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Letter

Domain-Level Differences in Microsatellite
Distribution and Content Result from Different
Relative Rates of Insertion and Deletion Mutations

David Metzgar,"** Li Liu,? Christian Hansen," Kevin Dybvig,?

and Christopher Wills'3

"Division of Biology and 3Center for Molecular Genetics, University of California at San Diego, San Diego, California
92093-0116, USA; 2Department of Genomics and Pathobiology, University of Alabama at Birmingham,

Birmingham, Alabama 35294, USA

Microsatellites (short tandem polynucleotide repeats) are found throughout eukaryotic genomes at frequencies
many orders of magnitude higher than the frequencies predicted to occur by chance. Most of these
microsatellites appear to have evolved in a generally neutral manner. In contrast, microsatellites are generally
absent from bacterial genomes except in locations where they provide adaptive functional variability, and these
appear to have evolved under selection. We demonstrate a mutational bias towards deletion (repeat contraction)
in a native chromosomal microsatellite of the bacterium Mycoplasma gallisepticum, through the collection and
analysis of independent mutations in the absence of natural selection. Using this and similar existing data from
two other bacterial species and four eukaryotic species, we find strong evidence that deletion biases resulting in
repeat contraction are common in bacteria, while eukaryotic microsatellites generally experience unbiased
mutation or a bias towards insertion (repeat expansion). This difference in mutational bias suggests that
eukaryotic microsatellites should generally expand wherever selection does not exclude them, whereas bacterial
microsatellites should be driven to extinction by mutational pressure wherever they are not maintained by
selection. This is consistent with observed bacterial and eukaryotic microsatellite distributions. Hence,
mutational biases that differ between eukaryotes and bacteria can account for many of the observed differences

in microsatellite DNA content and distribution found in these two groups of organisms.

Microsatellites are defined as tandem repetitive DNA se-
quences with repeat motif lengths of six base pairs or less.
These sequences are found in great excess throughout the
genomes of all studied eukaryotes (Hancock 1995; Cox and
Mirkin 1997). Tandem repeats experience replication slip-
page, a unique mutational process that leads to insertions and
deletions of one or a few repeat units. These mutations occur
at rates orders of magnitude above background base-pair and
insertion/deletion (indel) mutation rates (Levinson and Gut-
man 1987; Schlotterer and Tautz 1992). It has been argued
that, among microsatellite repeats alone, replication slippage
generates more genetic change in eukaryotes each generation
than do all base substitution mutations (Bell 1996).
Eukaryotic microsatellites appear to evolve in a generally
neutral manner. They are most commonly found in positions
where they are least likely to have functional effects (Metzgar
et al. 2000), and they generally yield allelic distributions con-
sistent with neutrality (Schlotterer and Pemberton 1994).
Modeling studies have shown that adaptively neutral replica-
tion slippage is enough to explain the extreme excess of tan-
dem repeats in eukaryotic genomes, given that the insertions
generated by replication slippage are at least as common as
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deletions (Bell and Jurka 1997; Kruglyak et al. 1998). Approxi-
mate mutational symmetry (equal rates of insertion and de-
letion) or asymmetry in favor of repeat expansion has been
found in both yeast (Henderson and Petes 1992; Strand et al.
1994) and higher eukaryotes (Fig. 1; Amos et al. 1996; Ellegren
2000; Jones et al. 1999; Kayser et al. 2000; Primmer et al. 1996;
Rubinsztein et al. 1999; Xu et al. 2000).

It was recently shown that certain types of eukaryotic
microsatellites experience a length-dependent increase in ei-
ther the magnitude or the rate of deletions relative to the
magnitude or rate of insertions (Wierdl et al. 1997; Ellegren
2000; Harr and Schlotterer 2000; Xu et al. 2000). Above a
certain critical length, repeat expansion at these loci is limited
by an increasing tendency to contract, such that once a mi-
crosatellite reaches a certain length, the average change in
length due to mutation is negative.

