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Abstract

Microsatellite flanking regions have been compared in two butterfly species. Several micro-
satellite flanking regions showed high similarity to one another among different micro-
satellites within a same species, but very few similarities were found between species. This
can be the consequence of either duplication/multiplication events involving large regions
containing microsatellites or of microsatellites imbedded in minisatellite regions. The
multiplication of microsatellites might also be linked to mobile elements. Furthermore,
crossing over between nonhomologous microsatellites can lead to the exchange of the flanking
regions between microsatellites. The same phenomenon was observed in both studied
butterfly species but not in Aphis fabae (Hemiptera), which was screened at the same time
using the same protocol. These findings might explain, at least partially, why microsatellite
isolation in Lepidoptera has been relatively unsuccessful so far.
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Introduction

Microsatellites are excellent markers to study popula-
tion structure because they are highly variable, more likely
to be neutral than other genetic markers and the results
are reproducible (Jarne & Lagoda 1996). These advantages
generally counterbalance the relatively long and expensive
isolation process and the establishment of the appropriate
polymerase chain reaction (PCR) conditions. In some cases,
however, obtaining well-behaved microsatellites requires
considerable time and effort and some of the microsatellites
might still have null alleles or single primer pair amplifies
more than one locus (Ohnishi et al. 1998; Sunnucks &
Wilson 1999; Wu et al. 1999; Wilson et al. 2002; Li et al. 2003).
Because complete or nearly complete failures of microsatellite
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isolations are hardly publishable we do not have exact
details on the proportion of the trials that do not yield
sufficient results. Therefore we shall restrict our discussion
to Lepidoptera, as we have more detailed information in
this order. In this group, difficulties arise systematically
during the isolation and characterization of microsatellites
(Meglécz & Solignac 1998), leading to relatively few well-
behaving loci compared to other taxa (Neve & Meglécz
2000). The cause of this phenomenon has been questioned
(Sunnucks 2000), but so far only guesses have been suggested
orally by numerous biologists. Lepidopterists encounter
most of the problems during the design of appropriate
primers and in setting up PCR conditions (I. Saccheri,
N. Keygobadi, A. Cassel, N. Anthony, pers.comm.). In
almost all the studies reporting microsatellite markers in
Lepidoptera, a significant departure from Hardy-Weinberg
equilibrium was observed at many of the loci due to the
deficit of heterozygotes (Palo ef al. 1995; Bogdanovicz et al.
1997; Meglécz & Solignac 1998; Keyghobadi et al. 1999, 2002;
Harper et al. 2000; Anthony et al. 2001; Caldas ef al. 2002;
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Cassel 2002; Flanagan et al. 2002; Amsellem et al. 2003).
These results suggest the presence of null alleles. As a
consequence, even the loci with apparently clearly inter-
pretable and reproducible patterns might still yield biased
or erroneous results. The presence of null alleles and vary-
ing amplification intensities between individuals suggest
that the flanking regions of microsatellites in this order are
variable.

Another frequently observed problem is the amplification
of more than two different bands with a single pair of primers
(I. Saccheri, A. Estoup, D. Bourguet, pers. comm.; Emese
Meglécz, unpubl. results). Two possible causes of this
pattern are (i) the duplication or multiplication of micro-
satellite-containing regions or (ii) that microsatellites lie
within a minisatellite repeat unit and have microsatellite
length variations between minisatellite repeat units. In this
study we have compared microsatellite-containing sequences
for two butterfly species, Parnassius apollo (Papilionidae)
and Euphydryas aurinia (Nymphalidae), in order to detect
similarities among flanking sequences of different micros-
atellite loci. We have also analysed microsatellite flanking
sequences of Aphis fabae (Aphididae) as a control.

Materials and methods

Screening and sequencing

Genomic DNA was isolated from individuals (six, eight
and 400 for P. apollo, E. aurina and A. fabae, respectively) kept
at —80 °C following standard procedures (Sambrook ef al.
1989). The screening was carried out according to Streiff
et al. (2002) and Dalecky et al. (2002). Total genomic DNA
(3—4 ug) was digested to completion with Rsal restriction
enzyme. The extent of digestions was checked on agarose
gel. The 300-900 base pairs (bp) fraction of the digested DNA
was selected on agarose gel, purified and ligated to Rsa linkers.

