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RESEARCH 

Homoplasy for Size at Microsatellite Loci in 
Humans and Chimpanzees 

John Carlos Garza 1'2 and Nelson B. Freimer 2'3 

1Department of Integrative Biology, University of California, Berkeley, California 94720; 2Neurogenetics 
Laboratory, Department of Psychiatry, University of California, San Francisco, California 94143 

Homoplasy (convergence in the size of different alleles) at microsatellite loci was examined by sequencing 
multiple alleles of two compound microsatellites and single copies of alleles of the same size at two other 
compound loci in both chimpanzees and humans. At  one of the two loci for which multiple alleles were 
sequenced, extensive homoplasy for size was uncovered both within and between species. At  the three loci 
for which alleles of the same size were examined in the two species, sequencing demonstrated different 
internal structures. These results confirm theoretical predictions that a certain fraction of mutations at 
microsatellite loci should produce alleles that are identical in size but differ by a number of mutations. The 
sequence data reveal a previously unrecognized class of variation at microsatellites and open up the 
possibility that DNA sequencing may allow the extraction of more information from these loci, thus 
increasing their power as variable markers for genetic mapping studies. Conversely, the data also indicate that 
the assumption that alleles of the same size are identical in sequence, which is implicit in several methods of 
analysis, is violated in some cases. Therefore, caution should be used when employing microsatellites in 
phylogenetic and other studies in which the individuals being examined are separated by a great number of 
generations from a common ancestor. 

Microsa te l l i t e  loci are t a n d e m l y  r e p e a t e d  
stretches of a short DNA motif [e.g., (CA)~] which 
are abundant,  extremely polymorphic in length, 
and relatively evenly spaced in all complex eu- 
karyotic genomes examined to date (Tautz and 
Schlotterer 1994). They are the primary markers 
used in most genetic mapping efforts and are also 
used extensively by popula t ion  biologists for 
studies of population structure, parentage, gene 
flow, and hybridizat ion (Bruford and Wayne 
1993). Microsatellite loci are often conserved 
over long periods of evolutionary time, which 
has led to their employment  for phylogenetic re- 
construction using distance measures calculated 
from pair-wise differences and allele frequencies 
(Bowcock et al. 1994; Goldstein et al. 1995). 
Many of these uses rest on the assumption that 
alleles of the same size are identical in sequence 
and that  they differ by no mutations. The poly- 
morphism at microsatellite loci is assayed most 
commonly  by simply examining length variation 
of an amplified PCR product containing the re- 
peat region on a high-resolution acrylamide or 
agarose gel. Size differences among alleles are as- 

3Corresponding author. 
E-MAIL nbfr@itsa.uscf.edu; FAX (415)476-7389. 

sumed to be attributable to differences in the in- 
tegral number  of repeats. 

Previous studies have shown that  the micro- 
satellite mutat ion process, at least for dinucleo- 
tide loci, is described adequately by the one-step 
mutat ion model (Ohta and Kimura 1973) or one 
of its generalizations (Shriver et al. 1993; Valdes 
et al. 1993; Di Rienzo et al. 1994), in which all or 
most  mutations change allele size by a single re- 
peat unit. The bidirectional nature of microsatel- 
lite mutation,  as both described by these models 
and directly observed (Weber and Wong 1993), 
indicate that convergence in size should occur at 
these loci. Additionally, it has been found previ- 
ously that  differences in average repeat size be- 
tween chimpanzees  and h u m a n s  tend  to be 
smaller than would be expected if evolution at 
these loci was neutral and unconstrained (Garza 
et al. 1995). These observations, coupled with 
high rates of mutat ion at microsatellite loci, raise 
the possibility that  homoplasy, an external simi- 
larity masking significant evolut ionary differ- 
ences, may exist for size at microsatellite loci in 
many  populations. That is, copies of a locus that 
share the same size may differ by an unknown 
number  of mutations. However, in most  cases it 
would be impossible to detect homoplasy  di- 
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rectly at simple microsatellite loci (Fig. 1A). For 
example, if copies A and B of a locus are identical 
by descent and thus are initially the same size, 
and copy A undergoes two gains of one repeat 
unit while copy B undergoes a loss of one repeat 
unit and then a gain of three, they would again 
share the same size. These alleles would thus ap- 
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pear identical by most survey methods, including 
DNA sequencing, although they are separated by 
four mutations. 

