start of translation. DNA from some of the
pathogenic strains did not exhibit PCR amplification;
presumably, one or both primers did not anneal be-
cause of sequence variation at the site.

Overall, four SSR tracts exhibited length polymor-
phism among strains of E. coli (Table 4). All four poly-
morphic sites shared three characteristics. Namely,
they involved mononucleotide SSRs in noncoding re-
gions. This is particularly striking because, in all, only
five sites meeting these criteria were examined. In con-
trast, length polymorphism was not shown by two
mononucleotide SSRs in coding regions or by seven

Table 2. Distribution of SSR Tracts Among Coding and Noncoding
Regions for Escherichia coli

of such SSRs in noncoding areas de-
creases with distance from the start of
translation because the number of inter-

Genome-wide Coding Noncoding

no. no. % no. %

ORF sequences of given length also de-
creases. Similar distributions, with de-

Mononucleotides®

. . (bp)
creasing numbers of SSRs at gr'eater dis 3 163,345 127,407 780 35938 220
tances from the start of translation, were 4 42,901 31,777 74.1 11,124 25.9
observed for di- and trinucleotide SSRs 5 13,837 9,830 71.0 4,007 29.0
(Fig. 2B,C). Because this is a compact, 6 4,123 2,696  65.4 1427 34.6
. . . . 7 1,000 544 54.4 456 45.6
prokaryotic genome, intergenic regions 8 217 92 424 125 57.6
are usually short, and a subset of SSRs 9 22 12 545 10 45.5
are in upstream areas where variation 10 eorid 1 0 0.0 1 100.0
: : Dinucleotides >6 7,575 5,779 76.3 1,796 23.7
could affect gene expression (see Discus- 5y idecSo 2.419 1,989  82.2 430 178
sion below). Tetranucleotides 52 41 789 1m0 21
Genome partition — — 79.5 20.5

Polymorphism of SSRs

Screening for polymorphisms among
strains of E. coli was conducted at 14 ar-
bitrarily chosen loci containing SSR re-
peats (Table 4). DNA at chosen loci was

64 Genome Research
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“The regression of proportion of mononucleotides SSR tracts in noncoding region
on tract length is y = 6.8 x — 1.77, where y is the predicted proportion in non-
coding and x is tract length. The correlation coefficient was p = 0.96, with a= 6.8,
which is significant with p < 0.005.
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Table 3. Nucleotide Composition of the Genome, and of SSR Tracts, Distinguishing

Among Coding and Noncoding Regions, for E. coli

We show polymorphism of
mononucleotide SSRs in non-

coding regions.

Genome-wide Coding Noncoding

Nucleotide no. % no. % no. % Distribution of SSR Tract
Length and Structure

A. Nucleotide Cﬁnpf)sm% ;)f gem;me R O e s 265 Mutation at SSR loci is believed
A 41 X 4.6 X 4. X 6.
C 1178 X 10*> 254 955 x 103 260 224 x10° 237 o be the consequence of
G 1176 x 10> 254 951 x 103 260 225x 10> 231  slipped-strand mispairing dur-
T 1139 x 10° 24.6 879 x 10° 24.0 261 x 10° 26.9 ing DNA replication (Strand et
Total 4636 x 10> 100.0 3666 x 10>  100.0 970 x 10> 100.0  al. 1993). This is because the
B. Numbers of SSR tracts of given composition tertiary structure of repetitive
Mononucleotide SSRs =6 bp DNA allows mismatching of
A 2473 46.2 1521 45.5 952 47.3 . .
fo 191 36 125 37 66 33 neighboring repeats, and de-
G 186 3.5 111 3.3 75 3.7 pending on the strand orienta-
T 2508 46.8 1587 47.5 921 45.7 tion, repeats can be inserted or
Total 5358 100.0 3344 100.0 2014 100.0  deleted during DNA polymer-
Dinucleotide SSRs =6 bp ase-mediated DNA duplication
AC/CA 776 10.2 565 9.7 211 12.3 (Coggins and O’Prey 1989;
AG/GA 928 12.3 696 11.9 232 13.5 . . .
AT/TA 911 12.0 492 8.4 419 243  Haugeand Litt 1993; Chiurrazzi
CG/GC 3274 43.2 2876 49.1 398 23.1 et al. 1994). The resulting mu-
CT/TC 939 12.4 682 11.7 257 14.9 tations are not always repaired
GT/TG 747 9.9 542 9.3 205 11.9 by DNA mismatch-repair
Total 7575 100.0 5853 100.0 1722 100.0