The enrichment procedure followed the protocol from
Kijas et al. (1994) based on streptavidin-coated magnetic
particles (Magnesphere, Promega), with slight modifications.
5"-biotinylated (CT),,, (GT),,, (AAG),,, (AAT),,, (ATCT),,
and (TGTA),, oligonucleotides were used as probes. The
enriched single-stranded DNA was amplified using one of
the Rsa linkers as primer to obtain a more enriched product
and to recover double-stranded DNA. PCR products were
purified and ligated into pGEM-T Easy Vector (Promega),
and the plasmid transformed into Escherichia coli super-
competent cells (XL1 blue, Stratagene). Recombinant clones
were transferred to Hybond-N nylon membranes (Amer-
sham). Colonies were hybridized at 50 °C with the mixture of
oligonucleotide probes (CT),,, (TG),,, (AGA);AG, (ATA);AT,
(CTAT),CT and (TGTA),TG labelled with the DIG oligo-
nucleotide tailing kit (Boehringer). Positive clones were
identified visually and plasmid DNA was extracted from
them. Positive clones having the strongest signal were

sequenced on one strand using an automated sequencer
(Genome Express SA). Sequences were deposited in
GenBank. Accession nos are: AY491782-AY491857 for E.
aurinia and AY491858—-AY491940 for P. apollo. The number
of the clones for each motif separately is shown in Table 2.
The whole screening procedure was performed at the same
time with the same method for all three species.

Sequence analyses

We performed an all-against-all comparison of the
microsatellite-containing sequences for all sequences together,
using the BLAST (Altschul et al. 1990) program with BLASTN
option. We used standard parameters for expected value
settings and filtered sequences for low complexity using
the pusT filter (Hancock & Armstrong 1994) to avoid wrong
alignments due to composition biases in sequences (i.e.
repetitive DNA regions have been systematically ignored).
One bank was formatted with sequences from all three
species and then each sequence was compared against all
sequences of the bank. We selected only regions that
showed more than 85% identity in the pairwise comparison,
and excluded fragments shorter than 40 bp. Note, however,
that regions showing similarity between different micro-
satellites were usually shorter than the whole sequences,
thus identities between pairs of regions are higher than
identities between pairs of the corresponding whole
sequences. Sequences that showed more than 98% of
identity along the whole length, including the repeat array,
were considered as duplicates. Their occurrence can be
attributed to the enrichment protocol. They can be either
different alleles of the same locus, or the same alleles including
a few mistakes in sequencing.

We also scanned all the sequences of the data set against
databases of repetitive sequences in order to detect the pre-
sence of mobile elements using the program REPEATMASKER2
(A.F.A. Smit & P. Green, unpubl. data, http:/ /repeatmasker.
genome.washington.edu/RM/webrepeatmaskerhelp.
html). We performed the analysis with two different models,
the Drosophila parameters set and the Primates set. We
used default sensitivity parameters for both analyses.

Results

Based on similarities between the flanking regions of different
microsatellite loci, we have identified several groups of
(related) sequences. In A. fabae, only a c. 60 bp fragment was
shared by four different flanking regions (AF4, AF70, AF86,
AF97). Very few similarities were found between species:
80 bp between sequence EAS85 of E. aurinia and PA27 of P.
apollo, and c. 60 bp between PAS5 of P. apollo and AF4, AF70,
AF86 and AF97 of A. fabae. On the contrary, we found many
highly similar regions between the flanking sequences of
the different microsatellites within each of the butterfly

© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 1693—-1700
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Table 1 Summary of the groups of related sequences based on regions showing higher than 85% identity (in pairwise comparison)

