J Mol Evol (1999) 48:313-316

JOURNAL OF OLECUIAR
EVOLUTION

© Springer-Verlag New York Inc. 1999

Evolution of Microsatellites in the Yeast Saccharomyces cerevisiaRole of
Length and Number of Repeated Units

Tal Pupko, Dan Graur

Department of Zoology, George S. Wise Faculty of Life Sciences, Tel-Aviv University, Ramat Aviv 69978, Israel

Received: 1 June 1998 / Accepted: 16 September 1998

Abstract. The observed and expected frequencies ofxpected to be found in all genomes. Microsatellites have
occurrence of microsatellites in the ye&stccharomyces attracted scientific attention because of (1) their use in
cerevisiaewere investigated. In all cases, the observedhe construction of genetic maps (e.g., Dib et al. 1996),
frequencies exceeded the expected ones. In contrast {@) the relationship between instability in the number of
predictions by Messier et al. (1996), there is no criticalrepeats and genetic disease (e.g., Stallings 1994; Mahad-
number of repeats beyond which the observed frequerevan et al. 1992; Kremer et al. 1991), and (3) their utility
cies of microsatellites significantly exceed the frequen-in the assessment of genetic diversity within populations
cies expected in a random DNA sequence of the samge.g., Tautz 1989).

size. Rather, the degree of deviation from expectation How do microsatellites evolve? In a study by Messier
was found to be dependent on the length of the microet al. (1996), it was concluded that a critical number of
satellite. That is, a fourfold concatemeric repeat of 3 bprepeat units is needed for a microsatellite to become
was found to deviate from expectation as much as threenypervariable at a locus. This conclusion was based on
fold concatemeric repeat of 4 bp, unlike the deviation ofihe opservation that a GA mutation in them-globin

a fourfold concatemeric repeat of 4 bp. These findingSocys in the lineage leading to the common ancestor of
suggest that microsatellites evolve through strandipe apes (gorilla, bonobo, chimpanzee, and humans)
slippage events, rather than recombination events. Thig,5,sed the sequence ATGTGTGT to change into the
in turn, suggests that the chances of erroneous hybridéequence ATGTATGT, thus creating an (ATGRicro-
izations leading to strand-slippage are length dependen%ate"ite, which evolved into (ATGT)in humans and

) ) (ATGT), in the African apes. In the lineage leading to

Key WOI’d?Z' Microsatellites — Yeast —Saccharomy- the owl monkey, an A-G mutation in the same gene
ces cerevisiae caused the sequence GTATGTGTGT to change into the

sequence GTGTGTGTGT, thus creating a (&8g-

guence that subsequently evolved into (&T)
Introduction In this study we investigated the following questions:

(1) Is there a critical number of repeats beyond which the
Microsatellites are concatemeric repeats of short DNAghserved frequencies of microsatellites significantly ex-
sequences. Since the number of repeats in a microsatelged the frequencies expected in a random DNA se-
lite is not limited by its definition, any number of tandem quence of the same Size’ as anticipated by Messier et al.
repeats of a certain nucleotide combination may be re¢1996)? (2) Is this critical point dependent on the number
garded as a microsatellite. Therefore, microsatellites argg repeats within the microsatellite or on the length of the
microsatellite, and (3) which molecular mechanisms are
likely to affect the dynamics of change in repeat number
Correspondence tdD. Graur;e-mail: graur@post.tau.ac.il in microsatellites.
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Data and Methods expected frequencies of microsatellites containing five
repeats of 2 bp will be the same as that for two repeats of

The complete sequence of the 16 chromosomes of the yeast were takén bp.

from theSaccharomyces cerevisidatabase (Goffeau et al. 1997). The The logarithms of the positive deviations from ex-

mononucleotides were counted for each yeast chromosome separateBected frequencies are pIotted against the number of con-

Each type of microsatellite was characterized by the following vari- . f th . li Fig. 2 d
ables: (1) the sequence of the internal repetitive unit, (2) the length oicatemenc repeats of the microsatellite ( 19. a) an

the repetitive unit, (3) the number of concatemeric repeats, and (4) th@gainst the total length of the microsatellite (Fig. 2b). A
total length of the microsatellite. We note that an ATATATAT micro- regression analysis indicates that the log deviation is lin-
satellite is considered as a fourfold repeat of AT rather than a twofoldeany correlated in a statistically significant manner with
repeat of ATAT, i.e., the repetitive unit may not contain internal re- both the Iength and the number of repetitive units for

etitive units. Microsatellites of the same type are distinguished from . . . . .
Ene another by their genomic position. P 9 each basic repetitive unit lengtp € 0.001). The lines in