Compound microsatellite loci, however, of- 
fer an opportunity to detect convergence in size. 
Compound microsatellites contain at least two 
repeated regions found directly adjacent to one 

another, and differences between 
alleles may  be attr ibutable to 
variation in both of the repeat re- 
gions (Garza et al. 1995). Muta- 
tions in the two distinct repeat re- 
gions could create alleles of the 
same size that  have different  
combinations of repeats numbers 
and are not identical in sequence 
(Fig. 1B). We have sequenced 
multiple copies of two compound 
microsatellite loci and single cop- 
ies of two additional compound 
loci in bo th  the h u m a n  and 
chimpanzee. Our results show 
that homoplasy for size occurs at 
these loci and that this homo- 
plasy masks a class of variation at 
microsatellite loci that previously 
has been overlooked for the most 
part. DNA sequencing may allow 
the extraction of additional infor- 
mation from these already impor- 
tant genetic markers by permit- 
ting definition of alleles on the 
basis of sequence rather than size. 
These results should spur the use 
of sequence-level variation at mi- 
crosatellite loci by those who aim 
to further refine the associations 
caused by genetic linkage. They 
should suggest also a note of cau- 
tion for studies that rely entirely 
on size variation of microsatellite 
loci to infer identity by descent of 
alleles. 

n = 1 8  

CACACACACACATATATATA 

(CA)6(TA)4 
F i g u r e  I Diagram of convergence in size under the two-phase model of 
mutation (Di Rienzo et al. 1994). (a) Convergence caused by mutations in 
a single repeat region. (b) Convergence caused by mutations in two sepa- 
rate repeat regions. 

RESULTS 

The sequences of 14 chimpanzee 
alleles and 9 human alleles at lo- 
cus Mfd 59 are shown in Table 1. 
The allelic (size) class frequency 
distributions of this locus in the 
two species are shown in Figure 2. 
The major difference between al- 
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Table 1. Repeat Region Sequence of Copies of 
Locus Mfd 59 (D4S174) in the Chimpanzee 
and Human 

Chimpanzee Human 

size size 
(bp) sequence (bp) sequence 

180 (CA)I(TA)2o(CA)16 

172 (CA)I(TA)2o(CA)lz * 

172 (CA)1(TA)~I(CA)II * 

170 (CA)I(TA)Ig(CA)12 # 

170 (CA)I(TA)Is(CA)13 # 

168 (CA)I(TA)Is(CA)I 2 

164 (CA)l(TA)12(CA)16 

158 (CA)~(TA)I~(CA)~4 t 

158 (CA)2(TA)to(CA)14 t 

156 (CA)I(TA)H(CA)13 

156 (CA)I(TA)n(CA)13 

156 (CA)l(TA)lI(CA)ls 

154 (CA)I(TA)lo(CA)ia 

154 (CA)l(TA)lo(CA)13 

194 (CA)5(TN)n(CA)zs 

184 (CA)5(TN),,(CA)23 

182 (CA)5(TN)I2(CA)21 ^ 

182 (CA)s(T N) 14(CA)19 ̂ 

180 (CA)5(TN)13(CA)I 9 o 

180 (CA)5(TN)I3(CA)19 ° 

180 (CA)s(TN)13(CA)I 9 o 

180 ( C A ) 5 ( T N ) 1 4 ( C A ) I  s o 

180 ( C A ) 5 ( T N ) 1 4 ( C A ) I  s o 

(*) (#) (t) (^) (o) Alleles of the same size with different internal 
structures. 

leles at Mfd 59 in chimpanzees  and h u m a n s  is 
tha t  the  perfect AT repeat of the ch impanzee  lo- 
cus is an AT-rich region in h u m a n s  tha t  differs 
from perfection by  three transversions (Garza et 
al. 1995). Another  difference at this locus be- 
tween the two species is that  the region contain-  
ing five CA repeats in the h u m a n  is reduced to 
one or two CA repeats in the chimpanzee.  Three 
of the five allelic classes in the chimpanzee  for 
which  mult iple  sequences were de te rmined  had  
examples of homoplasy  in size. The two allelic 
classes in h u m a n s  for which  mult iple  sequences 
were de te rmined  also had  examples of homo-  
plasy. In contrast,  Mfd 75, for which  sequences 
are shown in Table 2, had  no examples of homo-  
plasy in size for the one allelic class for which  
mul t ip le  sequences were determined.  One appar- 
ent ly  fixed-base subst i tut ion in the flanking se- 
quence was found between chimps and h u m a n s  
at each of the two loci (data no t  shown). The 

MICrOSATELLITE HOMOPLASY 

extent  of homoplasy  found at these loci is 
summarized  in Table 3. Overall, homoplasy  
for size was found in more  than  half (5/8) of 
the allelic classes for which  more  t han  one 
sequence was determined.  Single sequences 
of alleles of the same size at two addi t ional  
c o m p o u n d  loci were bo th  found to have dif- 
ferent internal  structures in the h u m a n  and  
ch impanzee  (Table 4). The alleles of Mfd 38 
differ by  at least two mutat ions ,  whereas the 
differences between alleles at Mfd 104 are 
more complex.  The expansion of the 5' CA 
region and  the two transi t ions (A--, G and  
C ~ T) are shared by  other  ch impanzee  al- 
leles sequenced (data no t  shown). 