It has been clearly shown that replication slippage also
occurs in bacteria (Levinson and Gutman 1987; Morel et al.
1998; Metzgar et al. 2001). Despite this fact, microsatellites do
not generally occur in bacterial genomes at higher frequencies
than would be predicted assuming chance association of
nucleotides (Field and Wills 1998; Field et al. 1999). The only
exceptions to this absence are functional repeats (contin-
gency loci), which are located in or near antigenic determi-
nant genes and genes for other pathogenicity factors in bac-
terial pathogens (Moxon et al. 1994). These repeats provide
functional hypermutability to these genes, allowing the
pathogens carrying them to rapidly and adaptively switch an-
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Mycoplasma gallisepricum [This Study]

M Deletions
[] Insertions

GAA 12

Haemophilus influenzae [a]
AGTC 17-38

Escherichia coli [b]
AC 51

Homo sapiens (Y chrom.) [e]
Various Di/Tetranucleotides 15 - 40

Drosophila melanogaster [d]
AT 14-20

Hirundo rustica (swallow) [e]
AAAG 30- 180

Homo sapiens (autosome) [f]
CA, GATA,CTG  unknown

Homo sapiens (autosome) [g]
Tetranucleotides  unknown

Homa sapiens (autosome) [h]
CA 14-28

Homo sapiens (autosome) [h]

Various tetras 8 - 20

Syngnathus typhle (pipefish) [i]
GATG, GGTT/GGAT 11-15

0.4 0.6 08 1

Numerical proportion of independent mutations

Figure 1 Bacterial tandem repeats are biased towards deletion, while eukaryotic repeats are unbiased or biased towards insertion. Organism
identifications (species names) are shown on the first line, followed by the source reference in brackets. Repeat types (motif sequences) are shown
on the second line below the species names, followed by the lengths of the repeats (number of motifs). Data sources are as follows: a) De Bolle
et al. 2000; b) Morel et al. 1998; c) Kayser et al. 2000; d) Harr and Schlotterer 2000; e) Primmer et al. 1996; f) Rubinsztein Amos and Cooper, 1999;

g) Xu et al. 2000; h) Ellegren 2000; i) Jones et al. 1999.

tigenic phenotypes between generations, and as such are
quite obviously under selection in the presence of host im-
mune responses (Moxon et al. 1994).

How do bacteria avoid the genome-wide accumulation
and expansion of tandem repeats that is both predicted by
theory and also clearly apparent in eukaryotes? Two potential
mechanisms are selection and mutational biases. Purifying
selection might be acting against individual cells carrying mu-
tations at any repetitive locus, or directional selection for
decreased genome size might favor individuals with short
microsatellites in general. These selective mechanisms
would come at a considerable cost, because the repetitive
sites at which such selection would have to act are very nu-
merous and mutate at high rates (Metzgar et al. 2001). Selec-
tion acting on all of the repeats in a bacterial genome would
generate a very high mutational load (loss of many individu-
als to selection) and would have to act against very small
incremental increases in genome size or repetitivity, many
of which would be expected to have minimal phenotypic
effects.

The recurrent detriments associated with direct selection
acting against individuals with expanded repeats could, over
many generations, favor lineages in which fewer expansions
occurred or in which expansions were outnumbered by con-
tractions (lineages with mutational biases). Recurrent selec-
tion acting differentially on the products of mutational
mechanisms can generate selective pressure on the mecha-
nisms themselves, so long as the genes regulating these mu-
tational mechanisms remain linked to the directly selected
genes on which they act, through the process of second-order
selection (Weber 1996; Metzgar and Wills 2000). Second-

order selection can act effectively in asexual organisms such
as bacteria because asexuality allows long-term maintenance
of linkage between the directly selected products of mutation
and the mutational mechanisms that are responsible for their
existence. In clonal lineages under selection for decreased mi-
crosatellite length or variability, second-order selection would
be expected to favor (respectively) deletion biases or low
mutation rates. Since microsatellites are known to have
high rates of replication slippage in both bacteria and eukary-
otes, we hypothesize here that bacterial genomes are pro-
tected from tandem repeat expansion by the action of strong,
pervasive deletion biases in their microsatellite mutation
spectra.

We have collected and sequenced 44 independent mu-
tations occurring in a native trinucleotide-repeat contingency
locus of Mycoplasma gallisepticum, an avian-parasitic bacte-
rium, and compared rates of insertion and deletion (see Meth-
ods). The contingency repeat analyzed here lies upstream of
an antigenic determinant gene (a pMGA hemagglutinin).
When the repeat is 12 trinucleotide units long the gene is on,
but the gene is turned off when replication slippage changes
this length. One of us (L.L.) had previously replaced the af-
fected pMGA gene with a lacZ reporter, allowing visual iden-
tification of mutants (Liu et al. 2000). These mutants arose in
separate laboratory cultures, which both insured their inde-
pendence and minimized the potential effects of natural se-
lection on the distribution of observed mutations. Mutants
were collected after minimal culture time to minimize selec-
tive competition. However, the mutation rate of Mycoplasmas
is high enough that multiple mutants did undoubtedly
arise in some cultures. We therefore performed competi-
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tion experiments to control for strong selective benefits cor-
related with deletion mutations occurring in the locus under
study.