P. apollo

E. aurinia A. fabae

GR 12: PA31-PA45-PA82-PA95t

GR 13: PA21-PA71

GR 14A: PA12-PA35-PA46-PA55-PA59t
GR 15: PA8-PA11-PA20-PA22-PA32-
PA44-PA56-PA68-PA69-PA78-PA90-
PA93-PA102-PA103§

GR 16B: PA15-PA37-PA54-PA60F

GR 16C: PA16-PA19-PA25-PA65F

GR 14B: PA12-PA70-PA94t

GR 16A: PA5-PA17-PA19-PA27-PA41-
PA50-PA60-PA63-PA87-PA88E

GR 17: PA2-PA7-PA26-PA48-PA76-PA97

Sequences with
similarities in both
sides of the MS
Sequences with
similarities in one
side of the MS

Sequences with
similarities in the
only side of the MS

GR 1: EA2-EA3-EA47-EA58-EA59-EA80
GR 2: EA12-EA23

GR 5: EA5-EA35-EA57-EA76-EA78

GR 3: EA9-EA71 GR 18: AF4-AF70-

AF86-AF97q
GR 4: EA10-EA11-EA93*

GR 6: EA7-EA20
GR 7: EA18-EA39

GR 8: EA31-EA62

GR 9: EA56-EA70

GR 10: EA65-EA69

GR 11: EA87-EA89-EA90

*The flanking region is similar in both sides for EA10 and EA11.

tIn Group 12 two or three regions are found in each sequences that are similar not only to the corresponding regions of the
other sequences but also to the other regions of the same sequence (see also Fig. 1).
FGroups 16A, 16B, 16C and Groups 14A, 14B are subgroups of two larger groups (Groups 14 and 16; see Fig. 1).

§The flanking region is similar in both sides for PA11 and PA32.

{Sequences AF4-AF70-AF86 have CA microsatellite motif, AF97 has CATA.

species (Table 1; see details in http://www.up.univ-mrs.
fr/evol/Supplement/Meglecz-MolEcol/). Many of the
similar regions were long (more than 100 bp), and the
identity was often higher than 95% among them. In most of
the cases, however, we can exclude that we have isolated
different alleles of the same locus, because generally
similar regions did not stretch all along the whole corres-
ponding sequences. In all the cases where the sequences
matched in their whole length (groups 2,7, 11,12, 13,17),
the similarity was lower than 95% between them in a
pairwise comparison.

In the butterflies, the microsatellite motifs are the same
within groups (CA for groups 1, 2, 5, 6, 7, 9, 10, 16, 17,
CATA for groups 4, 8,11, 12,13, 14, 15) but repeat numbers
can vary. The only group in A. fabae is unusual, as sequences
AF4, AF70 and AF86 have CA motifs but AF 97 is a CATA
microsatellite.

Table 1 shows that concerning the position of similar
regions in the sequences, all three possible scenarios have
been found: (i) similarities between different flanking
sequences but only on one side of the microsatellites; (ii)
similarities between different flanking sequences at both
side of the microsatellites; and (iii) similarities between
different flanking sequences at the only side available
(the microsatellite is situated at the end of the sequence).
Sequences of the groups 16A, 16B and 16C; 14A and 14B
can be clustered together into two larger groups (Fig. 1).
The most peculiar sequences are found in group 12 of P.

© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 1693-1700

apollo. Here, we found a c. 90 bp fragment which is repeated
twice or three times in the same sequence (with slight var-
iations within repetitions) and it was also detected in four
different sequences twice or three times in each (Fig. 1).
It is also interesting to note that the limit between the
microsatellite and the flanking region is frequently diffi-
cult to define because pure microsatellite motifs are often
surrounded by stretches of cryptically simple sequences
(i.e. microsatellites that accumulated many mutations; see
Hancock 1999).

We also found 20, 13 and 34 sequences that were con-
sidered duplicates in P. apollo, E. aurinia and A. fabae, respectively
(Table 2). These were eliminated from the analyses.

The distribution of the number of independent and related
sequences (grouped together on the basis of similarities in
their flanking regions) is shown in Table 2 for each micro-
satellite motif. In P. apollo, the number of related CATA
sequences is unexpectedly high compared to the number
of related CA sequences (Fisher’s exact test P < 0.005). For the
two other species, however, the P-value was nonsignificant
(P <0.39, P <0.17 for E. aurinia and A. fabae, respectively).

