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Sequence analysis of 78 alleles of a microsatellite locus was resolved at various taxonomic levels among salmonid
fishes to test for congruence between size and sequence information. Allelic variability of this locus involved
changes in number of dinucleotide repeats as expected for microsatellite loci. However, additional mutational events
involving large indels and base substitutions also occurred frequently among and within species. These caused the
evolution of different imperfect microsatellite variants, from an ancestral perfect one, which was undetectable from
allelic size information only. Alleles of the same length resulting from different mutational events were also observed
among and within species. Altogether, these results revealed the incongruence between size and number of mutation
events, implying that it may be imprecise to interpret mutational rates and relationships on the basis of size infor-
mation alone in interspecific comparisons and, to a lesser extent, within species.

Introduction

Microsatellites are short loci characterized by mo-
tifs of one to five base pairs (bp) repeated in tandem
various times. Most likely due to the high slippage pro-
pensity of repeat arrays (Levinson and Gutman 1987;
Schiétterer and Tautz 1992), microsatellites are amongst
the fastest-evolving DNA sequences with mutational
rates estimated to vary between 2.5 X 10~° and 102
mutation per generation (Weber and Wong 1993). This
results in an extensive polymorphism that makes micro-
satellite loci useful markers for genetic studies within
species (Bowcock et al. 1994; Forbes et al. 1995; Gold-
stein et al. 1995b; Shriver et al. 1995; Nei and Takezaki
1996). Microsatellite loci are also generally conserved
among closely related species (Moore et al. 1991;
Schlétterer, Amos, and Tautz 1991; Stallings et al. 1991;
Blanquer-Maumont and Crouau-Roy 1995; Fitz-
Simmons, Moritz, and Moore 1995; Meyer et al. 1995;
Pépin et al. 1995; Angers and Bernatchez 1996; Rico,
Rico, and Hewitt 1996). This has raised the possibility
that they could also be used in studies of interspecific
relationships (Bowcock et al. 1994; Blanquer-Maumont
and Crouau-Roy 1995; Meyer et al. 1995).

Genetic divergence among populations or species
may be quantified from microsatellites without consid-
ering mutational events among alleles, for instance, by
estimating the proportion of shared alleles (Bowcock et
al. 1994; Estoup et al. 1995a) or computing standard
genetic distance (Estoup et al. 1995a; Nei and Takezaki
1996). Slatkin (1995) and Goldstein et al. (1995q,
1995b) have suggested that classical divergence esti-
mates for neutral loci under infinite allele model (IAM:
Kimura and Crow 1964) were not appropriate for mi-
crosatellites because of high mutational rates and mu-
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tation processes which do not erase memory of the an-
cestral allelic state. Specific measures for microsatellites
were proposed, using information of coalescence time
between alleles based on strict stepwise mutation model
(SMM: Ohta and Kimura 1973) (Goldstein et al 1995a;
Shriver et al. 1995) or more generalized SMM processes
(Goldstein et al. 1995b; Slatkin 1995) to take into ac-
count deviations of allele size variance from theoretical
expectations of the SMM model as reported in several
studies (Shriver et al. 1993; Di Rienzo et al. 1994; Es-
toup et al. 1995b; Garza, Slatkin, and Freimer 1995).

However, differences among alleles may involve
additional types of mutations, such as insertions or de-
letions of nonrepeat sequences as well as single-base
substitutions (Blanquer-Maumont and Crouau-Roy
1995; Estoup et al. 1995b; FitzSimmons, Moritz, and
Moore 1995; Garza, Slatkin, and Freimer 1995; Meyer
et al. 1995), which cannot be resolved by allele size
estimation alone and potentially bias estimates of mu-
tation rate. In such circumstances, sequence analysis
may represent a valuable approach to document the ac-
tual mutational patterns driving allelic size variance at
microsatellite loci.

In this study, we performed a sequence analysis of
putative homologous alleles of a microsatellite locus
(SFO-12) first identified in the brook charr, Salvelinus
fontinalis (Angers et al. 1995; Angers and Bernatchez
1996), to test for congruence between size and sequence
information. This was done by documenting mutational
patterns of 32 alleles from intraspecific to intergeneric
levels among twelve species representing four salmonid
genera. We propose a model for the evolution of this
locus based on mutational events driving allelic diver-
sity, and we also describe the importance of mutational
homoplastic events and allele size homoplasy.