The expected number of occurrences for each type of microsatellitd=ig- 2@ have slopes in the range of 0.32-0.45, whereas
was calculated according to de Wachter (1981). For example, the exthe slopes in Fig. 2b range from 0.32 to 2.00, indicating
pected probability of occurrence of the microsatellite ATAT or (AT) that for all repetitive unit lengths, there is an approxi-
s mately constant increase in the log deviation from ex-

, . ) pectation and the total length of the microsatellite with
Patan = (P°a % P*)(1 = Pa * Pr) @ each increase in the total length of the microsatellite
N g the 1 o5 of nucleotides A and T causing approximately the same increase in the log de-
wherep, andp; are the frequencies of nucleotides A and T, respec- . .. . . e
tively. In other words, we look for the probability of occurrence of the Vlatlon'_ In ContraSt' the increase m_ the log deviation dL_Je
8-bp sequence XXATATXX, where XX is not AT. Unlike de Wachter to_ the increase in the nump_er of 'ntemal repeats varies
(1981), we did not consider the case in which a microsatellite is locatedVith the length of the repetitive unit.
at the end of the sequence. Since in this study an entire genome was Since no significant difference was found in the be-
Use%]th's source Of(‘;"‘k’)r Shoud'ld be Eeg“%'b'e- Cally havior of microsatellites among the chromosomes, we
e expected and observed number of occurrences of all types o . )
yeast microsatellites with 1- to 5-bp-long repetitive units was calcu-g)resent only the cumulative results for all the chromo
lated. Since by using &2 test, we found that there is a significant SOMes together. For example, for all chromosomes the

difference p < 0.01) among the relative mononucleotide frequenciesdeviation from expectation for three repeats of 3 bp was
among the 16 chromosomes, the expected microsatellite frequencie210 + 21%.

were calculated for each chromosome separately. We note that a se-

quence such as GATATATC will be counted both as a threefold AT

repeat and as a twofold TA repeat. This bias, however, should be of the

same magnitude for both the expected and observed frequencies ¢hiscussion

occurrence. The deviation from expected frequency was computed for

each type of microsatellite.

According to Messier et al. (1996) “a minimum number

of repeats units may be necessary before initial expan-
Results sion occurs.” Our results indicate that no critical point

exists from which deviations of microsatellite frequen-
In order to check how the deviation depends on thecies from expectation are expected to occur. The devia-
length of the microsatellite, all the expected and ob-tion increases continuously as long as the length of the
served numbers of occurrences for a specific microsatmicrosatellites increases.
ellite length were summarized. For example, observed A study on theSaccharomyces cerevisid@AD5-
occurrences of microsatellites containing a 2-bp repeatedncoded DNA repair protein (Johnson et al. 1992) indi-
unit are calculated as the sum of occurrences of microeates that in yeast, changes in microsatellite length arise
satellites containing the repetitive units: AC, AG, AT, mostly through polymerase slippage rather than recom-
CA, CG, CT, GA, GC, GT, TA, TC, and TG. The results bination events. Our results imply that the chance of an
in Fig. 1 indicate that marked deviations from expectederror in the microsatellite replication from one genera-
frequencies exist. For example, a 10-fold concatemerit¢ion to another is more length dependent than number-
repeat of the sequence A (i.e., AAAAAAAAAA) is ex- of-repeats dependent. This is reasonable if the error
pected to occur approximately 46 times in the completesource involves an intermediate form due to an erroneous
yeast genome, whereas the observed number of occunybridization event. Hybridization strength is length de-
rences is 393, an excess of 754%. The deviation fronpendent rather than number-of-repeats dependent. We,
expected frequencies increases with the number of retherefore, propose that the effect of an increase in the
peats. At this stage two alternatives are suggested: (1) thehance of slippage events is due to an increase in the
deviation is dependent on the number of repeats, e.g., thieequency of occurrence of erroneous hybridizations.
deviation from the expected occurrence of two repeats of Weber and Wond (1993) tried to estimate the average
five nucleotides will be the same as that for two repeatanutation rate (mutatior= change in the number of re-
of two nucleotides, and (2) the deviation is dependent orpetitive units) in humans and estimated that the rate for
the length of the microsatellite, i.e., the deviation from 4-bp repeats is four times greater then the rate for 2-bp
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Fig. 1. Expected $quare$ and observedcfrcles) numbers of occur-
rences of microsatellites containing 1- to 5-bp repeated units in the

yeast genome.
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The fact that the degree of deviation from expected
frequencies is not chromosome dependent implies that
the mechanism involved in creating the deviation is
working on all the chromosomes at more or less the same
level.
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