Scanning our Lepidopteran sequences against a Drosophila
and a primate repetitive sequence bank, gave positive results
in three cases. Sequence PA69 (P. apollo) showed similarity
with a retrotransposable element of Drosophila (Gypsy5-1,
substitutions: 24.6%), and sequences PA5 and PA13
(P. apollo) to a human endogenous retrovirus (Prima4-int,
substitutions: 15.9% and 9.4%, respectively).
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PA82 groups of similarities. Wide black lines:
PA95 Gr12 microsatellites (all are CATA repeats in
PA31 groups 12 and 14, CA in groups 1 and 16);
PA45 simple lines: unique sequences (no appar-
ent similarity to any of the other regions).
All other types of lines are regions that are
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similar to other regions of the same group.
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Discussion and their flanking regions, implying that duplication events

While there have been many studies on the mutation pattern
of the microsatellites (Weber & Wong 1993; Michalakis
& Veuille 1996; Chakraborty et al. 1997; Schlétterer 1998;
Schug et al. 1998; Estoup & Cornuet 1999; Hancock 1999;
Pupko & Graur 1999), little is known of their origin. It has
been suggested that a primordial microsatellite of a few
repeats is necessary for the expansion of the tandem repeats
(Stallings et al. 1991), mainly through DNA replication
slippage (Schlétterer & Tautz 1992; Schlotterer 2000). This
indicates that the increase of the number of new microsatellites
is slow. The presence of several similar but nonidentical
flanking regions in our study suggests that there have been
several duplication events involving both the microsatellites

might be an important factor for increasing the number of
microsatellites per genome. Alternatively, it is possible that
at least some of the microsatellites lie within a minisatellite
repeat unit. This might be the case in sequences in group
12 of P. apollo (Fig. 1), because herea c. 90 bp DNA fragment
is repeated twice or three times within the same sequences.
This fragment, however, is not identical between repetitions
(within the same sequence), but shows only 85-97% identity
in pairwise comparisons. Furthermore, short unique DNA
stretches (i.e. no apparent similarities to other parts of the
same sequence or to the other sequences) can also be found
between the putative minisatellite repeat motifs. For the other
groups of sequences we did not find any evidence between
association of microsatellite and minisatellite motifs.

© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 1693—-1700



Table 2 Distribution of microsatellites among different repetitive
motifs. Scr.: Number of clones screened. Pos.: Number of positive
clones detected visually. Seq.: Number of clones sequenced success-
fully. Indep: Number of sequences that did not show similarities in
their flanking regions to others. Rel.: Number of sequences that
were grouped together based on similarities in their flanking
regions. Red.: Number of sequences that were nearly identical
(identity greater than 98% along the whole sequence) to other
sequences. CSS: Number of sequences that had long stretches of
cryptically simple sequences, making alignment impossible. False:
Number of sequences that did not contain microsatellite motif

Scr.  Pos. Seq. Indep. Rel. Red. CSS False

P. apollo
CA 663 65 55 18 22 7 7 1
ACAT 1105 80 47 4 27 13 2 1
TC 1326 3 2 1 0 0 1 0
AAG 1105 0 0 0 0 0 0 0
AAT 1547 0 0 0 0 0 0 0
ATCT 663 0 0 0 0 0 0 0
Total 6409 148 104 23 49 20 10 2

E. aurinia

CA 1105 353 62 36 21 4 0 1
ACAT 884 87 20 8 8 6 0o 2
ATCT 884 4 3 2 0 0 0 1
GAA 1105 51 8 3 2 3 0 0
AAT 0 0 0 0 0 0 0
CT 1106 0 0 0 0 0 0 0
Total 5083 495 93 45 31 13 0 4
A. fabae
CA 454 207 8 60 3 24 0 1
ACAT 454 47 16 2 1 10 0o 3
GAA 908 18 0 0 0 0 0 0
AAT 454 0 0 0 0 0 0 0
CT 1362 0 0 0 0 0 0 0
Total 3632 272 102 62 4 34 0 4