Material and Methods
Screening of Allelic Diversity

Screening of allelic diversity was performed in one
to four populations of the following species: huchen
(Hucho perryi), brown trout (Salmo trutta), Atlantic
salmon (8. salar), rainbow trout (Oncorhynchus mykiss),
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Name, Localization, Sample Size for Screening of Variation in Allele Sizes (N), and Alleles (in bp) Detected Within

Each Population

Species Populations N Alleles

Hucho perryi ............... Hokkaido Fish Hatchery, Japan 2 191, 197

Salmo trutta . ............ ... Abant Lake, Turkey 2 185
Tohmas River, Turkey 2 185
Apshak River, Russia 2 185

Salmo salar ................ Ashuapmuchuane River, Québec, Canada 2 187
Ste-Marguerite River, Québec, Canada 2 187

Oncorhynchus mykiss ........ Kispiox River, British Columbia, Canada 2 197
Babine River, British Columbia, Canada 2 197

Oncorhynchus kisutsh . . . . .... Unknown 1 195

Salvelinus leucomaenis . . . . ... Belaya River, Sakhalin (Okhotsk) 4 225, 235
Sokol’nikovka River, Japan 4 203, 225
Hokkaido Fish Hatchery, Japan 1 203, 235

Salvelinus malma . ........... Noatak River, Alaska, U.S.A. 4 223
Auke Creek, Alaska, U.S.A. 3 223, 225
Kamchatka River, Russia 4 223

Salvelinus albus . . ........... Kamchatka River, Russia 3 223

Salvelinus alpinus . .......... Nayauk Lake, Northwest Territories, Canada 4 225
Francais Lake, Québec, Canada 4 225
Thun Lake, Switzerland 30 225
Dolly Varden Lake, Alaska, U.S.A. 3 225

Salvelinus confluentus . .. .. ... Upper Arrow Lakes, British Columbia, Canada 4 229
Metiolus River, Oregon, U.S.A. 4 229
Pinto Lake, Alberta, Canada 4 229

Salvelinus fontinalis. . ........ Grande-Baleine River, Québec, Canada 8 247, 269, 271, 273
Avalon Lake, Québec, Canada 30 269
Benoit Lake, Québec, Canada 30 197, 269
Dauphinais Lake, Québec, Canada 30 267
Du Fou Lake, Québec, Canada 30 263, 269, 271
Waber Lake, Québec, Canada 30 247a, 251, 267, 271
Ross Lake, Maine, U.S.A. 30 251, 269, 273
Kennebago Lake, Maine, U.S.A. 30 251, 271, 273, 277
Bluevale Creek, Ontario, Canada 8 247, 251, 265b, 271, 273
Soper Creek, Wisconsin, U.S.A. 8 197, 275
Timber Run, Maryland, U.S.A. 10 251, 255, 269, 271, 273
Mill Creek, Maryland, U.S.A. 4 1263, 265, 273, 281
Shavers Run, West Virginia, U.S.A. 8 245, 263
Walderman Run, West Virginia, U.S.A. 8 263, 265, 271
Indian Camp Creek, Tennessee, U.S.A. 8 263

Salvelinus namaycush . . .. . ... Haliburton Lake, Ontario, Canada 4 257, 259

: Marquette stock, Michigan, U.S.A. 4 259

Dezasdeash Lake, Yukon, Canada 4 283
Des Chasseurs Lake, Québec, Canada 40 259, 263

coho salmon (O. kisutsh), white-spotted charr (Salveli-
nus leucomaenis), lake trout (S. namaycush), Arctic
charr (S. alpinus), Dolly varden (S. malma), bull trout
(S. confluentus), and white charr (S. albus). A more ex-
tensive survey of intraspecific variation was performed
in S. fontinalis, for which 15 populations throughout its
native range were screened. Origins of populations an-
alyzed and sample sizes for screening of variation in size
of microsatellite alleles appear in table 1.

Screening of allelic diversity was performed by au-
toradiography using one primer end-labeled with [y 32P]
ATP (Angers et al. 1995), or by DNA sequencer (ABI
373A), as detailed in Ziegle et al. (1992), using one
primer labeled to the 5’ end with a fluorescent dye
(FAM). In both cases, PCR amplifications were per-
formed in a programmable thermocycler (Perkin Elmer
480 or 9600), using 15-pl reaction volume and approx-
imately 100 ng of DNA template as described in Angers
et al. (1995). The PCR program consisted of an initial
denaturating step of 3 min at 95°C, followed by 30 cy-

cles of the following profile: denaturation at 94°C, 30 s
at 60°C, and 1 s at 72°C. Denaturation time was 60 s
for the first five cycles and was then reduced to 30 s.