higher-order SSRs in either coding or noncoding re-
gions. The numbers examined in these categories,
however, were too small to determine which of the two
defining characteristics (mononucleotide motif or
noncoding location) was more important for the pres-
ence of polymorphism. All SSRs examined had a tract
length of at least 8 nucleotides in the sequenced E. coli
K12 genome. Thus, mononucleotide SSRs of this
length appear to have a high likelihood of being poly-
morphic among E. coli strains. In all, there are 240
mononucleotide tracts of this length in the E. coli K12
genome. Polymorphism among tracts of lesser length
was not examined.

DISCUSSION

Until recently, SSR regions in E. coli were thought to be
rare and limited to dinucleotide SSRs with a maximum
of five repeat units per locus (van Belkum et al. 1998).
However, Field and Wills (1998) presented data report-
ing tens of thousands of mononucleotide SSRs in E. coli
and showing the existence of SSRs with longer motifs.
Our results confirm that SSR tracts in E. coli are numer-
ous and diverse in terms of motif and repeat number
and show that they are widely distributed throughout
the genome. We show that mononucleotide SSRs occur
more frequently than expected in noncoding areas.
SSRs of many motif lengths differ in composition from
the genomic regions in which they occur, with mono-
nucleotide SSRs with poly(A) or poly(T) strongly over-
represented in both coding and noncoding regions.

mechanisms (Strand et al. 1993;
Modrich and Lahue 1996). Our
observation of upper limits for
SSR array lengths in E. coli (i.e., 9 bp for mononucleo-
tides and 12 bp for SSRs with longer motifs; Fig. 1)
suggests that the tendency for repeat length at a locus
to rise via mutation is counteracted by selection. Such
selection might operate through an uncharacterized
mechanism on the length of the SSR sequence itself or
on gene expression as affected by the SSR sequence at
issue.

Interacting processes of mutation and selection
can be invoked to explain observations regarding motif
length and repeat number at SSR tracts. Slipped-strand
mispairing is more likely for mononucleotide SSRs
than for higher-order SSRs, because both strand sepa-
ration and slippage are more likely. This is particularly
important for poly(A) and poly(T), as strand separation
is easier than for poly(C) and poly(G). For higher-order
SSRs having small repeat number, there is very little
mutability in repeat number. Thus, selection would
have considerable opportunity to operate only against
larger repeat numbers. In coding regions, variation in
mononucleotide SSR repeat number causes frame-shift,
nonsense mutations and, hence, will be selected
against strongly. Thus, there will be a balance between
production of SSRs and selection against them. In non-
coding regions, any effects of mononucleotide SSR re-
peat number variation are less obvious. The tremen-
dous lack of poly(C) and poly(G) SSR tracts is remark-
able and requires explanation.

Expectations of SSR frequencies were calculated on
the basis of the genome-wide nucleotide composition

Genome Research 65
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Table 4. Summary of Variation for 14 SSR Loci Screened Among Strains of E. coli