In some cases, the sequences matched in their whole
length showing 85-95% similarities (groups 2,7,11, 12,13,
17). Those sequences could be different alleles of the same
locus or paralog sequences of multiplicated loci. The extent
of similarities among flanking regions of alternative alleles
of a microsatellite or among paralog loci is little studied.
Microsatellite flanking regions are studied mainly by
comparing homologue loci in different species (Choumane
et al. 2000; Di Gaspero et al. 2000; Noor et al. 2001). The vari-
ability of flanking region depends strongly on the phylo-
genetic relation between the species. Few studies have
information on the extent of similarities between microsatel-
lite flanking regions of alleles of the same locus (Blankenship
et al. 2002). One study on four species of mice provides
details of both the flanking sequence variability among alleles
and among homologue loci of different species (Makova
et al. 2000). Here, differences between flanking sequences
among alleles range from 0% to 2%, and among homologue
sequences between 1.25 and 9.5%. To our knowledge, only
one study on Cyprinus caprio (David ef al. 2003) compares

© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 1693-1700
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flanking sequences of alleles vs. paralogs. Here differences
between alleles range from 0% to 4.7% and differences
between paralogs from 2% to 12%. It is impossible to
establish a threshold of similarity that would clearly separate
these two scenarios. Based on the above results we have
treated sequences with more than 5% difference as para-
logs, keeping in mind that in a few cases it is possible that
in reality we have sequenced very different alleles of the
same loci. Those cases, however, are marginal compared to
the number of paralog sequences.

PCR-mediated recombination can occur in the presence
of two or more highly similar but nonidentical templates if
prematurely terminated products re-anneal with noniden-
tical templates and then they are extended in the next cycle
(Saiki et al. 1988; Myerhans et al. 1990). We have PCR
amplified the enriched DNA. At this step, if different alleles
or highly similar paralog sequences are present, artificial
chimera formation is possible. This possibility is more pro-
bable if sequences are similar to each other in their whole
length and thus can be the case essentially in the sequences
discussed above (groups 2,7, 11, 12, 13, 17). Those groups
should thus be intrepreted with caution, as some of the
sequences can be either chimeras or alleles and not para-
logs. Judo et al. (1998) have shown that large numbers of
cycles and short elongation times increase the probability
of PCR recombination. By using a 2-min elongation time
and 27 cycles we attempted to minimize the probability of
this artefact.

An interesting result is the frequent asymmetry of flank-
ing regions (i.e. similarities between the flanking region of
one side but not the other). Our hypothesis is that crossing
over between nonhomologous microsatellites might
occur, leading to the exchange between the flanking regions
of different microsatellites. Alternatively, PCR-mediated
recombination during the enrichment procedure could also
generate microsatellites matching on one side but not on
the other. However, the probability of this event is slight
because it can happen only if PCR elongation is interrupted
at the microsatellite motif. In this case, the micosatellite
at the end of the sequence can anneal with another non-
related microsatellite and be elongated, forming a chimera
with two nonrelated flanking sequences on the two sides of
the microsatellite. In this case, we would expect a nearly
complete identity (differences are due to rare mistakes
during PCR) between the cross-over point (within the
microsatellite motif) and the end of the sequence. This is
rarely the case in our sequences. Only the following pairs
or groups of sequences showed higher than 98% similar-
ities in the above-mentioned regions (along the flanking
sequence on one side of the microsatellite): EA35-EA76-
EA78 of group 5, EA18-EA39 of group 7 and PA20-PA103
of group 15.

In recent years, numerous microsatellites have been found
associated physically with various types of mobile elements
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(Beckmann & Weber 1992; Nadir et al. 1996; Crouau-Roy &
Clisson 2000; Souames et al. 2003). Mobile elements could
play a role in the genesis of microsatellites in Diptera
(Wilder & Hollocher 2001) and LINE and Alu insertions in
the human genome (Kulski et al. 1997; Ovchinnikov ef al.
2001). According to Nadir et al. (1996), the juxtaposition
of microsatellites and retrotransposons suggests their
coevolution, as the microsatellites could be generated by
a 3™-extension of retrotranscripts, similar to mRNA poly-
adenylylation, and that they serve in turn as ‘retroposition
navigators’, directing the retrotransposons via homology-
driven integration into defined sites.