Sequence Analysis

One representative of each size allele from each
population and species was sequenced, for a total of 78
alleles (table 1). PCR amplifications of alleles to be se-
quenced were performed in 60-ul reaction volumes us-
ing the PCR profile described above. Double-stranded
PCR products were isolated on 5% agarose gels and
purified using the Gene Clean kit (Bio 101 Inc.) follow-
ing the supplier’s protocol. DNA sequencing was per-
formed by using either the Sequenase 2.0 kit (USB) for
the radioactive detection, or the ABI prism dye termi-
nator cycle sequencing ready reaction kit (Perkin-Elmer)
for DNA sequencer.

Across species the microsatellite region was com-
posed of repeat and nonrepeat arrays (figs. 1 and 2).
These arrays were divided into seven parts to clarify
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Hucho: CCCGTTTCAC AATCAGAGAR GAGATCTCAC AAATTAAGGA
Salmo: i teseereens sesesaanaes
Oncorhynchus: = =000 .. Lieieisses sseseneees
Salvelinus: = L. ceieieieces ssessaenes
Hucho: GGCAGTTGCA TACCTAAACT CAC--GTGAA AAATAATGAG
SAIMOT = ieeeereses sessssanes o Gm=terrr vovennnnnn
OncorhynchuS:  teeeeveees sescescnne sne Ahcveee covvsnnsne
581velinus: = ciiiiieces sieeenenee onn .
Hucho: TTTGAGAAAT AA [microsatellite region]
Salmo: = .c.e.e. Geer . (microsatellite region]
Oncorhynchus:  .c.eieeeces oo {microsatellite region]
Salvelinus: = .....ee00e s {microsatellite region])
Hucho: ACTGCTGAGA GTGCAGGATA ATAATGAAAA CCTGCCTGTA
Sa8IMO: 0 ceiieeries ssesesasee ssesseress ssesevecss
oncorhynchus:  «.ieeeeee T eCotenvese ossevvsnce sssssnnnnse
SalvelinUsS: = ciecietree ceecsseese srscrsesse sees Aceaen
Hucho: AAGTAAG

Salmo: = aieeeen

oncorhynchus:  .......

Salvelinus: = ...eene

FiG. 1.—Sequences of the flanking regions observed at locus
SFO-12 among four salmonid genera. The primer used for sequencing
is underlined. Sequences of the microsatellite region are detailed in
figure 2. Dots indicate identity with the Hucho sequence, whereas
dashes represent indels.

sequence variation among alleles and to visually align
sequences based on similarity. Because parts 4 and 5
resulted from the division of part 3 by CC interruptions
(see below), these interruptions were included within
these parts.

Results
Locus Evolution

Sequence of alleles revealed only five base substi-
tutions across species among the 121 nucleotides form-
ing the two flanking regions (fig. 1). Considering the H.
perryi sequence as the hypothetical ancestral state, two
single-base substitutions were detected in Salmo and
Oncorhynchus and one was detected in Salvelinus. An
indel of two contiguous A nucleotides in Salmo and Hu-
cho perryi represented a unique shared mutation within
the flanking region compared to Oncorhynchus and Sal-
velinus species. No mutations were detected at or below
genus level. Globally, sequence divergence estimates (d)
among genera varied between 0.016 and 0.041, whereas
the absence of variation among 121 nucleotides places
the maximum divergence estimate among species within
genera at 0.008.

The microsatellite region was much more variable,
with 32 different allelic variants (fig. 2). A basic struc-

ture composed of a dinucleotide TG array, a nonrepeat
sequence (CAYGYGCC where Y = C or T), and a short
dinucleotide repeat, (TG),, were observed in all species.
These sequence elements corresponded to parts 3, 6, and
7 (fig. 2).