Coding or Genomic location,

No. of noncoding name of ORF, or

Strain and substrain Repeats Core region downstream ORF

Mononucleotide SSRs

K12:DH5«, K12:W3110 8 G noncoding G1787407, ycgW

B SR9b 4

ETEC 10

EPEC 8

K12:DH5a,K12:W3110 10 C noncoding G1786555, yaiN

B SR9c 8

E:1 10

E:54, E:68 9

K12:DHa,K12:W3110, BSR9b, BSR9c 8 A noncoding G1787106, serW

EHEC, E18 7

K12, B, EHEC, EPEC, ETEC 9 T noncoding G1790782, YjiD

K12:W3110, BSR9c, ETEC, E18 9 T noncoding G1786218, caif

EHEC 8

K12:W3110, B SR9b, EHEC, EPEC, ETEC 8 C coding G1787051, b0829

K12:W3110, B SR9b, EHEC, EPEC, ETEC 9 A coding G1790021, yibA
Dinucleotide SSRs

K12, B, EHEC, EPEC, ETEC, E:1-69 4.5 GT noncoding G1790630, aidB

K12, B, EHEC, EPEC, ETEC, E:1-69 4.5 TC noncoding G1788430, molR_1

K12:W3110, B SR9b, EHEC, EPEC, ETEC 6 GC coding G1786541, mhpR
Trinucleotide SSRs

K12, B, EHEC, EPEC, ETEC, E:1-69 4 GGT noncoding G1787973, b1688

K12, B, EHEC, EPEC, ETEC, E:1-69 5 CGG coding G1786284, ftsZ
Trinucleotide SSRs

K12, B, EHEC, EPEC, ETEC, E:1-69 3 ATTA noncoding G1789986, yiaB

K12, B, EHEC, EPEC, ETEC, E:1-69 4 CTGG coding G1788332, hisC

of ORFs and noncoding regions. Within ORFs, this ap-
proach does not reflect differential nucleotide compo-
sition at the first, second, and third codon positions
(Andachi et al. 1987); differential nucleotide composi-
tions among different classes of genes (Hirosawa et al.
1997); and the effect of codon usage bias on the distri-
bution of polynucleotides within ORFs (Sharp 1991;
Sharp et al. 1995). The importance of these effects re-
mains to be evaluated in future study.

Locations of SSRs Relative to ORFs

To assess the likelihood that SSRs might affect gene
expression, we examined the positions of all SSRs in
the genome with regard to ORFs. In Figure 2, we show
the distribution of SSRs upstream of ORFs in relation to
the first ATG codon of ORFs. Substantial numbers of
SSR tracts are localized up to 200 bp from the ATG. The
DNA sequence immediately upstream of an ORF con-
tains proximal regulatory elements that play an impor-
tant role in controlling expression of the gene. In E.

66 Genome Research
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coli, mononucleotide SSRs occurred in noncoding re-
gions more frequently than expected by chance. Given
the compact nature of the E. coli genome, almost any
genetic variation might affect gene function; however,
variation in SSR arrays at regulatory regions of genes
must affect gene expression in a way that can be tol-
erated by the host (Kashi et al. 1997; King et al. 1997).
Variation at or near regulatory elements can influence
gene expression by affecting binding of regulatory el-
ements (Bewley et al. 1998), distance between regula-
tory elements, bending of DNA (Perez-Martin et al.
1994), blocking of DNA replication elongation (Krasil-
nikov et al. 1999), phasing on the DNA helix, forma-
tion of unusual DNA structures (Williamson 1994; Soy-
fer and Potaman 1995), DNA coiling, DNA packaging
(Pettijohn 1988), or other mechanisms (Kashi 1998).
Some of these variations affect gene expression in a
gross on-off manner (Rosenberg et al. 1994; Moxon
and Wills 1999), whereas others affect fine-tuning of
the level of gene expression (Kashi et al. 1997; King et
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Figure 2 Histograms showing frequencies of fine locations of SSR tracts in the entire E. coli
genome relative to start of translation for particular ORFs downstream of the SSR tracts for mono-
nucleotide SSRs >6 bp (A), dinucleotide SSRs >6 bp (B), and trinucleotide SSRs >9 bp (C). The
horizontal axis shows position relative to the ATG codon marking the start of translation.

al. 1997). Hypervariable SSR loci serve as transcrip-
tional or translational switches in a variety of patho-
genic (Himmelreich et al. 1996; Karlin et al. 1996;
Henaut et al. 1998) and nonpathogenic (Field and
Wills 1998) microbes. Our computer-based screening
showed that large repeat tracts with motifs of 2 or more
bp do not occur in the E. coli K12 genome. It has been
shown in eukaryotes that tracts of certain types of re-
petitive DNA are localized to the 5’ or 3’ flanking re-
gions of genes, where they may affect nucleosome or-
ganization, recombination, or regulation of gene ex-
pression or gene product activity (Tripathi and
Brahamachari 1977; Kashi et al. 1997; King et al. 1997;
Kashi and Soller 1998), suggesting the need for further
study in prokaryotes.