DISCUSSION 

We have shown tha t  convergence in size oc- 
curs at microsatelli te loci and that  it m a y  be 
a relatively c o m m o n  p h e n o m e n o n  in these 
increasingly widely used genetic markers. We 
have demons t ra ted  the existence of homo-  
plasy for size bo th  wi th in  and between spe- 
cies t h rough  sequencing of c o m p o u n d  mic- 
rosatellite alleles. At one microsatellite locus 
(Mfd 59) homoplasy  was present  at five of 
eight allelic classes examined in the two spe- 
cies, t h e r e b y  subs tan t i a l ly  increas ing  the  
number  of alleles recognized at this locus. At 
the three loci for which  alleles of the same 
size were examined  in the two species, all had  
different sequence-level structures. Our re- 
suits thus  indicate tha t  DNA sequencing of 

c o m p o u n d  microsatellites can permit  differentia- 
t ion of alleles tha t  a l though identical in size, are 
not  identical in sequence. These loci represent  a 
substantial  p ropor t ion  of all microsatellites [11% 
in one collection of dinucleot ide repeats (Weber 
1990)] and thus  represent an un tapped  reservoir 
of potent ia l ly  useful genetic variation. By desig- 
na t ing  alleles based on  sequence and no t  on  size, 
this previously unrecognized variat ion m a y  in- 
crease the  power  of microsatel l i tes  in genet ic  
mapp ing  efforts. Conversely, such variat ion m a y  
pose problems for the use of microsatellites in 
some types of analysis, as relat ionships be tween 
alleles will be obscured as the number  of genera- 
t ions separating t h e m  increases. 

Such homop la sy  for size is a predict ion of the  
one-step m u t a t i o n  model  and its generalizations. 
The one-step mu ta t i on  process working indepen-  
dent ly  in two different repeat regions of a com- 
pound  locus could cause convergence at two lev- 
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I= 
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Allele size 

Figure 2 Allelic class frequency distributions of Mfd 59 (D4S174) in the chimpanzee (hatched bars) and 
human (solid bars). Allele size is in base pairs. 

els. The first level, convergence within a repeat 
region (Fig. 1A), would not  be directly detectable. 
The second level, however, convergence caused 
by different combinations of repeats in the two 
repeat regions (Fig. 1B), is directly observable 
through DNA sequencing. 

Although sequencing will not  uncover ho- 
moplasy for size at simple microsatellite loci, it 
might  still be possible to detect homoplasy by 
e x a m i n i n g  pa t t e rns  of d i sequ i l ib r ium wi th  
closely linked polymorphisms, such as base sub- 
stitutions or insertion/deletion elements (indels). 
M.-C. Grimaldi, P. Avoustin, and B. Crouau-Roy 
(unpubl.) found that a 6-bp indel in the region 
directly adjacent to a CA repeat region in the hu- 
man leukocyte antigen region resulted in alleles 
of the same size that  differed in the presence or 
absence of the element. Estoup et al. (1995) have 
shown recently that  extensive homoplasy for size 
is present among different subspecies of honey- 

bee at an imperfect microsatellite locus by exam- 
ining the position of imperfections within the 
repeat region. Variation in the length of the se- 
quence between the repeat region and the PCR 
primer may also be an important  source of ho- 
moplasy at microsatellite loci. 

In theory, it would be possible to estimate 
the amount  of homoplasy in a sample of copies 
of a microsatellite locus. It would, however, re- 
quire complete information about the mutat ion 
process of the locus in question. This would have 
to include rate, the divergence time of the copies 
of the locus in the sample, the selective history of 
the locus, the percentage of mutations that are 
not  single step, and any potential directionality 
of mutation. In practice, it is difficult to obtain 
adequate information about all of these param- 
eters. For cases in which identity of alleles is cru- 
cial, the most appropriate strategy might  be to 
estimate empirically the level of homoplasy by 
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Table 2. Repeat Region Sequence of Copies of 
Locus Mfd 75 (D12S59) in the Chimpanzee 
and Human 