Complex variation of this basic structure charac-
terized allelic variation among genera (figs. 2 and 3). H.
perryi alleles comprised only one pure uninterrupted TG
array in part 3. Consequently, SFO-12 may be consid-
ered as a perfect microsatellite for that species. Based
on the parsimony criterion of minimizing the overall
number of mutational steps involved in the evolution of
the locus among species, we hypothesized that this per-
fect locus represents the ancestral state. Different nucle-
otide substitutions interrupted the repeat array in other
species, creating different imperfect microsatellite pat-
terns. Within the genus Salmo, the basic repeat array
(part 3) was interrupted by a C nucleotide. A cytosine
doublet interrupted the basic TG array in Oncorhynchus
and Salvelinus genera, dividing the repeat array into two
parts, which we distinguished as parts 3 and 5 (fig. 2).
Finally, a large insertion distinguished as part 1 and part
2 was detected in the genus Salvelinus, which produced
an abrupt shift in allelic size for this genus. This inser-
tion showed a high homology with Oncorhynchus al-
leles composed of parts 3, 5, and 6, both in organization
and sequence, which suggests that it arose from dupli-
cation of these regions (fig. 3).

Mutational Diversity

The overall allelic diversity resulted from various
combinations of three distinct types of mutational
events; change in number of dinucleotide repeats, base
substitution, and indels of repeat and nonrepeat seg-
ments. Most sequence differences observed among al-
leles involved multiple mutational types, as observed in
nearly 100% (429/430) of allelic pairwise comparisons
among species.

Within the genus Salvelinus, the number of dinu-
cleotide repeats was highly variable across the different
repeat arrays. However, large indels also represented an
important source of allele size variation among species
(figs. 2 and 3). Part 1 was missing in S. leucomaenis, as
was part 2 in all S. alpinus, S. malma, S. albus, and S.
confluentus allelic variants. Presence of an additional
segment (part 4) composed of a guanine doublet and TG
array was observed in S. alpinus, S. malma, S. albus,
and S. confluentus alleles, while a cytosine doublet and
a TG array were observed in S. namaycush alleles and
in all but four alleles in S. fontinalis (fig. 2). The guanine
doublet likely resulted from base substitutions, (T to G)
while the cytosine doublet likely resulted from incor-
poration of CC in the indel mechanism of repeat motif
as observed by Estoup et al. (1995b). Single-base sub-
stitutions not affecting allelic size were also observed
among Salvelinus species. These occurred in repeat ar-
rays as well as in nonrepeat sequences of the microsa-
tellite region (fig. 2).

Variation in the number of dinucleotide repeats was
a more important source of allelic diversity at the intra-
specific level, implied in 55 out of the 131 (39%) com-
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[--—-Part 1-— | Part 2 | j—Part 3 | F—Part 4= |-—Part5—0| |—Part6—r] Part?

Hucho perryi

191 (TG) B CACGCGCC  (TG),
197 (TG) 14 e —- CACGCGCC  (TG),
Saimo. trutta

185 TGCG(TG) 2CG(TG) g ~——-mmmmemmmmemmmormmameene —-  CATGCGCC  (TG),
Sailmo salar

187 TGCG(TG) g = ———rrermreemmererm . ——- CATGCGCC (TG),
Oncorhynchus mykiss

197 (TG) 4 oo CC (TG)s CACGCGCC (TG),
Oncorhynchus kisutsh

195 TG¢ — CC (TG s CACGCGCC (TG),
Salvelinus leucomaenis

203 (TG) g R CC (TG); CACGCGCC (TG),
225 e -—  (IG);  TACGCGCC (TG) g oo - CC (TG); CACGCGCC (TG),
235 ceeeemeeeeee (TG,  TACGCGCC (TG) g3  ememeere— CC (TG); CACGCGCC  (TG),
Salvelinus malma

223 (TG sCG CC ——rmmeememeen (TG) 5 GG (TG)¢ CC (TG)g CACGCGCC (TG),
225 (TG)5CG CC —mormoormoooomoo oo (TG 4 GG (TG)g CC (TG)y CACGCGCC (TG),
Salvelinus albus