Practical and Evolutionary Implications

of SSR Polymorphisms

Observation of repeat number variation at SSR loci in
E. coli suggests that SSRs may prove a ready source of
polymorphisms for marking its genome. SSR loci in
other prokaryotes also have been shown to exhibit
length polymorphisms (for review, see Moxon et al.
1994; van Belkum et al. 1998). For example, variation
for specific trinucleotide repeats of very large tract size
was shown for Neisseria meningitidis, Mycoplasma geni-
talium, and Mycobacterium leprae (Field and Wills 1996),
and SSR variation has been observed in Staphylococcus
aureus and Hemophilus influenzae (van Belkum et al.
1996, 1997a,b). Polymorphism of SSR tracts in prokary-
otes poses both practical and evolutionary implica-
tions.

2
" . 8 9 10 8 10
¢ B ¥ L 8 7
& 5 L L]
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Doyle 1992; Yu and Kaper
1992; Witham et al. 1996).
Screenings of SSR variation
may provide the basis for
rapid and sensitive identifi-
cation of pathogenic and
nonpathogenic E. coli strains.
Polymorphic mononucleo-
tide sites found in E. coli ex-
hibited 1-4 bp size differ-
ences. The small numbers of
repeats are well suited for development of SSR allele-
specific oligonucleotides (ASOs). Such ASOs may be
used, for example, as PCR primers, or as hybridization
probes that can be spotted on DNA microarrays (South-
ern 1996; Marshall and Hodgson 1998; Ramsey 1998)
for rapid, automated characterization of variation at a
given set of loci for purposes of DNA fingerprinting of
E. coli strains. Similarly, knowledge of SSR variation in
other pathogenic microbes, such as H. influenzae (van
Belkum et al. 1997a), Candida albicans (Field et al.
1996; Bretagne et al. 1997), Bacteroides fragilis and Bac-
teroides thetaiotaomicron (Claros et al. 1997), Helicobac-
ter pylori (Marshall et al. 1996), and N. meningitidis
(Tonjum et al. 1998), has been or could be applied for
rapid detection and strain characterization. A DNA-
fingerprinting approach based on SSR polymorphism
also can be used for epidemiological purposes, for ex-
ample, to determine whether a pathogenic E. coli strain

s —-
B -

1 2 3 4 5 6 7 8 9

Figure 3 Mobility differences in PCR products harboring spe-
cific SSR tracts among strains of E. coli following electrophoresis in
a 5% acrylamide TBE denaturing sequencing gel. PCR was per-
formed using primer pairs, one radiolabeled, flanking the poly(G)
tract at a genomic site [I77 bp upstream from the ATG site of the
ycgW locus. The dried gel was exposed to a Phosphorlmager. The
expected size of the E. coli K12 amplification product was 200 bp.
Shown are amplification products for the following strains: (lane
1) K12:DH5«; (lane 2) B:SR9c; (lane 3) B:SR9b; (lane 4)
ETEC:078:H [E10407]; (lane 5) EPEC: O111[E639616]; (lane 6)
E:1; (lane 7) E:7; (lane 8) E:18; (lane 9) E:47.
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A,