Chimpanzee Human 

size size 
(bp) sequence (bp) sequence 

150 (AC)lo(TC),o(TG),(TC) 4 

148 (AC)lo(TC)9(TG)I(TC)4 

148 (AC)Io(TC)9(TG),(TC)4 

148 (AC)Io(TC)9(TG),(TC)4 

148 (AC)1o(TC)9(TG)I(TC)4 

146 (AC)9(TC)9(TG)I(TC)4 

144 (AC)~o(TC)7(TG)~(TC)4 

180 (AC)I6(TC)19(TG)l(TC)4 

174 (AC)2o(TC)~2(TG)~(TC)4 

172 (AC)19(TC)~2(TG)~(TC)4 

DNA sequencing. It should be stressed, however, 
that DNA sequencing will still underestimate the 
level of homoplasy at a compound locus. Alleles 
could still have the same combination of repeat 
numbers in the different repeat regions (and 
therefore be identical in sequence) but not be 
identical by descent. 

The fact that no homoplasy was uncovered at 
Mfd 75 may not be attributable to the fact that no 
homoplasy is present at this locus but only that 
none was uncovered in our small sample of se- 
quences. Alternatively, the absence of homoplasy 
may be attributable to a relatively recent com- 
mon ancestor for all of the copies within the al- 
lelic class examined or to some recent selective 
event affecting this locus (Slatkin 1995). Samples 
were not available for the individuals comprising 
the two groups that shared alleles of the same size 
and thus it was impossible to examine whether 
interspecific homoplasy is present at Mfd 75. 

The existence of two disjunct classes of re- 
peat numbers (10-12 and 18-21) for the TA re- 
peat region in the copies of Mfd 59 from the 
chimpanzee is consistent with the two-phase mu- 
tation model introduced by Di Rienzo et al. 
(1994). This suggests that the two modes of the 
chimpanzee allele frequency distribution at Mfd 
59 (Fig. 1) are the result of a mutation of large 
effect from an allele in one of the size classes 
followed by a number of single-step mutations. 
Sequence data from closely related species should 
allow determination of whether or not this is the 

case. It is interesting also to note that in 
some cases, alleles that are separated in size 
by 2 bp differ by more than one mutation. 

Although homoplasy for size is prob- 
ably a relatively widespread phenomenon, 
compound loci should on average have 
higher levels of homoplasy than simple loci 
because of mutations accumulating in more 
than one repeat region. Thus, if the aim is to 
extract the maximum amount of polymor- 
phic information from particular marker 
loci, compound loci are perhaps superior to 
simple loci, as some of this additional varia- 
tion may be detectable by sequencing. For 
example, in a linkage mapping study a 
marker that appears to be uninformative 
when alleles are defined on the basis of size 
may become informative when sequence- 
level variation is considered. Association 
and linkage disequilibrium mapping studies 
(Lander and Botstein 1986; Houwen et al. 
1994) also may benefit by allowing the de- 

tection of previously unrecognized disequilib- 
rium. 

However, the existence of homoplasy for size 
at microsatellite loci also poses problems for a 
number of different types of studies in which 
these loci are employed. Although the probabil- 
ity of convergence occurring on the time scale of 
pedigree-based linkage mapping is very small, it 
may be an important source of error in any study 
in which a population-based approach is used, 
such as phylogeny estimation, when only allele 
size is considered. Studies in which microsatel- 
lites have been used for phylogeny reconstruc- 
tion have employed distance measures based on 
allele frequencies and pair-wise differences (Bow- 
cock et al. 1994; Goldstein et al. 1995). Some mi- 
crosatellite loci are ancient in origin, and the fact 

Table 3. Extent of Homoplasy for Loci 
Mfd59 and Mfd75 

Species 

L o c u s  chimpanzee human 

Mfd 59 3/5 2/2 
Mfd 75 0/1 N.A. 

Extent of homoplasy found at the two loci for which mul- 
tiple copies were examined. The ratios are the number of 
allelic classes for which homoplasy was found out of all 
allelic classes examined. (N.A.) Not applicable. 
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Table 4. Repeat Region Sequence of Alleles of the Same 
Size from the Microsatellite Loci Mfd 38 (D4S175) and 
Mfd 104 (D8S164) in Both the Chimpanzee and Human 