223 (TG ;5CG CC e TG 5 GG (TG)¢ CC (TG)g CACGCGCC (TG),
Salvelinus alpinus

225 (TG 5CG CC oo (TG) 4 GG (TG)g CC (TG)¢ CACGCGCC (TG),
Salvelinus confluentus

229 (TG)sCG CC e TG 5 GG (TG)yg GA CG(TG)s CACGIGCC (TG),
Salvelinus fontinalis

197  (TG)5sGG CC (TG)g CACGCGCC  (TG),
245 (IG)sGG CC  (TG)g CACGCGCC (400 T — — CC (TG)g CACGCGCC - (TG),
247 (IG)5GG CC  (TG)g CACGCGCC (TG) 14 e CC (TG)g CACGCGCC (TG),
2472 (TG)5GG CC e (TG) 14 CC (TG)y CC (TG)gy CACGCGCC (TG),
251 (TG)sGG CC  (TG)g CACGCGCC (4 RV —— CC (TG)g CACGCGCC (TG),
255 (TG)sGG CC (TG)¢  CACGCGCC (TG) g = =memeeeeeemoeee CC (TG)¢ CACGCGCC (TG),
263 (TG)sGG CC (TG4  CACGCGCC (TG) 3 CC (TG)g CC (TG)g CACGCGCC (TG),
265 (TG)sGG CC (TG)¢  CACGCGCC (TG) 14 CC (TG)g CC (TG)g CACGCGCC (TG),
265b  (TG) s GG CC TGCG (TG) 4 CACGCGCC (TG) 14 CC (TG)g CC (TG)y CACGCGCC (TG),
267 (TG)5sGG CC (TG)y  CACGCGCC (TG) 14 CC (TG)y CC (TG)g¢ CACGCGCC (TG),
269 (TG)sGG CC (TG)g  CACGCGCC (TG) 16 CC (TG)g3 CC (TG)y4 CACGCGCC (TG),
271 (TG)5sGG CC (TG)¢ CACGCGCC (TG) 3¢ CC (TG)y CC (TG)gy CACGCGCC (TG),
273 (TG)sGG CC (TG)¢  CACGCGCC (TG) 15 CC (TG)gy CC (TG)y CACGCGCC (TG),
275 (TG)5GG CC  (TG)g¢ CACGCGCC (TG) 15 CC (TG)y CC (TG)s CACGCGCC (TG),
277 (TG)sGG CC (TG)g  CACGCGCC (TG) 3 CC (TG)g CC (TG)g4 CACGCGCC (TG),
281 (TG)5GG CC (TG)g  CACGCGCC (TG) 55 CC (TG)g CC (TG4 CACGCGCC (TG),
Salvelinus namaycush

257 (TIG)sCG CC  (TG);  CACGCGCC TG) CC (TG)s CC (TG); CACGCGCC (TG),
259 (IG)sCG CC  (TG); CACGCGCC (TG) 2 CC (TG)s CC (TG); CACGCGCC (TG),
263 (TG)sCG CC (TG);  CACGCGCC (TG) 4 CC (TG)s CC (TG); CACGCGCC (TG),
283 (TG)sCG CC  (TG); CACGCGCC (TG) 4 CC (TG);y CC (TG)g CACGCGCC  (IG),

FIG. 2.—Sequence alignments of 32 microsatellite allelic variants resolved at locus SFO-12 among 12 species representing four salmonid

genera. The sequences are divided into seven parts as described in the Results section. Gaps indicate the absence of the different parts in given
alleles.
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Fi6. 3.—Schematic hypothesis of mutational patterns observed within locus SFO-12 microsatellite region. From a hypothetically ancestral
perfect microsatellite (A), conserved in Hucho, single-base substitutions produced two different interrupted arrays; one in Salmo, and the other
in the hypothetical ancestral state of Oncorhynchus and Salvelinus alleles (B), which was retained in Oncorhynchus. A large insertion resulting
from duplication of the microsatellite region of the allele B produced the hypothetical ancestral pattern of Salvelinus alleles (C). Within Salvelinus
spp. different deletions occurred within S. leucomaenis and the group composed of S. malma, S. alpinus, S. albus and S. confluentus. An
additional (TG) array occurred in S. namaycush and S. fontinalis, which otherwise retained the ancestral pattern. Within S. fontinalis, allele 197
resulted from the deletion of several parts while deletion of various segments generated two groups of alleles with overlaping sizes (247a and
245-255). An additional size class (263-281) retained the ancestral pattern. White boxes: dinucleotide repeat units, gray box: nonrepeat se-
quences; black boxes: single-nucleotide substitutions (detailed in fig. 2); gaps: deletion of entire parts (detailed in text).

parisons. Nevertheless, only 22% of all intraspecific
pairwise allelic comparisons solely involved changes of
number of repeats within a single array. Changes in the
number of repeats within more than one part occurred
in 17% of all pairwise comparisons. For instance, dif-
ferences between allele 283 and other alleles in S. nam-
aycush involved differences in number of repeats within
three different arrays (parts 3, 4, and 5). Finally, 18%
of all intraspecific allelic pairwise comparisons involved
large deletions. For instance, allele 197 in S. fontinalis
was 48 bp shorter than the second shortest allele, and
resulted from deletion of parts 2, 3, and 4, by either
single or multiple mutational events from any specific
alleles.