1 50
K12 DHS5o TCATTTTAAT TRATTTATTIT TTTTGA...G GGGGGGGTAR TATACTCATA
BsrSb TCGTTTTAAT TAATTTATTT TIT.GRA... ... GGGGTAR TATACTCATA
Bsr9c TCGTTTTAAT TAATTTATTT TIT.GRA... ... GEGGETAR TATACTCATA
ETEC TCATTTTAAT TAATTTATTT TTTTGA.GGG GGGGGSGTAR TATACTCATA
Consensus TC-TTTTAAT TAATTTATTT TTIT.GRA---- ——-! BGGGTAR TATACTCATA
51 30
K12 DHS5a TGCARARTCR AGAAATRAAC ATCCTAATGA ACCATATTAA
Bsr%o TGCARARATAR AGAARTGAAC ATCCAARTGA ACTATATTAR
BsrSc TGCARAATAR AGARATGAAC ATCCAAATGA ACTATATTAR
ETEC TGCARAATCA AGARATAMAC ATCCTAATGa ACCATATTAR
Consensus TGCARART-A AGARAT-AAC ATCC-AATGA AC-ATATTAR
B.
1 50
K12 DH50L GGGGCGGCCT TCCCTGCCGA TTAGCCCCOCC CCCCTTITCC. TTTTTTTITCC
K12 w3110 GGGGCGECCT TCCCTGCCGA TTAGCCCCCC CCCCTTTCTA . TTTTTTTCC
EsrSc GGGGCGECCT TCCCTGCCGA TTAG. .CCCC CCCCTTTCTA . TTTTTTTCC
(wt) 1 GGGGCGEGCCT TCCCTGCCGA TTAGCCCCCC CCCCTTTCC. TTTTTTTTCC
(wt] 54 GGGGCEGCCT TCCCTGECCGA TTAG.CCCCC CCCCTTTC.A . TTTTTTICC
(wt] 6B GGGGCGGCCT TCCCTGCCGA TTAG.CCCCC CCCCTTTC.A . TTTTTTICC
Consensus GGGGCGEGCCT TCCCTGECCGA TTAG—CCCC CCCCTTTC-- -TTTTTTICC
C.
1 50
K12 DHSw CACCATGTT. CACTGCNGTA CAG.ACAG.A TA.ARATGC GAAAARAAAGC
K12 w31lD CACCATGTT. C.CTGCCGTA CAG.ACAG.A TA.AAATGC GAAARAARAGC
Bsrib CACCATGTTC CACTGCCGTA CAG.ACAGTA TATARATGC GAAAAARMAGC
Bsroc CACCATGT.C CACTGCCGTA CAG.ACAGTA TA.AAATGC GAAAMAARAGC
Elg CACCATGTT. CACTGCCGTA CAG.ACAG.A TA.AAA.GC G.AAAARMAGC
EHEC CACCATGTTG CACTGCCGTA CAGGACAG.A TA.ARATGC GAAAAARMAGC
Consensus CACCATGT— CACTGCCGTA CAG-ACAG-A TA-ARR-GC G-AAAAARAGC
51 ao
K12 DHSo TCGCACTTTC GTACGAGCTC TTCTIT.AAR TATGGCGGG.
KL1Z w3110 TCGCACTTTC GTACGAGCTC TTCTTT.ARA TATGGLGGG.
Bsrib TCGCACTTTC GTRCGAGCTC TTCTTTIARR TATGGCGG.C
Bsrc TCGCACTTTC GTACGAGCTC TTCTTT.AAR TATGGCGG.C
Elg TCGCACTTTC GTACGAGCTC TTCTTT.ARAAR TATGGCGG.T
EHEC CCGTACTTTC GTACGAGCTC TTCTTT.ARR TATGGCGGGT
Consensus TCG-ACTTTC GTACGAGCTC TTCTTT-AAR TATGGIGG—
D.
1 50
K12 DHSo ATGGCAGATA TTTTTCATCC GCTAATTTGA TCGAATAACT AATACGGTTC
Bsr3c ATGGCAGATA TTTTTCATCC GCTAATTTGA TCGAATARCT AATACGGTTC
E18 ATGGCAGATA TTTTTCATCC GCTAATTTGA TCGAATAACT ARATACGGTTC
EHEC ATGGCGGATA TTTTTCATCC GCTAATTTGA TCGAATARCT AATACGGTIC
ETEC ATGGCAGATRE TTTTTCATCC GCTARATTTGA TCGAATARCT AATACGGTTC
Consensus ATGGC-GATAR TTTTTCATCC GCTRATTTGA TCGRATAACT ARTACGGTTC
51 100
K12 DHS5o TCTGATGAGG ACCGTTITTIT TTTGCCCATT ARAGTARATCT TTTGGGGAAT
Bsr9c TCTGATGAGG ACCGTTTTTIT TTTGCCCATT AAGTAAATCT TTTGGGGAAT
E18 TCTGATGAGG ACCGTTTTIT TITGCCCATT ARGTAAATCT TTTGGGGAAT
EHEC TCTGATGAGG ACCG.TTTTT TTTGCCCATT AAGTAAATCT TTTGGGGAAT
ETEC TCTGATGAGG ACCGITTTTT TTTGCCCATT ARGTAAATCT TTTGGGGAAT