The results were congruent with previously existing data
from the bacteria Haemophilus influenzae and Escherichia coli,
showing that a strong bias towards deletion does exist across
a broad spectrum of tandem repeats in several widely diverged
bacterial species. This bias appears to result from biases in
mutation, as opposed to selection.

RESULTS AND DISCUSSION

The number and type of mutations seen in the M. gallisepti-
cum trinucleotide repeat locus are shown in Table 1. Length
mutations in the microsatellite accounted for 100% of the
independent mutants collected in this study. Of 44 mutants,
we found 12 insertions and 32 deletions—approximately a
three to one bias towards deletion (Table 1 and Fig. 1).

The competition experiments showed that the growth
rates of different mutants were highly variable, but the ob-
served variation was not correlated to microsatellite length
(Table 2). A competition between a random single-repeat in-
sertion mutant and a single-repeat deletion mutant showed a
10-fold fitness advantage of the insertion mutant, whereas a
similar competition between double-repeat insertion and de-
letion mutants showed an eight-fold advantage of the dele-
tion mutant. These results suggest that growth-rate differ-
ences between mutants derive from mutations unrelated to
the length of the microsatellite analyzed here, and support
earlier work demonstrating general variability in Mycoplasma
growth rates (Dybvig et al. 1989).

Together, the results of our experiments support the hy-
pothesis that the microsatellite analyzed here experiences a
mutational bias towards deletion.

Two other studies, in addition to the data we present
here, also support the general hypothesis that deletions domi-
nate the spectrum of length mutations in bacterial repetitive
DNA.

A strong deletion bias (2:1, as shown in Table 1 and Fig.

Table 1.

1) was detected by De Bolle and coworkers in Haemophilus
influenzae during a study of phase variation driven by a con-
tingency locus in this bacterial pathogen, and this bias was
observed for repeats of varying length (De Bolle et al. 2000).
The authors of that study noted that the functional repeats of
H. influenzae must be maintained against this deletion bias by
selection favoring their hypervariability (and therefore their
length). As in our work, mutants were collected in the absence
of the strong selective pressure that would be expected to
affect the length of these repeats in natural environments.
Mutational length changes in the microsatellite accounted for
100% of the observed loss-of-color mutants.

Another piece of evidence for a general bacterial deletion
bias was found in a study (Morel et al. 1998) designed to test
the effects of a variety of mutator phenotypes on microsatel-
lite mutational dynamics in E. coli. The authors of that study
placed a lacZ reporter under the mutational control of a hu-
man dinucleotide microsatellite. This construct was then in-
serted into the chromosome of a wild-type E. coli and assayed
for relative rates of insertion and deletion mutations. The au-
thors found an extreme bias towards deletions (approxi-
mately 10 to 1, as shown in Table 1) in this organism, a pat-
tern that they report also held true for repeats of various
lengths other than those for which the data were specifically
enumerated. Unlike M. gallisepticum and H. influenzae, E. coli is
not an obligate pathogen and does not maintain contingency
repeats. E. coli exhibits a deficiency of almost all microsatellite
types (Field and Wills 1998).

The data from E. coli provide critical support for our hy-
pothesis. Of the three bacteria studied, E. coli is the only one
in which the microsatellite is not part of a natural contin-
gency locus. Since contingency loci are the only significantly
long microsatellites found (to date) in bacteria, they provide
the only opportunities to study the mutational dynamics of
natural microsatellites. However, their mutation rates are
functionally important and as such they might be controlled
by specific targeted mutational systems. The high mutation
rate and strong deletion bias shown by a long, artificial, un-
selected microsatellite in E. coli, an organism with no contin-
gency loci and hence no reason to support any related muta-

The Mutational Spectra of Microsatellite Repeats in Bacteria

Number of mutations, by
change in repeat number

deletions insertions Average change

Repeat Repeat in allele length Sign test p-value
Organism motif length N Source —->2 -2 -1 +1 +2 +>2 (in repeats) (insertions vs. deletions)
H. influenzae AGTC 17 19 (a) 12 3 11 3 1 0 —.89
H. influenzae AGTC 23 14 (a) 0 0 9 4 1 0 —.29
H. influenzae AGTC 32 22 (a) 0 1 12 9 0 0 -.23
H. influenzae AGTC 38 8 (a) 12 0 4 2 1 0 —.63
(total from above) AGTC 17-38 63 (a) 2?2 4 36 18 3 0 —0.44 p<.02
E. coli AC 51 21 (b) 5 4 10 1 0 1 -2.9 p <.001
M. gallisepticum GAA 12 44 thiswork 2 14 16 7 5 0 —0.80 p < .005