Table 2

Potential Relationships Among Alleles Detected in S.
Sfontinalis According to the Number of Repeats of Part 3
(Vertical) and Part 4 (Horizontal) Observed at Locus
SFO-12

DEL (TG)g (TG),
(TG)izevn.n.. 245 263 —
(TGt .. 247 265 267
(TG)ig. - ... ... 251 269 271
(TG)ig .- ... 255 273 275
(TGl en.... — 277 —
(TGl v v .. — 281 —

NoTE.—DEL refers to deletion of part 4 and dashes indicate that such alleles
were not observed in this survey. Differences among alleles within a given
column or line involve change in only one array, and otherwise involve the two
different arrays. Alleles 247a and 265b are derived from alleles 267 and 265,
respectively, and did not involve mutations in the parts represented here, while
absence of both parts 3 and 4 makes the relationships to allele 197 ambiguous.

Mutational Homoplasic Events

In the absence of a consensus phylogeny within
Salvelinus genus (Phillips, Sajdak, and Domanico 1995
and references therein), it is not possible to strictly quan-
tify homoplasic events that occurred at locus SFO-12
during the family radiation. Nevertheless, sequence data
clearly provided evidence for such events across species
comparisons (fig. 2). For example, the absence of part
2 in all alleles of the S. alpinus, S. malma, S. albus, and
S. confluentus species group was also observed within
species (allele 203 in S. leucomaenis, allele 247a in S.
fontinalis) for which this part was present for most al-
leles. This implies that homologous parts across species
were independently subject to the same mutational
events.

Within S. fontinalis, variation in the number of re-
peats in either part 3 or 4 generated different allelic
groups as reflected in table 2, which represents a par-
simonious network of relationships among allelic vari-
ants (excluding alleles 197, 247a and 265b) within S.
fontinalis. From the 12 mutational steps inferred to ex-
plain allelic diversity under a parsimony criterion, five
steps involved the parallel changes of same character
states, suggesting that independent mutational events oc-
curred frequently at SFO-12 for that species. For in-
stance, relationships within columns involve two
changes from (TG);; to (TG),,, three from (TG),, to
(TG)¢, and three from (TG),4 to (TG),5 and resulted in
identical numbers of repeats within part 3 among dif-
ferent allele lineages.

Size Homoplasy

Among representatives of the 26 alleles resolved
by size information, six additional alleles were revealed
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FIG. 4.—Relationships between observed number of mutational events as detected by sequence analysis (refering to table 2) and difference
in size (bp) among 78 pairwise allelic comparisons (excluding alleles 197, 247a, and 267b) within S. fontinalis. a, by column; b, by line. In

both cases, allele 263 was considered ancestral.

by the sequence analysis. Size homoplasy occurred at
all taxonomic levels. Among genera, the allele 197 ob-
served in Oncorhynchus, Hucho, and Salvelinus was
clearly not identical by descent, differing substantially
both in the flanking and microsatellite regions. Among
Salvelinus species, allele 225 observed in S. leucomaen-
is differed by at least five mutations from the same elec-
tromorph detected in S. malma and S. alpinus, involving
deletion of different sequences (parts 1 or 2 respective-
ly), changes in number of repeats in two arrays (parts 3
and 5), and single-base substitutions (part 3). Allele 263
observed in S. namaycush and S. fontinalis differed by
a minimum of five mutational steps, involving change
in number of repeats in four different arrays (parts 2, 3,
4, and 5) and one nucleotide substitution (part 1). At the
intraspecific level, allele 265b in S. fontinalis, most like-
ly originating from allele 265 (fig. 2), differed by a sin-
gle-base substitution in one TG array (part 2). The im-
plication of size homoplasy may be more pronounced,
as exemplified by alleles 247a and 247 in S. fontinalis,

which differed by the deletion of two different sequenc-
es (parts 2 and 4 respectively).