Consensus TCTGATGAGG ACCG-TTTTT TTTGCCCATT ARGTAAATCT TTTGGGGAAT

Figure 4 DNA sequence alignments for complementary DNA
strands for four loci bearing mononucleotide repeat polymor-
phisms among strains of E. coli. PCR products were sequenced
using the dideoxy-chain termination method and aligned using
the Pile-up GCG program. Polymorphic SSR tracts are shown in
boldface letters. (A) Poly(G) tract 77 bp and poly(T) tract 84-89
bp upstream of the ATG element of ycgW; (B) poly(C) tract [P0
bp and poly(T) tract 76 bp upstream of the ATG element of yaiN;
(C) poly(A) tract 35 bp and poly(T) tract 67 bp downstream of
the tRNA gene serW; (D) poly(T) tract 38 bp upstream of the ATG
element of caif.

detected in a patient matches a known or suspected
source of a given disease outbreak. SSRs have been used
as markers for such purposes for several pathogenic
microbes (for review, see van Belkum 1999), including
Mpycobacterium tuberculosis (van Soolingen et al. 1993),
H. pylori (Marshall et al. 1996), and H. influenzae (van
Belkum et al. 1997a). To demonstrate a similar ap-
proach in E. coli, a collection of allelic SSR markers
distinguishing relevant strains will have to be devel-
oped. Recent work with hypervariable markers in
pathogenic microbes (van Belkum et al. 1996; Moxon
and Wills 1999) shows that the variability at particular
markers will have to be evaluated to determine that it
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reflects the overall rate of evolution of the E. coli ge-
nome.

SSRs can be screened to determine whether such
molecular variation gives rise to phenotypic variation.
For example, SSR variability poses clear implications
for virulence in pathogenic microbes. Tracts of SSRs
have been found within confirmed or potential viru-
lence genes of H. influenzae (Karlin et al. 1997); Neisse-
ria sp., Hemophilus parainfluenzae, and Moraxella ca-
tarrhalis (Peak et al. 1996), and repeat number variation
seems to be related to modulation of expression of
virulence factors. Contingency genes containing SSRs
exhibit high mutation rates, allowing the bacterium to
respond rapidly to challenging environmental condi-
tions (Moxon et al. 1994). Locating SSR repeat arrays
by computerized search of the genomic sequence and
localization of such arrays with regard to expressed
genes, as we report here, could provide a basis for dis-
covering new virulence- or other key phenotype-
determining loci in bacteria.

All of the SSR polymorphisms observed at the ar-
bitrarily chosen sites screened in this study were in
noncoding regions. Over an evolutionary time frame,
E. coli has allowed these polymorphisms to persist. Al-
lelic variation mostly was conserved within each E. coli
strain that we screened. These SSR sites were not hy-
pervariable, as were SSRs at contingency genes in
pathogens such as H. influenzae (Karlin et al. 1997; van
Belkum et al. 1997a; Moxon and Wills 1999). These
observations may support the hypotheses (Moxon et
al. 1994; Kashi et al. 1997; King et al. 1997; Moxon and
Wills 1999) that mutation rates are higher in genes
whose products interact with the environment in un-
predictable ways and that SSRs affect mutability so that
different classes of genes have adaptively appropriate
mutation rates. Mutability rate may be mediated by
SSR motif length and overall tract length. We hypoth-
esize that certain SSR variation drives fine-tuning of
gene expression as well as variation of key phenotypes,
providing an important target for natural selection,
thereby affecting evolution of both pathogenic and
nonpathogenic E. coli strains. It is possible that some
portion of between-strain functional variation in E. coli
results from differences in SSR repeat number in gene
regulatory regions. Further DNA sequencing in ge-
nomes of pathogenic E. coli strains could yield insights
into relative rates of mutability among SSR loci and
into the phenotypic consequences of SSR variation.