Because mutation rates are high in mobile elements and
because they have been little studied in Lepidoptera, it is
difficult to detect their presence in the relatively short
flanking sequences we had in this study. In spite of this fact,
scanning our Lepidopteran sequences against a Drosophila
and a primate repetitive sequence bank still gave positive
results in three cases. Microsatellite flanking regions present
sequence similarities with a primate endogenous retrovirus
and a putative invertebrate retrovirus (Gypsy). It is interesting
to note that in some Lepidoptera genomes the TED retro-
transposon has been found (Ozers & Friesen 1996), which
belongs to the Gypsy group.

We have screened all three species for five to six different
microsatellite motifs (Table 2). Strikingly, we found most
of the positive clones with CA and TACA probes and very
few with the other motifs. It is possible that the low
stringency conditions used during enrichment selected
repetitive DNA in general or AT-rich regions, and not only
microsatellites. In this case, however, we would expect
many positive clones for AAT and a high proportion of
false positives. On the contrary, we did not find any posi-
tive clones for AAT and the proportion of false positives
was low (Table 2). Furthermore, in a previous study on P.
mnemosyne the proportion of CA and CATA clones was
also very high (97%) compared to the other screened motifs,
in spite of the fact that we used a nonenriched library for
this species (Meglécz & Solignac 1998). It is also observed
frequently in many species that some microsatellite motifs
are more common than others. In human and mice, Beckmann
& Weber (1992) showed by database analyses of tandem
repeats in genomic sequences that CA microsatellites are
the most abundant among dinucleotide repeats. CA repeats
are the most common in D. melanogaster (Schug et al. 1998)
and in a wasp, Venturia canescence (Butcher ef al. 2000) as
well. Therefore we think that the observed high frequency
of CA and CATA microsatellites in the investigated spe-
cies gives a fair approximation of their frequency in the
genome. As similarities between flanking regions were
observed for both predominant microsatellite motifs (CA,
CATA) itis likely that problematic microsatellites are char-
acteristic of the genome as a whole and not only to a subset
of loci.

The fact that very few shared regions were found between
sequences of A. fabae in spite of the identical screening pro-
cedure for all three species strongly reduces the possibility
that the described phenomena observed in butterflies
would be the results of laboratory artefacts. Frequent locus
duplication, association between microsatellites and
minisatellites or mobile elements suggest that in the two
investigated Lepidoptera many of the microsatellites are
situated in genetically disturbed region of the genome.

The above findings might have several technical con-
sequences on the isolation of usable microsatellites for popu-
lation genetics studies. The fact that several similar flanking
regions are present in the genome of the two studied butter-
fly species can make clear PCR amplification difficult. If
primers are placed into sufficiently conserved regions, the
use of a single pair of primers leads to the amplification
of more than one locus at the same time, making exact
genotyping difficult or impossible. This phenomenon has
already been observed (Nusha Keyghobadi pers. comm.;
E. Meglécz & F. Péténian unpubl. results).

It is interesting to note that although the overall pattern
in the two investigated butterfly species is similar, the
extent of problems is different in the two cases. While in P.
apollo many large and complicated similarity groups have
been identified, in E. aurinia the extent of similarities between
the sequences seems to be smaller. The proportion of inde-
pendent sequences (i.e. no apparent similarities to other
sequences of the same bank) is also quite different in the
two species (Table 2). It would thus be unwise to gener-
alize at this stage of the work. However, we know that
the above-described phenomena have been found in other
Lepidoptera as well (J.-F. Silvain, N. Faure, A. van’t Hof,
A.Estoup, D. Bourguet, pers. comm.). This fact and the frequent
problems of finding suitable microsatellites in this order
suggest that the above-mentioned problems are probably
widespread in this group and possibly also in other taxa
(i.e. Orthoptera). In order to support this hypothesis, all
sequences coming from the screening process should be
analysed systematically to search for similarities in the
flanking regions rather than checking the presence of
duplicate copies of the same locus. Such an analysis could
also be a valuable aid to avoid choosing microsatellites
that have similar flanking regions.
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