Incongruence Between Size Information and Observed
Mutational Events

The strong departure from a basic stepwise muta-
tional pattern led to major discrepancies between size
difference and the number of mutation events detected
among alleles by sequence analysis. Globally, the num-
ber of mutational events among alleles (excluding al-
leles 197, 247a, and 265b) assumed from size infor-
mation was poorly correlated with that quantified from
parsimonious network resolved from sequence analysis
(relationships by column or line in table 2), explaining
only 38% of mutational events (R? = 0.38, P < 0.0001)
by column and even less by line (R? = 020, P <
0.0001) (fig. 4). For instance, a set of four pairwise com-
parisons, suggesting numbers of mutational steps vary-
ing from two to 18 bp, all involved a single mutation
as resolved by sequencing. Adding the alleles 197, 247a,
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and 265b resulted in an almost complete absence of re-
lationships between sequence and allelic size informa-
tion (R? = 0.05, P < 0.0171).

Discussion

The conservation of a basic structure revealed by
sequence analysis of SFO-12 among all species ana-
lyzed confirmed the homology of this locus within the
salmonid family. Sequencing also revealed contrasting
mutation rates between the flanking and microsatellite
regions. In comparisons with sequence divergence esti-
mates observed among salmonids from mtDNA (Grewe,
Billington, and Hebert 1990) or nuclear ribosomal DNA
(Phillips, Pleyte, and Brown 1992), mutation rate was
approximately one order of magnitude lower within the
flanking regions of SFO-12. Relative conservation of
microsatellite flanking regions have previously been re-
ported in other animal groups (Moore et al. 1991;
Schlotterer, Amos, and Tautz 1991; Stallings et al. 1991;
Blanquer-Maumont and Crouau-Roy 1995; Fitz-
Simmons, Moritz, and Moore 1995; Meyer et al. 1995;
Pépin et al. 1995; Rico, Rico, and Hewitt 1996). At pres-
ent, explanations for the sequence conservation in these
DNA segments are only hypothetical, and mostly in-
volve selective effects (Rico, Rico, and Hewitt 1996 and
references therein).

In contrast, high polymorphism was observed with-
in the microsatellite region. This involved multiple mu-
tational processes within both repeat arrays and nonre-
peat sequences which clearly did not conform to SMM
expectations. Several homologous loci sequenced across
species in previous studies revealed mutational events
in addition to changes of number of repeats (Moore et
al. 1991; Schlotterer, Amos, and Tautz 1991; Stallings
et al. 1991; Blanquer-Maumont and Crouau-Roy 1995;
FitzSimmons, Moritz, and Moore 1995; Garza, Slatkin,
and Freimer 1995; Meyer et al. 1995; Pépin et al. 1995).
Within species, complex mutational events have also
been documented among alleles detected in distantly re-
lated subspecies, while mutational patterns close to
SMM expectations were observed among closely related
subspecies or within populations (Estoup et al. 19954,
1995b).

Globally, our results were congruent with the gen-
eral observation that the resolving power of microsatel-
ite markers under SMM assumptions decreases with
evolutionary divergence, as illustrated by the higher pro-
portion of stepwise mutations observed at the intraspe-
cific compared to the interspecific level. However, the
present study also revealed that complex mutational pro-
cesses could be involved in closely related populations
and even among alleles found within the same popula-
tion. The most dramatic changes were observed in the
genus Salvelinus following duplication of the basic mi-
crosatellite structure that characterized the other genera.
While allelic divergence involved changes in simple
number of dinucleotide repeats, these mutations did not
reflect most of the differences as expected from size
information. Mutational events involving large indels, as
well as base substitutions, occurred among and within

species. These resulted in numerous homoplastic events
which independently generated alleles of similar sizes
among distantly related groups or, conversely, alleles of
disjunct sizes within a given group. Within S. fontinalis,
this translated to a poor correlation between difference
in size and number of mutations estimated from se-
quence analysis. The major consequence of these com-
plex mutational patterns is that allelic coalescence can-
not easily be inferred from size information only. This
could potentially generate strong biases in quantifying
relationships and the extent of divergence among spe-
cies and populations on the basis of allelic size variance
without knowledge of mutational events.