METHODS

DNA Sequence Analysis Software

We developed DNA sequence analysis software in the pro-
gramming language C that screens entire genomes for SSRs
and reports motif, number of repeats, and genomic position.
It is available for downloading from our university’s ftp site at
ftp://ftp.technion.ac.il/pub/supported/biotech/ssr.exe. It
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searches for all of the SSRs with motif lengths up to 10 bp;
records motif, repeat number, and genomic location; and re-
ports the results in an output file. The complete genomic se-
quence of E. coli was obtained from http://mol.genes.
nig.ac.jp/ecoli/ and screened for SSRs, their motif sequence,
number of repeats, and genomic locations.

A second program in the programming language C char-
acterizes the locations of SSR arrays in relation to ORFs in
genomic sequence data sets. It reports the numbers of occur-
rences of SSRs of specified motif length and repeat number in
both ORFs and noncoding sequences. For SSRs occurring up-
stream of ORFs, it reports the number of nucleotides between
the SSR tract and the ATG codon marking the start of trans-
lation.

Statistical Testing of SSR Frequencies

To determine whether frequencies of SSRs of given motif
length and repeat number occurred as expected by chance,
ten simulated genomes were constructed by randomly choos-
ing nucleotides at the frequencies characterizing the E. coli
genome. The simulated genomes then were analyzed using
the genome scanning software described above to determine
the number of SSRs of given motif length and repeat number.
Results of the ten runs were summarized in terms of means
and standard errors, yielding expected numbers of tracts of
given motif length and repeat number. Departures of ob-
served numbers of SSRs of given motif length and repeat num-
ber from expectations were tested using parametric statistics.

Were all nucleotides equally frequent in the genome,
the relative frequencies of the six possible combinations
of nucleotides in dinucleotide SSRs all would equal 0.167.
However, because frequencies of the respective nucleo-
tides were not equal, expectations for the relative frequen-
cies of particular dinucleotides (E) were adjusted, as
E=(fN; +fN,) X 2 X 0.167, where fN, and fN, are the fre-
quencies of nucleotides 1 and 2, respectively. For example,
the frequencies of both C and G in ORFs are 0.26, and we seek
the frequencies of CG and GC dinucleotides. Hence,
E=(0.26+0.26) X 2 x 0.167 =0.173.

Screening for Variability of SSRs
Among E. coli Strains

Nonpathogenic and pathogenic strains of E. coli screened for
variation at SSR loci included K12 (DHS«a, W3110), B (SR9Db,
SR9c¢), E (1, 7, 11, 18, 47, 52, 54, 63, 68, 69); EHEC O157:H7
(FEB, Rowe no. E304810, HER 1057, 1058, 1261, 1265, 1266),
EPEC [serotype O111ac (Rowe no. E639616)], ETEC [serotype
0O78:H (Rowe no. E10407)]. The K and B strains were obtained
from the microbiology laboratory collection of our depart-
ment. The E strains were isolated by and obtained from
Ochman and Selander (1984). The EHEC O157:H7 HER
strains were isolated by and obtained from Ahmed et al.
(1987). Cultures for DNA extraction were grown on Luria
broth agar plates for 24 hr at 37°C. A large loop of colonies
from the plate was transferred to a microcentrifuge tube con-
taining 500 pl of TE buffer (pH 7.5) and vortexed thoroughly.
Bacterial cells were lysed at 80°C for 10 min and centrifuged
for 10 min at 14,000 rpm (20,800%). The pellet was suspended
in 100 pl of TE, boiled for 5 min, and centrifuged at 14,000
rpm for 2 min (Kirschner and Bottger 1996). The supernatant
was held at —20°C until used for PCR.