N is the number of independent mutants analyzed. Repeat length refers to the number of repeats in the microsatellite before mutations have
occurred. Length changes are shown in numbers of repeat motifs (a change of —2 in the AC repeat means that the sequence ACAC was
deleted). For calculation of average change in length, these were conservatively counted as a loss of 4 repeats (since a loss of three repeats
would not be seen in this system). Sign tests were not performed independently for each length of the H. influenzae microsatellite because of
the small sample number. Data sources are as follows: (a) De Bolle et al. 2000; (b) Morel et al. 1998.

“The actual magnitude of these mutations was not reported.
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Table 2. Growth Rate of Mutants Does Not Appear to Be Controlled by the Direction of the Analyzed

Microsatellite Mutations

Competition Microsatellite length

Initial mixture

Time in

competition Final mixture Relative growth

1 11 (single deletion) 1
13 (single insertion) 2.5

P 10 (double deletion) 1
14 (double insertion) 1

2 1
A EEYE 48° 9.6
1 day 13 ?

Competition experiments between mutants with different microsatellite lengths. Initial mixture ratios were deter-
mined by plating separate pre-competition cultures at a 10~ ¢ dilution on plates and counting colonies. Final mixture
ratios were determined by plating the mixes after the stated “time in competition” and sequencing the microsatellite

locus from random colonies.

?Includes several colonies that carried microsatellites longer than 13 repeats (these are most likely derived through
mutation from the clone with 13 repeats). These included 14 repeats (4), 15 repeats (3), and 16 repeats (2).

tional mechanisms, demonstrate that the hypermutability
and strong deletion biases seen in contingency loci are not
confined to functional repeats, nor are they confined to or-
ganisms which carry functional repeats.

This evidence aside, it seems unlikely that deletion biases
would be a part of specialized mutational systems targeted to
contingency loci. Selection, if acting specifically on the mu-
tational spectra of contingency loci, would be expected to
counteract deletion biases because contingency repeats must
stay long to retain their adaptive hypermutability. With this
in mind, it is interesting to note that the strongest deletion
bias found in the data presented here comes from E. coli, the
only model organism in this study which does not maintain
contingency loci.

Our data showing a deletion bias in M. gallisepticum ex-
tend the demonstration of a general deletion bias to both
another group of bacteria and to a trinucleotide repeat type.
They also provide evidence that the bias is not inherent to the
mismatch repair (MMR) system, since Mycoplasmas do not
appear to have the genes for this system (Himmelreich et al.
1996). All of the bacterial repeats analyzed here show strong
numerical deletion biases, while none of the eukaryotic re-
peats that have been studied show such a bias (Fig. 1). Taking
into account the magnitude of each mutation, the bacterial
microsatellites analyzed here also show consistently negative
average changes in microsatellite length (Table 1).

Many other studies have collected insertion and deletion
rate data from bacteria, but these studies were done in ways
that prevent unbiased comparisons of these rates. Some stud-
ies in which insertion and deletion rates were enumerated
involved serial selection, making it impossible to differentiate
mutational and selective effects. Others assayed off-to-on mu-
tations in nontriplet contingency repeats, preventing identi-
fication of insertion and deletion events of equal size. Some
were done using repeats that are carried on multiple-copy
plasmids, and in these systems plasmid segregation dynamics
make it difficult to identify independent and unselected mu-
tants. In addition, there is no reason to assume that replica-
tion slippage has the same effects on episomal microsatellites
and on microsatellites that are part of a chromosome. These
studies, however, do reveal a bias towards deletions; in E. coli,
one study demonstrated that long, plasmid-carried dinucleo-
tide microsatellites show approximately the same 10:1 dele-
tion bias that is shown by similar microsatellites inserted
into the chromosome (Levinson and Gutman 1987). Identi-

cal plasmid-carried microsatellites in Saccharomyces cerevisiae
show no such bias (Henderson and Petes 1992). A recent
study also demonstrated highly significant deletion biases
in short, plasmid-borne di- and tetranucleotide microsat-
ellites in both mutlL+ and mutL— E. coli (Eckert and Yan
2000).