It may conceivably be argued that complex muta-
tional processes described in the present study represent
an exception rather than the rule for microsatellite loci
and, at worst, only concern imperfect microsatellite loci.
Alternatively, these observations could be of importance
for several reasons. First, imperfect microsatellites are
relatively abundant within animal genomes (Weber
1990; Ostrander, Sprague, and Rine 1992; Wintero,
Fredholm, and Thomsen 1992; Estoup et al. 1993b), and
particularly in fishes (Brooker et al. 1994; Estoup et al.
1993a; Slettan, Olsaker, and Lie 1993), and are routinely
included in microsatellite studies. Second, our results
illustrate that the dichotomy between imperfect and per-
fect microsatellite loci is not straightforward. They in-
dicate that the state of a homologous microsatellite locus
may evolve from a perfect to different imperfect stages,
which cannot be detected by allelic size information
only. Finally, mutational events differing from changes
in stepwise number of repeats was previously inferred
in perfect microsatellites in order to explain allelic dis-
tribution within populations (Shriver et al. 1993; Di
Renzo et al. 1994). One reason why the occurence of
non-SMM mutational patterns has often been ignored is
that such departure cannot be detected by sequence anal-
ysis within perfect microsatellites. Instead, fit to SMM
expectations must be inferred from predictions of allelic
size distribution within a population, which rely on con-
siderations, such as sufficient number of alleles detected
within population, infinite population size, and random
mating, that are rarely met.

Base substitutions are the type of mutations most
likely to drive the evolution of imperfect microsatellites
from a perfect one. Such mutations generally reduce the
number of contiguous repeats and the propensity of slip-
page (Chung et al. 1993; Blanquer-Maumont and
Crouau-Roy 1995; Pépin et al. 1995). This may reduce
variability, since a minimal number of repeats is appar-
ently necessary to generate microsatellite polymorphism
(Weber 1990). In this study, base substitutions resulted
in a reduction of mutation rate in Salmo and Oncorhyn-
chus species, as well as within the S. alpinus, S. malma,
S. confluentus, and S. albus species group. Large dele-
tions that include repeat arrays may also reduce poly-
morphism, as in the case of allele 197 of S. fontinalis,
for which no alleles of similar sizes were observed. This
implies that levels of polymorphism may show impor-
tant variability and do not appear to be strictly associ-
ated to the degree of evolution as reported in earlier



studies (Meyer et al. 1995; Rubinsztein et al 1995). In
SFO-12, the complete deletion or duplication of micro-
satellite segments may have resulted from large strand
slippage misparing (SSM) favored by the homology be-
tween repeat arrays or nonrepeat sequences of different
parts of the microsatellite region (Levinson and Gut-
mann 1987). If so, this has caused single-step large mu-
tations to occur frequently and in an unpredictable man-
ner.

Despite the complex mutational patterns of SFO-
12, which involved numerous homoplastic events, sev-
eral nonhomoplastic characters were also identified
which may be used as additional information to infer
relationships among salmonid genera and species. Thus,
the sharing of an adenine doublet in the flanking region
and of a cytosine doublet that generated the presence of
two repeat arrays in Oncorhynchus and Salvelinus as
opposed to a single one in Hucho and Salmo are sug-
gestive of their closer phylogenetic affinity. This is in
contrast with phylogenetic hypotheses suggested by
mtDNA (Grewe, Bilington, and Hebert 1990), nuclear
rDNA (Phillips, Pleyte, and Brown 1992) or morpho-
logical (Behnke 1992) data, stating that Salmo and On-
corhynchus are more recently derived. While apparently
controversial, it is nevertheless noteworthy that the On-
corhynchus-Salvelinus and Hucho-Salmo pairs are re-
spectively more diversified in the Nearctic and Palearc-
tic regions, and consequently may be presumed to have
radiated on the different continents.

Additional potentially informative characters were
observed within the genus Salvelinus. The occurence of
a unique guanine doublet within part 3, the complete
absence of parts 2 and 4 within the S. malma, S. alpinus,
S. albus, and S. confluentus species group compared to
their presence within both S. fontinalis and S. namay-
cush, and the occurence of numerous mutations unique
to S. leucomaenis are indicative of three distinct evo-
lutionary lineages within the genus. These relationships
are congruent with the phylogeny suggested by se-
quence analysis of the second internal transcripted spac-
er (ITS-2) of nuclear rDNA (Phillips, Manley, and Dan-
iels 1994). This example, along with their common oc-
curence within the genome, suggests that sequences of
imperfect microsatellites may represent an additional
class of markers to be considered in phylogenetic infer-
ences.
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