Fourteen SSR loci of E. coli were selected for detailed
analysis. The forward (F) and reverse (R) PCR primer se-

quences for the loci examined were as follows: ycgW (F = 5'-
GATTTTGCATATGAGTATATTAC-3', R = 5'-TTAATTACAG-
GATGTTCAGTC-3'); yaiN (F = 5'-AATTTATCCGGTGAAT-
GTGGT-3', R =5"-CAACTTAATCTCGGGCTGAC-3'); serW
(F=5"-TTCCACAGGTAACATACTCCAC-3’, R =5"-TTTG-
GTGAGGTCTCCGAG-3'); YjiD (F = 5'-TACATGGCTGATTAT-
GCGG-3’, R =5"-TCGCTATGAATATCTACTGAC-3'); aidB
(F = 5'-GTCAGAGCAGATCCAGAATG-3’, R =5'-TCTAC-
AGCAAATGAACAATG-3'); molR_1 (F = 5'-GGTCATCAGGT-
GAAATAATC-3', R = 5'-CGTCCTGATAGATAAAGTGTC-3');
ftsZ (F=5"-CAATGGAACTTACCAATGAC-3’, R = 5'-TACC-
GCGAAGAATTCAACAC-3'); b1668 (F = 5'-AGCATCAGCG-
CACAATGCAC-3’, R =5'-TGTATGCAGGCTGGCACAAC-3');
yiaB (F = 5'-ATAACGATCTCCATATCTAC-3’, R = 5'-CTCTA-
TCAGCAACTTCTGCC-3'); hisC (F = 5'-ATCCGCAGGATT-
TTCGCACC-3’, R =5"-TGCCAGCGTAAATCCGCAAC-3');
MhpR (F = 5'-AATCACCCGTTGTTCACT-3’, R = 5'-CGGA-
ACAAGACCGCAAGGA-3'); b0829 (F =5"-ACCGCAACATC-
CTTACAC-3’, R =5'-TGACAAGATTACGCACTC-3"); yibA
(F = 5'"-AATCGGACTTTCCTACAGA-3’, R = 5'-AACTC-
ACGCTATGAACGC-3'); and caiF (F = 5'-TGAATGCCGATGC-
GACTG-3', R = 5'-GTATGCAACTTCACCGTC-3").

Five microliters of DNA extract ((50 ng), 2.5 pl of 10X
PCR buffer (ProMega, 25 mm Mg** added), 0.2 pl of 25mm
dNTPs, 1.0 units of Taq polymerase (Promega), and 10 pmoles
each of F and R primers were brought to a final volume of 25
ul with sterile ddH,O. Mineral oil (15-20 ul) was added for
PCR in a M]J Research thermocycler without a heating cover.
The cycling conditions for PCR consisted of denaturation at
95°C for 5 min, followed by 5 cycles (1 min at 95°C, 1 min at
T, and 1 min at 72°C), 20 cycles (1 min at 95°C, 1 min at
Tm — 5°C, and 1 min at 72°C), a final step of 7 min at 72°C,
and cooling to room temperature.

Methods for radioactive PCR were as follows: To label
primers, 2 pl (1 ng) of primer DNA, 2 ul of 10x T, kinase
buffer (NEB), 4 ul of [y-*3S] ATP (250 mCi, NEN), and 1 ul (10
units) of T, DNA kinase (NEB) were brought to a final volume
of 20 pl with sterile ddH,O. The contents were mixed and
incubated at 37°C for 1 hr. The reaction was stopped by in-
cubation at 70°C for 10 min. For the radioactive PCR reaction,
0.5 pl of nonradioactive and 0.5 pl of radioactive primer (to-
gether, 10 pmoles) were used following the PCR protocol de-
scribed above. To observe small size differences among PCR
products, electrophoresis of radioactive products was carried
out in a 5% denaturing TBE acrylamide gel. The gels were
dried (80°C for 1.5 hr) and exposed to a Phosphorlmager cas-
sette, and the results were read using a Phosphorlmager (Bas
reader 100, Fuji).

PCR products were eluted from electrophoretic gels using
Jetsorb (Genomed) and sequenced by the dideoxy-chain ter-
mination method using an ABI automated sequencing ma-
chine (Biological Services, Weizmann Institute, Rehovot, Is-
rael).
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