Mfd 38 

l~Iuman 124b~ Chimp 124bD 
_ 

(TA)I 1 (CA) 15 (TA) 10(CA) 16 

Mfd 104 

Chimp 169bp 

(TA) 10(CA) I(A)6(TA)7T(TA)5(CA)14 (TA) 13(CA)5(A)3G(TA)6T(TA)5(CA)6TA(CA)2 

t h a t  large differences  in the  m e a n  n u m b e r  of re- 
peats  a n d  in allele f r equency  d is t r ibut ions  are n o t  
f o u n d  b e t w e e n  species t ha t  have  been  evolv ing  
i n d e p e n d e n t l y  for mi l l ions  of years  indicates  t h a t  
there  are p robab ly  some  cons t ra in t s  on  allele size 
(Deka et al. 1994; F i t z s immons  et al. 1995; Garza 
et al. 1995). Such a cons t ra in t ,  coup led  wi th  the  
h i g h  m u t a t i o n  rates of  microsatel l i tes  (es t imated  
b e t w e e n  1 0 - 2 - 1 0  - s  l o c u s / g e n e r a t i o n ;  W e b e r  
a n d  W o n g  1993), suppor t  the  asser t ion t h a t  some 
m u t a t i o n a l  events  m u s t  create alleles t h a t  do n o t  
differ in size f rom prev ious ly  exis t ing alleles a n d  
t h a t  a n y  i n f o r m a t i o n  a b o u t  genea log ica l  rela- 
t ionsh ips  will be lost qu ick ly  even w i t h o u t  sub- 
s tant ia l  d ivergence  of allele f r equency  distr ibu- 
t ions.  The probabi l i ty  t ha t  h o m o p l a s y  is p resen t  
at  a microsate l l i te  locus will increase,  up  to a cer- 
ta in  poin t ,  w i t h  increas ing  coalescence t ime of  
the  copies in the  sample ,  unt i l  all pa t t e rns  of  
s imi lar i ty  a t t r ibu tab le  to h ierarchica l  levels of re- 
l a t ionsh ip  are lost. The differences b e t w e e n  the  
basic s t ruc ture  of  alleles of the  same size at  Mfd  
59 a n d  Mfd  104 in the  c h i m p a n z e e  a n d  h u m a n  
suggest  t ha t  ac tua l ly  t h e y  are separa ted  by  m a n y  
m u t a t i o n s  a n d  tha t  a c o m p a r i s o n  of this  locus 
based  on  size w o u l d  prov ide  no  real genealogica l  
i n f o r m a t i o n  at  this  level of  e v o l u t i o n a r y  diver- 
gence.  Therefore ,  c au t ion  shou ld  be used w h e n  
e m p l o y i n g  microsatel l i tes  in analyses  in w h i c h  
the  uni t s  u n d e r  s tudy  are separa ted  by  s ignif icant  
a m o u n t s  of  evo lu t i ona ry  t ime.  For example ,  rela- 
t ionsh ips  b e t w e e n  popu l a t i ons  w i t h i n  a species 
m a y  be reso lved  w i t h  microsa te l l i t e  p o l y m o r -  

phisms,  b u t  re la t ionsh ips  a m o n g  
species or  genera  will m o s t  l ikely 
be obscured.  

METHODS 
Genomic DNA was extracted from 
blood collected from unrelated indi- 
viduals. All of the human DNA samples 
were from a group of African individu- 
als studied by Di Rienzo et al. (1994), 
and the chimpanzee DNA samples were 
from the colony at Yerkes Regional Pri- 
mate Research Center (Atlanta, GA). 
The taxonomic affinities of the Yerkes 
colony animals are not known, and 
thus, it is possible that individuals ex- 
amined in this study belong to different 
subspecies or even different species 
(Morin et al. 1994). PCR was performed 
as described previously (Garza et al. 
1995) except that the total reaction vol- 
ume was 50 ml. PCR products were li- 
gated directly into Invitrogen TA clon- 

ing vector, or purified and ligated into Promega pGEM-T 
vector, and then cloned into JM109-competent cells fol- 
lowing the manufacturer's specifications. Plasmid DNA 
was isolated from positive colonies, and the insert se- 
quenced with both the M13 forward and reverse universal 
primers using the cycle sequencing protocol from Pro- 
mega. The sequence of human allele 2 (184 bp) at Mfd 59 
(D4S174) was extracted from GenBank (accession no. 
X54584), as were the sequences of human allele I (180 bp) 
at Mfd 75 (D12S59) (accession no. M83618) and the hu- 
man allele at Mfd 38 (D4S175) (accession no. M84934). 
The sequences described in the text have been deposited in 
GenBank (accession nos. U48299-U48332). The allele fre- 
quencies in Figure 2 were calculated from 48 chromo- 
somes of unrelated chimpanzees and 225 chromosomes of 
unrelated human individuals from Africa and Europe. 
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