The three sets of data presented here, all of which sup-
port a strong general bias towards deletion in bacterial tan-
dem repeats, are the only ones identifiable in the current
literature which allow unbiased comparisons of unselected
insertion and deletion mutation rates in bacterial microsatel-
lites. These data show that mutational deletion biases in bac-
teria extend across a variety of repeats (di-, tri-, and tetra-
nucleotides) and across a divergent sample of species from the
bacterial domain, including those that utilize and maintain
functional repeats (H. influenzae and M. gallisepticum) and
those that do not (E. coli). These data sets can be compared
with statistically similar data sets from eukaryotes that show
no consistent deletion bias, and in fact sometimes yield a
significant bias towards insertion (Fig. 1). These data sets had
been collected specifically for the purposes of comparing in-
sertion and deletion rates, and the justifications for using
these data sets for this purpose are clearly stated in the origi-
nal manuscripts. While eukaryotic repeats experience a
length-dependent mutational bias, tending toward expansion
when short and contraction when long (Wierdl et al. 1997;
Ellegren 2000; Harr and Schlotterer 2000; Xu et al. 2000), the
bias toward contraction in bacterial microsatellites appears to
be length-independent (see Table 1, especially data from H.
influenzae). This evidence strongly supports the hypothesis
that genome evolution in bacteria is mutationally driven to-
ward microsatellite contraction and hence minimization of
genomic microsatellite content, and explains why bacterial
microsatellites occur only in locations where they are main-
tained by positive selection. Eukaryotic microsatellites, in
contrast, have expanded to great excess wherever selection
does not exclude them. This is the predictable result of unbi-
ased (or insertion-biased) replication slippage acting in the
absence of selection.

In addition to repetitive DNA content and genome size,
many other genomic characteristics that differ between
groups of organisms may also result from differences in mu-
tational mechanisms. Further investigation will reveal how
much the character of genomes depends on direct selection
acting on mutant alleles at many different loci, and how
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much depends on indirect second-order selection favoring or-
ganisms that have a high probability of producing particular
types of mutations.

METHODS

Collection of Independent Mutants

The mutation rate of the color-marked contingency microsat-
ellite in M. gallisepticum was sufficiently high that by the time
a blue colony (derived from a lacZ+ cell) was large enough to
collect, it inevitably contained lacZ— (white) cells. To collect
independent mutants, a single lacZ+ colony was resuspended
and spread on a plate containing X-gal. Growth conditions
and blue/white analysis were as described previously (Liu et
al. 2000). Blue colonies were then picked from this plate, such
that each was derived from a blue cell. These colonies were
then independently resuspended and replated on X-gal plates
(one plate each), and single white colonies were picked at
random from the resulting plates (one mutant colony per
plate).

PCR and Sequencing

Independent mutants were picked and grown in liquid media.
Aliquots of this liquid culture were frozen in 10% glycerol at
—80°C. Five pL of liquid culture was transferred to a mi-
crofuge tube containing 300 pL of 10% wt/vol 100 mesh che-
lex beads (Sigma). The tube was vortexed for 10 sec, followed
by boiling for 10 min, vortexing for 10 sec, then spinning
down the beads for 3 min at 12,000¢ in a microfuge. PCR was
performed to amplify the repetitive segment as described pre-
viously (Liu et al. 2000). The products were cleaned using a
Concert PCR purification kit (GibcoBRL) and sequenced using
standard ABI Big Dye protocols (Applied Biosystems) at the
UCSD Cancer Center DNA Sequencing Core Facility.

Statistical Analysis of Deletion Bias Significance

We performed one-tailed sign tests (Zar 1984) to assess the
significance of the deletion bias in each study, comparing the
number of deletions of all lengths to the number of inser-
tions. p-values are shown in Table 1.

Competition Experiments

We performed two competition experiments to test for
growth-rate differences between clones carrying microsatel-
lites of different lengths. Liquid cultures of mutants bearing
single-repeat and double-repeat insertion and deletion muta-
tions were grown, then diluted and plated to titer. Dilution
cultures were started using mixtures of the single-repeat in-
sertion and deletion mutants (experiment 1) and the double-
repeat insertion and deletion mutants (experiment 2). These
mixtures were grown to high density (“time in competition”
in Table 2) and plated. Random colonies were selected and
sequenced to determine the ratio of insertion and deletion
mutants present after competition. The multiplicative differ-
ence between the initial and final population ratios was used
as a measure of growth rate differences between the clones.
Results are shown in Table 2.
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